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Neurobiology of Disease

14-3-3 Proteins Reduce Cell-to-Cell Transfer and
Propagation of Pathogenic a-Synuclein
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a-Synuclein (asyn) is the key protein that forms neuronal aggregates in the neurodegenerative disorders Parkinson’s disease (PD) and
dementia with Lewy bodies. Recent evidence points to the prion-like spread of a:syn from one brain region to another. Propagation of
asyn is likely dependent on release, uptake, and misfolding. Under normal circumstances, this highly expressed brain protein functions
normally without promoting pathology, yet the underlying endogenous mechanisms that prevent asyn spread are not understood. 14-3-3
proteins are highly expressed brain proteins that have chaperone function and regulate protein trafficking. In this study, we investigated
the potential role of the 14-3-3 proteins in the regulation of asyn spread using two models of asyn spread. In a paracrine asyn model,
14-3-30 promoted release of asyn complexed with 14-3-36. Despite higher amounts of released asyn, extracellular asyn showed reduced
oligomerization and seeding capability, reduced internalization, and reduced toxicity in primary mixed-gender mouse neurons. 14-3-3
inhibition reduced the amount of asyn released, yet released asyn was more toxic and demonstrated increased oligomerization, seeding
capability, and internalization. In the preformed fibril model, 14-3-3 6 reduced asyn aggregation and neuronal death, whereas 14-3-3
inhibition enhanced a:syn aggregation and neuronal death in primary mouse neurons. 14-3-3s blocked asyn spread to distal chamber
neurons not exposed directly to fibrils in multichamber, microfluidic devices. These findings point to 14-3-3s as a direct regulator of asyn
propagation, and suggest that dysfunction of 14-3-3 function may promote asyn pathology in PD and related synucleinopathies.
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Transfer of misfolded aggregates of a-synuclein from one brain region to another is implicated in the pathogenesis of Parkinson’s
disease and other synucleinopathies. This process is dependent on active release, internalization, and misfolding of c-synuclein.
14-3-3 proteins are highly expressed chaperone proteins that interact with a-synuclein and regulate protein trafficking. We used
two different models in which toxicity is associated with cell-to-cell transfer of c-synuclein to test whether 14-3-3s impact
a-synuclein toxicity. We demonstrate that 14-3-360 reduces o-synuclein transfer and toxicity by inhibiting oligomerization,
seeding capability, and internalization of a-synuclein, whereas 14-3-3 inhibition accelerates the transfer and toxicity of
a-synuclein in these models. Dysfunction of 14-3-3 function may be a critical mechanism by which a-synuclein propagation
occurs in disease. j
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Introduction
a-Synuclein (asyn) is the key protein implicated in the pathogen-
esis of Parkinson’s disease (PD) and dementia with Lewy bodies
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develop asyn aggregates, suggesting cell-to-cell transmission of
the disease process, and stem cells transplanted into mice over-
expressing asyn show similar effects (Kordower et al., 2008; Des-
plats et al., 2009; Hansen et al., 2011). aSyn protofibrils cause
aggregation of endogenous asyn and neuronal death in primary
neuronal culture (Volpicelli-Daley et al., 2011), and fibrils in-
jected into rodent striatum leads to asyn aggregation in the sub-
stantia nigra (SN) with subsequent dopaminergic loss and
aggregation in other brain regions including the amygdala and
frontal cortex (Luk et al., 2012; Masuda-Suzukake et al., 2014;
Paumier et al., 2015; Abdelmotilib et al., 2017). Transmission of
pathologic asyn likely depends on misfolding, release, and up-
take of asyn. Potential cellular mechanisms implicated in asyn
release include exosomal and non-exosomal secretion pathways
and transfer through tunneling nanotubes, among other possible
mechanisms (Lee et al., 2005; Liu et al., 2009; Emmanouilidou et
al., 2010; Hasegawa et al., 2011; Danzer etal., 2012; Abounit et al.,
2016). The endogenous mechanisms that normally prevent the
spread of the highly abundant asyn are not well elucidated.
14-3-3 proteins comprise a family of seven conserved proteins
that are highly expressed in the brain. These proteins are critical
to neuronal function through their roles affecting protein fold-
ing, protein trafficking, and neurite growth among other func-
tions (Vincenz and Dixit, 1996; Mrowiec and Schwappach, 2006;
Yano et al., 2006; Kajiwara et al., 2009; Ramser et al., 2010; Shan-
dalaetal.,2011; Winter etal., 2012; Yoon et al., 2012; Marzinke et
al., 2013; Foote et al., 2015; Lavalley et al., 2016; Kaplan et al.,
2017; Sluchanko and Gusev, 2017). 14-3-3s interact with key pro-
teins implicated in PD, including asyn, parkin, and LRRK2 (Os-
trerovaetal., 1999; Xu et al., 2002; Sato et al., 2006; Dzamko et al.,
2010; Nichols et al., 2010; Li et al., 2011). 14-3-3s colocalize with
asyn in Lewy Bodies in both PD and DLB (Kawamoto et al., 2002;
Bergetal., 2003). Our work reveals a reduction of 14-3-3 levels in
cellular and mouse asyn models and in the temporal cortices of
patients with DLB (Yacoubian et al., 2008, 2010; Ding et al., 2013;
McFerrin et al., 2017). Transcriptional analysis of PD patients
points to 14-3-3s as a critical hub of dysregulated proteins in PD
(Ulitsky et al., 2010). 14-3-3 overexpression is protective in neu-
rotoxin and LRRK2 models, whereas 14-3-3 inhibition with the
pan 14-3-3 inhibitor promotes toxicity (Yacoubian et al., 2010;
Slone et al., 2011, 2015; Ding et al., 2015; Lavalley et al., 2016).
Because of their functions in protein folding and protein traf-
ficking, we hypothesized that 14-3-3s regulate asyn transmission.
Certain 14-3-3 isoforms, particularly 14-3-36, reduce fibrilliza-
tion of recombinant asyn in vitro (Plotegher et al., 2014). 14-3-3s
regulate non-classical protein secretion in association with the
GTPase Rab11 (Shandala et al., 2011), a Rab protein previously
shown to promote asyn secretion (Liu et al., 2009; Chutna et al.,
2014; Goncalves et al., 2016). 14-3-3s also mediate exosomal re-
lease of LRRK2 (Fraser et al., 2013). We propose that 14-3-3s
serve as part of an endogenous system that normally prevents
asyn transmission, yet under disease condition, lower levels of
14-3-3s are unable to handle excess asyn. Here we examine the
effect of 14-3-3 proteins, with an emphasis on 14-3-36, on asyn
toxicity in two separate asyn models, and evaluate 14-3-3s’ im-
pact on asyn release, oligomerization, seeding, and internaliza-
tion. We found that 14-3-36 prevents asyn transmission and
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neuron death by reducing asyn oligomerization, seeding, and
internalization despite increasing total asyn release.

Materials and Methods

Mice. Mice were used in accordance with the guidelines of the National
Institute of Health (NIH) and University of Alabama at Birmingham
(UAB) Institutional Animal Care and Use Committee (IACUC). Animal
work performed in this study was approved by UAB’s IACUC. Trans-
genic mice expressing human 14-3-36 tagged with a hemagglutinin (HA)
epitope tag at the C-terminal end under the neuronal promoter Thyl.2
were previously developed in our laboratory (Lavalley et al., 2016).
Transgenic mice expressing difopein-enhanced yellow fluorescent pro-
tein (eYFP) under the neuronal promoter Thyl.2 were obtained from Dr.
Yi Zhou at Florida State University (Qiao et al., 2014). 14-3-36 hemizy-
gous mice and difopein hemizygous mice were bred with C57BL/6] mice
from The Jackson Laboratory (catalog #000664; RRID:IMSR_JAX:000664).

Cell lines. Isyn cells were previously created by infecting SK-N-BE(2)-
M17 (M17) male neuroblastoma cells (obtained and authenticated by
ATCC; catalog #CRL-2267; RRID:CVCL_0167) with the doxycycline-
inducible asyn pSLIK lentivirus in the presence of 6 ug/ml polybrene
followed by selection for stable transfection with G418 (Slone et al.,
2015). Isyn cells were maintained in 1:1 Eagle’s MEM/F12K containing
10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and G418
(500 pg/ml) at 37°C. To induce asyn expression, cells were treated with
doxycycline (doxy) at 10 pg/ml.

To create isyn/14-3-36, isyn/14-3-3¢, isyn/difopein-eYFP, or isyn/mu-
tant difopein-eYFP lines, isyn cells were transduced with the doxy-
inducible 14-3-36, 14-3-3¢, difopein-eYFP, or mutant difopein-eYFP
pSLIK-hygro lentiviruses, followed by selection for stable transfection
with hygromycin (100 ug/ml) in addition to G418. The difopein-eYFP
and mutant difopein-eYFP pSLIK constructs were created by the UAB
Neuroscience Core Center by first cloning difopein-eYFP or mutant
difopein-eYFP into the pEN_TTmocs vector, followed by recombination
with the hygromycin-selectable pSLIK lentiviral construct (Shin et al.,
2006). The 14-3-360 and 14-3-3¢ pSLIK constructs were similarly con-
structed. Lines were maintained in 1:1 Eagle’s MEM/F12K containing
10% FBS, 1% penicillin/streptomycin, G418 (500 ug/ml), and hygromy-
cin (100 pg/ml) at 37°C. To induce expression, cells were treated with
doxy at 10 pug/ml.

SH-SY5Y cells were obtained and authenticated by ATCC (Cat #CRL-
2266 RRID:CVCL_0019). SH-SY5Y cells were maintained in 1:1 Eagle’s
MEM/F12K containing 10% FBS, and 1% penicillin/streptomycin. For
differentiation, SH-SY5Y cells were treated with retinoic acid (10 um) for
5-7d.

H4 neuroglioma cells were obtained and authenticated by ATCC (cat-
alog #HTB-148; RRID:CVCL_1239). H4 cells were maintained in Op-
tiMEM media with 10% FBS.

Primary neuronal culture preparation. Hippocampi or cortices were
dissected from male and female postnatal day (P)0 mice and incubated in
papain for 25 min at 37°C. Cells were thoroughly washed using
neurobasal-A media containing B-27 supplement and 5% FBS before
tituration using fire polished glass pipettes. After centrifugation at 1500
rpm for 5 min, the cell pellet was layered on 4% BSA in HBSS and
centrifuged at 700 rpm for 5 min. Resuspended cells were plated on 18
mm glass coverslips coated with poly-p-lysine. After 12-16 h, media was
replaced by neurobasal-A media containing B-27 supplement and Arab-
inose C at 6 umM. Fifty percent media changes were made every 7 d.

For preformed fibril (PFF) experiments, neurons underwent a com-
plete media change and were treated with PBS, monomeric human asyn,
or human asyn PFFs in neurobasal-A media with B-27 supplement at 5 d
in vitro (DIV).

Preparation of conditioned media. For preparation of conditioned me-
dia (CM), isyn cells were switched to serum-free Eagle’s MEM/F12K. At
time of collection, CM was removed from cells and then underwent serial
centrifugations at 800 g for 5 min, then at 2000 X g for 10 min, and then
at 10,000 X g for 30 min at 4°C to remove cellular debris. For Western
blot analyses, CM was then concentrated using a 3 kDa Amicon Ultra-4
centrifugal filter at 4000 X g for 2 h and then dialyzed. Protein concen-
trations of CM samples were assessed by BCA assay (ThermoFisher Sci-
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entific), and equal protein amounts were loaded for each CM sample for
Western blot analysis.

For toxicity experiments, isyn cells were induced with doxycycline in
Eagle’s MEM/F12K with 10% FBS for 1 week and then switched to
serum-free Eagle’s MEM/F12K for 48 h. Collected CM underwent cen-
trifugation at 800 X g for 5 min, then at 2000 X g for 10 min, and then at
10,000 X g for 30 min before transfer to primary neuronal cultures or
differentiated SH-SY5Y cells.

14-3-30 knockdown. The pLKO.1-14-3-30 shRNA lentiviral vectors
were originally purchased from Open Biosystems and previously tested
for efficacy in reducing 14-3-36 protein expression (Yacoubian et al.,
2010). Isyn cells were transduced with the empty vector pLKO.1 virus or
14-3-36 shRNA virus previously shown to have high efficacy in 14-3-36
protein knockdown in the presence of 6 ug/ml polybrene. Transduced
cells were selected with 2 ug/ml puromycin 72 h later.

Ethidium D cell death assay. Cells were rinsed in PBS and then incu-
bated in 1 uMm ethidium D and 2 pg/ml Hoechst 33342 in culture media
for 30 min at 37°C. Ten high-power (20 X) fields per well were randomly
selected for quantification, and the number of ethidium D-positive cells
and the total number of cells stained by Hoechst 33342 were counted per
high-power field with the rater blind to experimental conditions.

Western blot. Cell pellets were sonicated in lysis buffer (150 mm NaCl,
10 mm Tris-HCL, pH 7.4, 1 mm EGTA, 1 mm EDTA, 0.5% NP-40, pro-
tease inhibitor cocktail; ThermoFisher Scientific) and then underwent
centrifugation at 16,000 X g for 10 min. Protein concentrations were
assessed by BCA assay (ThermoFisher Scientific). Cell lysate and CM
samples were boiled in 4 X DTT sample loading buffer (0.25 m Tris-HCI,
pH 6.8, 8% SDS, 200 mm DTT, 30% glycerol, Bromophenol Blue). Equal
protein amounts were loaded per well for the CM samples and for cell
lysate samples, resolved on 12% SDS-polyacrylamide gels, and trans-
ferred to nitrocellulose membranes. After blocking in 5% nonfat dry milk
in TBST (25 mm Tris-HC, pH 7.6, 137 mM NaCl, 0.1% Tween 20),
membranes were incubated overnight in primary antibody at 4°C and
then in HRP-conjugated goat anti-mouse or anti-rabbit secondary anti-
bodies (1:2000; Jackson ImmunoResearch) for 2 h. Primary antibodies
used are listed in Table 1. After washing in TBST six times, blots were
developed with enhanced chemiluminescence method (GE Healthcare).
Images were scanned and analyzed using Un-ScanlT software for densi-
tometric analysis of bands.

Immunoprecipitation. Ten microliters of protein G-conjugated Dyna-
beads (ThermoFisher Scientific) were incubated overnight with mouse
IgG, mouse monoclonal antibody against asyn (final concentration 0.5
or 1 ug/ml; BD Biosciences, 610787), or mouse monoclonal against V5
(final concentration 10 pg/ml; ThermoFisher Scientific, R960-25) before
adding to CM. Antibody-coupled Dynabeads was incubated with 3 ml
CM overnight. CM after immunodepletion was then used for toxicity
assays.

ELISA. aSyn levels in CM were measured using an ELISA for asyn
(ThermoFisher Scientific), according to the manufacturer’s instructions.

Exosome fractionation. For exosome preparation, we followed the pro-
tocol described in (Thery et al., 2006). Briefly, cells were incubated to
serum-free Eagle’s MEM/F12K for 96 h. CM underwent serial centrifu-
gations at 800 X g for 5 min, 2000 X g for 10 min, and 10,000 X g for 30
min to remove cellular debris at 4°C. Debris-free media was then spun at
100,000 X g for 2 h at 4°C. The supernatant was saved as the non-
exosomal fraction. The pellet was resuspended in PBS and then spun
again at 100,000 X g for 80 min at 4°C. The pellet was resuspended in PBS
with protease inhibitors.

ITodixanol gradient. A discontinuous gradient from 50% to 10% of
OptiPrep (Axis Shield) was used to fractionate exosome pellets. The
exosome pellet was resuspended in 200 ul 50% OptiPrep and step-
gradients of OptiPrep decreasing 10% with each step were carefully lay-
ered on top. The step-gradient was centrifuged at 110,000 X g for 16 h at
4°C. Fractions of 110 ul were carefully removed from the top down,
diluted with PBS to 1 ml, and centrifuged at 110,000 X gfor 1 h to repellet
exosomes. The pellets were resuspended in PBS and analyzed by Western
blot.

Nanosight. The size and concentration of exosomes was determined on
a NanoSight NS300 (Malvern Instruments). Following isolation by ul-
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Table 1. List of primary antibodies used forimmunostaining,
immunoprecipitation, or Western blot studies

Primary antibodies Source Identifier
Mouse monoclonal anti-14-3-36 Abcam (atalog #ab10439 AB_297180
Mouse monoclonal anti-pan 14-3-3s Santa Cruz (atalog #5¢1657 AB_626618
Biotechnology
Mouse monoclonal anti-c-synuclein BD Biosciences (atalog #610787 AB_398108
Rabbit polyclonal anti-c-synuclein Cell Signaling Catalog #2642S AB_10695412
Technologies
Mouse monoclonal anti-phospho-5129 BioLegend Catalog #825701 AB_2564891
a-synuclein
Rabbit polyclonal anti-phospho-5129 Abcam (atalog #2h168381
a-synuclein
Rabbit monoclonal anti-phospho-5129 Abcam Catalog #ab51253 AB_869973
a-synuclein
Mouse monoclonal anti-flotillin 1 BD Biosciences Catalog #610820 AB_398139
Rabbit monoclonal antibody against GFP Cell Signaling (atalog #29565 AB_1196615
Technologies
Mouse monoclonal antibody against HA Covance (atalog #MMS-101P AB_2314672
Mouse monoclonal antibody against V5 ThermoFisher Catalog #R960-25 AB_2556564
Mouse monoclonal antibody against Sigma-Aldrich Catalog #79026 AB_477593

a-tubulin

tracentrifugation, exosome pellets were resuspended in 60 ul cold PBS
with repeated pipetting and vortexed for 10 s. Then 15 ul of the exosome
suspension was diluted to a total volume of 1 ml PBS and analyzed on a
NanoSight NS300 infused with a syringe pump set at 25 a.u. Data were
collected for each sample in 10 repeats of 60 s video and analyzed using
NanoSight NTA 3.0 software.

Cryo-EM. For Cryo-EM, 3 ul of exosome sample was applied to glow-
discharged 200 mesh Quantifoil R 2/1 grids (Electron Microscopy Sci-
ences) and vitrified in liquid ethane using an FEI Vitrobot Mark IV as
previously described (Dearborn et al., 2017). Frozen grids were trans-
ferred to a Gatan 622 cryo-holder and observed in an FEI Tecnai F20
electron microscope (FEI) operated at 200 kV. Images were collected
under low-dose conditions on a Gatan Ultrascan 4000 CCD camera with
magnifications from 38,000—65,500X and 2.0-3.0 um defocus.

Complementation assay. aSyn complementation assay was performed
as previously described (Danzer et al., 2011). Briefly, H4 neuroglioma
cells were cotransfected with asyn-hGLucl (S1), asyn-hGLuc2 (S2), and
either empty vector, 14-3-36, difopein-eYFP, or mutant difopein-eYFP
using SuperFect transfection reagent (Qiagen). Cells were incubated in
serum-free and phenol red-free OptiMEM media. At 48 h after transfec-
tion, CM was spun at 3000 X g for 5 min to remove cellular debris and
then was transferred to a separate 96-well plate. Luciferase activity was
measured at 480 nm using a Synergy 2 plate reader (BioTek) following
addition of 40 um coelenterazine.

Size exclusion chromatography. For analytical size exclusion chroma-
tography (SEC) of asyn, CM from induced isyn cells was diluted in 1X
PBS, pH 6.8, to 4 mg/ml. 20 ul (80 g) was then loaded onto a NGC FPLC
(Bio-Rad Laboratories), injected on a Yarra 3 um SEC-2000 column
(300 X 7.8 mm, Phenomenex), and run at 0.7 ml/min in 1X PBS, pH 6.8.
Fractions (250 ul) were collected from elution volume 4-12.5 ml. This
corresponds to the end of the void volume, as determined by a Blue
Dextran standard, and the buffer front, as determined by imidazole elu-
tion. After SEC, asyn in 50 ul of each fraction was measured using an
ELISA for asyn.

Protein misfolding cyclic amplification of asyn. Recombinant human
asyn was purified according to the method previously published
(Volpicelli-Daley et al., 2014). Upon thawing, purified asyn protein was
centrifuged at 100,000 X g for 30 min at 4°C to remove any aggregates
that may have formed during the freeze-thaw process. Monomer asyn
was then diluted to 50 uM concentration in 10 mm Tris, pH 7.6, with 150
mum NaCl in 0.2 ml PCR tubes with zirconium oxide beads. Twenty-five
microliters of culture media from various cells were added to each PMCA
reaction. PCR tubes were then placed in Q700 sonicator (Qsonica) where
they received repeated cycles of 10 s sonication, followed by 30 min
incubation at 37°C. Thioflavin T (ThT) readings were performed at var-
ious time points by transferring 2 ul of sample into wells of a black
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Figure 1.  Paracrine asyn model. a, Schematic of isyn cell model. In response to doxycycline treatment, doxy-inducible cesyn cells produce an excess of cesyn that is released into the CM. When
transferred to separately cultures neurons, cesyn-enriched (M induces neuronal death. b, Doxy dose—response. Increasing doxy concentrations induced higher amounts of aesyn in the cell lysates of
isyn cells, and, correspondingly, higher amounts of cesyn is released into the CM. Equal protein levels were loaded for each (M sample. Coomassie stain confirmed equal protein loading for the CM.
¢, aSynthatis released in response to aesyn induction is found in both the exosomal and non-exosomal fractions of CM after high-speed ultracentrifugation of the CM. d, (M from doxy-induced isyn
induces cell death in differentiated SH-SY5Y cells that are separately cultured. Representative images of differentiated SH-SY5Y cells treated with CM from uninduced or induced isyn cells. Ethidium
D labels nuclei of dying cells, while Hoechst 33342 stains the nuclei of all cells. Scale bar, 100 wm. e, Inmunoprecipitation of cesyn from CM by cesyn-directed monoclonal antibody reduces the
toxicity of the (M in a dose-dependent manner. Quantification of cell death in differentiated SH-SH5Y cells treated with CM from induced isyn cellsin which cesyn wasimmunodepleted. Western blot

of (M after immunoprecipitation confirms reduction of cesyn from the CM. n = 3-5 per condition. ***p =

D, Doxy.

bottomed 96-well plate, and incubating with 198 ul 20 um ThT solution
(20 uMm ThT, 50 mm glycine, pH 8.5) for 5 min. ThT fluorescence readings
were performed on a Tecan M200 plate reader with an excitation of 440
nm and an emission of 480 nm.

aSyn fibril preparation. Fibrils were generated by incubating purified
monomeric asyn at a concentration of 5 mg/ml in 50 mm Tris, pH 7.5,
with 166 mm KCI with constant agitation at 700 rpm at 37°C for 7 d.
Before addition to primary neurons, asyn fibrils were diluted in PBS to 1
mg/ml and then sonicated with a 1/8 inch probe tip sonicator (Fisher
Scientific, model 120) for 65 pulses over 40 s at power level 2. Sonicated
asyn fibrils were added to primary neuronal cultures at 0.5 or 1 pwg/mlin
neuronal media.

Microfluidic chambers. Primary neurons were plated in microfluidic
chambers with three cell compartments (TCND1000, Xona Microfluid-
ics) per the manufacturer’s instructions. At 5 DIV, PBS or PFFs were
added to Chamber 1 only. A 75 ul difference in media volume was main-
tained between each chamber with the lowest volume in Chamber 1 to
control the direction of media flow.

Immunocytochemistry. Primary neurons were fixed in 4% paraformal-
dehyde with 4% sucrose and 1% Triton X-100 for 15 min. After washing
in PBS, neurons were permeabilized with 3% BSA and 0.1% Triton

0.0005, ****p < 0.0001 (Tukey's multiple-comparison test). Error bars represent SEM.

X-100 in PBS for 10 min and then blocked with 3% BSA in PBS for 20
min. Neurons were incubated overnight with pS129-asyn antibody (Ab-
cam, ab51253) in 3% BSA. After washing, neurons were incubated with
goat anti-rabbit or anti-mouse secondary antibody in 3% BSA. Neurons
were imaged using an Olympus BX51 epifluorescence microscope. Ten
high-power (20X ) fields per well were randomly selected for quantifica-
tion, and the percentage of area positive for pS129-asyn immunoreac-
tivity was quantitated using Image] with the rater blind to experimental
conditions (Schneider et al., 2012). For triple-chamber slides, images of
the whole chamber were taken for quantification of pS129-asyn
immunoreactivity.

Experimental design and statistical analysis. GraphPad Prism 7 was
used for statistical analysis of experiments. Data were analyzed by either
Student’s ¢ test or by one-way or two-way ANOVA, followed by post hoc
pairwise comparisons using Sidak’s or Tukey’s multiple-comparison
tests. Figures le, 2b—f, 3b—e, 4b,c,f,h,i, 5b—f, 6f, and 9a,b use one-way
ANOVA followed by post hoc Tukey’s multiple-comparison test if neces-
sary. Figures 4d,e,k, 10b,c, 11b,¢, and 12b,c use two-way ANOVA followed
by post hoc Sidak’s multiple-comparison test. Figures 6¢—e, 7a,c, 8b,de,f,
11le, and 12e use unpaired Student’s ¢ test. Statistical significance was set
atp = 0.05.
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For Figures 13¢,d, and 14b,c, data were log transformed before un-
paired Student’s ¢ test with correction for multiple comparisons using the
Holm-Sidak method.

All the details of experiments can be found in Results or the figure
legends. All data values are presented as mean = SEM. ANOVA related
statistics (F statistic, p values) are noted in the results section, whereas the
post hoc test results are found in the figure legends. For t tests, the ¢
statistic and p values are noted in Results.

Results

14-3-30 reduces toxicity of released asyn in a non-cell
autonomous manner

We have developed a paracrine asyn model to evaluate the tox-
icity associated with neuronally-released asyn (Fig. 1). We cre-
ated a doxy-inducible neuroblastoma line, termed isyn, which
upon doxy treatment releases asyn into the CM (Fig. 1a). This
paracrine system is similar to those developed by other groups in
which asyn overexpression in neuronal lines promotes asyn re-
lease into the conditioned media with resultant toxicity to neigh-
boring neurons (Desplats et al., 2009; Emmanouilidou et al.,
2010; Danzer et al., 2011). Induction of asyn expression with
doxy in isyn cells led to the detection of asyn in the CM in a
dose-dependent manner (Fig. 1b). Previous research has shown
that asyn is released through exosomal and non-exosomal path-
ways (Lee et al., 2005; Liu et al., 2009; Emmanouilidou et al.,
2010; Hasegawa et al., 2011; Danzer et al., 2012). We fractionated
the CM into exosomal and non-exosomal fractions by sequential,
high ultracentrifugation techniques (Thery et al., 2006) and
found that aSyn was released into both exosomal and non-
exosomal fractions (Fig. 1c). This neuronally-released asyn is
toxic to separately cultured neurons: transfer of asyn-enriched
CM from induced isyn cells induces cell death of separately cul-
tured differentiated SH-SY5Y neuroblastoma cells and primary
neurons (Fig. 1d). Toxicity from asyn-enriched CM depends on
asyn, as immunodepletion of asyn from the CM eliminated tox-
icity in a dose-dependent manner (Fig. 1d,e; one-way ANOVA,
Fia,s) = 96.84, p < 0.0001).

We tested whether 14-3-3 proteins could affect the toxicity of
released asyn. Isyn cells were transduced with a V5-tagged 14-
3-360 doxy-inducible lentivirus and selected for polyclonal stable
transfection. Toxicity of asyn-enriched CM was reduced to basal
levels when 14-3-36 was co-overexpressed with asyn upon doxy
induction in isyn cells. Separately-cultured primary hippocampal
neurons showed 31% cell death at 24 h when treated with CM
from induced isyn cells, but toxicity was back to baseline when
treated with CM from induced 14-3-36-overexpressing isyn cells
(Fig. 2a,b; one-way ANOVA: F(5 |5, = 43.81, p < 0.0001). Simi-
larly, 14-3-36 overexpression in isyn cells also reduced the toxic-
ity of asyn-enriched CM that was transferred to cortical neurons
(Fig. 2¢; one-way ANOVA: F; 1,y = 202.7, p < 0.0001) or differ-
entiated SH-SY5Y cells (Fig. 2d; one-way ANOVA: F, 5 = 348.3,
P <0.0001) back to baseline. Cellular asyn levels in isyn cells were
not reduced but slightly increased with 14-3-36 overexpression
(see Fig. 4c; one-way ANOVA: F; 55 = 259, p < 0.0001).

We next tested whether the overexpression of 14-3-36 in tar-
get neurons impacted the toxicity of CM from induced isyn cells.
Hippocampal neurons cultured from 14-3-36 transgenic mice
were resistant to asyn-enriched CM toxicity compared with neu-
rons cultured from nontransgenic littermates (Fig. 2e; one-way
ANOVA, F; 1) = 8.242, p = 0.0002).

We next examined whether the protective effects of 14-3-36
against the toxicity of released asyn was specific to 14-3-36 or
whether other 14-3-3 isoforms could be protective. Isyn cells
were transduced with a V5-tagged 14-3-3¢ doxy-inducible lenti-
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virus and selected for polyclonal stable transfection. Toxicity of
asyn-enriched CM was minimally reduced when 14-3-3¢ was
co-overexpressed with asyn upon doxy induction in isyn cells
(Fig. 2f; one-way ANOVA, F 5 5o = 407.3, p < 0.0001).

14-3-3 proteins have been shown to promote cell survival
(Porter et al., 2006), and we previously demonstrated that 14-
3-36 overexpression reduces cell death in neurotoxin and mutant
LRRK2 models in a cell autonomous manner (Yacoubian et al.,
2010; Slone et al.,, 2011, 2015; Ding et al., 2015; Lavalley et al.,
2016). We hypothesized that protection against asyn-enriched
CM when 14-3-360 was overexpressed in isyn cells could be me-
diated by the transfer of exogenous V5-tagged 14-3-36 into the
target neurons exposed to the CM. Exogenous V5-tagged 14-3-30
could not be detected by Western blot or immunocytochemistry
in differentiated SH-SY5Y cells exposed to CM from 14-3-36-
overexpressing isyn cells (Fig. 2¢g,h). We conclude that the pro-
tective effect of 14-3-36 when overexpressed in isyn cells is not
likely due to the transfer of exogenous V5-tagged 14-3-36 into
target neurons.

14-3-3 inhibition increases the toxicity of released asyn

We next tested whether inhibition of endogenous 14-3-3s would
impact the toxicity of neuronally-released asyn. Difopein (di-
meric 14-3-3peptide inhibitor) is a high-affinity 14-3-3 compet-
itive antagonist peptide that disrupts 14-3-3/ligand interactions
by binding within the amphipathic groove of 14-3-3s without
selectivity among the different isoforms (Masters and Fu, 2001).
Mutant difopein is a control peptide with two amino acid muta-
tions that prevents the difopein peptide from binding 14-3-3s
(Masters and Fu, 2001). iSyn cells were transduced with a doxy-
inducible difopein tagged with eYFP lentivirus (isyn/dif) or with
a doxy-inducible mutant difopein tagged with eYFP lentivirus
(isyn/yfp). Difopein-eYFP increased toxicity by twofold in pri-
mary hippocampal neurons at 24 h after treatment with asyn-
enriched CM compared with mutant difopein-eYFP control (Fig.
3a,b; one-way ANOVA: F;,4) = 72.27, p < 0.0001). Similarly,
difopein-eYFP increased toxicity to 45.9% in differentiated SH-
SY5H cells at 48 h after treatment with asyn-enriched CM (Fig.
3¢; one-way ANOVA: F; ) = 42.68, p < 0.0001). Whereas doxy
treatment dramatically increased cellular asyn levels, difopein
expression did not alter intracellular asyn levels in isyn cells (see
Fig. 5¢; one-way ANOVA: F5 1,) = 412.4, p < 0.0001).

To confirm whether CM toxicity was still secondary to asyn
released in the CM when difopein was coexpressed, we immuno-
precipitated asyn from the CM of difopein-eYFP and mutant
difopein-eYFP (control) expressing isyn cells using an asyn-
specific antibody before transfer of the CM to differentiated SH-
SY5Y cells (Fig. 3d). Toxicity of CM from difopein-eYFP or
mutant difopein-eYFP isyn cells was eliminated by asyn immu-
noprecipitation (Fig. 3d; one-way ANOVA: Fs5 5y = 71.23, p <
0.0001). This finding suggests that the enhanced toxicity of CM
from difopein-expressing isyn cells was due to asyn and not due
to the release of other factors that may promote toxicity.

To test whether specific inhibition of endogenous 14-3-36 was
sufficient to reduce asyn release, we used a shRNA targeting 14-
3-36 to knockdown 14-3-36 expression in isyn cells. CM from
isyn cells in which 14-3-36 expression was reduced (isyn/1433KD
cells) induced a 2.7-fold increase in cell death compared with that
of isyn cells transfected with control shRNA (isyn/plko cells; Fig.
3e; one-way ANOVA: Fs 55, = 99.77, p < 0.0001).
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Figure 2.

14-3-360 overexpression in isyn cells reduces the toxicity of aesyn-enriched CM. a, Representative images of primary hippocampal neurons treated with CM from isyn cells or isyn cells
expressing aninducible 14-3-36 construct. Ethidium D labels the nuclei of dying cells, whereas Hoechst 33342 stains the nuclei of all cells. Scale bar, 100 m. b, Quantification of cell death in primary
hippocampal neurons treated with CM from isyn or isyn/14-3-36 cells for 24 h.n = 3 independent rounds with two replicates per round. ¢, Quantification of cell death in primary cortical neurons
treated with CM from isyn or isyn/14-3-36 cells for 24 h. n = 4. d, Quantification of cell death in differentiated SH-SY5Y cells treated with CM from isyn or isyn/14-3-36 cells at 48 h.n = 3
independent rounds with one to two replicates per round. e, Overexpression of 14-3-36in target primary neurons also reduces toxicity of induced CM from isyn cells. Quantification of cell death in
primary hippocampal neurons from nontransgenic or 14-3-36 transgenic mice treated with CM from isyn cells at 24 h. n = 4independent rounds with one to six replicates/round. f, Quantification
of cell death in differentiated SH-SY5Y cells treated with CM from isyn or isyn/14-3-3¢ cells at 48 h. n = 3 independent rounds with two replicates per round. g, Western blot of cell lysates from
differentiated SH-SY5Y cells treated with CM from induced isyn/14-3-36 cells. Although the V5 tag of exogenous 14-3-36 is detected in lysates from induced isyn/14-3-36 cells and in the CM, V/5
is not detected in lysates from differentiated SH-SY5Y cells treated with CM. h, Exogenous V5-tagged 14-3-36 is not transferred to target neurons exposed to (M from isyn/14-3-30 cells

Immunocytochemistry for V5 tag in differentiated SH-SY5Y cells treated with CM from isyn/14-3-36 cells with or without induction. **p < 0.01, ***p < 0.001, ****p < 0.0001 (Tukey's
multiple-comparison test). Error bars represent SEM. D, Doxy.
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Figure 3.

14-3-3 inhibition in isyn cells increases the toxicity of cesyn-enriched (M. a, Representative images of primary hippocampal neurons treated with CM from isyn cells expressing either
aninducible difopein-eYFP (isyn/dif) construct or an inducible mutant difopein-eYFP construct (isyn/yfp; control). Scale bar, 100 m. b, Quantification of cell death in primary hippocampal neurons
treated with CM from isyn/ difopein-eYFP cells (isyn/dif) or control isyn/mutant difopein-eYFP (isyn/yfp) cells at 24 h. n = three independent rounds with two to three replicates per round. ¢,
Quantification of cell death in differentiated SH-SY5Y cells treated with CM from isyn/ difopein-eYFP cells (isyn/dif) or control isyn/mutant difopein-eYFP (isyn/yfp) cells at 48 h.n = 4independent
rounds with one replicate per round. d, Immunoprecipitation of csyn from CM by asyn-directed monoclonal antibody eliminates the toxicity of CM from induced control isyn/mutant difopein-eYFP
(isyn/yfp) cells and from induced isyn/difopein-eYFP (isyn/dif) cells. Quantification of cell death in differentiated SH-SY5Y cells treated with CM from isyn/dif or control isyn/yfp cells with or without
asynimmunodepletion. Western blot of CM after cesyn immunoprecipitation confirms that cesyn is eliminated from the (M. n = 4 rounds with one to two replicates/round. e, Quantification of cell
death in differentiated SH-SY5Y cells treated with CM from isyn cells (isyn), control isyn/plko.T empty vector cells (isyn/plko), or isyn/14-3-36 shRNA (isyn/14-3-3 KD) cells at 48 h.n = 3

independent rounds with two replicates per round. Western blot of cell lysates confirms 14-3-36 protein levels are reduced in isyn/14-3-3 KD cells. *p << 0.05, ***p << 0.001, ****p << 0.0001
(Tukey’s multiple-comparison test). Error bars represent SEM. D, Doxy.

Overexpression of 14-3-360 induces asyn release

As 14-3-30 reduced the toxicity of asyn released by isyn cells, we
next examined whether 14-3-30 regulated the amount of asyn
released in this paracrine model system. Surprisingly, when both
asyn and 14-3-360 overexpression were induced by 10 ug/ml
doxy, we observed a 2.6-fold increase in the amount of asyn
released into the CM as measured by Western blot (Fig. 4a—c;
one-way ANOVA: F; 5,y = 61.91,p < 0.0001). To control for any
potential differences between asyn expression in the cell lysates,
we also normalized asyn in the CM to asyn expression in the cell
lysates and still observed a 2.1-fold increase in asyn release (un-
paired, two-tailed Student’s ¢ test: t,, = 5.796, p = 0.0002).

14-3-30 overexpression promoted higher levels of asyn release
into the CM compared with control at multiple doses of doxy
induction (Fig. 4d; two-way ANOVA, treatment: F, ,,, = 34.58,
P <<0.0001;dose: F5 5,y = 29.23; p < 0.0001; interaction: F(5 ,4) =
3.584 p = 0.0146).

To test whether asyn release induced by 14-3-36 changed
over time, we measured asyn release into the CM at 2, 3, 4, and
7 d after 10 ug/ml doxy induction by ELISA. A difference in
total asyn release was noted as early as at 3 d but became
statistically significant at 4 and 7 d after treatment (Fig. 4e;
two-way ANOVA, treatment: F, ;4 = 471.6, p < 0.0001; time:

F16) = 1751, p < 0.0001; interaction: F, ;5 = 454.4, p <
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Figure4. 14-3-36increases asyn release into the CM. a, Representative Western blot of CM and cell lysate from uninduced and induced isyn cells and isyn/14-3-3 6 cells after doxycycline (10
g/ml) induction for 96 h. Equal protein levels were loaded for each CM sample. b, Quantification of cesyn in the CM from isyn and isyn/14-3-36 cells with and without 96 h induction by Western
blot. Equal protein amounts were loaded for each (M sample. n = 5 independent rounds with 1-2 replicates per round. ¢, Quantification of cesyn in the cell lysates from isyn and isyn/14-3-3 60 cells
with and without 96 h induction by Western blot. ceSyn in lysates was normalized to tubulin. n = 5 independent rounds with one to two replicates per round. d, Quantification of cesyn in the (M
fromisyn and isyn/14-3-3 0 cells treated with increasing doses of doxy for 96 h by Western blot. Equal protein amounts were loaded for each CM sample. n = 3independent rounds. e, Quantification
of aesyn in the CM from isyn and isyn/14-3-360 cells by ELISA at 2, 3,4, and 7 d after induction. Equal protein amounts were loaded for each CM sample. n = 3 independent rounds with two replicates
per round. f, Quantification of cell death in isyn and isyn/14-3-36 cells with and without induction. Number of Ethidium D-positive cells is normalized to total cell count, as determined by Hoechst
33342sstaining.n = 3 independent rounds. g, 14-3-3¢ does not alter asyn release. Representative Western blot of (M and cell lysate from uninduced and induced isyn cells and isyn/14-3-3¢ cells
after doxycycline (10 wg/ml) induction for 96 h. h, Quantification of cesyn in the (M from isyn and isyn/14-3-3¢ cells with and without 96 h induction by Western blot. Equal protein amounts were
loaded for each CM sample. n = 4 independent rounds. i, Quantification of asyn in the cell lysates from isyn and isyn/14-3-3¢ cells with and without 96 h induction by Western blot. aeSyn was
normalized to tubulin. n = 4 independent rounds. , k, 14-3-36 does not alter cesyn clearance. aSyn levels in cell lysates after withdrawal of doxycycline after 3 d of induction. Representative
Western blot (j) and quantification (k) of cesyn in cell lysates from isyn and isyn/14-3-36 cells each day after withdrawal of doxycycline. a:Syn was normalized to tubulin. *p << 0.05, **p << 0.01,
**¥p <0.001, ****p < 0.0001 (Tukey’s multiple-comparison test). Error bars represent SEM. D, Doxy.

0.0001). The difference in asyn release was maintained over  (Fig. 4f; one-way ANOVA: F; 5, = 0.8929, p = 0.4854). Based
time with 14-3-36 overexpression. Differences in release were  on these data, we conclude that the ability of 14-3-36 to reduce
not due to cell death, as cell death was limited to ~1% in  the toxicity of asyn-enriched CM was not secondary to a re-
induced isyn cells with and without 14-3-36 overexpression  duction in the total amount of asyn released.
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14-3-3 inhibition reduces cesyn release into the CM. a, Representative Western blot of C(M and cell lysate from uninduced and induced isyn/difopein-eYFP (isyn/dif) cells and control

isyn/mutant difopein-eYFP (isyn/yfp) cells after doxy (10 p.g/ml) induction for 96 h. Equal protein levels were loaded for each CM sample. b, Quantification of aesynin the CM from isyn/difopein-eYFP
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rounds. ¢, Quantification of cesyn in the cell lysates from isyn/difopein-eYFP (isyn/dif) cells and control isyn/mutant difopein-eYFP (isyn/yfp) cells with and without 96 h induction by Western blot.
aSynin lysates was normalized to tubulin. n = 4independent rounds. d, Quantification of cell death in isyn/difopein-eYFP (isyn/dif) and control isyn/mutant difopein-eYFP (isyn/yfp) cells with and
without induction. n = 3 independent rounds. e, Quantification of aesyn in the CM from isyn cells and isyn cells transfected with either plko.1 empty vector control lentivirus or 14-3-36 shRNA
lentivirus with and without 96 h induction by Western blot. Equal protein amounts were loaded for each (M sample. n = 3 independent rounds. f, Quantification of cesyn in the cell lysates fromisyn
cells and isyn cells transfected with either plko.T empty vector control lentivirus or 14-3-36 shRNA lentivirus with and without 96 h induction by Western blot. aSyn in lysates was normalized to
tubulin. n = 3 independent rounds. *p << 0.05, **p << 0.01, ***p < 0.001, ****p << 0.0001 (Tukey’s multiple-comparison test). Error bars represent SEM. D, Doxy.

We next examined whether another 14-3-3 isoform affected
asyn release in a similar manner. Isyn cells were transduced with
a doxy-inducible 14-3-3¢ lentivirus and then selected for poly-
clonal stable transfection by hygromycin. While induction of
asyn by doxy promoted asyn release, no change in the amount of
released asyn was noted in isyn cells also overexpressing 14-3-3¢
compared with isyn cells (Fig. 4¢g—i; one-way ANOVA, F; ,, =
228.8, p < 0.0001).

14-3-30 overexpression does not alter asyn clearance
Inhibition of the autophagy-lysosomal pathway increases asyn
release from neurons (Emmanouilidou et al., 2010; Jang et al.,
2010; Alvarez-Erviti et al., 2011; Danzer et al., 2012; Lee et al.,
2013). We tested whether 14-3-36 overexpression reduced clear-
ance of asyn which then indirectly increased asyn release. iSyn
cells with and without 14-3-36 overexpression were induced with
doxy for 4 d for maximal induction and then switched to doxy-
free culture media up to another 5 d. Lysates from isyn cells were
then collected and probed for asyn by Western blot. In the ab-
sence of doxy, isyn cells slowly reduced asyn levels near baseline
levels over 5 d. We observed no differences in the rate of decline of
total intracellular asyn levels from isyn cells with or without 14-
3-30 overexpression (Fig. 4j,k; two-way ANOVA, treatment:
Fse = 0.2133, p = 0.6472; time: F5 5, = 1.547, p = 0.2017;
interaction: Fs 34y = 0.05065; p = 0.9983). This finding suggests
that 14-3-36 in isyn cells does not promote asyn release by slow-
ing the clearance of asyn.

Inhibition of 14-3-3s reduces asyn release

We next tested whether inhibition of endogenous 14-3-3s would
impact asyn release. aSyn released into the CM was reduced in
isyn cells expressing the pan 14-3-3 inhibitor difopein-eYFP by
~40% compared with control isyn cells expressing mutant
difopein-eYFP (Fig. 5a—c; one-way ANOVA: F; |, = 136.4, p <
0.0001). While total asyn levels were dramatically increased with
doxy induction, there was no difference in the cell lysates between
induced isyn cells expressing difopein-eYFP or mutant difopein-
eYFP (Fig. 5¢; one-way ANOVA: F; 1) = 412.4,p < 0.0001). Cell
death in isyn cells expressing either difopein-eYFP or mutant
difopein-eYFP was only 1% (Fig. 5d; one-way ANOVA: F; ¢, =
0.4744, p = 0.7087), such that cell death was not the cause of
differences in asyn release.

To test whether specific inhibition of endogenous 14-3-36 was
sufficient to reduce asyn release, we tested the effect of a shRNA
targeting 14-3-36 in isyn cells. 14-3-360 knockdown caused a re-
duction in the total amount of asyn released (Fig. 5e; one-way
ANOVA: F5 1, = 317, p < 0.0001). aSyn levels in cell lysates
were increased upon doxy treatment in control shRNA and 14-
3-36 shRNA transduced isyn cells, but there was no difference in
cellular asyn levels between the different lines (Fig. 5f; one-way
ANOVA: F5,,) = 13.47, p = 0.0001).

14-3-30 overexpression increases asyn release through
exosomal and non-exosomal pathways

Based on our release data, the protective effect of 14-3-36 on the
toxicity of neuronally-released asyn is not secondary to a reduc-
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tion in the total amount of asyn released into the CM. Previous
research has shown that asyn is released through exosomal and
non-exosomal pathways, and certain studies have suggested that
exosomally-released asyn may have increased toxic potential
(Lee et al., 2005; Liu et al., 2009; Emmanouilidou et al., 2010;
Hasegawa et al., 2011; Danzer et al., 2012; Stuendl et al., 2016;
Ngolab et al., 2017). We fractionated the CM into exosomal and
non-exosomal fractions by sequential, high ultracentrifugation
techniques (Thery et al., 2006) to test whether 14-3-36 possibly
preferentially directed release through non-exosomal pathways.
To rule out the possibility that asyn that precipitated with exo-
somal pellets were not just large aggregates unassociated with
exosomes that spun down due to high centrifugation speeds, we
layered exosomal pellets after ultracentrifugation onto a discon-
tinuous iodixanol gradient followed by ultracentrifugation at
250,000 X g for 2 h. aSyn was found only in the fractions that
were positive for the exosomal marker flotillin (Fig. 6a). This
confirmed that asyn that precipitated into the exosomal pellets
was indeed associated with the exosomes. Cryo-EM and nano-
sight analysis revealed nanometer-sized vesicles consistent with
exosomes (Fig. 6b,e).

The vast majority of released asyn in our model was associated
with the non-exosomal fraction from isyn cells. Only ~0.6% of
total asyn was associated with the exosomal fraction. When 14-
3-360 was overexpressed in isyn cells, the amount of asyn released
in the exosomal fraction was increased nearly twofold (Fig. 6¢;
unpaired, two-tailed ¢ test: t5, = 4.306, p = 0.0051). aSyn re-
leased in the non-exosomal fraction was also increased by 14-
3-30 overexpression (Fig. 6¢; unpaired, two-tailed t test: ¢ =
4.742, p = 0.0032). Conversely, we also examined the effect of
14-3-3 inhibition by difopein on exosomal and non-exosomal
asyn release. When isyn cells expressed the 14-3-3 inhibitor
difopein-eYFP, asyn release was reduced in both the exosomal
(unpaired, two-tailed ¢ test: ¢,y = 7.246, p = 0.0019) and non-
exosomal fractions (unpaired, two-tailed ¢ test: t,, = 4.877,p =
0.0082) compared with isyn cells expressing mutant difopein-
eYFP (Fig. 6d). Thus, the total change in asyn release induced by
14-3-3 manipulation occurred through both exosomal and non-
exosomal pathways, and 14-3-3s did not lead to preferential re-
lease from one pathway versus the other.

We have previously shown that 14-3-3s increase the release of
LRRK2 into exosomes (Fraser et al., 2013). To examine whether
14-3-30 overexpression could promote exosomal release in gen-
eral, we used Nanosight analysis to determine the amount of
exosomes released (Fig. 6e). We observed no difference in total
exosomal counts between doxy-induced isyn cells or isyn/14-
3-30 cells (Fig. 6e: unpaired, two-tailed t test: t,5) = 0.7024, p =
0.4984). Similarly, exosomal counts from induced isyn/difopein-
eYFP cells were similar to that from isyn/mutant difopein-eYFP
control cells (Fig. 6e; unpaired, two-tailed ¢ test: ¢ ¢) = 0.3996, p =
0.7033).

Exosomal asyn does not mediate asyn toxicity in the
paracrine system

To determine whether the toxicity of asyn-enriched CM from
isyn cells was mediated by the exosomal and/or non-exosomal
fractions, we fractionated the asyn-enriched CM and then trans-
ferred each fraction to target cells to measure toxicity. We found
that almost all of the toxicity due to released asyn was associated
with the non-exosomal fraction (Fig. 6f; one-way ANOVA, F, 35) =
50.27, p < 0.0001).
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14-3-30 is released into the CM and coimmunoprecipitates
with asyn

We next examined whether 14-3-36 levels were altered in the CM
by 14-3-3 manipulation. Exogenous V5-tagged 14-3-36 and en-
dogenous 14-3-36 levels were increased in the CM from isyn cells
overexpressing 14-3-360 compared with control isyn cells (Fig. 7a;
unpaired, two-tailed ¢ test: t,,) = 7.833, p < 0.0001). 14-3-36
coimmunoprecipitated with asyn from the CM from induced
isyn cells. In the presence of 14-3-36 overexpression, exogenous
V5-tagged 14-3-36 and higher amounts of endogenous 14-3-36
coimmunoprecipitated with the released asyn, whose total levels
were increased (Fig. 7b).

In contrast, 14-3-36 levels in the CM were significantly de-
creased from isyn cells expressing difopein-YFP compared with
isyn cells expressing mutant difopein-YFP (Fig. 7¢; unpaired,
two-tailed ¢ test: £,y = 6.505, p = 0.0029). This finding suggests
that 14-3-3 inhibition interfered with the secretion of 14-3-36. In
addition, less endogenous 14-3-36 coimmunoprecipitated with
asyn from the CM of isyn cells expressing difopein-eYFP com-
pared with that of isyn cells expressing mutant difopein-eYFP
(Fig. 7d).

14-3-30 regulates asyn oligomerization

Oligomerization of asyn is an important feature promoting asyn
toxicity. 14-3-36 overexpression reduces intracellular asyn ag-
gregation in H4 neuroglioma cells (Yacoubian et al., 2010), and
14-3-30 and 14-3-37 reduce recombinant asyn aggregation as
demonstrated by atomic force microscopy (Plotegher et al.,
2014). Since asyn released into the CM was complexed with 14-
3-36, we hypothesized that 14-3-36 could impact asyn oligomer-
ization. We first fractionated CM from induced isyn cells by size
exclusion chromatography and observed that the released asyn
from induced isyn cells was primarily eluted in fractions ~7-8.5
ml (Fig. 8a), fractions representing molecular sizes >14 kDa, the
expected monomeric asyn size. Others groups have similarly
shown that released asyn under overexpression conditions is
found in higher molecular weight fractions by SEC (Emmanoui-
lidou et al., 2010; Danzer et al., 2011). When 14-3-36 was over-
expressed in isyn cells, the amount of released asyn found in these
higher molecular weight fractions was significantly reduced (Fig.
8a,b; unpaired, two-tailed ¢ test: t,, = 3.237, p = 0.0318). This
reduction in higher molecular weight asyn when 14-3-36 was
overexpressed was associated with an increase in asyn in fractions
in which monomeric asyn is expected (Fig. 8a). ELISA of the total
CM before SEC fractionation confirmed that total asyn levels was
overall higher in CM from isyn/14-3-36 cells compared with that
from isyn cells despite the reduction in higher molecular weight
asyn.

In contrast, expression of difopein-eYFP in isyn cells in-
creased the amount of released asyn in the higher molecular
weight fractions compared with that from control isyn cells ex-
pressing mutant difopein-eYFP (Fig. 8¢,d; unpaired, two-tailed ¢
test: ¢, = 2.947, p = 0.0421). In addition, there was a relative
shift in the size of asyn released from isyn cells expressing
difopein-eYFP toward larger molecular weight size (Fig. 8c).
ELISA of total CM before SEC fractionation confirmed that total
asyn levels was overall lower in the CM from difopein-expressing
isyn cells compared with that from control cells despite the in-
crease in higher molecular weight asyn.

While SEC fractionation demonstrated that 14-3-36 regulates
the biochemical and conformational profile of released asyn, it is
unclear whether asyn eluted in higher molecular weight fractions
is truly oligomeric or may instead reflect native asyn in an ex-
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Figure6. 14-3-30regulates asyn release into both exosomal and non-exosomal fractions. a, Exosomal pellet obtained by ultracentrifugation of CM from induced isyn cells was layered onto a
discontinuous iodixanol gradient and then underwent ultracentrifugation. a:Syn was found only in the fractions that were positive for the exosomal marker flotillin. Density is shown above each
fraction. b, Cryo-EM of exosomal pellet from induced isyn cells reveals vesicular structures of appropriate diameters for exosomes. Scale bar, 100 nm. ¢, Quantification of a:syn in the exosomal and
non-exosomal (supernatant) fractions from isyn and isyn/14-3-36 cells with and without 96 h induction by Western blot. n = 4 independent rounds. Exosomal cesyn was normalized to flotillin.
Equal protein amounts were loaded for each supernatant fraction. **p << 0.01 (Student’s  test). d, Quantification of a:syn in the exosomal and non-exosomal (supernatant) fractions from
isyn/difopein-eYFP (isyn/dif) and isyn/mutant difopein-eYFP (isyn/yfp) control cells with and without 96 h induction by Western blot. n = 3 independent rounds. Exosomal csyn was normalized
toflotillin. Equal protein amounts were loaded for each supernatant fraction. **p << 0.01 (Student's ¢ test). e, Total exosome counts from exosomal fraction from CM of isyn cells, isyn/14-3-36 cells,
isyn/difopein-eYFP (isyn/dif) cells, and isyn/mutant difopein-eYFP (isyn/yfp) control cells after 96 h of induction with doxycycline. f, Quantification of cell death in differentiated SH-SY5Y cells
treated with the non-exosomal or exosomal fraction from CM of induced isyn cells. The non-exosomal fraction of the CM from induced isyn cells is toxic to differentiated SH-SY5Y cells, but the
exosomal fraction of the CM lacks significant toxicity. n = 3 independent rounds with two replicates per round. ****p <0.0001 (Tukey's multiple-comparison test). D, Doxy.

tended conformation, as has been suggested previously (Fauvetet ~ amino terminal luciferase fragment (S1) interacts with asyn
al., 2012; Lashuel et al., 2013). As an alternative measure of the  fused to a carboxy-terminal luciferase fragment (S2; Danzer et al.,
oligomerization of released asyn, we used a bioluminescent  2011). The luciferase signal generated by syn-syn interaction is
protein-fragment complementation assay in which a luciferase ~ a measure of oligomeric asyn that falls within the dimer to
signal is generated when asyn fused to a non-bioluminescent =~ ~30 mer range (Danzer et al., 2011). Using this assay, we
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Figure 7.

14-3-3 inhibition reduces 14-3-36 release and its association with aesyn in CM. a, Quantification of endogenous and exogenous 14-3-36 released into (M from induced isyn and

isyn/14-3-36 cells. Exogenous V/5-tagged 14-3-36 runs slightly higher than endogenous 14-3-36 due to the V/5-his epitope tag. Equal protein amounts were loaded for each (M sample.n = 8
independentrounds. ****p <0.0001 (Student’st test). b, Representative blot of coimmunoprecipitation of 14-3-3 O with csyn from (M from induced isyn cells and from induced isyn/14-3-3 6 cells.
Similar results were obtained on three additional independent runs. ¢, Quantification of endogenous 14-3-36 released into CM from induced isyn/difopein-eYFP (isyn/dif) and isyn/mutant
difopein-eYFP (isyn/yfp) control cells. Equal protein amounts were loaded for each CM sample. n = 3 independent rounds. **p = 0.0029 (Student’s ¢ test).d, Representative blot of coimmuno-
precipitation of 14-3-36 with aesyn from CM from induced isyn/difopein-eYFP (isyn/dif) and isyn/mutant difopein-eYFP (isyn/yfp) control cells. Similar results were obtained on three additional

independent runs. Error bars represent SEM. D, Doxy.

found that 14-3-36 overexpression significantly reduced the
amount of luciferase signal in the CM from H4 cells trans-
fected with S1-syn and S2-syn compared with control (Fig. 8e;
unpaired, two-tailed ¢ test: ¢,y = 4.188, p = 0.0006). Con-
versely, compared with mutant difopein-eYFP, difopein-eYFP
increased the luciferase signal in the CM from H4 cells trans-
fected with S1-syn and S2-syn (Fig. 8f; unpaired, two-tailed
ttest: t14) = 6.632, p < 0.0001).

14-3-30 reduces the seeding capability of released asyn

We next tested whether 14-3-360 could regulate the seeding po-
tential of asyn-enriched CM using the PMCA assay. PMCA is a
technique initially developed to accelerate amplification of prion
protein aggregates and has been adapted for measuring the
growth of asyn aggregates (Herva et al., 2014; Shahnawaz et al.,
2017; Becker et al., 2018). In this assay, recombinant asyn is
incubated with minute amounts of potential misfolded asyn
“seeds” in asyn-enriched CM to induce asyn polymerization;
after a brief period of aggregation, the mixture is sonicated to
break down the polymers into smaller sizes to generate more
seeds for aggregation. Repeated cycles of sonication and incuba-
tion allow for exponential growth of polymers, and fibrillization
of protein is measured by ThT fluorescence. We confirmed that
CM from induced isyn cells induced fibrillization of recombinant
asyn, while CM from uninduced isyn cells failed to induce sig-
nificant seeding (Fig. 9a). CM from induced isyn cells overex-
pressing 14-3-360 showed a significant delay in asyn fibrillization
compared with CM from induced isyn cells (Fig. 9a; one-way
ANOVA: F, ¢5) = 18.49, p < 0.0001). This is despite the fact that
higher total levels of asyn are present in the CM from isyn cells
overexpressing 14-3-36. In contrast, CM from induced isyn cells

expressing difopein-eYFP seeded asyn fibrillization more quickly
than that from induced isyn cells expressing mutant difopein-
eYFP control peptide despite the finding that difopein reduces
the total amount of asyn released into the CM (Fig. 9b; one-way
ANOVA: F(; ¢9) = 23.04, p < 0.0001). These findings suggest that
endogenous 14-3-3s normally maintain asyn in a protein confor-
mation that has reduced capability of inducing the misfolding of
asyn molecules. These findings also demonstrate that the protein
conformation and not the total amount of asyn released into the
CM is important for inducing fibrillization.

14-3-30 reduces internalization of released asyn by

primary neurons

Another key feature for asyn spread is the binding, uptake, and
internalization of asyn by target neurons exposed to released
asyn. We examined whether the number of cells that stained for
human asyn was altered by manipulation of 14-3-3s in isyn cells
that release asyn. To measure the uptake and internalization of
released asyn, we took advantage of the species difference be-
tween human asyn released by the human neuroblastoma line
and the endogenous mouse asyn expressed by primary hip-
pocampal neurons. After treatment of the mouse hippocampal
cultures with asyn-enriched CM, we detected human asyn ex-
pression in mouse neurons using a human-specific asyn anti-
body as early as 6 h after treatment. Confocal imaging revealed
that human asyn was internalized into neurons exposed to asyn-
enriched CM (Fig. 10a). Interestingly, human asyn appeared to
be localized to the nucleus in neurons exposed to asyn-enriched
CM. The percentage of cells that stained for human asyn in-
creased with time, with maximal percentage of cells positive for
human asyn noted at 24 h (Fig. 10b; two-way ANOVA, time:
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F5.40) = 22.22, p < 0.0001). In mouse neurons treated with CM
from induced isyn cells, we observed 15% of mouse neurons that
stained positive for human asyn at 24 h (Fig. 10b). In contrast,
only 7% of mouse neurons stained positive for human asyn when
treated with CM from induced 14-3-36-overexpressing isyn cells
at 24 h (Fig. 10b; two-way ANOVA, treatment: F, 4, = 16.57,
p = 0.0002; treatment X time interaction: F; 45, = 2.74, p =
0.0559). This reduction in neurons positive for human asyn was
despite the higher amount of total asyn in the CM from 14-3-36-
overexpressing isyn cells.

We also tested the impact of 14-3-3 inhibition on asyn uptake
and internalization. The percentage of mouse neurons that were
positive for human asyn at 24 h was increased to 26% when cells
were treated with CM from induced isyn/difopein-eYFP cells
compared with 14% from induced isyn/mutant difopein-eYFP
control cells (Fig. 10c; two-way ANOVA, treatment: F; 4o, =
14.59, p = 0.0005; time: F 3 40, = 28.41, p < 0.0001; interaction:

F5.40) = 2.46, p = 0.0766). This increase in neurons positive for
human asyn occurs despite the lower amount of total asyn in the
CM from difopein-expressing isyn cells. Although positive stain-
ing for human asyn in mouse neurons points toward uptake and
internalization of human asyn from the CM, this staining could
also reflect slowing of the degradation of internalized asyn in
mouse neurons.

14-3-30 regulates inclusion formation and toxicity in the
preformed fibril model

Our studies in the paracrine asyn model reveals that, despite
promoting asyn release, 14-3-36 ultimately reduces asyn trans-
mission and toxicity by reducing asyn oligomerization, seeding,
and internalization by other neurons exposed to released asyn.
We next examined whether 14-3-36 could impact spread in an-
other asyn model, the preformed fibril model. In this model,
fibrils prepared from recombinant asyn induce misfolding of
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Figure 9.  14-3-36 reduces seeding potential of released asyn. a, Effect of 14-3-36 overexpression on seeding potential of aesyn-enriched CM. aeSyn fibril formation was measured by the
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Figure 11.

14-3-36 reduces whereas 14-3-3 inhibition promotes formation of pathologic, insoluble csyn aggregates by PFF treatment. a, Inmunocytochemistry for pS129-cusyn in primary

hippocampal cultures from nontransgenic and 14-3-36 transgenic mouse littermates. Neurons were treated with PBS, monomeric asyn, or PFFs at 5 DIV and then fixed with Triton X-100 in the
fixative to stain for insoluble, pS129-positive csyn. Scale bar, 100 wm. b, Quantification of area covered by pS129-cesyn immunoreactivity in primary cultures from nontransgenic and 14-3-36

transgenic mice treated with PBS, monomeric aesyn, or PFFs. n = 3 independent rounds with two replicates per round. *p = 0.045, **p =

0.0025, ****p << 0.0001 (Sidak’s multiple-comparison

test). ¢, Neuronal counts of primary neurons from nontransgenic and 14-3-36 mice treated with 1 g/ml PFFs. n = 3 independent rounds with two replicates per round. ***p = 0.0004 (Sidak’s
multiple-comparison test).d, Immunocytochemistry for the HA epitope in primary hippocampal neurons from nontransgenic and HA-tagged 14-3-3 6 transgenic mouse pups. Scale bar, 100 um. e,
Western blot for pS129 asyn in Triton X-100 soluble and insoluble cell lysates prepared from primary neurons treated with PBS or PFFs for 14 d. Wt, Wild-type; tg, 14-3-36. Longitudinal bar next
to pS129 asyn blot shows soluble pS129 aesyn bands quantified. n = 2 independent rounds. *p = 0.0148 (Student’s ¢ test). Error bars represent SEM.

endogenous asyn that results in Lewy body/Lewy neurite-like
pathology in primary neurons (Volpicelli-Daley et al., 2011,
2014). Aggregation of asyn is associated with insolubilization
and phosphorylation of endogenous asyn at S129, and fibrils
cannot induce these changes in neurons from asyn knock-out
mice, pointing to misfolding of endogenous asyn (Volpicelli-
Daley et al., 2011). We first tested the ability of human asyn PFFs
to induce pathologic aggregation in primary hippocampal cul-
tures from nontransgenic and 14-3-36 transgenic mice, which
demonstrated HA-tagged 14-3-36 expression in the hippocam-
pus (Fig. 11d; Lavalley et al., 2016). Treatment of nontransgenic
cultures with PFFs induced the formation of Triton X-100 insol-
uble inclusions that were positive for S129-phosphorylated
(pS129) asyn, and the amount of pS129-asyn-positive aggrega-
tion increased over time, as previously described (Fig. 11a,b).
Neither PBS nor monomeric asyn induced any pS129-asyn sig-
nal (Fig. 11a,b). The amount of pS129-asyn staining was dramat-
ically reduced in 14-3-36 transgenic neurons treated with 0.5
wg/ml PFFs at 10 and 14 d after PFF treatment (Fig. 11a,b; two-

way ANOVA, genotype: F(; 55y = 102, p < 0.0001; time: F, 5, =
19.51, p < 0.0001; interaction: F(, ,5) = 12.53, p = 0.0001). Sim-
ilar results were observed with 1 ug/ml PFF treatment at 10 and
14 d (Fig. 11b; two-way ANOVA, genotype: F(, 55, = 20.45, p <
0.0001; time: F, 55y = 3.789, p = 0.0341; interaction: F(, o) =
1.177, p = 0.3219). Western blot analysis confirmed these find-
ings, with less pS129 asyn in the soluble and insoluble fractions
from 14-3-36 neurons compared with nontransgenic neurons
treated with PFFs (Fig. 11e; unpaired, two-tailed ¢ test: ¢, = 8.14,
p =0.0148).

PFF treatment induces significant neuronal death at 14 d
after PFF treatment, after the initiation of asyn aggregation
(Volpicelli-Daley et al., 2011). We measured neuronal counts in
primary neuronal cultures treated with PFFs at 1 ug/ml, and
observed a 45% loss in neuronal counts in nontransgenic cultures
treated with PFFs compared with those treated with PBS (Fig.
11c). Neuronal loss induced by PFFs was mitigated to 20% in
14-3-30 neuronal cultures (Fig. 11¢; two-way ANOVA, genotype:
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Fiis0) = 7431, p = 0.0106; time: F, 5, = 25.86, p < 0.0001;
interaction: F, 39, = 6.456, p = 0.0047).

We next examined the effect of 14-3-3 inhibition on PFF-
induced aggregation and neuronal death. Hippocampal cultures
from difopein-eYFP transgenic mice, which have difopein-eYFP
expression in the hippocampus (Fig. 12d; Lavalley et al., 2016),
showed no evidence of pS129-asyn staining in response to PBS or
monomeric asyn staining (Fig. 12a,b). pS129-asyn-positive ag-
gregation was increased in difopein neurons treated with 0.5
ug/ml PFFs compared with nontransgenic neurons (Fig. 12a,b;
two-way ANOVA, genotype: F(, 3oy = 40.17, p < 0.0001; tim:e
Fp50) = 111.8, p < 0.0001; interaction: F, 5, = 7.966, p =
0.0017). pS129-asyn-positive aggregation was also increased in
difopein neurons treated with 1 wg/ml PFFs (Fig. 12b; two-way
ANOVA, genotype: F(; 45, = 10.63, p = 0.0022; time: F, 45, =
48.28, p < 0.0001; interaction: F, 4,y = 0.5827, p = 0.5628) but
not as dramatically, potentially suggesting a upper limit to the
amount of aggregation that can be induced. Western blot analysis
showed an increase in pS129-asyn levels in the lysates from difo-

pein neurons treated with PFFs compared with nontransgenic
neurons (Fig. 12e¢; soluble fraction: unpaired, two-tailed t test:
tyy = 18.19, p < 0.0001; insoluble fraction: unpaired, two-tailed
ttest: £,y = 4.82, p = 0.0085). Neuronal loss induced by PFFs was
observed earlier in difopein cultures at 10 d after PFF treatment at
0.5 pg/ml, at a time point when neuronal loss is normally not
observed in wild-type cultures (Fig. 12¢; two-way ANOVA, geno-
type: F, 30, = 21.37, p < 0.0001; time: F, 50, = 38.37, p < 0.0001;
interaction: F, o) = 3.256, p = 0.0525). At 14 d after treatment,
difopein cultures showed a 31% increase in neuronal death com-
pared with nontransgenic cultures (Fig. 12¢).

14-3-30 reduces propagation in the preformed fibril model

To test whether 14-3-36 can block cell-to-cell spread of patho-
genic asyn in the PFF model, we used microfluidic culture
devices with three separate compartments connected by micro-
grooves. We plated nontransgenic or 14-3-36 neurons in the first
compartment and nontransgenic neurons into the second and
third compartments (Fig. 13b). PFFs were added to the first com-
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induces the misfolding of cesyn (green) in these neurons (7).

partment at DIV5 (Fig. 13b). PFF spread into the other compart-
ments is prevented by hydrostatic pressure differences between
compartments (Park et al., 2006). At 14 d after PFF treatments,
PS129-asyn was detectable in all three chambers when nontrans-
genic neurons were plated in all three compartments, with a gra-
dient of highest pS129-asyn in Chamber 1 to lowest pS129-asyn
in the most distal chamber (Fig. 13a,c,d). When 14-3-36 neurons
were plated in the first compartment and treated with 0.5 wg/ml
PFFs, pS129-asyn staining was dramatically reduced in all three
compartments, with almost no detectable pS129-asyn in Cham-
bers 2 and 3 (Fig. 13¢; unpaired, two-tailed ¢ test corrected for
multiple comparisons by Holm-Sidak method; Chamber 1:
t) = 3.547, adjusted p = 0.0359; Chamber 2: ¢4, = 2.679, ad-
justed p = 0.0366; Chamber 3: t5, = 3.769, p = 0.0359). Similar
results were observed when neurons were treated with 1 ug/ml
PFFs (Fig. 13a,d; unpaired, two-tailed ¢ test corrected for multiple
comparisons by Holm-Sidak method; Chamber 1: ¢, = 8.001,
adjusted p < 0.0001; Chamber 2: t,,,) = 5.033, adjusted p =
0.00018; Chamber 3: ¢,,) = 7.126, p < 0.0001). Conversely, when
difopein neurons were plated in the first compartment, we saw a
significant increase in pS129-asyn-positive aggregates in Cham-
bers 2 and 3 compared with microfluidic devices plated with only
nontransgenic neurons in all chambers at 14 d after 0.5 ug/ml
PFF treatment (Fig. 14b; unpaired, two-tailed ¢ test corrected for
multiple comparisons by Holm-Sidak method; Chamber 1:
taay = 6.879, adjusted p < 0.0001; Chamber 2: t,,, = 4.797,
adjusted p = 0.00087; Chamber 3: £,,, = 4.209, p = 0.00121) or
1 pg/ml PFF treatment (Fig. 14a,¢; unpaired, two-tailed ¢ test
corrected for multiple comparisons by Holm-Sidak method;

Model for 14-3-36's effects on asyn propagation. a, Under normal circumstances, 14-3-36 prevents intracellular
asyn aggregation by acting as a chaperone to prevent misfolding of intracellular aesyn (1) and by promoting the release of aesyn
(2). Extracellularly, aesyn is complexed with 14-3-36 which prevents its uptake and seeding in surrounding neurons (3). b, In the
disease state, there is a deficiency of 14-3-36 compared with cesyn. 14-3-30 no longer adequately acts as a chaperone to prevent
asyn misfolding (4). In addition, with reduced levels of 14-3-36), less cesyn is released such that more misfolding cesyn substrate
remains intracellularly to initiate more misfolding (5). Any asyn that is released is not adequately complexed with 14-3-36 and is
available for uptake by surrounding neurons (6). a:Syn that is taken up by surrounding neurons has seeding capabilities and
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Chamber 1: t, = 5.369, adjusted p =
0.00513; Chamber 2: t, = 3.879, ad-
justed p = 0.0163; Chamber 3: t, =
1.935, p = 0.101).

Discussion

Our data demonstrates that 14-3-30 regu-
lates the pathologic transmission and tox-
icity of asyn in two different asyn models.
Using a paracrine model, we observed
that 14-3-36 overexpression in isyn cells
blocked asyn oligomerization, seeding,
and toxicity, whereas 14-3-3 inhibition in
isyn cells promoted asyn oligomerization,
seeding, and toxicity. In the fibril model,
asyn fibrils induced less asyn aggregation
and neuron loss in 14-3-36 cultures,
whereas 14-3-3 inhibition accelerated
asyn aggregation and neuron death. The
ability of 14-3-36 to reduce asyn spread
from neuron to neuron was highlighted
by our studies in multichamber devices.
14-3-3 inhibition promoted spread of
asyn pathology to distal chamber neurons
not exposed directly to asyn fibrils,
whereas 14-3-360 overexpression blocked
the spread to distal chamber neurons.

The advantage of the paracrine model
is that it allows us to tease apart the differ-
ent cellular processes required for spread,
including release, seeding, and uptake.
Our studies in the paracrine model illus-
trate the mechanisms by which 14-3-36
regulates pathogenic asyn spread. Our
findings point to 14-3-36 as a chaperone
to regulate asyn propagation: despite promoting asyn release,
14-3-360 was complexed with released asyn and the released asyn
was less likely to oligomerize or promote asyn seeding. This con-
formational change in asyn by the presence of 14-3-36 also pre-
vented asyn internalization and/or promoted asyn degradation
by surrounding neurons.

These findings point to the following model of 14-3-36 as an
endogenous regulator of pathogenic asyn transmission (Fig. 15).
Under normal conditions, we propose 14-3-30 levels are suffi-
cient to promote normal asyn folding and prevent its ability to
take on conformations that promote seeding. Misfolded asyn
molecule is secreted by 14-3-36-dependent mechanisms to pre-
vent its interaction with normally folded intracellular asyn
molecules and thus reduce the likelihood of intracellular propa-
gation. Any released asyn is complexed with 14-3-36 which can
help to refold asyn into a less seed-competent state. As a result,
14-3-360 may reduce the uptake of released asyn by other neurons
and/or indirectly promotes its degradation if internalized. 14-
3-36 could potentially interfere with asyn uptake through cell
surface receptors, such as LAG3 (Mao et al., 2016).

Under conditions in which asyn levels are increased, the
amount of 14-3-36 is not sufficient to appropriately regulate
asyn folding. Indeed the stoichiometric ratio of asyn to 14-3-3sis
critical in 14-3-3s’ ability to regulate asyn in vitro (Plotegher et
al., 2014). With a reduction in 14-3-36, less asyn is released ex-
tracellularly, thus potentially allowing for more intracellular mis-
folded asyn substrate molecules to potentiate intracellular
misfolding. Although asyn release may be reduced under low
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14-3-36 conditions, any asyn that is released is not appropriately
complexed with 14-3-360 and takes on a pathologic conformation
that promotes its oligomerization, seeding, and uptake as sup-
ported our data. Overexpression of 14-3-30 is able to reestablish
this homeostatic process: when we overexpress 14-3-36 in the
presence of excess asyn, 14-3-36 resets the cellular balance by
refolding intracellular asyn directly through chaperone function
and potentially indirectly by kicking out aggregation-prone asyn
out of the cell. Any released asyn is complexed with 14-3-36 to
reduce its seeding potential and uptake.

Whether low 14-3-3 levels are a prerequisite to initiate asyn
transmission or if they perpetuate asyn propagation after the
process has first started is unknown. An age-related reduction in
soluble 14-3-3 levels has been observed in Caenorhabditis elegans
and rodent aging models (David et al., 2010; VanGuilder et al.,
2011). Low 14-3-3s during aging could set the stage for asyn
misfolding, which could be accelerated by other genetic and en-
vironmental factors. Another possibility is that other processes,
such as age-related dysfunction of protein degradation (Tonoki
et al., 2009; Yamaguchi and Otsu, 2012; Tan et al., 2014), lead to
elevated asyn levels which then causes the reduction in 14-3-3
levels; leading to a vicious cycle to further potentiate asyn pathol-
ogy. We previously showed that elevated asyn reduces 14-3-3
expression in cellular and mouse asyn models (Yacoubian et al.,
2010; Dingetal., 2013). We also observed reduced soluble 14-3-3
levels in human DLB (McFerrin et al., 2017), yet whether this
occurs early or late in the disease process is unknown. Whether
misfolded asyn or low 14-3-3 levels initiate the process, it is clear
that the balance of 14-3-36 levels to asyn levels is critical to slow-
ing or accelerating asyn propagation.

A surprising finding is that an increase in the total amount of
asyn released into the CM did not translate to increased toxicity
as one may predict. Our studies reveal that asyn release is re-
quired for non-cell autonomous asyn toxicity but is not suffi-
cient. The form of asyn released is critical; based on our data,
release of oligomeric and seed-competent asyn is implicated in
toxicity. Buffering of released asyn with chaperones such as 14-
3-3s may allow for the release of misfolded asyn from cells in
which it is produced without causing inadvertent “friendly fire”
toxicity to normal neighboring neurons. In the disease state, lev-
els of 14-3-3s are relatively reduced compared with excess asyn
and thus could fail to buffer misfolded asyn. 14-3-360 overexpres-
sion reduces oligomerization and seeding capability of released
asyn in our studies.

Our findings suggesting that 14-3-36 reduces asyn internal-
ization also point to the likelihood that uptake of asyn is also
important to its toxicity. We hypothesize that uptake of released
asyn in the paracrine model causes seeding of endogenous asyn
into aggregates and ultimately toxicity, similar to that observed in
the fibril model. However, we cannot rule out the possibility that
released asyn could cause direct neuronal death that is not de-
pendent on uptake into the cytoplasm. Additionally, our data
showing a reduction in staining for human asyn in neurons ex-
posed to CM from 14-3-36-overexpressing isyn cells (Fig. 10)
may instead reflect alterations in protein degradation instead of
differences in uptake. Human asyn in the CM from isyn cells
overexpressing 14-3-360 may be more readily degraded in exposed
neurons, possibly due to its conformation state.

aSyn associated with exosomes was not toxic in our paracrine
model, in contrast to other studies suggesting that asyn release
through exosomes is responsible for asyn toxicity (Emmanouili-
douetal., 2010; Danzer etal., 2012; Stuendl et al., 2016; Ngolab et
al., 2017). Only ~0.6% of total asyn was found in the exosomes
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when released from isyn cells. It is unclear whether asyn released
by the non-exosomal fraction has properties that make it more
toxic, or whether it is the relative quantity of pathogenic asyn
released that is responsible for the difference noted in the toxici-
ties of these fractions. Multiple release mechanisms, including
possibly exosomal release, are likely responsible for asyn release
and could vary between different neuronal populations and at
different stages of disease.

In conclusion, 14-3-36 regulates asyn transmission in two
separate asyn models. Given evidence that 14-3-3s are re-
duced in asyn models and disease, methods to restore 14-3-3
function could serve as a means to reduce asyn propagation in
synucleinopathies.
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