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Abstract.

Background: a-synuclein (a-syn) aggregation contributes to the progression of multiple neurodegenerative diseases. We
recently found that the isoform b of the co-chaperone DNAJBG6 is a strong suppressor of a-syn aggregation in vivo and in vitro.
However, nothing is known about the role of the endogenous isoform b of DNAJB6 (DNAJB6b) in health and disease, due
to lack of specific antibodies.

Objective: Here we generated a novel anti-DNAJB6b antibody to analyze the localization and expression of this isoform in
cells, in tissue and in clinical material.

Methods: To address this we used immunocytochemistry, immunohistochemistry, as well as a novel quantitative DNAJB6
specific ELISA method.

Results: The endogenous protein is mainly expressed in the cytoplasm and in neurites in vitro, where it is found more in
dendrites than in axons. We further verified in vivo that DNAJB6D is expressed in the dopaminergic neurons of the substantia
nigra pars compacta (SNpc), which is a neuronal subpopulation highly sensitive to a-syn aggregation, that degenerate to a
large extend in patients with Parkinson’s disease (PD) and multiple system atrophy (MSA). When we analyzed the expression
levels of DNAJBG6bD in brain material from PD and MSA patients, we found a downregulation of DNAJB6b by use of ELISA
based quantification. Interestingly, this was also true when analyzing tissue from patients with progressive supranuclear palsy,
a taupathic atypical parkinsonian disorder. However, the total level of DNAJB6 was upregulated in these three diseases, which
may indicate an upregulation of the other major isoform of DNAJB6, DNAJB6a.

Conclusion: This study shows that DNAJB6b is downregulated in several different neurodegenerative diseases, which makes
it an interesting target to further investigate in relation to amyloid protein aggregation and disease progression.
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dementia with Lewy bodies (DLB), multiple sys-
tem atrophy (MSA), and other, multiple rare forms
of synucleinopathies [1]. The most common synu-
cleinopathy is PD which affects more than 2% of
people above the age of 65 years old in the west-
ern world. The cardinal motor symptoms of PD
are primarily associated with the selective loss of
dopaminergic neurons in the substantia nigra pars
compacta (SNpc) region of the brain. This neurode-
generative process correlates with the formation of
large protein-rich cytoplasmic inclusions, known as
Lewy bodies (LBs), in which aggregated a-syn is
the main protein component [2-5]. a-syn is widely
expressed in brain cells and mainly localized at the
presynaptic terminals, where it is suggested to play
a role in synaptic vesicle dynamics and dopaminer-
gic neurotransmission [6, 7]. The SNCA gene, which
encodes a-syn, is also linked to familial forms of PD
caused by gene duplication/triplication and missense
mutations that result in increased aggregation of the
protein. Itis therefore believed that a-syn aggregation
plays a key role in PD pathogenesis [3, 8, 9].

The misfolding and aggregation of a-syn may be
the result of an age-dependent impairment of the cel-
lular mechanisms maintaining proteostasis in which
molecular chaperones play a crucial role [10, 11].
70 kDa heat shock proteins (HSP70) are protective
against protein aggregation and a series of in vitro and
in vivo studies have indeed demonstrated that Hsp70
can ameliorate a-syn aggregation and a-syn-induced
neurotoxicity [12—-14]. Hsp70 chaperones promote
folding of unfolded or misfolded proteins, in which
co-chaperones such as the DNAJ/Hsp40 family of
proteins (hereafter named the DNAJ proteins), play
a crucial role [15, 16]. The DNAJ proteins can bind
to misfolded or unfolded polypeptides, and transfer
these to the Hsp70 chaperones, which in turn promote
either folding of the polypeptide into its native struc-
ture or degradation [17, 18]. There are more than 40
DNALJ proteins encoded in the human genome [15,
19]. Three of these DNAIJ genes have been linked to
rare forms of PD. These are the genes DNAJB2 [20],
DNAJC6[21,22],and DNAJC13 [23,24]. The mech-
anisms behind their roles in PD are still unknown.
In addition, DNAJB1 has been shown to disaggre-
gate a-syn fibrils in vitro [25]. One additional DNAJ
member, DNAJB6, is expressed in neurons, and has
been found to be present in LBs of PD patients
[26]. In our previous cell-based studies we found
that DNAJB6 is important for suppression of a-syn
aggregation. In addition, we showed that DNAJB6
prevents a-syn aggregation in a HSP70 dependent

manner [27]. Importantly, we found that DNAJB6
isoform “b” (hereafter DNAJB6b) was responsible
for suppressing a-syn aggregation and that the “a”
isoform (hereafter DNAJB6a) was not involved [27].
The a and b isoforms of DNAJB6 share the first
7 exons of the DNAJB6 gene (encoding 231 aa),
but has 3 and 1 unique exons, in addition. This
results in that DNAJB6a and DNAJBG6b are 326 and
241 aa long, respectively. In support of the role of
DNAIJB6 as a suppressor of a-syn aggregation, using
an unbiased a-syn FRET system to quantify a-syn
aggregation, we also found that DNAJB6 prevents
a-syn preformed fibrils (PFFs) induced a-syn aggre-
gation [28]. This is important, as a-syn seeding by
PFFs in cellular and animal models of the disease
replicates many of the features seen in PD [29, 30]. It
has been demonstrated by multiple research labs, that
DNAIJBG6 suppresses aggregation of multiple amy-
loid proteins in cells apart from a-syn [31-33] and
recently it was demonstrated that it suppresses disease
progression in a Huntington’s disease (HD) mouse
model [34]. These data suggest that DNAJB6 may
be a dominant suppressor of amyloid protein aggre-
gation in the brain. Since we had observed that it is
only DNAJB6b, and not DNAJBG6a, that suppresses
a-syn aggregation, we wanted to explore specifically
if DNAJBG6D is dysregulated in PD and other neu-
rodegenerative movement disorders. Here we show
that DNAJB6b is downregulated in PD as well as the
atypical movement disorders, MSA and progressive
supranuclear palsy (PSP), whereas total DNAJB6
was found to be upregulated in those diseases.

MATERIALS AND METHODS
DNAJBO6b antibody generation

Polyclonal rabbit anti-DNAJB6b antibody was
generated by innovagen (Lund; Sweden) in the
following manner: Synthetic peptide DNAJB6
(232-240): (NH2-) CKEQLLRLDNK (-COOH) was
coupled to KLH protein and agarose bead matrix by
SH-group of N-terminal cysteine. The peptide con-
jugate was used for immunizing one rabbit with 5
doses over a 12-week period. Serum was collected in
week 6, week 9, and week 12. Serum sample 3 was
used for antibody purification. The serum was puri-
fied on Protein G followed by affinity purification on
the peptide-linked agarose matrix. Bound antibody
was eluted by Glycine pH 2.7 into Tris-containing
vials. Antibody fraction was then buffer exchanged
into phosphate buffered saline (PBS) by gel filtration.
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Immunohistochemistry, immunocytochemistry
and fluorescence microscopy

Immunohistochemistry

Mice were anesthetized by an overdose of sodium
pentobarbital and perfused first with 12 mL/min of
0.9% NaCl for 1min, followed by 12mL/min of
ice-cold 4% paraformaldehyde (PFA in 0.1 M PBS,
pH 7.4) for 5 min. Brains were removed from skulls
and post-fixed in 4% PFA overnight and then trans-
ferred into 25% sucrose for cryoprotection at 4°C
until sunk to the bottom of vials. Subsequently, the
brains were cut into 40 wm thick 8 series of coronal
sections on a freezing microtome (Leica, Germany)
and stored in an anti-freeze solution (0.5 M PBS,
30% glycerol, 30% ethylene glycol) at —20°C. The
free-floating sections were washed thrice with PBS
to discard to anti-freeze solution. Tyrosine hydroxy-
lase (TH) and DNAJB6D staining required an antigen
retrieval process carried out for 30min at 80°C
using Tris/EDTA buffer (10mM Tris-HCI, 1 mM
EDTA, pH9.0), This step was followed by thrice
washes in PBS. The sections were then incubated
in 0.025% Triton X-100 (Sigma-Aldrich) in PBS
containing 5% of normal serums (Vector Laborato-
ries Inc, USA) matching the species used to raise
the secondary antibody for that proper staining for
1 h. Immunofiuorescence stainings were performed
with sheep anti-TH (Abcam, cat# ab113, 1:2,000)
and rabbit anti-DNAJB6b (Novagen, 1:50) antibod-
ies. Primary antibodies were diluted in PBS and
overnight incubated at 4°C on the shaker (IKA Vibrax
XFR, Germany). The next day, the brain sections
were washed thrice with PBS for 5 min, then 1 h
incubated with donkey Alexa-488 anti-rabbit (cat#
711-545-152, Jackson ImmunoResearch, 1:300) and
CyS5 labeled donkey anti-sheep (Cat# 713-175-147,
Jackson ImmunoResearch, 1:300) secondary anti-
bodies. The sections were mounted on positive
charged superfrost plus glass slides (Thermo Scien-
tific, USA) and cover-slipped using PVA/DABCO.
The stainings were visualized on a Leica SP8 laser-
scanning confocal microscope (Leica, Germany).

Immunocytochemistry

Cell lines: HEK293 cells, that were initially plated
on poly-D-lysine coated cover slips, were fixed
in for 20 min in cold 4% PFA, followed by 3x
washes in PBS. Subsequently, cells were incubated
in PBS + 0.5% Triton-X-100, for 5 min, washed
3 times and then blocked with 5% BSA in PBS
for 1h at room temperature (RT). Next, the cells

were incubated with rabbit anti-DNAJB6b (Novagen)
or rabbit anti-DNAJB6 (cat# 11707-1-AP, Protein-
tech) for 1h, washed in PBS and then stained with
secondary alexa488 labeled donkey anti-rabbit anti-
body (cat# 711-545-152, Jackson ImmunoResearch)
as well as the F-actin stain phalloidin-atto550 (cat#
19083, Sigma-Aldrich) for 1h at RT. Subsequently,
to washes, DAPI containing mounting medium (Cat#
H-1200, vector laboratories inc.) was added and the
fixed cells on cover slips were stored at 4°C, until they
were analyzed by fluorescence microscopy using a
Nikon eclipse 80i microscope.

Primary neurons: Cultured neurons at 19-20 DIV
were fixed in 4% paraformaldehyde (PFA) in PBS
with 0.12 M sucrose for 20 min, at RT. Cells
were then blocked in 0.1% saponin (Sigma-Aldrich),
1% bovine serum albumin (BSA; Sigma-Aldrich),
and 2% normal goat serum (NGS; Thermo Fisher
Scientific) in PBS for 1 h at RT. Cells were incu-
bated in primary antibodies rabbit anti-DNAJB6b
(Novagen) or rabbit anti-DNAJB6 (cat# 11707-1-
AP, Proteintech) and sheep anti-MAP2 antibody (cat#
ab92434, Abcam) diluted in PBS+2%NGS overnight
at 4°C. Cells were rinsed in PBS and incubated
with anti rabbit alexa 488 and anti-sheep Cy5 sec-
ondary antibodies (Thermo Fischer) and in 2% NGS
in PBS. Cells were rinsed in PBS and counterstained
with DAPI (Sigma-Aldrich, 1:2,000). Imaging was
performed with an inverted Olympus IX70 epi-
fluorescence or an inverted Leica SP8 confocal
microscope.

Neuronal cell culture

Primary neurons were cultured from the cortices
and hippocampi of wt C57black6 mice (Jackson
Labs, Maine, USA) embryos at embryonic day 16
(E16). Neurons were cultured as previously described
[35]. Briefly, pregnant mice were deeply anesthetized
using isoflurane (MSD Animal Health, Sweden) and
sacrificed. Embryos were quickly removed, and biop-
sies were taken for genotyping. Brains were dissected
under constant cooling with chilled (~4°C) Hanks
balanced salt solution (HBSS; Thermo Fisher Scien-
tific). Cortices and hippocampi were retrieved and
incubated in 0.05% trypsin (Thermo Fisher Sci-
entific), followed by 2 washes with HBSS. Brain
tissue was then triturated in 10% fetal bovine
serum (FBS) supplemented Dulbecco’s modified
Eagle medium (DMEM; Thermo Fisher Scientific)
using glass pipettes until neurons were dissoci-
ated. Neurons were seeded onto glass coverslips
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in 24-well plates (Sarstedt, Germany), coated with
Poly-D-lysine (Sigma-Aldrich). Neurons were plated
with 10% FBS and 1% penicillin-streptomycin in
DMEM; following 3-5h incubation, media was
exchanged for complete Neurobasal solution, con-
sisting of Neurobasal medium, B27 supplement,
penicillin-streptomycin and L-glutamine (Thermo
Fisher Scientific). All animal experiments were per-
formed in accordance with the ethical guidelines and
were approved by the Animal Ethical Committee
at Lund University ethical permit number 5.8.18-
05983/2019.

Western blot

Wild type C57BL/6J mice brain was dissected to
cortex, striatum, olfactory bulbs, hippocampus and
stored at —80°C until they were used. The brain
samples were sonicated (Branson SLPe, USA) in
buffer (1% SDS, 0.1 M Tris-HCI pH 7.4, and 1
mM Ethylenediaminetetraacetic acid (EDTA), with
1:100 protease inhibitor cocktail (cat# P§340, Sigma-
Aldrich). The tissue debris was spun down at 20,000
rcf for 30 min at 4°C, and the supernatant was col-
lected. The protein concentration was measured by
BCA assay (Pierce BCA Protein Assy Kit, Thermo
Scientific, USA). Tissue lysates mixed with 25% 4
x Laemmli buffer containing 10% of 0.1 M Dithio-
threitol (DTT) and boiled for 5min at 96°C. 5 g
of proteins from brain lysate samples were sepa-
rated on 10% SDS-PAGE polyacrylamide gels, then
the samples transferred onto Polyvinylidene fluo-
rid (PVDF) membranes using the Trans-Blot Turbo
Transfer System (Bio-Rad, USA). The membrane
was blocked with 5% skimmed milk powder dis-
solved in PBS containing 0.05% Tween (PBS-T) for
1h at RT, after which they were washed thrice for
5 min with PBS-T at RT. Subsequently, the membrane
incubated in 2% skimmed milk in PBS-T with either
rabbit anti-DNAJB6 primary antibody (cat# 11707-
1-AP, Proteintech, 1:1,000) or rabbit anti-DNAJB6b
(Novagen, 1:200) overnight shaking in 4°C. The next
day, the membrane was washed thrice in PBS-T for
Smin and then incubated shaking at RT for 1h in
3% skimmed milk in PBS-T with anti-rabbit sec-
ondary antibody (cat# P0448, Dako, 1:5,000). The
membrane was washed then thrice for 5 min in PBS-
T. Western Blotting Luminol Reagent (Santa Cruz
Biotechnology, USA) was used for chemilumines-
cence reactions and protein bands were developed
using a ChemiDoc™ XRS+Molecular Imager (Bio-
Rad, USA) and the Image Lab software (Bio-Rad,

Table 1
Demographic information

Group Age Sex PMI (h)

(Male/

Female)
Controls  81.4 (11.2) [58-96] 6/6 15.6 (16.8) [4-61]
PD 80.0 (8.2) [66-95] 10/3 28.2(21.2) [11-86]
MSA 63.7 (6.1) [56-751"* 4/9 46.8 (25.5) [22-96]*

PSP 71.9 (8.2) [56-871° 9/4 31.9 (17.7) [12-74]
p-value <0.001 0.079 <0.001

PD, Parkinson’s disease; MSA, multiple system atrophy; PSP, pro-
gressive  supranuclear palsy; PMI, postmortem interval.
*significantly different from controls, p<0.001. *significantly
different from PD patients p <0.01. Ssignificantly different from
controls (p<0.05). Age, One-way ANOVA with Tukey post hoc
test. Sex, Chi-squared test. PMI, Kruskall-Wallis test with Dunn’s
post hoc test.

USA). After stripping the membrane for 15 min at
RT (Restore Buffer, Thermo Fisher Scientific, USA),
the membrane was washed twice with PBS-T for
5 min and then blocked in 5% skimmed milk in PBS-
T for 30 min before being incubated with a HRP
coupled anti--actin primary antibody (cat# A3854,
Sigma Aldrich, 1:10,000) and developed as described
above.

Patient samples

Samples from 59 human brains were included in
this part of the study. The brains had been donated
generously from the Brain Bank at Bispebjerg-
Frederiksberg Hospital (University Hospital of
Copenhagen, DK, approved under the Danish Data
Protection Agency, j.no.: BFH-2017-001, I-Suite no.:
05190). Demographic information is summarized
in Table 1. Detailed neuropathological evaluations
were performed with written content from donor or
next of kin. All participants gave written consent
or inclusion in accordance with the World Medi-
cal Association Declaration of Helsinki. All brains
have undergone pathological examinations to ver-
ify diagnosis through the presence of LBs in PD
patients, glial cytoplasmic inclusions (GCIs) in MSA
patients and deposition of neurofibrillary tangles in
PSP patients. All brains have been collected and han-
dled in accordance with Danish Ethical Standards of
Brain Banks and the Danish Health and Medicine
Authorities. All brain samples were stored at —80°C
prior to usage. The study is approved by the Regional
Ethical Committee, the Capital Region of Denmark
(ethical permission j. no.: H-16037525).
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Tissue handling and protein extraction from
patient material

Approximately 100 mg of brain tissue from the
dorsomedial prefrontal cortex (dPFC) was added to
1 mL N-PER™ Neuronal Protein Extraction Reagent
(cat# 87792, Life Technologies) with pre-added
HALT"™ Phosphatase Inhibitor Cocktail mix (cat#
788420, Life Technologies, 1:100) and HALT™
Protease Inhibitor Cocktail mix (cat# 87786, Life
Technologies, 1:100). Brain tissue samples were
homogenized using MagNA Lyser Green Beads tubes
(cat# 03358941001, Roche Diagnostics) and homog-
enized twice on MagNA Lyser instrument (Roche
Diagnostics, CH) for 25s at 6,000 RPM followed
by instant cooling using the MagNA Lyser Rotor
Cooling Block (cat# 03358976001, Roche Diagnos-
tics) for 90s. Homogenates were spun for 1 min at
10,000 x g at 4°C to reduce foam. Samples were
aliquoted at stored at —80°C.

Measurement of DNAJB6 and DNAJB6D using
ELISA

In-house sandwich ELISA was used to evaluate the
absolute amounts of DNAJB6 and DNAJB6b from
brain homogenates of PD, MSA, and PSP patients,
compared to normal controls. In details: 96-well
polystyrene MaxiSorp plates (cat# 144531, Nunc)
were coated in 4°C Carbonate Buffer 0.1 M, pH 9.4
(cat# C3041, Sigma-Aldrich) overnight with rabbit
anti-human DNAJB6 (cat# 11707-1-AP, Protein-
tech, [1 wg/mL]) or DNAJB6b (Novagen, 7 pg/mL).
Recombinant DNAJB6b was a kind gift from Pro-
fessor Cecilia Emanuelsson (Center for Molecular
Protein Science, Division of Biochemistry and Struc-
tural biology, Lund University), which was produced
as described in [36, 37]. The plates were emp-
tied and blocked with PBS pH 7.4 containing 3%
BSA fraction V (cat# 10735094001, Sigma-Aldrich)
and 0.1% Tergitol" solution (cat# NP40S, Sigma-
Aldrich) for 2 h at RT. Plates were then washed five
consecutive times in 300 pl/well PBS + 0.1%-Tween-
20 (cat# P1379, Sigma-Aldrich) using a WellWash
instrument (Thermo Scientific, USA). Human brain
homogenates from PD, MSA, and PSP patients as
well as controls were diluted in PBS + 0.1%BSA
solution (DNAJB6 1:20; DNAJB6b 1:1) and added
to the plates in duplicates and incubated for 1 h
at RT. After a washing step, the plates were incu-
bated at RT for 2h with 50wl of mouse anti-
human DNAJB6 antibody (cat# H00010049-MO1,

Novus Biologicals, DNAJB6: 500ng/mL, DNAJ
B6b: 2,000ng/mL). After an additional washing
step, 50 w1 of goat anti-mouse HRP-conjugated anti-
body (cat# ab98717, Abcam, DNAJB6: 1:10,000,
DNAIJB6b: 1:5,000) was added to each well and incu-
bated for 2 h at RT. After a last washing step, 50 uLL
of tetramethylbenzidine (TMB) Liquid Peroxidase
Substrate (cat# T8665, Sigma-Aldrich) was added
and stopped after 30 min incubation in dark at RT
with 50 wL 0.5 N H2SO4. The absorbance at 450 nm
was measured on a Fisher Scientific MultiskanTM
FC Microplate Reader (Thermo Fischer Scientific,
USA). Standard curves were applied using under the
same conditions as described above using the pep-
tide DNAJB6b starting at 2,000 ng/mL and serial
diluted at -3x. The ODs were interpolated using sig-
moidal, 4PL, curves. For each assay standard curve
assessment and spike-and-recovery was performed
(Supplementary Figure 1). Demonstrating the pre-
ciseness and accuracy of our in-house ELISA setup,
the coefficient of variabilities (CVs) in percentages
were calculated to 3.01% for DNAJB6 and 2.97%
for DNAJB6b, which was concluded sufficiently
precise.

Immunohistochemistry on patient material

Samples of putamen from 6 human brains (2
healthy controls, 2 PD patients, 2 MS A patients) were
included in this study. Tissue blocks that included
putamen were excised from the fresh brains. Sam-
ples were fixed for minimum 48h in 10% buffered
formalin (cat# 1000.5000, CellPath). Samples were
then embedded in paraffin on a Leica ASP300 S
tissue processor (Leica, DE) before sectioning on
a sliding microtome at 5-7 um. On the day of
immunoreactions, slides were deparaffinized through
heating for 45min at 60°C followed by washing
in xylene (#28973.294, VWR) for 2 x 5min, 99%
EtOH for 2 x 2.5min, 96% EtOH for 2min, 70%
EtOH for 2 min, and running water for 5 min. Sam-
ples were demasked in boiling pH 9 TEG-buffer
(cat# 862338, RegionH Apoteket) for 15 min fol-
lowed by cooling for 20 min and washed in pH 7 PBS
2 x 5 min before blocking in 10% FCS in PBS. Slices
were incubated overnight at RT, respectively, with
either rabbit anti-human DNAJBG6 (cat# 11707-1-AP,
Proteintech, 0.02 wg/mL) or DNAJB6b (Novagen,
0.28 wg/mL). Endogenous peroxidases were blocked
using 3% H,O; (cat# 212892, Apotekernes A.m.b.a,
DNK) for 8 min. After washing, samples were
incubated with EnVision + System anti-rabbit (cat#
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K003, Dako) for 1 h. Reactions were developed for
10-15 min using a solution consisting 0.25% 3,3'-
diaminobenzidine tetrahydrochloride hydrate (cat#
D5637, Sigma-Aldrich) and 0.15% H;0O, in PBS.
Following washing in dH,O for 5 min, nuclei
were stained in Mayer’s hematoxylin (cat# 860213,
RegionH Apoteket) for 40s, and then washed in
running dH,O for 10min. Finally, samples were
dehydrated in 70% EtOH, 96% EtOH for 2 min,
99% EtOH for 2 x 2.5 min, and xylene for 2 x 5 min.
Cover slides were mounted using Pertex Mount-
ing Medium (cat# SEA-0100-00A, CellPath). Slides
were studied using an Olympus BX60 microscope.

Statistics

Data analyses were performed using GraphPad
Prism v. 8.01 (GraphPad Software Inc., USA).
Demographic differences were tested using one-way
ANOVA with Tukey post hoc test, Kruskal-Wallis
with Dunn’s post hoc test, and the chi-squared test.
Normality was assessed using D’ Agostino Omnibus
test. Data was logl0-transformed if not passed for
normality. Outliers were identified using ROUT test
at 1% discovery rate. For group comparisons, one-
way ANOVA with Tukey post hoc test for multiple
testing. Differences were significant at p <0.05.

RESULTS

In order to assess the localization and expression
of the DNAJB6b protein in cells and in tissues, we
generated an antibody specific for DNAJB6b, which
only has 10 amino acid residues at its C-terminus
that are unique compared to the a-isoform (Fig. 1A).
We tested this antibody in multiple cell lines using
DNAJB6 KO cells previously generated, as a negative
control [27] and found that the antibody was indeed
specific for the DNAJB6b isoform (Fig. 1B). In addi-
tion, we also stained HEK293 wt cells or DNAJB6
KO HEK cells as a negative control and observed that
the DNAJB6b isoform mainly localizes to the cyto-
plasm of cells, whereas as expected no staining could
be seen in DNAJB6 KO cells, by immunocytochem-
istry (Fig. 1C). In comparison, staining of HEK293
wt cells with anti-(total) DNAJB6 antibody revealed
a strong nuclear staining, which was expected as the
DNAIJB6a isoform carries a nucleus localization sig-
nal (Fig. 1A, D). Having determined the specificity
of the antibody and the localization of the protein, we
wanted to see how the DNAJBG6b protein is localized

in primary neurons, due to its potential important role
as a suppressor of amyloid protein aggregation in
neurons. We found that DNAJB6b was found to a
large extend in the soma of neurons, but not in the
nucleus (Fig. 2A). In addition, we observed that with
regards to the projections from the primary neurons,
DNAIJB6b was found more in the dendrites than in the
axons, as evaluated by staining with the anti-MAP2
antibody for dendritic localization (Fig. 2A, C).
Indeed, the a-syn staining in proximity to DNAJB6b
staining is presumably due to presynaptic terminals
in proximity to dendrites (Fig. 2C), as it is well
known that most of non-aggregated a-syn localize
at the presynaptic terminals. In line with these results
a staining for anti-(total)-DNAJB6 revealed similar
localization results, albeit with slightly more stain-
ing of the nucleus, which we assume may be caused
by the staining of DNAJB6a (Fig. 2B). The most
common synucleinopathy, PD, is characterized by
a loss of the dopaminergic neurons in the SNpc.
Therefore, in order to know if DNAJB6b could poten-
tially be protective in these neurons against a-syn
aggregation, we wanted to know if the protein is
expressed in these cells. Indeed, we observed that
both DNAJB6b (Fig. 3A) and total DNAJB6 (Fig. 3B)
is expressed in these cells as well as we observed that
slightly more DNAJB6 was found in the nucleus,
when we stained for total DNAJB6 (Fig. 3A, B).
DNAIJB6b and total DNAJB6 was furthermore found
to be widely expressed in mouse brain, as revealed
by western blotting analysis of mouse brain lysates
(Fig. 3C).

Due to the semi-quantitative nature of immunohis-
tochemical staining we wanted to establish a more
sensitive way to address if this protein could be dys-
regulated in a more disease environment. By use of
recombinant DNAJB6b and commercially available
anti-DNAJB6 antibodies, we established an ELISA
based set up to measure DNAJB6 (Supplementary
Figure 1A, C) and DNAJB6b (Supplementary Fig-
ure 1B, D) concentrations. We tested a cohort of
postmortem brain material from patients with PD,
MSA, PSP, and control subjects. Total levels of
DNAIJB6 in putamen samples were significantly dif-
ferent between the groups (F(3)=6.2; p=0.001)
and found to be increased in PD (p =0.048), MSA
(»=0.001), and PSP (p=0.009) patients compared
to normal controls (Fig. 4A). Inversely, the total
levels of DNAJB6b were significantly different
between groups (F(3)=4.3; p=0.009) and found
to be reduced in PD (p=0.048), MSA (p=0.009),
and PSP (p=0.041) patients compared to normal



J. Folke et al. / DNAJBGb is Downregulated in Synucleinopathies

A

1797

DNAJBGa J-domain G/F-rich region

325 aa

nls

J-domain

DNAJBG6b

G/F-rich region

241 aa

HEK
B6 KOHEK

SHSY
N2A -5Y

72

35

o5 | DNAJB6b

72 —

<«—B6a
DNAJBS6 total

—

35—

- e 9| <—B6b

N— —Aactin

25 —

D

| I

HEK wt

HEK DNAJB6 KO

merged

.

HEK wt

Fig. 1. Expression of endogenous DNAJB6b as evaluated by western blot and immunocytochemistry. A) Illustration depicting the two major
isoforms of DNAJB6 and their domains. nls, Nucleus Localization Signal. B) Expression of DNAJB6b in lysates from cell lines, analyzed
by probing membranes with anti-DNAJB6b and HRP conjugated anti-rabbit antibodies. The membrane was probed with anti-total DNAJB6
and anti-actin as a control. C) DNAJB6 KO HEK 293 cells or wt HEK293 cells were probed with anti-DNAJB6b antibody, phalloidin-Alexa
547 as well as secondary anti-rabbit Alexa 488 coupled antibody. D) wt HEK293 cells were probed with anti- total DNAJB6 antibody,
phalloidin-alexa 547 as well as secondary anti-rabbit alexa 488 coupled antibody.

controls (Fig. 4B). Further, representative immuno-
histochemical stainings from 2 normal controls, 2
PD, and 2 MSA patients (Fig. SA-5C respectively)
with anti-(total) DNAJB6 or anti-DNAJB6b antibod-
ies, suggests that this dysregulation may largely be
occurring in neurons rather than glial cells of patients.
Western blot analysis of brain samples from control
subjects (NC), PD, MSA, or PSP patients showed
that the antibodies are specific for DNAJB6b and
total DNAJBG6 in human brain tissue samples as well
(Supplementary Figure 2).

DISCUSSION

Here we demonstrate that DNAJB6b is downreg-
ulated in PD, MSA, and PSP, whereas the total level
of DNAJBG6 protein was found to be upregulated in
these diseases. One study has prior to this investigated
the dysregulation of DNAJB6 in neurodegenerative
diseases. In this study by Durrenberger et al., the
total level of DNAJB6 was found to be upregu-
lated in PD patients [26], which is in line with the
results presented here. Durrenberger et al. further
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A
..
B

Fig. 2. DNAJB6b and total DNAJB6 are expressed in primary neurons. Fixed primary mouse neurons stained with anti-DNAJB6b (A)
or anti-total DNAJB6 (B) as well as anti-MAP2, anti-a-syn and dapi and fluorescently labeled anti rabbit Alexa 488 and anti sheep Cy5
antibodies. C) Depicts a close up picture of a dendrite stained with antibodies against a-syn, MAP2, and DNAJBG6b as well as secondary
fluorescently labeled anti-rabbit and anti-sheep antibodies.
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Fig. 3. DNAJB6b and total DNAJB6 are expressed in SNpc. 40 uM coronal sections from wt C57black6 mice containing SNpc, were probed
with anti-DNAJB6b (A) or anti-total DNAJB6 (B) as well as anti-rabbit alexa 488 and anti-TH and well as anti sheep Cy5. C) Expression of
DNAJBG6b in brain lysates from different regions of mouse brain, as analyzed by probing membranes with anti-DNAJB6b, anti-total-DNAJB6
and HRP conjugated anti-rabbit antibody as well as HRP conjugated anti-actin antibody.
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Fig. 4. Levels of brain DNAJB6 and DNAJB6b in PD, MSA, and PSP patients compared to normal controls. ELISA results of brain
homogenate levels extracted from dorsomedial prefrontal cortex of DNAJB6 and DNAJB6b from 13 Parkinson’s disease (PD), 13 multiple
system atrophy (MSA), and 13 progressive supranuclear ophthalmoplegia/palsy (Steele-Richardson-Olszewski disease) (PSP) patients com-
pared to 12 normal controls (NC). Bar graph shows amount of proteins, DNAJB6 and DNAJB6b, in ng/mL. Data depicts mean £ SEM. Data
was analyzed using one-way ANOVA with Tukey post hoc test for multiple testing. Only significant p-values are shown. p-values below

0.05 were considered significant.

reported that the increase in DNAJB6 was due to
glial increase. This is consistent with our results that
MSA patients showed significantly higher amount of
total DNAJBG6, since o-syn aggregations are present
in glial cells in GCIs in MSA and further suffers from
high amount of gliosis [38]. However, our study is
the first to describe the specific dysregulation of the
DNAJB6b-isoform as well as total DNAJB6 in MSA
and PSP patients (Figs. 4 and 5). Multiple studies
have used plasmid induced overexpression of cDNA
to address the localization of DNAJB6b isoform, and
found that DNAJB6b is predominantly cytoplasmic,
while DNAJB6a is localized in the nucleus [27, 39].
Our studies suggest that while DNAJB6bD is indeed
found in the cytoplasm in cell lines, primary neu-
rons and dopaminergic neurons, it is also to some
extend found inside the nucleus (Figs. 1-3). Why the
suppression a-syn aggregation is specifically only
caused by the b-isoform is still not known, but we
strongly suspect that this is due to that DNAJB6b is
found mainly in the cytoplasm whereas DNAJB6a is
localized almost exclusively in the nucleus. The alter-
native splicing and the specific 10 amino acid residues
unique to DNAJB6D are strongly conserved through
evolution (Supplementary Fig. 3) suggesting that the
isoforms most likely have important roles in cells, that

are different from each other. Therefore, it is possi-
ble that the DNAJB6b and DNAJB6a found inside the
nucleus of cells has other roles, which may be sup-
pressing aggregation of nuclear localized proteins.
Indeed, some amyloid proteins, including huntingtin,
are found to a higher extend inside the nucleus, in
contrast to a-syn, which is found at only at very
sparse levels inside the nucleus. In addition, recent
studies of biophysical properties suggest that the C-
terminal domain of DNAJB6b, which is different
from the C-terminal domain of DNAJB6a isoform,
self-associates to form large oligomers through the
C-terminal domain (CTD) which may be important
for substrate binding and how it suppresses amyloid
protein aggregation [40].

The finding that DNAJB6b is specifically down-
regulated in PD and MSA fits with that a-syn
aggregates faster in the absence of DNAJB6b, and
gives us a clue that this phenomenon that we have
seen in cells [27, 28], in vitro [27] as well as in
an animal model of PD (Arkan et al., manuscript
submitted), may have a clinical impact as well. In
summary, these results highlight that drugs that aim
to enhance expression or activity of DNAJB6b could
be a promising target for neurodegenerative disease
therapies.



J. Folke et al. / DNAJB6b is Downregulated in Synucleinopathies 1801

DNAJB6 DNAJB6b DNAJB6 DNAJB6b

Fig. 5. Micrographs showing DNAJB6 and DNJB6B stained sections of the putamen from (A) 2 normal controls, (B) 2 PD patients, and
(C) 2 MSA patients at x 10 (large pictures, scale bar =200 wm) and x60 (small pictures, scale bar =50 um) magnification.
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