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Abstract

a-Synuclein oligomers are thought to have a pivotal role in sporadic and familial
Parkinson's disease (PD) and related a-synucleinopathies, causing dysregulation of
protein trafficking, autophagy/lysosomal function, and protein clearance, as well
as synaptic function impairment underlying motor and cognitive symptoms of PD.
Moreover, trans-synaptic spread of a-synuclein oligomers is hypothesized to medi-
ate disease progression. Therapeutic approaches that effectively block a-synuclein
oligomer-induced pathogenesis are urgently needed. Here, we show for the first
time that a-synuclein species isolated from human PD patient brain and recombi-
nant a-synuclein oligomers caused similar deficits in lipid vesicle trafficking rates in
cultured rat neurons and glia, while a-synuclein species isolated from non-PD human
control brain samples did not. Recombinant a-synuclein oligomers also increased neu-
ronal expression of lysosomal-associated membrane protein-2A (LAMP-2A), the lyso-
somal receptor that has a critical role in chaperone-mediated autophagy. Unbiased
screening of several small molecule libraries (including the NIH Clinical Collection)
identified sigma-2 receptor antagonists as the most effective at blocking a-synuclein
oligomer-induced trafficking deficits and LAMP-2A upregulation in a dose-depend-
ent manner. These results indicate that antagonists of the sigma-2 receptor complex
may alleviate a-synuclein oligomer-induced neurotoxicity and are a novel therapeutic

approach for disease modification in PD and related a-synucleinopathies.
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1 | INTRODUCTION

Parkinson's disease (PD) is a neurodegenerative disorder character-
ized by dysfunction in motor control, diminished autonomic func-
tions, and non-motor symptoms including cognitive loss (Aarsland
et al.,, 2017; Mhyre et al., 2012). The hallmark histopathology that
defines PD is intracytoplasmic inclusions called Lewy bodies, which
contain high concentrations of the protein a-synuclein in a pre-
dominantly beta sheet fibrillar conformation (Spillantini et al., 1997).
a-Synuclein is a 140 amino acid protein found in presynaptic termi-
nals throughout the brain that has a role in controlling the movement
of presynaptic vesicles and their fusion with synaptic membranes
(Burré et al., 2014; Diao et al., 2013; Meade et al., 2019). In aging
and disease, however, cumulative insults such as fatty acid lipid
binding (Karube et al., 2008; Narayanan & Scarlata, 2001; Perrin
et al., 2001), metal ions (Deas et al., 2016), oxidative stress (Esteves
et al., 2009), acidosis (Meade et al., 2019), and endoplasmic reticu-
lum (ER) stress (Jiang et al., 2010; Scheper & Hoozemans, 2015) can
modulate the structure and form of endogenous a-synuclein, result-
ing in aggregated species such as fibrils and oligomers, which are
associated with Parkinson's pathology (Bernal-Conde et al., 2020;
Meade et al., 2019; Roberts et al., 2015; Wong & Krainc, 2017).
Additionally, post-translational modifications of a-synuclein identi-
fied in the brains of individuals with PD, dementia with Lewy bod-
ies, or Alzheimer's disease accelerate the aggregation of a-synuclein
into cytotoxic soluble oligomers (Barrett & Greenamyre, 2015; Luth
et al., 2015; Meade et al., 2019; Paleologou et al., 2009; Tsigelny
et al., 2008).

a-Synuclein oligomers specifically, not the monomeric or fi-
bril forms of a-synuclein peptides, have been found to disrupt in-
tracellular trafficking (Auluck et al., 2010; Chai et al., 2013; Hunn
et al., 2015; Jang et al., 2010), disrupt normal calcineurin function
(Martin et al., 2012), increase intracellular calcium levels (Bernal-
Conde et al., 2020; Martin et al., 2012), halt normal autophagy
(Martinez-Vicente et al., 2008; Wang et al., 2016), and cause synapse
dysfunction and loss (Choi et al., 2015; Didgenes et al., 2012; Scott
et al., 2010). The transsynaptic spread of extracellular a-synuclein
oligomers is hypothesized to underlie disease progression and cor-
relates with Braak staging of PD (Hassink et al., 2018; Henderson
et al., 2019) as well as Lewy body and synaptic pathology in neurons
(Hansen & Li, 2012).

Currently there are no effective disease modifying therapeutics
for PD and related synucleinopathies such as multiple system atro-
phy and dementia with Lewy bodies. Therapeutics that can effec-
tively stop oligomer-induced toxicity have the potential to treat the
motor and cognitive symptoms resulting from synaptic dysfunction
and prevent the spread of oligomer-induced pathology during dis-
ease progression. Our goal was to identify anti-a-synuclein oligomer
drug candidates by screening compounds for the ability to rescue
a-synuclein oligomer-induced deficits in the target population: pri-
mary neurons.

We identified recombinant full-length a-synuclein protein oligo-

mer preparations suitable for screening compound libraries that

Significance

Oligomeric a-synuclein proteins found in Parkinson's dis-
ease patient brain tissue cause neuron dysfunction, and
therapeutic approaches effectively targeting them are
urgently needed. For the first time, this study demon-
strates that recombinant and Parkinson's patient-derived
a-synuclein cause similar lipid vesicle trafficking deficits in
neurons, while a-synuclein species isolated from non-Par-
kinson's human control brain samples do not. a-Synuclein
oligomers also upregulate lysosomal-associated membrane
protein-2A (LAMP-2A), a protein critical to chaperone-
mediated autophagy. A broad search of existing drug can-
didates revealed that antagonists of the sigma-2 receptor
complex were the most effective at blocking a-synuclein
oligomer-induced trafficking deficits and LAMP-2A upreg-
ulation. These drug candidates may represent a novel ther-
apeutic approach against Parkinson's neuronal dysfunction
and neurodegenerative disorders caused by a-synuclein
oligomer-mediated toxicity.

replicate the toxic effects of Parkinson's patient brain-derived oligo-
mers, using assays that measure two key aspects of cellular func-
tion known to be disrupted by a-synuclein oligomers: intracellular
lipid vesicle trafficking (Izzo, Staniszewski, et al., 2014) and chaper-
one-mediated autophagy.

Treatment of mature primary hippocampal/cortical neuronal
and glial cultures (21 days in vitro; DIV) with recombinant a-synu-
clein oligomers as well as a-synuclein oligomer species isolated
from brain samples from individuals with PD, but not non-PD age-
matched control individuals, resulted in lipid vesicle trafficking defi-
cits. Treatment of neuronal cultures with recombinant a-synuclein
oligomers also upregulated the expression of lysosomal-associated
membrane protein-2A (LAMP-2A), a protein critically required for
chaperone-mediated autophagy. This is the first report demonstrat-
ing that recombinant a-synuclein oligomers have a similar functional
impact as PD patient brain-derived a-synuclein oligomers.

We then screened several libraries of small molecule compounds,
including the NIH Clinical Collection to identify compounds capable
of blocking recombinant a-synuclein oligomer-induced lipid vesicle
trafficking deficits. Unexpectedly, the most effective compounds were
selective sigma-2 receptor allosteric antagonists, which blocked these
deficits in a dose-dependent manner. These compounds also blocked
recombinant a-synuclein oligomer-induced LAMP-2A upregulation.
Molecular interactions between sigma-2 receptor component pro-
teins progesterone receptor membrane component 1(PGRMC1) and
transmembrane protein 97 (TMEM97), a-synuclein, and proteins that
control vesicular tracking and autophagy (such as LC3B) may form the
basis for these observations. Importantly, and for the first time, these
data indicate that small molecule selective sigma-2 receptor complex

antagonists can impact a critical modulator in the a-synuclein signaling
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cascade and stop oligomer-induced deficits. Inhibitors that modulate
sigma-2 receptors may be therapeutic against oligomeric a-synucle-

in-induced neuronal dysfunction in PD and other a-synucleinopathies.

2 | MATERIALS AND METHODS
2.1 | Neuronal cultures

All procedures were approved by the Institutional Animal Care and
Use and Committee at Cognition Therapeutics (CogRx) and were in
compliance with the Office of Laboratory Animal Welfare and the
Guide for the Care and Use of Laboratory Animals, Eighth Edition.
Hippocampal/cortical cultures were prepared from Sprague-Dawley
(Research Resource ldentifier, RRID:RGD_1566440) embryonic
rat brain as previously described (lzzo, Staniszewski, et al., 2014).
Briefly, dissociated E18 hippocampal and cortical cells were plated at
adensity of 4.66 x 10% cells per cm?in 384-well poly-p-lysine coated
plates (Greiner, Monroe, NC, USA) in serum-free Neurobasal Media
(Life Technologies, Carlsbad, CA, USA) supplemented with B27 (Life
Technologies), Glutamax (Life Technologies), and antibiotics (peni-
cillin 50 units/ml and streptomycin 50 mg/ml, Life Technologies).
Cultures were maintained at 37°C in 5% CO, with weekly media
change for 3 weeks (21 DIV) prior to experimentation. These
mixed cultures of hippocampal plus cortical neurons and glia were
used for all in vitro experiments described. Healthy cultures typi-
cally contain 20%-35% microtubule-associated protein 2 (MAP2)-
positive neurons (See Immunocytochemistry Assay below; MAP2;
1:5,000, 0.2 mg/ml, Millipore, catalog #AB5543, RRID:AB_571049).
This defined media also prevents glial overgrowth by inhibiting glial
cell division (Brewer et al., 1993). We previously characterized the
glial population in these cultures based on the nuclear morphology
visualized by the DNA-binding dye (4',6-diamidino-2-phenylindole;
DAPI) (Izzo, Staniszewski, et al., 2014). Approximately 27% of MAP2-
negative glial cells have a normal symmetrical nuclear morphology,
with the remaining cells having an abnormal nuclear morphology and
bright DAPI staining typical of fragmented and condensed chroma-
tin, likely corresponding to unhealthy or dying glial cells (See supple-
mental figure 1 in: Izzo, Staniszewski, et al., 2014). The healthy glial
population was further characterized by subtype based on protein
expression. At 21 DIV, 36% + 7% were OLIG2-positive oligodendro-
cytes (OLIG2, 1:500, 0.3 mg/ml, Sigma-Aldrich, St. Louis, MO, USA,
catalog number ABN899, RRID:AB_2877641), and 7% + 2% were
astrocytes that expressed high levels of glial fibrillary acidic protein
(GFAP; 1:500, 0.2 mg/ml, R&D Systems, Minneapolis, MN, USA, cat-
alog number AF2594, RRID:AB_2109656) with labeled projections

coming from the cell bodies, with the remainder likely microglia.

2.2 | Oligomer preparation

Preparation of recombinant a-synuclein oligomers: a-synuclein oli-

gomers were prepared as previously described (Martin et al., 2012)

b 1163

using AP oligomer to seed oligomerization of a-synuclein mono-

Neuroscience Researc

mers. To make Ap oligomer seeds, synthetic human Ap 1-42 peptide
(California Peptide Inc, American Peptide Company, Sunnyvale, CA,
USA, cat #641-15) was dissolved in 1,1,1,3,3,3-hexa-fluoro-2-pro-
panol (HFIP) to remove secondary structure, and evaporated to a
film at room temperature for 20 min using N, gas. The film was dis-
solved in anhydrous dimethyl sulfoxide (DMSO; Sigma Aldrich, St.
Louis, MO, USA, catalogue number D2650) and diluted to 100 uM
with cold basal Medium Eagle media (BME, Life Technology, cata-
logue #21010) followed by incubation at 4°C for 24 hr to initiate
oligomer formation. The resulting oligomer preparations were cen-
trifuged at 16,000x g to remove any insoluble fibrils. Recombinant,
human, wild-type a-synuclein was obtained from rPeptide (Bogart,
GA, USA) and resuspended at 2 mg/ml in sterile water (Millipore,
Burlington, MA, USA). AB oligomer preparation (1.78 ul) was added
to 250 pl of a-synuclein solution and stirred at room temperature
for 20 min using a magnetic stir bar to form a-synuclein oligomers.
This stock preparation, containing 138 uM a-synuclein and 714 nM
Ap was immediately diluted into Neurobasal media for treatment of
cell cultures at the indicated final concentration (expressed as total
a-synuclein concentration). In all experimental conditions, the con-
centration of the Ap seed was 1/193 of the indicated concentrations
of a-synuclein. For experiments with monomeric a-synuclein, fresh
peptide solution (2 mg/ml recombinant human wild-type a-synuclein
in sterile water) was diluted directly in Neurobasal media prior to
addition to cultures.

While many preparations of oligomeric a-synuclein have been
described in the literature, not all have demonstrated an impact
on synaptic function (a tractable therapeutic intervention point,
and therefore the focus of our studies). The method of preparing
a-synuclein oligomers used in these studies (vs. using a-synuclein
monomers or fibrils to seed oligomer formation) has been shown to
effectively inhibit CREB phosphorylation and activate calcineurin in
organotypic brain slices, as well as cause evoked memory impair-
ments in mice that received acute intracerebroventricular injections
(Martin et al., 2012).

2.3 | Trafficking assay

Vesicular trafficking was measured using an adaptation of previously
published methods (Yuanbin Liu & Schubert, 1997) as described (Izzo,
Staniszewski, et al., 2014; Izzo, Xu, et al., 2014). Neurons were treated
with a-synuclein preparations and incubated for 24 hr at 37°C in 5%
CO,. Tetrazolium salts (3-(4,5-dimethylthiazol-2yl)-2,5diphenyl tetra-
zolium bromide (MTT), Roche Molecular Biochemicals, Mannheim,
Germany) were added to a final concentration of 0.75 mM and in-
cubated at 37°C for 40-60 min. Time of incubation varied from 60
to 90 min to maximize the window between vehicle- and oligomer-
treated cells. Vesicular formazan remaining in cells was quantified
using absorbance spectrometry (590 nm with 690 nm subtracted) fol-
lowing extraction with 1.6% Tween-20. All compounds were tested in

quadruplicate wells for each concentration in at least eight replicate
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experiments with data from all experiments pooled for analysis with
means + standard deviation (SD).

2.4 | Immunoprecipitation of human non-PD
control- and PD patient-derived a-synuclein

Deidentified age- and gender-matched PD and non-PD control human
cortex donor brain tissue was obtained through the Neurobiobank
Brain and Tissue Repository (NBB), provided by McLean Hospital's
Harvard Brain Tissue Resource Center and the Human Brain and
Spinal Fluid Resource Center of the Veterans Affairs Greater Los
Angeles Healthcare System under the Institutional Review boards
of those institutions. Donor patients (n = 7) included six females and
one male, aged 81-90 years, and diagnosed with PD ranging from
early stage to late Braak and Del Tredici stage 4 (staging was un-
known for two patients). Postmortem interval of PD tissue collec-
tion ranged from 5 hr 25 min to 18 hr 18 min. Donor non-PD control
individuals (n = 4) included three females and one male, aged 79 to
86 years. Postmortem interval of control tissue collection ranged
from 18.5 to 29.05 hr. Human brain tissue (1.00 + 0.01 g per im-
munoprecipitation) was homogenized (Dounce glass homogenizer)
1:7 (w/v) in ice-cold buffer (20 mM Tris, 137 mM NaCl, pH 7.6 with
1 mM ethylenediaminetetraacetic acid (EDTA) and 1 mg/ml protease
inhibitor cocktail Sigma P8340). The resulting suspension was then
manually homogenized with 10 strokes of pestle-A followed by 10
strokes of pestle-B of a glass Dounce homogenizer set and then
sonicated in an ice-cold water bath. Centrifugation of the homogen-
ate for 10 min at 4,500 rpm was performed to remove large cellular
debris followed by ultracentrifugation of the supernatant for 1 hr
at 36,500 rpm. Pre-clearing of the supernatant using Protein A/G
agarose was then performed followed by immunoprecipitation using
a211-agarose columns to isolate native a-synuclein along with vari-
ous isoforms and oligomeric species. Elution of a-synuclein from the
a211-agarose columns was performed using heated 6 N guanidine
HCI solutions followed by desalting steps using 10 kDa NMWCO
spin columns to exchange the samples to phosphate-buffered saline
and frozen at -80°C until use. Samples were thawed a single time for
application to neuronal cell cultures without dilution. For western
blot analyses, samples were diluted 1:1 in sodium dodecyl sulfate
(SDS) loading buffer and 30 pl added to gels. Due to the extremely
limited amounts of patient brain samples, protein quantification was
not performed, however, equal gram weights of PD and non-PD
brain tissue samples were prepared identically and compared side-
by-side in the same experiment. These methods have been pub-

lished previously as a poster (Silky et al., 2016).
2.5 | Western blot analysis of patient-derived
a-synuclein

a-Synuclein preparations were run on 4%-15% Tris-HCI nonde-

naturing gels (BioRad, Hercules, CA, USA) and electrophoresed

in Tris-glycine buffer (25 mM Tris Base, 192 mM glycine, pH 8.3)
containing 0.1% SDS at 125 V for 120 min. The preparations
were then transferred to a nitrocellulose membrane, probed with
syn211 mouse monoclonal antibody to a-synuclein (1 ug/ml, diluted
1:1,000, Abcam, Burlingame, MA, USA, catalog number ab80627,
RRID:AB_1603277) followed by secondary goat anti-mouse horse
radish peroxidase-conjugated secondary antibody (diluted 1:10,000,
1 mg/ml, Millipore, catalog number AP308P) and visualized with
chemiluminescent detection (Immuno-Star WesternC Kit, BioRad).
Integrated gel band intensity (integrated density value, IDV) quan-
tification following background correction was performed using the
Alpha View FluorChem software program (Protein Simple, San Jose,
CA, USA).

2.6 | High-throughput screening for
anti-a-synuclein oligomer therapeutics

Unbiased screening approaches were utilized to identify potential
therapeutics against a-synuclein oligomer. The National Institutes
of Health (NIH) Clinical Collection (NCC) small molecule drug col-
lection (provided through the NIH Small Molecule Repository and
obtained through Evotec (San Francisco, CA)) was screened in the
trafficking assay at a single concentration (1 uM) in triplicate wells;
drugs were considered effective if a-synuclein oligomer-induced
membrane trafficking deficits were blocked (>80%) without hav-
ing an effect on the rate of membrane trafficking when dosed
in the absence of a-synuclein oligomers (<20%). Dose-response
analysis was performed for effective compounds (8-point dilu-
tion range of 0.5-20 puM) and tested for dose-dependent block of
membrane trafficking deficits. This assay performs with a z’ fac-
tor = 0.91. z' factors are a statistical calculation in high-through-
put screening used to warrant the use of a specific treatment,
and z' factors between 0.5 and 1.0 are considered excellent, in-
dicating strong reliability and repeatability of the assay (Zhang
et al., 1999). Bioinformatics pathway analysis (Metacore, Clarivate
Analytics, Philadelphia, PA, USA) was employed to identify pro-
teins and shared signaling pathways targeted by effective drugs.
Additionally, we screened a proprietary library of CNS drug-like
small molecules that were previously used to identify therapeutic
candidates that block AB oligomer-induced vesicle trafficking defi-
cits in mature, primary rat hippocampal, and cortical cultures (Izzo,
Staniszewski, et al., 2014).

2.7 | Radioligand binding

Radioligand competition assays to determine affinity for sigma-2
receptors were performed at Eurofins Cerep SA (Le Bois I'Evéque,
France) in membranes from human lymphocyte cell lines (Jurkat
cells) using 25 nM [3H]1,3-di(2-tolyl) guanidine in the presence of
1 uM (+)-pentazocine. Non-specific binding was defined in the pres-
ence of 10 pM haloperidol (Ganapathy et al., 1999).
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2.8 | Immunocytochemistry

To determine immunolocalization of a-synuclein oligomer, rat hip-
pocampal/cortical primary cultures were treated for 24 hr with
a-synuclein oligomer (0.5 uM). Representative images were cap-
tured by fixing with 3.75% formaldehyde for 15 min, blocking with
5% normal goat serum, permeabilizing with 0.5% Triton X-100,
and incubating with primary antibodies for a-synuclein oligomer
(ASYO5; 1:1,000, 1 mg/ml, Agrisera, Vannas, Sweden, catalog num-
ber AS13 2718, RRID:AB_2629502) and MAP2 (1:5,000, 0.2 mg/ml),
then fluorescently labeled secondary antibodies (1:1,000, 2 mg/ml,
Invitrogen, Carlsbad, CA, USA).

To assess the ability of test compounds to reduce the neuronal
localization of a-synuclein oligomers and recover LAMP-2A expres-
sion, cultures were treated by adding oligomers 60 min prior to the
addition of compounds, followed by 24 hr incubation at 37°C. Cells
were fixed with 3.75% formaldehyde for 15 min, blocked with 5%
normal goat serum, permeabilized with 0.5% Triton X-100, and in-
cubated with primary antibodies for a-synuclein oligomer (1:1,000,
1 mg/ml ASYOS5, Agrisera), MAP2 (1:5,000, 0.2 mg/ml), LAMP-2A
(1:400, 1 mg/ml, Thermo Scientific, Waltham, MA, USA, catalog
number 51-2200, RRID:AB_2533900), and then fluorescently la-
beled secondary antibodies (1:1,000, 2 mg/ml, Invitrogen).

Images were acquired on a ThermoFisher Celllnsight CX7 plat-
form automated microscope with a 20x, 0.75 NA objective and
analyzed using ThermoFisher/Cellomics Neuronal Profiling bioap-
plication set to measure punctate labeling of peptide preparations
along MAP2-labeled neurites. For each replicate experiment, at
least 100 neurons were sampled from four replicate wells for each
experimental condition (400 to 500 neurons per experimental
condition). All data presented for a-synuclein associated with neu-
rons represent total intensity of a-synuclein label in neurite spots
per neuron, in relative fluorescent units (RFU), unless otherwise

indicated.

2.9 | Statistical tests

For image analysis, at least 100 neurons were sampled using un-
biased automated algorithms from four replicate wells for each
experimental condition (400 to 500 neurons per experimental con-
dition). The number of replicates from separate cell culture prepa-
rations is reported for each experiment. The number of replicates
were determined a priori to attain statistical power of 80% and p
values less than 0.05 were considered to be statistically significant
(determined using G*Power software, Heinrich Heine University,
Disseldorf, Germany) (Faul et al., 2007). Statistical significance was
determined for non-linear curve fitting by an extra sum of squares
F-test using Prism (GraphPad Software, San Diego, California, USA).
A D'Agostino-Pearson normality test was used prior to all statistical
analyses. No blinding or randomization of experimental groups was

conducted. Outliers were not removed.
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3 | RESULTS

3.1 | o-Synuclein oligomer exposure resulted in
membrane trafficking deficits in cultured primary
neurons

We examined o-synuclein oligomer effects in rat primary neu-
rons, grown for 21 DIV, which contain a mixture of both MAP2-
positive neurons and various glial cell subtypes (Izzo, Staniszewski,
et al., 2014) and express the full complement of synaptic proteins
characteristic of neurons in the mature brain (Torre & Nicholls, 1998).

We and others have previously reported that the MTT assay
can be used to measure changes in membrane trafficking rates in-
duced by pathogenic oligomers (Hong et al., 2007; Izzo, Staniszewski,
etal., 2014; Kreutzmann et al., 2010; Liu & Schubert, 1997). Significant
increases in the rate of exocytosis of intracellular vesicles caused by
pathogenic Ap oligomers were observed using this assay, and the in-
creased exocytosis rate is associated with a loss of synapses in neu-
rons (lIzzo, Xu, et al., 2014). Disruption of membrane trafficking in
neurodegenerative diseases leads to the loss of neuronal function and
subsequent loss of neurons (Hunn et al., 2015; Tong et al., 2004).

In the MTT assay, yellow tetrazolium salts are endocytosed by
cells and reduced to insoluble purple formazan in the endosomal
pathway. Following exocytosis, the insoluble formazan precipi-
tates in aqueous media, appearing as needle-shaped crystals on
the plasma membrane. Here we show that at 60 min after MTT
exposure, reduced cargo dye (formazan) was visualized within in-
tracellular vesicles in vehicle-treated cultures (Figure 1a), while
cultures treated with a-synuclein oligomer for 24 hr exhibited pre-
dominantly exocytosed dye crystals (Figure 1b). This indicates that
a-synuclein oligomers accelerate the rate of exocytosis. Assaying
membrane trafficking as a function of a-synuclein concentration,
we found that a-synuclein oligomers and high concentrations of
a-synuclein monomer caused dose-dependent membrane traf-
ficking deficits by increasing the rate of exocytosis in primary
neurons (Figure 1c, wild-type a-synuclein oligomers (half max-
imal effective concentration (EC50) = 212 nM) and a-synuclein
monomer (EC,, = 938 nM). Together, these data demonstrate that
a-synuclein oligomers caused significant trafficking deficits when
compared with vehicle at all concentrations >30 nM (p < 0.0500,
Student's t test, n = 8), and a-synuclein monomer caused deficits
at concentrations >250 nM (p < 0.0500, Student's t test, n = 8)
(Figure 1c, f = 6.821 (1, 792), n = 8, p < 0.0010). Side by side com-
parison of oligomeric and monomeric preparations of recombinant
full-length a-synuclein in western blots (Figure 2a) revealed that
most of the protein remained in monomeric form (~17 kDa) in
both preparations, and both preparations contain higher weight
oligomers (>30 kDa) as well. The oligomeric preparation, how-
ever, contained a higher concentration of these >30 kDa species
compared with the monomeric preparation. As is typically the
case for a variety of proteins, only a small percentage of the re-

combinant monomer protein oligomerizes during the incubation
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FIGURE 1 «-synuclein oligomers cause trafficking deficits in vitro. Intracellular vesicles were labeled with reduced cargo dye (formazan)
in vehicle-treated cultures (a). In contrast, reduced formazan was trafficked out of the cell more rapidly (b) following addition of recombinant
a-synuclein oligomer (1 pM, total a-synuclein concentration). Size bar = 20 microns. The EC, was calculated by determining the percentage
of dye in vesicles as a function of a-synuclein concentration. a-synuclein oligomers (red triangles) dose-dependently induced deficits in
vesicle trafficking (EC,, = 212 nM) (c), while a-synuclein monomer only induced trafficking deficits at concentrations >1.0 uM (c, black
squares; EC,, = 938 nM). Representative images (a and b) were taken 60 min following exposure to MTT formazan. Data points represent
means + SD for three replicate experiments from separate cell culture preparations [Color figure can be viewed at wileyonlinelibrary.com]

process; most of it remains in the monomeric form. Similarly, for
aggregation-prone proteins, freshly prepared monomer can also
rapidly form low concentrations of oligomers, especially under de-
naturing gel chromatography conditions. This widely recognized
phenomenon is also observed when oligomers are made from
other synthetic or recombinant proteins, such as Ap 1-42 (Izzo,
Staniszewski, et al., 2014). The functional impact of oligomers that
do form is profound, however; despite this small increase in a-sy-
nuclein oligomer concentration, recombinant oligomers are much
more potent at inhibiting intracellular lipid vesicle trafficking than
monomer, corresponding to a measurable fourfold difference in

EC,, potency in the trafficking assay (Figure 1c).

3.2 | Recombinant a-synuclein oligomer and PD
patient-derived a-synuclein samples contained similar
low molecular weight species that were absent

in non-PD control samples

Previous studies indicate that extreme non-physiological condi-
tions, such as high detergent and temperature, are required to iso-
late appreciable concentrations of a-synuclein from postmortem
PD-patient brain tissue (Deramecourt et al., 2006; Garcia-Esparcia
et al., 2015; Kellie et al., 2014; Paleologou et al., 2009). To avoid such
conditions, we explored a number of syn211 antibody-mediated im-
munoprecipitation methods to maximize the recovery of a-synuclein
protein from PD patient postmortem brain tissue, and chose elution
with 6 M guanidine HCI as the optimal condition, balancing physi-

ological relevance and recovery concentrations.

We compared the protein size (molecular weight) ranges of PD pa-
tient brain-derived a-synuclein species and recombinant a-synuclein
oligomer via western blot under nondenaturing conditions using an-
tibody syn211 (Figure 2). Freshly prepared a-synuclein oligomer con-
sisted of protein sizes ranging from 17 to 100 kDa with notable low
molecular weight bands at 36 and 17 kDa (Figure 2a). These band sizes
are consistent with the a-synuclein oligomer size range previously re-
ported (Ardah et al., 2014; Luk et al., 2009; Recasens et al., 2014; Tong
et al., 2010; Tsika et al., 2010; Winner et al., 2011). Similar protein size
ranges were detected in PD patient brain-derived a-synuclein, but no-
tably, low molecular weight bands (17 kDa, corresponding to monomer
and 36 kDa, corresponding to dimer) were not present in non-PD control
subjects (Figure 2b). This result is in agreement with previous reports
stating that the a-synuclein dimer, which has an important role in a-sy-
nuclein oligomer aggregation and PD pathology (Medeiros et al., 2017,
Roostaee et al., 2013) is present at higher levels in PD patients than
non-PD controls (Papagiannakis et al., 2018). Additional high molecu-
lar weight bands (>75 kDa) were consistently observed, but to variable
extents, in both PD patients and non-PD control subjects (Figure 2b).
Density quantification indicates greater protein density in 10-36 kDa

bands in tissue from PD patients relative to non-PD patients (Figure 2c).

3.3 | «a-Synuclein oligomers isolated from PD patient
brains and recombinant a-synuclein oligomers caused
similar lipid vesicle trafficking deficits in vitro

We compared the effects of PD patient brain-derived a-synuclein

and recombinant wild-type a-synuclein oligomers on membrane
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FIGURE 2 Comparison of recombinant a-synuclein oligomers with a-synuclein isolated from PD patient brain samples. Denatured western
blot comparing recombinant a-synuclein oligomer (asynO) with a-synuclein monomer (asyn Mono) labeled with a-synuclein antibody (syn211)
reveals that both preparations contain monomer (~17 kDa) and higher weight oligomers (>30 kDa), however, the oligomeric preparation
contains a higher concentration of these >30 kDa species compared with the monomeric preparation (a). A total of 1 ug of synthetic
a-synuclein protein was loaded in each lane in (a). Denatured western blots of immunoprecipitated PD patient frontal cortex samples
demonstrated heterogeneous populations of a-synuclein assemblies (b). Western blots of a-synuclein immunoprecipitated from six different
PD patients (lanes 2-7) and two non-PD control subjects (lanes 1 and 8) exhibit major bands >100 kDa. Using a longer exposure time, a 36 kDa
doublet band can be observed in the bottom half of the blot in PD patient samples (lanes 2-7) that is absent in non-PD controls (lanes 1 and

8, quantified in c), corresponding with a-synuclein oligomeric species (Ardah et al., 2014; Tsika et al., 2010; Winner et al., 2011); full gel is
shown in Figure S1). (c) Measurement of integrated gel band intensity (integrated density value, IDV) in the bracketed range shown in b using
FluoroChem reveals substantial differences in low molecular weight range oligomer concentrations between PD and non-PD brains
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FIGURE 3 PD patient brain-derived a-synuclein oligomers
induce membrane trafficking deficits in vitro. Compared with
vehicle-treated cells, a-synuclein immunoprecipitated from brain
samples from multiple individuals with PD caused membrane
trafficking deficits (**p < 0.0100); a-synuclein from brain samples
from individuals without PD did not (n.s., not significantly different
from vehicle-treated cells). One-way ANOVA with Dunnett's test
for multiple comparisons. Each data point represents the mean
value for an individual patient determined in quadruplicate from
three separate cell preparations; undiluted samples were added to
the assay wells. Black lines indicate group means

trafficking rates using the MTT assay (Figure 3). PD patient brain-
derived a-synuclein species (Figure 3) and recombinant a-synuclein

oligomers (1 uM, Figure 1) induced similar deficits in membrane

trafficking rate compared with a vehicle control. In contrast,
a-synuclein isolated from the brains of non-PD control subjects
(Figure 3) induced no change in membrane trafficking rate com-
pared with vehicle control. Thus, both recombinant a-synuclein
oligomers and PD patient brain-derived a-synuclein species, but
not a-synuclein species derived from non-PD control brains, impact
cellular membrane trafficking rates. Because the only difference
in a-synuclein species detected between PD and non-PD brain on
western blots (Figure 2) were the higher concentration of oligom-
ers contained in PD brains, it is likely that the impact on trafficking
observed is due to oligomers.

3.4 | Small molecule compounds inhibited
membrane trafficking deficits caused by a-synuclein
oligomers in vitro

To investigate the potential of brain-penetrant small molecule ther-
apeutic approaches, we screened for compounds capable of mini-
mizing or eliminating «-synuclein oligomer-associated membrane
trafficking deficits. The screening method was based on the MTT
assay and optimized for performance in 384-well microtiter plates
with automated liquid handling robotics for compound formatting
and assay plate replication as previously reported (Izzo, Staniszewski,
et al., 2014). We set an acceptable window for oligomer-induced ef-

fects with a 50%-80% loss of normal membrane trafficking rates
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due to treatment with a-synuclein oligomers, compared with vehi-
cle treatment. We used this assay to screen the NIH Small Molecule
Repository (725 compounds that have been tested in phase I-11l clini-
cal trials: full list shown in Table S1). Drugs were screened at a single
assay concentration of 1 uM following the addition of a-synuclein
oligomers for 24 hr, in quadruplicate wells replicated in three ex-
periments from independent cell primary cell preparations (n = 3 ex-
periments) with greater than 80% reversal of a-synuclein oligomer
effects set as a hit. Statistical analysis indicated that these conditions
had a power of 95% (GPower software, (Faul et al., 2007)) to detect
false negatives. Control wells consisted of a-synuclein oligomers
(1 uM) and vehicle treatment without test compounds. Of the 725
compounds, 17 compounds significantly blocked a-synuclein oli-
gomer-induced membrane trafficking deficits. Of these, compounds
with limited brain penetration or significant expected toxicity (such
as oncology or anti-fungal therapeutics) were eliminated, and the re-
sulting six hits were assayed for membrane trafficking effects across
an 8-point dilution range (0.5-20 uM, Figure 4). Bioinformatics path-
way analyses (MetaCore, Clarivate Analytics, Philadelphia, PA, USA)
indicated that these compounds impact the retinoic acid pathway,

which has previously been implicated in PD (Esteves et al., 2015;
Takeda et al., 2014), confirming the disease relevance of this screen-
ing assay. Three of six compounds were weakly active (Figure 4a-c),
two compounds blocked a-synuclein oligomer-induced membrane
trafficking deficits at concentrations lower than 2.5 uM (lovasta-
tin EC5y < 1 uM, carbamazepine EC., = 2.2 uM, Figure 4d,e), and
one compound (thioridazine) was cytotoxic at concentrations above
1 uM (Figure 4f).

We then screened a proprietary CogRx library of high affinity
sigma-2 allosteric antagonists to identify therapeutic candidates ca-
pable of blocking oligomer-induced trafficking deficits. Several hits
were obtained (Figure 5); the affinities of these compounds at the
sigma-2 receptor complex are in the low nanomolar range: CT1978
(K;=9.2 nM), CT1970 (K, = 1.8 nM), CT2168 (K, = 2 nM), CT1681
(K;=12nM), CT1696 (K, = 11 nM), and CT1925 (K, = 18 nM). When
dosed against a-synuclein oligomers, all of them inhibited a-synu-
clein oligomer-induced trafficking deficits in a dose-dependent man-
ner (CT1978 (EC,, = 1.48 pM), CT1970 (EC,, = 6.50 pM), CT2168
(EC5o=1.5uM),CT1681 (EC;,=9.44 pM),CT1696 (EC,,=15.53 uM),
and CT1925 (EC,, = 8.95 pM) Figure 5a-f, respectively).
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FIGURE 4 NIH Clinical Collection (NCC) small molecules inhibit a-synuclein oligomer-induced trafficking deficits. Treatment of primary
neurons with a-synuclein oligomer (1.0 uM final concentration) caused significant deficits in membrane trafficking rates (red dot) when
compared with vehicle alone (blue dot, p < 0.0001, One-way ANOVA, Dunnett's multiple comparisons). Seven hundred and twenty-five
NIH small molecules were tested in single-point screens (data not shown) for their ability to block oligomer-induced deficits and a subset
of hit compounds (a-f) were tested in a range of doses with select examples shown above. Addition of (a) bupropion, (b) irbesartan, or (c)
carmofur weakly inhibited a-synuclein oligomer-induced trafficking deficits. (d) Lovastatin and (e) carbamazepine inhibited deficits at low
concentrations but were toxic at concentrations >5 uM. (f) Thioridazine was cytotoxic at concentrations >1 uM. All data points represent
means =+ SD for four to six replicate experiments in separate cell culture preparations [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 «-Synuclein oligomer-induced trafficking deficits are blocked by CogRx sigma-2 receptor antagonist small molecule
therapeutic candidates. (a-f) Treatment of primary neurons with a-synuclein oligomer (1.0 pM final concentration) caused significant deficits
in membrane trafficking rates (red dot) when compared with vehicle alone (blue dot, p < 0.0001, One-way ANOVA, Dunnett's multiple
comparisons). CogRx small molecule sigma-2 antagonists blocked the effect of recombinant a-synuclein oligomer by >80%, in a dose-
dependent manner (p < 0.0010 for greatest dose versus a-synuclein alone, One-way ANOVA, Dunnett's multiple comparisons), while having
no effect on membrane trafficking when dosed without the addition of a-synuclein oligomer (data not shown). All data are means + SD for 6
replicate experiments in separate cell culture preparations [Color figure can be viewed at wileyonlinelibrary.com]

3.5 | «a-Synuclein oligomer-induced LAMP-2A
expression increase is blocked by CogRx small molecule
sigma-2 allosteric antagonist therapeutic candidates

Misfolded proteins and damaged cells are normally degraded and
cleared via autophagy pathways regulated by the sigma-2 receptor
complex (Mir et al., 2013); breakdown of these pathways is implicated
in PD pathology (Cuervo & Wong, 2014; Xilouri et al., 2009, 2016; Yue
et al., 2009), resulting in build up of a-synuclein and other proteins
in neurons (Spillantini et al., 1997). Chaperone-mediated autophagy
via LAMP-2A is specifically responsible for a-synuclein degradation
in neurons and turnover of a-synuclein monomers (Sala et al., 2016;
Vogiatzi et al., 2008) and LAMP-2A expression is dysregulated in PD
(Mak et al., 2010; Orenstein et al., 2013; Sala et al., 2016). Disruption
in chaperone-mediated autophagy with an inhibitor or RNA interfer-
ence to LAMP-2A can lead to accumulation of a-synuclein in neuronal
cells (Vogiatzi et al., 2008). Because of these links between chaperone-
mediated autophagy, sigma-2 receptors, LAMP-2A, a-synuclein, and
PD, we examined whether LAMP-2A expression was affected by exog-
enous a-synuclein oligomers in vitro, and whether sigma-2 antagonists
could impact this. We quantified the intensity of LAMP-2A immunoflu-
orescence associated with primary neuronal cells co-labeled for MAP2
and a-synuclein oligomer (Figure 6). Neurons treated with a-synuclein
oligomers (0.5 pM) exhibited increased LAMP-2A immunolabeling

compared with vehicle (Figure 6a,b). Sigma-2 receptor antagonist
compounds CT1978 and CT2168, which actively blocked a-synuclein
oligomer-induced membrane trafficking deficits (Figure 5), blocked
the a-synuclein oligomer-induced increase in LAMP-2A expression
(Figure 6c¢,d). Because the CogRx compounds are known to be specific
antagonists at the sigma-2 receptor complex, these results confirm an
important role for the sigma-2 receptor complex in the regulation of
LAMP-2A-mediated autophagy pathways, and suggest that sigma-2
receptor antagonists may have therapeutic potential in PD.

4 | DISCUSSION

The protein a-synuclein has a crucial role in PD and related synu-
cleinopathies. Mutations in the a-synuclein gene (SNCA) encoding
mutant a-synuclein forms such as A30P and A53T lead to famil-
ial early-onset PD. Both mutant forms of a-synuclein bind more
strongly (two- to sixfold) to chaperone-mediated autophagy recep-
tor LAMP-2A than does wild-type a-synuclein, but do not translocate
into the lysosomal lumen, impairing degradation of other substrates
(Cuervo et al., 2004) and shifting cellular disposal pathways to up-
regulate secretion of protein into the extracellular space. A variety
of age-related insults such as oxidative stress (Esteves et al., 2009)

impact wild-type a-synuclein structure and associated function,
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FIGURE 6 CogRx sigma-2 receptor antagonists block a-synuclein oligomer-induced autophagy dysregulation. Neuronal cultures were
treated with a low concentration (0.5 uM) of recombinant a-synuclein oligomer for 1 hr followed by CogRx compounds for 24 hr. Cells were
fixed and immunolabeled to visualize MAP2-positive neuron expression of LAMP-2A and a-synuclein oligomer (antibody ASYOS5). LAMP-
2A expression was quantified by measuring the relative fluorescent units of puncta spots per neuron and normalized to a vehicle control.
Vehicle wells demonstrated endogenous expression of LAMP-2A (a). a-Synuclein oligomers exhibit punctate distribution on neurons and
increased LAMP-2A expression by > 75% (b). Treatment with CogRx compounds CT1978 (representative image, c) and CT2168 decreased
a-synuclein oligomer (a-SynO) puncta intensity and LAMP-2A puncta count per neuron, more closely resembling vehicle control wells (d).
Data points represent means + SD for four replicate experiments. (**p < 0.0100, ANOVA with Dunnett's test for multiple comparisons; n.s.,
not significantly different compared with vehicle-treated cells.) [Color figure can be viewed at wileyonlinelibrary.com]

leading to protein accumulation and subsequent oligomerization.
a-Synuclein amplifies the redox consequences of mitochondrial dys-
function in dopaminergic neurons (Van Laar et al., 2020). a-Synuclein
oligomers are the most toxic structural form of the protein (Karpinar
etal., 2009), triggering autophagy/lysosomal dysregulation, synaptic
dysfunction, mitochondrial disruption, and ER and oxidative stress,
and secretion into extracellular fluid leading to transsynaptic spread
and disease progression (Fields et al., 2019).

The development of novel therapeutic approaches that allevi-
ate neuronal dysfunction and progression of PD pathology caused
by a-synuclein oligomers is an urgent unmet medical need (Fields
et al., 2019; Shihabuddin et al., 2018). Cellular models using dis-
ease-relevant a-synuclein oligomers that replicate patient brain-de-
rived oligomer toxicity on target cell populations (neurons and glia)
can be an effective platform for identifying potential therapeutics.

To establish such models, we began by identifying a method for
generating recombinant full-length a-synuclein oligomers that pro-
duced oligomers that replicate the toxicity of patient brain-derived
species. Many such methods of generating «-synuclein oligomers
from wild-type or modified protein have been published (Benner
et al.,, 2008; Choi et al.,, 2013; Danzer et al., 2007; Yanying Liu
et al., 2011; Outerio et al., 2009; Yu et al., 2010). Oligomers gen-
erated by seeding wild-type full length recombinant a-synuclein
protein with extremely low concentrations of Ap 1-42 oligomers
(thought to act as templates to promote oligomerization of a-synu-
clein; Mandal et al., 2006; Martin et al., 2012; Masliah et al., 2001;
Tsigelny et al., 2008)) have been reported to cause signaling deficits

at low concentrations. Here for the first time, the effects of recom-
binant a-synuclein oligomers made with this method were compared
with Parkinson's patient brain-derived a-synuclein oligomer species
effects on neurons and glia in primary culture. Both oligomer prepa-
rations disrupted normal membrane trafficking in a similar man-
ner, whereas oligomers isolated from non-PD age-matched control
brains with identical methods did not. This suggests that recombi-
nant a-synuclein oligomers made using this method are disease rel-
evant and appropriate for use in compound screening models of the
disease process in vitro, with the much less readily available patient
brain-derived oligomers used to confirm results obtained with re-
combinant oligomers.

Comparison of recombinant a-synuclein oligomers with hu-
man-derived a-synuclein species using western blot revealed low
molecular weight species in both the recombinant a-synuclein
oligomer and PD patient brain-derived a-synuclein samples, but not
non-PD control samples. Consistent with previous reports, these
low molecular weight a-synuclein oligomeric species potently in-
duce changes in trafficking and autophagy consistent with disease
pathology (Tsika et al., 2010; Winner et al., 2011). Similarly, low
molecular weight a-synuclein species have been shown to disrupt
synaptic vesicle fusion and transmission (Medeiros et al., 2017).
Notably, the human brain-derived a-synuclein preparation described
here was shown for the first time to yield a-synuclein protein species
that caused trafficking deficits. Future studies will be required to
characterize recombinant and PD patient brain-derived oligomers in

more detail with larger numbers of patient brain samples. Evidence
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indicates that soluble extracellular a-synuclein oligomers can be
transmitted between neighboring cells, which is thought to be the
mechanism of the spread of disease pathology (Domert et al., 2016).
Addition of exogenous recombinant a-synuclein oligomers to pri-
mary neurons in culture may model this aspect of PD pathology in
addition to intracellular effects. a-Synuclein monomer had reduced
effects on membrane trafficking deficits when compared with oligo-
mers, an important functional difference between the two struc-
tural forms that may provide insight into early stages of disease
development.

Cellular assays that measure processes disrupted in disease in
primary neurons are also important for translational modeling of
disease. We chose to use assays that measure two key aspects of
neuronal function known to be disrupted by a-synuclein oligomers:
intracellular lipid vesicle trafficking (Izzo, Staniszewski, et al., 2014)
and chaperone-mediated autophagy. Intracellular lipid vesicle traf-
ficking-dependent processes are disrupted in PD and are thought
to underlie cognitive and motor deficits (Alvarez-Erviti et al., 2011;
Ben Gedalya et al., 2009; Chai et al,, 2013; Jang et al., 2010; Lee
et al., 2005), stemming from a-synuclein's central role in normal
soluble N-ethylmaleimide-sensitive fusion attachment protein re-
ceptor (SNARE)-mediated vesicle trafficking and regulation of syn-
aptic vesicle exocytosis (Burré et al., 2014; Diao et al., 2013; Hunn
et al., 2015). We used a previously established assay of intracellular
lipid vesicle trafficking rate (Izzo, Staniszewski, et al., 2014; |zzo, Xu,
et al., 2014) to model this process; this assay has been used to iden-
tify disease-modifying Alzheimer's therapeutic candidates.

Chaperone-mediated autophagy is one of several processes that
degrade and remove altered proteins in response to cell stress or
toxic material (Martinez-Vicente et al., 2008; Vogiatzi et al., 2008),
and regulates amino acid recycling and protein quality control
(Martinez-Vicente & Cuervo, 2007; Sala et al., 2016). The lysosomal
receptor LAMP-2A controls the translocation of substrates to the
lysosomal lumen, and the rate of chaperone-mediated autoph-
agy is regulated by the assembly and disassembly of the LAMP-2A
translocation complex (Sala et al., 2016). LAMP-2A function is
pivotal to PD disease progression (Cuervo & Wong, 2014; Mak
et al., 2010; Martinez-Vicente & Cuervo, 2007; Sala et al., 2016;
Vogiatzi et al., 2008). Disruption of chaperone-mediated autophagy
with a LAMP-2A inhibitor can lead to accumulation of a-synuclein
in neuronal cells (Vogiatzi et al., 2008). a-Synuclein and LAMP-2A
co-immunoprecipitate in culture (Vogiatzi et al., 2008) and overex-
pressed wild-type or mutant a-synuclein binds to LAMP-2A and dis-
rupts internalization and degradation (Cuervo et al., 2004; Fonseca
et al., 2015; Roberts & Brown, 2015; Sala et al., 2016). These and
other data lead to the hypothesis that increasing LAMP-2A levels is
a compensatory mechanism to increase the autophagic response to
toxic a-synuclein oligomers (Mak et al., 2010; Orenstein et al., 2013).
In agreement with this, the present results indicate that neurons
treated with recombinant a-synuclein oligomers significantly upreg-
ulate LAMP-2A protein expression.

To identify small molecule drug candidates capable of blocking

recombinant a-synuclein oligomer-induced toxicity, we screened

b 1171

several compound libraries (including the NIH Clinical Collection)
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in the previously established lipid vesicle trafficking rate assay.
Unexpectedly, potent and specific sigma-2 receptor antagonists
(Izzo, Staniszewski, et al., 2014; 1zzo, Xu, et al., 2014) most effectively
dose-dependently blocked a-synuclein oligomer-induced deficits in
membrane trafficking, and also inhibited LAMP-2A upregulation by
oligomers. The effective inhibitor compounds identified within the
NIH Clinical Collection partially reduced the effects of a-synuclein
oligomers at low concentrations, but then were cytotoxic them-
selves at higher concentrations. In contrast, the small molecule sig-
ma-2-specific CogRx inhibitors were effective at low concentrations
and did not exhibit cytotoxicity at similar higher concentrations. This
is the first demonstration that allosteric antagonists of the sigma-2
receptor complex have anti-a-synuclein oligomer effects.

One possible molecular basis for these observations is the di-
rect role that sigma-2 receptor complex component proteins
PGRMC1 (Riad et al., 2018, 2020; Xu et al., 2011) and TMEM97
(Alon et al., 2017) have in both intracellular lipid vesicle traffick-
ing and autophagy. PGRMC1 contains several immunoreceptor
tyrosine-based activation motif consensus sequences and binds
directly to several vesicle trafficking regulatory proteins including
N-ethylmaleimide-sensitive factor, microtubule-associated proteins
1A/1B light chain 3B, ultra-violet radiation resistance-associated
gene (UVRAG), unc-51-like autophagy activating kinase 2, autoph-
agy-related 5, and RB1-inducible coiled-coil protein 1 (Behrends
et al., 2010; Mir et al., 2013). PGRMC1 regulates trafficking of a
wide variety of transmembrane receptors between subcellular
compartments and the plasma membrane and is required to stabi-
lize these receptors in the plasma membrane including epidermal
growth factor receptor (Ahmed et al., 2010), membrane progester-
one receptor o (Thomas et al., 2014), glucagon-like peptide recep-
tor type 1 (Zhang et al., 2014), netrin receptor (UNC-40/deleted in
colorectal cancer; UNC-40/DCC) (Runko & Kaprielian, 2004), and
insulin receptors (Hampton et al., 2018); reduction of PGRMC1
levels via genetic knockdown results in internalization of these re-
ceptors. Direct binding of PGRMC1 to MAP1LC3B and UVRAG is
required for normal autophagy (Mir et al., 2013). Both lipid vesicle
formation/trafficking and autophagy place large demands on cellular
lipid membrane synthesis and degradation, and both PGRMC1 and
TMEMZ97 directly regulate cholesterol synthesis. Most of TMEM97’s
sequence (aa 10-158) is an Expera domain, likely to possess direct
sterol isomerase catalytic activity (Sanchez-Pulido & Ponting, 2014).
TMEMZ97 itself binds directly to NPC1 (the protein that is mutated in
the sphingolipid storage disorder Niemann-Pick disease); reduction
of TMEM97 upregulates NPC1 and restores cholesterol synthesis
and trafficking in Niemann-Pick cells (Ebrahimi-Fakhari et al., 2015).
PGRMC1 interacts with Nr4al (an immediate early gene required
for the induction of several genes encoding steroidogenic enzymes)
to regulate neurosteroid synthesis or signaling in neuronal cell lines
(Intlekofer et al., 2019) a possible protective mechanism in response
to neuroinflammatory signaling. In non-neuronal cells, PGRMC1 reg-
ulates cholesterol synthesis via two direct binding interactions; to
P450 proteins (Rohe et al., 2009) and to Insig and SCAP (Hughes
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etal., 2007; Suchanek et al., 2005); under low cholesterol conditions,
Insig/SCAP dissociates from PGRMC1 and translocates to the nu-
cleus where they mediate SRE-related gene transcription). Finally,
both PGRMC1 and TMEM97 bind directly to the low-density lipo-
protein receptor (LDL); this complex binds LDL, apoE, and mono-
meric and oligomeric Ap and contributes to their internalization into
neurons (Riad et al., 2018).

a-Synuclein oligomers bind directly to PGRMC1 in brain syn-
aptosomes (Betzer et al.,, 2015), and a-synuclein binds directly
to LAMP-2A in the process of chaperone-mediated autophagy
(Schneider & Cuervo, 2014; Vogiatzi et al., 2008). a-Synuclein oligo-
mers interact with and disrupt cholesterol-rich lipid membranes and
disrupt related downstream signaling effects, including the process
of autophagy (Galvagnion, 2017; Galvagnion et al., 2016; Plotegher
et al.,, 2017; Stefanovic et al., 2014; Van Maarschalkerweerd
et al., 2015). Thus, allosteric antagonists of the sigma-2 receptor
proteins may alleviate the negative impacts of a-synuclein oligomers
through a variety of mechanisms.

The present results are the first demonstration that PD patient
brain-derived a-synuclein oligomers and recombinant «-synuclein
oligomers both inhibit intracellular lipid vesicle trafficking, providing
strong support for the disease relevance of recombinant a-synuclein
oligomers made using the described methods and the translational
applicability of using recombinant oligomers in screens to develop
drug candidates. These results are also the first demonstration that
sigma-2 allosteric antagonists effectively reduced both the a-synu-
clein oligomer-induced lipid vesicle trafficking deficit and upregula-
tion of LAMP-2A. The sigma-2 receptor complex proteins regulate
multiple cellular damage response pathways in which a-synuclein
directly participates, and that are impacted in PD. These results sug-
gest that the ability of sigma-2 allosteric antagonists to block a-synu-
clein oligomer toxicity may result from the role of sigma-2 receptor
proteins in regulating intracellular lipid vesicle trafficking, autoph-
agy, and cholesterol metabolism. These data support the hypothesis
that targeting the sigma-2 receptor complex with brain-penetrant
small molecule antagonists represents a tractable therapeutic ap-
proach to alleviating a-synuclein-induced pathology in PD and other
a-synucleinopathies.
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