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Abstract

The predominantly pre-synaptic intrinsically disordered protein a-synuclein is prone to misfolding and aggregation in
synucleinopathies, such as Parkinson’s disease (PD) and Dementia with Lewy bodies (DLB). Molecular chaperones play
important roles in protein misfolding diseases and members of the chaperone machinery are often deposited in Lewy bod-
ies. Here, we show that the Hsp90 co-chaperone STI1 co-immunoprecipitated a-synuclein, and co-deposited with Hsp90
and Hsp70 in insoluble protein fractions in two mouse models of a-synuclein misfolding. STI1 and Hsp90 also co-localized
extensively with filamentous S129 phosphorylated a-synuclein in ubiquitin-positive inclusions. In PD human brains, STI1
transcripts were increased, and in neurologically healthy brains, STI1 and a-synuclein transcripts correlated. Nuclear Mag-
netic Resonance (NMR) analyses revealed direct interaction of a-synuclein with STI1 and indicated that the STI1 TPR2A,
but not TPR1 or TPR2B domains, interacted with the C-terminal domain of a-synuclein. In vitro, the STI1 TPR2A domain
facilitated S129 phosphorylation by Polo-like kinase 3. Moreover, mice over-expressing STI1 and Hsp908 presented elevated
a-synuclein S129 phosphorylation accompanied by inclusions when injected with a-synuclein pre-formed fibrils. In contrast,
reduced STI1 function decreased protein inclusion formation, S129 a-synuclein phosphorylation, while mitigating motor
and cognitive deficits as well as mesoscopic brain atrophy in a-synuclein-over-expressing mice. Our findings reveal a vicious
cycle in which STT1 facilitates the generation and accumulation of toxic a-synuclein conformers, while a-synuclein-induced
proteostatic stress increased insoluble STI1 and Hsp90.

Keywords Chaperone - Hsp90 - Hsp70 - STIP1 - HOP - Parkinson’s - Lewy body - Touchscreens - a-Synuclein -
Neuropathology - AS3T - Pre-formed fibrils

Introduction

The a-synuclein gene (SNCA) is causally linked to Parkin-
son’s disease (PD) and Dementia with Lewy bodies (DLB)
[5, 96, 112, 113], protein misfolding diseases collectively
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known as synucleinopathies. In these diseases, a-synuclein
protein misfolds, is cleaved and aggregates into proteina-
ceous and membranous inclusions known as Lewy bodies
and Lewy neurites, where it is found to be phosphorylated
at serine residue 129 (S129) [3, 53, 123]. Notably, higher
expression and mutations in SNCA increase a-synuclein
protein propensity to misfold [33, 34]. Somewhere in the
continuum between misfolding and deposition in Lewy bod-
ies, a-synuclein becomes toxic, leading to malfunction and
degeneration of vulnerable neurons.

a-synuclein is an abundant pre-synaptic protein that
associates with synaptic vesicle membranes [1, 22, 24, 88,
91, 124]. At membranes, a-synuclein can reorganize into
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ordered high-molecular-weight helical multimers [23, 124],
including tetramers that seem to be necessary for its physi-
ologic functions [7, 50, 59]. Recent work suggested that
most cytoplasmic a-synuclein seems to be complexed with
molecular chaperones in cells when it is not associated with
membranes [21].

The concerted actions of chaperones and co-chaperones
are essential for protein folding, stabilization, refolding, and
targeting for degradation; their involvement in synucleinopa-
thies is broadly supported [45, 63, 99]. Notably, the chap-
erone Hsp90 is abundantly deposited in Lewy bodies and
has been associated with insoluble protein fractions in both
humans with PD and mouse models of synucleinopathies
[19, 79, 121]. Interestingly, inhibition of Hsp90 in cultured
cells promoted a-synuclein interaction with mitochondrial
membranes and its oligomerization [21].

Other chaperones and co-chaperones are also found in
Lewy bodies [79, 90, 121]. Recent proteomics analysis of
Lewy body formation in cultured primary neurons detected
early accumulation of the Hsp90 regulatory co-chaperone
Stress-inducible phosphoprotein 1 (STIP1, STI1 or HOP
for Hsp-organizing protein) with misfolded a-synuclein
[86]. STI1 is important for the chaperone cycle by bridging
Hsp70 and Hsp90 and regulating Hsp90 ATPase activity
[37, 68, 77, 125]. STI1 also works as a scaffold to recruit
proteins to Hsp90 [116, 125] and can be secreted by cells
to provide neuroprotective signals via the prion protein
[9, 10, 12, 81, 129]. Notably, STI1 and Hsp90 can reduce
a-synuclein oligomerization in vitro [38], and Hsp90 has
also been suggested to either decrease or increase fibril for-
mation depending on the presence of ATP [47]. STI1 is also
one of the co-chaperones found to interact with a-synuclein
in a proteomics analysis in cultured cells [21]. In response
to proteostatic stress, the chaperone machinery (the chaper-
ome) becomes abnormally connected, forming the epichap-
erome, which is deleterious for neuronal function [57, 64].
STII is a critical epichaperome regulator and reducing the
levels of STII collapsed the abnormal connectivity of the
epichaperome in cancer cells [30, 102].

The role played by chaperones and co-chaperones in
a-synuclein misfolding and toxicity and how misfolded
a-synuclein affects chaperome function is incompletely
understood. Here, we report that STI1 mRNA is increased
in Parkinson’s brains, and we demonstrate a direct inter-
action of the TPR2A domain of STI1 with the C-termi-
nal region of a-synuclein, which seems to play a role in
regulating a-synuclein phosphorylation. Mouse models
of synucleinopathy present increased levels of aggregated
chaperones and STI1; however, elevated levels of STI1 and
Hsp90 increased aggregation of a-synuclein and its S129
phosphorylation (psyn129) in vivo. Conversely, reduced
levels of STI1 decrease psyn129 inclusions, brain atrophy,
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and rescued high-level cognitive deficits in a mouse model
of synucleinopathy. These findings illuminate the roles of
STI1 in regulating the accumulation and toxicity of mis-
folded a-synuclein in vivo and suggest that targeting the
interaction of STI1 with a-synuclein may modulate disease
progression in synucleinopathies.

Materials and methods
Animals

Mice over-expressing the human A53T mutation in the
SNCA gene under control of the mouse prion promoter
[56, 82] (M83 line) were obtained from Jackson Labo-
ratory on a C57BL/C3H background (B6;C3-Tg(Prnp-
SNCA*A53T)83Vle/J, RRID:IMSR_JAX:004,479). STI1-
ATPR1 and TgA mice, both on C57BL/6 backgrounds
were generated as described previously [13, 75]. Homozy-
gous M83 (+/+) mice were bred with STI1-ATPR1 het-
erozygous mice [75] or STI1-TgA+ mice [13]. Subse-
quent breeding generated M83 hemizygous (+/—) or M83
homozygous (+/4) containing different sets of STI1 alleles
including STI1 wild type (STIIWT), STII heterozygous
(WT/ATPR1; AHET), or homozygous (ATPR1/ATPR1;
ATPR1). Homozygous M83 (4/4) mice were also bred
with STI1-TgA+ mice [13] to generate M83 hemizygous
(+/—) containing either normal levels of STII or over-
expressing STI1(M83+/—:TgA). Mice were generated and
maintained on the mixed C57BL/C3H and C57BL/6 back-
grounds. Littermates were used for experiments.

Mice were housed in standard plexiglass cages and were
given ad libitum access to food (Harlan), unless they were
used for behavioral experiments (see below), and ad libi-
tum access to water in temperature and humidity-con-
trolled rooms (22-25 °C and with 40-60%, respectively)
on a light/dark cycle from 7 am to 7 pm. M83+/+ and
M83+/—mice were usually housed alone due to aggressive
behavior, or with one-two other littermates if fighting was
not present. For M83+4/—:STI1 mouse studies, mice were
aged to 3—4 months before receiving intracerebral injection
of wild-type human a-synuclein pre-formed fibrils, and
then, brain tissue was collected 3—4 months after surgery.
M83+4/+:ATPR1 mice were aged to 11-12 months (at this
age, 50% of M83+/+ cohort showed body weight loss and
motor impairments [56]), and then, tissues were collected
for experiments. Given the exploratory nature of these ini-
tial experiments and the correlations found in humans for
STIP1 and HSP90ABI in men and the predominance of PD
in men [6], sex was not studied as a biological variable and
we used male mice for all the experiments.
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Animal housing and food restriction for cognitive
and motor behavior analysis

Non-transgenic (WT), M83+/+ :STIIWT, and
MS83+/+ :AHET mice that underwent behavioral tasks were
singly housed (due to fighting and aggressive behavior). Mini-
mum environmental enrichment was provided to the mice and
cages were changed weekly. All tasks in the touchscreen bat-
tery are motivated by strawberry milkshake (Nielson—Saputo
Dairy Products) reward. Thus, to ensure adequate motivation
to work for food rewards, mice (12—-14 weeks or older) were
food-restricted at least 2 weeks prior to the start of behavio-
ral testing and were maintained at 85% of free feeding body
weight until the end of the touchscreen experiments [11, 13].
All mice were weighed, and food pellets ranging from 1.5-3 g
(3.35 kcal/gram) were delivered to animals upon return to
their respective home cage after daily testing. Food pellets
are commercially available at Bio-Serv in Flemington, New
Jersey (0.5 g, Cat# FO171 and 1 g Cat# F0173).

Ethics statement

Animals were bred and housed at the University of West-
ern Ontario animal facility and were managed and treated
according to the Canadian Council of Animal Care (CCAC)
guidelines and approved Animal Use Protocols (2020-162,
2020-163).

Transcriptomic analysis

Differential expression (DE) of chaperone transcripts was
assessed in the Substantia Nigra (SN), Medial Temporal
Gyrus (MTG), and amygdala of PD (n=13,9,10) vs. healthy
(n=28,8,7) donors using Tukey HSD after two-way ANOVA
(Transcript_levels ~ Brain_region * PD.or.Ctrl) with False
Discovery Rate (FDR) correction. Samples were obtained
from the Netherlands Brain Bank (NBB). Tissue samples
from PD patients and control donors taken post-mortem were
received from the NBB after submission of a thoroughly
justified application. The NBB obtained a written consent
for brain autopsy (for research purposes) from donors from
which tissues were collected. Correlation between chaperone
and a-synuclein transcripts (Pearson followed by FDR cor-
rection) was assessed using the GTEx database (Genotype-
Tissue Expression Project, extracted from the GTEx portal
on 05.04.20) consisting of gene expression from previously
healthy post-mortem donors. Analyzed data included four
brain regions—putamen (n = 124), cortex (n=158), substan-
tia nigra (n=_88), and amygdala (n=100). In each region,
samples were divided into aged (6080 years) and young
(20-59 years) men and women. See Supplementary Tables 1
& 2 for information on donor samples from PD patients and
healthy donors, respectively.

Human wild-type (WT) a-synuclein pre-formed fibril
(PFF) generation and characterization

Human WT a-synuclein PFFs were generated as described
previously [115, 122]. Briefly, wild-type a-synuclein
tagged with GST in the pGEX-6P-1 plasmid was expressed
in BL-21(DE3) E. coli. Protein was purified with Glu-
tathione Sepharose® 4B resin (GE Healthcare), followed
by cleavage of the GST tag with the GST-HRV 3C pro-
tease, and purification through a GSTrap 4B column (GE
Healthcare). Chromogenic endotoxin quantification kit
(Thermo Scientific) was used to assess whether the lev-
els of endotoxin were < 1 EU/mg of protein. PFFs were
prepared by shaking monomeric a-synuclein (Thermo-
Mixer, Eppendorf) at 1000 rpm, 37 °C for 5 days. Next,
PFFs were sonicated using a Bioruptor® Plus sonica-
tion unit (Diagenode). Sonicated PFFs were aliquoted
to smaller 20-25 pl volumes prior to storage at — 80 °C.
Both electron microscopy and dynamic light scattering
were used for the characterization of a-synuclein mono-
mers and PFFs, confirming that PFFs were successfully
sonicated from batch to batch, and that the mean size pro-
file was < 100 nm in diameter by dynamic light scattering
(DLS). PFFs were stored at — 80 °C and thawed to room
temperature prior to experimental use.

Stereotaxic intracerebral injections of WT human
a-synuclein PFFs

Intracerebral injections were performed as described previ-
ously [82]. Briefly, 3—4-month-old male mice were anesthe-
tized with Isoflurane (Cat# CP0406V2, Fresenius Kabi) at
4% and O, flow maintained at 0.8 L/min in a closed cham-
ber, and once unconscious, animals were moved to the stere-
otaxic apparatus inside a biological safety cabinet and kept
at 2.0-3.0% isoflurane throughout surgery, connected to a
nose mask adaptor. Mice also received 5 mg/kg Metacam
(Meloxicam, NADA 141-219) intraperitoneally after being
transferred to the stereotaxic apparatus. Animals received a
single injection of either 2.5 pl of PFFs (12.5 pg from 5 mg/
ml PFFs) or 2.5 pl of sterile PBS in the dorsal neostria-
tum of the right hemisphere 4+ 0.2 mm relative to bregma
(AP),+2.0 mm from the midline (LV). The Hamilton
syringe was lowered to a depth of 3.0 mm and brought back
up 0.4 mm to a final depth of 2.6 mm (DV). The injection
material was infused at a flow rate of 250 nl/min, taking a
total of 10 min. One-to-two minutes after finishing the injec-
tion, the Hamilton syringe was slowly withdrawn, and the
incision sutured. Animals were allowed to recover and were
tested up to 14—16 weeks post-injection (wpi). Paralysis or
significant health decline was observed in the majority of
mice at this time point.
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Tissue collection and processing

Tissue was collected either for whole brain histology or dis-
sected and stored at — 80 °C for biochemistry. For histology,
animals were anesthetized with a lethal overdose of keta-
mine (100 mg/kg) and xylazine (20 mg/kg) in 0.9% sterile
saline. Once unconscious and non-responsive, animals were
transcardially perfused with ice-cold 1X PBS followed by
cold 4% paraformaldehyde (PFA) [70, 74, 75]. M83+/—,
M83+/—::ATPR1, M83+/—:TgA mutant PFF-injected mice
whole brains were collected and stored in 4% PFA for 24 h
before transferred to 15% sucrose in 1X PBS for 24 h, then
30% sucrose for an additional 48 h, to allow for visualiza-
tion of a-synuclein pathology in both hemispheres post-PFF
injection. Brain tissue was frozen in Cryomatrix embedding
media (Cat# 67-690-06, Thermo Scientific: Shandon) on dry
ice, and then stored at — 80 °C. Tissue was cut at 15-25 ym
on Leica CM1950 Cryostat and sections were mounted
directly onto SuperFrost Plus Slides (Fisher Scientific) left
to air dry and then stored at — 80 °C or stored free-floating in
1X PBS +0.02% azide (PBS-N) at 4 °C, until use. For bio-
chemistry experiments, tissue was dissected on ice and flash
frozen on dry ice before being stored at — 80 °C. Likewise,
for M83+/+:STI1-WT and for M83+/+ :ATPR1 mice, tis-
sues used for biochemistry experiments were collected from
mice cervically dislocated and rapidly dissected on ice, flash
frozen, and stored at — 80 °C.

Immunohistochemistry

For phospho-S129 a-synuclein (psynl129), GFAP, ubiq-
uitin, or Hsp90 immunofluorescent labelling, frozen sec-
tions were brought to room temperature (RT) and washed
twice with 1X TBS for 5 min each, followed by boiling in
10 mM Sodium Citrate +0.02% Tween (pH 6.1) antigen
retrieval buffer at 95 °C for 20 min. Slides were then cooled
to RT in a bucket of ice, in the same buffer, for 3040 min.
Sections were washed once with 1X TBS for 5 min, and
then permeabilized in three washes of TBS +0.2% Tri-
ton, 5 min each. Sections were then blocked for 1.5 h in
5% Donkey Serum, 2% Normal Goat serum in TBS, and
0.2% Triton at RT. Primary antibodies were diluted in the
blocking buffer and sections were incubated for 16-18 h
at 4 °C. Primary antibodies used were: anti-Human alpha
Synuclein phospho (Ser129) (1:2000, Cat# ab51253,
Abcam, RRID:AB_869973), Anti-Alpha-synuclein (phos-
pho S129) antibody (1:2000 MJF-R13 ab168381, Abcam,
RRID:AB_2728613), anti-GFAP (1:400, Cat# ab4674,
Abcam, RRID:AB_304558), anti-ubiquitin (1:50, Cat#
ab7254, Abcam, RRID:AB_305802), anti-Hsp90 (1:50, Cat#
4877, Cell Signaling Technology, RRID:AB_2233307), and
anti-Hsp90 (1:50, ab59459, Abcam, RRID:AB_942030).
After primary antibodies were removed, sections were

@ Springer

washed 3 times with TBS +0.2% Triton and then incu-
bated with secondary antibodies: donkey anti-rabbit
Alexa Fluor 647 (1:500, Cat#A-31573, ThermoFisher,
RRID:AB_2536183), goat anti-mouse Alexa Fluor 488
(1:500, Cat# A-11001, ThermoFisher, RRID:AB_2534069),
goat anti-chicken Alexa Fluor 488 (1:500, Cat# A-11039,
ThermoFisher, RRID:AB_2534015), or donkey anti-mouse
Alexa Fluor 546 (1:500, Catalog # A-10036, ThermoFisher
RRID:AB_2534012) for 2 h at RT. After 3 washes, sec-
tions were stained with Hoechst 33342 (1:1000, Cat#62249,
ThermoFisher) for 10 min, rinsed twice with TBS, and then,
autofluorescence was quenched using TrueBlack Lipofus-
cin Autofluorescence Quencher (Cat# 23007), following
the manufacturer’s instructions. Immunofluorescent label-
ling for STI1 (1:400, Bethyl Laboratories) or STI1 (1:300,
H00010963-M35, RRID:AB_10718570) was performed
as previously described [74]. As described above, cryosec-
tions were brought to room temperature from — 80 °C and
subjected to sodium citrate antigen retrieval. After TBS
washes, sections were blocked in 2% horse serum, 2% nor-
mal goat serum, 1% BSA, and 0.3% Triton-X-100 in TBS for
1.5 h at room temperature. STI1 (1:300, HO0010963-M35,
RRID:AB_10718570) was co-labelled with anti-psyn129
(1:1000, Cat# ab184674, Abcam, RRID:AB_2819037) or
Anti-Alpha-synuclein (phospho S129) antibody (1:5000,
MIJF-R13 ab168381, Abcam, RRID:AB_2728613), and sec-
tions were put in blocking buffer with appropriate antibody
concentrations as described above and incubated overnight
at 4 °C. After 3 washes in TBS, sections were incubated with
secondary antibodies. To reduce background autofluores-
cence, a goat anti-rabbit Alexa 633 (1:500, Cat# A-21063,
RRID:AB_2535727) was used for STI1. For psyn129 rabbit
antibodies, a goat anti-rabbit Alexa 488 antibody (1:500,
Cat# A-11034, AB_2576217) was used. Autofluorescence
was quenched as described above. Whole-section images
were captured using EVOS Thermo Auto FL 2 (Ther-
moFisher) 20X objective (N.A. 0.4), or Leica DM6B Thun-
der Imager 20X (N.A. 0.8).

Colocalization images were captured using either Leica
TCS SP8 confocal microscope using a 40X (N.A. 1.3) and
63X (N.A. 1.4) or Leica DM6B Thunder Imager with a 40X
(N.A. 0.95) and 63X (N.A. 1.4) objectives. For qualitative
imaging, at least 3 sections obtained from 2—3 mice per geno-
type were imaged. During initial fluorescence examination,
experimenter compared relative signals to ensure that fluo-
rescence signal saturation would not occur in the parameters
used. Once appropriate parameters were established, the same
settings were used for each genotype and the experimenter
was blinded to genotype to acquire images used in the manu-
script. Percent area quantification was performed using Fiji
ImageJ (NIH) by separating channels, converting images
to 8 bit, then setting an image threshold and using “Meas-
ure > Area Fraction function”. Brightness and contrast and
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threshold settings for each channel were identical between
sections and genotypes and the experimenter was blind to
conditions and genotype during analyses. For experiments
in which we provide quantitative measures, 3—6 sections per
mouse were obtained from 5-6 mice per genotype and the
procedure used to blind the experimenter was the same.

Co-staining of Amytracker
and phosphorylated alpha-synuclein
antibody

For co-staining of psyn129 and Amytracker, a fluorescent
dye that binds specifically to the B-sheet structure of amy-
loid-like protein aggregates [86], the manufacturer proto-
col was followed (Ebba Biotech) with some modifications.
At first, brain sections were mounted onto Superfrost Plus
slides. Then, sections were washed with 1X TBS and per-
meabilized by washing them 3 times in TBS +0.2% Triton,
5 min each. Sections were incubated with 5% donkey serum,
2% normal goat serum in TBS +0.2% Triton at room tem-
perature for 1 h, and then were processed for immunostain-
ing by overnight incubation at 4 °C in the primary antibodies
of anti-Human alpha-synuclein phospho (Ser129) (1:2000,
Cat# ab51253, Abcam, RRID: AB_869973) diluted in the
blocking buffer. After rinsing three times with TBS +0.2%
Triton, sections were incubated with the secondary goat
anti-rabbit Alexa 488 antibody (1:500, Cat# A-11034,
AB_2576217) for 2 h at room temperature. Brain sections
were washed with TBS three times, and then stained with
Hoechst 33342 (1:1000, Cat#62249, ThermoFisher) for
10 min, followed by rinsing with TBS 2 times. The sections
were washed for 5 min with PBS and then incubated with the
Amytracker tracer (1:1000, Cat# AmytrackerTM630, Ebba
Biotech) for 30 min. Finally, the sections were washed 2
times with PBS, 5 min each. Whole section and colocali-
zation images were captured using Leica DM6B Thunder
Imager with 63X (N.A. 1.4) objective.

Western blotting

Immunoblotting was performed as described previously [12,
74,75, 92]. For biochemical analyses, tissue was collected
as described above. For M83+/+ :ATPR1 animals, only one
hemisphere was dissected after transcardial perfusion with
ice-cold PBS. For M834/—:TgA and M83 +/—::ATPR1
mutant mice, hemispheres were separated to allow for dis-
tinguishing of injected (ipsilateral) vs non-injected (con-
tralateral) hemisphere from PFF-injected and PBS-injected
mice. To obtain whole-cell lysates, tissue was homogenized
in ice-cold RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl,
5 mM EDTA, 0.1% SDS, 0.5% Sodium Deoxycholate, 1%
Triton-X 100) with phosphatase inhibitors (1 mM NaF and

0.1 mM Na;VO,) and protease inhibitor cocktail (1:100,
Catalog#539,134-1SET, Calbiochem), further lysed by
suction through 1 cc syringe, and then sonicated at 4 °C
with 3 pulses for 7 s each. Tissue was left to rock at 4 °C
for 20 min, and then centrifuged for 20 min at 10,000 X g.
Supernatant was collected as RIPA soluble fraction. The
RIPA-insoluble pellet was then resuspended in 2% SDS
and 4 M Urea, known to solubilize a-synuclein oligomers
and aggregates [126], sonicated and then centrifuged for
20 min at 13,000 X g to isolate SDS/Urea-soluble fraction
(which constitutes insoluble protein, using modified proto-
cols [107]). Protein concentration was determined by Ther-
moFisher BCA protein assay (Cat# 23227) and 10-30 pg
of protein was loaded onto 4-12% Bis—Tris Gradient gels
(ThermoFisher) prior to protein transfer onto 0.2 um PVDF
membranes, (ThermoFisher). Membranes were fixed in
0.4% PFA for 30 min at RT and then were blocked with
5% milk in TBS-T (0.1% Tween) for 1 h at RT. For SDS/
Urea blots, membranes were stained with 0.1% Amido
Black, rinsed with water, and imaged prior to blocking,
to serve as total protein loading control. Membranes were
incubated with primary antibodies against anti-Human
alpha Synuclein phospho (Ser129) (1:1000, Cat# ab51253,
Abcam, RRID:AB_869973), Anti-Alpha-synuclein (phos-
pho S129) antibody (1:1000, MJF-R13 ab168381, Abcam,
RRID:AB_2728613), Anti-Human alpha Synuclein Mon-
oclonal Antibody, Clone LB 509 (1:1000, Cat# ab27766,
Abcam, RRID:AB_727020), anti-STI1 (1:5000, in-house
antibody generated by Bethyl Laboratories), anti-Hsp70
(1:750, Cat# ab2787, Abcam, RRID:AB_303300), and
anti-Hsp90 (1:1000, Cat# 4874, Cell Signaling Technology,
RRID:AB_2121214). Anti-actin HRP was used as protein
loading control (1:25,000, Cat#A3854, Sigma-Aldrich,
RRID:AB_262011) and secondary antibodies were sheep
anti-mouse HRP (1:5000, Cat#SAB3701095, Sigma-
Aldrich, RRID: N/A), and goat anti-rabbit HRP (1:10,000,
Cat#170-6515, BioRad, RRID:AB_11125142). Protein was
visualized using chemiluminescence detection technique and
imaged using ChemiDoc MP Imaging System (BioRad), and
densitometry was analyzed using BioRad ImageLab soft-
ware. Western blots were repeated at least 2-3 times with
4-5 animals per genotype usually run in a gel.

Co-immunoprecipitation

Cortical brain tissue was collected from cervically dislocated
adult mice and dissected on ice before stored at — 80 °C
until use for immunoprecipitation of endogenous STI1.
6—10-month-old WT mice on the C57BL/6 background [75]
and 10-11-month-old non-transgenic WT and M83+/+on a
C57BL/C3H background were used for experiments. Both
cortices per mouse were homogenized on ice in 50 mM
Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, and 1% Triton
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lysis buffer with phosphatase inhibitors (1 mM NaF and
0.1 mM Na;VO,) and protease inhibitor cocktail (1:100,
Catalog#539,134-1SET, Calbiochem), rocked for 25-30 min
at 4 °C, and then centrifuged for 20 min at 12,000 rpm. 5 pg
of protein (~0.1%) from each sample was taken and used to
make input samples, which were resuspended in 2X SDS
loading dye buffer and boiled at 95 °C for 10 min, then fro-
zen at — 20 °C. The supernatant above was collected and
protein concentration was determined using ThermoFisher
660 nm protein assay kit (Cat# 22662), with 4 mg of pro-
tein being used for immunoprecipitation. Protein lysates
for immunoprecipitation were pre-cleared using Protein G
Dynabeads (Cat # 10004D, Invitrogen) by rotation at 4 °C
for 30 min, and then incubated overnight with either 5 pg
of Normal Rabbit IgG antibody (Cat# 12-370, Millipore,
RRID:AB_145841) or 5 pg of STII antibody (in-house anti-
body generated by Bethyl Laboratories), rotating at 4 °C.
The following day, lysates were incubated with Protein G
Dynabeads (Cat# 10004D, Invitrogen) for 1 h at 4 °C with
rotation. Samples were then washed three times with lysis
buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA,
and 1% Triton lysis buffer with phosphatase inhibitors) and
resuspended in 2X SDS loading buffer and boiled at 95 °C
for 10 min. Input samples that were frozen overnight were
also boiled again for 10 min at 95 °C and samples were
loaded on 4-12% Bis—Tris Gradient gels (ThermoFisher)
and blotting procedure was performed as described above.
Experiments were repeated three times using the conditions
described above, with different mice being used for each
experiment (biological replicates). To obtain 4 mg of tissue,
at least 2 mice per genotype were used per IP reaction, and
lysed tissue of the same genotype was combined for each
experiment (equating to 6 mice/condition). Antibodies used
were: anti-Mouse a-synuclein (1:1000, Cat# 610787, BD
Biosciences, RRID:AB_398108), anti-Human alpha Synu-
clein phospho (Ser129) (1:1000, Cat# ab51253, Abcam,
RRID:AB_869973), Anti-Human alpha Synuclein Monoclo-
nal Antibody, Clone LB509 (1:1000, Cat# ab27766, Abcam,
RRID:AB_727020), anti-STI1 (1:5000, in-house antibody
generated by Bethyl Laboratories), and anti-Hsp90 (Cat#
4874, Cell Signaling Technology, RRID:AB_2121214).

Recombinant protein expression and purification

Uniformly '* N-labelled human a-synuclein was expressed
in E. coli BL21 (DE3) cells grown in minimal M9 medium
containing '"NH,CI (1 g/L) as the sole nitrogen source.
When the OD600 reached 0.8, 0.5 mM of IPTG was added
for induction. The cultures were incubated for 4 h at 37 °C
before they were harvested by centrifugation. Pellets were
washed with PBS and then stored at — 20 °C.

Bacterial pellets from 1 L of culture were resuspended in
25 mL of cold osmotic shock buffer (30 mM Tris—HCI pH
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7.2+ 40% Sucrose (w/v)+2 mM EDTA) and incubated at
room temperature for 10 min. Suspensions were briefly cen-
trifuged for 5 min at 13,000 X g at 4 °C and the supernatant
was discarded. The cell pellets were resuspended in 25 mL
cold water (4 °C) containing 20 pL of saturated MgCl, solu-
tion and briefly incubated on ice for 3 min. To remove bac-
terial spheroplasts, samples were centrifuged at 16,000 X g
for 10 min at 4 °C. Supernatant was then subjected to a
boiling water bath (100 °C) for 20 min followed by chilling
on NaCl-ice at — 20 °C for 20 min. The heat shocked protein
samples were clarified by centrifugation at 16,000 X g for
15 min at 4 °C. Supernatant was filtered through a 0.8 um
filter and ammonium sulfate was slowly added to a final con-
centration of 60%. The ammonium sulfate precipitation was
stirred for 1.5 h at 4 °C. Precipitated protein was recovered
by centrifugation at 16,000 X g for 30 min at 4 °C, dissolved
in a 20 mL volume of dialysis buffer I (25 mM Tris—HCI at
pH 8.0+ 1 mM EDTA), loaded into 3.5 K MWCO dialy-
sis tubing, and dialyzed overnight at 4 °C. Following sev-
eral exchanges of dialysis buffer, the sample was filtered
through 0.8 pm filter units and protein concentration was
estimated by Lowry assay. For NMR experiments, the pro-
tein was exchanged several times by dialysis into 20 mM
HEPES + 50 mM NacCl at pH 7.2 overnight at 4 °C. The
final a-synuclein protein was 0.20 um filtered, and concen-
trated with a 5 K MWCO Turbo VivaSpinl5 concentrator to
500 uM. Samples of the purification were analyzed by 10%
Tris-Tricine PAGE. A typical yield from 1 L of growth is
22-24 mg of a-synuclein.

pDEST17 (Invitrogen) expression plasmids encoding
full-length mouse STI1, TPR1 domain (residues 1-118),
TPR2A domain (residues 217-352), and TPR2B domain
(residues 353-480), all fused with N-terminal tobacco etch
virus (TEV) cleavable 6xHis tag, were transformed into E.
coli BL21 (DE3) pLysS for the recombinant protein expres-
sion. Expression and purification of recombinant full-length
mouse STI1 and the three TPR domains were performed as
previously described [85].

Phosphorylation of recombinant a-synuclein
at $S129 using PLK3

Approximately 5.2 mg of purified a-synuclein was added
to a 500 uL volume reaction containing 4.2 pg of Polo-like
kinase 3 (PLK3) (ThermoFisher PV3812), 50 mM HEPES,
10 mM MgCl,, 1 mM EGTA, 1 mM DTT, and 2 mM ATP,
and incubated overnight at 30 °C. Following incubation, the
sample was exchanged by dialysis overnight using a 5 mL 500-
1000Da MWCO dialysis cassette with 20 mM HEPES and
50 mM NaCl at pH 7.2. The protein was concentrated with a
5 KMWCO Vivaspin Turbo4 (Sartorius) to a volume of 1 mL
and Lowry protein assay was used to estimate the concentra-
tion. ~95% of the phosphorylated a-synuclein was recovered.
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For the S129 phosphorylation time-course experiments,
300 pg of purified a-synuclein was added to a 200 pL vol-
ume (105 uM) reaction containing 0.13 ug of PLK3 kinase,
50 mM HEPES, 10 mM MgCl,, | mM EGTA, 1 mM DTT,
and 2 mM ATP, and incubated overnight at 30 °C. For the
reaction with STI1 TPR1 or TPR2A domain included, an
equal molar quantity (105 uM) of purified TPR1 or TPR2A
was added to the reaction. Additionally, a reaction was done
with TPR1 at a mg/mL concentration (1.7 mg/mL) that
matched that of 105 uM TPR2A. All reactions were made
in duplicate, and each replicate was incubated at 30 °C. At
various time points (0, 10, 20), a 5 uL volume (~8 pg of
a-synuclein) was removed from each reaction and prepared
for SDS-PAGE by addition of 4X Laemmli buffer, heated
for 4 min at 100 °C, and stored at — 20 °C until completion
of the time-course. Samples were thawed, loaded onto SDS-
PAGE, and transferred to a blotting membrane and probed
with anti-S129 a-synuclein antibody (Cat# ab51253, Abcam,
RRID:AB_869973) as described above. These experiments
were repeated 2—-3 times with independent generated protein
samples.

Solution NMR spectroscopy

NMR experiments were conducted at 25 °C on a 600 MHz
Varian Inova spectrometer equipped with a cryogenic tri-
ple resonance HCN probe. The 'H-!> N HSQC spectra were
collected using 128 x 537 complex points in the '> N and
'H dimensions, respectively. The NMR data were processed
using NMRPipe and analyzed using NMRView] software.
Chemical shift perturbation analyses of the NMR titration
series were performed using the Titration Analysis function
in NMRView] and in-house Matlab scripts. The composite
chemical shift changes of 'H-!'> N peaks were calculated
according to A8, = [(AS,;)* + (0.14*A615N)2] 12 where
A8,y and A,y are the changes in 'H and '> N chemical
shifts (in ppm) upon the addition of binding target. The
binding affinities were determined based on the chemical
shift perturbations and protein concentrations determined
by amino acid analysis (SPARC BioCentre, The Hospital
for Sick Children, Toronto), assuming fast exchange between
the free and ligand-bound forms [127].

Motor assessments for M83+/—, M83+/—:TgA
and M83+/— ::ATPR1 mice

For M83+/—:TgA and M83+4/— ::ATPR1 PFF and PBS-
injected mice, motor assessments were performed at 14-16
wpi (the time-point when the majority of cohort began to
significantly deteriorate and show slow movement and gait
disturbance). The experimenter was blind to genotype during
motor assessments, but not during data analyses.

Grip force

Grip force in the forelimbs was measured using Columbus
Instruments Grip Strength Meter. Animals were lowered,
allowing them to grip onto grip strength bar and were pulled
horizontally by the tail until they let go, and placed in a large
plexiglass bucket filled with bedding. The force exerted as
the mouse let go of the bar was recorded in Newtons, with
a total of 10 pulls per mouse being recorded. The largest
value out of ten was used for analyses as described previ-
ously [65, 72, 98]. In analyses comparing the percentage of
mice that exerted a grip force less than 1.0 N, each trial was
considered and an average across each genotype and treat-
ment condition was analyzed.

Wire hang

Wire hang was performed as described elsewhere [65, 72].
Mice were placed on a metal grid 45 cm above a large tub
filled to the top with wood-chip bedding. Animals were
suspended upside down on the wire grid for a total of 60 s
for 3 trials, trials spaced at least 5 min apart. The average
time to fall was recorded and used for analyses. In analyses
comparing the percentage of mice that held on for less than
10 s, each trial was considered and an average across each
genotype and treatment condition was assessed.

Touchscreen behavioral testing

All behavioral tests were conducted during the light phase.
Paired visual discrimination task with reversal (PVD-R) and
the 5-Choice serial reaction time task (5-CSRTT) were used
to evaluate reversal learning and attention in mice, respec-
tively, as previously described [11, 72, 104]. Both tasks were
conducted using the automated Bussey—Saksida touchscreen
system for mice (model 80614; Lafayette Instrument, Lafay-
ette, Indiana) and the data collected using ABET II Touch
software Version 2.20 (Lafayette Instrument, Lafayette, Indi-
ana). The software is used to run the task and record the
behavioral activity of the mouse. Each mouse was scheduled
for only one run at about the same time daily. All touch-
screen data in this study were deposited into the Mousebytes
database (www.mousebytes.ca [11]). The general procedure,
including habituation and the pre-training program, for both
PVD-R and 5-CSRTT in a touch-screen-based automated
operant system for mice was described in detail elsewhere
[11, 72].

5-CSRTT
The 5-CSRTT was performed to measure attention in mice

as previously described [13, 71]. A mask with five rec-
tangular windows was placed in front of the touchscreen
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and mice were required to respond to a brief light stimu-
lus pseudo-randomly presented in one of the five windows
on the touchscreen. In each block of 20 trials, the stimulus
was presented 4 times in each window. Illumination of the
reward magazine signaled a head poke to initiate each trial.
A 5-10 s delay interval followed, and a light stimulus was
displayed in one of the windows. The mouse was required to
respond to the stimulus within a period of up to 5 s (limited
hold). The duration of stimulus presentation (or illumination
of the window) was initially set to 4 s. The first response to
a window, upon stimulus display, or within the limited hold
period was recorded. Reward was delivered in the reward
tray magazine when a correct response was made. The cri-
teria for the 4 s stimulus duration training included at least
80% accuracy and 20% omission or less, and 30-50 trials
must be completed on 2 out of 3 consecutive days. The 4 s
stimulus duration training was followed by a 2 s stimulus
duration training. Mice were trained on this task until they
reached a criterion of stable performance at 80% accuracy
with stimuli duration of 2 s. After reaching criteria, mice
were subjected to probe trials to test for attentional deficits.
Each mouse performed two sessions with 1.5, 1.0, 0.8, and
0.6 s stimulus duration (the order of the probe trials ses-
sions were randomized for each counterbalanced group).
The probe trial schedules were identical to the 4 s and 2 s
schedules. Each intra-probe session consisted of two con-
secutive days of 2 s stimulus duration sessions. Attention
was measured in M83+/+ mice (n=10) and non-transgenic
WT controls (n=12) at 8 months of age.

PVD-R

In the acquisition phase, mice were required to choose
between a rewarded (S+, fan image) and unrewarded (S-,
marble image) stimulus displayed in a mask with two win-
dows placed in front of the touchscreen. The location of the
S+ and S- stimuli was pseudo-randomly either at the left or
right window and the same stimulus arrangement was not
presented more than 3 times. When the mouse touched the
S+ (correct), the stimuli were removed, and the strawberry
milkshake reward was delivered along with illumination of
the magazine light and a tone. An incorrect response (touch-
ing the S— image) was followed by a 5 s timeout with the
house light on. After an incorrect response, the mouse initi-
ated the correction trial by entering the magazine. Correc-
tion trials preserved the left/right arrangement of the S+/
S— images from the incorrect trial until a correct choice was
made. The results of correction trials do not contribute to
the overall trial count or correct/incorrect responses. Each
session ended once the mouse completed 30 trials or reached
a 60-min timeout. The mouse was required to achieve at
least 80% correct responses (24/30 trials correct) for 2 out
of 3 consecutive days to reach acquisition criterion. Once
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all animals in a cohort had reached the acquisition crite-
rion, they were put back on the task and received 2 further
task sessions that served as baseline performance (B1 and
B2). Baseline sessions were identical to the PVD acquisition
and there were no criteria required. Following the baseline
sessions, mice were tested on the reversal learning task for
30 trials per session, for 10 sessions. In the reversal phase,
the S+ and S— contingencies were reversed, i.e., S+ was the
marble image and the S— the fan image. Trial initiation and
correction trials happened in the same fashion as during
acquisition and there were no criteria required for the rever-
sal phase. The session also ended either after completion of
30 trials or in 60 min. The measurements were compared
between M83+/+4: STIITWT mice (n=20) and littermate
M83+/+ :AHET mice (n=18) and WT controls (n=20).

MRI imaging

A subset of mice used for touchscreen testing was pre-
pared for ex vivo MRI; WT control mice (n=38),
M83+/+ :STITWT mice (n=5) and M83+/+4 :AHET mice
(n=38). These mice were perfused with 0.9% (wt/vol) phos-
phate-buffered saline with 0.4% ProHance (gadoteridol, a
gadolinium-based MRI contrast agent and 0.1% heparin, an
anticoagulant), followed by 4% paraformaldehyde with 0.1%
heparin. To best acquire ex vivo images, the brains were kept
in-skull and the surrounding tissue (facial muscles and eye-
balls) was also kept, as this reduces the likelihood of scanner
artifacts, specifically caused by air bubbles [25]. Prior to
scanning, the brains were stored in sodium azide 0.1 M for
about 3—4 weeks, until the brains were scanned.

The MRI acquisition was performed on 7.0-T Bruker
Biospec (70/30 USR) 30-cm inner bore diameter; AVANCE
electronics) at the Douglas Research Centre (Montreal, QC,
Canada). High-resolution ex vivo T1-weighted images
(FLASH; Fast Low Angle SHot) were acquired for each sub-
ject (TR=21.5 ms, TE=5.1 ms, 70 pm isotropic voxels, 2
averages, scan time =232 min, matrix size =258 X228x130,
flip angle =20°).

All brain images were converted to NIfTI format (Neuro-
imaging Informatics Technology Initiative) from the native
Bruker format, and then converted to the MINC (Medical
Imaging NetCDF) file format for processing. Image process-
ing was performed using the MINC suite of software tools
(http://bic-mni.github.io). Next, the images were stripped
of their native coordinate system, left-right flipped to com-
pensate for Bruker’s native radiological coordinate sys-
tem, denoised using patch-based adaptive non-local means
algorithm [35], and affinely registered to an average mouse
template (the Dorr—Steadman—Ullman atlas; [43, 114, 119,
120]) to produce a rough brain mask. Next, a bias field cor-
rection was performed, and intensity inhomogeneity was
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corrected using N4ITK [117] at a minimum distance of
5 mm.

The images were manually inspected for artifacts (hard-
ware and software artifacts or tissue heterogeneity and
foreign bodies) both prior to and after preprocessing, and
images with said artifacts were excluded (n=1) (https://
github.com/CoBrALab/documentation/wiki/Mouse-QC-
Manual-(Structural)).

The preprocessed MRI images were segmented into
355 structures per hemisphere (with 53 interhemispheric
regions) using the Multiple Automatically Generated Tem-
plates (MAGeT) Brain segmentation algorithm [27], and
a down-sampled version of the Allen Mouse Brain Atlas
[78]. Using the Automatic Normalization Tools (ANTS)
(https://github.com/vfonov/mincANTS), nonlinear registra-
tion techniques are implemented to first propagate the atlas
segmentations onto a subset of the subject data, known as
the template library. From there, the segmentations from the
template library are then propagated to each subject image
yielding multiple segmentations per subject, which are then
fused using majority-vote label fusion to generate a final
segmentation. From these final segmentations, volumes of
brain structures were computed and analyzed for group dif-
ferences. A full list of the anatomical regions segmented in
the modified Allen brain atlas is described in Supplementary
Table 3.

Prior to performing MRI analysis, quality control of the
segmentations was performed by visual inspection of over-
laying the final segmentations atop each subject image to
ensure the labels matched the underlying anatomy [54, 60,
103].

Statistical analyses were carried out using R software
(3.5.0) and the RMINC package (https://wiki.phenogenom
ics.ca/display/MICePub/RMINC). The analysis was per-
formed using linear models to examine group differences at
each region using the MAGeT-Brain volume outputs, spe-
cifically to examine group differences between WT control
mice, M83+/+: STIIWT, and M83+/+ :AHET mice. All
results were corrected for multiple comparisons using the
FDR [8]; specifically with a 5% FDR threshold. Data are
available in the following repository https://doi.org/10.5281/
zenodo.6620797.

Statistical analyses

Data were analyzed using GraphPad Prism v8 software.
Two group comparisons were analyzed using unpaired two-
tailed t test. Whereas analyses comparing three groups were
analyzed using one-way ANOVA with appropriate post hoc
comparisons, and multivariate two group comparisons were
analyzed using two-way ANOVA with appropriate post hoc
comparisons when required. Normality for behavioral data
was evaluated using Shapiro—Wilk test and non-normal data

were analyzed using Kruskal-Wallis test (non-parametric
One-Way ANOVA) or non-parametric ¢ test Mann—Whit-
ney test. For behavioral analyses, effect size was calculated
using open-access One-way ANOVA effect size calculator:
https://webpower.psychstat.org/models/means03/effectsize.
php. Full statistical analyses details for each analysis and rel-
evant post hoc comparisons are reported in the Figure Leg-
ends (¢, F, df, N, p). For the 5-CSRTT, accuracy, omission,
reward collection latency, correct touch latency, premature
responses, number of trials completed, and perseverative
response were recorded and analyzed using repeated-meas-
ures two-way ANOVA. For the PVD-R task, the parameters
number of sessions to reach acquisition criteria (analyzed by
one-way ANOVA adjusted for multiple comparisons with
Tukey's multiple comparisons test), the percentage of accu-
racy, number of correction trials, correct touch latency (s),
reward collection latency and trials completed (analyzed by
repeated-measures two-way ANOVA adjusted for multiple
comparisons with Tukey's multiple comparisons test) were
recorded. Data are presented as mean + SEM and (*) denotes
p <0.05, (**) denotes p <0.01, (***) denotes p <0.001. For
co-immunoprecipitation experiments, individual experi-
ments were repeated three times, with the cortices of two
different animals constituting each IP condition (n=6) dif-
ferent animal tissue lysates being used in each technical
replicate.

Results
STI1 interacts with a-synuclein

In vitro evidence suggests that most a-synuclein in cells
form complexes with chaperones, including Hsp70 and
Hsp90, and interactome analyses immunoprecipitating
a-synuclein indicate that STI1 may also be an interactor of
a-synuclein [21]. We tested whether STI1 and a-synuclein
form a protein complex in mouse brain cortical tissue,
and we found that precipitation of STII also specifically
co-immunoprecipitated mouse a-synuclein, as well as
Hsp90 (Fig. 1a). To test the possibility of a direct interac-
tion between STI1 and a-synuclein, we performed NMR
'H-15 N HSQC experiments on '3 N-labelled recombinant
human a-synuclein in the absence and presence of STII.
Upon adding recombinant mouse STI1 protein to a solution
of 15 N-labelled human a-synuclein, we observed notice-
able chemical shift perturbations in the C-terminal region of
a-synuclein (aa 110-140, Fig. 1b), suggesting that STI1 can
directly interact with the a-synuclein carboxy terminal tail.
Significant chemical shift perturbations were observed for
residues D119, D121, N122, S129, E137, and A140. Quanti-
tative analysis of the NMR titration by addition of increasing
STII concentrations to '° N-labelled a-synuclein reveals that
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Fig.1 Interaction of o-synuclein and STII, abnormal chaperone
aggregation, and relationship between a-synuclein and chaperones
a Co-immunoprecipitation experiments in 6—10-month-old wild-
type mice. STI1 was immunoprecipitated using anti-STI1 antibody
(5 pg, Bethyl Laboratories) and control precipitation was done using
anti-Rabbit IgG antibody (5 pg). Representative co-immunoprecipi-
tation of STI1 with pan-Hsp90 and mouse a-synuclein is shown. b
600 MHz 'H-'5 N HSQC spectrum of 100 uM a-synuclein (in 20 mM
Hepes, 50 mM NaCl, pH 7.2) in the absence (black) and the pres-
ence (orange) of 200 uM of STI1. ¢ 600 MHz 'H-'> N HSQC spec-
trum of 100 pM a-synuclein (in 20 mM Hepes, 50 mM NaCl, pH
7.2) in the absence (black) and the presence (magenta) of 200 uM
of STI1 TPR2A domain. d Left: 600 MHz 'H-'> N HSQC spectrum
of 150 uM STI1 TPR2A (in 20 mM Hepes, 50 mM NaCl, pH 7.2)
in the absence (black) and presence (cyan) of 150 uM of unlabelled
a-synuclein. Labelled are the residues that show chemical shift
changes upon binding. The peaks were assigned based on the lit-
erature [42, 46, 97]. Right: The structure of human STI1 TPR2A in
complex with the Hsp90 pentapeptide (PDB: 1ELR; TPR2A is shown
in ribbon and Hsp90 peptide is shown in sticks). Colored in cyan are
residues labelled in the spectrum on the left. e Cortical lysates from
M83+/—PBS and M83+/—PFF-injected mice were isolated in RIPA
buffer. Representative immunoblot of Hsp90, Hsp70, STI1, psyn129,
and human o-synuclein protein levels. f-h Densitometric quanti-
fication of e. f Hsp90 (#(8)=1.57, p=0.15), g Hsp70 (#(8)=1.60,
p=0.16), and h STI1 (#8)=1.92, p=0.09) relative to actin load-
ing control. i immunoblotting for Hsp90, Hsp70, and STI1 in 2%
SDS +4 M urea cortical tissue lysates (same animals as used in e-h).
Jj-1 Densitometric quantification of i. j Hsp90 (#(8)=2.43, p=0.041),
k Hsp70 (¢(8)=2.42, p=0.041), and 1 STI1 («(8)=3.44, p=0.009)
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relative to Amido Black stain loading control. Data represented as
mean+SEM and analyzed using unpaired ¢ test—where ¢ (8) refers
to the degrees of freedom. Co-immunoprecipitation experiments (a)
were reproduced three times with different animals (biological repli-
cates). Within the a-synuclein rows, images that were cropped sepa-
rately are from the same immunoblot, at different exposure times (8 s
for input and 60 s for IP a-synuclein). m Chaperone transcript levels
were upregulated (first half, AHSAI-STIPI) or unchanged (PPP5C-
SGTA) in PD [Netherlands Brain Bank (NBB) dataset] in the medial
temporal gyrus (Ct; n=17), substantia nigra (SN; n=21) and amyg-
dala (Am; n=17), and correlation of their levels with a-synuclein
was sought separately in young and aged men and women of the
GTEXx cohort, in the cortex (n=158), substantia nigra (n=_88), amyg-
dala (n=100), and putamen (n=124). n Logl0 of counts per mil-
lion of the different chaperones in the NBB dataset. Tan boxplots
show control patients and green boxplots show PD patients. For each
chaperone transcript, boxplot pairs are shown for the medial tempo-
ral gyrus (Ct), substantia nigra (SN), and amygdala (Am). All the
chaperone transcripts between AHSAI and STIPI were significantly
elevated in PD patients throughout the three brain regions checked
(AHSA1 p<0.01, DNAJBI p<0.03, HSPA1A p<0.03, HSPAIB
p<0.03, BAG3 p<0.03, PTGES3 p<0.03, HSP90AA1 p<0.03,
STIP1 p<0.03; ANOVA, FDR) o. Each grid represents the corre-
lation for the corresponding chaperone (column) in the noted brain
region (row). The upper and lower parts of the Y-axis indicate cor-
relation in young women and men, respectively, and the left and right
sides of the X axes, aged men and women. Only significant correla-
tions are shown (p <0.05, Pearson, FDR). See Supplementary Table 4
for full statistics
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the chemical shifts of these residues change as a function of
STI1 concentrations, indicating that a-synuclein undergoes
fast exchange between the free and STI1-bound forms (Supp.
Fig. Slc, online resource). The apparent K, derived from the
chemical shift perturbations is 176 + 15 uM.

STI1 contains three tetratricopeptide repeat (TPR)
domains that are modular protein—protein interaction sites.
Therefore, we repeated the NMR experiment with each
of these individual domains separately to investigate their
potential interaction with a-synuclein (Supp Figs. Sla&b,
online resource, Fig. 1¢). TPR1 and TPR2B are known to
interact with Hsp70, whereas TPR2A interacts with Hsp90,
facilitating the inhibition of its ATPase activity and recruit-
ing/holding clients to Hsp90 [37, 49, 110, 125]. We found
that adding STI1 TPR2A domain reproduced the exact
same chemical shift perturbation patterns in a-synuclein
as full-length STI1 (Fig. 1c). NMR titration analyses indi-
cated that TPR2A has a moderately increased affinity for
a-synuclein compared to full-length STI1 (K, of 79+5 uM,
Supp Fig. S1d, online resource). In contrast, neither TPR1
nor TPR2B induced any significant chemical shift changes
on a-synuclein (Supp Figs. Sla&b). We also investigated
whether a-synuclein can trigger chemical shift changes in
the STI1 TPR2A domain. Upon addition of an equimolar
concentration of a-synuclein to !> N-labelled STI1 TPR2A,
noticeable chemical shift changes were observed for a sig-
nificant number of residues, including K239, D249, T260,
Y261, T263, Y296, and R331 to name a few. Remarkably,
many of these amino acid residues in TPR2A that show
chemical shift perturbations are adjacent to the regions
interacting with Hsp90 (Fig. 1d) [109]. Given the proximity
of binding sites, we tested whether a-synuclein and Hsp90
compete for STI1. A pentapeptide motif (MEEVD) encod-
ing the C-terminus of Hsp90, which has been shown to bind
STI1 TPR2A with a Ky of ~ 11 uM [109], was used to gauge
the effect of Hsp90 on the binding of TPR2A to a-synuclein.
In the presence of an equimolar concentration of unlabelled
TPR2A, chemical shift changes were observed for specific
residues in the C-terminal region of a-synuclein (Supp Fig.
Sle, online resource), as we observed in Fig. 1c. Upon the
addition of an equimolar concentration of the Hsp90 pep-
tide to the a-synuclein—-TPR2A mixture, the chemical shift
perturbations of a-synuclein were reduced. These experi-
ments demonstrate that Hsp90 can effectively compete with
a-synuclein for the STI1 TPR2A domain (Supp Fig. Sle,
online resource). Together, these results indicate that STI1
and a-synuclein interact directly and form a complex in the
mammalian brain. The complex interactions between STI1,
Hsp90, and a-synuclein suggest that STI1 may act as an
intermediate to facilitate a-synuclein delivery to Hsp90, or
that STI1 may have direct effects on a-synuclein, or both.
STII has been previously shown to interact with Hsp90 cli-
ents to structurally reorientate them prior to client transfer

to Hsp90 [125]; therefore, these results suggest STI1 might
be acting in a similar manner on a-synuclein.

Elevated levels of insoluble STI1, Hsp90, and Hsp70
after a-synuclein aggregation

Numerous chaperones and co-chaperones, including Hsp90
and Hsp70, co-localize with Lewy bodies and in the brains
of PD and DLB patients, Hsc70 and Hsp90 protein levels
are increased in insoluble tissue fractions and correlate with
insoluble a-synuclein deposition [121]. To test the possi-
bility that STI1 associates with a-synuclein inclusions, we
used M83 hemizygous mice (M83+/—) unilaterally injected
with pre-formed human wild-type a-synuclein fibrils (PFFs)
into the right dorsal striatum [82]. M83 mice express human
AS53T a-synuclein under control of the mouse prion protein
promoter and are widely used to follow prion-like propaga-
tion of misfolded a-synuclein upon PFF injections. After
PFF injection, the host human and mouse a-synuclein mis-
fold, spread [83], and deposit in inclusions several weeks
after PFF injection [31, 62, 82, 100]. During this process,
a-synuclein becomes phosphorylated at S129 (psyn129),
which can be used to identify its pathological spreading.

We characterized the PFFs used for injection by dynamic
light scattering (DLS) and electron microscopy, confirm-
ing that the sonicated fibrils were between 5 and 100 nm in
diameter (Supp. Figs. S2a&b). M83+/— mice injected with
PFFs showed robust psyn129 labelling throughout the brain
in both hemispheres, whereas PBS-injected M83+4/— mice
had no labelling for psyn129 (Supp. Fig. S2c). PFF-injected
mice became symptomatic between 12 and 16 weeks post-
injection, presenting decreased mobility and grooming, as
well as weight loss, at which point they were euthanized.
Immunocytochemistry experiments show that ubiquitin
and Hsp90 partially co-localize with psyn129 (Supp. Fig.
S2d&e) in PFF-injected mice, confirming previous results
that these proteins are deposited in filamentous inclusions
[82, 121]. Notably, STII1 also partially co-localizes with
psynl129 (Supp. Fig. S2f). Moreover, we labelled brain
sections in M83+/— PBS-injected mice (Supp. Fig. S2g)
or PFF-injected (Supp. Fig. S2h) with Amytracker, a flu-
orescent dye used to label misfolded proteins including
a-synuclein [52, 86], and found partial overlap between
psy129 immunolabelling and Amytracker staining, indicat-
ing the pS129 antibody does indeed label misfolded inclu-
sions. These results further corroborate the findings of others
that chaperones and their co-chaperones are sequestered into
a-synuclein inclusions [19, 79, 90, 121].

To evaluate how spreading of misfolded a-synuclein
affects the chaperome, we compared STI1, Hsp90, and
Hsp70 presence in detergent-soluble or insoluble fractions
in PFF-injected mice and PBS-injected mice, using immu-
noblots. In RIPA-soluble fractions, psyn129 is increased
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«Fig.2 Overexpression of STIl and Hsp90B exacerbates pS129
labelled pathology. a Representative images of psyn129 (red) immu-
nolabelling with nuclear marker (blue) in coronal sections from male
M83+/— and M83+/—:TgA mice injected unilaterally in the right
dorsal neostriatum with WT human a-synuclein PFFs. Mice were
injected at 3 months of age and brains were collected 14-16 weeks
post-inoculation. Images shown are near the coordinates of injection,
taken at 20X magnification Scale bar is 1 mm. b Higher magnifica-
tion imaging of ubiquitin and psyn129 co-labelling in the ipsilateral
ACC of M83+/— and M83+4/—:TgA PFF-injected mice. Images were
captured at 63X and post-processed at 2X zoom. ¢ Higher magnifi-
cation imaging of Hsp90 (green) and psyn129 (red) d STII (green)
co-localization with psyn129 (red) inclusions in the ipsilateral ACC
of M83+/— and M83+/—:TgA PFF-injected mice, captured at 63X,
post-processed to 2Xx zoom. Arrows illustrate areas where consider-
able co-localization was observed. Images are representative from at
least 4 individual mice. b—d Scale bars are 50 pm. e Immunoblot for
STI1, psyn129, human a-synuclein in RIPA whole-cell lysates from
the ipsilateral cortex of M83+4/— and M83+/—:TgA PFF-injected
mice. f Densitometric quantification of psynl129 (relative to human
a-synuclein; #(8)=5.73, p=0.0018). g Human o-synuclein quanti-
fication (relative to actin loading control; (#(8)=3.839, p=0.005). h
Immunoblot for STI1, psyn129, human a-synuclein in RIPA lysates
from the ipsilateral hippocampus of M83+/— and M83+/—:TgA
PFF-injected mice. i. densitometric quantifications of psyn129 (rela-
tive to human a-synuclein; #8)=3.961, p=0.0042) and j. human
a-synuclein (relative to actin loading control; #(8)=791, p=0.0011).
k. SDS/Urea-soluble STII, psynl29, and human o-synuclein
in ipsilateral cortical lysates. 1. Densitometric quantification of
psynl29 (relative to human o-synuclein; #8)=2.416, p=0.0421),
and m human a-synuclein (relative to amido black; #8)=0.6061,
p=0.5613). Data represented as mean+SEM and analyzed using
unpaired ¢ test. ¥p <0.05, **p<0.01. N=5 M83+/— PFF (filled blue
circles)and N=5 M83+/—:TgA PFF (purple squares)

in PFF-injected mice, and the levels of STI1, Hsp90, and
Hsp70 did not change significantly when compared to PBS-
injected M83 mice (Figs. le-h). In contrast, in the insolu-
ble fraction (SDS/Urea solubilization of RIPA-insoluble
pellets), the levels of STI1, Hsp90, and Hsp70 were aug-
mented (Figs. 1i-1), suggesting that the molecular chaperone
machinery shows increased aggregation or is more seques-
tered in insoluble fractions in PFF-injected mice, potentially
diminishing overall chaperome activity. Indeed, when we
compared WT control mice and M83+4/— mice not injected
with PFFs we did not find accumulation of Hsp90, Hsp70,
or STII in soluble or insoluble fractions, further suggesting
that this accumulation is triggered by the injection of PFFs
(Supp. Fig. S3a-h).

The above experiments and previous work [21, 86, 121]
indicate a relationship between the Hsp90/Hsp70/STI1
machinery and a-synuclein inclusions and toxicity in mice.
To test for potential relevance in humans, we measured the
levels of different chaperone-encoding transcripts in the Sub-
stantia nigra (SN), medial temporal gyrus (Ct), and amygdala
(Am) of PD patients and matched controls from RNA-Seq
datasets obtained using brain samples from the Netherlands
Brain Bank [61] (Fig. 1m, n). Intriguingly, STIPI levels were
elevated in all of these brain regions from PD patients, along

with seven other chaperones and co-chaperones (AHSAI,
DNAJBI, HSPAIA, HSPAIB, BAG3, PTGES3, HSP90AAI,
Fig. 1 m, n), most of which interact with and regulate the
Hsp70/90 machinery. However, other chaperone transcripts
remained unchanged. To further examine this relationship,
we tested the correlation of the different chaperone tran-
script subgroups with that of a-synuclein mRNA (SNCA)
in four brain regions of young and aged (20 <59, 60> 80)
men and women donors of the GTEx dataset (Fig. 1o, see
Supplementary Table 1 for samples and conditions for PD
patients, and Supplementary Table 2 for healthy donors from
GTEXx dataset, online resource). Most of the chaperones that
were differentially expressed in PD brains showed null cor-
relation with a-synuclein in all the analyzed brain regions.
In contrast, most of the chaperones that were unchanged in
PD showed significant correlations with a-synuclein in at
least one of the tested brain regions (Fig. 10). Exceptions
included STIP1, HSP90AAI, PTGES3, and AHSAI, all of
which showed both elevation in PD patient brains and cor-
relation with a-synuclein in healthy control brains (Fig. 10).
Furthermore, the correlation patterns of these transcripts
were highly similar, especially for STIPI and HSP90AA1
which presented exactly the same pattern, suggesting co-reg-
ulation of these transcripts. Finally, the correlation of STIP1
with a-synuclein transcripts was the most significant in the
putamen and cortices of young men (p <4e—5, p<3e—4,
Pearson False Discovery rate—FDR 5%, See Supplementary
Table 4 for full statistics). These results propose that that
two of the regions significantly affected in synucleinopathies
could be impacted by levels of STI1 and its regulation of the
chaperome [41, 108].

Elevated Hsp90-STI1 levels facilitate prion-like
propagation and deposition of insoluble
a-synuclein in mice injected with PFFs

Given the increased sequestration of Hsp70, Hsp90, and
STI1 to insoluble fractions in the brains of PFF-injected
MS83+/— mice, and the increased levels of STI1 and other
chaperone transcripts in PD (Fig. 1n), we tested whether
increased STII levels are compensatory and could miti-
gate for potentially decreased chaperone function in
synucleinopathy brains. For this purpose, we generated
MS83+/— mice over-expressing STI1 by crossing them
with the STI1TgA line, a Bacterial Artificial Chromosome
(BAC) transgenic STI1 over-expressor [12, 13]. In this line,
STI1 protein levels are two-to-four fold elevated, which also
increases the protein levels of Hsp90B by about twofold
[13], supporting the entwined relationship between these
two genes [28]. We injected M83+/— and M83+/—:TgA
male mice with PFFs and compared psyn129 labelling and
protein levels. Surprisingly, M83+/—:TgA PFF-injected
animals presented more psynl29 immunoreactivity
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«Fig. 3 Reduced synucleinopathy in mice carrying STI1 hypomorphic
alleles (M83+4/—::ATPR1 mice). a Representative images of psyn129
(red) immunolabelling with nuclear marker (blue) in coronal sec-
tions from male M83+/— and M83+/—::ATPR1 mice injected with
PFFs. Images shown are near the coordinates of injection and were
captured at 20X magnification. Ipsilateral and contralateral hemi-
spheres are labelled as respective to right hemisphere intrastriatal
injection. Scale bar=1 mm. Quantification of immunolabelling is
shown in Supplementary Fig. S4a&b. b-d Higher resolution imag-
ing of co-localization analyzes in the Anterior Cingulate Cortex from
M83+4/— and M83+4/—::ATPR1 PFF injected mice. Images taken at
63x with Leica Thunder microscope, with images post-processed to
2x zoom. Arrows illustrate areas where considerable co-localization
was observed. Scale bars are 25 um for all images. b Colocalization
of ubiquitin with psynl129 (pSer129 antibody) ¢ Colocalization of
Hsp90 with psyn129 (pSer129 antibody) d Colocalization of STI1
with psyn129 (pSer129 antibody). e Representative immunoblot of
STI1, psynl29, and human a-synuclein in whole lysates from the
ipsilateral cortex. f Densitometric quantification of psynl29 (rela-
tive to human a-synuclein; (#(8)=2.852, p=0.0214). g Densitometric
quantification of human a-synuclein (relative to actin; (#(8)=0.9439,
p=0.3729)). N=>5 mice/genotype. h Representative immunoblot from
the ipsilateral hippocampus of M83+/— and M83+/—::ATPR1 PFF
injected mice. i Densitometric quantifications of psyn129 (relative to
human a-synuclein; #(7)=0.5526, p=0.598) and j human a-synuclein
(normalized to actin; #(7)=0.4552, p=0.6627). N=5 M83+/— PFF,
N=4 M83+4/—::ATPR1 PFF mice. k Immunoblot of STII, psyn129,
and human a-synuclein in ipsilateral cortical SDS/Urea lysates. 1 Den-
sitometric quantification of psynl29 (relative to human a-synuclein;
#(8)=5.236, p=0.0034) and m human a-synuclein (relative to
amido black; #8)=1.139, p=0.3063). N=5 M83+/— PFF and N=5
M83+/—::ATPR1. M83+/— PFF individual mice represented as blue
circles, and M83+/—::ATPR1 individual mice identified as green tri-
angles. Data represented as mean +SEM and analyzed using unpaired
t test. n Mouse body weight at 14—16 wpi, just prior to tissue collec-
tion (one-way ANOVA, genotype/group: F(3,38), 12.02, p<0.0001;
adjusted for multiple comparison’s and analyzed using Tukey’s post
hoc test: M83+/— PFF vs. M83+/—::ATPR1 PFF p=0.9146, M83+/—
PFF vs. M83+/—:TgA PFF p=0.999, M83+/— PFF vs. M83+/— PBS
p<0.0001, M83+/—:ATPR1 PFF vs. M83+/— PBS p=0.0017,
M83+/—TgA PFF vs. M83+/— PBS p=0.0002). N=16 M83+/—
PFF, N=9 M83+/-:ATPR1 PFF, N=9-10 M83+/—:TgA PFF
and N=15 M83+/— PBS for weight analyses. M83+/— PBS group
includes STI1-WT, ATPR1 and TgA M83+/— PBS-injected mice as
no significant differences were found between genotypes (one-way
ANOVA, genotype/group: F(2,12)=1.114, p=0.3598). o Wire hang
motor assessment. Mice were suspended upside down and the latency
to fall was recorded across 3 trials spaced at least 10 min apart. Per-
centage of mice (across the three trials) that fell before 10 s (<) or
at and above (>) 10 s. Percentages displayed on graph bars represent
the genotype average. Data analyzed using one-way ANOVA with
appropriate post hoc comparisons. There was a significant interaction
of genotype x time (F(3,8)=62.70, p <0.0001, and data were adjusted
for post hoc comparison’s using Tukey’s multiple comparisons test:
M83+/— PFF vs. M83+/—::ATPR1 PFF p=0.0004 (Cohen’s d, effect
size=6.20), M83+/— PFF vs. M83+/—:TgA PFF p=0.176 (Cohen’s
d, effect size=1.94), M83+/— PFF vs. M83+/— PBS p<0.0001
(Cohen’s d, effect size=7.78), M83+/—::ATPR1 PFF vs. M83+/—
PBS p=0.3059 (Cohen’s d, effect size=1.58), M83+/—:TgA PFF
vs. M83+/— PBS p<0.0001(Cohen’s d, effect size=9.72). N=17
M83+/— PFF (filled blue circles), N=9 M83+/—::ATPR1 PFF (green
triangles), N=10 M83+/—:TgA PFF (purple squares) and N=15
M83+/— PBS (gray open circles) for wire hang analyses. Data repre-
sented as mean+SEM. *p <0.05, **p <0.01, ***p <(0.0001

compared to M83+/— PFF-injected mice (Fig. 2a) in these
semi-quantitative immunolabelling experiments. Despite
this increase in labelling, the overall pattern was similar
to that of control M83+/— mice, and the psyn129 labelling
was widespread in different regions of the cortex, striatum,
hippocampus, thalamus, and brainstem, both ipsilateral and
contralateral to the injection site (Fig. 2a). Additionally,
for M83+/—:TgA PFF-injected mice, labelling in the con-
tralateral side was much more evident than in mice with
normal STI1 levels (Fig. 2a). Higher magnification images
of cells labelled with a-synuclein phospho-S129 antibody
revealed partial overlap between ubiquitin and psyn129 in
cytoplasmic inclusions, and increased neuritic inclusions
in the Anterior Cingulate Cortex (ACC) (Fig. 2b). Like-
wise, Hsp90 and psyn129 labelling partially co-localized
in cytoplasmic inclusions and in neuritic pathology of both
M83+/— and M83+/—:TgA PFF-injected mice (Fig. 2c¢).
Noteworthy, psyn129-positive filamentous labelling in the
cell body and neurites found in M83+/—:TgA-PFF-injected
mice were positive for STI1 (Fig. 2d). Of note, our qualita-
tive assessment indicates that not all inclusions displayed
partial co-localization; however, those with cytoplasmic
labelling were more likely to display colocalization with
STI1 or Hsp90. Images from the ACC and hippocampus
further confirmed increased inclusions of psyn129-positive
staining in M83+/—:TgA PFF-injected mice compared to
M83+4/— mice (Supp. Figs. S3i&j, online resource). Nota-
bly, the pattern of staining was qualitatively similar between
genotypes (Fig. 2b—d, Supp. Figs.S3 i&;).

We further evaluated the effect of over-expressing STI1
on psynl129 quantitatively using immunoblotting in the ipsi-
lateral cortex and hippocampus with RIPA-soluble lysates,
to extract cytoplasmic and membrane-bound proteins. We
found twofold more psyn129 in M83+/—:TgA PFF-injected
mice normalized by the levels of human a-synuclein in the
ipsilateral cortex when compared with mice with normal
levels of STI1 (Fig. 2e, f). Notably, we also observed a
twofold increase in total human a-synuclein protein levels
(Fig. 2e, g). Similarly, psyn129 and total human a-synuclein
levels were elevated in the ipsilateral hippocampus of
M83+/—:TgA PFF-injected mice compared to M83+/— PFF
controls (Fig. 2h—j). In addition, M83+/—:TgA PFF-injected
mice presented more SDS/Urea-extractable psyn129 from
RIPA-insoluble fractions when compared with mice with
normal STI1 levels (Fig. 2k, 1). For experiments testing the
levels of insoluble proteins, we used only cortex tissue due
to higher wield of protein extracts. Phosphorylated synu-
clein was more abundant in the RIPA soluble fraction than in
the insoluble fraction, suggesting that most phosphorylated
a-synuclein was present in soluble inclusions. Total human
a-synuclein levels were similar between genotypes in the
RIPA-insoluble/SDS/urea extractable fraction (Fig. 2k, m),
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indicating that the insoluble toxic phosphorylated species is
impacted by levels of STI1.

We also tested whether increased STI1 and Hsp90 lev-
els per se can lead to accumulation of RIPA-soluble mouse
a-synuclein. To do that, we performed immunoblot analyses
in control (C57BL/6j) WT and STI1 over-expressing mice
(TgA), with no mutations in the SNCA gene. As observed in
Supp. Figs. S3k&l, levels of endogenous mouse a-synuclein
protein were identical in both genotypes. This result further
supports the notion that the larger protein burden in PFF-
injected animals over-expressing STI1 is related to accu-
mulation of misfolded a-synuclein in response to the PFF
injections. Thus, unexpectedly, increased STI1 and Hsp90
levels favor elevated psyn129 accumulation in the brains of
PFF-injected M83+4/— mice.

Mice with hypomorphic STI1 alleles and decreased
expression of mutated STI1 show reduced
a-synuclein pS129 labelling and aggregation

Given that augmented levels of STI1 and Hsp90 favor the
accumulation of the psyn129 form of a-synuclein, which
normally labels misfolded protein [29, 69, 105], we tested
whether STI1 is required for psyn129 propagation and dep-
osition. We crossed M83+/— mice with the homozygous
hypomorphic STI1 ATPR1 mice, carrying a mutant STI1
protein lacking the TPR1 domain, that is only minimally
expressed (STI1 expression level reduced by 80%) [75].
Homozygous ATPR1 mice express the mutated protein with
a 53 kDa molecular mass instead of the 66 kDa of full-length
STI1. The mutant ATPR1 protein decreases activity of the
chaperone machinery in vivo, with similar effects to those
of a profound loss of function of STI1 [75]. Qualitative and
quantitative analyses of psyn129 in ipsilateral and contralat-
eral hemispheres revealed significantly reduced psyn129
pathology in M83+4/—::ATPR1 PFF-injected mice (Fig. 3a,
Supp. Fig.S4a) when compared to controls (M83+/— PFF-
injected). In the hemisphere ipsilateral to the PFF injection,
psyn129 immunoreactivity area was significantly reduced
(p <0.05, Supp. Fig. S4a); however, in the contralateral
hemisphere, psyn129 pathology showed only a trend to be
reduced, which did not reach statistical significance (Supp.
Fig. S4a), likely due to the lower amount of pathology found
in this hemisphere.

To determine whether knocking down STI1 affected
accumulation of psyn129 inclusions to cortical and sub-
cortical regions, we quantified psyn129 immunoreactivity
in the striatum, cortex, and hippocampus by immunofluo-
rescence. All of the regions examined in M83+/—::ATPR1
PFF-injected mice showed less psyn129 immunoreactivity
(Supp. Figs. S4c—j), albeit in the hippocampus the decrease
just failed statistical significance (p =0.052) compared to
MS83+/— PFF-injected mice. Additionally, we observed
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partial co-localization of psyn129 with ubiquitin (Fig. 3b)
and Hsp90 (Fig. 3c), and reduced levels of mutated STI1 co-
localized with psyn129 in M83+/—::ATPR1 PFF-injected
mice (Fig. 3d). Similar results were obtained when using
a human-specific psyn129 antibody (MJFR-13), as well
as when staining with the antibody EP1536Y that reacts
with both mouse and human phosphorylated a-synuclein
in mice with more or less STI1 (Supp. Figs. S5a&b, online
resource). Overall, in individual cells, psyn129 was less
intense in M83+4/—:: ATPR1 PFF-injected mice compared
with M834/— mice injected with PFFs (Fig. 3b—d). Patterns
of colocalization were similar among Hsp90, ubiquitin, and
STI1 with psyn129 in M834-/— and M83+/—::ATPR1 PFF-
injected mice, despite the low levels of psyn129 and STII
(Supp. Figs. S6a-f, online resource). This indicates that
although immunolabelling levels of psyn129 are affected
by the STI1-ATPRI1 protein, there were no major changes in
protein localization with a-synuclein inclusions.

Quantitative immunoblotting analysis with protein lysates
obtained from ipsilateral cortical and hippocampal tissues
using RIPA to extract membrane-bound and cytoplasmic
proteins from PFF-injected mice further supports immu-
nofluorescence data. We detected significantly reduced
psyn129 levels in the ipsilateral cortex of M83+/—::ATPR1
PFF-injected mice compared to M83+/— PFF-injected con-
trols (Fig. 3e, f). Notably, total human a-synuclein protein
levels were similar between genotypes (Fig. 3e, g). Inter-
estingly, in the hippocampus ipsilateral to PFF injection,
psyn129 and total human a-synuclein levels were compa-
rable between genotypes (Fig. 3h—j, suggesting a region-
specific effect. We did not observe significant changes in
endogenous mouse a-synuclein protein levels in ATPR1
mice (Supp. Figs. S6g&h, online resource), again indicating
that modifying the levels of STI1 impacts mostly psyn129
accumulation.

Due to the presence of psyn129 a-synuclein inclusions in
PFF-injected animals, we next investigated whether reducing
the levels of STI1 modified the amount of RIPA-insoluble
(SDS/Urea-soluble) a-synuclein. We found reduced psyn129
protein levels in the cortical fraction (Fig. 3k, 1), with no sig-
nificant alterations in total human a-synuclein (Fig. 3k, m).
These results indicate that reducing the levels of STI1 using
the ATPR1 allele in the M83+4/— PFF model can decrease
both soluble and insoluble aggregated psyn129, at least in
certain brain regions.

Mice injected with PFFs or PBS were followed for
13-16 weeks after injection, until weight loss and health
decline were observed in the cohort. In general, all PFF-
injected mice lost weight when compared to PBS-injected
mice (Fig. 3n), suggesting progression of disease in all
genotypes. We analyzed gross motor behavior in these mice
and found that whereas most M83+/— and M83+/—:TgA
PFF-injected mice were unable to maintain their grip when
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upside down, the majority of M83+/—::ATPR1 PFF-injected
mice performed similarly to PBS-injected mice (Fig. 30),
suggesting some protection by hypomorphic STII.

STI1 facilitates S129 phosphorylation and toxicity
of a-synuclein

M83+/— PFF-injected mice present fast prion-like spread-
ing of a-synuclein, as reported elsewhere, with pathology
starting to accumulate within 30 days after PFF inocu-
lation, with more robust pathology and motor deficits
90 days post-inoculation [82, 115]. Additionally, neuro-
pathology in PFF-injected mice is widespread across the
brain and present in high concentrations in anatomically
connected regions [62, 82]. To evaluate a-synuclein mis-
folding and toxicity in a less-aggressive mouse model
of synucleinopathy, without PFF seeding, we used M83
homozygous (M83+/4) mice with two copies of the A5S3T
SNCA transgene, which develop a more gradual but vari-
able phenotype. These mice present with symptomatic
disease between 8 and 16 months of age (median age of
onset 11-12 months [56]), accompanied by elevated levels
of psyn129 [15, 56, 126].

We first tested whether STI1 and chaperones are present
in insoluble fractions in M83+/+ mice cortical lysates, as
observed in M83+/— PFF-injected mice. Analysis of cortical
brain protein extracts from 11-12-month-old non-transgenic
(WT) and M83+/+ male mice (when 50% of the mice were
symptomatic [56]) revealed comparable Hsp70, Hsp90
and STII protein levels in the RIPA-soluble fraction on
both genotypes (Fig. 4a—d). However, in SDS/urea soluble
lysates (RIPA-insoluble), Hsp90 and Hsp70 protein levels
were 1.5-fold higher in M83+4/+ tissues compared to non-
transgenic mice (Fig. 4e—g). Notably, STI1 protein levels
were approximately three-fold higher in M834-/4- SDS/Urea
soluble lysates compared to non-transgenic mice (Fig. 4e,
h). We conclude that the Hsp90/Hsp70/STI1 chaperone
machinery is abnormally aggregated with a-synuclein in
M83+/+ mice presenting increased a-synuclein misfolding
and S129 phosphorylation.

Given that STI1 interacts with endogenous mouse
a-synuclein, we further tested whether STI1 could form
a complex with phosphorylated human a-synuclein in
MS83+/+ mouse brains. For these experiments, we used
cortical tissue from control and M83+/+ male mice aged
10-11-months, which was the time-point where we observed
at least 50% of the cohort to be physically declining, as
reported previously [56]. STI1 co-immunoprecipitated
Hsp90, in both non-transgenic (WT) and M83+/+ mice
(Fig. 4i). Furthermore, we observed co-immunoprecipitation
of psyn129 in M83+/4+mice, and STI1 pulldown co-immu-
noprecipitated human a-synuclein only from M834-/4+ mice
(Fig. 4i). These results indicate that STI1 can interact with

non-phosphorylated and phosphorylated a-synuclein in the
mouse brain, further supporting the hypothesis that STI1 is
directly involved in the toxicity and deposition of malignant
a-synuclein.

To further test for direct interaction between STI1 and
phosphorylated a-synuclein, we used NMR. Recombinant
human a-synuclein was phosphorylated at S129 using Polo-
like kinase 3 (PLK3 kinase), which is part of a family of
kinases that is thought to phosphorylate a-synuclein in vivo
[14, 89]. Comparison of phosphorylated and non-phospho-
rylated a-synuclein using NMR indicated that under these
conditions almost all recombinant protein was phosphoryl-
ated (Supp. Fig. S7, online resource). Noticeable chemical
shift changes were observed for the C-terminal residues of
phosphorylated a-synuclein in the presence of full-length
STI1 (Fig. 4j) or TPR2A domain (Fig. 4k), indicating that
the C-terminal domain of psyn129 still interacts with the
STI1 TPR2A domain. NMR titration analysis shows that
psynl29 has a binding affinity (K of 56 +27 uM) for
STI1 TPR2A similar to that of a-synuclein (Supp. Fig.
S7, online resource). To test the possibility that STI1 may
regulate phosphorylation of a-synuclein at S129, we incu-
bated a-synuclein with PLK3 and the TPR2A domain
(which reproduced the binding of STI1 to a-synuclein) or
the TPR1 domain (which does not bind to a-synuclein) for
10 or 20 min, then resolved proteins by SDS-PAGE, and
blotted for a-synuclein and psyn129 (Fig. 41). This analysis
revealed that a-synuclein was more phosphorylated at S129
in the presence of TPR2A in all time points than in sam-
ples containing TPR1 (Fig. 41, m). Predictably, in samples
without PLK3 (0 min), the phospho-specific antibody for
a-synuclein did not recognize the protein, confirming the
specificity of the Western blots. These results suggest that
STI1 may facilitate S129 synuclein phosphorylation.

M83 homozygous mice expressing ATPR1 alleles
have less psyn129 pathology markers, improved
cognition, and imaging biomarkers

To further investigate the role of STII1 for a-synuclein
toxicity in vivo, we generated mice with one or two cop-
ies of the STI1 hypomorphic allele ATPR1 (AHET, 40%
less STI1 or ATPR1, 80% less STI1) expressing two cop-
ies of the human AS53T transgene (M83+/+). Immunob-
lotting analysis demonstrated reduced levels of psyn129
in M834/4 animals crossed with ATPR1 mice compared
to littermate M83+/+ mice (M83+/+:STI1WT) (Fig. 5a,
1), in line with our observations in PFF-injected mice. In
the striatum, we detected significantly reduced psyn129
levels in both M83+/+:AHET mice (Fig. 5a, b,~50%) and
M83+/+:ATPR1 mice (Fig. 5a, b,~80%), compared to
M83+/+:STI1WT mice. Additionally, we found 65% lower
psynl129 (normalized to total human a-synuclein levels) in
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Fig.4 pS129 phosphorylation of «-synuclein

is

regulated by

protein [56]. Experiments were repeated three times, with differ-

STI1. a Representative immunoblot of panHsp90, Hsp70, STII,
pSer129 a-synuclein (psynl29), human o-synuclein, and total
(mouse and human) o-synuclein in RIPA lysates from cortex of
M83+/+. b Densitometric quantification of Hsp90 (#(8)=2.12,
p=0.06). ¢ Densitometric quantification of constitutive Hsp70
(1(8)=1.28, p=0.23). d Densitometric quantification of STII1
(1(8)=1.73, p=0.12). e Representative immunoblots from 2% SDS
and 4 M Urea extraction in cortical lysates for panHsp90, Hsp70,
STI1, psynl129, human a-synuclein, and total (mouse and human)
a-synuclein. f Densitometric quantification of Hsp90 (#(8)=2.39,
p=0.044), g Hsp70 (#(8)=2.50, p=0.037), and h. STI1 (#(8)=4.652,
p=0.002). i Immunoprecipitation by STI1 (5 pg) and IgG (5§ pg)
antibodies was performed in both control non-transgenic WT and
M83+4/410-11-month-old male mouse cortical tissues. STI1 co-
immunoprecipitated Hsp90 in animals of both genotypes. Likewise,
STI1 co-immunoprecipitated psynl29 at low levels in controls,
as aged non-transgenic mice also express low levels of psynl29,
observed in input lanes and STI1 IP lanes. STI1 also co-immuno-
precipitated human o-synuclein, exclusively in M834/4animals,
as would be expected given control mice do not express the human

the cortex of M83+/+:ATPR1 mice (Fig. 5d, e); however, no
significant difference was found between M83+4/4+:STIIWT
and M83+/+ :AHET mice in the cortex (Fig. 5e), indicat-
ing a region-specific and STI1 dose-specific effect. Total
human a-synuclein levels were unchanged across genotypes
in striatal lysates and cortical tissue lysates (Fig. 5c, f).
ATPRI1 expression also decreased psyn129 in RIPA-insol-
uble, SDS/urea soluble cortical fractions of M83+/+ mice
(Fig. 5g, 1). In the brainstem, we found decreased psyn129
levels in both M83+/+:AHET mice (Fig. 5j, k,~50%) and
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ent mice. Within the psyn129 row, images that were cropped sepa-
rately are from the same immunoblot, at different exposure times.
Graphs in b—d and f-h with black circles (WT) and dark blue squares
(M83+/+), each individual circle or square represents a single ani-
mal. Data represented as mean+SEM and analyzed using unpaired
two-tailed 7 test. *p<0.05, **p<0.001. j 600 MHz 'H-'> N HSQC
spectrum of 100 uM psyn129 (in 20 mM Hepes, 50 mM NaCl, pH
7.2) in the absence (black) and the presence (orange) of 200 uM of
STI1. k 600 MHz 'H-"> N HSQC spectrum of 100 uM psyn129 (in
20 mM Hepes, 50 mM NaCl, pH 7.2) in the absence (black) and the
presence (magenta) of 200 pM of TPR2A domain. 1 Representative
immunoblot for in vitro phosphorylation of a-synuclein at 0, 10,
and 20 min of incubation with PLK3 in the presence and absence of
TPR1 or TPR2A. The left corner of the gels shows molecular weight
markers, m Quantification of distinct blots prepared using independ-
ent prepared samples. The results using two concentrations of TPR1
were pooled together, as there was no difference between them. At
0 min, PLK3 was omitted. Psyn129 was detected with the same anti-
body as in other experiments, demonstrating the specificity for phos-
phorylated a-synuclein

M83+/+:ATPR1 mice (Fig. 5j, k,~60%) compared to
MS83+/+:STI1WT mice. However, total human a-synuclein
levels were moderately elevated in M83+/4+:ATPR1 mice
brainstem lysates (Fig. 5j, 1). There was no difference
between genotypes in psynl29 and human a-synuclein
protein levels in SDS/Urea-soluble brainstem lysates
(Fig. 5m-o0), albeit the values were more variable. Given
that disease onset is quite variable in M83+/+ mice, it is
possible that the differences occur because of this variability.
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To evaluate whether reducing levels of STI1 using the
ATPRI1 allele could protect against the consequences of
a-synuclein toxicity, we first evaluated motor behavioral
performance. We failed to detect major changes in motor
behavior in M83+/+ mice (locomotor activity, rotarod, and
wire hang at 6-8 months of age, data not shown, but results
were similar to [95]). However, we observed a progressive
decrease in forelimb grip force in M83+/+: STIIWT ani-
mals compared to controls (WT) after 12 months of age
(Fig. 6a, b). For behavioral experiments, we used mice
with one STI1 hypomorphic allele to avoid potential con-
founding brain volume and behavioral effects of homozy-
gous ATPR1 mice [75]. Reducing STI1 with just one of the
ATPR1 alleles mitigates grip force deficits of M834-/4+mice
after 12 months of age (Fig. 6¢), indicating that even par-
tial reduction in psyn129 protein levels seems sufficient to
restore some motor deficits.

To understand whether increased psynl29 can cause
high-level cognitive deficits and affect brain function, we
used touchscreen tests that probe cognitive domains that
have been previously shown to be affected in synucleinopa-
thies [40, 51, 76, 80, 95, 101, 118], with focus on atten-
tion [11, 13, 71, 87] and reversal learning [11, 71, 87].
M83+/+:STI1WT mice presented no attentional deficits
when tested using the 5-choice serial reaction time task
(5-CSRTT) at 8 months of age (Supp. Fig. S8a-g, online
resource). In contrast, using pairwise visual discrimina-
tion and reversal (PVD-R), which tests the ability to relearn
a new contingency [11, 71], (see Supp. Fig. S9a, online
resource for experimental timelines and recorded param-
eters for PVD task), we found that M83+/+:STI1WT are
able to discriminate between two images similar to controls
(Fig. 6d acquisition), but presented deficits in the late part
of the reversal phase (Fig. 6e, f), as early as 6-8 months
of age. In contrast, mice expressing one ATPRI1 allele
(M83+/+:AHET), which reduces STI1 by about 50%, pre-
sent mitigation of these deficits (Fig. 6e, f), suggesting that
decreasing STI1 function rescued cognitive dysfunction due
to a-synuclein toxicity.

To further evaluate brain toxicity in conditions in which
mice had cognitive deficits or were rescued, we performed
ex vivo T1-weighted magnetic resonance imaging (MRI)
(70-micron isotropic voxel resolution acquired using a 7 T
Bruker Biospec) on the brains of a subset of mice that per-
formed the touchscreen testing. We sought to investigate
brain abnormalities 1) due to over-expression of human
AS53T SNCA (in M83+/+ mice compared to non-transgenic
mice) and 2) to examine whether the brain differences are
reverted with the presence of one copy of the ATPRI allele.
Moreover, since volumetric differences were previously
found in ATPR1 but not AHET mice [75], we focused our
analyses on this genotype crossed with M834/+ animals
that performed the touchscreen tests. We observed global

volumetric decreases throughout the brain that survive a 5%
False Discovery Rate [8] in M83+/4+:STI1WT mice when
compared to non-transgenic WT mice (Fig. 6h). Notably, for
these regions, we similarly observe volumetric increases in
the M83+4/+:STIIWT mice with one copy of the ATPR1
allele (M83+/+:AHET, compared M83+/+:STI1WT mice),
suggesting that patterns of volumetric decrease were miti-
gated by the introduction of the ATPR1 hypomorphic allele
(Fig. 61). This effect was observed specifically in subcortical
regions and the cortical areas to which those regions project,
along with the corresponding white matter tracts. Notably,
we also observed a few regions in which atrophy was not
recovered with the ATPR1 allele, including regions close
to the caudoputamen. Full volumetric results for each of
the comparisons performed (M83+/4+:STI1WT versus WT
mice, and M83+/+:AHET versus M83+/+:STI1WT) are
provided in Supplementary Table 5 (online resource) for
each structure in the Allen Brain Atlas and includes stand-
ardized beta-, -, p-, and g-values. Overall, these experiments
suggest that pathology and toxicity of a-synuclein can be
mitigated by decreasing the gene dosage of STI1.

Discussion

Using mouse models of spontaneous and seeded a-synuclein
misfolding, we identified a vicious cycle in which accel-
erated proteostatic stress induced by a-synuclein misfold-
ing facilitates accumulation of the chaperone machinery in
insoluble species. Conversely, we found that STI1 interac-
tion with a-synuclein contributes to its toxicity, tissue inclu-
sions, and cognitive dysfunction (Fig. 7). Mechanistically,
the TPR2A domain of STII interacts with the C-terminal
domain of a-synuclein and STI1-a-synuclein form a com-
plex in the brain. Unlike previous mass spectrometry analy-
ses in HEK293 cells, which indicated STI1 interaction with
a-synuclein via the N-terminus region [21], our findings
reflect STI1 interaction with multiple regions of a-synuclein.
This more extensive interaction of STI1 with clients is
compatible with recent results using Cryo-EM of Hsp90
chaperone complex with the glucocorticoid receptor [125],
which revealed unexpected interactions of STI1 directly with
client proteins. While the sequence of these interactions
between a-synuclein, STI1, Hsp70, and Hsp90 remains to
be resolved, the a-synuclein interface with TPR2A suggests
some overlap with Hsp90 binding. These results indicate
that STI1 may scaffold a-synuclein to deliver it to Hsp90,
as previously described with other protein complexes [116,
125], and more recently in a model of chaperone cycle for
the classical client protein, glucocorticoid receptor [37, 125].
The correlation between expressed chaperone and co-chap-
erone transcripts and a-synuclein in humans are also sup-
portive of a role for the chaperome in a-synuclein function
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in multiple brain regions and ages, especially considering
that other members of the machinery also present increased

expression in Parkinson’s disease brains [19, 26,

Together, these results support the notion that a-synuclein
function and potential to aggregate may depend on different

chaperones and their co-chaperones in specific
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Indeed, the increased levels of STI1 and other chaperone
mRNAs (and presumably proteins) found in the brain of
PD patients concurs with the findings of increased levels
of aggregated STI1 in insoluble protein fractions in mice. It
should be noted that all the chaperome genes we examined in
humans have been shown to be also differentially regulated
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«Fig.5 Reduced psynl29 in M83+/+mice carrying STII hypo-
morphic alleles. a Immunoblot from RIPA extracted striatal lysates
from MS83+/4+:ATPR1 mice. b Densitometric quantification of
psynl29 (ab51253) antibody, relative to total human a-synuclein
(genotype: F(2,11)=2484, p<0.0001, adjusted for multiple com-
parisons with Dunnett’s multiple comparisons: M83+/+:STIIWT vs.
M83+/+:AHET p=0.005, M83+/4+:STIIWT vs. M83+/+:ATPR1
p<0.0001) ¢ Human a-synuclein relative to actin loading con-
trol (genotype: F(2,11)=2.887, p=0.098). d Immunoblot from
RIPA cortical lysates and e. Densitometric quantifications of
psynl29 (ab51253) relative to total human a-synuclein (genotype:
F(2,11)=20.57, p=0.0002, adjusted for multiple comparisons
with Dunnett’s multiple comparisons test: M83+/+:STIIWT vs.
M83+/+:AHET p=0.305, M83+/+:STIIWT vs. M83+/+:ATPR1
p=0.0001) f Densitometric quantification of human a-synuclein rela-
tive to actin loading control (genotype: F(2,11)=2.048, p=0.175).
g Representative immunoblot for STI1, psynl29, and human
a-synuclein in M83+/4+:ATPR1 mice in SDS/Urea-soluble cortical
fraction (RIPA-insoluble fraction). h Densitometric quantification
of psyn129 (relative to human a-synuclein; genotype, F(2,11)=106,
p=0.0009, adjusted for multiple comparisons with Dunnett’s multi-
ple comparisons: M83+/4+:STIIWT vs. M83+/+:AHET p=0.619,
M83+/+:STIIWT vs. M83+/+:ATPR1 p=0.0008). i Densitometric
quantification of human a-synuclein (relative to amido black) (geno-
type, F(2,11)=19.49, p=0.0002, Dunnett’s multiple comparisons:
M83+/+:STIIWT vs. M83+/+:AHET p=0.868, M83+/+:STIIWT
vs. M83+/4+:ATPR1 p=0.0003). j Immunoblot for RIPA brainstem
lysates and k Densitometric quantifications of psynl29 (ab51253)
relative to total human o-synuclein (genotype F(2,10)=14.93,
p=0.001, Dunnett’s multiple comparisons test: M83+/+:STIIWT vs.
M83+/+:AHET p=0.0024, M83+/+:STIIWT vs. M83+/+:ATPR1
p=0.0013). 1 Densitometric quantifications of human «-synuclein rel-
ative to actin loading control (genotype F(2,10)=25.60, p=0.0001,
Adjusted for multiple comparisons with Dunnett’s multiple com-
parisons test: M83+/+:STIIWT vs. M83+/+:AHET p=0.0594,
M83+/4+:STIIWT vs. M83+/4+:ATPR1 p=0.0012). m Immunoblots
from SDS/Urea-soluble brainstem tissue lysates. m densitometric
quantification psynl29 (relative to human a-synuclein) (genotype,
F(2,10)=1.827, p=0.217). 0. Densitometric quantification of human
a-synuclein (relative to amido black) (genotype (F(2,10)=0.9151,
p=0.4316). N=4-5 mice per genotype. Individual dark blue circles
(M83+4/+:STIIWT), half-filled pink triangles (M83+/4+:AHET), or
filled turquoise triangles (M83+/+:ATPR1) represent individual ani-
mals. White open circle represents M83 non-transgenic mice (WT
mice). Immunoblotting data presented as mean+SEM and analyzed
using one-way ANOVA with appropriate post hoc comparisons, when
required. *p <0.05, *¥p <0.01, ***p <0.0001

during Lewy-body formation in cultured neurons in a recent
study [86].

Phosphorylation of a-synuclein at S129 is a well-estab-
lished and abundant pathological marker in PD and DLB
[3, 53]. a-Synuclein association into inclusions promotes
increased phosphorylation at S129 and enhances the pro-
pensity to self-aggregate and recruit more a-synuclein to
form inclusions [14, 29, 69, 86, 105]. However, whether
phosphorylation at S129 has causal roles in aggregation is
not entirely clear [4, 93]. Indeed, recent work suggests that
phosphorylation of S129 occurs after more mature aggre-
gation of the proteins [86] and that S129 phosphorylation
may decrease aggregation of a-synuclein [55]. However,
our results suggest that STI1 plays a role in vivo in S129

phosphorylation, but also facilitates a-synuclein inclusion
deposition.

In both mouse models of a-synuclein misfolding
(M83+/+ and M83+/— PFF injection), reduced levels of
STII led to less psyn129, either in RIPA-soluble or insoluble
forms. In contrast, increased expression of STI1 and Hsp90
augmented psyn129 and insoluble a-synuclein deposition.
It is unlikely that the regulation of psyn129 by STI1 is a
result from increased proteasome activity due to reduced
STI1, given that normal levels of STI1 seem to be necessary
for optimal proteasome function [16]. STII is also impor-
tant for degradation via chaperone-mediated autophagy [2],
suggesting that decreased STI1 levels should not activate
this degradation pathway to decrease the levels of phospho-
rylated protein. In vitro NMR and phosphorylation analy-
ses are supportive of a direct role of STII interaction with
a-synuclein, perhaps helping S129 to become more acces-
sible to kinases or accelerating the rate by which a-synuclein
is phosphorylated when aggregated or increasing kinase
activity (Fig. 7). However, these conformational changes
induced by STI1 may also favor misfolding of a-synuclein,
leading to increased propensity to accumulate and then be
phosphorylated. In agreement with these results, a recent
proteomic study found STI1 to be present early during the
formation of initial aggregates of a-synuclein [86], plac-
ing these two proteins in the proper location to facilitate
S129 phosphorylation. The exact mechanism by which STI1
regulates this process and how Hsp70, Hsp90, and other co-
chaperones participate in it will need to be further investi-
gated. Of note, our phosphorylation experiments conducted
in vitro with soluble proteins may provide a very different
biochemical environment than during phosphorylation of
filamentous a-synuclein in vivo. Nonetheless, these results
suggest that a-synuclein misfolding and its propensity to be
phosphorylated at S129 and form inclusions are regulated by
STI1 and the Hsp90 chaperone machinery in vivo.

The role of STI1 in protein misfolding and aggregation
in vivo is still far from being understood. In yeast, STI1
buffered proteotoxicity by rearranging amyloid-like proteins
into SDS-resistant inclusions [128], whereas extracellular
STI1 protected cultured neurons against amyloid-f toxicity
[92]. Conversely, but similar to results shown here, STI1
over-expression in vivo led to elevated levels of insoluble
amyloid-f, accumulation of STI1 and Hsp90 in amyloid
plaques, and worsened spatial memory of 5XFAD mice [74].
Aging, the most important risk factor for protein misfolding
diseases, causes imbalances in the chaperone machinery
[20, 75], and STI1 is reduced with normal aging in mam-
mals [75]. In Alzheimer’s disease human brains, STI1 levels
are elevated [92], and STI1 accumulates in mature human
extracellular plaques [74]. Hsp90 and STI1 were found also
by others to be upregulated in PD and DLB patient brains
[19, 106, 121]. These findings, together, suggest that the
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increased STI1 levels found in AD and PD does not improve Although chaperones are thought in general to protect

or compensate for abnormal chaperone function, or improve
extracellular signaling; it may further imbalance the chap-
erone machinery and is deleterious. Indeed, in a transcrip-
tome analysis in AD brains, the STIPI gene was found to
be one of the key nodes regulating abnormal proteostatic

stress [130].
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against protein misfolding [20, 32, 73], there are several
examples in which their activity or imbalance help to pre-
serve misfolded and toxic proteins, such as hyperphos-

ed tau [44, 67, 84], and thus potentially increase

toxicity. Inhibitors of Hsp90 increase the degradation of mis-

folded tau, suggesting that this chaperone stabilizes toxic
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«Fig. 6 Improved behavior and markers of brain atrophy in M834/4mice carrying STI1 hypomorphic allele. a Grip force (N) analysis at
8-10 months of age for WT control mice (n=8), M83+/4+:STIIWT mice (n=28) and M83+/+:AHET mice (n=9) (genotype: F(2,22)=2.761,
p=0.0851, adjusted for multiple comparisons with Tukey's multiple comparisons test: WT vs. M83+/+:STIIWT p=0.0754, WT vs.
M83+/+:AHET p=0.2828, M83+/+:STIIWT vs. M83+/+:AHET p=0.6983). b. Grip force analysis at 12 months of age for WT con-
trol mice (n=8), M83+/+:STIIWT mice (n=8) and M83+/+:AHET mice (n=9) (genotype: F(2,22)=3.31, p=0.0554, adjusted for multi-
ple comparisons with Tukey's multiple comparisons test: WT vs. M83+/+:STIIWT, p= 0.0455, WT vs. M83+/+:AHET p=0.2834,
M83+/+:STIIWT vs. M83+/4+:AHET p= 0.5418). ¢ Grip force analysis performed at 13—14 months old for one-way ANOVA (genotype:
F(2,21)=5.583, p=0.0114, adjusted for multiple comparisons with Tukey's multiple comparisons test: WT vs. M834+/4+:STIIWT p=0.0106,
WT vs. M83+/+:AHET p=0.6579, M83+/+:STIIWT vs. M83+/+:AHET, p=0.0551). d Number of sessions to reach acquisition criteria in
the PVD-R test using Marble (S—) and Fan (S+) stimuli during the acquisition phase. One-way ANOVA (genotype: F(2,55)=1.238, p=0.2978,
adjusted for multiple comparisons with Tukey's multiple comparisons test: WT vs. M83+/+:STIIWT p=0.8587, WT vs. M83+/+:AHET,
p=0.2751, M83+/+:STIIWT vs. M83+/+:AHET, p=0.5555). e Reversal learning phase for the PVD-R test. Mice were baselined for 2 days
(B1 and B2) and tested on reversal learning. Repeated-measures two-way ANOVA (Session: F(6.820, 373.9)=154.2, p<0.0001; Genotype:
F(2,55)=2.821, p=0.0682; Interaction: F(22, 603)=3.744, p<0.0001, adjusted for multiple comparisons with Tukey's multiple comparisons
test: WT vs. M83+/+:STIIWT p=0.0025, WT vs. M83+/+:AHET, p=0.7172, M83+/+:STIIWT vs. M83+/+:AHET p=0.0311)). f Num-
ber of correction trials during reversal learning. Repeated-measures two-way ANOVA (Session: F(4.312, 237.1)=84.47, p <0.0001; Genotype:
F(2,55)="7.170, p=0.0017; Interaction: F(22, 605)=2.866, p<0.0001, Adjusted for multiple comparisons with Tukey's multiple comparisons
test: WT vs. M83+/+:STIIWT, p<0.0001, WT vs. M83+/+:AHET p=0.5810, M83+/+:STIIWT vs. M83+/+:AHET, p<0.0001). WT con-
trol mice (n=20), M83+/+:STIIWT mice (n=20), and M83+/4+:AHET mice (n=18). Parameters were measured across baseline days 1 and 2
(B1, B2) and reversal days 1 to 10 (R1-R10). g Coronal slices of the group average MRI brain from posterior (left) to anterior (right) slices. h
Volumetric differences between M83+/+:STIIWT and WT. i Volumetric differences between M83+/+:AHET and M83+/4+:STI1WT. In terms
of t-statistics thresholded at FDR, 5% are displayed on top of the group average brain, such that the color maps denote the significance of the
difference observed; cooler colors describe volumetric decreases whereas warmer colors described volumetric increases for the group of inter-
est. We observed global volumetric decreases throughout the brain in M834-/4-mice harboring two copies of the human A53T SNCA transgene
compared to WT mice (images in h) and volume increases in the M83 mice with one copy of the TPR1 hypomorphic allele (M83+/+:AHET)
(compared to M83+/+:STIIWT mice with no ATPR1 copy, images in i. j Examination of both patterns of volumetric difference by overlay-
ing the two. Green regions denoting smaller volumes for M83+4/4:STIIWT compared to WT, red regions denoting larger volumes for the
M83+/+:AHET compared to M83+/4+:STI1WT, and yellow denoting the regions observed in both comparisons). We observed, for several of
the regions, that the volumetric decreases for the M83+/+:STIIWT mice (compared to WT) get reverted with the introduction of the ATPR1
hypomorphic allele, such that we observe volumetric increases in M83+/+:AHET mice compared to M83+/+:STIIWT controls. k-m Quanti-
tative analysis of some of the volumetric changes observed (albeit with differing ¢ values). k White matter tracts such as the corpus callosum.
1 Right primary motor areas. m Subcortical structures (right caudoputamen). n Thalamus. We observed reversal of volumetric decreases in the
corpus callosum, motor cortex, right caudateputamen, and thalamus. Notably, we also observed regions where atrophy is not recovered with the
presence of ATPR1 allele. Namely, the (left caudoputamen), we did not observe a reversal of the volumetric decrease in M83+/+. In fact, in the
left caudoputamen, we observed further volumetric increase in the M83+/+:AHET mice (compared to M83+/+ mice). Similarly, we observed
regions that show volume increases only in the M83+/+:AHET mice. Namely, the right primary motor area. Individual unfilled black circles
(WT), dark blue circles (M83+/+:STI1WT), and half-filled pink triangles (M83+/+:AHET) represent individual animals

tau [39]. Notably, Hsp90 co-chaperones FKBP51 and Ahal
stabilize toxic tau conformers and augment tau aggregation
in vitro and in vivo, respectively [18, 36, 66].

Augmented proteostatic stress in proteinopathies causes
a reorganization of chaperome connectivity leading to the
formation of abnormal complexes known as epichaperomes
[64]. This abnormal connectivity and formation of higher
molecular weight assemblies is toxic to neurons [64] and
affects numerous client proteins [58, 102]. It is not clear
whether the increased accumulation of chaperones and
co-chaperones in insoluble fractions we observed due to
a-synuclein misfolding represents the epichaperome, but
interference with STII collapses the epichaperome [30,
102], consistent with our observations that a hypomorphic
STI1 allele in mice protected against a-synuclein accumula-
tion and toxicity. The localization of STI1 and Hsp90 with
a-synuclein inclusions is also consistent with previous find-
ings of STII being present in early Lewy body-like struc-
tures [86] and Hsp90 being the most abundant chaperone of

Lewy bodies [121]. These observations suggest that Hsp90
and STII may get selectively entrapped in protein deposits
because of their roles in regulating a-synuclein activity and
physiological functions. Hence, misfolding of a-synuclein
disturbs chaperone function, which is not compensated by
increased levels of STI1 and Hsp90, but rather the abnormal
chaperome is corrected by decreasing the levels/activity of
STII.

Our data reveal that STI1 binding to the C-terminal
region of mutated misfolded a-synuclein facilitates its phos-
phorylation at S129. This process is involved in the tox-
icity of a-synuclein, which we functionally evaluated via
motor behavior deficits, high-level cognitive function, and
atrophy of specific brain regions. Of note, our analysis of
reversal learning using touchscreens was much more sen-
sitive than motor function assessments in M83+/+ mice.
Executive dysfunction and deficits in reversal learning
and behavioral flexibility are cognitive alterations found
in human synucleinopathies [41, 111, 118]; therefore, the
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Fig.7 Hypothetical model of STII regulation of toxic a-synuclein
and promotion of phosphorylation at S129. 1 Toxic a-synuclein spe-
cies disturb chaperome and contribute to protein misfolding stress. 2
The TPR2A domain of STI1 interacts with the C-terminal domain of
a-synuclein forming a complex in the brain. 3 The STI1-a-synuclein
interaction may facilitate a-synuclein phosphorylation at S129. 4
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Behavioural Flexibility Deficits
(PVD-R)

Motor impairments

STI1 may scaffold a-synuclein to deliver it to Hsp90. 5 STI1 and
Hsp90 are sequestered into inclusions in multiple brain regions. Thus,
a-synuclein function and potential to aggregate may depend on differ-
ent chaperones and their co-chaperones in specific cell types. These
toxic effects lead to white matter atrophy, cognitive, and motor defi-
cits. Figure designed with BioRender.com software
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touchscreen experiments and MR imaging shown here pro-
vide a much more translatable readout from mice to humans
[94]. a-Synuclein toxicity seems to selectively interfere with
reversal learning, as we were unable to detect attentional
deficits in these mice in early ages, despite pattern of atrophy
in the brain that may suggest other cognitive deficits. Further
experiments using batteries of translatable touchscreen tests
may provide other relevant endpoints to investigate cognition
in models of synucleinopathies.

STII regulates multiple other co-chaperones and expres-
sion of one ATPR1 hypomorphic allele can also decrease
the levels of co-chaperones such as cyclophilin A (CypA),
which has recently been shown to favor a-synuclein misfold-
ing [48], providing a potential complementary mechanism
by which a-synuclein can be regulated. Because STI1 in
yeast is a co-chaperone that preferentially regulates kinases
[17], we cannot exclude the possibility that it may also
directly regulate kinase activity, including PLK3. As a limi-
tation, STI1 mouse models cannot distinguish between direct
effects of STI1 or its role in the chaperone machinery. Mice
with increased STI1 levels also present increased levels of
Hsp906 [13], whereas the phenotypes of hypomorphic mice
are consistent with loss of STII function, including disrup-
tion of Hsp90 chaperone activity [75]. Future experiments
specifically modulating STI1 levels (i.e., by adeno-asso-
ciated virus) or using conditional knockdown mice could
be employed to differentiate the STI1 vs. Hsp90 specific
effects, as well as developmental confounds. Other limita-
tions include the variability of disease onset in M834-/4 mice
(from 8 to 16 months of age) [56], and the severe develop-
ment of inclusions in PFF-injected mice. Moreover, as an
important limitation, all our biochemical and behavioral
studies, given their exploratory nature and our initial tran-
scriptome analysis, were performed in male mice. Future
experiments will need to determine the roles of STI1 and
Hsp90, if any, in female mice regarding a-synuclein misfold-
ing and aggregation. Our results are consistent with a role
of the chaperone machinery, particularly Hsp90 and STI1,
in forming complexes with a-synuclein that are involved
in potential toxic functions, or stabilization of conformers
on the pathway to misfolding and protein aggregation. Tar-
geting the interaction of STI1 with a-synuclein may there-
fore provide ways to mitigate a-synuclein misfolding and
toxicity.
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Acknowledgements H.S. acknowledges receiving post-mortem brain
tissues of Parkinson’s disease (PD) patients and control donors from the
Netherlands Brain Bank. Additional human donor data were obtained
from the Genotype-Tissue Expression (GTEx) project supported by the
Common Fund of the Office of the Director of the National Institutes

of Health. We thank Sanda Raulic, Clara Man Ching Yau, Jue Fan, and
Matthew Cowan for animal care and technical support, and Roseane
Durante Franco for help with initial touchscreen experiments.

Author contributions REL, designed and performed research, analyzed
data, and wrote the paper. ASM, MPL, VN, NM NCK, BSR, ST, AB,
MERM, DG, DG, IS, EDCP and AA performed research and ana-
lyzed data. CSP, TMD, EAF, MD, MMC, TJB, and LMS contributed
with analytical tools and reagents. FHB and HS designed research and
contributed with analytical tools. WYC, VFP, and MAMP designed
research, contributed new reagents or analytic tools, and wrote the
paper. All authors were involved in revising the manuscript for intellec-
tual content. All authors read and approved the submitted manuscript.

Funding REL received fellowship funding from the Alzheimer’s Soci-
ety of Canada (ASRP Dr. & Mrs. Spatz Doctoral Award). ASdeM
received a BrainsCAN Postdoctoral fellowship and a Return Home
fellowship from the International Society for Neurochemistry. A.A.
received a Post-doctoral fellowship from Parkinson Canada. HS
acknowledges support for this study from the Israel Science Founda-
tion grant no. 1016/18 and a PhD fellowship support from Friends
of HUJI to NM and The Michael J. Fox Foundation for support to
acquire RNA-Seq datasets. EAF is supported by a Canadian Institutes
of Health Research (CIHR) Foundation grant (FDN—154301). MAMP,
FHB, EAF, VFP, LMS, TIB, MC, WYC, and CSP received support
from the Canadian Institutes of Health Research (CIHR, PJT 162431,
PJT 159781, PIT-169101), Natural Science and Engineering Research
Council of Canada (402524-2013 RGPIN; 03592-2021 RGPIN; 06711
2019 RGPIN), The Tanenbaum Open Science Institute (TOSI), and a
BrainsCAN/Healthy Brains for Healthy Lives (Canada First Research
Excellence Fund to Western/McGill University) Initiative for Trans-
lational Neuroscience Award, and BrainsCAN Accelerator Awards,
as well as support for the Rodent Cognitive and Innovation Core for
behavior experiments. MAMP is a Tier I Canada Research Chair in
Neurochemistry of Dementia. LMS is a Tier I Canada Research Chair
in Translation Cognitive Neuroscience and a CIFAR Fellow in the
Brain, Mind and Consciousness program. TJB is a Western Research
Chair. EAF is a Canada Research Chair (Tier 1) in Parkinson’s disease.

Data availability Data are available in the following repositories:
MRI data https://doi.org/10.5281/zenodo.6620797; Motor behav-
ior and MRI data — MouseBytes + repository https://mousebytes.
ca/comp-edit?repolinkguid=12d0a4{6-f61d-40ea-bf64-fc3ee06ede
5d. PVD Cohort 2- https://mousebytes.ca/data-link ?linkguid=298fb
f10-e7c6-484e-85e9-2c2199¢elea52. PVD Cohort 1- https://mouse
bytes.ca/data-link?linkguid=bddd03al-43a3-4834-a3a2-3037385510
46. 5-choice test- https://mousebytes.ca/data-link?linkguid=61d7d
fa4-a749-43e5-9822-93bebabla673. Biochemical data and quanti-
fications- https://figshare.com/projects/Stress-inducible_phosphopro
tein_1_HOP_STI1_STIP1_regulates_the_accumulation_and_toxicity_
of_-synuclein_in_vivo/140915.

Declarations

Conflict of interest TIB and LMS have established a series of tar-
geted cognitive tests for animals, administered via touchscreen within
a custom environment known as the “Bussey-Saksida touchscreen
chamber”. Cambridge Enterprise, the technology transfer office of the
University of Cambridge, supported commercialization of the Bussey—
Saksida chamber, culminating in a license to Campden Instruments.
Any financial compensation received from commercialization of the
technology is fully invested in further touchscreen development and/
or maintenance.

@ Springer


https://doi.org/10.1007/s00401-022-02491-8
https://doi.org/10.5281/zenodo.6620797
https://mousebytes.ca/comp-edit?repolinkguid=f2d0a4f6-f61d-40ea-bf64-fc3ee06ede5d
https://mousebytes.ca/comp-edit?repolinkguid=f2d0a4f6-f61d-40ea-bf64-fc3ee06ede5d
https://mousebytes.ca/comp-edit?repolinkguid=f2d0a4f6-f61d-40ea-bf64-fc3ee06ede5d
https://mousebytes.ca/data-link?linkguid=298fbf10-e7c6-484e-85e9-2c2199e1ea52
https://mousebytes.ca/data-link?linkguid=298fbf10-e7c6-484e-85e9-2c2199e1ea52
https://mousebytes.ca/data-link?linkguid=bddd03a1-43a3-4834-a3a2-303738551046
https://mousebytes.ca/data-link?linkguid=bddd03a1-43a3-4834-a3a2-303738551046
https://mousebytes.ca/data-link?linkguid=bddd03a1-43a3-4834-a3a2-303738551046
https://mousebytes.ca/data-link?linkguid=61d7dfa4-a749-43e5-9822-93bebab1a673
https://mousebytes.ca/data-link?linkguid=61d7dfa4-a749-43e5-9822-93bebab1a673
https://figshare.com/projects/Stress-inducible_phosphoprotein_1_HOP_STI1_STIP1_regulates_the_accumulation_and_toxicity_of_-synuclein_in_vivo/140915
https://figshare.com/projects/Stress-inducible_phosphoprotein_1_HOP_STI1_STIP1_regulates_the_accumulation_and_toxicity_of_-synuclein_in_vivo/140915
https://figshare.com/projects/Stress-inducible_phosphoprotein_1_HOP_STI1_STIP1_regulates_the_accumulation_and_toxicity_of_-synuclein_in_vivo/140915

Acta Neuropathologica

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

Abeliovich A, Schmitz Y, Farinas I, Choi-Lundberg D, Ho WH,
Castillo PE et al (2000) Mice lacking alpha-synuclein display
functional deficits in the nigrostriatal dopamine system. Neuron
25:239-252. https://doi.org/10.1016/s0896-6273(00)80886-7
Agarraberes FA, Dice JF (2001) A molecular chaperone complex
at the lysosomal membrane is required for protein translocation. J
Cell Sci 114:2491-2499. https://doi.org/10.1242/jcs.114.13.2491
Anderson JP, Walker DE, Goldstein JM, de Laat R, Banducci
K, Caccavello RJ et al (2006) Phosphorylation of Ser-129 is the
dominant pathological modification of alpha-synuclein in familial
and sporadic Lewy body disease. J] Biol Chem 281:29739-29752.
https://doi.org/10.1074/jbc.M600933200

Azeredo da Silveira S, Schneider BL, Cifuentes-Diaz C, Sage
D, Abbas-Terki T, Iwatsubo T et al (2009) Phosphorylation does
not prompt, nor prevent, the formation of alpha-synuclein toxic
species in a rat model of Parkinson’s disease. Hum Mol Genet
18:872-887. https://doi.org/10.1093/hmg/ddn417

Baba M, Nakajo S, Tu PH, Tomita T, Nakaya K, Lee VM, Tro-
janowski JQ, Iwatsubo T (1998) Aggregation of alpha-synuclein
in Lewy bodies of sporadic Parkinson's disease and dementia with
Lewy bodies. Am J Pathol 152: 879-884 http://www.ncbi.nlm.
nih.gov/pubmed/9546347

Baldereschi M, Di Carlo A, Rocca WA, Vanni P, Maggi S, Peris-
sinotto E et al (2000) Parkinson’s disease and parkinsonism in
a longitudinal study: two-fold higher incidence in men. ILSA
Working Group. Italian Longitudinal Study on Aging. Neurol-
ogy 55:1358-1363. https://doi.org/10.1212/wnl.55.9.1358
Bartels T, Choi JG, Selkoe DJ (2011) alpha-Synuclein occurs
physiologically as a helically folded tetramer that resists aggrega-
tion. Nature 477:107-110. https://doi.org/10.1038/nature 10324
Benjamini Y, Hochberg Y (1995) Controlling the false discovery
rate: a practical and powerful approach to multiple testing. J R
Statist Soc B 57:289-300. https://doi.org/10.1111/j.2517-6161.
1995.tb02031.x

Beraldo FH, Arantes CP, Santos TG, Queiroz NG, Young K,
Rylett RJ et al (2010) Role of alpha7 nicotinic acetylcholine
receptor in calcium signaling induced by prion protein interaction
with stress-inducible protein 1. J Biol Chem 285:36542-36550.
https://doi.org/10.1074/jbc.M110.157263

Beraldo FH, Ostapchenko VG, Xu JZ, Di Guglielmo GM, Fan J,
Nicholls PJ et al (2018) Mechanisms of neuroprotection against
ischemic insult by stress-inducible phosphoprotein-1/prion pro-
tein complex. J Neurochem 145:68-79. https://doi.org/10.1111/
jnc.14281

Beraldo FH, Palmer D, Memar S, Wasserman DI, Lee WV, Liang
S et al (2019) MouseBytes, an open-access high-throughput pipe-
line and database for rodent touchscreen-based cognitive assess-
ment. Elife. https://doi.org/10.7554/eLife.49630

@ Springer

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Beraldo FH, Soares IN, Goncalves DF, Fan J, Thomas AA, Santos
TG et al (2013) Stress-inducible phosphoprotein 1 has unique
cochaperone activity during development and regulates cellular
response to ischemia via the prion protein. FASEB J 27:3594—
3607. https://doi.org/10.1096/1].13-232280

Beraldo FH, Thomas A, Kolisnyk B, Hirata PH, De Jaeger X,
Martyn AC et al (2015) Hyperactivity and attention deficits in
mice with decreased levels of stress-inducible phosphoprotein 1
(STIP1). Dis Model Mech 8:1457-1466. https://doi.org/10.1242/
dmm.022525

Bergeron M, Motter R, Tanaka P, Fauss D, Babcock M, Chiou SS
et al (2014) In vivo modulation of polo-like kinases supports a
key role for PLK2 in Ser129 alpha-synuclein phosphorylation in
mouse brain. Neuroscience 256:72-82. https://doi.org/10.1016/j.
neuroscience.2013.09.061

Betemps D, Verchere J, Brot S, Morignat E, Bousset L, Gail-
lard D et al (2014) Alpha-synuclein spreading in M83 mice
brain revealed by detection of pathological alpha-synuclein by
enhanced ELISA. Acta Neuropathol Commun 2:29. https://doi.
org/10.1186/2051-5960-2-29

Bhattacharya K, Weidenauer L, Luengo TM, Pieters EC, Echever-
ria PC, Bernasconi L et al (2020) The Hsp70-Hsp90 co-chaperone
Hop/Stip1 shifts the proteostatic balance from folding towards
degradation. Nat Commun 11:5975. https://doi.org/10.1038/
s41467-020-19783-w

Biebl MM, Riedl M, Buchner J (2020) Hsp90 co-chaperones form
plastic genetic networks adapted to client maturation. Cell Rep
32:108063. https://doi.org/10.1016/j.celrep.2020.108063

Blair LJ, Nordhues BA, Hill SE, Scaglione KM, O’Leary JC
3rd, Fontaine SN et al (2013) Accelerated neurodegeneration
through chaperone-mediated oligomerization of tau. J Clin Invest
123:4158-4169. https://doi.org/10.1172/IC169003

Bohush A, Niewiadomska G, Weis S, Filipek A (2019) HSP90
and Its Novel Co-Chaperones, SGT1 and CHP-1, in Brain of
Patients with Parkinson’s Disease and Dementia with Lewy
Bodies. J Parkinsons Dis 9:97-107. https://doi.org/10.3233/
JPD-181443

Brehme M, Voisine C, Rolland T, Wachi S, Soper JH, Zhu Y et al
(2014) A chaperome subnetwork safeguards proteostasis in aging
and neurodegenerative disease. Cell Rep 9:1135-1150. https://doi.
org/10.1016/j.celrep.2014.09.042

Burmann BM, Gerez JA, Matecko-Burmann I, Campioni S,
Kumari P, Ghosh D et al (2020) Regulation of alpha-synuclein
by chaperones in mammalian cells. Nature 577:127-132. https://
doi.org/10.1038/541586-019-1808-9

Burre J (2015) The synaptic function of alpha-synuclein. J Par-
kinsons Dis 5:699-713. https://doi.org/10.3233/JPD-150642
Burre J, Sharma M, Sudhof TC (2014) alpha-Synuclein assembles
into higher-order multimers upon membrane binding to promote
SNARE complex formation. Proc Natl Acad Sci USA 111:E4274-
4283. https://doi.org/10.1073/pnas. 1416598111

Burre J, Sharma M, Tsetsenis T, Buchman V, Etherton MR,
Sudhof TC (2010) Alpha-synuclein promotes SNARE-complex
assembly in vivo and in vitro. Science 329:1663-1667. https://
doi.org/10.1126/science.1195227

Cahill LS, Laliberte CL, Ellegood J, Spring S, Gleave JA, Eede
MC et al (2012) Preparation of fixed mouse brains for MRI. Neu-
roimage 60:933-9309. https://doi.org/10.1016/j.neuroimage.2012.
01.100

Cantuti-Castelvetri I, Klucken J, Ingelsson M, Ramasamy K,
McLean PJ, Frosch MP et al (2005) Alpha-synuclein and chap-
erones in dementia with Lewy bodies. J Neuropathol Exp Neu-
rol 64:1058-1066. https://doi.org/10.1097/01.jnen.0000190063.
90440.69


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/s0896-6273(00)80886-7
https://doi.org/10.1242/jcs.114.13.2491
https://doi.org/10.1074/jbc.M600933200
https://doi.org/10.1093/hmg/ddn417
http://www.ncbi.nlm.nih.gov/pubmed/9546347
http://www.ncbi.nlm.nih.gov/pubmed/9546347
https://doi.org/10.1212/wnl.55.9.1358
https://doi.org/10.1038/nature10324
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1074/jbc.M110.157263
https://doi.org/10.1111/jnc.14281
https://doi.org/10.1111/jnc.14281
https://doi.org/10.7554/eLife.49630
https://doi.org/10.1096/fj.13-232280
https://doi.org/10.1242/dmm.022525
https://doi.org/10.1242/dmm.022525
https://doi.org/10.1016/j.neuroscience.2013.09.061
https://doi.org/10.1016/j.neuroscience.2013.09.061
https://doi.org/10.1186/2051-5960-2-29
https://doi.org/10.1186/2051-5960-2-29
https://doi.org/10.1038/s41467-020-19783-w
https://doi.org/10.1038/s41467-020-19783-w
https://doi.org/10.1016/j.celrep.2020.108063
https://doi.org/10.1172/JCI69003
https://doi.org/10.3233/JPD-181443
https://doi.org/10.3233/JPD-181443
https://doi.org/10.1016/j.celrep.2014.09.042
https://doi.org/10.1016/j.celrep.2014.09.042
https://doi.org/10.1038/s41586-019-1808-9
https://doi.org/10.1038/s41586-019-1808-9
https://doi.org/10.3233/JPD-150642
https://doi.org/10.1073/pnas.1416598111
https://doi.org/10.1126/science.1195227
https://doi.org/10.1126/science.1195227
https://doi.org/10.1016/j.neuroimage.2012.01.100
https://doi.org/10.1016/j.neuroimage.2012.01.100
https://doi.org/10.1097/01.jnen.0000190063.90440.69
https://doi.org/10.1097/01.jnen.0000190063.90440.69

Acta Neuropathologica

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chakravarty MM, Steadman P, van Eede MC, Calcott RD, Gu V,
Shaw P et al (2013) Performing label-fusion-based segmentation
using multiple automatically generated templates. Hum Brain
Mapp 34:2635-2654. https://doi.org/10.1002/hbm.22092

Chang HC, Nathan DF, Lindquist S (1997) In vivo analysis of the
Hsp90 cochaperone Stil (p60). Mol Cell Biol 17:318-325. https://
doi.org/10.1128/MCB.17.1.318

Chen L, Feany MB (2005) Alpha-synuclein phosphorylation con-
trols neurotoxicity and inclusion formation in a Drosophila model
of Parkinson disease. Nat Neurosci 8:657-663. https://doi.org/10.
1038/nn1443

Chen L, Liu Y, Becher A, Diepold K, Schmid E, Fehn A et al
(2020) Sildenafil triggers tumor lethality through altered expres-
sion of HSP90 and degradation of PKD2. Carcinogenesis
41:1421-1431. https://doi.org/10.1093/carcin/bgaa001

Chung HK, Ho HA, Perez-Acuna D, Lee SJ (2019) Modeling
alpha-synuclein propagation with preformed fibril injections. J
Mov Disord 12:139-151. https://doi.org/10.14802/jmd.19046
Ciechanover A, Kwon YT (2017) Protein Quality Control by
Molecular Chaperones in Neurodegeneration. Front Neurosci
11:185. https://doi.org/10.3389/fnins.2017.00185

Conway KA, Harper JD, Lansbury PT (1998) Accelerated in vitro
fibril formation by a mutant alpha-synuclein linked to early-onset
Parkinson disease. Nat Med 4:1318-1320. https://doi.org/10.
1038/3311

Conway KA, Lee SJ, Rochet JC, Ding TT, Williamson RE, Lans-
bury PT Jr (2000) Acceleration of oligomerization, not fibrilliza-
tion, is a shared property of both alpha-synuclein mutations linked
to early-onset Parkinson’s disease: implications for pathogenesis
and therapy. Proc Natl Acad Sci USA 97:571-576. https://doi.org/
10.1073/pnas.97.2.571

Coupe P, Yger P, Prima S, Hellier P, Kervrann C, Barillot C
(2008) An optimized blockwise nonlocal means denoising filter
for 3-D magnetic resonance images. IEEE Trans Med Imaging
27:425-441. https://doi.org/10.1109/TMI.2007.906087
Criado-Marrero M, Gebru NT, Blazier DM, Gould LA, Baker
JD, Beaulieu-Abdelahad D et al (2021) Hsp90 co-chaperones,
FKBP52 and Ahal, promote tau pathogenesis in aged wild-type
mice. Acta Neuropathol Commun 9:65. https://doi.org/10.1186/
s40478-021-01159-w

Dahiya V, Rutz DA, Moessmer P, Muhlhofer M, Lawatscheck
J, Rief M et al (2022) The switch from client holding to fold-
ing in the Hsp70/Hsp90 chaperone machineries is regulated by
a direct interplay between co-chaperones. Mol Cell 82(1543—
1556):e1546. https://doi.org/10.1016/j.molcel.2022.01.016
Daturpalli S, Waudby CA, Meehan S, Jackson SE (2013) Hsp90
inhibits alpha-synuclein aggregation by interacting with soluble
oligomers. J Mol Biol 425:4614-4628. https://doi.org/10.1016/j.
jmb.2013.08.006

Dickey CA, Kamal A, Lundgren K, Klosak N, Bailey RM, Dun-
more J et al (2007) The high-affinity HSP90-CHIP complex rec-
ognizes and selectively degrades phosphorylated tau client pro-
teins. J Clin Invest 117:648—658. https://doi.org/10.1172/JCI29
715

Diederich NJ, Goetz CG, Raman R, Pappert EJ, Leurgans S, Piery
V (1998) Poor visual discrimination and visual hallucinations in
Parkinson's disease. Clin Neuropharmacol 21: 289-295. http://
www.ncbi.nlm.nih.gov/pubmed/9789709

Dirnberger G, Jahanshahi M (2013) Executive dysfunction in Par-
kinson’s disease: a review. J Neuropsychol 7:193-224. https://doi.
org/10.1111/jnp.12028

Doherty CPA, Ulamec SM, Maya-Martinez R, Good SC,
Makepeace J, Khan GN et al (2020) A short motif in the N-ter-
minal region of alpha-synuclein is critical for both aggregation
and function. Nat Struct Mol Biol 27:249-259. https://doi.org/10.
1038/s41594-020-0384-x

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Dorr AE, Lerch JP, Spring S, Kabani N, Henkelman RM (2008)
High resolution three-dimensional brain atlas using an average
magnetic resonance image of 40 adult C57B1/6J mice. Neuroim-
age 42:60-69. https://doi.org/10.1016/j.neuroimage.2008.03.037
Dou F, Netzer WJ, Tanemura K, Li F, Hartl FU, Takashima A
et al (2003) Chaperones increase association of tau protein with
microtubules. Proc Natl Acad Sci U S A 100:721-726. https://doi.
org/10.1073/pnas.242720499

Ebrahimi-Fakhari D, Saidi LJ, Wahlster L (2013) Molecular chap-
erones and protein folding as therapeutic targets in Parkinson’s
disease and other synucleinopathies. Acta Neuropathol Commun
1:79. https://doi.org/10.1186/2051-5960-1-79

Eliezer D, Kutluay E, Bussell R Jr, Browne G (2001) Conforma-
tional properties of alpha-synuclein in its free and lipid-associated
states. ] Mol Biol 307:1061-1073. https://doi.org/10.1006/jmbi.
2001.4538

Falsone SF, Kungl AJ, Rek A, Cappai R, Zangger K (2009) The
molecular chaperone Hsp90 modulates intermediate steps of amy-
loid assembly of the Parkinson-related protein alpha-synuclein. J
Biol Chem 284:31190-31199. https://doi.org/10.1074/jbc.M109.
057240

Favretto F, Flores D, Baker JD, Strohaker T, Andreas LB, Blair
LJ et al (2020) Catalysis of proline isomerization and molecular
chaperone activity in a tug-of-war. Nat Commun 11:6046. https://
doi.org/10.1038/541467-020-19844-0

Flom G, Behal RH, Rosen L, Cole DG, Johnson JL (2007) Defini-
tion of the minimal fragments of Stil required for dimerization,
interaction with Hsp70 and Hsp90 and in vivo functions. Biochem
J404:159-167. https://doi.org/10.1042/BJ20070084
Fonseca-Ornelas L, Viennet T, Rovere M, Jiang H, Liu L, Nuber
S et al (2021) Altered conformation of alpha-synuclein drives
dysfunction of synaptic vesicles in a synaptosomal model of Par-
kinson’s disease. Cell Rep 36:109333. https://doi.org/10.1016/j.
celrep.2021.109333

Freichel C, Neumann M, Ballard T, Muller V, Woolley M, Ozmen
L et al (2007) Age-dependent cognitive decline and amygdala
pathology in alpha-synuclein transgenic mice. Neurobiol Aging
28:1421-1435. https://doi.org/10.1016/j.neurobiolaging.2006.06.
013

Frey B, AlOkda A, Jackson MP, Riguet N, Duce JA, Lashuel
HA (2021) Monitoring alpha-synuclein oligomerization and
aggregation using bimolecular fluorescence complementation
assays: What you see is not always what you get. J Neurochem
157:872-888. https://doi.org/10.1111/jnc.15147

Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah E,
Goldberg MS et al (2002) alpha-Synuclein is phosphorylated in
synucleinopathy lesions. Nat Cell Biol 4:160—-164. https://doi.org/
10.1038/ncb748

Gallino D, Devenyi GA, Germann J, Guma E, Anastassiadis C,
Chakravarty MM (2019) Longitudinal assessment of the neuro-
anatomical consequences of deep brain stimulation: Applica-
tion of fornical DBS in an Alzheimer’s mouse model. Brain Res
1715:213-223. https://doi.org/10.1016/j.brainres.2019.03.030
Ghanem SS, Majbour NK, Vaikath NN, Ardah MT, Erskine
D, Jensen NM et al (2022) alpha-Synuclein phosphorylation
at serine 129 occurs after initial protein deposition and inhibits
seeded fibril formation and toxicity. Proc Natl Acad Sci USA
119:€2109617119. https://doi.org/10.1073/pnas.2109617119
Giasson BI, Duda JE, Quinn SM, Zhang B, Trojanowski JQ, Lee
VM (2002) Neuronal alpha-synucleinopathy with severe move-
ment disorder in mice expressing A53T human alpha-synuclein.
Neuron 34:521-533. https://doi.org/10.1016/s0896-6273(02)
00682-7

Ginsberg SD, Joshi S, Sharma S, Guzman G, Wang T, Arancio
O et al (2021) The penalty of stress—Epichaperomes negatively

@ Springer


https://doi.org/10.1002/hbm.22092
https://doi.org/10.1128/MCB.17.1.318
https://doi.org/10.1128/MCB.17.1.318
https://doi.org/10.1038/nn1443
https://doi.org/10.1038/nn1443
https://doi.org/10.1093/carcin/bgaa001
https://doi.org/10.14802/jmd.19046
https://doi.org/10.3389/fnins.2017.00185
https://doi.org/10.1038/3311
https://doi.org/10.1038/3311
https://doi.org/10.1073/pnas.97.2.571
https://doi.org/10.1073/pnas.97.2.571
https://doi.org/10.1109/TMI.2007.906087
https://doi.org/10.1186/s40478-021-01159-w
https://doi.org/10.1186/s40478-021-01159-w
https://doi.org/10.1016/j.molcel.2022.01.016
https://doi.org/10.1016/j.jmb.2013.08.006
https://doi.org/10.1016/j.jmb.2013.08.006
https://doi.org/10.1172/JCI29715
https://doi.org/10.1172/JCI29715
http://www.ncbi.nlm.nih.gov/pubmed/9789709
http://www.ncbi.nlm.nih.gov/pubmed/9789709
https://doi.org/10.1111/jnp.12028
https://doi.org/10.1111/jnp.12028
https://doi.org/10.1038/s41594-020-0384-x
https://doi.org/10.1038/s41594-020-0384-x
https://doi.org/10.1016/j.neuroimage.2008.03.037
https://doi.org/10.1073/pnas.242720499
https://doi.org/10.1073/pnas.242720499
https://doi.org/10.1186/2051-5960-1-79
https://doi.org/10.1006/jmbi.2001.4538
https://doi.org/10.1006/jmbi.2001.4538
https://doi.org/10.1074/jbc.M109.057240
https://doi.org/10.1074/jbc.M109.057240
https://doi.org/10.1038/s41467-020-19844-0
https://doi.org/10.1038/s41467-020-19844-0
https://doi.org/10.1042/BJ20070084
https://doi.org/10.1016/j.celrep.2021.109333
https://doi.org/10.1016/j.celrep.2021.109333
https://doi.org/10.1016/j.neurobiolaging.2006.06.013
https://doi.org/10.1016/j.neurobiolaging.2006.06.013
https://doi.org/10.1111/jnc.15147
https://doi.org/10.1038/ncb748
https://doi.org/10.1038/ncb748
https://doi.org/10.1016/j.brainres.2019.03.030
https://doi.org/10.1073/pnas.2109617119
https://doi.org/10.1016/s0896-6273(02)00682-7
https://doi.org/10.1016/s0896-6273(02)00682-7

Acta Neuropathologica

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

reshaping the brain in neurodegenerative disorders. J Neurochem
159:958-979. https://doi.org/10.1111/jnc.15525

Giulino-Roth L, van Besien HJ, Dalton T, Totonchy JE, Rodina
A, Taldone T et al (2017) Inhibition of Hsp90 suppresses PI3K/
AKT/mTOR signaling and has antitumor activity in Burkitt lym-
phoma. Mol Cancer Ther 16:1779-1790. https://doi.org/10.1158/
1535-7163.MCT-16-0848

Glajch KE, Moors TE, Chen Y, Bechade PA, Nam AY, Rajsom-
bath MM et al (2021) Wild-type GBAI1 increases the alpha-synu-
clein tetramer-monomer ratio, reduces lipid-rich aggregates, and
attenuates motor and cognitive deficits in mice. Proc Natl Acad
Sci USA. https://doi.org/10.1073/pnas.2103425118

Guma E, Snook E, Spring S, Lerch JP, Nieman BJ, Devenyi GA
et al (2021) Subtle alterations in neonatal neurodevelopment fol-
lowing early or late exposure to prenatal maternal immune acti-
vation in mice. Neuroimage Clin 32:102868. https://doi.org/10.
1016/j.nicl.2021.102868

Hanan M, Simchovitz A, Yayon N, Vaknine S, Cohen-Fultheim R,
Karmon M et al (2020) A Parkinson’s disease CircRNAs resource
reveals a link between circSLC8A1 and oxidative stress. EMBO
Mol Med 12:e11942. https://doi.org/10.15252/emmm.201911942
Henderson MX, Cornblath EJ, Darwich A, Zhang B, Brown H,
Gathagan RJ et al (2019) Spread of alpha-synuclein pathology
through the brain connectome is modulated by selective vulner-
ability and predicted by network analysis. Nat Neurosci 22:1248—
1257. https://doi.org/10.1038/s41593-019-0457-5

Hu S, TanJ, Qin L, Lv L, Yan W, Zhang H et al (2021) Molecular
chaperones and Parkinson’s disease. Neurobiol Dis 160:105527.
https://doi.org/10.1016/j.nbd.2021.105527

Inda MC, Joshi S, Wang T, Bolaender A, Gandu S, Koren lii J
et al (2020) The epichaperome is a mediator of toxic hippocampal
stress and leads to protein connectivity-based dysfunction. Nat
Commun 11:319. https://doi.org/10.1038/s41467-019-14082-5
Janickova H, Rosborough K, Al-Onaizi M, Kljakic O, Guzman
MS, Gros R et al (2017) Deletion of the vesicular acetylcholine
transporter from pedunculopontine/laterodorsal tegmental neu-
rons modifies gait. J Neurochem 140:787-798. https://doi.org/
10.1111/jnc.13910

Jinwal UK, Koren J 3rd, Borysov SI, Schmid AB, Abisambra JF,
Blair LJ et al (2010) The Hsp90 cochaperone, FKBP51, increases
Tau stability and polymerizes microtubules. J Neurosci 30:591—
599. https://doi.org/10.1523/INEUROSCI.4815-09.2010

Jinwal UK, Trotter JH, Abisambra JF, Koren J 3rd, Lawson LY,
Vestal GD et al (2011) The Hsp90 kinase co-chaperone Cdc37
regulates tau stability and phosphorylation dynamics. J Biol Chem
286:16976-16983. https://doi.org/10.1074/jbc.M110.182493
Johnson BD, Schumacher RJ, Ross ED, Toft DO (1998) Hop
modulates Hsp70/Hsp90 interactions in protein folding. J Biol
Chem 273:3679-3686. https://doi.org/10.1074/jbc.273.6.3679
Karampetsou M, Ardah MT, Semitekolou M, Polissidis A, Sami-
otaki M, Kalomoiri M et al (2017) Phosphorylated exogenous
alpha-synuclein fibrils exacerbate pathology and induce neuronal
dysfunction in mice. Sci Rep 7:16533. https://doi.org/10.1038/
s41598-017-15813-8

Kolisnyk B, Al-Onaizi M, Soreq L, Barbash S, Bekenstein U,
Haberman N et al (2017) Cholinergic surveillance over hippocam-
pal RNA metabolism and Alzheimer’s-like pathology. Cereb Cor-
tex 27:3553-3567. https://doi.org/10.1093/cercor/bhw177
Kolisnyk B, Al-Onaizi MA, Hirata PH, Guzman MS, Nikolova S,
Barbash S et al (2013) Forebrain deletion of the vesicular acetyl-
choline transporter results in deficits in executive function, meta-
bolic, and RNA splicing abnormalities in the prefrontal cortex. J
Neurosci 33:14908-14920. https://doi.org/10.1523/INEUROSCI.
1933-13.2013

Kolisnyk B, Guzman MS, Raulic S, Fan J, Magalhaes AC, Feng
G et al (2013) ChAT-ChR2-EYFP mice have enhanced motor

@ Springer

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

endurance but show deficits in attention and several additional
cognitive domains. J Neurosci 33:10427-10438. https://doi.org/
10.1523/JNEUROSCI.0395-13.2013

Lackie RE, Maciejewski A, Ostapchenko VG, Marques-Lopes J,
Choy WY, Duennwald ML et al (2017) The Hsp70/Hsp90 chap-
erone machinery in neurodegenerative diseases. Front Neurosci
11:254. https://doi.org/10.3389/fnins.2017.00254

Lackie RE, Marques-Lopes J, Ostapchenko VG, Good S, Choy
WY, van Oosten-Hawle P et al (2020) Increased levels of Stress-
inducible phosphoprotein-1 accelerates amyloid-beta deposition
in a mouse model of Alzheimer’s disease. Acta Neuropathol Com-
mun 8:143. https://doi.org/10.1186/s40478-020-01013-5

Lackie RE, Razzaq AR, Farhan SMK, Qiu LR, Moshitzky G,
Beraldo FH et al (2020) Modulation of hippocampal neuronal
resilience during aging by the Hsp70/Hsp90 co-chaperone STI1.
J Neurochem 153:727-758. https://doi.org/10.1111/jnc.14882
Lee AC, Levi N, Davies RR, Hodges JR, Graham KS (2007)
Differing profiles of face and scene discrimination deficits in
semantic dementia and Alzheimer’s disease. Neuropsychologia
45:2135-2146. https://doi.org/10.1016/j.neuropsychologia.2007.
01.010

Lee CT, Graf C, Mayer FJ, Richter SM, Mayer MP (2012)
Dynamics of the regulation of Hsp90 by the co-chaperone Stil.
EMBO J 31:1518-1528. https://doi.org/10.1038/emboj.2012.37
Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard
A et al (2007) Genome-wide atlas of gene expression in the adult
mouse brain. Nature 445:168—176. https://doi.org/10.1038/natur
e05453

Leverenz JB, Umar I, Wang Q, Montine TJ, McMillan PJ, Tsu-
ang DW et al (2007) Proteomic identification of novel proteins in
cortical lewy bodies. Brain Pathol 17:139-145. https://doi.org/10.
1111/5.1750-3639.2007.00048.x

Lim Y, Kehm VM, Lee EB, Soper JH, Li C, Trojanowski JQ
et al (2011) alpha-Syn suppression reverses synaptic and memory
defects in a mouse model of dementia with Lewy bodies. J Neuro-
sci 31:10076-10087. https://doi.org/10.1523/INEUROSCI.0618-
11.2011

Lopes MH, Hajj GN, Muras AG, Mancini GL, Castro RM, Ribeiro
KC et al (2005) Interaction of cellular prion and stress-inducible
protein 1 promotes neuritogenesis and neuroprotection by distinct
signaling pathways. J Neurosci 25:11330-11339. https://doi.org/
10.1523/INEUROSCI.2313-05.2005

Luk KC, Kehm VM, Zhang B, O’Brien P, Trojanowski JQ, Lee
VM (2012) Intracerebral inoculation of pathological alpha-synu-
clein initiates a rapidly progressive neurodegenerative alpha-
synucleinopathy in mice. J Exp Med 209:975-986. https://doi.
org/10.1084/jem.20112457

Luk KC, Song C, O’Brien P, Stieber A, Branch JR, Brunden KR
et al (2009) Exogenous alpha-synuclein fibrils seed the formation
of Lewy body-like intracellular inclusions in cultured cells. Proc
Natl Acad Sci USA 106:20051-20056. https://doi.org/10.1073/
pnas.0908005106

Luo W, Dou F, Rodina A, Chip S, Kim J, Zhao Q et al (2007)
Roles of heat-shock protein 90 in maintaining and facilitating the
neurodegenerative phenotype in tauopathies. Proc Natl Acad Sci
USA 104:9511-9516. https://doi.org/10.1073/pnas.0701055104
Maciejewski A, Ostapchenko VG, Beraldo FH, Prado VF, Prado
MA, Choy WY (2016) Domains of STIP1 responsible for regulat-
ing PrPC-dependent amyloid-beta oligomer toxicity. Biochem J
473:2119-2130. https://doi.org/10.1042/BCJ20160087
Mahul-Mellier AL, Burtscher J, Maharjan N, Weerens L, Croisier
M, Kauttler F et al (2020) The process of Lewy body formation,
rather than simply alpha-synuclein fibrillization, is one of the
major drivers of neurodegeneration. Proc Natl Acad Sci USA
117:4971-4982. https://doi.org/10.1073/pnas.1913904117


https://doi.org/10.1111/jnc.15525
https://doi.org/10.1158/1535-7163.MCT-16-0848
https://doi.org/10.1158/1535-7163.MCT-16-0848
https://doi.org/10.1073/pnas.2103425118
https://doi.org/10.1016/j.nicl.2021.102868
https://doi.org/10.1016/j.nicl.2021.102868
https://doi.org/10.15252/emmm.201911942
https://doi.org/10.1038/s41593-019-0457-5
https://doi.org/10.1016/j.nbd.2021.105527
https://doi.org/10.1038/s41467-019-14082-5
https://doi.org/10.1111/jnc.13910
https://doi.org/10.1111/jnc.13910
https://doi.org/10.1523/JNEUROSCI.4815-09.2010
https://doi.org/10.1074/jbc.M110.182493
https://doi.org/10.1074/jbc.273.6.3679
https://doi.org/10.1038/s41598-017-15813-8
https://doi.org/10.1038/s41598-017-15813-8
https://doi.org/10.1093/cercor/bhw177
https://doi.org/10.1523/JNEUROSCI.1933-13.2013
https://doi.org/10.1523/JNEUROSCI.1933-13.2013
https://doi.org/10.1523/JNEUROSCI.0395-13.2013
https://doi.org/10.1523/JNEUROSCI.0395-13.2013
https://doi.org/10.3389/fnins.2017.00254
https://doi.org/10.1186/s40478-020-01013-5
https://doi.org/10.1111/jnc.14882
https://doi.org/10.1016/j.neuropsychologia.2007.01.010
https://doi.org/10.1016/j.neuropsychologia.2007.01.010
https://doi.org/10.1038/emboj.2012.37
https://doi.org/10.1038/nature05453
https://doi.org/10.1038/nature05453
https://doi.org/10.1111/j.1750-3639.2007.00048.x
https://doi.org/10.1111/j.1750-3639.2007.00048.x
https://doi.org/10.1523/JNEUROSCI.0618-11.2011
https://doi.org/10.1523/JNEUROSCI.0618-11.2011
https://doi.org/10.1523/JNEUROSCI.2313-05.2005
https://doi.org/10.1523/JNEUROSCI.2313-05.2005
https://doi.org/10.1084/jem.20112457
https://doi.org/10.1084/jem.20112457
https://doi.org/10.1073/pnas.0908005106
https://doi.org/10.1073/pnas.0908005106
https://doi.org/10.1073/pnas.0701055104
https://doi.org/10.1042/BCJ20160087
https://doi.org/10.1073/pnas.1913904117

Acta Neuropathologica

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Mar AC, Horner AE, Nilsson SR, Alsio J, Kent BA, Kim CH et al
(2013) The touchscreen operant platform for assessing executive
function in rats and mice. Nat Protoc 8:1985-2005. https://doi.
org/10.1038/nprot.2013.123

Maroteaux L, Scheller RH (1991) The rat brain synucleins; fam-
ily of proteins transiently associated with neuronal membrane.
Brain Res Mol Brain Res 11:335-343. https://doi.org/10.1016/
0169-328x(91)90043-w

Mbefo MK, Paleologou KE, Boucharaba A, Oueslati A, Schell H,
Fournier M et al (2010) Phosphorylation of synucleins by mem-
bers of the Polo-like kinase family. J Biol Chem 285:2807-2822.
https://doi.org/10.1074/jbc.M109.081950

McLean PJ, Kawamata H, Shariff S, Hewett J, Sharma N, Ueda K,
Breakefield XO, Hyman BT (2002) TorsinA and heat shock pro-
teins act as molecular chaperones: suppression of alpha-synuclein
aggregation. J Neurochem 83: 846-854. https://www.ncbi.nlm.
nih.gov/pubmed/12421356

Nemani VM, Lu W, Berge V, Nakamura K, Onoa B, Lee MK et al
(2010) Increased expression of alpha-synuclein reduces neuro-
transmitter release by inhibiting synaptic vesicle reclustering after
endocytosis. Neuron 65:66—79. https://doi.org/10.1016/j.neuron.
2009.12.023

Ostapchenko VG, Beraldo FH, Mohammad AH, Xie YF, Hirata
PH, Magalhaes AC et al (2013) The prion protein ligand, stress-
inducible phosphoprotein 1, regulates amyloid-beta oligomer tox-
icity. J Neurosci 33:16552-16564. https://doi.org/10.1523/JNEUR
0OSCI1.3214-13.2013

Paleologou KE, Schmid AW, Rospigliosi CC, Kim HY, Lam-
berto GR, Fredenburg RA et al (2008) Phosphorylation at Ser-129
but not the phosphomimics S129E/D inhibits the fibrillation of
alpha-synuclein. J Biol Chem 283:16895-16905. https://doi.org/
10.1074/jbc.M800747200

Palmer D, Dumont JR, Dexter TD, Prado MAM, Finger E, Bus-
sey TJ et al (2021) Touchscreen cognitive testing: Cross-species
translation and co-clinical trials in neurodegenerative and neu-
ropsychiatric disease. Neurobiol Learn Mem 182:107443. https://
doi.org/10.1016/j.nlm.2021.107443

Paumier KL, Sukoff Rizzo SJ, Berger Z, Chen Y, Gonzales C,
Kaftan E et al (2013) Behavioral characterization of A53T mice
reveals early and late stage deficits related to Parkinson’s disease.
PLoS ONE 8:¢70274. https://doi.org/10.1371/journal.pone.00702
74

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A,
Dutra A et al (1997) Mutation in the alpha-synuclein gene identi-
fied in families with Parkinson’s disease. Science 276:2045-2047.
https://doi.org/10.1126/science.276.5321.2045

Porcari R, Proukakis C, Waudby CA, Bolognesi B, Mangione
PP, Paton JF et al (2015) The H50Q mutation induces a 10-fold
decrease in the solubility of alpha-synuclein. J Biol Chem
290:2395-2404. https://doi.org/10.1074/jbc.M114.610527
Prado VF, Martins-Silva C, de Castro BM, Lima RF, Barros DM,
Amaral E et al (2006) Mice deficient for the vesicular acetylcho-
line transporter are myasthenic and have deficits in object and
social recognition. Neuron 51:601-612. https://doi.org/10.1016/j.
neuron.2006.08.005

Pratt WB, Gestwicki JE, Osawa Y, Lieberman AP (2015) Tar-
geting Hsp90/Hsp70-based protein quality control for treatment
of adult onset neurodegenerative diseases. Annu Rev Pharma-
col Toxicol 55:353-371. https://doi.org/10.1146/annurev-pharm
tox-010814-124332

Rahayel S, Misic B, Zheng YQ, Liu ZQ, Abdelgawad A, Abbasi N
et al (2022) Differentially targeted seeding reveals unique patho-
logical alpha-synuclein propagation patterns. Brain 145:1743—
1756. https://doi.org/10.1093/brain/awab440

Riedel O, Klotsche J, Spottke A, Deuschl G, Forstl H, Henn
F et al (2010) Frequency of dementia, depression, and other

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

neuropsychiatric symptoms in 1,449 outpatients with Parkin-
son’s disease. J Neurol 257:1073-1082. https://doi.org/10.1007/
s00415-010-5465-z

Rodina A, Wang T, Yan P, Gomes ED, Dunphy MP, Pillarsetty
N et al (2016) The epichaperome is an integrated chaperome net-
work that facilitates tumour survival. Nature 538:397—401. https://
doi.org/10.1038/nature 19807

Rollins CPE, Gallino D, Kong V, Ayranci G, Devenyi GA, Ger-
mann J et al (2019) Contributions of a high-fat diet to Alzhei-
mer’s disease-related decline: a longitudinal behavioural and
structural neuroimaging study in mouse models. Neuroimage
Clin 21:101606. https://doi.org/10.1016/j.nicl.2018.11.016
Romberg C, Mattson MP, Mughal MR, Bussey TJ, Saksida
LM (2011) Impaired attention in the 3xTgAD mouse model of
Alzheimer’s disease: rescue by donepezil (Aricept). J Neurosci
31:3500-3507. https://doi.org/10.1523/JNEUROSCI.5242-10.
2011

Samuel F, Flavin WP, Igbal S, Pacelli C, Sri Renganathan SD,
Trudeau LE et al (2016) Effects of serine 129 phosphorylation
on alpha-synuclein aggregation, membrane association, and inter-
nalization. J Biol Chem 291:4374-4385. https://doi.org/10.1074/
jbc.M115.705095

Santpere G, Garcia-Esparcia P, Andres-Benito P, Lorente-Galdos
B, Navarro A, Ferrer I (2018) Transcriptional network analysis in
frontal cortex in Lewy body diseases with focus on dementia with
Lewy bodies. Brain Pathol 28:315-333. https://doi.org/10.1111/
bpa.12511

Saul A, Wirths O (2017) Endogenous Apolipoprotein E (ApoE)
Fragmentation Is Linked to Amyloid Pathology in Transgenic
Mouse Models of Alzheimer’s Disease. Mol Neurobiol 54:319—
327. https://doi.org/10.1007/s12035-015-9674-4

Sawada Y, Nishio Y, Suzuki K, Hirayama K, Takeda A, Hosokai
Y et al (2012) Attentional set-shifting deficit in Parkinson’s dis-
ease is associated with prefrontal dysfunction: an FDG-PET
study. PLoS ONE 7:¢38498. https://doi.org/10.1371/journal.pone.
0038498

Scheufler C, Brinker A, Bourenkov G, Pegoraro S, Moroder L,
Bartunik H et al (2000) Structure of TPR domain-peptide com-
plexes: critical elements in the assembly of the Hsp70-Hsp90
multichaperone machine. Cell 101:199-210. https://doi.org/10.
1016/S0092-8674(00)80830-2

Schmid AB, Lagleder S, Grawert MA, Rohl A, Hagn F,
Wandinger SK et al (2012) The architecture of functional modules
in the Hsp90 co-chaperone Stil/Hop. EMBO J 31:1506-1517.
https://doi.org/10.1038/emboj.2011.472

Siquier A, Andres P (2020) Cognitive and behavioral inhibi-
tion deficits in Parkinson’s disease: the hayling test as a reliable
marker. Front Aging Neurosci 12:621603. https://doi.org/10.3389/
fnagi.2020.621603

Spillantini MG, Crowther RA, Jakes R, Cairns NJ, Lantos PL,
Goedert M (1998) Filamentous alpha-synuclein inclusions link
multiple system atrophy with Parkinson’s disease and dementia
with Lewy bodies. Neurosci Lett 251:205-208. https://doi.org/10.
1016/50304-3940(98)00504-7

Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes
R, Goedert M (1997) Alpha-synuclein in Lewy bodies. Nature
388:839-840. https://doi.org/10.1038/42166

Steadman PE, Ellegood J, Szulc KU, Turnbull DH, Joyner AL,
Henkelman RM et al (2014) Genetic effects on cerebellar struc-
ture across mouse models of autism using a magnetic resonance
imaging atlas. Autism Res 7:124-137. https://doi.org/10.1002/
aur.1344

Tavassoly O, Del Cid PE, Larroquette F, Cai E, Thomas RA, Sou-
bannier V et al (2021) Pharmacological inhibition of brain EGFR
activation by a BBB-penetrating Inhibitor, AZD3759, attenuates
alpha-synuclein pathology in a mouse model of alpha-synuclein

@ Springer


https://doi.org/10.1038/nprot.2013.123
https://doi.org/10.1038/nprot.2013.123
https://doi.org/10.1016/0169-328x(91)90043-w
https://doi.org/10.1016/0169-328x(91)90043-w
https://doi.org/10.1074/jbc.M109.081950
https://www.ncbi.nlm.nih.gov/pubmed/12421356
https://www.ncbi.nlm.nih.gov/pubmed/12421356
https://doi.org/10.1016/j.neuron.2009.12.023
https://doi.org/10.1016/j.neuron.2009.12.023
https://doi.org/10.1523/JNEUROSCI.3214-13.2013
https://doi.org/10.1523/JNEUROSCI.3214-13.2013
https://doi.org/10.1074/jbc.M800747200
https://doi.org/10.1074/jbc.M800747200
https://doi.org/10.1016/j.nlm.2021.107443
https://doi.org/10.1016/j.nlm.2021.107443
https://doi.org/10.1371/journal.pone.0070274
https://doi.org/10.1371/journal.pone.0070274
https://doi.org/10.1126/science.276.5321.2045
https://doi.org/10.1074/jbc.M114.610527
https://doi.org/10.1016/j.neuron.2006.08.005
https://doi.org/10.1016/j.neuron.2006.08.005
https://doi.org/10.1146/annurev-pharmtox-010814-124332
https://doi.org/10.1146/annurev-pharmtox-010814-124332
https://doi.org/10.1093/brain/awab440
https://doi.org/10.1007/s00415-010-5465-z
https://doi.org/10.1007/s00415-010-5465-z
https://doi.org/10.1038/nature19807
https://doi.org/10.1038/nature19807
https://doi.org/10.1016/j.nicl.2018.11.016
https://doi.org/10.1523/JNEUROSCI.5242-10.2011
https://doi.org/10.1523/JNEUROSCI.5242-10.2011
https://doi.org/10.1074/jbc.M115.705095
https://doi.org/10.1074/jbc.M115.705095
https://doi.org/10.1111/bpa.12511
https://doi.org/10.1111/bpa.12511
https://doi.org/10.1007/s12035-015-9674-4
https://doi.org/10.1371/journal.pone.0038498
https://doi.org/10.1371/journal.pone.0038498
https://doi.org/10.1016/S0092-8674(00)80830-2
https://doi.org/10.1016/S0092-8674(00)80830-2
https://doi.org/10.1038/emboj.2011.472
https://doi.org/10.3389/fnagi.2020.621603
https://doi.org/10.3389/fnagi.2020.621603
https://doi.org/10.1016/s0304-3940(98)00504-7
https://doi.org/10.1016/s0304-3940(98)00504-7
https://doi.org/10.1038/42166
https://doi.org/10.1002/aur.1344
https://doi.org/10.1002/aur.1344

Acta Neuropathologica

116.

117.

118.

119.

120.

121.

122.

123.

propagation. Neurotherapeutics 18:979-997. https://doi.org/10.
1007/s13311-021-01017-6

Tsai CL, Chao AS, Jung SM, Lin CY, Chao A, Wang TH (2018)
Stress-induced phosphoprotein 1 acts as a scaffold protein for
glycogen synthase kinase-3 beta-mediated phosphorylation of
lysine-specific demethylase 1. Oncogenesis 7:31. https://doi.org/
10.1038/541389-018-0040-z

Tustison NJ, Avants BB, Lin Z, Feng X, Cullen N, Mata JF et al
(2019) Convolutional Neural Networks with Template-Based
Data Augmentation for Functional Lung Image Quantification.
Acad Radiol 26:412-423. https://doi.org/10.1016/j.acra.2018.08.
003

Uc EY, Rizzo M, Anderson SW, Qian S, Rodnitzky RL, Daw-
son JD (2005) Visual dysfunction in Parkinson disease without
dementia. Neurology 65:1907-1913. https://doi.org/10.1212/01.
wnl.0000191565.11065.11

Ullmann JF, Janke AL, Reutens D, Watson C (2015) Develop-
ment of MRI-based atlases of non-human brains. J Comp Neurol
523:391-405. https://doi.org/10.1002/cne.23678

Ullmann JF, Watson C, Janke AL, Kurniawan ND, Reutens DC
(2013) A segmentation protocol and MRI atlas of the C57BL/6J
mouse neocortex. Neuroimage 78:196-203. https://doi.org/10.
1016/j.neuroimage.2013.04.008

Uryu K, Richter-Landsberg C, Welch W, Sun E, Goldbaum O,
Norris EH et al (2006) Convergence of heat shock protein 90
with ubiquitin in filamentous alpha-synuclein inclusions of alpha-
synucleinopathies. Am J Pathol 168:947-961. https://doi.org/10.
2353/ajpath.2006.050770

Volpicelli-Daley LA, Luk KC, Patel TP, Tanik SA, Riddle DM,
Stieber A et al (2011) Exogenous alpha-synuclein fibrils induce
Lewy body pathology leading to synaptic dysfunction and neuron
death. Neuron 72:57-71. https://doi.org/10.1016/j.neuron.2011.
08.033

Walker L, Stefanis L, Attems J (2019) Clinical and neuropatholog-
ical differences between Parkinson’s disease, Parkinson’s disease

Authors and Affiliations

124.

125.

126.

127.

128.

129.

130.

dementia and dementia with Lewy bodies—current issues and
future directions. J Neurochem 150:467—474. https://doi.org/10.
1111/jnc.14698

Wang L, Das U, Scott DA, Tang Y, McLean PJ, Roy S (2014)
alpha-synuclein multimers cluster synaptic vesicles and attenuate
recycling. Curr Biol 24:2319-2326. https://doi.org/10.1016/j.cub.
2014.08.027

Wang RY, Noddings CM, Kirschke E, Myasnikov AG, Johnson
JL, Agard DA (2022) Structure of Hsp90-Hsp70-Hop-GR reveals
the Hsp90 client-loading mechanism. Nature 601:460-464.
https://doi.org/10.1038/s41586-021-04252-1

Waxman EA, Giasson BI (2008) Specificity and regulation of
casein kinase-mediated phosphorylation of alpha-synuclein. J
Neuropathol Exp Neurol 67:402—-416. https://doi.org/10.1097/
NEN.0b013e31816fc995

Williamson MP (2013) Using chemical shift perturbation to
characterise ligand binding. Prog Nucl Magn Reson Spectrosc
73:1-16. https://doi.org/10.1016/j.pnmrs.2013.02.001

Wolfe KJ, Ren HY, Trepte P, Cyr DM (2013) The Hsp70/90
cochaperone, Stil, suppresses proteotoxicity by regulating spatial
quality control of amyloid-like proteins. Mol Biol Cell 24:3588—
3602. https://doi.org/10.1091/mbc.E13-06-0315

Zanata SM, Lopes MH, Mercadante AF, Hajj GN, Chiarini LB,
Nomizo R et al (2002) Stress-inducible protein 1 is a cell surface
ligand for cellular prion that triggers neuroprotection. EMBO J
21:3307-3316. https://doi.org/10.1093/emboj/cdf325

Zhang B, Gaiteri C, Bodea LG, Wang Z, McElwee J, Podtelezh-
nikov AA et al (2013) Integrated systems approach identifies
genetic nodes and networks in late-onset Alzheimer’s disease.
Cell 153:707-720. https://doi.org/10.1016/j.cell.2013.03.030

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Rachel E. Lackie'? - Aline S. de Miranda'- - Mei Peng Lim'-2 - Vladislav Novikov'2 - Nimrod Madrer* -

Nadun C. Karunatilleke® - Benjamin S. Rutledge’ - Stephanie Tullo® - Anne Brickenden® - Matthew E. R. Maitland'~ -
David Greenberg* - Daniel Gallino® - Wen Luo” - Anoosha Attaran’ - Irina Shlaifer’ - Esther Del Cid Pellitero” -
Caroline Schild-Poulter'* - Thomas M. Durcan’ - Edward A. Fon’ - Martin Duennwald?® - Flavio H. Beraldo' -

M. Mallar Chakravarty® - Timothy J. Bussey'>? - Lisa M. Saksida'*° - Hermona Soreq® - Wing-Yiu Choy” -

Vania F. Prado'?%? . Marco A. M. Prado'%%*

Robarts Research Institute, The University of Western
Ontario, 1151 Richmond St. N, London, ON N6A 5B7,
Canada

Program in Neuroscience, The University of Western
Ontario, London, Canada

Laboratory of Neurobiology, Department of Morphology,
Institute of Biological Science, Universidade Federal de
Minas Gerais (UFMG), Belo Horizonte, Brazil

The Edmond and Lily Safra Center for Brain Sciences,
Department of Biological Chemistry, The Alexander
Silberman Institute of Life Sciences, The Hebrew University
of Jerusalem, Jerusalem, Israel

Department of Biochemistry, The University of Western
Ontario, 1151 Richmond St. N, London, ON N6A 5B7,
Canada

@ Springer

Cerebral Imaging Centre, Douglas Research Institute, McGill
University, Montreal, Canada

Early Drug Discovery Unit, Montreal Neurological
Institute, McGill University, McGill Parkinson Program,
Neurodegenerative Diseases Group, Department

of Neurology and Neurosurgery, Montreal Neurological
Institute, McGill University, Montreal, Canada

Department of Anatomy & Cell Biology, The University
of Western Ontario, London, Canada

Department of Physiology and Pharmacology, The University
of Western Ontario, London, Canada


https://doi.org/10.1007/s13311-021-01017-6
https://doi.org/10.1007/s13311-021-01017-6
https://doi.org/10.1038/s41389-018-0040-z
https://doi.org/10.1038/s41389-018-0040-z
https://doi.org/10.1016/j.acra.2018.08.003
https://doi.org/10.1016/j.acra.2018.08.003
https://doi.org/10.1212/01.wnl.0000191565.11065.11
https://doi.org/10.1212/01.wnl.0000191565.11065.11
https://doi.org/10.1002/cne.23678
https://doi.org/10.1016/j.neuroimage.2013.04.008
https://doi.org/10.1016/j.neuroimage.2013.04.008
https://doi.org/10.2353/ajpath.2006.050770
https://doi.org/10.2353/ajpath.2006.050770
https://doi.org/10.1016/j.neuron.2011.08.033
https://doi.org/10.1016/j.neuron.2011.08.033
https://doi.org/10.1111/jnc.14698
https://doi.org/10.1111/jnc.14698
https://doi.org/10.1016/j.cub.2014.08.027
https://doi.org/10.1016/j.cub.2014.08.027
https://doi.org/10.1038/s41586-021-04252-1
https://doi.org/10.1097/NEN.0b013e31816fc995
https://doi.org/10.1097/NEN.0b013e31816fc995
https://doi.org/10.1016/j.pnmrs.2013.02.001
https://doi.org/10.1091/mbc.E13-06-0315
https://doi.org/10.1093/emboj/cdf325
https://doi.org/10.1016/j.cell.2013.03.030
http://orcid.org/0000-0002-3028-5778

	Stress-inducible phosphoprotein 1 (HOP/STI1/STIP1) regulates the accumulation and toxicity of α-synuclein in vivo
	Citation of this paper:
	Authors

	Stress-inducible phosphoprotein 1 (HOPSTI1STIP1) regulates the accumulation and toxicity of α-synuclein in vivo
	Abstract
	Introduction
	Materials and methods
	Animals
	Animal housing and food restriction for cognitive and motor behavior analysis
	Ethics statement
	Transcriptomic analysis
	Human wild-type (WT) α-synuclein pre-formed fibril (PFF) generation and characterization
	Stereotaxic intracerebral injections of WT human α-synuclein PFFs
	Tissue collection and processing
	Immunohistochemistry

	Co-staining of Amytracker and phosphorylated alpha-synuclein antibody
	Western blotting
	Co-immunoprecipitation
	Recombinant protein expression and purification
	Phosphorylation of recombinant α-synuclein at S129 using PLK3
	Solution NMR spectroscopy
	Motor assessments for M83+−, M83+−:TgA and M83+− ::ΔTPR1 mice
	Grip force
	Wire hang

	Touchscreen behavioral testing
	5-CSRTT​
	PVD-R

	MRI imaging
	Statistical analyses

	Results
	STI1 interacts with α-synuclein
	Elevated levels of insoluble STI1, Hsp90, and Hsp70 after α-synuclein aggregation
	Elevated Hsp90-STI1 levels facilitate prion-like propagation and deposition of insoluble α-synuclein in mice injected with PFFs
	Mice with hypomorphic STI1 alleles and decreased expression of mutated STI1 show reduced α-synuclein pS129 labelling and aggregation
	STI1 facilitates S129 phosphorylation and toxicity of α-synuclein
	M83 homozygous mice expressing ΔTPR1 alleles have less psyn129 pathology markers, improved cognition, and imaging biomarkers

	Discussion
	Acknowledgements 
	References


