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Abstract

DJ-1 mutation induces early-onset Parkinson's disease, and conversely over-expression of DJ-1 is
associated with cancer in numerous tissues. A gene-trap screening library conducted in embryonic
stem cells was utilized for generation of a DJ-1 mutant mouse. Real-time PCR and
immunoblotting were utilized to confirm functional mutation of the DJ-1 gene. Normal DJ-1
protein expression in adult mouse tissue was characterized and demonstrates high expression in
brain tissue with wide systemic distribution. Primary astrocytes isolated from DJ-17/~ mice reveal
a decreased nuclear localization of DJ-1 protein in response to rotenone or LPS, with a
concomitant increase in mitochondrial localization of DJ-1 found only in the rotenone exposure.
Resting mitochondrial membrane potential was significantly lower in DJ-17/~ astrocytes, as
compared to controls. Our DJ-1 knockout mouse provides an exciting tool for exploring the
molecular and physiological roles of DJ-1 to further explicate its functions in neurodegeneration.
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1. Introduction

1duasnuen Joyiny

Mutations in DJ-1 are associated with the development of early-onset Parkinson's disease
(PD) (Bonifati et al., 2003a). Numerous cellular functions have been proposed for DJ-1,
including responding to the cellular redox environment (Yokota et al., 2003; Martinat et al.,
2004; Taira et al., 2004; Takahashi-Niki et al., 2004; Kim et al., 2005), a variety of protein—
protein interactions (Takahashi et al., 2001; Meulener et al., 2005; Xu et al., 2005; Bretaud
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et al., 2007; Fan et al., 2008), and plausible chaperone activity (Martinat et al., 2004).
However, the precise role DJ-1 plays in cellular homeostasis and how its dysregulation
contributes to PD has not been ascertained.

Although DJ-1 mutation induces early onset PD, DJ-1 knockout mice fail to consistently
recapitulate the hallmarks of PD including loss of dopaminergic neurons, decrease in
dopamine and formation of Lewy bodies, (Chen et al., 2005; Goldberg et al., 2005; Kim et
al., 2005; Yamaguchi and Shen, 2007). Kim and colleagues found increased sensitivity of
DJ-17/~ neurons to hydrogen peroxide and rotenone, and increased sensitivity of the mutant
mouse to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrindine (MPTP) (Kim et al., 2005). Several
independent studies have noted locomotor impairment in DJ-17/~ mice, though other
parkinsonian hallmarks were not observed (Chen et al., 2005; Goldberg et al., 2005;
Yamaguchi and Shen, 2007). Therefore, mutation of DJ-1 alone is likely not sufficient to
induce parkinsonism in the mouse, however these mice provide an excellent platform for
investigating Parkinson's as a multi-factorial disease and the role of DJ-1 in this disease
process.

An essential element in unraveling the pathogenesis of PD is defining how astroglial
dysregulation is involved in the progression of neuronal injury. Reactive gliosis and
concomitant neuroinflammation are implicated in the pathogenesis and progression of
idiopathic PD (Wu et al., 2002) and neurodegeneration induced by the mitochondrial toxins
MPTP (Kohutnicka et al., 1998) and rotenone (Sherer et al., 2003). Furthermore, high DJ-1
immunore-activity is observed in reactive astrocytes (Neumann et al., 2004), suggesting it
may play a role in modulating gliosis. Collectively, numerous studies have suggested that
compromising astrocytic function could be a significant mechanism in PD
neurodegeneration.

Lipopolysaccharide (LPS) is a component of the outer membrane of Gram-negative bacteria,
and may potently activate mammalian cells via the NF-xB pathway, resulting in production
of proinflammatory cytokines (Chow et al., 1999). In PD, elevated levels of cytokines are
observed in the brains of patients (Boka et al., 1994; Mogi et al., 2000), as well as
concomitant oxidative stress, which are both thought to be significant in disease
development. LPS is well known to induce expression of proinflammatory genes in
astrocytes, which produce various inflammatory mediators including cytokines, nitric oxide,
and prostanoids (Lieberman et al., 1989; Kong et al., 1997). Animals exposed to LPS
provide excellent evidence that neuroinflammation is significant in PD, as progressive loss
of dopaminergic neurons is observed (Qin et al., 2007) and maternal exposure to bacterial
LPS during pregnancy decreases the number of dopaminergic neurons in offspring (Ling et
al., 2002; Carvey et al., 2003). Moreover, expression of DJ-1 increases and DJ-1's isoelectric
point shifts following exposure to LPS (Ejima et al., 2000; Mitsumoto and Nakagawa, 2001)
indicating DJ-1 may modulate the cellular response to inflammatory stimuli.

A number of epidemiological studies demonstrate a strong correlation between pesticide
exposure and an increased incidence of PD (Gorell et al., 1998; Vanacore et al., 2002).
Additionally, exposure to agriculture pesticides such as rotenone in rodents has recapitulated
parkinsonism (Betarbet et al., 2000). When treated in vitro with rotenone, DJ-17/~ neurons
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had significantly decreased survival compared to DJ-1*/* neurons (Kim et al., 2005).
Additionally, chronic rotenone exposure induces oxidative modification of DJ-1 and
redistribution of DJ-1 to the mitochondria (Betarbet et al., 2006).

Taking into consideration the complex etiology of PD, our experiments coupled DJ-1
mutation with exposure to rotenone or LPS, focusing upon a possible mitochondrial
phenotype. Our hypothesis is that DJ-1 mutation induces dysregulation of cellular function
in astrocytes.

2. Materials and methods

2.1. DJ-1 knockout mouse

A gene-trap screening library conducted in embryonic stem cells was utilized for creation of
our knockout mouse. The DJ-1 gene was mutated and chimeric mice were generated by
BayGenomics (San Francisco, CA). Utilizing 5’ rapid amplification of cDNA ends, the
spliced sequence upstream of the gene-trap vector was ascertained and included 6 of 7
exons, thus positioning the gene-trap vector within the 6th intron, an approximately 3.5 kbp
region. Genotyping was accomplished via amplifying a sequence of neomycin resistance
gene within the inserted gene-trap vector (Neo primers, 5’-CTT GGG TGG AGA GGC TAT
TC-3,5-GTG AGA TGA CAG GAG ATC-3’) combined with amplification of a sequence
of DNA spanning the region of the gene-trap vector insertion (DJ-1 primers, 5’-ACC CTT
GCA GTC ACT TTA CC-3,5-TAG CTG GCA GGA GCT TGG-3). Heterozygous mice
were bred to establish a colony containing all three genotypes. Primary cortical astrocytes
were isolated as previously described (Allen et al., 2000), and maintained at 37 ° and 5%
CO, in MEM with EBSS and -glutamine (Hyclone) supplemented with 10% fetal bovine
serum and 1% penicillin streptomycin neomycin (Invitrogen).

2.2. Reagents

Unless otherwise specified, all reagents were purchased from Sigma—Aldrich.

2.3. Real-time PCR

RNA was isolated from snap frozen tissue samples using the Qiagen RNeasy kit, subjected
to DNase | treatment, then reverse-transcribed via iScript kit (BioRad). cDNA was analyzed
via real-time PCR by assessing SYBR green (BioRad) incorporation over time on a BioRad
iCycler. Expression of DJ-1 (5’-ATC TGA GTC GCC TAT GGT GAA G-3, 5-ACC TAC
TTC GTG AGC CAA CAG-3') or VEGF (5-AGG CTG CTG TAA CGA TGA AG-3, 5/-
TTC TGG CTT TGT TCT GTC TTT C-3’ was normalized to factin (5'-GAC AGG ATG
CAG AAG GAG ATT ACT G-3,5-GCT GAT CCA CAT CTG CTG GAA-3') via the
delta—delta Cy method (Livak and Schmittgen, 2001). Samples without reverse transcriptase
were also analyzed to assure no DNA contamination was present.

2.4. Western blotting

Tissues were snap frozen immediately after harvest and protein was isolated by
homogenizing tissue in lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 1% nonidet
P-40, 0.5% Na deoxycholate, 2 mM Na orthovanadate) supplemented with complete mini
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protease cocktail inhibitors (Roche). Samples were sonicated for 10 s at 30% output, placed
on ice for 20 min, then centrifuged at 14,000 rpm for 10 min at 4 °. Astrocyte protein from
primary cultures was harvested in lysis buffer (see above), placed on ice for 5 min, and then
centrifuged as above. Protein content of the supernatant was determined by BCA protein
assay (Pierce). Protein was subjected to SDS-PAGE, electrotransferred onto PVDF (VWR)
and probed with anti-Bax antibody (Cell Signaling, 1:1000), anti-DJ-1 antibody (Neuromics,
1:2000) alone or with B-actin (Sigma, 1:1000) and detected via chemiluminescence.

2.5. Subcellular localization

Images were obtained using a Zeiss Axiovert 200 M microscope equipped with a Hammatsu
ORCA-ER cooled charge-coupled device camera. Primary cortical astrocytes were isolated
from individual day 1-3 old mice as previously described (Aschner et al., 1992); mating of
heterozygous mice was maintained in order to provide littermate controls. LPS (Salmonella
enterica serotype typhimurium) was reconstituted in PBS and stored at —80 ° until use.
Rotenone was reconstituted in DMSO the day of treatment. Astrocytes were treated with 10
pg/mL LPS + DMSO, 1 uM rotenone + PBS, or DMSO + PBS (control), for 24 h. The
control group was exposed to both vehicles concurrently (i.e., DMSO + PBS) because
astrocytes were exposed to LPS (in PBS) in combination with rotenone (in DMSO, data not
shown), thus yielding coexposure to each vehicle. Following treatment, cells were loaded for
30 min with 500 nM MitoTracker Red (Invitrogen, excitation at A579, emission at 1599),
fixed in 4% paraformaldehyde, permeabilized with 0.01% Triton X-100, and DJ-1 primary
antibody was applied (1:2000, Neuromics). AlexaFluor 488-conjugated secondary antibody
(Invitrogen, excitation at A495, emission at A519) was added, and cells were mounted in
DAPI-containing mounting media (Vector Laboratories, excitation at A360, emission at
\60). Pearson's correlation coefficients, used to assess colocalization of AlexaFluor 488-
conjugated DJ-1 with either the nucleus or the MitoTracker-labeled mitochondria, were
calculated using SlideBook software.

2.6. Mitochondrial membrane potential

To assess mitochondrial membrane potential, the ratiometric dye JC-1 (5,5/,6,6'-
tetrachloro-1,1’,3,3'-tetraethylbenzimidazolylcarbocyanine iodide) was employed. JC-1 is a
cationic dye exhibiting potential-dependent accumulation in the mitochondria, and
accumulation is indicated by a shift in fluorescence emission from green to red. A decrease
in the ratio of A568:1.488 indicates formation of fewer J-aggregates, or increased
mitochondrial depolarization (Reers et al., 1991). Astrocytes were loaded with 5 pM JC-1
(Invitrogen) for 20 min, washed once with MEM without phenol red supplemented with 10
mM HEPES, and images were collected every 2 min. After 4 images were collected (8 min),
1 uM rotenone or DMSO was added, and images were collected for 52 additional min for a
total of 1 h sampling. Fluorescence intensity at A\568 and 1488 was measured using
SlideBook software.

2.7. Statistical analyses

All statistical analyses were performed using GraphPad Prism software. Figures with three
or more means were analyzed using ANOVA, and when means significantly differed (p <
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0.05), Tukey's post hoc test was employed. Figures containing two means were analyzed
with two-tailed t-tests; when variances significantly differed, Welch's correction was applied
to correct for unequal variances.

3. Results

Western blot analysis was utilized to determine relative expression of DJ-1 in numerous
tissues in the mouse (Fig. 1). Relative to expression of B-actin, brain tissue had the highest
DJ-1 protein expression followed by liver, though DJ-1 was detected in all tissues assayed.
While expression of f-actin can vary dramatically in differing tissue samples, standardizing
DJ-1 protein to this housekeeping protein allows a relative quantitation of tissue distribution.
Fig. 1A depicts expression of DJ-1 in 25 ug of protein from each tissue, and follows the
overall pattern of distribution presented in Fig. 1B. Interestingly, DJ-1 in all duodenal
samples assayed (n = 9) appeared at a lower molecular weight (approximately 19 kDa) than
the protein in all other tissues. Curiously, the theoretical molecular weight of DJ-1 due to its
189 amino acid structure is 20 kDa, closer to the value observed in the duodenum than in the
rest of the body. Therefore, it is feasible that modification(s) of non-gastrointestinal DJ-1
protein (i.e., glycosylation), result in a slightly higher molecular weight, while these are
cleaved in the highly acidic gastrointestinal environment. Regardless, this lower molecular
weight band is consistently present only in the duodenal samples, and thus is unlikely to be a
non-specific band. Notably, DJ-1 is widely and systemically distributed, implicating perhaps
a critical role in cell homeostasis for DJ-1.

The precise location of the gene-trap vector insertion was determined and genotyping
primers spanning the insertion site were created to assay for the normal DJ-1 genomic
sequence (Fig. 2A). Additional genotyping primers specific to the neomycin-resistance gene
were utilized to detect the inserted exogenous DNA, and allowed differentiation between all
three genotypes. Functional mutation of the DJ-1 gene via insertion of the gene-trap vector
was assessed in DJ-1*/*, DJ-1*/~, and DJ-17/~ brain tissue (Fig. 2). Real-time PCR of whole
brain demonstrated that RNA expression of DJ-1 was greatly diminished in DJ-17" tissue
compared to DJ-1*/* (p < 0.001, Fig. 2B). Moreover DJ-1 protein is not detected in DJ-17/~
mice brain (Fig. 2C), therefore our mutant mouse model does indeed represent a functional
knockout of DJ-1.

To further investigate the role of DJ-1 in neurodegenerative disease, subcellular localization
of the protein in primary astrocytes was analyzed. DJ-1 is normally expressed in three
subcellular pools, the cytosol, mitochondria, and nucleus. Therefore, to assess its
localization following chemical exposure, the mitochondria were labeled with MitoTracker
Red, the nucleus with DAPI, and DJ-1 with AlexaFluor 488. All DJ-1 not localized to the
mitochondria or nucleus was considered to be in the cytoplasmic pool, as DJ-1 has not been
demonstrated to localize to other subcellular organelles. Astrocytes were treated with
vehicle only, LPS (10, 25 or 50 pg/mL), or the rotenone (50, 500, or 1000 nM) and
subcellular localization to the nucleus and mitochondria was analyzed. Mitochondrial
localization was lower than control in 50 and 500 nM doses, however 1000 nM of rotenone
induced a significant increase in mitochondrial localization (p < 0.001, Fig. 3B).
Surprisingly, LPS treatment did not increase mitochondrial localization of DJ-1, rather
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increasing concentrations decreased mitochondrial localization. In the lower rotenone doses,
decreased mitochondrial localization was coupled with increased nuclear localization (Fig.
3C). Concomitant decreases in nuclear localization were observed in both 1000 nM rotenone
and all LPS stimulated cells (p < 0.001, Fig. 3C). Possibly, the nuclear pool of DJ-1
translocates to the mitochondria under higher doses of rotenone-induced complex |
inhibition, but neuroinflammatory stress induced by LPS results instead in an increase of
DJ-1 in the cytosol, indicating perhaps different environmental chemicals may result in
different functional pathways for DJ-1 within the cell.

Because DJ-1 may respond to mitochondrial stress, we analyzed mitochondrial membrane
potential in primary cultured astrocytes using the ratiometric dye JC-1. In a preliminary
experiment, differing concentrations of JC-1 were monitored for sensitivity to the
uncoupling agent CCCP (carbonyl cyanide 3-chlorophenylhydrazone). Based upon a robust
depolarization following CCCP administration, 5 pM JC-1 was selected for monitoring
alterations in mitochondrial membrane potential (data not shown). Interestingly, basal
mitochondrial membrane potential was decreased (p < 0.03) in DJ-17/~ cells compared to
DJ-1** during the first 8 min of imaging (Fig. 4). However, following exposure to 1 pM
rotenone or DMSO, neither DJ-1*/* nor DJ-17/~ cells had a significant decrease in
mitochondrial membrane potential, and were no longer significantly different from one
another (data not shown).

4. Discussion

DJ-1 was initially identified as an oncogene (Nagakubo et al., 1997), and then gained
additional distinction as a PD gene (Bonifati et al., 2003b), however the precise role(s) of
DJ-1 remain elusive. The DJ-1 distribution data presented here complements data published
elsewhere (Olzmann et al., 2004; Zhang et al., 2005), suggesting DJ-1 is very widely
expressed systemically.

Due to the propensity of mitochondrial dysfunction contributing to neurodegeneration and
the localization of DJ-1 to this organelle, increased localization of DJ-1 to the mitochondria
following exposure to rotenone was expected. Betarbet et al. (2006) report increased DJ-1
localization to the mitochondria following chronic (4 week) exposure to 5 nM rotenone in
SK-N-MC neuroblastoma cells. At the lower doses of utilized (i.e., 50 and 500 nM),
mitochondrial localization actually decreased, whereas at the 1000 nM dose, a significant
increase in mitochondrial localization was observed. In contrast to the chronic dosing study
published by Betarbet et al., astrocytes in these studies were only exposed for 24 h. Thus, a
direct comparison is difficult, however it is possible that the immediate localization of DJ-1
away from the mitochondria occurs in early response to low doses of rotenone, with
mitochondrial localization increasing as complex | inhibition become a chronic condition.
Further doses and temporal responses of DJ-1 in cells are necessary to resolve this question.
Given the highest dose of rotenone induced an immediate localization to the mitochondria,
the data is in agreement with the previously published information. Notably, this study is the
first to report quantitative analysis on altered localization to either the mitochondria or the
nucleus due to rotenone treatment, as well as LPS-induced decline in nuclear localization.
While DJ-1 in the nucleus likely translocates to the mitochondria to protect against

Toxicol Lett. Author manuscript; available in PMC 2015 November 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ashley et al.

Page 7

rotenone-induced toxicity, it is unknown why DJ-1 nuclear and mitochondrial localization
declines in response to increasing doses of LPS. Other reports suggest DJ-1 protein
expression increases following exposure to LPS (Ejima et al., 2000; Mitsumoto and
Nakagawa, 2001), so it is likely DJ-1 may function in a protective manner to combat LPS-
induced toxicity, and altering its subcellular location may be critical to this role.
Additionally, a decrease in resting mitochondrial membrane potential in DJ-17/~ astrocytes
suggests DJ-1 may modulate mitochondrial energy dynamics, dysfunction of which is
thought to contribute to PD pathogenesis. In support of this, it has been shown that DJ-17~
neurons are reportedly more vulnerable to alterations in energy metabolism due to impaired
Na*/K* ATPase function (Pisani et al., 2006).

Interestingly, our DJ-17/~ cells express Bax at a similar level to DJ-1*/* astrocytes
(Supplementary Fig. 3) in contrast to an elegant study by Fan et al. (2008) in a
neuroblastoma line demonstrated an increase in Bax expression in DJ-1 knockdown. The
mechanisms regulating DJ-1-mediated alterations of Bax expression have not yet been
investigated in astrocytes, so comparison of our data with this study is problematic.
However, the notion that DJ-1 differentially regulates protein expression in different tissues
is quite feasible, and may explicate differences observed in our data and that of Fan and
coworkers.

Although many questions remain regarding the role of DJ-1 in physiology, a protein
expressed so ubiquitously and involved neurological disorders, reproduction and
carcinogenesis requires further investigation. In neurodegenerative research, most studies to
date have focused on DJ-1 in neurons, however its role in astrocytes remains largely
unknown. As astrocytes are critical in maintaining neuronal viability, especially through
maintenance of the shared extracellular space and supplying antioxidants and nutrients,
compromised astrocyte function could deleteriously affect neuronal function and/or survival.
Further, pathological reactive astrocytosis is shared by all neurological disorders listed
above that DJ-1 is implicated currently. Thus, elucidating the role of DJ-1 in astrocytes
under normal conditions and during gliosis is vitally important to better understand these
diseases, and may provide new targets for therapeutic interdiction. Mutant DJ-1 mice are a
useful means for elucidating the role(s) of this protein in a myriad of diseases as well as
normal cellular homeostasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
DJ-1 protein is widely distributed in the mouse. (A) A representative blot depicts relative

expression of DJ-1 in 25 ug of protein from each respective tissue. (B) DJ-1 protein levels
were assayed and are expressed relative to f-actin in each tissue (n = 4), and demonstrate
high expression in brain tissue. Bars with differing letters are significantly different from
one another (p < 0.05).
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Fig. 2.
Gene-trap insertion into DJ-1 induces a functional mutation. (A) Schematic representation of

the gene-trap in the endogenous DJ-1 gene. Following identification of the gene-trap
insertion site, primers encompassing this sequence were designed, and, in combination with
primers in the exogenous DNA, differentiation of DJ-1*/*, DJ-1*/~, or DJ-17/~ animals was
accomplished. (B) DJ-1 mRNA expression was measured via real-time PCR in whole brain
tissue. DJ-17/~ brain tissue has significantly decreased expression of DJ-1 compared to
DJ-1*"* or DJ-1*/~ (n = 4, p < 0.001). (C) DJ-1 protein expression is evident in DJ-1*/* and
DJ-1*~ animals, but absent in DJ-17/~.
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Fig. 3.

Rc?tenone increases mitochondrial localization of DJ-1, and both rotenone and LPS decrease
nuclear localization. Primary cortical astrocytes were exposed to 50, 500 or 1000 nM
rotenone + PBS, 10, 25, or 50 pg/mL LPS + DMSO, or control (PBS + DMSO) for 24 h,
then loaded with MitoTracker Red and probed for DJ-1 immunofluorescence. To allow
nuclear visualization, cells were mounted in DAPI-containing media. Pearson's correlation
coefficients were calculated using SlideBook software image (A) A representative image
used for analysis: (1) DAPI-stained nucleus, (2) DJ-1 immunofluorescence, (3) MitoTracker,
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and (4) merged image, for color image please see Supplementary Fig. 1. (B) DJ-1
correlation with the mitochondria (A519:1599) increased upon exposure to rotenone but not
LPS (n=71, p<0.001). (C) Nuclear correlation DJ-1 (A519:1460) decreased following
exposure to either rotenone or LPS (n=71, p < 0.001).
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Fig. 4.

DJ-17

Mutation of DJ-1 decreases resting mitochondrial membrane potential. Astrocytes were
loaded with the ratiometric mitochondrial dye JC-1 (5 uM) for 30 min, then rinsed once in
MEM with 10 mM HEPES without phenol red, and images were collected every 2 min for 8
min. Mitochondrial membrane potential, expressed as the ratio of A599:1519 was measured
using SlideBook image analysis software. (A) Representative image of the mitochondrial
dye JC-1, (1) fluorescence emitted at 1519, (2) fluorescence emitted at A599, and (3) merged
images of 1 and 2, for color image please see Supplementary Fig. 2. (B) DJ-17/~ astrocytes
have decreased basal membrane potential compared to DJ-1*/* (n = 48, p = 0.02).
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