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Abstract

Environmental and genetic causes are implicated in the etiopathogenesis of Parkinson’s disease (PD), a neuro-
degenerative movement disorder. DJ-1, a putative gene recessively linked to early onset PD, functions as an
antioxidant, transcriptional co-activator, and molecular chaperone. We examined DJ-1 status following global
perturbation of protein thiol homeostasis by depleting cellular antioxidant glutathione or downregulating glu-
taredoxin 1, a thiol disulfide oxidoreductase, wherein both paradigms generate oxidative stress. While these
perturbations did not affect expression of DJ-1 mRNA, downregulation of glutaredoxin 1 but not glutathione
depletion caused loss of DJ-1 protein, translocation of Daxx (a death-associated protein) from nucleus, and cell
death. Overexpression of wild-type DJ-1, but not the cysteine mutants, prevented Daxx translocation and cyto-
toxicity. Protease inhibitors prevented constitutive DJ-1 loss. Residual DJ-1 was present in reduced state, indi-
cating that DJ-1 when oxidized was degraded through proteolysis. Thus, loss of DJ-1 occurring through its
oxidative modification and subsequent proteolysis mediated through dysregulation of thiol disulfide oxidore-
ductase may contribute to pathogenesis of sporadic PD, thus providing a link between environmental challenges
and constitutive levels of this vital protein. Antioxid. Redox Signal. 13, 127–144.

Introduction

Oxidative stress may be defined as a state wherein there
is an imbalance in generation of oxidizing entities and

their neutralization by antioxidant defense systems in the
cell. One of the consequences of oxidative stress is pertur-
bation of thiol homeostasis, which leads to modification
of critical thiol groups of proteins. Oxidative modifications of
protein thiol groups can regulate function in reversible or
irreversible ways and are now recognized as an important
signaling mechanism. Disruption of this balance is implicated
in the pathogenesis of neurodegenerative diseases, such as
stroke, Alzheimer’s disease, and Parkinson’s disease (PD)
(3, 9, 30).

PD is a progressive degenerative movement disorder re-
sulting from the selective degeneration of dopaminergic
neurons in the substantia nigra pars compacta (SNpc) in the
ventral midbrain. PD is primarily sporadic in incidence, and
oxidative stress, mitochondrial dysfunction, and dysregula-
tion of protein turnover machinery have been suggested as
possible mechanisms underlying the selective degeneration.
A small percentage of cases are familial and genes putatively
linked to this class of PD include DJ-1, a-synuclein, PINK1,

Parkin, Lrrk2, HtrA2=Omi, and ATP13A2 (5). Understanding
the function of these genes in normal and diseased states has
provided insights into the pathogenesis of PD. Dysregulation
of these genes and their protein products could also occur by
mechanisms distinct from genetic mutations seen in familial
PD. Understanding such mechanisms would help us to de-
scribe the pathogenic mechanisms underlying sporadic PD.

DJ-1 is one of the putative genes linked to recessive familial
form of PD. Loss of function mutations, such as deletion,
truncation, and point mutations L166P, M26I, E64D (18) in the
DJ-1 locus account for 1%–2% of early onset PD. Studies using
loss of function mutations have suggested various functions
for DJ-1, such as an antioxidant, a transcriptional co-activator,
and=or a molecular chaperone. We examined the status of the
DJ-1 protein under different oxidant stressors with a rationale
to understand the critical role of DJ-1 in protection against
oxidative stress and the potential consequence thereof with
respect to the pathogenesis of sporadic PD.

DJ-1 helps in scavenging reactive oxygen species (ROS) and
thereby maintains the redox status of proteins (28, 31, 37). DJ-1
has multiple cysteine residues, the oxidation of which enables
it to act as a redox sensor during oxidative stimuli, such as
exposure to hydrogen peroxide or paraquat (31, 47). Synthetic
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mutations of the cysteines at positions 46, 53, and 106 have
provided an understanding of the mechanism underlying the
cytoprotection offered by DJ-1 in response to oxidative stress.
It adds increasing numbers of oxygen atoms to its cysteine
sulfhydryl groups, leading to alteration in its localization and
function.

Studies with synthetic mutations of DJ-1 suggest C106 to be
the most vulnerable site for oxidation when compared to C46
and C53. C106 is reversibly modified to sulfenic acid (R-S-OH)
when exposed to oxidative stimuli, such as hydrogen perox-
ide, rotenone, or MPPþ(8, 26). The C106A mutation also re-
stricts its translocation to mitochondria and subsequent
protection against oxidative stress (8).

Protein thiol homeostasis is critical for the normal func-
tioning of the proteins and may be perturbed in presence of
oxidative insult. Cells harbor different antioxidant systems to
regulate redox environment. The most abundant cellular thiol
antioxidant, glutathione (GSH), can scavenge oxidative species
directly. An essential mode of regulation of proteins is glu-
tathionylation, wherein glutathione reversibly associates with
thiol groups of proteins to form mixed protein–glutathione
disulfides ‘Pr-SSG0 (30). Thiol disulfide oxidoreductases
(TDORs) are responsible for protecting and=or modulating
protein function primarily by reducing thiol disulfides.

TDORs include glutaredoxins and thioredoxins—both
cytosolic and mitochondrial. Cytosolic glutaredoxin (Grx1)
exhibits both glutathionylation and deglutathionylation ac-
tivities, the latter being explored and reported more. How-
ever, Grx1 accelerates the uncatalyzed glutathionylation
reaction, thus providing an evidence for glutatathionylating
properties (17). Glutaredoxins act via two redox active cys-
teines (CXXC motif; CPYC in case of Grx1; thiolate at physi-
ological pH) by attacking the glutathionyl sulfur of Pr-SSG or
the disulfide bond of oxidized substrate (Pr-SS-Pr). This re-
sults in formation of glutathionyl enzyme mixed disulfide
(Grx-SSG) and release of reduced protein thiol (Pr-SH). Grx-
SSG can either form reduced Grx in the presence of GSH or an
intramolecular disulfide form of the enzyme, which is further
reduced by GSH and recruited back into the catalytic cycle
(17). Grx1 activity is maintained by glutathione reductase
utilizing reducing equivalents from NADPH and GSH (19).
Grx1 can either transiently act as a glutathionylating enzyme
in presence of an oxidative stimulus (13) or as a deglutathio-
nylase when oxidative stress subsides, thereby stabilizing
proteins during oxidative stress and preventing their irre-
versible modification (11).

In this study, we examined the effect of perturbation of the
thiol homeostasis either by Grx1 downregulation or cellular
GSH depletion on DJ-1. We found differential effects on DJ-1
upon global redox modulation through GSH loss and a more
specific perturbation of TDORs in the form of Grx1 knock-
down.

Materials and Methods

Materials

20,70-Dichlorodihydrofluorescein diacetate (H2DCFDA)
and MitoTracker were purchased from Molecular Probes
(Eugene, OR); L-buthionine-S-R-sulfoximine (BSO) from
Chemical Dynamics Corporation (South Plainfield, NJ).
Dithiobisnitrobenzoic acid (DTNB), 5-sulfosalicylic acid, N-
acetyl cysteine (NAC), and nicotinamide adenine dinucleotide

phosphate (reduced; NADPH) were obtained from Sigma (St.
Louis, MO). a-Lipoic acid was procured from Fluka Chemi-
cals (Buchs, Switzerland). Antibodies to Grx1 and Trx1 were
obtained from Lab Frontiers Life Science Institute (Seoul,
Korea). Trx1 antibody cross-reacts with both Trx1 and Trx2
and we thus report only Trx expression. Antibodies to DJ-1,
Daxx, and SOD-1 were obtained from Santa Cruz Bio-
technology Inc. (Santa Cruz, CA). Antibodies to b-tubulin and
FLAG were obtained from Sigma (Milwaukee, WI). In situ
Cell Death Detection Kit, TMR red, was obtained from Roche
Diagnostics GmbH (Indianapolis, IN). Cell culture products
and LipofectamineTM were obtained from Invitrogen (Carls-
bad, CA). All other chemicals and reagents were of analytical
grade and were obtained from Sigma Chemical Company (St.
Louis, MO) or Merck (India).

Cell culture and treatment

Neuro-2a, SH-SY5Y, and COS-7 cells (all from American
Type Culture Collection, Manassas, VA) were cultured in
DMEM, supplemented with 10% (v=v) fetal bovine serum,
100 units=ml penicillin G, and 100 mg=ml streptomycin. Cells
were treated with either buthionine sulfoximine (BSO;
100 mM) or vehicle (0.9% saline) 24 h following seeding.
Medium containing BSO was replaced every 24 h and the
treatment culminated at 48 h, after which cells were collected
and processed for either estimation of total glutathione or
RNA and protein extraction.

Downregulation of Grx1

Oligonucleotides coding for shRNA (Grx1) were annealed
and cloned into mU6pro vector kindly provided by Prof. D.
Turner (Univ. of Michigan, Ann Arbor) prior to transfection.
Nontargeting scrambled sequence for shRNA to Grx1 was
also cloned similarly into mU6pro vector and used as a con-
trol. Empty vector (mU6pro) was also used as control. Oli-
gonucleotide sequences for shRNA to Grx1 were 50-TTT GCG
GAT GCA GTG ATC TAA TAA GTT CTC TAT TAG ATC
ACT GCA TCC GCT TTT T–30 and 50-CTA GAA AAA GCG
GAT GCA CTG ATC TAA TAG AGA ACT TAT TAG ATC
ACT GCA TCC G-30, and for the scrambled were 50-TTT GTT
GGT TAC GGG GTA TCG ATT CAA GAG ATC GAT ACC
CCG TAA CCA ACT TTT T-30 and 50-CTA GAA AAA GTT
GGT TAC GGG GTA TCG ATC TCT TGA ATC GAT ACC
CCG TAA CCA A-30. Transfections were carried out using
Lipofectamine according to manufacturer’s protocol. In some
experiments (Figs. 1A and 2A) the silencing cassette from
mU6pro vector was subcloned into pAAV-GFP (Stratagene),
generating pAAV-GFP-shRNA and used for transfections.
Cells were harvested 72 h after transfection and expression of
the target gene (Grx1) was analyzed at the protein level by
immunoblotting and immunostaining and at the mRNA level
by qRT-PCR to confirm knockdown of Grx1. In order to ob-
serve the effect of time-dependent loss of Grx1 on DJ-1 status,
Neuro-2a cells were transfected with either scrambled or
shRNA to Grx1 and harvested 24, 48, or 72 h later. In order to
examine the gene dose-dependent loss of DJ-1, Neuro-2a cells
were transfected with either scrambled (1.0 units) or shRNA
to Grx1 (0.5, 1.0, and 1.5 units) for 48 h to reduce effects of
cytotoxicity of higher dose. Plasmid dose of ‘1.0 unit’ corre-
sponds to the amount of plasmid used in all other single
transfection experiments.
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FIG. 1. Grx1 knockdown alters DJ-1 protein levels but not mRNA. Neuro-2a cells transfected with pAAV-GFP (control) or
pAAV-GFP-shRNA (shRNA-Grx1) were immunostained for DJ-1. (A) GFP expression represents transfected cells; shRNA-
Grx1 (lower panel) causes decreased expression of DJ-1 compared to GFP expressing control (upper panel). Bar represents
100 mm. (B, C) Neuro-2a cells transfected with either mU6-shRNA or scrambled to Grx1 or empty vector were collected and
processed for immunoblotting and qRT-PCR. (B) Representative immunoblot showing decrease in protein levels of DJ-1
caused by shRNA to Grx1. (n¼ 5; p< 0.001). (C) Unaltered mRNA levels of DJ-1 as depicted by qRT-PCR of cells transfected
with Grx1 shRNA or scrambled or empty vector (n¼ 4). (D) SH-SY5Y and COS-7 cells transfected with either mU6-shRNA to
Grx1 also show decrease in DJ-1 protein levels caused by shRNA to Grx1 compared to scrambled transfected control (n¼ 3;
p< 0.01). (E) Progressive loss of DJ-1 protein and Grx1 mRNA knockdown (inset) at 24, 48, and 72 h of transfection (n �4;
p< 0.05 for 48 and 72 h). (F) Progressive loss of DJ-1 protein in a gene dose-dependent manner following transfection for 48 h
with 0.5, 1.0, and 1.5 units of mU6-shRNA plasmid or 1.0 unit of scrambled control (n¼ 3; p< 0.05 for 1.0 and 1.5). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at
www.liebertonline.com=ars).
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Overexpression of DJ-1 in Neuro-2a cells

Constructs overexpressing N-terminal FLAG-tagged wild-
type (WT) human DJ-1, and mutants (C106A, C53A, L166P) in
pcDNA 3.1 were provided as a kind gift from Prof. Tak W.
Mak (The Campbell Family Institute for Breast Cancer
Research, ON, Canada) and Prof. David S. Park (Univ. of
Ottawa, ON, Canada). Neuro-2a cells were transiently co-
transfected with DJ-1 overexpressing constructs (wild type or
mutants), along with either shRNA or scrambled to Grx1, as
per the requirement of the experiment using Lipofectamine.
Cells in control group were cotransfected with scrambled
construct and respective backbone vector, ensuring that each
group was cotransfected with two plasmids in equal amounts.
Cells were collected 72 h post transfection for qRT-PCR and
immunoblotting or fixed on chamberslides for immuno-
staining or cell death assay (TUNEL).

Treatment of cells with a-lipoic acid
or N-acetyl cysteine

In some experiments Neuro-2a cells were treated with a-
lipoic acid (ALA; 100 mM dissolved in DMSO) 6 h following
transfection with either scrambled or shRNA to Grx1 and the
cells were harvested 72 h later, with replacement of ALA in
fresh medium every 24 h. Alternatively, N-acetyl cysteine
(NAC; 0.5 mM and 1 mM dissolved in 0.9% saline) was added
for the last 24 h of the experiment while the cells were har-
vested at 72 h following transfection and analyzed for DJ-1 by
immunoblotting. DMSO and saline were used as vehicles for
ALA and NAC respectively.

Treatment of cells with protease
or proteasome inhibitors

Following transfection with scrambled or shRNA to Grx1
constructs, proteasome inhibitor MG132 (10mM) was added
to cells 0 or 7 h prior to harvesting at the end of 48 h. Cells were
also co-transfected with FLAG-tagged WT human DJ-1 along
with shRNA or scrambled construct and then treated with
MG132 (10mM) or dimethyl sulfoxide (DMSO) for 7 h, 41 h
post transfection. Nontreated (NT) cells were harvested at
41 h. For protease inhibition experiments, similar transfec-
tions were carried out and the cells were treated with 0.05%
DMSO or protease inhibitor cocktail giving a final concen-
tration of 52 mM 4-(2-aminoethyl) benzenesulfonyl fluoride,
40 nM aprotinin, 2mM bestatin, 700 nM E-64, 1 mM leupeptin,
and 750 nM pepstatin A for 48 h, with replacement of inhibi-
tors in fresh medium every 12 h.

Intracellular ROS measurement

The oxidant-sensitive dye 20,70-dichlorodihydrofluorescein
diacetate (H2DCFDA) was used to measure intracellular ROS.
For qualitative determination of ROS levels, cells were seeded
at 60% confluency 24 h prior to transfection with shRNA to
Grx1 or empty vector. Cells were loaded with 10mM
H2DCFDA (in DMSO) 72 h following transfection and kept
for 15 min at 378C. They were then rinsed in PBS and viewed
under an inverted fluorescence microscope. For quantitative
measurement of intracellular ROS cells were incubated with
H2DCFDA for 45 min, washed with PBS, and lysed in ice-cold
lysis buffer (potassium phosphate buffer containing 4 M
NaCl, 0.5 M EDTA, 0.5 M EGTA, 1% Igepal, protease inhibi-

tors) and centrifuged at 10,000 rpm for 15 min at 48C. The
supernatant was diluted with PBS and the fluorescence
measurements were made at 490 nm (excitation) and 530 nm
(emission).

Assay of total glutathione

Cells were lysed in 100 mM potassium phosphate buffer
containing 1 mM EDTA (pH 7.4). Cellular debris was re-
moved by centrifuging at 1000 g for 10 min at 48C. An aliquot
of lysate was added to an equal volume of 5-sulfosalicylic acid
solution (10% w=v; Sigma), mixed and centrifuged at 10,000 g
for 10 min at 48C and the acid-soluble supernatant was used
for estimation. Protein concentration of the lysate was esti-
mated by a dye-binding method (6). Total cellular glutathione
(GSHþGSSG) in the cell lysate was estimated by an enzymatic
recycling method (46) and expressed as nmol glutathione=
mg protein.

Preparation of mitochondrial fraction for DJ-1 analysis
by immunoblotting

Neuro-2a cells were harvested 72 h post transfection with
either scrambled or shRNA to Grx1 and homogenized in 0.1 M
potassium phosphate buffer (pH 7.4, containing 0.25 M su-
crose, 1 mM EDTA, and protease cocktail inhibitors) using 30
strokes in a Potter–Elvehjem homogenizer. The homogenate
was centrifuged at 1000 g at 48C for 10 min. The supernatant
was further centrifuged at 13000 g at 48C for 20 min and the
pellet was washed with fresh homogenization buffer twice,
repeating the centrifugation steps. Finally, the mitochondrial
pellet was resuspended in the homogenization buffer and
used for immunoblotting.

Immunostaining and colocalization studies

Cells, grown in chamber slides were fixed 72 h after trans-
fection and immunostaining was carried out for Daxx and
DJ-1. In experiments performed to assess the mitochondrial
localization of DJ-1, the cells were loaded with MitoTracker
3 h prior to fixation and then immunostained for DJ-1. Cells
immunostained for Daxx were stained with propidium iodide
to label the nucleus. Quantitation for subcellular localization
of Daxx and DJ-1 were done by scoring an average of 400 cells
each from at least four independent experiments.

Quantitative real-time PCR
for assessing expression of Grx1 and DJ-1

Total RNA was isolated from Neuro-2a cells transfected
with scrambled or shRNA to Grx1 using RNeasy Mini kit
(Qiagen, Germany) and cDNA synthesized using random
hexamers. Quantitative real-time PCR (qRT-PCR) was per-
formed using Power SYBR Green PCR Master Mix from
Applied Biosystems (Foster City, CA), according to manu-
facturer’s instructions. The sequences of primers used for
quantitating levels of Grx1 of mouse origin were 50-TCC TCA
GTC AAC TGC CTT TCA-30 (Grx1-forward), 50-CTC CGG
TGA GCT GTT GTA AA-30 (Grx1-reverse), and for mouse
DJ-1 were 50-ATG GCT TCC AAA AGA GCT CTG GT-30 (DJ-
1-forward) and 50-CCT TAG CCA GTG GGT GTG TT-30 (DJ-1-
reverse). 18S rRNA was used as internal control for normali-
zation. Quantitative real time PCR was performed to confirm
knockdown of Grx1 in each experiment and the average
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knockdown obtained in all experiments is represented in
Figure 2B.

Immunoblot analyses

At the completion of the experiment, cells were washed
with PBS and treated with lysis buffer (PBS containing 0.5%
Igepal, 1 mM EDTA with protease inhibitors). Protein con-
centration was estimated and the lysates were subjected to
SDS-PAGE using 14% (w=v) acrylamide gels. About 20–30mg
of protein was loaded per lane. After electrophoresis the
proteins were transferred to PVDF membrane and incubated
with the primary antibody (Grx1=DJ-1=SOD1=Trx=FLAG),
followed by incubation with appropriate secondary anti-IgG
labeled with either alkaline phosphatase or horseradish per-
oxidase. Immunostained bands were detected using nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate as
chromogens or using chemiluminescence kit (ECL, Amersham
Pharmacia Biotech, France). b-Tubulin levels were measured
as loading control for normalization of blots (unless stated
otherwise) and used for densitometric analyses accompanying
representative blots in figures.

Determination of redox state of FLAG-tagged
WT human DJ-1 in Grx1 knocked down cells

Cell lysates prepared as mentioned above were derivatized
with 4-acetamido-40-maleimidylstilbene-2,20-disulfonic acid,
disodium salt (AMS; Invitrogen; 30 mM) in Tris buffer
(20 mM, pH 7.4) at 258C for 1 h under vacuum and subjected
to nonreducing SDS-PAGE as described earlier (41). The
samples that were not derivatized with AMS were subjected
to both nonreducing and reducing SDS-PAGE, followed by
immunoblotting using antibody to FLAG.

Cell death assay

Cells were plated in chamber slides and cell death was
assessed at the end of the experimental period using the ter-
minal deoxynucleotidyl transferase mediated dUTP-biotin
nick end-labeling (TUNEL) method, following the manufac-
turer’s protocol. The cells were observed using fluorescence
microscopy and both TUNEL positive cells and DAPI stained
nuclei were counted in four independent experiments in each
case. On average, 300 cells were scored over several fields for
each sample.

Statistical analyses

Statistical analysis was performed using one-way analysis
of variance (ANOVA) followed by Student–Newman–Keuls
or Dunnett’s test, or Student’s t test, as appropriate. Values are
represented as mean� SD (unless stated otherwise) and
p< 0.05 was considered as statistically significant.

Results

Downregulation of Grx1 causes post-translational
decrease of DJ-1 whereas its mRNA levels
are unaltered

Knockdown of Grx1 by pAAV-GFP-shRNA and mU6-
shRNA in Neuro-2a cells resulted in decrease in DJ-1 protein,
as observed by immunocytochemistry (Fig. 1A), and by im-
munoblotting, respectively (Fig. 1B), as opposed to when

empty vector or scrambled sequence was used. mRNA levels
of DJ-1 were unaltered, indicating that Grx1 silencing did not
result in transcriptional downregulation of DJ-1 (Fig. 1C). Si-
milar depletion of DJ-1 protein in response to Grx1 knock-
down was also found in COS-7 and SH-SY5Y cells, indicating
a pan-cell type phenomenon (Fig. 1D). Progressive loss of DJ-1
protein was observed in a time-dependent (Fig. 1E; inset
shows Grx1 mRNA levels) and transgene dose-dependent
manner (Fig. 1F).

Knockdown of glutaredoxin 1 generates reactive
oxygen species

Grx1 was downregulated by transiently transfecting
Neuro-2a for 72 h with empty vector or pAAV-GFP-shRNA
and the knockdown was verified by immunocytochemistry
(Fig. 2A). Cells were also transfected with mU6-shRNA
to Grx1 and downregulation of Grx1 expression was assessed
by qRT-PCR (Fig. 2B) and immunoblotting (Fig. 2C). Whereas
Grx1 was consistently silenced by 50%–60 % using shRNA to
Grx1, levels of Grx1 were unaffected when cells were trans-
fected with empty vector (Fig. 2B) or scrambled construct.
Grx1 knockdown resulted in increased generation of ROS as
observed by H2DCFDA (20,70-dichlorodihydrofluorescein-
diacetate) staining (Fig. 2D) and quantitative fluorimetric
assay of intracellular ROS (Fig. 2E).

Loss of DJ-1 does not occur following glutathione
depletion and is not prevented by antioxidants
following Grx1 knockdown

In order to investigate if loss of DJ-1 was a ubiquitous
downstream consequence of thiol perturbation, we examined
DJ-1 status following depletion of glutathione (GSH) using
BSO, an inhibitor of g-glutamylcysteine synthetase, the rate
limiting enzyme for GSH synthesis. Total GSH levels dropped
by 95% with BSO treatment (Fig. 3A) but GSH loss did not
lead to significant change in protein (Fig. 3B) or mRNA (Fig.
3C) levels of Grx1. However, it enhanced the generation of
ROS (Fig. 3D) similar to that observed after Grx1 down-
regulation. Further, treatment with BSO did not cause any
alteration in protein levels of DJ-1 (Fig. 3E), indicating that
decrease in DJ-1 protein levels is specific to Grx1 down-
regulation. To further explore if loss of DJ-1 protein in re-
sponse to Grx1 knockdown is mediated by subsequent ROS
generation, the cells were treated with thiol antioxidants a-
lipoic acid (ALA; 100 mM) or N-acetyl cysteine (NAC; 0.5 mM
and 1 mM) 6 and 48 h post-transfection, respectively. Deple-
tion of DJ-1 caused by knockdown of Grx1 could not be pre-
vented by either ALA (Fig. 3F) or NAC (Fig. 3G), clearly
indicating that loss of DJ-1 is not due to ROS generated by
Grx1 knockdown.

Both silencing of Grx1 and glutathione depletion
generate oxidative stress and induce upregulation
of stress responsive genes

Stress elicited by an oxidative insult is regulated by intra-
cellular compensatory mechanisms as reported earlier (38).
Thioredoxin system helps in maintaining redox status of
proteins and cytosolic superoxide dismutase 1 (SOD1) de-
fends the cells against oxidative damage by superoxide. SOD1
(Fig. 4A) and Trx (Fig. 4B) protein levels were elevated in
mU6-shRNA transfected samples when compared to control.
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FIG. 2. Knockdown of Grx1 using shRNA generates reactive oxygen species. (A) Neuro-2a cells transfected with pAAV-
GFP (control) or pAAV-GFP-shRNA (shRNA to Grx1) were immunostained for Grx1. GFP expression represents transfected
cells with respective constructs. Bar represents 100 mm. (B) qRT-PCR depicting Grx1 mRNA levels from Neuro-2a cells
transfected with mU6-shRNA or scrambled to Grx1 or empty vector (n¼ 4; p< 0.005). (C) Representative immunoblot
showing Grx1 protein levels in cells transfected with mU6pro vector or shRNA-Grx1. (n¼ 6; p< 0.01). (D, E) Neuro-2a cells
transfected with mU6-shRNA-Grx1 or empty vector were loaded with H2DCFDA and imaged to examine DCF fluorescence
or processed for quantitating DCF fluorescence using fluorimetry (n¼ 9; p< 0.001). shRNA to Grx1 enhances ROS generation
as observed by (D) imaging or (E) measurement by fluorimetry. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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FIG. 3. GSH depletion generates ROS but does not alter DJ-1 protein levels and loss of DJ-1 caused by Grx1 knockdown
is not protected by thiol antioxidants. Neuro-2a cells treated with 100 mM BSO or vehicle for 48 h were processed for GSH
estimation, qRT-PCR, or immunoblotting. Cells were also processed for ROS measurement. (A) Cells treated with BSO show
*95% depletion of GSH as compared to vehicle-treated control (n¼ 6; p< 0.001). (B) Representative immunoblot shows similar
protein levels of Grx1 in cells treated with either BSO (100mM) or vehicle (n¼ 3). (C) BSO treatment does not cause any
alteration in the mRNA levels of Grx1 as observed by qRT-PCR (n¼ 4), but (D) generates ROS significantly (n¼ 12; p< 0.001).
(E) Representative immunoblot shows no difference in DJ-1 protein from cells treated with BSO (100 mM) or vehicle (n¼ 7). (F,
G) Neuro-2a cells transfected with shRNA-Grx1 were treated with ALA (100mM) or NAC (0.5 and 1.0 mM). Loss of DJ-1
protein caused by Grx1 downregulation could not be prevented by (F) ALA (n¼ 3; p¼ 0.004) or (G) NAC (n¼ 6; p< 0.01).
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A similar response was seen in cells treated with 100 mM BSO
wherein both SOD1 (Fig. 4C) and Trx (Fig. 4D) levels were
increased when compared to control. This suggests that SOD1
and Trx upregulation are part of a general antioxidant defense
response that is triggered by both downregulation of Grx1
and depletion of GSH.

Translocation of DJ-1 to mitochondria is specific
to Grx1 downregulation and does not occur
after GSH depletion

DJ-1 is normally localized both in cytosol and nucleus but
translocates to mitochondria following oxidative insult (21,
28). We examined subcellular localization of DJ-1 in response
to decreased levels of Grx1 and found that DJ-1 colocalized

with MitoTracker, suggesting its translocation to mitochon-
dria (Fig. 5A). This was specific to Grx1 knockdown and did
not happen when GSH was depleted (Fig. 5B), implying that
translocation of DJ-1 to mitochondria is specifically elicited by
downregulation of Grx1 and not by GSH depletion. This was
validated by immunoblotting experiments that showed DJ-1
levels to be enriched in mitochondrial fraction of cells with
Grx1 knockdown (Fig. 5C).

Silencing of Grx1 results in translocation of Daxx
to the cytosol and induces cytotoxicity,
a phenomenon not triggered by GSH depletion

DJ-1 sequesters Daxx, a transcriptional repressor within
the nucleus under normal physiological conditions (22,

FIG. 4. GSH depletion and Grx1 downregulation both trigger induction of stress responsive proteins. Neuro-2a cells
were transfected with shRNA to Grx1 or empty vector and protein levels of SOD1 and Trx were assessed. (A, B) shRNA to
Grx1 (sh) induces (A) SOD1 (n¼ 10; p¼ 0.007) and (B) Trx expression (n¼ 12; p< 0.001). (A, B) Representative immunoblot
show increased protein levels of SOD1 and Trx in cells transfected with shRNA to Grx1 as compared to empty vector
transfected control, and the same is represented by densitometric analysis. (C, D) Protein levels of SOD1 (C, n¼ 9; p¼ 0.015)
and Trx (D, n¼ 7; p¼ 0.001) were similarly induced in lysates from Neuro-2a cells treated with BSO (100 mM) compared with
vehicle treated controls as depicted by representative immunoblot.
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FIG. 5. Grx1 downregulation and not GSH depletion causes mitochondrial translocation of DJ-1. (A, B) Neuro-2a cells
transfected with shRNA to Grx1 or empty vector or treated with either BSO or vehicle were loaded with MitoTracker,
immunostained for DJ-1 and imaged using confocal microscopy. (A) shRNA to Grx1 caused depletion of cytosolic and
nuclear DJ-1 and triggered its translocation to mitochondria unlike cells transfected with empty vector. Quantification
represents percentage of cells showing nuclear retention and mitochondrial translocation of DJ-1 per total number of cells as
represented by MitoTracker staining (n¼ 4; p¼ 0.003). (B) BSO (100 mM) or vehicle treatment did not trigger mitochondrial
translocation of DJ-1 as illustrated by the representative image and quantitation (n¼ 4). Bar represents 10mm. (C) Mi-
tochondrial fraction from Neuro-2a cells transfected with shRNA to Grx1 shows enrichment of DJ-1 levels as seen by
immunoblot analysis (n¼ 4; p¼ 0.02). Adenine nucleotide translocase (ANT) was used as the mitochondrial loading control.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at
www.liebertonline.com=ars).
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42, 49). Daxx translocates to the cytosol in response to oxi-
dative stimulus, thereby propagating the cell death cascade
(22). Downregulation of Grx1 leads to loss of nuclear DJ-1 and
translocation of Daxx (in *87 % cells with respect to cells
transfected with empty vector) from nucleus to cytosol
(Fig. 6B). Grx1 downregulation also resulted in cell death
(*60%) as inferred by TUNEL assay (Fig. 6A). GSH depletion
did not trigger either cytosolic translocation of Daxx (Fig. 6D)
or cytotoxicity (Fig. 6C) as compared to vehicle-treated con-
trols. Therefore, Grx1 silencing alone causes translocation of
Daxx and subsequent cytotoxicity.

Overexpressed WT human DJ-1 prevents Daxx
translocation and abolishes cytotoxicity

We overexpressed WT human DJ-1 in cells wherein Grx1
was silenced and found that human DJ-1 was also lost; in fact
to a greater extent than the constitutive mouse DJ-1 (Fig. 7A).
Further, overexpression of WT human DJ-1 abolished the
cytotoxicity caused by Grx1 downregulation (Fig. 7B). Also,
Daxx translocation was completely eliminated by over-
expression of WT DJ-1 (Fig. 7C), indicating that in spite of the
loss of overexpressed DJ-1, small increment in DJ-1 protein
could afford effective protection.

DJ-1 mutants are unaffected by Grx1 knockdown and
do not afford cytoprotection thereafter

To elucidate the critical role of cysteine residues underlying
DJ-1 depletion in response to Grx1 knockdown, we co-
transfected Neuro-2a cells with DJ-1 mutants, such as C106A,
C53A and also L166P (a PD pathogenic mutation), along with
shRNA to Grx1 or scrambled sequence. Grx1 downregulation
did not affect levels of DJ-1 mutants unlike that observed with
wild-type DJ-1 (Fig. 8A), suggesting that cysteine residues
were involved mechanistically in the loss of DJ-1. Further,
these mutants did not offer any cytoprotection and TUNEL-
positive cells remained unaffected. Only WT DJ-1 could re-
verse cytotoxicity caused by Grx1 downregulation (Fig. 8B).
Expression of the recombinant mutant of DJ-1, L166P was
very low (Fig. 8A), in agreement with earlier reports (34).
L166P also caused massive cytotoxicity by itself and when
coupled with shRNA to Grx1, the toxicity was further exac-
erbated leading to loss of cells during the experiment, thus
rendering it technically impossible to proceed with the ex-
periment.

Thiol groups of DJ-1 are oxidatively modified
in response to Grx1 knockdown

To verify if oxidative modification of thiol groups is the
causative factor of loss of DJ-1 protein, we examined redox
status of recombinant WT DJ-1 by derivatizing the thiol
groups with AMS, a thiol alkylating agent. Both total WT DJ-1
and AMS derivatized WT DJ-1 signals were significantly re-
duced in cells wherein Grx1 was knocked down when com-
pared to controls. Further, the ratio of AMS derivatized to
total WT DJ-1 did not change in Grx1 knockdown compared
to control (Fig. 9), indicating that oxidatively modified DJ-1
was degraded rapidly and intact protein was essentially
present in reduced form in the cell.

Constitutive DJ-1 is degraded by proteolysis while
overexpressed human DJ-1 is degraded by both
proteolysis and proteasome

No accumulation of DJ-1 was found in cells treated with
MG132, the proteasome inhibitor, in either scrambled or
shRNA transfected cells, thus demonstrating that proteaso-
mal degradation is not involved in depletion of constitutive
DJ-1 (Fig. 10A). However, overexpressed FLAG-tagged WT
human DJ-1 accumulated significantly following inhibition of
the proteasome degradation machinery by MG132 (Fig. 10B).
Accumulation of b-catenin levels in cells treated with MG132
for 7 h confirmed the inhibition of proteasome (25). In order to
determine if proteases were involved in degradation of DJ-1,
we inhibited proteases in live cells using a combination of
protease inhibitors for 48 h. Cells treated with protease in-
hibitors were protected from the Grx1 knockdown-mediated
loss of DJ-1 protein (Fig. 10C). This suggests that constitutive
DJ-1 is degraded by protease(s) following oxidative modifi-
cation caused by Grx1 knockdown. To further confirm
this result, FLAG-tagged WT human DJ-1 construct was co-
expressed with mU6-shRNA or scrambled to Grx1 for 48 h,
along with protease inhibitors in the medium. FLAG-tagged
DJ-1 levels were only partially protected upon inhibiting cel-
lular proteases (Fig. 10D).

Discussion

We describe a pan-cell type phenomenon wherein levels of
DJ-1, a key antioxidant protein are lowered by knockdown of
Grx1, a TDOR but not by a more global challenge caused by
GSH depletion. This is surprising given that DJ-1 is a stress
response protein that is upregulated under a variety of cel-
lular stress models (27, 28, 43). The loss of DJ-1 protein is post-
translational since DJ-1 mRNA levels were unaffected. The
two models used in this study to generate oxidative stress
have certain similar features, such as generation of ROS and
induction of antioxidant genes (10, 14), but differ in their
downstream events, such as depletion of DJ-1 and transloca-
tion of DJ-1 and Daxx from the nucleus.

DJ-1 is translocated to the mitochondria when exposed to
oxidative challenge, such as rotenone, MPPþ, or H2O2, and
while this is considered to be protective, the actual mechanism
is yet to be clearly understood (1, 8, 21). We looked at the
subcellular localization of DJ-1 in both models and strik-
ingly again found a differential response wherein Grx1
knockdown alone led to mitochondrial translocation of re-
sidual DJ-1.

DJ-1 sequesters the death-associated protein, Daxx, in the
nucleus in promyelocytic leukemia (PML) bodies, preventing
it from activating the ASK1-mediated and other cell death
pathways in the cytosol (22). Consistent with this role of DJ-1,
we found increased amount of Daxx in cytosol following Grx1
knockdown that could be reversed by expressing WT DJ-1
ectopically. Even though the levels of overexpressed WT
human DJ-1 were lowered when Grx1 was downregulated,
residual overexpressed DJ-1 was sufficient to augment the
constitutive levels and afford protection. Nuclear localization
of Daxx was unaffected by BSO. The role of Daxx in cell death
and its action following translocation has been a matter of
debate (22, 40, 49, 51). However, results presented herein
demonstrate that translocation of Daxx to cytosol from the
nucleus occurs only when nuclear DJ-1 levels decrease. Thus,
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FIG. 6. Daxx translocation and cytotoxicity are triggered by Grx1 knockdown but not by GSH depletion. Neuro-2a cells
transfected with shRNA to Grx1 or empty vector or treated with BSO or vehicle were fixed 72 and 48 h later, respectively, and
processed for TUNEL assay or immunostaining for Daxx. (A, B) Cells transfected with shRNA to Grx1 show significant (A)
cytotoxicity and (B) cytosolic translocation of Daxx as compared to controls. Quantification represents (A, n¼ 3; p¼ 0.027)
percentage of cells positive for TUNEL staining per total number of DAPI stained nuclei and (B, n¼ 4; p< 0.001) percentage
of cells showing cytosolic translocation of Daxx per total number of cells as represented by PI staining. (C, D) BSO treatment
to cells (C) neither induced cytotoxicity (D) nor triggered cytosolic translocation of Daxx similar to vehicle treated controls
(n¼ 6). Bar represents 200 mm for A and C and 10 mm for B and D. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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FIG. 7. Overexpression of WT human DJ-1 prevents Daxx translocation and subsequent cytotoxicity. Neuro-2a cells were
co-transfected with DJ-1 along with shRNA to Grx1 (sh) or scrambled (Cont) construct and processed for (A–C) immuno-
blotting, TUNEL assay, and immunostaining for Daxx. (A) shRNA to Grx1 depletes overexpressed DJ-1 protein as seen in
representative immunoblot and densitometric analysis (n¼ 4; p< 0.001). (B, C) Overexpression of DJ-1 (B) abolishes cyto-
toxicity and (C) prevents translocation of Daxx mediated by shRNA to Grx1. Quantification represents (B) percentage of cells
positive for TUNEL staining per total number of DAPI stained nuclei (n¼ 10; p< 0.05) and (C) percentage of cells showing
cytosolic translocation of Daxx per total number of cells as represented by PI staining (n¼ 8; p< 0.001). Bar represents 200mm
for B and 20mm for C. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article at www.liebertonline.com=ars).
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FIG. 8. Cysteine DJ-1 mutants are not affected by Grx1 knockdown and fail to prevent ensuing cytotoxicity. Neuro-2a
cells were cotransfected with WT or mutants of DJ-1 (C106A, C53A, L166P) along with shRNA to Grx1 or scrambled
construct and processed for immunoblotting or TUNEL assay. (A) shRNA to Grx1 did not affect the protein levels of mutants
but WT DJ-1 levels were decreased as represented by immunoblots probed with antibody to DJ-1 (left, n¼ 4; p< 0.001) and
anti-FLAG antibody (right, n¼ 4; p¼ 0.002) and respective densitometric analysis. (B) Mutants of DJ-1 do not protect from
cytotoxicity caused by shRNA to Grx1. Quantification represents percentage of cells positive for TUNEL staining per total
number of DAPI stained nuclei (n¼ 7; p< 0.05). Values are mean� SEM. Bar represents 200 mm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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cytosolic translocation of Daxx is dependent on loss of nuclear
DJ-1 either by export from nucleus or by degradation. The
above events were accompanied by cell death only when Grx1
was downregulated but not by GSH depletion. This is in
concurrence with earlier reports using BSO (39). Over-
expression of human WT DJ-1 prevented Daxx translocation
and was cytoprotective measured as TUNEL positive cells.

DJ-1 has three critical cysteine residues at amino acid po-
sitions 46, 53, and 106. Since these residues are known (8, 26,
31, 49) to play an important role in the antioxidant function of
DJ-1 and Grx1 functioning as a TDOR can potentially act on
these cysteine residues, we examined the status of DJ-1 mu-
tants following Grx1 knockdown. The cysteine mutants
(C53A and C106A) did not show any loss in response to Grx1
knockdown (Fig. 8), indicating that the cysteine residues play
a critical role in the loss of DJ-1. Oxidative modification of
these residues that could potentially occur during Grx1
knockdown may adversely affect stability of the protein re-

sulting in its degradation. Thus, both cysteine residues at 53
and 106 positions are critical for cellular protection under the
current experimental paradigm.

DJ-1 could potentially be glutathionylated under decreased
Grx1 levels, a phenomenon probably not seen with GSH de-
pletion. We examined the redox status of DJ-1 in response to
Grx1 knockdown and found that intact DJ-1 in the cells was
essentially present in the reduced form since there was a
proportional decrease in the reduced fraction of DJ-1 with a loss
in total protein levels. This suggests that oxidatively modified
DJ-1 is rapidly degraded and the intact DJ-1 in cells is present
principally in the reduced form.

During oxidative stress, as a first step DJ-1 is presumably
oxidized to sulfenic acid at the critical cysteines in both the
paradigms used in this study (32, 48). Sulfenic acids can then
form mixed disulfides with GSH or other protein thiol(s), re-
actions catalyzed by TDORs including Trx and Grx. Grx1
would then potentially play a critical role in deglutathiony-
lation of DJ-1. In the absence of Grx1 and replete cellular GSH,
glutathionylated DJ-1 would accumulate in this experimental
paradigm, which presumably undergoes translocation (4, 8)
and degradation. Given that GSH levels are depleted fol-
lowing BSO, the sulfenic acids are possibly transformed pre-
dominantly to protein mixed disulfides (Pr-SS-Pr) and also to
Pr-SSG. Thus, the presence of Grx1 may be critical to reverse
glutathionylation of DJ-1 thereby preventing its degradation.
During GSH depletion, protein thiol pools along with TDORs
may help in maintaining the reduced status of DJ-1 (Supple-
mental Fig. 1; see www.liebertonline.com=ars).

In order to further understand the mechanism underlying
loss of DJ-1, we inhibited the ubiquitin–proteasome machin-
ery and cellular proteases and examined the DJ-1 status. DJ-1
has been reported to undergo cleavage at the 157=158 amino
acid residues through a proteolytic mechanism when sub-
jected to a strong oxidative stimulus such as H2O2 (36). In-
terestingly, inhibiting cellular proteases with a combination of
protease inhibitors abolished loss of constitutive DJ-1 caused
by Grx1 knockdown (Fig. 10C). However, overexpressed
FLAG-tagged DJ-1 loss could be attenuated by proteasome
inhibitors (Fig. 10B), indicating that constitutive and over-
expresssed proteins were processed by separate mechanisms
following their oxidative modification at critical cysteine
residues. It has also been shown that DJ-1 can act as a protease
in a cell-free system (18, 20, 35). This suggests that oxidized
DJ-1 can undergo autoproteolysis, which might also explain
the increased loss of DJ-1 seen following overexpression.

A small decrement of DJ-1 (*25%-30%) triggers a cascade
of deleterious responses, indicating the importance of main-
taining critical levels of this protein in specific subcellular
compartments. Several important cellular functions such as
antioxidant (28, 37), transcriptional regulator (12, 15, 50), and
chaperone activity (2, 29, 44) have been attributed to DJ-1.
Dysfunction or downregulation of DJ-1 potentiates cellular
toxicity (7) while overexpression is protective (33, 45). Given
that loss of function mutations in DJ-1 are associated with
familial PD, the importance of this multifunctional protein
cannot be overemphasized. We demonstrate here for the first
time that perturbation of protein thiol homeostasis through
downregulation of a TDOR, Grx1 can lead to loss of DJ-1
through proteolysis. Downregulation of Grx1 is known to
affect mitochondrial complex I activity and increase vulner-
ability to SNpc cell loss in animal model of PD (16, 23, 24) and

FIG. 9. Grx1 downregulation causes oxidative modifica-
tion of FLAG-tagged wild-type human DJ-1. Cell lysates
from Neuro-2a cells cotransfected with WT DJ-1 and shRNA
or scrambled to Grx1 constructs were incubated with AMS
and subjected to SDS-PAGE under reducing=nonreducing
conditions. Immunoblot depicting total FLAG-tagged WT
human DJ-1 and tubulin in cells transfected with shRNA or
scrambled to Grx1 electrophoresed under reducing conditions
(upper blot set), also reduced and AMS derivatized FLAG-tag-
ged protein electrophoresed under non-reducing conditions
(lower blot). Densitometric analysis depicts total FLAG-tagged
protein signals normalized with b-tubulin and AMS deriva-
tized FLAG-tagged DJ-1 signals normalized with total FLAG-
tagged protein (n¼ 6; p< 0.05). Values are mean� SEM.
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FIG. 10. Constitutive DJ-1 is degraded by proteolysis while overexpressed human DJ-1 is degraded by both proteolysis
and proteasome. (A) Neuro-2a cells were transfected with scrambled or shRNA to Grx1 construct, and treated with MG132
for 0 or 7 h prior to harvesting. Loss of constitutive DJ-1 caused by shRNA to Grx1 is not prevented by MG132, whereas b-
catenin accumulates after 7 h treatment (n¼ 4; p< 0.001). (B) Neuro-2a cells cotransfected with FLAG-tagged WT human DJ-1
and shRNA or scrambled construct were treated with MG132 or DMSO (vehicle) 41 h post-transfection for 7 h. Nontreated
(NT) cells were collected at 41 h proceeding transfection. Loss of exogenous DJ-1 caused by shRNA to Grx1 is partially
prevented by MG132, whereas b-catenin accumulates after 7 h treatment (n¼ 3; p< 0.05) (C) Neuro-2a cells were transfected
with scrambled or shRNA to Grx1, and treated with protease inhibitor cocktail for 48 h following transfection. Grx1
knockdown induced loss of DJ-1 is abolished by treatment with protease inhibitors and is comparable to scrambled trans-
fected controls (n¼ 8; p< 0.01) (D) Neuro-2a cells were transfected with scrambled or shRNA to Grx1 and FLAG-tagged WT
human DJ-1, and treated with protease inhibitor cocktail or 0.05% DMSO for 48 h following transfection. Grx1 knockdown
induced loss of WT DJ-1 is partially protected by treatment with protease inhibitors (n¼ 7; *p¼ 0.01 and **p< 0.001).
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can occur following cadmium exposure (11). Further, DJ-1
loss could also occur during perturbations of protein thiol
homeostasis caused by dysfunction of other TDORs, such as
thioredoxin. Thus, dysfunction of TDORs may confer sus-
ceptibility to sporadic PD through multiple mechanisms, in-
cluding loss of DJ-1.
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Abbreviations Used

ALA¼ a-lipoic acid
AMS¼ 4-acetamido-40-maleimidylstilbene-2,

20-disulfonic acid, disodium salt
ATP13A2¼ATPase type 13A2

BSO¼L-buthionine-S-R-sulfoximine
DAPI¼ 40,6-diamidino-2-phenylindole

DMSO¼dimethyl sulfoxide
Grx¼ glutaredoxin

GSH¼ glutathione=reduced glutathione
GSSG¼ oxidized glutathione

H2DCFDA¼dichlorodihydrofluorescein diacetate
HtrA2=Omi¼high-temperature-regulated A2

Lrrk2¼ leucine-rich repeat kinase 2
MPPþ ¼ 1-methyl-4-phenylpyridinium
NAC¼N-acetyl cysteine

PD¼Parkinson’s disease
PI¼propidium iodide

PINK1¼PTEN-induced kinase 1
Pr-SSG¼protein-glutathione mixed disulfide

Pr-SS-Pr,¼ intra=inter-molecular disulfide
SNpc¼ substantia nigra pars compacta
SOD¼ superoxide dismutase

TDOR¼ thiol disulfide oxidoreductase
Trx¼ thioredoxin

TUNEL¼ terminal deoxynucleotidyl transferase
mediated dUTP-biotin nick
end-labeling
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