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ABSTRACT

Synucleinopathies are a group of neurodegenerative diseases without effective treatment characterized by the
abnormal aggregation of alpha-synuclein (aSyn) protein. Changes in levels or in the amino acid sequence of aSyn
(by duplication/triplication of the aSyn gene or point mutations in the encoding region) cause familial cases of
synucleinopathies. However, the specific molecular mechanisms of aSyn-dependent toxicity remain unclear.
Increased aSyn protein levels or pathological mutations may favor abnormal protein-protein interactions (PPIs)
that could either promote neuronal death or belong to a coping response program against neurotoxicity.
Therefore, the identification and modulation of aSyn-dependent PPIs can provide new therapeutic targets for
these diseases. To identify aSyn-dependent PPIs we performed a proximity biotinylation assay based on the
promiscuous biotinylase BioID2. When expressed as a fusion protein, BioID2 biotinylates by proximity stable and
transient interacting partners, allowing their identification by streptavidin affinity purification and mass spec-
trometry. The aSyn interactome was analyzed using BioID2-tagged wild-type (WT) and pathological mutant
E46K aSyn versions in HEK293 cells. We found the 14-3-3 epsilon isoform as a common protein interactor for WT
and E46K aSyn. 14-3-3 epsilon correlates with aSyn protein levels in brain regions of a transgenic mouse model
overexpressing WT human aSyn. Using a neuronal model in which aSyn cell-autonomous toxicity is quantita-
tively scored by longitudinal survival analysis, we found that stabilization of 14-3-3 protein-proteins interactions
with Fusicoccin-A (FC-A) decreases aSyn-dependent toxicity. Furthermore, FC-A treatment protects dopami-
nergic neuronal somas in the substantia nigra of a Parkinson’s disease mouse model. Based on these results, we
propose that the stabilization of 14-3-3 epsilon interaction with aSyn might reduce aSyn toxicity, and highlight
FC-A as a potential therapeutic compound for synucleinopathies.
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R. Vinueza-Gavilanes et al.
1. Introduction

Synucleinopathies are a group of neurodegenerative diseases that
includes Parkinson’s disease (PD) or Dementia with Lewy Bodies (DLB)
and present as a common histopathological hallmark the abnormal ag-
gregation of alpha-synuclein (aSyn) protein into intraneuronal LBs
(Halliday et al., 2011; McCann et al., 2014). Sadly enough, the admin-
istration of levodopa, aimed to replace the loss of striatal dopamine
caused by the death of dopaminergic neurons in the substantia nigra
(SN), remains the main symptomatic treatment for PD patients, a
treatment that does not stop or delay neurodegeneration and causes
unwanted motor and non-motor side-effects (Poewe et al., 2017; Arm-
strong and Okun, 2020; Voon et al., 2017). Importantly, changes in the
levels (by duplication or triplication of the aSyn gene (SNCA)) or in the
amino acid sequence of aSyn (by point mutations) are sufficient to cause
autosomal dominant forms of PD and DLB (Singleton et al., 2013), which
underscore a key role of aSyn in these pathologies. Uncovering the
molecular mechanisms of aSyn-dependent toxicity may lead to the
development of successful therapies against synucleinopathies.

Both cell-autonomous and non-cell-autonomous mechanisms have
been proposed to explain aSyn-dependent toxicity. Since aSyn is pre-
dominantly a presynaptic protein (Iwai et al., 1995; Kahle et al., 2000;
Wilhelm et al., 2014), early increases or pathological mutations of aSyn
may disrupt the trafficking and recycling of synaptic vesicle pools,
potentially impairing the dynamics of neurotransmitter release (Bridi
and Hirth, 2018; Runwal and Edwards, 2021). Beyond the synaptic
environment, aSyn-dependent pathogenic processes can occur in axons
and neuronal somas; the alteration of the vesicle transport from the
endoplasmic reticulum to the Golgi, the endocytic pathway, the
ubiquitin-proteasome and autophagy-lysosome degradation pathways
or the mitochondrial function are among the most important aSyn-
dependent toxic cell-autonomous mechanisms proposed (Wong and
Krainc, 2017; Bras et al., 2020). Finally, experimental evidence supports
a prion-like hypothesis where pre-formed aSyn fibrils can induce the
aggregation of endogenous aSyn, which in turn may facilitate disease
spreading across neuroanatomical connected brain regions in a cell-non
autonomous-dependent manner (Braak et al., 2002; Uemura et al., 2020;
Ruf et al., 2023). Yet, the precise concatenation of molecular and
cellular events underlying aSyn-dependent neuronal death remains un-
clear which makes difficult the development of effective therapies.

To study aSyn-dependent pathogenic mechanisms, we developed a
neuronal model where aSyn cell-autonomous toxicity is recapitulated.
Specifically, and taking advantage of automated microscopy, we longi-
tudinally tracked individual primary neurons expressing fluorescently
tagged aSyn variants (longitudinal survival analysis (Inigo-Marco et al.,
2017; Vinueza-Gavilanes et al., 2020)). Using Cox regression analysis we
quantitatively determined the risk of neuronal death induced by aSyn
increased levels, pathological mutations and post-translational modifi-
cations such as phosphorylation of residue Serine 129, or N-terminal
acetylation (ffligo—Marco et al., 2017; Vinueza-Gavilanes et al., 2020).
This model faithfully recapitulates aSyn dose-dependent toxicity as well
as the gain of toxicity conveyed by point mutations. In all cases, toxicity
was mainly driven by soluble aSyn species. Moreover, we set up an assay
to score cell-autonomous and non-cell-autonomous components of the
aSyn-dependent toxicity observed. Even if we were able to detect a
minor non-cell-autonomous toxicity component exerted by neurons
expressing aSyn to the most proximal neurons, aSyn-dependent toxicity
was mostly cell-autonomous (fﬁigo—Marco et al., 2017). Therefore, this
model allows us to investigate the mechanisms that initiate/drive aSyn
toxicity, that: i) are favored by increased aSyn protein levels and/or
pathological mutations, ii) take place previous to aSyn aggregation into
LBs, and iii) are mostly cell-autonomous.

The increased protein levels and/or pathological point mutations
may favor the interaction of aSyn with new, abnormal protein partners.
We postulate that these pathological aSyn-dependent protein-protein
interactions (PPIs) may be at the core of the initial mechanisms leading
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to or trying to cope with neuronal death. Therefore, the identification
and modulation of aSyn-dependent PPIs can provide new therapeutic
targets to decrease neuronal death and treat synucleinopathies. In the
last years, proximity labeling has emerged as a complementary
approach that allows the identification of labile or transient PPIs in
living cells (Kim and Roux, 2016; Qin et al., 2021) compared to tradi-
tional PPI-related methodologies (e.g. antibody-based affinity purifica-
tion or yeast two-hybrid). Protein tagging with promiscuous
biotinylases, such as BioID2, (Roux et al., 2012; Kim et al., 2016) limits
the capacity of these enzymes to biotinylate protein substrates in close
proximity to the protein of interest in living cells. Biotinylation allows
the subsequent affinity purification of interacting partners and their
identification by mass spectrometry. Through proximity labeling, pro-
teins enriched in a particular subcellular context as well as the specific
interactome (stable and transient interacting partners) of a protein of
interest have been identified in numerous studies (Roux et al., 2012; Liu
et al., 2018; Samavarchi-Tehrani et al., 2020).

In this work, we set up a promiscuous biotinylation system based on
BioID2 to identify PPIs for WT and pathological mutant E46K aSyn
versions in HEK293 cells. Interestingly, the 14-3-3 epsilon isoform was
identified as a common interactor for both WT and E46K aSyn. 14-3-3
proteins are highly expressed in the brain and have a non-conventional
chaperone activity that has been proposed to play a predominant role in
brain development and neurodegeneration (Giusto et al., 2021). Along
with our work, 14-3-3 proteins have been found to interact with aSyn by
others (Ostrerova et al., 1999; Burmann et al., 2020) and six (B, v, €, , ©
and o) out of seven mammalian 14-3-3 isoforms have been found in LBs
in post-mortem brains from PD and DLB patients (Wakabayashi et al.,
2018; Kawamoto et al., 2002; Berg et al., 2003). Furthermore, soluble
aSyn may form complexes with 14-3-3 proteins found accumulated in
the SN of post-mortem PD patients (Xu et al., 2002).

Recently, a neuroprotective role has been proposed for the 14-3-3 6
isoform against non-cell-autonomous aSyn toxicity caused by extracel-
lular pre-formed fibrils of aSyn (Wang et al., 2018; Underwood et al.,
2020). Here, using a transgenic mouse model where WT human aSyn
levels are modestly overexpressed in brain (Kuo et al., 2010), we found a
positive correlation between aSyn and 14-3-3 epsilon protein levels in
areas such as the cortex and the striatum but not in the most vulnerable
region, the midbrain. These results lead us to hypothesize that 14-3-3
epsilon protein levels increase as a coping response to avoid aSyn
toxicity. Through longitudinal survival analysis, we addressed the role
of 14-3-3 epsilon in aSyn cell-autonomous toxicity and found that sta-
bilization of 14-3-3 PPIs with the pharmacological compound
Fusicoccin-A (FC-A) (De Boer et al., 2012) decreased aSyn-dependent
neuronal toxicity. Furthermore, FC-A treatment protected dopami-
nergic neuronal somas in the SN of a PD mouse model based on ste-
reotaxic injection of an aSyn expressing adenoassociated virus (Basurco
et al., 2022). Altogether, our results strongly suggest that the 14-3-3
epsilon interaction with aSyn might have a protective role against aSyn-
dependent cell-autonomous toxicity, highlighting FC-A as a potential
therapeutic compound for synucleinopathies.

2. Materials and methods

Animal handling was carried out in accordance with the European
Community Council Directive 2010/63/EC and Spanish legislation (Real
Decreto 53/2013) and all the protocols were approved by the Ethics
Committee of the University of Navarra (CEEA): CEEA 038-18, CEEA
064-19, CEEA R087c¢-18, CEEA 018c-22.

2.1. Animals

The TgSyn (PAC-Tg(SNCAWT);Snca—/—) transgenic mouse was ob-
tained by Jackson Laboratories (FVB;129S6—Snca""1me Tg(SNCA)
1Nbm/J, JAX stock #010710). These mice were generated by crossing
alpha-synuclein knock-out homozygous mice (Cabin et al., 2002) with a
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transgenic mice over expressing human alpha-synuclein (PAC-Tg
(SNCAWT)) (Gispert et al., 2003). The double mutant TgSyn (PAC-Tg
(SNCAWT);Sncaf/f) mice had a mixed background (FVB/N;129S6/
SvEvTac). FVB/N (Envigo) mice were used as controls. Mice were
maintained until 7-8 months old at 21 °C, in a humidity-controlled, 12 h
light/dark cycle environment, fed ad libitum with standard rodent pellet
(Envigo) and granted with full access to water. Three-month-old male
and female C57BL6JRccHsd mice were obtained from Envigo (Barce-
lona, Spain).

2.2. Plasmids

All plasmids generated were pCAGGs plasmids suitable for neuronal
expression.

To obtain plasmids expressing BiolD2-tagged aSyn versions (Syn-
BioID2 and E46KSynBioID2) first PCR amplification of BioID2 was
performed from the MCS-BioID2-HA plasmid (Addgene # 74224) with
the following oligonucleotides:

SynBioIlD2AgelF:
5’CGTACGTCACCGGTATTCGAATTCGGATCCTTC3’.

SynBioID2SacIR: 5’CTAGAGAGCTCCTATGCGTAATCCGGTACATC
GTAAGGG3'.

Then, BioID2 was subcloned into the previously described Ch-tagged
aSyn versions (WT and E46K aSyn) (fﬁigo—Marco et al., 2017) replacing
Ch by BioID2.

For generating the plasmid expressing BiolD2 (pCAGGs-BiolD2),
MCS-BioID2-HA plasmid (Addgene # 74224) was amplified with the
following oligonucleotides: BioID2NhelF2: 5 GGCCGCTAGCAC-
CATGGGATCCTTCAAGAACCTGATCTGGCTGAAGGAG3’. The reverse
oligonucleotide was SynBioID2SacIR. Then, the PCR fragment was
subcloned into pCAGGs-SynBioID2 replacing SynBioID2 by BioID2.

PCAGGs-14-3-3 epsilon: The 14-3-3e ¢cDNA was obtained from
pcDNA3-HA-14-3-3¢ (a gift from Michael Yaffe, Addgene plasmid #
13273; http://n2t.net/addgene:13273; RRID: Addgene_13273) and
subcloned into the pCAGGS-ev.

Plasmids expressing Ch-tagged aSyn (E46KSynCh, SynCh) and un-
tagged (E46KSyn, Syn) versions as well as PLK2 were previously
described (Iﬁigo—Marco et al., 2017).

Cloning and generation of adenoassociated viruses serotype 9
(AAV9) AAV9-aSyn-IRES-Ch (expressing human aSyn under a ubiqui-
tous promoter and mCherry (Ch) under an internal ribosome entry
sequence (IRES)) as well as its control (AAV9-IRES-Ch) were previously
described (Basurco et al., 2022).

2.3. Neuronal and HEK293 cultures

Primary cultures of cortical neurons were performed from Sprague-
Dawley rat brain embryos at embryonic day 19-20 as previously
described (ffligo—Marco et al., 2017; Vinueza-Gavilanes et al., 2020;
Bugallo et al., 2020). Human embryonic kidney cells 293 (HEK293)
were grown and maintained with Dulbecco’s modified Eagle Medium
(DMEM, Gibco), supplemented with 10% FBS (Gibco), 1% sodium py-
ruvate (Gibco) and 1% penicillin-streptomycin (Gibco) in a humidified
incubator with 5% CO5 at 37 °C on 75 cm? flasks (Corning). Confluent
cells were detached with Trypsin-EDTA (Lonza) and 20% of them were
either seeded on 75 cm? flasks for maintenance or on 6-well plates for
transfection.

2.4. Transfection of rat cortical primary neurons and cell lines

HEK293 cells for western blot (WB) analysis and biotinylation ex-
periments were plated 24 h prior transfection on 6-well plates to reach
approximately 60% confluence. Then, cells were transfected with a
DNA-calcium phosphate mix as previously described. For WB experi-
ments 4 pg of each plasmid was used and for biotinylation experiments
2 pg of each plasmid. Co-transfection of pCAGGs-SynCh and pCAGGs-
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PLK2 plasmids was performed at a 1:1 ratio.

For immunofluorescence experiments or longitudinal survival anal-
ysis, rat cortical primary neurons were transfected or co-transfected at 5
days in vitro (5DIV) with Lipofectamine (Invitrogen) or calcium phos-
phate as previously described (Inigo-Marco et al., 2017; Vinueza-Gav-
ilanes et al., 2020). In general, a total of 1.5 pg of plasmids was used. Co-
transfection of plasmids expressing BioID2 or BioID2-tagged aSyn ver-
sions and mCherry was performed at a 1:1 ratio.

2.5. Protein extraction

HEK293 whole cell lysates were collected 48 h after transfection for
total protein extraction in RIPA buffer (150 mM NacCl (Sigma-Aldrich),
50 mM Tris pH 7.5 (Sigma-Aldrich), 1% Triton X-100 (Tx-100, Sigma-
Aldrich), 0.1% SDS (Sigma-Aldrich), 0.5% sodium deoxycholate
(Sigma-Aldrich), 2 mM sodium orthovanadate (Sigma-Aldrich), 25 mM
sodium fluoride (Sigma-Aldrich) and protease inhibitor mixture
(Roche)) and processed as previously described (Iﬁigo—Marco et al.,
2017).

Protein extracts of brain mouse regions were obtained from 7 to 8
month-old FVB/N and SNCA transgenic mice. Mice were anesthetized
with ketamine (75 mg/kg) and xylacine (10 mg/kg) and transcardially
perfused during 5 min with PBS at a rate of 9.5 ml/min. The brain was
extracted and areas of interest (cortex, midbrain and striatum) were
quickly dissected on ice and immediately placed on liquid nitrogen until
protein extraction. Tissue was weighted and 1 ml of lysis buffer (10 mM
Tris HCl pH 7.4, 1 mM NaF, 0.1 mM Na3VO04, 2% SDS and complete
EDTA free protease inhibitor) per 150 mg of tissue was added. Samples
were homogenised at top speed for 20 times or until tissue was disrupted
in a Heidolph homogenizer, placed in an ultrasonic bath water bath
(Branson 1510) for 2 min and finally placed on ice for 20 min. Samples
were then mixed at top speed in a vortex and centrifuged at 13,000 rpm
for 15 min at 6 °C. Supernatants were transferred and saved until use.

Protein concentration for brain tissue regions was determined with
BCA method (ThermoFisher Scientific) by measuring sample absorbance
at 560 nm in a Mithras LB 40 (Berthhold Technologies) microplate
reader. Different bovine serum albumin (BSA, New England Biolabs)
concentrations were used to carry out a standard curve from which
sample concentration was extrapolated.

2.6. Western blot (WB) analysis

WB analyses were performed with protein extracts prepared after 48
h post-transfection. To analyze protein levels of SynBioID2 tagged ver-
sions, 10-30 pg of protein coming from HEK293 transfected cells was
mixed with lithium dodecyl sulphate buffer (LDS, Invitrogen) and
dithiothreitol (DTT) (0.07 M). Samples were denatured at 95 °C for 5
min and immediately placed on ice for 2 min to then be loaded onto
either 10-well 12% polyacrylamide Bis-Tris gels or 15-well 4-12%
polyacrylamide Bis-Tris gels (Invitrogen). Next, WB analysis was per-
formed as previously described (Inigo-Marco et al., 2017).

For the analysis of endogenous aSyn and 14-3-3 epsilon in different
brain regions of the TgSyn transgenic mouse, 20 pg of protein extracts in
lysis buffer was mixed with Laemmli buffer (50 mM Tris pH 6.8, 2% SDS,
10% glycerol and 0.01% bromophenol blue), DTT (70 mM), complete
and phosSTOP EDTA free (Roche) and loaded onto home-made gels
(stacking gel: 6% acrylamide/bisacrylamide solution (37 5:1; 2.6
crosslinker (Bio-Rad)), 125 mM Tris pH 6.8 (Sigma-Aldrich), 0.1% SDS
(Bio-Rad), 0.05% APS (Bio-Rad), 0.1% TEMED (National Diagnostics.
Resolving gel: 15% acrylamide/bisacrylamide solution (37 5:1; 2.6
crosslinker (Bio-Rad)), 375 mM Tris pH 8.8 (Sigma-Aldrich), 0.1% SDS
(Bio-Rad), 0.05% APS (Bio-Rad), 0.1% TEMED (National Diagnostics).
Electrophoresis was performed for 3 h and 30 min at 100 V with Tris
Glycine Buffer (Bio-Rad) and 0.1% SDS (Bio-Rad). PVDF membranes
(pore size 0.45 pm, Merck-Millipore), previously activated in pure
methanol (Panreac) for 1 min, were used for protein transfer (transfer
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buffer Tris Glycine (Bio-Rad) with 20% methanol (Panreac)) at 0.350
mA for 1 h and 30 min. Correct protein transfer was checked by briefly
staining the membrane with Ponceau S (Sigma-Aldrich). Further steps
for WB were performed as previously described (Inigo-Marco et al.,
2017). Bands specific to the proteins of interest were visualized with the
Lumi-light PLUS detection kit using Odyssey Fc (LI-COR) and quantified
with ImageJ software or ImageStudio Software (LI-COR).

2.7. Pulldown of biotinylated proteins

Twenty-four h post-transfection of BioID2-tagged aSyn and BioID2
expression plasmids in HEK293 cells, 25 pM of biotin (Sigma-Aldrich)
dissolved in DMEM (Gibco) was added. 22 h after, cell lysis and pull-
down of biotinylated proteins was performed as previously described
(Kim et al., 2016; Roux et al., 2018) with modifications. Media was
removed and cells were carefully washed once with PBS at room tem-
perature (RT). Then, 200 pl of lysis buffer (50 mM Tris (Sigma-Aldrich
7-9®), pH 7.4, 500 mM NacCl, 0.4% SDS, 1 mM DTT and 1x Complete
protease inhibitor) was added to each well. Equilibrated streptavidin
beads (Dynabeads MyOne Streptavidin C1, Invitrogen equilibrated with
PBS pH 7.4) were added to the clear supernatants and incubated O/N at
4 °C on an orbital shaker. Next day, biotinylated proteins bound to
streptavidin beads were collected using a magnetic rack (Invitrogen)
following manufacturers recommendations. Beads were sequentially
washed in four different buffers (a-d) by suspending the beads with the
required buffer, incubating them in an orbital shaker at RT for 8 min and
placing them in the magnetic rack for 2 min:

a) 2% SDS (twice)

b) 0.1% deoxycholate, 1% Triton X-100, 500 mM NaCl, 1 mM EDTA,
and 50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, pH 7.5)

¢) 250 mM LiCl, 0.5% NP-40, 0.5% deoxycholate, 1 mM EDTA, and 10
mM Tris pH 8.

d) 50 mM Tris pH 7.4

Beads were finally suspended in lysis buffer (7 M urea, 2 M tiourea
and 50 mM DTT) and stored at -20C°. To confirm the pulldown of bio-
tinylated proteins, 5% of these samples were diluted in LDS sample
buffer (Invitrogen). Electrophoresis and protein transfer was performed
as detailed in the methods section for HEK293 cells protein extracts.
After protein transfer, streptavidin-HRP (Abcam) incubation of the
membranes was performed as described (Roux et al., 2018) and bands of
interest were visualized as indicated in the WB analysis section. After
visualization, HRP signal was quenched with a 30% solution of HyO5 in
PBS. Then, WB analysis was performed for proteins of interest.

2.8. CIP treatment

10 pg of total protein extracts from either co-transfected HEK293
cells with plasmids expressing aSyn and PLK2 or the striatum of FVB/N
and TgSyn mice were subjected to calf intestine phosphatase treatment
(CIP). Samples were mixed with Buffer 3 (New England Biolabs), com-
plete Roche EDTA-free protease inhibitor and with or without quick CIP
(10 U/pl) (New England Biolabs) and incubated at 37 °C for 1 h. Samples
were then subjected to WB analysis as described.

2.9. Mass spectrometry analysis for biotinylated proteins

Protein extracts of biotinylated proteins were diluted in Laemmli
sample buffer and loaded into 0.75 mm thick polyacrylamide gel with a
4% stacking gel casted over a 12.5% resolving gel. Electrophoresis was
stopped as soon as the front entered 3 mm into the resolving gel so the
whole proteome became concentrated in the stacking/resolving gel
interface. Gel was then stained with Coomassie Brilliant Blue and all the
proteome was excised from the gel. Protein enzymatic cleavage was
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carried with 10 pg (Promega; 1:20, w/w) at 37 °C for 16 h as previously
described (Shevchenko et al.,, 2007). Peptides were purified and
concentrated using C18 Zip Tip Solid Phase Extraction (Millipore).

Peptides were separated by reverse phase chromatography using an
Eksigent nanoLC ultra 2D pump fitted with a 75 pm ID column (Eksigent
0.075 x 150). Samples were first loaded for desalting and concentration
into a 0.5 cm length 300 pm ID precolumn packed with the same
chemistry as the separating column. Mobile phases were 100% water
0.1% formic acid (FA) (buffer A) and 100% acetonitrile 0.1% FA (buffer
B). Column gradient was developed in a 240 min two step gradient from
5% B to 25% B in 210 min and 25% B to 40% B in 30 min. Column was
equilibrated in 95% B for 9 min and 5% B for 14 min. During the entire
procedure, precolumn was in line with column and flow maintained all
along the gradient at 300 nl/min. Eluted peptides from the column were
analyzed using a Sciex 5600 Triple-TOF system. Data was acquired upon
a survey scan performed in a mass range from 350 m/z up to 1250 m/z in
a scan time of 250 ms. Top 30 peaks were selected for fragmentation.
Minimum accumulation time for MS/MS was set to 100 ms giving a total
cycle time of 3.8 s. Product ions were scanned in a mass range from 230
m/z up to 1500 m/z and excluded for further fragmentation during 15s.

Peptide Identification: MS/MS data acquisition was done using Ana-
lystTF 1.7 (Sciex). The raw MS/MS spectra search were processed using
the MaxQuant software (Tyanova et al., 2016a) and searched against the
Uniprot proteome reference for Homo sapiens. The parameters used were
as follows: initial maximum precursor (25 ppm), fragment mass de-
viations (40 ppm); variable modification (methionine oxidation, lysine
biotinylation and N-terminal acetylation) and fixed modification
(cysteine carbamidomethylation); enzyme (trypsin) with a maximum of
one missed cleavage; minimum peptide length (7 amino acids); FDR for
peptide spectrum match (PSM), and protein identification (1%). The
frequently observed laboratory contaminants were removed (i.e., kera-
tins). Protein identification was considered valid with at least one
unique or “razor” peptide. The Perseus software (Tyanova et al., 2016b)
was used for data visualization.

2.10. Immunofluorescence

For immunofluorescence (IF) experiments, neurons plated on 24-
well plates with coverslips were fixed 48 h post transfection with 4%
paraformaldehyde (Panreac) and 4% sucrose (Sigma-Aldrich) in PBS
during 8 min. Next, neurons were washed twice with PBS and kept at 4
°C until immunostaining. The specific IF protocol was performed as
previously described (fﬁigo—Marco et al., 2017).

2.11. Drug treatments

Transfected rat cortical primary neurons with Ch-tagged aSyn ver-
sions were treated with vehicle (DMSO, Sigma-Aldrich or ethanol),
BV02 (Sigma-Aldrich, SML0140) at 10 pM or FC-A (Enzo, BML-
EI334-0001) at 50 pM 24 h after transfection. Two days after surgery,
C57BL6JRccHsd mice (male and female) were treated with 5 mg/kg FC-
A (Zhao et al., 2021) administered intraperitoneally in a volume of 150
pl of NaCl 0,9% solution (B. Braun). FC-A was administered every 48 h
for 12 days.

2.12. Automated image acquisition and image processing

Longitudinal survival analysis was performed as previously
described (Iﬁigo—Marco et al., 2017; Vinueza-Gavilanes et al., 2020;
Bugallo et al., 2020; Arrasate et al., 2004; Arrasate and Finkbeiner,
2005; Miller et al., 2011) with minor modifications. A Zeiss Observer Z1
microscope equipped with a chamber (Zeiss) that maintains neurons at
37 °C and 5% CO, was used. Zen Software System (Zeiss) allowed
automated acquisition of images (single channel) at fixed positions
designated with particular coordinates with 10x long distance objec-
tives. Through sequential and automated repetition of the following
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tasks (locating a particular neuronal field, automatic focusing, image
acquisition and moving to the following non-overlapping neuronal field)
the system allows fast and efficient scanning of multiple neuronal fields
per plate. Once the complete set of images was acquired, the plate was
placed back to the incubator until a new image acquisition was required.
A standard survival experiment involved the acquisition of 10 random
positions in 3 or 4 wells per condition with the 10x objective during 7-8
days. To follow precisely the same neuronal fields, a template with the
same initial positions was used until the end of the experiment.

MetaMorph Analysis software (Molecular Devices) was used to
determine fluorescence intensity signals in single neurons by marking
the same area in the soma of each neuron and then subtracting this
measurement from the background signal. If measurements were needed
to be done in two channels, the same selected area of a neuron in one
channel was transferred to the remaining one.

Estimation of Tyrosine Hydroxylase positive (TH+) neurons in the sub-
stantia nigra (SN) by stereology: The number of TH+ neurons in the SN
pars compacta was estimated by unbiased designed-based stereology
using a Bx61 microscope (Olympus), a stage connected to a Xyz stepper
(H101BX, PRIOR) and using the Stereo Investigator software (version
2021.1.1; MBF Bioscience, Williston, VT). Stereological counting was
performed in 7 coronal SN pars compacta sections (40 pm thick) taken at
uniform intervals (160 pm) that covered the entire rostrocaudal extent
of the nucleus between —2.92 and-3.64 mm relative to bregma (Paxinos
and Franklin, 2001) as previously described (Basurco et al., 2022).

2.13. Stereotaxic surgery

Female and male C57BL6JRccHsd mice were anesthetized with ke-
tamine (75 mg/kg) and xylazine (10 mg/kg) and placed in a stereotaxic
frame (Kopf Instruments, Tujunga, CA, USA). Bilateral injection was
performed on each animal with 1 il of AAV9-aSyn-IRES-Ch (1.29 x 10'%
viral genomes/ml (VG/ml)) and 1 pl of AAV9-IRES-Ch (1.29 x 10'3 VG/
ml) at a rate of 0.2 pl/min, waiting 3 min before and after the injection.
Injection coordinates were anteroposterior —3.5 mm, mediolateral +/—
1.3 mm and dorsoventral —4 mm relative to bregma according to Pax-
inos and Franklin’s atlas (Paxinos and Franklin, 2001).

2.14. Mouse behavioral tests

Pole test was performed under low light conditions 14 days after
AAV9s administration and before the sacrifice of animals. Mice were
placed facing upwards on top of a vertical pole covered with a bandage
of 50 cm height and 1 cm in diameter. Animals were pre-trained before
the surgery until they were able to turn the head down and to descend
from the pole in <5 s. The average time to turn the head down and to
completely descend the pole was measured in 2 trials with a resting time
of 5 min between them.

2.15. Tissue processing for immunohistochemistry

Animals were anesthetized with ketamine (75 mg/kg) and xylazine
(10 mg/kg) and transcardially perfused with Ringer’s solution (145.4
mM Nacl, 3.4 mM KCl, 2.4 mM NaHCOs, pH 7.4) during 5 min at a rate
of 9.5 ml/min, followed with PFA 4% (PFA; Panreac) in PBS for 10 min
at a rate of 9.5 ml/min. The rate was increased at the end to 16 ml/min
for 3 min. Brains from perfused animals were removed and placed in
PFA 4% over night for post-fixation and finally stored in 30% sucrose in
PBS. Coronal sections of 40 pm were obtained from these brains with a
Leica SM2000R sliding microtome (Leica).

2.16. Colorimetric Immunohistochemistry
Free-floating brain sections were washed in PBS before endogenous

peroxidase activity inactivation by a 30 min incubation in 0.03% Hy0»
(Sigma-Aldrich) in methanol (Panreac). Then, slices were washed 3
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times for 5 min with PBS to clear any methanol left and incubated with
blocking solution (4% normal goat serum, 0.05% Triton X-100 (Sigma-
Aldrich) and 4% BSA (Merck, Darmstadt, Germany) in PBS). Afterwards,
slices were incubated overnight at RT with rabbit anti-tyrosine hy-
droxylase (Merck Millipore) antibody in blocking solution. The day
after, sections were washed with PBS 3 times for 5 min and then incu-
bated with the biotinylated secondary antibody goat anti-rabbit (Jack-
son ImmunoResearch, Ely, UK) diluted in blocking solution for 2 h at RT.
Then, sections were washed with PBS 3 times for 5 min prior to incu-
bation with peroxidase-conjugated avidin (1:5000; Sigma-Aldrich)
diluted in PBS for 90 min at RT. Sections were then washed again
with PBS twice for 5 min and incubated with 0.05% 3, 3'-dia-
minobenzidine (Sigma-Aldrich), 0.03% H30, and Trizma-HCl buffer
(pH 7.6). Finally, sections were mounted in glass slides using a 0.2%
solution of gelatin in 0.05 M Tris-HCI buffer (pH 7.6) (Sigma-Aldrich),
dried and dehydrated by immersion in toluene (Panreac) for 12 min and
mounted with a coverslip with DPX (BDH Chemicals, Poole, Then, sec-
tions were scanned with Aperio CS2 (Leica Biosystems, Barcelona,
Spain) using 20x magnification. Images corresponding to the striatum
were analyzed to quantitate the optical density of the TH immuno-
staining with ImageJ (NIH) using the cerebral cortex as background
signal.

2.17. Table antibodies

Antibody Provider and reference ~ Application and
concentration
Total aSyn BD Transduction WB 1:1000
Laboratories 610786
Total aSyn Synaptic systems IF 1:100
128211
Total Syn Abcam ab24717 IF 1:100
PS129 Syn Abcam ab168381 IF 1:1000
WB 1:1000
mCherry 1C51 Abcam ab125096 IF 1:100
GAPDH 14C10 Cell signaling 2118 WB 1:1000
HA BioLegend 901501 IF 1:150
WB 1:1000
14-3-3 epsilon Proteintech 11648-2-AP WB 1:500
14-3-3 epsilon Santa Cruz 8C3 sc- WB 1:1000
23957
ECL anti-mouse IgG HRP General Electric WB 1:10,0000
linked Healthcare NA931VS
ECL anti-rabbit IgG HRP General Electric WB. 1:10,000
linked Healthcare NA934VS
Alexa Fluor 488 goat anti- Invitrogen A-11001 IF. 1:500
mouse IgG
FITC goat anti-mouse IgG Jackson IF 1:200
Immunoresearch 115-
095-003
Cy5 goat anti-rabbit IgG Jackson IF 1:500
Immunoresearch 115-
175-144
Tyrosine Hydroxylase Sigma-Aldrich THC 1:1000
AB152
Biotin-SP (long spacer) Jackson Immunresearch THC 1:500
AffiniPure Goat Anti- 111-065-003

Rabbit IgG (H + L)

ECL: enhanced chemiluminescence. HRP: horseradish peroxidase. WB: western
blot; IF: immunofluorescence; IHC: immunohistochemistry.

2.18. Statistics

GraphPad Prism 5 Software was used to obtain graphs and perform
the following statistical tests: Mann-Whitney test, correlation tests, Two-
way ANOVA and Bonferroni’s post-hoc tests.

To determine the survival time of individual neurons, a MATLAB-
based semi-automated ad hoc program previously developed was used
(fﬁigo—Marco et al., 2017). In brief, at the initial time (T1) the user se-
lects and numbers individual neurons and then, the program opens the
same neuronal field at the remaining experimental points (T2-T8) in
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which the user tracks the neurons by comparing each time point with the
previous. In this context, dead neurons were identified and categorized
as uncensored events, while those neurons that survive until T8 were
categorized as censored events. In Fig. 4, the mean fluorescence in-
tensity from each individual tracked neuron was measured at T1 with
MetaMorph Analysis software (Molecular Devices). The data from each
neuron (protein expression levels, survival time, and censored/uncen-
sored categorization) were exported to Excel to lastly perform survival
analyses with STATA 12. Nelson-Aalen cumulative hazard functions
were used to plot the cumulative risk of death of the different experi-
mental groups. These differences were analyzed with Cox regression
analysis solely if a proportional hazard assumption was accomplished
(Shoendfeld residual-based test evaluation or graphical assessment).
Since transfection conditions are not controlled at individual neurons
and to improve the accuracy of the test, clustered Cox regression anal-
ysis of neurons from the same well was performed. Furthermore, since
survival experiments were repeated and could include two replicates
(24-well plates) per experiment, the variability in the baseline toxicity
between experiments was adjusted by stratifying the Cox model for each
plate.

Analysis of survival function equality was performed with Wilcoxon
(Breslow) and Tarone-Ware tests when the proportional hazard
assumption was not accomplished. Finally, for the identification of aSyn
protein interactors, statistical analysis with Perseus software (1.6.14.0)
(Tyanova et al., 2016b) was performed (ANOVA, p < 0.05).

3. Results

3.1. Identification of 14-3-3 epsilon by proximity biotinylation as
common protein interactor of WT and pathological mutant E46K aSyn

To identify protein interactors of aSyn, we set up a proximity bio-
tinylation assay in HEK293 cells based on the promiscuous biotinylase
BioID2 (Kim et al., 2016). BiolD2 biotinylates stable and transient
interacting protein partners in a radius of 10 nm, allowing their pull-
down and posterior identification by mass spectrometry (MS)
(Fig. 1A). Thus, to decipher aSyn protein interactors, we generated C-
terminally BioID2-tagged versions of aSyn WT and pathological mutant
E46K (SynBioID2 and E46KSynBioID2) with a hemagglutinin epitope
(HA) at the C-terminal end of BioID2. Similar levels of expression were
found among them (Fig. 1B). We previously developed a neuronal model
in which the toxicity of aSyn versions tagged with mCherry (Ch) was
scored by longitudinal survival analysis (Inigo-Marco et al., 2017;
Vinueza-Gavilanes et al., 2020). Importantly, the model recapitulates
aSyn Serine 129 phosphorylation (PS129), a pathological hallmark of
synucleinopathies (fﬁigo—Marco et al., 2017), where E46K mutant ex-
hibits highest levels than WT aSyn ({nigo-Marco et al., 2017; Mbefo
et al., 2015). C-terminal BioID2 tagging did not affect endogenous aSyn
PS129 levels when expressed in rat cortical primary neurons (Fig. 1C).
Next, the toxicity of the BiolD2-tagged aSyn versions was evaluated by
longitudinal survival analysis. This methodology is based on identifying
and tracking neurons expressing a protein of interest. Therefore, protein
fluorescent tagging (Arrasate and Finkbeiner, 2005; Arrasate et al.,
2004; Miller et al., 2010; Miller et al., 2011; Tsvetkov et al., 2013; Iﬁigo—
Marco et al., 2017; Vinueza-Gavilanes et al., 2020; Bugallo et al., 2020)
or co-transfection with a fluorescent protein (fhigo—Marco etal., 2017)is
a requirement for this approach. In this case, BioID2-tagged versions
were co-transfected with the fluorescent protein mCherry (Ch) (Fig. 1D).
The expression of BioID2-tagged aSyn versions in Ch positive neurons
was confirmed by correlation analysis in a parallel experiment (Fig. 1E).
Surprisingly (and not previously described), Cox regression analysis
revealed that BioID2 expression, in an aSyn-independent manner,
significantly impact neuronal survival (Hazard Ratio (HR) coefficients
for BioID2 relative to control (empty vector (e.v.) + Ch: HR 3.97, P <
0.001, 95% confidence interval (CI) 3.33-4.72). Importantly however,
we found that neuronal toxicity of BioID2-tagged aSyn versions (WT and
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E46K) was driven by aSyn and not by BioID2. Indeed, BioID2-tagged
aSyn versions (WT and E46K) replicated the same toxicity pattern as
the one shown by untagged aSyn versions (Suppl. Fig. 1), with the
pathological mutant E46KSynBiolD2 showing higher toxicity than
SynBioID2 (Fig. 1F) (HR coefficients relative to control (e.v. + Ch):
E46KSynBioID2, HR 1.64, P < 0.001, CI 1.35-1.99; SynBioID2 HR 1.38,
P < 0.05, 1.22-1.56).

Once BiolD2-tagged aSyn versions were characterized we set up the
proximity biotinylation assay (Kim et al., 2016; Roux et al., 2018).
HEK293 cells were transfected with BioID2-tagged aSyn versions (as
baits) and BioID2 and empty vector (e.v) as controls. Twenty-four hours
(h) post-transfection, biotin (25 pM) was added for 22 h, time in which
aSyn proximate or interacting proteins, considered preys in a 10 nm
radius, become biotinylated. After the biotin treatment, cells were lysed
and biotinylated proteins were captured by affinity with streptavidin
immobilized on magnetic beads (pull-down). Prior sending samples for
mass spectrometry (MS) analysis, similar expression levels for BioID2
and BioID2-tagged aSyn versions were confirmed with anti total aSyn
and HA antibodies. Through streptavidin-HRP (streptavidin covalently
conjugated with horseradish peroxidase) incubation, biotinylation of
endogenous proteins was clearly observed as a band pattern (Fig. 2A).
BioID2-tagged aSyn (~42 kDa) and BioID2 proteins (~26 kDa) were
major biotinylated proteins probably by self-biotinylation (Tron et al.,
2009). As a bona fide control, no basal levels of biotinylation were
observed in protein extracts from cells expressing BioID2 without biotin
and neither in cells expressing the e.v. with biotin (Fig. 2A). Label-free
LC-MS/MS analysis was performed from two independent experiments
in parallel. A total of 65 proteins were identified for all conditions. As
shown in the heatmap from Fig. 2B, a subset of the identified proteome
(upper part) was more abundant in control conditions (BioID2 without
biotin and biotin-treated empty vector (e.v.)) indicating that corre-
sponded to background proteins purified in a non-specific manner. Most
of the identified proteins were found in biotin-treated BioID2, Syn-
BioID2 and E46KSynBioID2 conditions (central part of the heatmap);
this group was not considered as bona-fide aSyn interactors. Finally, at
the bottom of the heatmap, we observed 7 proteins that were clearly
enriched in biotin-treated aSyn conditions (SynBioID2 and E46KSyn-
BioID2) with respect to the three control conditions (BioID2 without
biotin, biotin-treated e.v. and BiolD2) indicating that these proteins
were differentially biotinylated proteins by aSyn-BioID2 tagged versions
(WT and E46K). aSyn was found among the proteins identified, a good
internal control since WT and E46K aSyn clearly appeared biotinylated
(Fig. 2A) (Table 1). Importantly, among the five common interactors
found for WT and E46K aSyn versions, the isoform 14-3-3 epsilon was
identified with the highest score (unique peptides) (Table 1). Addi-
tionally, the 40S ribosomal protein S3 (RPS3) was found as specific
interactor for the pathological mutant E46K aSyn (Table 1).

3.2. 14-3-3 epsilon levels correlate with aSyn protein levels in brain
regions of a transgenic mouse model expressing WT human aSyn

As indicated, 14-3-3 isoforms (in particular isoform 14-3-3 6) may
have a protective role against aSyn toxicity, at least in experimental
models where toxicity is induced by the addition of preformed aSyn fi-
brils (non-cell-autonomous toxicity) (Wang et al., 2018; Underwood
et al., 2020). However, the role of 14-3-3 isoforms in aSyn cell-
autonomous neuronal death has not been addressed. A recent work by
Burmann and collaborators has shown that, in living healthy cells, aSyn
predominantly and transiently interacts with chaperons. 14-3-3s
(including the epsilon isoform) were among the chaperones tested in
this work, which transiently bind aSyn through its first 10 N-terminal
amino acids (Burmann et al., 2020). Taking this into account, we hy-
pothesized that early increases of aSyn should be concomitant to in-
creases in 14-3-3 epsilon protein levels as a coping response to avoid
aSyn toxicity. A transgenic mouse model was previously described
where the endogenous aSyn was replaced by the human aSyn: PAC-tg



R. Vinueza-Gavilanes et al.

(SNCAWT); Snca™/~ (TgSyn). This model shows a modest increase in
aSyn protein levels but not LB formation, dopaminergic deficits (striatal
terminals or dopaminergic neuronal death) nor any type of motor
impairment (Kuo et al., 2010). We used this model to analyze aSyn and
14-3-3 epsilon protein levels in three differential vulnerable brain

Biotin
addition
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regions in synucleinopathies: cortex, midbrain and striatum. In TgSyn
mice, a 2-4-fold increase in human aSyn protein levels was observed
compared to endogenous aSyn levels in control mice (FVB/N) with the
highest aSyn levels found in the midbrain and striatum (Fig. 3A-B). 14-3-
3 epsilon protein levels also increased in these regions of the TgSyn mice
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Fig. 1. C-terminal BioID2 tagging does not alter aSyn-dependent toxicity. A) Promiscuous biotinylation as a methodology to identify transient or stable aSyn
protein interactors. The scheme shows how BiolD2-tagged aSyn, after biotin addition, biotinylates proteins in its close vicinity (in a radius of 10 nm) or direct
interactors. Biotinylated proteins are next captured by affinity pull-down (with streptavidin coupled to magnetic beads) and further characterized by mass spec-
trometry. Created with Biorender.com. B) BioID2 was C-terminally tagged to aSyn wild-type and pathological mutant version E46K (SynBioID2 and E46KSynBioID2).
A hemagglutinin epitope (HA) is located at the end of BioID2. The molecular weight and expression levels of tagged proteins were determined by Western blot (WB)
from protein extracts of BioID2-tagged aSyn transfected HEK293 cells with anti-total aSyn and anti-HA antibodies. Representative WB from 2 independent exper-
iments. e.v. empty vector. C) Representative images and immunofluorescence analysis of PS129 levels in neurons expressing SynBioID2 and E46KSynBioID2. The
graph shows PS129/aSyn ratio in individual neurons. Mann-Whitney test; n = 38 and n = 39 neurons for SynBioID2 and E46KSynBioID2, respectively. CI, confidence
interval. D) Example of longitudinal tracking with automated microscopy of individual rat cortical primary neurons co-expressing SynBioID2 + mCherry (Ch). Green
arrow points to a neuron tracked longitudinally up to 182 h post-transfection. Red arrow indicates a neuron that is dead at that time point. E) Correlation analysis in
primary neurons co-expressing Ch and BioID2 or BioID2-tagged aSyn versions and immunostained with anti-HA antibody. Graphs show fluorescence intensity from
Ch and from secondary antibodies recognizing anti-HA in individual neurons. Pearson r coefficients and p values were estimated by correlation analysis. A. U.,
arbitrary units, n; number of neurons analyzed). F) Cumulative hazard death estimates of cortical primary neurons co-transfected with Ch and BioID2-tagged aSyn
versions (SynBioID2 and E46KSynBioID2). BioID2 and empty vector (e.v.) were co-transfected with Ch as controls. Nelson Aalen cumulative hazard estimates and
Cox Proportional Hazard analysis of around 400-600 neurons per condition; data from 3 independent experiments. *p < 0.05, **p < 0.01***, p < 0.001). (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

compared to FVN/B (controls). Of note, a band with a slightly higher
molecular weight (upper band) and mostly expressed in TgSyn mice,
reacted with the 14-3-3 epsilon antibody (Fig. 3A, C). This band did not
seem to reflect a different phosphorylation status but was recognized by
an independent antibody (Suppl. Fig. 2). Importantly, protein levels of
aSyn and 14-3-3 epsilon (lower and upper bands) closely correlated in
cortex and striatal regions of the TgSyn mice. Interestingly, in the
midbrain of TgSyn mice, a moderate positive correlation was observed
between aSyn protein levels and the 14-3-3 epsilon lower band (Pearson
r=0.51) whereas a strong but negative correlation was found for the 14-
3-3 epsilon upper band (Pearson r = 0.84) (Fig. 3D). Thus, these results
indicate that increases of aSyn protein levels (of at least 2-4-fold) are
concomitant and correlate with 14-3-3 epsilon protein levels in brain
areas of TgSyn mice such as the cortex, the midbrain and the striatum.

3.3. Stabilization of 14-3-3 protein interactions with Fusicoccin-A (FC-A)
decreases aSyn-dependent cell-autonomous neuronal death

Having found that 14-3-3 epsilon is an interacting partner of aSyn
(WT and E46K versions) whose levels linearly correlate with aSyn pro-
tein levels, we asked whether 14-3-3 epsilon modulates aSyn toxicity. To
answer this question, we took advantage of the neuronal model that we
developed, where aSyn toxicity is predominantly cell-autonomous
(fﬁigo-Marco et al.,, 2017; Vinueza-Gavilanes et al., 2020), and co-
transfected primary cortical neurons with plasmids expressing human
14-3-3 epsilon and Ch-tagged E46K aSyn (E46KSynCh) at two different
ratios; 0.5:1 and 1:1 (14-3-3:E46KSynCh). We found that overexpressing
14-3-3 epsilon increased the risk of neuronal death in an aSyn-
independent manner (Fig. 4A). Since the strategy of overexpression
does not enable a fine modulation of 14-3-3 epsilon levels or activity, we
decided to use a pharmacological approach in which the inhibition or
stabilization of 14-3-3 interactions with its client proteins can be per-
formed in a specific manner. Two pharmacological compounds have
been described with the capacity to modulate 14-3-3-dependent PPIs:
BV02 and Fusicoccin-A (FC-A). Both are small molecules that either
inhibit (BV02) (Gomez-Suarez et al., 2016; Mohammad et al., 2013) or
stabilize 14-3-3-dependent PPIs (FC-A) (De Boer et al., 2012). According
to a recent report where these compounds were used in primary cultures
(Kaplan et al., 2017a), 10 pM BVO02 or 50 pM FC-A were added to
E46KSynCh or Ch (as control) expressing neurons 24 h after trans-
fection. Neurons were next subjected to longitudinal survival analysis.
As observed in Fig. 4B, inhibition of 14-3-3 interactions with BV02 did
not affect aSyn-dependent toxicity. Surprisingly, stabilization of 14-3-3-
dependent PPIs with FC-A significantly decreased the risk of neuronal
death induced by pathological mutant E46K aSyn (Fig. 4C). Cox
regression analysis indicated that FC-A treatment decreased in around
20% the risk of death of E46KSynCh expressing neurons without
affecting the survival of control neurons (HR coefficients for
E46KSynCh + FC-A 50 pM relative to E46KSynCh + vehicle neurons

were: HR =0.83, P < 0.001, 95% CI 0.76-0.91) (Fig. 4C). Since initial
aSyn protein levels (WT or E46K) predict neuronal survival (Vinueza-
Gavilanes et al., 2020), we wondered whether the positive effect
observed with FC-A was due to a decrease in aSyn protein levels. We
previously demonstrated that Ch fluorescence signal in neurons
expressing Ch-tagged aSyn versions constitutes a surrogate of aSyn
protein levels (fﬁigo—Marco et al., 2017; Vinueza-Gavilanes et al., 2020).
Thus, Ch fluorescence signal was measured and no differences were
found in aSyn protein levels between FC-A treated and non-treated
E46KSynCh tracked neurons (Fig. 4D).

3.4. FC-A treatment protects dopaminergic neuronal somas in the SN of a
PD mouse model based on aSyn overexpression

Having observed a decrease in aSyn-dependent toxicity in our
neuronal model we wondered whether stabilization of 14-3-3 in-
teractions with FC-A could decrease aSyn-dependent toxicity in vivo.
Recently, we have generated an aSyn overexpression PD mouse model
by stereotaxic injection of an adenoassociated virus (AAV9-Syn-IRES-
Ch) in the SN pars compacta (SNpc) (Basurco et al., 2022). The 14-3-3s
stabilizer FC-A has been used to treat a mouse model with chronic-stress-
induced depression demonstrating that this compound was able to reach
the central nervous system and to relieve the depressing-like behavior
(Zhao et al., 2021). Thus, the same dose (5 mg/kg FC-A) was selected for
administration to the aSyn overexpression mouse model. Two days after
the intracerebral administration of AAV9-Syn-IRES-Ch or the control
virus (AAV9-IRES-Ch), animals were treated with FC-A every 48 h until
the time of sacrifice. Motor behavior was evaluated in the pole test 2
days after the last FC-A administration and 14 days after AAV9s
administration (Fig. 5A). Mice injected with AAV9-Syn-IRES-Ch virus
required a significant longer time to turn down and descend the pole
than mice receiving the AAV9-IRES-Ch. However, no differences were
found between FC-A treated and non-treated parkinsonian mice
(Fig. 5B). We further explored the integrity of the nigrostriatal pathway
by immunohistochemistry to visualize tyrosine hydroxylase (TH) +
dopaminergic neurons. The number of TH+ neurons in the SNpc
increased in animals overexpressing aSyn treated with FC-A (Fig. 5C).
However, FC-A administration was unable to prevent the loss of striatal
TH+ terminals (Fig. 5D). These results indicate that FC-A treatment
protects dopaminergic cell bodies in the SN from aSyn toxicity but this
recovery does not seem enough to preserve the striatal dopaminergic
terminal and consequently to reverse the motor phenotype. Taking all
together, our results strongly suggest that, at least in the two models
used in this study, stabilization of 14-3-3 PPIs with FC-A decreases aSyn
cell-autonomous dependent toxicity.

4. Discussion

This study shows that the stabilization of 14-3-3-dependent PPIs with
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Fig. 2. Identification of aSyn-BioID2 (WT and E46K) protein interactors. A) HEK293 cells were transfected with plasmids expressing SynBioID2 and
E46KSynBiolD2 (BioID2, empty vector (e.v.) as controls) and treated with 25 pM biotin. Pull-down of biotinylated proteins was performed from these protein extracts
with streptavidin immobilized on magnetic beads. The presence of biotinylated proteins was revealed by WB after streptavidin-HRP incubation. BioID2/BioID2-
tagged aSyn expression was confirmed with anti-total aSyn and anti-HA antibodies. Major biotinylated proteins were BioID2 and BioID2-tagged aSyn. B) Cluster
heatmap of differential aSyn-BioID2 protein interactors (SynBioID2 and E46KSynBioID2) identified by MS label free analysis of biotinylated proteins by proximity (n
= 2) (BioID2 and Empty Vector (e.v.) as controls). The colour and intensity of the boxes correspond to intensity values that are proportional to the amount of
particular peptides from a specific protein to a given sample. Red boxes represent the levels of a particular peptide above the median while green boxes below de
median. Black boxes represent absence of that peptide. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1
aSyn protein specific interactors found after MS label free analysis and heatmap visualization.
Uniprot Protein name Unique peptides ANOVA p value aSyn version
P37840 Alpha-synuclein (aSyn) 55 0.00104 WT, E46K
P62258 14-3-3 protein epsilon (14-3-3¢) 10 0.00099 WT, E46K
Q92945 Far upstream element-binding protein 2 (KSRP/FBP2) 8 0.00560 WT, E46K
Q15370 Elongin B 7 0.00388 WT, E46K
Q72434 Mitochondrial antiviral-signaling protein (MAVS) 7 0.00056 WT, E46K
P23396 408 ribosomal protein S3 (RPS3) 7 0.00275 E46K
Q8WXF1 Paraspeckle component 1 (PSC1) 6 0.00562 WT, E46K
FC-A decreases aSyn cell-autonomous death in a primary neuronal physiology of the BioID2-tagged aSyn versions is indeed driven by aSyn
model as well as in a mouse model of PD. Using a proximity biotinylation instead of by BioID2. A potential explanation for this phenomenon could
assay, we have identified the 14-3-3 epsilon isoform as a common be that aSyn restricts the distribution of BioID2 within the cell, thereby
interactor for aSyn (WT and E46K pathological mutant). 14-3-3 epsilon preventing the toxic effect derived from its ubiquitous localization. New
protein levels closely correlate with aSyn levels in specific brain regions proximity biotinylases have been recently developed with higher effi-
of a transgenic mouse model (cortex, midbrain and striatum) where WT ciency or enabling intracellular specific protein imaging by electron
human aSyn levels are overexpressed by 2-4 folds. The fact that this microscopy (Branon et al., 2018; May et al., 2020; Rhee et al., 2013; Lam
model does not show any pathological sign nor motor impairment (Kuo et al., 2015). Although parallel comparisons should be performed, those
et al., 2010) together with recent evidences indicating a protective role new biotinylases may show lower intrinsic toxicity than BioID2. In the
of other 14-3-3 isoforms against aSyn toxicity (Wang et al., 2018; Un- third case, the main protein interactor found in this study, the chaperone
derwood et al., 2020), strongly suggests that 14-3-3 epsilon plays a 14-3-3 epsilon, confirms previous results in HEK293 cells where 14-3-3 s
beneficial coping response. Taking advantage of a primary neuronal were described as transient aSyn protein interactors playing an impor-
model in which aSyn cell-autonomous toxicity is scored by longitudinal tant role in aSyn physiology and pathology (Burmann et al., 2020).
survival analysis, we have observed that the stabilization of 14-3-3- Indeed, the authors of this work have proposed a model in which, in
dependent PPIs with FC-A (De Boer et al.,, 2012) decreases aSyn- healthy conditions, aSyn could be in equilibrium between a free state
dependent neuronal toxicity. Moreover, FC-A protects dopaminergic and either bound to cellular membranes or to chaperones. Therefore,
neuronal somas of the SN in a mouse model of PD based on aSyn disturbance of aSyn interaction with chaperones may lead to aSyn
expression (Basurco et al., 2022). Thus, our results point out towards FC- toxicity (Burmann et al., 2020) inferring a protective or beneficial role of
A as a potential therapeutic compound for synucleinopathies. the interaction of aSyn with chaperones like 14-3-3 epsilon. In any case,
As an advantage to conventional methodologies, proximity labeling since pull-down experiments were performed in non-neuronal HEK293
can identify stable but also transient protein interactors. In this study, cells, relevant aSyn interactors exclusively expressed in neurons could
we used the HEK293 cell line to set up a proximity biotinylation assay be missed. Thus, similar approaches to find aSyn neuronal interactors
with the promiscuous biotinylase BioID2 fused C-terminally to aSyn that should be performed in neuronal or in vivo experimental models.
led us to identify 6 protein interactors for WT and E46K aSyn versions. In line with this notion, we found an increase of 14-3-3 epsilon levels
Potential limitations of our approach are 1) the neuronal toxicity in brain areas of a transgenic mouse with just a 2-4 fold overexpression

observed for BiolD2, 2) the putative effects of the C-terminal tagging in levels of human WT aSyn (Kuo et al., 2010) and without any patho-
the physiological and toxic aSyn properties or 3) the fact that the study logical sign. Supporting these results, 14-3-3 epsilon has also been found

was performed in non-neuronal HEK293 cells. As for the first case, the upregulated in another transgenic mice overexpressing A53T aSyn
toxicity of BiolD2 overexpression in primary neurons was observed for pathological mutant, before the onset of motor symptoms (Kurz et al.,
the first time in this study. Even if BioID2 toxicity was not noticed in 2012). At this point, it is important to remark that two bands with a
HEK293 cells, using BioID2 as control for non-specific aSyn interactors slightly different molecular weight (lower and upper bands) were found
could have impacted the type and number of interactors found. How- reacting with the specific 14-3-3 epsilon antibody used in this study.
ever, among the 65 proteins identified in the pull-down experiments, we Similar bands have been described in other studies (Ugidos et al., 2019;

did not detect proteins related with death/apoptotic cellular pathways Fuetal., 2021). Additionally, a novel 14-3-3 epsilon splicing variant was
particularly enriched in the control conditions (BioID2 and BioID2 + described that may explain them (Han et al., 2010). In any case, in this

biotin) (Suppl. Fig. 3) suggesting that, in the worst case scenario, BioID2 study both bands were taken into account separately. Interestingly, our
toxicity was not strong in our HEK293 assays. Regarding the second analysis revealed a strong correlation of aSyn and 14-3-3 epsilon (for
concern of a potential physiological/toxic aSyn alteration due to BioID2 both lower and upper bands) in cortical and striatal brain areas. This
C-terminal tagging, we demonstrate that both the endogenous S129 pattern was altered in the midbrain where instead, a negative correla-
phosphorylation pattern as well as the toxicity associated to WT and tion was found for the 14-3-3 epsilon upper band. Similarly, down-
E46K aSyn is recapitulated by BioID2-fused aSyn versions. We found regulation of 14-3-3s has been described in two different aSyn
that BiolD2-tagged aSyn constructs are significantly less toxic that transgenic mice, precisely in those brain regions that account for the
BioID2 itself. Although this result can be interpreted as aSyn being pathology shown (the SN in one of the cases (Yacoubian et al., 2008) and
neuroprotective, we think it reflects the fact that the behavior/ the cortex in the other (Yacoubian et al., 2010)). Thus, regions showing
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Fig. 3. 14-3-3 epsilon levels increase and correlate with aSyn protein levels in a transgenic mouse model expressing human aSyn. A) Analysis of aSyn and
14-3-3 epsilon protein levels in cortex, midbrain and striatum of FVB/N and PAC-tg(SNCA™™); Snca™~ transgenic mice (TgSyn). Six FVB/N and 7 TgSyn mice of 7-8
months of age were used. Protein extracts of each independent region from independent mice were analyzed by WB using anti total aSyn, 14-3-3 epsilon and GAPDH
(as loading control) specific antibodies. The arrows point out to two different (lower and upper) bands of 14-3-3 epsilon with different molecular weights. B)
Quantification of aSyn protein levels in WBs from A confirms higher levels of aSyn in TgSyn mice, particularly in the midbrain. Two-way ANOVA and Bonferroni
post-hoc test (differences between genotypes F; 33 = 22.44 p < 0.001, differences among cortex and midbrain in TgSyn F5 33 = 4.61 p < 0.05). C) Left graph:
quantification of 14-3-3 epsilon protein levels (lower band) in WBs from A confirms higher levels of aSyn in TgSyn mice. Two-way ANOVA and Bonferroni post-hoc
test (differences between genotypes F; 33 = 15.03 p < 0.001). Right graph: quantification of 14-3-3 epsilon protein levels (upper band) in WBs from A confirms higher
levels of aSyn in TgSyn mice. Two-way ANOVA and Bonferroni post-hoc test (differences between genotypes F; 33 = 106.9 p < 0.001). D) Correlation analysis in
cortex, midbrain and striatum of aSyn and 14-3-3 epsilon bands. Left graph: 14-3-3 epsilon lower band in FVB/N control mice. Middle graph: 14-3-3 epsilon lower
band in TgSyn mice. Right graph: 14-3-3 epsilon upper band in TgSyn mice. Pearson r is indicated. *p < 0.05, **p < 0.01***, p < 0.001).

differential vulnerability for neuronal death (such as the midbrain in et al., 2020). In this work, we provide evidence for the first time that
PD) may differentially regulate the expression of 14-3-3 epsilon, at least pharmacological stabilization of 14-3-3 interactions with FC-A de-
in a context of early stages of neurodegeneration with small increases in creases aSyn cell-autonomous toxicity both in a neuronal and in a PD
aSyn protein levels. mouse model. A 20% reduction of the risk of death of neurons expressing

All this suggests that the increase of 14-3-3 epsilon may be part of a the pathological mutant E46KSynCh was observed with FC-A. This result
beneficial coping response to early increases in aSyn protein levels. may seem contradictory with the fact that overexpression of 14-3-3
Recent experimental evidence strongly supports a beneficial role of 14- epsilon increases the risk of neuronal death. However, and supported
3-3s in aSyn toxicity, particularly in aSyn non-cell-autonomous toxicity. by the dose-dependent effects observed, the strong overexpression of 14-
In two different cellular models based on aSyn cell-to cell propagation, 3-3 epsilon may alter normal neuronal physiology and lead to neuronal
14-3-3 0 reduces aSyn oligomerization, transfer and toxicity (Wang death. The effect of FC-A was confirmed by a partial protection of
et al., 2018). Moreover, overexpression of 14-3-3 0 in the SN of a PD dopaminergic neuronal somas in the SN of the PD mouse model used.
model based on pre-formed aSyn fibrils injection, delays aSyn aggre- The treatment applied however, was not able to rescue the dopaminergic
gation and partially rescues dopaminergic neuronal loss (Underwood terminals in the striatum. A protection of the whole nigrostriatal

11



R. Vinueza-Gavilanes et al. Neurobiology of Disease 183 (2023) 106166

A

— ewv.+Ch —- 14-3-3 epsilon + Ch
— e.v. + E46KSynCh 14-3-3 epsilon + E46KSynCh

4.0

*kk

Ratio 0.5:1 Ratio 1:1

_————

Cumulative hazard of death
1.0

Cumulative hazard of death
2.0

[to) < |
o] <
o | =
oL T T T T © & T T T T
0 50 100 150 200 0 50 100 150 200
Time (h) Time (h)

O
O

E46KSynCh + vehicle E46KSynCh + vehicle
E46KSynCh +BV02 10uM E46KSynCh + FC-A 50uM
— Ch + vehicle — Ch + vehicle _—
° - - Ch+BV02 10uM - - Ch + FC-A 50uM n.s n.s
o - —
¥ £ S 42004
g 8 b < 3600-
S ol n.s “— 10 K%}
5 S+ £ 3 3000
o 5 s
N Ro | = * 2400
© - 4% T °
s 3 g8 1e00i°
=z =2 o .l
5 ST & 1200{ %
S 2 u .
5 3o § 600
© T T o B N B S
50 100 ] 150 200 ) FC-A - + - +
Time (h) Time (h) Ch  E46KSynCh

Fig. 4. Effect of 14-3-3 epsilon overexpression and pharmacological modulation in aSyn-dependent toxicity. A) Overexpression of 14-3-3 epsilon protein
increases the risk of neuronal death in a dose-dependent manner. Longitudinal survival analysis of rat cortical primary neurons co-transfected with 14-3-3 epsilon or
empty vector (e.v.) with Ch or Ch-tagged E46K aSyn (E46KSynCh) at 0.5:1 ug and 1:1 pug ratio. Nelson Aalen cumulative hazard estimates and Cox Proportional
Hazard analysis. Around 100 neurons per condition in 0.5:1 ratio and 150-250 neurons per condition in 1:1 ratio. B) Pharmacological inhibition of 14-3-3 s in-
teractions with BV02 does not affect aSyn-dependent neuronal death. Rat cortical primary neurons were transfected with Ch-tagged E46K and Ch and treated with
BV02 10 pM 24 h after transfection. Longitudinal tracking of neurons started 48 h after transfection. Nelson Aalen cumulative hazard estimates and Cox Proportional
Hazard analysis; 800-1400 neurons per condition from n = 3 independent experiments, some of them with replicates. C) Pharmacological stabilization of 14-3-3 s
interactions with Fusicoccin A (FC-A) decreases the risk of neuronal death in an aSyn-dependent manner. Rat cortical primary neurons were transfected with Ch-
tagged E46K and Ch and treated with FC-A 50 pM 24 h after transfection. Longitudinal tracking of neurons started around 48 h after transfection. Nelson Aalen
cumulative hazard estimates and Cox Proportional Hazard analysis; 600-1300 neurons per condition from n = 4 independent experiments, some of them with
replicates. D) Quantification of Ch fluorescence as a surrogate of protein levels at 48 h post transfection in +/— FC-A 50 pM treated neurons. Representative analysis
from n = 4 independent experiments. Two-way ANOVA (differences between Ch and E46KSynCh F;, 597 = 136.7 p < 0.001), 0 ch _pusi = 42, N ch+Fusi = 44, 0 46K —Fusi

= 63, N g4eK+Fusi = 62. *p < 0.05, ** p < 0.01, ***p < 0.001, n.s. non-significant.

pathway could perhaps be achieved with a different pattern of FC-A mode I and II motifs (Stevers et al., 2016; Bier et al., 2016). Thus, the

administration (by increasing the dose and frequency of administra- possibility of a direct stabilization of interactions among 14-3-3s and
tion, for example) or by using a PD model with a milder neurodegen- aSyn (including the epsilon isoform) by FC-A cannot be discarded in our
erative course. Under such conditions (more similar to a clinical experiments. On the other hand, 14-3-3s interact with multiple
progression), the beneficial effect of FC-A treatment may improve. mammalian protein substrates and have a different functional roles such

Whether the beneficial effect observed with FC-A in this work is due as the chaperon-like activity (Obsilova and Obsil, 2022). In particular,
to the specific stabilization of the interaction between 14-3-3 epsilon 14-3-3 epsilon plays an important role during brain development
and aSyn is a question that remains to be answered. 14-3-3s mainly exist regulating neurogenesis as well as differentiation and migration of
as dimers where each monomer is formed by nine alpha-helices creating neuronal precursors (Toyo-oka et al., 2003; Toyo-Oka et al., 2014). 14-
a groove that predominantly accommodates phosphorylated client 3-3s are enriched in synaptic terminals where may play a role in synaptic
proteins (Yaffe et al., 1997). Three different consensus motifs in the transmission and plasticity by regulating the activity of calcium chan-
client proteins (mode I, II and III) have been described for the 14-3-3s nels (Li et al., 2006) potentially having a specific role in dopamine
binding. The consensus sequence of mode III is located at the C-termi- generation since bind and activate the tyrosine hydroxylase (TH)
nal of target proteins and requires phosphorylation. Binding at this motif enzyme (Ichimura et al., 1987; Ghorbani et al., 2020). Along with all
creates an intramolecular pocket formed by the mode III motif- these effects, the stabilization of 14-3-3 PPIs with FC-A has also been
containing client protein and the 14-3-3 groove (Coblitz et al., 2006). proved to be neuroprotective. Specifically, FC-A (Kaplan et al., 2017a)
FC-A was discovered to be produced by the fungus Phomopsis amygdali and new more potent semisynthetic FC-A derivatives stimulate neurite
(Ballio et al., 1964) and acts as a molecular stabilizator of 14-3-3 in- outgrowth in primary neurons (Kaplan et al., 2020). Moreover, FC-A
teractions with client proteins by binding predominantly to this inter- treatment is also able to relieve a depressing-like behavior of a mouse
molecular pocket (Stevers et al., 2018). In the case of the 14-3-3 epsilon model (Zhao et al., 2021) probably by decreasing neuronal apoptosis,
binding to aSyn, the first 10 amino acids of the aSyn N-terminal domain which is another important role attributed to 14-3-3s (Masters and Fu,
seem to be required (Burmann et al., 2020). Thus, probably this inter- 2001). Thus, in addition to a potential direct stabilization of 14-3-3
action is not driven by a mode III motif. Interestingly, stabilization with epsilon interaction with aSyn, other neuroprotective mechanisms can
FC-A or semisynthetic FC-A derivatives may not be limited to mode III be triggered by FC-A that account for the neuronal protection observed
binding since recent evidence have shown the stabilization of internal against aSyn cell-autonomous toxicity.
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Fig. 5. FC-A increases the number of dopaminergic (TH+) somas in the SN of a PD mouse model expressing aSyn. A) Scheme depicting the PD mouse model
used and the experimental design. Adenoassociated viruses (AAV9-Syn-IRES-Ch and AAV9-IRES-Ch) were stereotaxically injected in the SN pars compacta of male
and female mice. After two days, mice were treated with FC-A (5 mg/kg) by intraperitoneal injection every 48 h during 12 days. Created with Biorender.com. B) Pole
test of FC-A treated and non-treated animals 14 days after treatment. Two-way ANOVA: differences between AAV9-Syn-IRES-Ch and AAV9-IRES-Ch F; ;0 = 11.68,

* >':p

< 0.01). C, D) Immunohistochemistry (IHC) analysis of mouse brain regions (striatum and substantia nigra) with anti-tyrosine hydroxylase (TH) specific

antibody, 14 days after treatment with FC-A; C) Stereological counting indicates that FC-A treatment protects dopaminergic somas (TH+ neurons) in the SN pars
compacta. Two-way ANOVA: differences in SN pars compacta TH+ neurons between AAV9-Syn-IRES-Ch and AAV9-IRES-Ch F; ;9 = 61.20, ***p < 0.001; Interaction
F1,19 = 5.284 *p < 0.05 and Bonferroni post-hoc test between FC-A treated and non-treated AAV9-Syn-IRES-Ch mice. D) Representative photomicrographs and
quantification of striatal dopaminergic terminals (TH-+ striatal density). Differences in TH+- striatal density between AAV9-Syn-IRES-Ch and AAV9-IRES-Ch F; 19 =
10.58, **p < 0.01. Chn = 5, Ch + FC-An =5, Synn = 7, Syn + FC-A n = 6. SD; standard deviation.

Finally, and in addition to aSyn, 14-3-3s also interact with PD-related
proteins such as LRRK2 (Dzamko et al., 2010; Nichols et al., 2010; Li
et al., 2011; Stevers et al., 2017) and Parkin (Sato et al., 2006), under-
scoring 14-3-3s as candidate therapeutic targets for this disease (Giusto
et al., 2021; Kaplan et al., 2017b). In summary, in this work we have
identified 14-3-3 epsilon as a protein interactor of aSyn in HEK293 cells
by proximity biotinylation and shown that the pharmacological stabi-
lization of 14-3-3s PPIs with FC-A decreases aSyn-dependent cell-
autonomous toxicity both in a neuronal and in a PD mouse model based
on aSyn overexpression. Although further research should be performed
in this direction, we believe that the stabilization of 14-3-3s PPIs with
small-molecules such as FC-A or its semisynthetic derivatives could be
considered as an option for effective therapies against synucleinopathies
like PD.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.nbd.2023.106166.
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