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Abstract

DJ-1 is a protein with a wide range of functions importantly related to redox regulation in the cell. In humans, dysfunction of the
PARK?7 gene is associated with neurodegeneration and Parkinson’s disease. Our objective was to establish a novel DJ-1 knockout
zebrafish line and to identify early brain proteome changes, which could be linked to later pathology. The CRISPR-Cas9 method
was used to target exon 1 of the park7-/- gene to produce a transgenic DJ-1-deficient zebrafish model of Parkinson’s disease.
Label-free mass spectrometry was employed to identify altered protein expression in the DJ-1 null brain of early adult animals.
The park7 " line appears to develop normally at young adult and larval stages. With aging however, DJ-1 null fish exhibit lower
tyrosine hydroxylase levels, respiratory failure in skeletal muscle, and lower body mass which is especially prevalent among male
fish. By proteomic analysis of early adult brains, we determined that less than 5% of the 4091 identified proteins were influenced
by the lack of DJ-1. The dysregulated proteins were mainly proteins known to be involved in mitochondrial metabolism,
mitophagy, stress response, redox regulation, and inflammation. This dysregulation in protein networks of our novel DJ-1-
deficient zebrafish model occurs in the early adult stage preceding a Parkinson’s disease-related phenotype and the reduction
of tyrosine hydroxylase level. The identified protein changes provide new mechanistic background for DJ-1 function. The
experimental power of zebrafish makes this model a highly valuable tool to understand and modulate cellular signaling leading
to neurodegeneration.
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Background

The Parkinson’s disease (PD)-associated protein DJ-1 is a
multifunctional oxidative stress response protein ubiquitously
expressed in all human cell types [1]. DJ-1 is encoded by the
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PARK7 gene, and loss-of-function mutations are linked to a
rare familial type of early onset parkinsonism [2]. However,
also in idiopathic cases of PD, post-mortem analysis shows
accumulation of oxidatively modified DJ-1 [3]. Multiple roles
and functions have been assigned to DJ-1, including
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transcriptional and post-transcriptional regulation [4], chaper-
one activity [5], maintenance of mitochondrial function and
motility [6], proteasome activity [7], participation in synaptic
vesicle recycling [8], stress response regulation, and anti-
oxidative defense [9]. Whether this multifacial function is
controlled by a single overarching function is not yet known.

Upon oxidative stress, a highly conserved cysteine (C106)
becomes reversibly oxidized converting DJ-1 to an oxidative
sensor that translocates a subset of DJ-1 to mitochondria [10].
Oxidative stress may also lead to irreversible oxidative mod-
ification of DJ-1, which has been linked to idiopathic PD and
Alzheimer’s disease [3]. DJ-1 also seems to be able to elicit its
antioxidant function through a C106 oxidation independent
pathway involving nuclear factor (erythroid-derived 2)-like 2
(Nrf2)-dependent signaling [7].

DJ-1-deficient mice have been shown to be hypersensitive
to oxidative stress-inducing neurotoxicants [11]. Also, alter-
nations in both motor and dopaminergic functions have been
observed in DJ-1-deficient mouse and rat models, although
loss of nigral neurons and reduced tyrosine hydroxylase
levels, which are hallmarks of PD, have not always been de-
tected [12, 13]. The lack of consensus regarding nigrostriatal
changes might be related to the variation in experimental an-
imal age.

Deciphering the mechanisms underlying DJ-1 function is
particularly appealing since its broad functional regulatory
action overlaps with a number of aspects associated to PD
pathogenesis, i.e., mitochondrial dysfunction, neuroinflam-
mation, and oxidative/nitrosative stress [14—16]. Though tra-
ditionally linked with PD, DJ-1 also has implications in sev-
eral other neurological diseases and disorders which have pa-
thologies underpinned by dysregulation of oxidative stress
levels, e.g., multiple sclerosis inflammatory lesions [17],
Alzheimer’s disease [3], and amyotrophic lateral sclerosis
[18]. Thus, understanding how DJ-1 controls multiple path-
ways important for neuronal protection may offer new oppor-
tunities for disease therapy. Mice treated with the DJ-1-based
peptide, ND-13, showed protection from oxidative stress-
induced dopaminergic loss in both DJ-1 knockout and control
mice, possibly via an Nrf2 activation pathway independent of
the full-length DJ-1 protein [19]. More recently, ND-13 was
shown to be neuroprotective in a mouse model of focal ische-
mic injury and restore the absence of response in DJ-1 knock-
out mice [20]. In contrast with rodent models, zebrafish are
particularly suited for drug screening and cell signaling stud-
ies due to optical transparency for live imaging, ease of uptake
of drug dissolved in water, and efficiency of establishing
transgenes [21]. Additionally, well-characterized neuronal cir-
cuitries make zebrafish excellent vertebrate models for move-
ment disorders.

We have generated a DJ-1-deficient zebrafish line using
clustered regularly spaced palindromic repeat-associated pro-
tein 9 (CRISPR-Cas9) technology to introduce a 5-base pair

deletion into exon 1 of the zebrafish park7 gene. Here, we
have identified the early protein dysregulation pattern of the
DJ-1 null brain occurring prior to tyrosine hydroxylase loss or
phenotypic change. Our line should therefore be a highly valu-
able model for pinpointing possible links, sequence, and im-
portance in the complexity of cellular events leading to PD
and other neurological pathologies and to identify future drug
targets.

Materials and Methods
Animal Maintenance

All the animals used in experimentation were housed at the
Zebrafish Facility located in the Department of Biological
Sciences at the University of Bergen. The facility is run ac-
cording to the European Convention for the Protection of
Vertebrate Animals used for Experimental and Other
Scientific Purposes. Adult zebrafish were maintained at 26—
28 °C with a 14/10 light cycle and were fed twice daily.
Embryos were maintained at 28 °C and raised in E3 buffer
(5 mM NaCl, 0.17 mM KCI, and 0.33 mM MgSQO,) until
14 days post-fertilization (dpf). Establishment of the park7
" (KO) line and euthanization of adult fish were approved by
the Norwegian National Animal Research Authority at
Mattilsynet (FOTS ID8039 and 1D14039).

Guide RNA and Cas9 Preparation

Target selection for the guide RNA (gRNA) was performed
using CHOPCHOPv1 [22]. The 20-base pair (bp) region 5'-
GGTGGATGTGATGCGCAGAG-3' with the PAM site CGG
was chosen, no off-targets were identified in CHOPCHOPv 1
with an allowance for up to 2 bp mismatches. The gRNA was
synthesized with a non-cloning PCR based method as previ-
ously described [23]. The resulting product was analyzed on
2% agarose gel and cleaned with the QIAquick PCR purifica-
tion kit (Qiagen P/N 28106). The PCR product was extracted
once with phenol:chloroform:isoamyl alcohol (25:24:1) and
ethanol precipitation of the DNA followed by in vitro tran-
scription with MEGAshortscript T7 kit (Ambion
P/NAM1354). The RNA product was purified with mirVana
(Ambion P/N 1560) diluted and stored at — 80 °C.

The nCas9 mRNA was prepared from the pCS2-nCas9n
(generously received from Max Suster Addgene No.
47929) by first linearizing with Nofl digestion (New
England Biolabs) and purifying with phenol/chloroform
DNA extraction. Ambion’s mMESSAGE mMACHINE
SP6 kit (P/NAM1340) was used for in vitro transcription
of the mRNA.
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CRISPR and Line Generation

Tiibingen AB wild-type (WT) embryos were collected from
natural matings and cell injected at the single cell embryo
stage with 1.76 nl of the CRISPR injection mix containing:
100 ng/ul, park7 gRNA, 150 ng/ul nCas9n mRNA, 50 ng/ul
eGFP mRNA, and 0.05% phenol red. At 1 dpf, unsuccessful
injections determined by lack of eGFP expression were re-
moved and the remaining embryos were grown to adulthood.
The injected FO generation was individually mated with
Spotty Wild Type in order to screen the progeny by the PCR
restriction digest, and founder fish were identified. Founder
fish (FO) were outcrossed with WTs to obtain the F1 genera-
tion, and the stable mutations were sequenced using Topo TA
cloning (Invitrogen P/N 450641) followed by sequencing at
the Sequencing Facility based at the University of Bergen
(BigDye v3.1 ThermoFisher) according to the facility
protocol.

The F2 fish were established by outcrossing two individual
F1 fish containing the same 5-bp deletion in exon 1 with WT
fish, and the progeny were combined. The population was
expanded from F2 by sibling matings.

Genotype Screening

The 23-bp gRNA sequence 5'-GGTGGATGTGATGC
GCAGAGCGG-3' including the PAM site (underlined)
contained a BsrBI restriction site (bolded). Loss of this restric-
tion site was used to screen both 3 dpf embryos (FO, F1) and
tail fin clips (F2) for mutations. DNA was obtained from tis-
sues as previously described [24]. Screening was performed
using the Expand High Fidelity PCR System (Roche P/N
04738) to amplify a 254-bp region of exon 1 using primers
flanking the target region Fwd 5'-GGAGATGGAGACTG
TAATCCC-3'" and Rev 5'-CTGACCACCATAACGCTGC-3'
and an annealing temperature of 58 °C. The PCR fragment
was digested at 37 °C overnight with BsrBI (New England
Biolabs) and run on a 2% agarose gel.

cDNA Analysis

For larval RNA extraction, up to 20 WT and F3 knockout
(KO) larvae were killed and stored in 1 ml of Trizol overnight
at — 80 °C. Total RNA extraction was performed using the
RNeasy Plus Universal kit (Qiagen 73404 ) according to man-
ufacturer’s instructions. First-strand RNA was produced from
1 ug of total DNase-treated RNA with the oligo(dT); ¢ primer
and SuperScript IV reverse transcriptase (Invitrogen
18090010). Reverse transcription was performed at 55 °C
for 10 min and inactivated by incubation at 80 °C for
10 min. Samples were treated with RNase H, aliquoted, and
stored at — 80 °C.

@ Springer

In order to validate the knockout at the level of transcrip-
tion, the gene was amplified from cDNA using Expand High
Fidelity PCR System and the primers Fwd 5'-GCAT
TGCAGACACGCACAGG-3" and Rev 5'-TCAG
ACTGACAGAGCGGTGC-3'" with an annealing temperature
of 60 °C for 30 cycles. Gel bands were purified with the
UltraClean 15 DNA purification kit (Mo-Bio 12100-300)
and sequenced at the Sequencing Facility as previously
described.

Dissection of Adult Fish

Adult male WT and KO zebrafish were euthanized in ice
water slurry and skeletal muscles, and brains (removing the
optical nerves and eyes) were dissected out, rinsed in PBS,
snap frozen in liquid nitrogen, and stored at — 80 °C.

In Gel Complex | Activity Assay

Whole larvae 5 dpf and muscle tissue from male 12- and 16-
month-old DJ-1 KO and WT fish were homogenized with a
Dounce homogenizer (40 strokes) in 3 mM EDTA, 250 mM
sucrose, and 100 mM HEPES at pH 7.5 homogenization buft-
er. Samples were centrifuged at 600xg for 10 min at 4 °C to
pellet cell debris, followed by 7000xg for 10 min to isolate
mitochondria. Mitochondria were washed once with homog-
enization buffer. Samples (50 pg) were prepared using 4 g/g
digitonin/protein ratio and 1% G250 sample additive [25] and
separated on a 4-16% or 3—12% native PAGE Bis-Tris Gel
System (Life Technologies, BN1002BOX, BN1001BOX) to-
gether with clear cathode buffer. The gel ran for approximate-
ly 2 h on ice.

The gel was transferred to ice cold water before adding
the substrate for complex I activity assay, 2 mM Tris/HCI
(pH 7.4), 0.1 mg/ml NADH (Sigma No. N8129), and
2.5 mg/ml nitrotetrazolulium blue (ThermoFisher scientific
No. J60230) and stained for 10 min on a shaking platform
in room temperature. The reaction was stopped by adding
10% acetic acid. The gel was imaged with BioRad
ChemiDoc XRS+ and stained with Imperial Protein Stain
(Pierce) for loading control.

Dopamine Analysis

Snap frozen brains from 16-month-old F3 DJ-1 KO zebrafish
and WT were analyzed for dopamine quantitation, n="7 for
WT and n=6 for KO. Dopamine (DA) detection was per-
formed following the previously described method, with
slight modifications [26, 27]. Zebrafish brain tissues were ho-
mogenized with 500 pl of 0.1 N perchloric acid solution con-
taining sodium metabisulphite (0.02%, w/v) and disodium eth-
ylenediaminetetraacetate (Na,EDTA) (0.05%, w/v). Treated
samples, after sonication, were centrifuged at 12,000 rpm for
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20 min at 4 °C. The supernatant was passed through 0.45 pum
membrane filters and analyzed by HPLC, consisting of a
Waters 600 pump, a Rheodyne 77251 injector, and an Antec
Leyden Decade II detector, operating at + 750 mV. The mobile
phase composed of methanol (6%, v/v), sodium acetate
(13.61 g/l), n-octyl-sodium sulfate (19 mg/l), and Na,EDTA
(13 mg/L), solubilized in Milli-Q water, was acidified until pH
4.1 with glacial acetic acid. The stationary phase was a Luna
C,g column (250 x 4.6 mm, 5 wm). The flow-rate was 0.7 ml/
min, and the injected volume was 10 pl. Standard solutions of
DA (1 mg/ml) were diluted to the desired concentrations to
quantify DA amount in each sample [28]. Final DA values
were expressed as nanograms per milligram of brain tissue.

Protein Extraction of Adult Brains

The homogenates were prepared by thawing the brain tis-
sue on ice weighing the tissue and suspending in 100 ul
homogenization buffer (10 mM K,HPO,4, 10 mM KH,POy,,
1 mM EDTA, 0.6% CHAPS, 0.2 mM Na3;VO,, 50 mM
NaF, and protease cocktail (Roche Diagnostics GmbH:
11836153001)). The brain tissues were disrupted by soni-
cation (4 x 5 s) followed by incubation on ice for 20 min.
Samples were pelleted at 15,000xg for 15 min at 4 °C and
stored at — 80 °C.

Label-Free Mass Spectrometry

Four individual brains lysates for both WT and F4 DJ-1 KO
animals aged 90 dpf were analyzed by mass spectrometry. The
protein extracts (20 pg) were digested using the FASP method
followed by reduction, alkylation, and peptide up-
concentration as described in Froyset et al. [29].

Approximately, 0.5 pg protein as tryptic peptides dissolved
in 2% acetonitrile (ACN) and 0.5% formic acid (FA) was
injected into an Ultimate 3000 RSLC system (ThermoFisher
Scientific, Sunnyvale, California, USA) connected online to a
Q-Exactive HF mass spectrometer (ThermoFisher Scientific,
Bremen, Germany) equipped with EASY-spray nano-
electrospray ion source (ThermoFisher Scientific). The sam-
ple was loaded and desalted on a pre-column (Acclaim
PepMap100, 2 cm x 75 um ID nano-Viper column, packed
with 3 um C18 beads) at a flow rate of 5 pl/min for 5 min
with 0.1% TFA.

Peptides were separated during a biphasic ACN gradient
from two nanoflow UPLC pumps (flow rate of 200 nl/min) on
a 50-cm analytical column (PepMap RSLC, 50 cm x 75 um
ID EASY-spray column, packed with 2 pm C18 beads).
Solvents A and B were 0.1% FA (vol/vol) in water and
100% ACN, respectively. The gradient composition was 5%
B during trapping (5 min) followed by 5-8% B over 0.5 min,
8-24% B for the next 109.5 min, 24-35% B over 25 min, and
35-90% B over 15 min. Elution of very hydrophobic peptides

and conditioning of the column were performed during 15 min
isocratic elution with 90% B and 20 min isocratic conditioning
with 5% B. Total length of the LC run was 195 min.

The eluting peptides from the LC column were ionized in
the electrospray and analyzed by the Q-Exactive HF. The
mass spectrometer was operated in the DDA mode (data-
dependent acquisition) to automatically switch between full-
scan MS and MS/MS acquisition. Instrument control was
through Q-Exactive HF Tune 2.8 and Xcalibur 3.1.

Survey full-scan MS spectra (from m/z 375 to 1500) were
acquired in the Orbitrap with resolution R= 120,000 at m/z
200, automatic gain control (AGC) target of 3E6 and a max-
imum injection time (IT) of 100 ms. The 15 most-intense
eluting peptides above an intensity threshold of 50,000 counts,
and charge states 2 to 6, were sequentially isolated to a target
value (AGC) of 1ES and a maximum IT of 110 ms in the C-
trap, and isolation width maintained at m/z 1.6 (offset of m/z
0.3), before fragmentation in the higher-energy collision dis-
sociation cell. Fragmentation was performed with a normal-
ized collision energy of 28%, and fragments were detected in
the Orbitrap at a resolution of 15,000 at m/z 200, with first
mass fixed at m/z 100.

One MS/MS spectrum of a precursor mass was allowed
before dynamic exclusion for 20 s with “exclude isotopes”
on. Lock-mass internal calibration (m/z 445.12003) was
enabled.

The spray and ion-source parameters were as follows. Ion
spray voltage = 1800 V, no sheath and auxiliary gas flow, and
capillary temperature =275 °C.

Processing of Mass Spectrometry Data

The raw files were searched in MaxQuant (v 1.6.0.16) using
Danio rerio a combined UniProtKB database (downloaded: 8
June 2018, 56,929 entries). The same search parameters as
previously published [29] were used including fixed modifi-
cations of carbamidomethyl (C) and variable modifications of
oxidation (M), acetyl (protein N-term), phospho (ST), and
phospho (STY). A maximum of two missed trypsin cleavages
were allowed with 20 ppm tolerance for precursors and 0.5 Da
fragment ion mass tolerance. The false-discovery rate (FDR)
was set to 1%. In order to be used for quantification, only
proteins identified with at least two unique + razor peptides
were considered. The data was further analyzed with Perseus
(v 1.6.1.3). The protein list was reduced by removing proteins
only identified by site reverse hit and removing potential con-
taminants. WT only and KO only lists were prepared by keep-
ing IDs that had at least three valid values uniquely in the WT
or the KO samples. Additionally, a list of regulated proteins
was prepared by keeping proteins which had at least three
valid values in both WT and KO samples. The LFQ intensity
values were log, transformed and considered significant if
they passed either a one-sample ¢ test (WT and KO only) or
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two-sample ¢ test (proteins found in both samples) such that
the p value 0.05 is used for truncation and SO =2. In Perseus,
p values were given as the log;y value and the difference
between KO and WT was specified as —log, difference in
Perseus. Fold change was calculated as the ratio of —log,
difference of KO over WT.

Bioinformatic Analysis

All significant proteins with a 1.5-fold regulation were com-
bined with the proteins found unique to KO or unique to WT
to make up a list of total regulated proteins. Of the 99 proteins,
93 could be mapped with the STRING version 10.5 database
[30].

To determine which proteins were considered to localize to
the mitochondria, we first had to convert our list of 99 proteins
to human orthologues. The OrthoRetriever v1.2 tool was used
to convert zebrafish gene symbols to human gene names,
which could then be use in further analysis [31]. Out of the
99 genes symbols input into OrthoRetriever, a total of 73
human genes were found. The list of 73 genes could then be
used in MitoMiner 4.0 with the gene — IMPI mitochondrial
score template with threshold > 0.8 strongly indicative of mi-
tochondrial localization [32]. A total of 71 out of the 73 genes
were identified with the program and assigned scores. The
same list of 73 human orthologues was compared with known
stress granule protein database lists to determine which pro-
teins associate with stress granule [33, 34].

Western Blotting

For mass spectrometry validation, three adult brains were
pooled to make protein homogenates from male 4-month-
old F5 DJ-1 KO and WT fish. For analysis on aged samples,
homogenates were prepared from individual brain samples of
16-month-old zebrafish F3 DJ-1 KO and WT. Samples for
Western blotting were separated by SDS-PAGE and trans-
ferred to PVDF membranes using 14 V overnight at 4 °C.
Membranes were blocked in 1% BSA at room temperature
for an hour. Membranes were incubated with the appropriate
primary antibody for 1 h at room temperature: anti-DJ-1
1:3000 (NovusBiologicals NB300-270), anti-3-actin 1:5000
(Sigma-Aldrich A2228), anti-GFAP 1:1000 (NSJ Bioreagents
F52537), anti-ABCE1 1:10,000 (NB400-116), anti-GSTA1/
A2/A3/A4/A5 1:400 (BolserBio PB9627), and anti-TH
1:10,000 (ImmunoStar 22941). Primary antibody was follow-
ed by the appropriate secondary antibody incubation for 1 h at
room temperature. The membranes were washed and devel-
oped using Super Signal West Pico Plus chemiluminescent
substrate (ThermoScientific 34577) and imaged with the
BioRad ChemiDoc XRS+.
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Results
Generation of park7 ™~ Zebrafish Line

Using the CRISPR-Cas9 method, a targeted mutation was
introduced into the first exon of the zebrafish park7 gene
(Fig. 1a). At the FO generation, a variety of mosaic mutations
including deletions of between 2 and 7 base pairs or silent
point mutations were idetified. Loss of the BsrBI restriction
site overlapping with the PAM site was used to identify suc-
cessful mutagenesis. At the F1 generation, a stable 5-base pair
deletion, occurring at residue 27, resulting in a frameshift and
premature stop codon after 11 nonsense amino acids was iden-
tified for expansion of the line. By the F2 generation, DNA
fingerprint utilizing the loss of the BsrBI site was used to
identify the genotype of individual fish from caudal fin clips
(Fig. 1b). The knockout was validated at the level of transcrip-
tion by producing a cDNA from the mRNA of larvae and
amplifying the park7 gene (Fig. 1c). The band for park7 "~
was still visible but fainter compared with the WT possibly
due to nonsense-mediated decay of the mRNA. Furthermore,
sequencing of the cDNA showed no alternative splicing and
confirmed a premature stop codon at the level of transcription.
At the level of the protein expression, Western blotting of
larval lysates using a DJ-1 antibody showed total absence of
the protein in the park7 "~ /- sample (Fig. 1d).

Late Adult Stage DJ-1-Deficient Animals Have
Reduced Tyrosine Hydroxylase Levels, Are
Underweight, and Show a Decrease in Mitochondrial
Complex | Activity in Skeletal Muscle

The park7’" line was raised through the adult F4 generation.
No anomalies in larval development (Fig. 2a) or gross anato-
my in young adult stages (not shown) were observed. The
adult fish was viable and able to reproduce, but as the fish
aged beyond 3 months, there was a trend toward smaller size
compared with age-matched WT fish (Fig. 2a). By 16 months,
the adults, especially males, had a significantly lower body
mass compared with WT (Fig. 2a, b). This encouraged us to
determine if any change in basal metabolism had been altered
in the KO fish. As reduced mitochondrial complex I activity,
both in the brain areas and peripheral tissues [6] has been
reported in PD patients, we isolated mitochondria from mus-
cle of adult fish and measured complex I activity. In the 16-
month-KO adult fish, complex I activity level was below de-
tectable levels in muscle tissue (Fig. 2d). At the 12-month
stage, the complex I activity in the KO was measurable but
significantly lower than in WT (Fig. 2¢). On the other hand,
complex I activity measured from mitochondria isolated from
whole larvae did not show any difference between KO and
WT (Fig. 2d). Thus, there seems to be a progressive loss of
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park7 gRNA target PANM
Exon1
park7 GTAATCCCGGTGGATGTGATGCGCAGAGCGGGGGTCTGTAGACA
park7-/- GTAATCCCGGTGGATGTGATGCGC——-—--— GGGGGTCTGTAGACA
b WT  WT F2 park7 genotypes
+/+ +/+ -/- +/- kDa WT KO
30"
— —
3
15- =
- Digested with BsrBI - 70- v
c
C WT  park7? ?,
bp 50- W &
700-
600 -

Fig. 1 Generation of DJ-1 knockout line based on CRISPR-Cas9 meth-
od. a CRISPR-Cas9 was used to target a 20-base pair (bp) region of exon
1 in the zebrafish park7 gene. The 3' end of the target region and
protospacer adjacent motif (PAM) overlapped with a unique BsrBI re-
striction site allowing for screening of mutations using restriction diges-
tion. Fish containing a 5-bp deletion conferring a frame shift and early
stop codon were crossed to expand the line. b DNA restriction pattern

muscle mitochondrial complex I activity in the KO animals
compared with WT.

To address the effect of DJ-1 loss on dopaminergic neu-
rons, we measured the level of tyrosine hydroxylase and do-
pamine in the brains from 16-month adults. As shown in Fig.
2e, there was a significant reduction in tyrosine hydroxylase
levels in the KO brains. Although there seemed to be a trend
toward reduction, also in dopamine levels, there was a high
variation between individuals (Fig. 2f).

Label-Free Proteomic Profiling of DJ-1-Deficient
Young Adult Brains

We now wanted to identify DJ-1-dependent protein changes
that could be responsible for the phenotype and PD-related
neuronal changes of the late-adult DJ-1 KO animals (Fig. 2).
Early adults, recently gender differentiated males (3 months),
were therefore selected for brain proteome analysis. At this
early adult stage, no phenotypic difference between WT and
KO could be observed (not shown). Using label-free mass
spectrometry, 4091 proteins were identified based on two or
more unique peptides with a mass accuracy <20 ppm and
peptide score > 4. The full list of proteins identified can found
in Online resource 1. This table also shows the expression
level of the identified proteins in the individual samples. To
check the correlation between the biological replicates, scatter

analysis of F2 generation using DNA extracted from the caudal fin.
Undig, undigested. ¢ Transcriptional analysis amplifying the park7
mRNA from ¢cDNA produced from F3 park7 "~ and wild-type embryos.
d Protein level validation of the knockout using Western blotting of 4 dpf
larval protein lysate and probing with anti-DJ-1. (3-Actin is shown as a
loading control. KO, park7 ~; WT, wild type

plots were generated and the Pearson Correlation values were
calculated (Fig. 3a, b). A high positive correlation value for
each biological group was found from 0.986 to 0.992 and
0.960 to 0.993 and in the knockout and wild-type samples,
respectively.

For quantitative analysis, a minimum of two unique pep-
tides was required for further statistical analysis. We restricted
the analysis to include only proteins identified in at least three
out of four samples in either KO or WT samples resulting in
2900 proteins. Out of 2900 proteins, 18 proteins were only
identified in KO and 23 only in WT (Fig. 3c).

To analyze regulated proteins identified in both groups, at
least three valid values in each group were required. Common
for both groups were 2523 proteins (Fig. 3¢). Strikingly, while
a large number of proteins were identified in both KO and WT
brains, only 58 proteins could be seen as regulated with 1.5-
fold change or higher (Fig. 3d). The 58 significantly regulated
proteins (fold change > 1.5) when added to the list of KO only
(18 proteins) and WT only (23 proteins) were considered reg-
ulated proteins (99 proteins) for further bioinformatic analysis.

In Table 1, we have listed proteins that showed the most
prominent regulation in DJ-1 KO brains. Tables 2 and 3 list
proteins identified only in KO or WT brains, respectively.
The absence of identification in one group most possibly
reflects a protein level below detection limit. For proteins
identified in both control and DJ-1 KO brains, we have
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Fig. 2 Late adult park7 "~ zebrafish exhibit slimmer shape, decrease in
tyrosine hydroxylase, and reduced muscle mitochondrial complex 1
activity compared with controls. a Phenotypes of 5 dpf wild-type (WT)
and park7~ (KO) larvae and male adult fish at 16 months. b Body
weight difference of aged male WT (n=12) and KO (n = 13) zebrafish;
*##%p <0.001. ¢ Representative image of in-gel activity assay of mito-
chondrial complex I alone and in supercomplex with complex III and
complex IV, and quantitation of complex I alone from mitochondria iso-
lated from muscle of 12-month WT (n=3) and KO (n=3) fish;

restricted the table to include only proteins regulated with
fold change >2.0. From these regulated proteins, we se-
lected glutathione S-transferase (gstal) and ATP-binding
cassette, subfamily E, member 1 (abcel) for validation by
Western blotting (Fig. 4a, b). In all tables, we have includ-
ed protein characteristics that based on previous knowl-
edge may be relevant for PD-related pathogenesis. In the
case where protein function is given in the UniProt data-
base, no reference is included.
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*#%p < 0.001. Post-staining of gel with imperial blue was used to show
equal loading. d Images of representative in-gel mitochondrial complex I
activity in total lysate of 5 dpf larvae and muscle from 16-month WT and
KO animals. e Representative Western blot of tyrosine hydroxylase (TH)
expression and quantitation in brain lysates from 16-month adults.
Ponceau-S was used as loading control; *p < 0.05. f Dopamine levels in
16-month WT (n=7) and KO (n=6) zebrafish brain tissue. Data are
expressed as the mean = SEM and analyzed using Student’s two-
sample ¢ test

In all, prominent changes in the brain proteome of DJ-1 KO
animals were already observable at an early adult age.
However, at this stage the tyrosine hydroxylase (th) (Acc.
No. B3DJWS, Online resource 1 levels, as a marker for dopa-
minergic cell death, did not differ from controls. Neither did
we observe any compensatory up-regulation of the antioxi-
dant proteins, superoxide dismutase [Cu—Zn] (SOD1) or
peroxiredoxins. Glial fibrillary acidic protein (gfap), a marker
for astrocyte activation and inflammation, showed a large
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Fig. 3 Label-free mass spectrometry-based proteome analysis. a, b
Multiscatter plots of correlation between biological replicates. The log-
transformed LFQ intensity values are shown for replicates of park7 /-
(KO) (a) or wild type (WT) (b). The Pearson correlation values on the
individual plots show a high level of reproducibility. ¢ Venn diagram showing
the number of proteins identified by mass spectrometry with at least three
valid identifications in both groups. Also shown is the total number of

variation between individual DJ-1 KO brains and no signifi-
cant change (Fig. 4c; Acc. No. B2GP50, Online resource 1).

DJ-1-Deficient Brain Protein Profile Reveals Changes
in Clusters of Proteins Belonging to the Mitochondrial
Electron Transport Chain, Translational Control, Stress
Response, Glutathione metabolism,

and Inflammation

To gain an overall understanding of relationship between pro-
teins affected by the loss of DJ-1, we used the protein-protein
interaction data analysis tool STRING: functional protein
networks [30] to obtain a network map of the differentially
expressed proteins. The protein-protein interactions predicted
by STRING are based on direct (physical) and indirect
(functional) associations, of which data are extracted from a large
number of different databases. It should be noted that since the
zebrafish proteome has yet to be completely annotated, our bio-
informatics analysis in many cases relies on existing knowledge
of the human or mammalian orthologues. A total of 93 proteins

-Log10 (p-value)

b w1

WT2 WT3 WT4

0. 960 M

WT-4 WT-3 WT-2 WT-1

Log2 (Fold Change)

proteins with at least three valid values found uniquely in a single group.
All proteins have a threshold score above 4 and have been identified by at
least two unique peptides. d Volcano plot showing significantly regulated
proteins. The protein expression ratio (fold change) of KO/WT (log, scale)
was plotted against the —log of the probability calculated using Student’s
two-sample 7 test such that SO=2. The dashed lines indicated the applied
threshold values (p value < 0.05; fold change > 1.5)

out of the 99 regulated proteins were mapped by either gene
name or UniProt accession number.

As shown in Fig. 5, the most prominent cluster consisted of
proteins belonging to the mitochondrial electron transport
chain, which were up-regulated (blue circles) in the DJ-1
KO brains. Another cluster included down-regulated (red cir-
cles) proteins associated to stress response and vesicular traf-
ficking. In addition, proteins known to regulate inflammatory
response were down-regulated in DJ-1-deficient brains. The
absence of DJ-1 also influenced proteins related to glutathione
metabolism and translational regulation/stress granules.

DJ-1 Loss Affects Proteins with Strong Support
of Mitochondrial or Stress Granule Localization

The STRING analysis indicated a DJ-1-dependent regulation
associated to specific intracellular localizations: mitochondria
and stress granules. This encouraged us to perform a compar-
ison between existing mitochondria and stress granule data-
bases and the mammalian orthologues of our regulated pro-
teins. These are databases containing proteins with strong
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o support of either mitochondrial (MitoMiner 4.0) or stress
s e granule [33, 34] localization. This analysis showed that as
= é many as 45% of the regulated proteins were either known or
2 = o0’ . . . L .
s A g & predicted to have a mitochondrial localization (Fig. 6a).
E 3 ; a Similarly, also approximately 45% of the regulated proteins
7] - .S . . .
g &8 8 ;E are proteins suggested to be involved in stress granule regula-
B £ 5 % — 2 tion (Fig. 6b).
S EE 2 Z oo g g
5 S 5 B g8 S 5.8 8
5 N gEEE
£ ox 2 =2 = £ . .
£ £35¢ 588 E 2 Discussion
£ & & & 5 E£3 &8 <
o Parkinson’s disease pathogenesis is complex and involves an
siv array of different aspects, including mitochondrial impair-
= N = v — %~ & © o © ment, neuroinflammation, oxidative/nitrosative stress, and
© N Qo e T 00 AN =2 . . . .
= Vo ol S S oS o oSS dysregulation in protein turnover, events believed to eventu-
5 % ;__IS % $ $ <o‘r $ g? $ $ $ $ ally lead to nlgr'al cell loss [48]. DJ-1 has a key funct19n in
= Domom W o A <SS < neuronal protection as a regulator of all previously mentioned
g T RE neaRRIS I : :
2 T IE e dr aspects of cellular stress. With its broad influence on different
o cellular pathways, DJ-1 is therefore suggested to be a highly
S 2838 $FHZXTSR interesting therapeutic target in several neurodegenerative dis-
eases, not exclusively PD. Even though there is a broad un-
3 derstanding of DJ-1 functions, the mechanisms underlying its
§ roles remain largely elusive.
Q We have established a novel DJ-1 knockout zebrafish line
g . .
£ o w A Seygaxaay which shows late-stage decrease in overall level of the dopa-
minergic rate-limiting enzyme, tyrosine hydroxylase, reduc-
_—“.3 tion in mitochondrial complex I activity in skeletal muscle,
% and phenotypic body mass loss associated with PD (Fig. 2)
= [6, 49, 50]. Zebrafish have become successful vertebrate
] v O o0 O S O O < I+ 0 N n . .
= — - Q - = w =N = A models for neurodegenerative diseases as most of the molec-
o - - o S ular mechanisms related to neurological diseases are highly
0 D o~ T = ~ 1 n Q . .- . . .
(5% 2T S8 2 § § S 3 3 E E conserved, in addition, their optical transparency, short life
Ses s A N cycle, and large production of eggs allow for unique opportu-
- 5 nities for llye imaging and large-scale .drug screening [21]'.
) g To identify cellular changes depending on DJ-1 expression,
Q . . . .
© g g which in its functional absence may lead to later PD-related
E %D - g o pathology, we selected‘ brains frqm early stage a@ult anima?s
Z = § o 2 g 8 for label-free proteomics analysis. The proteomics analysis
§ § 8 ES o d showed that DJ-1 deficiency only affected less than 5% of
f § é § '?{ é’ ”51 % the total identified brain proteins.
% TS = £ 3 '§ Mitochondrial respiratory chain impairment has long been
9 = .
g, 2 % 2 2 g § 3 § % defined as a key feature of PD [6, 49]. Several studies have
G =] . . .
° - “Qé g Lé é S £ g ‘é shown that loss of DJ-1 dysregulates the mitochondrial respira-
= 5~ @« . . . . .
g 22¢Z < B § 8 § " tory chain and in particular targets complex I [51], thus linking
s & . . .
= 2 &8558 ¢ =gpz £ DJ-1 to mitochondrial PD pathology. DJ-1 deficiency had no
g | 2 EEg 8. E=2F52 57T ffect on mitochondrial complex T activity at the larval
3| & EEZ2i 2 3%%%.5 2 effect on mitochondrial complex I activity at the larval stage,
5| 2 \L\ g £ g e = ET E d E i but a gradual decrease in complex I activity in skeletal muscle
- = = 8 o, = = . . .
ElR|EROAa :"~ <O B U <CUMO toward late adulthood was evident (Fig. 2c, d). Interestingly, our
E .2* ) % % proteomic profile of the early adult brain showed that DJ-1
£ 3 = - % E e 40T o knockout increases the level of complex I components (Fig. 5;
5 3 . .
e ?ﬂ § § 8 % 9 § = § 5 E =) g 3 Table 2; Online resource 1). At first glance, this seems to oppose
2 f eI EERITRE 222 the observation of reduced complex I activity which we observed
S| 8| A E0050xmamaO0oR <« o : .
<1 P s analyzing mitochondria of skeletal muscle from late adults (Fig.
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Fig. 4 Verification of mass spectrometry data. a, ¢ Protein lysates from
brains of wild-type and F4 park7 /" zebrafish were separated by SDS-
PAGE, Western blotted, and probed with indicated antibodies. Ponceau-S
was used as loading control. a, b Representative Western blots of DJ-1-
dependent regulation of ACBEI (a) and GST« (b) from 4-month-old
pooled zebrafish brain lysates. Asterisk indicates GSTx band. n=3. ¢
Tyrosine hydroxylase (TH) and glial fibrillary acidic protein (GFAP)
expression in 3-month-old zebrafish samples used for mass spectrometry
analysis. KO, park7 "~ WT, wild type

2¢, d). However, Miwa et al. have shown that increased amount
of complex I components is correlated with less-efficient com-
plex I assembly and increased ROS production [52]. This was
observed in old mice, while the opposite was seen in young and
diet-restricted animals. Their results agree with the observation of
an inverse relationship between complex I activity and ROS
production in fibroblasts from patients with inherited complex I
disorders [53]. Our data suggest that loss of DJ-1 causes an
instability in subunit components of the electron transport chain
which affects assembly and activity of the mitochondrial com-
plex L. Less-efficient assembly might further lead to lowered
substrate utilization and increased mitochondrial superoxide pro-
duction [52] .

In the absence of the major redox regulator DJ-1, one
would expect an increased oxidative stress level in the DJ-
1 null brain and possibly also compensatory redox-
regulating pathways to be activated. One way to cope with
increased oxidative stress is to increase the availability of

the nonenzymatic antioxidant GSH through controlling the
expression of glutathione peroxidases (GPXs) and gluta-
thione-S-transferases (GSTs) [54]. In the DJ-1 null brain,
both the GSTA1 and GPX1 levels increased (Table 1;
Figs. 4 and 5; Online resource 1). This is further supported
by the up-regulation of the redox-sensitive protein BCAT
(Table 1) which catabolize branched amino acid to gluta-
mate from which GSH is synthetized [35]. We did not
however observe any increase in GSTMs (Online
resource 1). We have previously shown that increased glial
DJ-1 up-regulates GSTm1 [15], a dominant GST isoform
in the zebrafish brain [55], most possibly through a Nrf2-
dependent pathway [15]. Nrf2 can control the expression
levels of both GSTMs in addition to antioxidants such as
SOD1 and peroxiredoxins. In our DJ-1 knockout brains,
neither of these Nrf2-controlled proteins were regulated
(Online resource 1). Thus, a compensatory Nrf2 activation
is not supported, but on the other hand, GSH-dependent
actions seem to be activated. The absence of a Nrf2 re-
sponse in DJ-1 null brains also supports our earlier sug-
gestion that DJ-1 may act upstream of Nrf2 in response to
neuronal oxidative stress [15].

Almost half of the regulated proteins in DJ-1 knockout brains
were either known as mitochondrial or predicted to be mitochon-
drial (Fig. 6). Apart from those associated to mitochondrial bio-
energetic function, some of the down-regulated proteins
(ABCEI, TBC1d8b, and KIF1b) could be linked to mitophagy
and mitochondrial dynamics (Tables 1 and 3) [37, 45, 47].
Mitochondrial dysregulation, and specifically mitophagy, is
closely linked with both spontancous and the hereditary forms
of PD [56], and PD-associated proteins PINK 1, Parkin, and DJ-1
have been shown to be implicated in removal of dysfunctional
mitochondria [14, 57]. The down-regulated ATP-binding cas-
sette, subfamily E (OABP), member 1 (ABCE1) protein
(Table 1; verified in Fig. 4) was recently shown to be down-
regulated at the level of transcription in PD patients [37].
ABCETL is a novel actor in the early stage of mitophagy, and
through ubiquitination by NOTH4, it recruits the autophagy ma-
chinery [37]. Mitophagy seems to be controlled through simul-
taneously occurring PINK 1-regulated quality control of mito-
chondrial localized translation and ABCE1 ubiquitination. DJ-1
has been shown to complex with PINK1 and Parkin [58]. We
also observed CNOT], a component of the CCR4-NOT com-
plex [59], to be down-regulated (Online resource 1; Acc. No.
F1QFA®6) in DJ-1-deficient brains. Thus, DJ-1 might have a
double directed influence on mitophagy.

DJ-1 has been shown to regulate basal autophagy and fa-
cilitate neuronal protection through the extracellular signal-
regulated kinase (ERK1/2) pathway [14]. Our results show
that map2k2b, which belongs to the ERK1/2 pathway, is dys-
regulated in the DJ-1 null brain (Table 3). Also, picalma, a
regulator of endocytosis and autophagy [46], was shown to be
down-regulated in the knockout brains (Table 3). Taken
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Fig. 5 STRING protein-protein interaction network analysis of 93 proteins
regulated in the DJ-1-deficient brain. Interaction network was built from the
list of significant proteins via two-sample ¢ test (p < 0.05) with three valid
values in both wild-type (WT) and park7 "~ (KO) samples with a fold change
> 1.5 and those proteins only found uniquely in either WT or KO samples. A

together, our DJ-1 knockout model shows a general impair-
ment in proteins controlling basal mitophagy and autophagy
needed to maintain cellular homeostasis and protecting cells
from dysfunctional mitochondria.

Apart from being associated to mitochondria, almost half
of the regulated proteins in the DJ-1-deficient brain could be
linked to translational control and stress granules (Figs. 5 and
6; Tables 1, 2, and 3). DJ-1 has long been known to be a part of
a RNA-binding complex and to have RNA-binding activity in
dopaminergic cells [60]. Recently, DJ-1 was reported to local-
ize to stress granules and interact with several stress granule
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components upon induction of oxidative stress [61]. Stress
granules are membrane-less pro-survival protective structures
that assemble in response to a variety of environmental stress-
es and disassemble after the stress has resolved. A number of
stress granule proteins are implicated in age-related diseases,
especially neurodegenerative diseases [62]. Thus, the variety
of roles assigned to DJ-1 may therefore include also a regula-
tory role in stress granules.

Neurodegeneration-triggered astrogliosis has been linked
to neuroinflammation observed in PD [63], but the role of this
astrogliosis is largely debated, as to whether this process is
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Fig. 6 Differential expressed proteins highlights proteins associated to
mitochondria and stress granules The list of 99 regulated proteins was
converted to human orthologues for analysis resulting in a list of 73
regulated mammalian genes and analyzed toward databases of
mitochondria and stress granule-associated proteins. a MitoMiner anno-
tation of regulated proteins associated to mitochondria. b Stress granule-
associated proteins

harmful or neuroprotective [64]. Astrogliosis is generally as-
sociated with up-regulation of astrocytic marker proteins such
as gfap and vimentin [65]. In our DJ-1 knockout brains, there
was no significant difference between wild-type and DJ-1 null
brain levels of gfap (Fig. 4; Online resource 1). Both in the
early and late sampled brains, there was great individual var-
iation in gfap levels in the DJ-1 animals. Neither did the levels
of vimentin differ between DJ-1 null and wild type (Online
resource 1). These results support the observation of Tong
et al. [65] who observed a large sample variation in glial
markers among PD patient samples. Also in DJ-1 knockout
mice, Choi et al. found no distinction in gfap levels between
wild type and knockout [66]. In fact, they showed that DJ-1
neuroprotection was mediated through astrogliosis and sug-
gested that DJ-1 deficiency caused defects in astrocyte func-
tion to repair of neuronal damage.

Pro-inflammatory nitrosative damage is a pathological hall-
mark of PD [67, 68], and we have previously shown that in-
creased astrocytic DJ-1 expression can inhibit the generation of
protein nitrosylation [15]. Recently, Sun et al. showed that nitric
oxide levels were higher in PINK1-deficient glia compared
with control after inflammatory induction by lipopolysaccha-
ride [69]. Argininosuccinate lyase (asl) is the only enzyme ca-
pable to produce arginine, the substrate for nitric oxide gener-
ation by nitric oxide synthase isoforms [39]. We had detectable
levels of asl only in DJ-1-deficient brains (Table 2). This indi-
cates that DJ-1 deficiency may lay the basis for accelerated NO

production and as PINK1 also influence inflammatory-induced
neuronal death. On the other hand, we also found complement
complex 3 (C3) and possibly its downstream activation frag-
ments (C3a and C3b) (our results do not distinguish between
C3 and its fragments), components involved in inflammatory
response [70], to be down-regulated in DJ-1 null brains (Fig. 5;
Table 1). C3 deficiency has been shown to be neuroprotective
and reduce neuroinflammation [71]. Thus, the observed down-
regulation in complement C3 might be an early response to
cellular stress induced by the lack of DJ-1.

The observed up-regulation of C-terminal domain small
phosphatase 1 (CTDSPI) might also be a stress response to
DJ-1 deficiency (Table 2). CTDSP1 has a function in stabilizing
the repressor element 1 silencing transcription factor (REST)
complex which in turn promotes neuroprotection by suppress-
ing genes involved in oxidative stress [72]. This supports the
observations of CTDSPI transcript being up-regulated in
substantia nigra of PD patients [41] and REST-deficient mice
to be more vulnerable to MPTP-induced nigral loss [73].

DJ-1 has been shown to modulate «-synuclein accumula-
tion and toxicity [74]. Alpha-synuclein is not found in
zebrafish, but zebrafish v 1-synuclein is proposed to be closest
to human «-synuclein [75]. We did not observe any change in
the levels of y1-synuclein or other synuclein isoforms in the
DJ-1-deficient brains (Online resource 1). However, an
uncharacterized protein with encoded by cc2dla was identi-
fied in the DJ-1 null and not wild type (Table 2). CC2D1A is
involved in the oligomerization of «-synuclein and in its ab-
sence of there a decrease in x-synuclein oligomerization [76].

Conclusion

We have established a novel DJ-1/park7 knockout zebrafish
line, which at late adult stage shows a reduction in tyrosine
hydroxylase levels, reduced mitochondrial complex I activity
in skeletal muscle, and weight loss. Using label-free mass
spectrometry, we identified 4091 proteins from young adult
brains, of which less than 5% were altered in expression level
due to DJ-1 loss. Among these were novel DJ-1-regulated
proteins that could be linked to mitochondrial function and
mitophagy as well as stress response and inflammation, and
therefore be key actors in the induction of later pathogenesis.
Early adult knockout animals exhibited an increased abun-
dance of subunits of the mitochondrial respiratory chain and
an age-dependent down-regulation of complex I activity, a
cellular condition that can increase the amount of mitochon-
drial superoxide production over time. As zebrafish are ideal
vertebrate models for live imaging, drug screening, and genet-
ic manipulation, our model can be used as a tool to further
understand the complex neuroprotective role of DJ-1 and how
it can be manipulated.
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