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Growing evidence highlights a role for mitochondrial dysfunction and oxidative stress as underlying contri-
butors to Parkinson’s disease (PD) pathogenesis. DJ-1 (PARK7) is a recently identified recessive familial PD
gene. Its loss leads to increased susceptibility of neurons to oxidative stress and death. However, its mech-
anism of action is not fully understood. Presently, we report that DJ-1 deficiency in cell lines, cultured neur-
ons, mouse brain and lymphoblast cells derived from DJ-1 patients display aberrant mitochondrial
morphology. We also show that these DJ-1-dependent mitochondrial defects contribute to oxidative
stress-induced sensitivity to cell death since reversal of this fragmented mitochondrial phenotype abrogates
neuronal cell death. Reactive oxygen species (ROS) appear to play a critical role in the observed defects, as
ROS scavengers rescue the phenotype and mitochondria isolated from DJ-1 deficient animals produce more
ROS compared with control. Importantly, the aberrant mitochondrial phenotype can be rescued by the
expression of Pink1 and Parkin, two PD-linked genes involved in regulating mitochondrial dynamics and
quality control. Finally, we show that DJ-1 deficiency leads to altered autophagy in murine and human
cells. Our findings define a mechanism by which the DJ-1-dependent mitochondrial defects contribute to
the increased sensitivity to oxidative stress-induced cell death that has been previously reported.

INTRODUCTION

Parkinson’s disease (PD), the second most common neurodegen-
erative disorder, is characterized by the progressive loss of
neurons within the substantia nigra pars compacta (1,2).
Though the pathogenic mechanisms underlying PD are not
well understood, growing evidence supports a role for mitochon-
drial dysfunction, oxidative stress and more recently autophagy.

Mitochondrial dysfunction was initially tied to PD in studies
demonstrating the presence of aberrant mitochondrial function
in idiopathic PD patients (3,4). Moreover, several dopamin-

ergic toxins acted as mitochondrial toxins by inhibiting the
electron transport chain, producing toxic-free radicals in the
process (5,6). Since this time, several familial PD genes,
including, Parkin (PARK2), Pink1 (PARK6) and DJ-1
(PARK7), have been linked to mitochondria. Their loss
results in abnormal mitochondrial morphology (7,8). Interest-
ingly, the interplay of Pink1 and Parkin dynamically regulates
mitochondrial morphology via mitochondrial fission/fusion
and also affects mitochondrial quality control (9–11). As the
function of Pink1 and Parkin in these contexts continues to
be elucidated, the role(s) of DJ-1 is less understood.
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Homozygous loss-of-function mutations in DJ-1 (PARK7)
result in early onset PD (12). Several lines of evidence, includ-
ing our own, indicate that DJ-1 protects neurons against oxi-
dative stress-induced cell death (13,14). It has been
postulated that DJ-1 exerts its protective function by regulat-
ing mitochondrial homeostasis or participating in the oxidative
stress response either serving as an antioxidant scavenger or a
redox sensor (14–17). More recently, DJ-1 was found to affect
mitochondrial quality control (18,19). Given the importance of
reactive oxygen species (ROS) in regulating mitochondrial
dynamics and the observations that loss of Pink1 and Parkin
has also been linked to mitochondrial dysfunction, we
wanted to address whether DJ-1 also affects mitochondrial
dynamics and function.

Here we examined mitochondrial morphology and function
in DJ-1 deficient tissues and hypothesized that loss of DJ-1
would produce a fragmented mitochondrial phenotype,
accounting increased sensitivity to cell death of DJ-1 deficient
neurons previously reported (14). We demonstrate that DJ-1
deficiency leads to a fragmented mitochondrial phenotype in
multiple contexts including neurons and human DJ-1 patient
cells. Second, we provide evidence that ROS plays a critical
role in this fragmentation phenotype and that DJ-1 deficiency
results in elevated ROS levels. Third, we show that this mito-
chondrial phenotype is an important contributor to the sensi-
tivity to oxidative stress caused by the loss of DJ-1. Fourth,
we show that Pink1 and Parkin can rescue the mitochondrial
fragmentation induced by the loss of DJ-1. Finally, we also
show that the loss of DJ-1 results in increased autophagic
activity.

RESULTS

Loss of DJ-1 alters mitochondrial morphology and
dynamics

Based upon the growing evidence for mitochondrial mor-
phology and dynamics as underlying contributors to PD, we
first investigated a role for DJ-1 in mitochondrial remodeling.
Primary cortical neurons and mouse embryonic fibroblasts
(MEFs) from DJ-1+/+ or DJ-12/2 embryos (E15.5) were cul-
tured. Mitochondria were quantified and binned according to
length, as done previously (20). As shown in Figure 1A and
quantified in Figure 1B, mitochondrial lengths in DJ-1+/+

primary cortical neurons at 3 days in vitro were significantly
longer and less fragmented than in DJ-12/2 neurons. This
fragmented mitochondrial phenotype was also evident in
MEFs (Fig. 1C and D) and in vivo in the striatum of
DJ-1+/+ and DJ-12/2 mice (Fig. 1E and F). Thus, the frag-
mented morphology appears to be a more generalized
phenomenon rather than restricted to a specific cell type,
occurring both in vitro and in vivo. These data demonstrate
that mitochondrial morphology is altered with the loss of DJ-1.

To address whether the DJ-1-dependent mitochondrial frag-
mentation was related to alterations in mitochondrial fusion
rates, DJ-1+/+ or DJ-12/2 MEFs were transduced with a
matrix-targeted photoactivatable GFP lentivirus (PA-GFP).
PA-GFP was activated in �10% of the cell using a 405 nm
laser line at 75% intensity (21). Upon photoactivation, the
spread of the GFP signal throughout the mitochondrial reticu-

lum was assessed immediately post-activation and following
20 min (Fig. 2A). The data in Figure 2B demonstrate that
mitochondrial fusion in MEFs is decreased by 30% DJ-12/2

when compared with DJ-1+/+. Steady-state levels of the
mitochondrial fission and fusion proteins, Dynamin
Related Protein-1 (Drp1) and mitofusin 1 (MFN1) were also
measured to determine whether the loss of DJ-1 would result
in altered expression. As shown in Figure 2C, Drp1 levels
were not altered, while decreases in the levels of MFN1
were observed.

Figure 1. DJ-1 deficiency results in altered mitochondrial morphology in vitro
and in vivo. (A) Primary cortical neurons (3 DIV) and (C) MEFs from wild-
type (WT) and knockout (KO) DJ-1 embryos were harvested and fixed as
described under Materials and Methods and immunostained with antibodies
to Tom20 to visualize mitochondria. Quantification of mitochondrial lengths
in (B) primary cortical neurons and (D) MEFs was done as described pre-
viously [Jahani-Asl et al. (20); n ¼ 4 independent experiments with a
minimum of 500 mitochondria/experiment counted]. Scale Bar ¼ 2 mm.
∗P , 0.05 versus respective +/+ control. (E) Electron microscopic images
of WT and KO DJ-1 striatum prepared as described in Materials and
Methods. (F) Quantification of mitochondrial diameters in the striatum of
WT and KO DJ-1 mice from three mice/genotype. Scale bar ¼ 500 nm.
∗P , 0.05 versus respective WT DJ-1 control. DIV, days in vitro. White
arrows in (E) depict mitochondria.
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Rescue of mitochondrial length in DJ-12/2 neurons
abrogates neuronal cell death

Our previous work has shown that overexpression of DJ-1 pro-
tects primary cortical neurons from oxidative stress (14). Here
we report that DJ-1 deficiency promotes mitochondrial frag-
mentation. To determine whether these phenomena are linked,
primary cortical neurons from DJ-1+/+ and DJ-12/2 embryos
were infected with dominant-negative dynamin-related protein
1 (DRP1K38E), a mutant form of the mitochondrial fission
factor that promotes an elongated mitochondrial reticulum
when expressed in cells. Expression levels of Drp1 K38E are
shown in Figure 3A and were previously described (21).
When primary cortical neurons were subjected to oxidative
stress in the form of MPP+ (10 mM), a metabolite of the
parkinsonism-inducing drug MPTP (22) for 48 h, the hypersen-
sitive DJ-12/2 neurons showed an increase in cell death.
However, DJ-12/2 cortical neurons infected with DRP1K38E
were completely protected from the toxic effects of MPP+

suggesting that mitochondrial fragmentation contributes to oxi-
dative stress-induced sensitivity to cell death (Fig. 3B).

NAC treatment rescues the mitochondrial phenotype in
DJ-12/2 neurons

ROS can significantly influence mitochondrial morphology,
producing a fragmented phenotype (23). Thus, to assess
whether the DJ-1-dependent mitochondrial morphology is
related to ROS, we determined whether quenching with
N-acetyl-L-cysteine (NAC) might affect mitochondrial frag-
mentation observed in DJ-1 deficient cells. DJ-1+/+ and
DJ-12/2 primary cortical neurons were incubated with the
ROS scavenger NAC (1 mM) for 48 h (Fig. 4A). Quantification
of mitochondrial lengths in vehicle-treated (VEH) DJ-1+/+

and DJ-12/2 neurons revealed a similar pattern of mitochon-
drial morphology deficits as described in Figure 1. While treat-
ment with NAC did not significantly alter mitochondrial
length in the DJ-1+/+ neurons, treatment of DJ-12/2

neurons with NAC completely reversed the mitochondrial
fragmentation where the percentage of mitochondria exhibit-
ing lengths greater than 3 mm increased (i.e. 1.14+ 0.305%
in KO-VEH to 32.144+ 3.141% in KO-NAC; Fig. 2B) and
the percentage of fragmented mitochondria decreased (i.e.

Figure 2. Mitochondrial fusion is decreased with DJ-1 deficiency. (A) Confocal images of mitochondria from DJ-1+/+ (WT) and DJ-12/2 (KO) MEFs transduced
with mitochondrial matrix-targeted DS-red and PA-GFP lentiviruses as described in the Supplementary Information. Images shown are from pre-activation (Pre),
immediately following activation (Post) in a small region of interest (indicated by open white circles) as well as following 20 min (20′) of activation.
(B) Quantification of mitochondrial fusion 20 min post-activation from DJ-1+/+ (n ¼ 14 cells) and DJ-12/2 (n ¼ 12 cells) MEFs. (C) Protein extracts were
made from DJ-1+/+ and DJ-12/2 MEFs and subjected to western blotting for Drp-1, Mfn1 and actin (for loading control). Data shown are representative of at
least three independent experiments. (D) Quantification of Drp1 and MFN1 protein levels, corrected with actin for loading in DJ-1 WT and KO MEFs. ∗P , 0.05.
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,0.5 mm; 15.928+ 3.03% in KO-VEH versus 0.198+
0.038% in KO-NAC; Fig. 4B), suggesting that elevated
levels of ROS can cause mitochondrial fragmentation, which
can be reversed if ROS levels are reduced.

Wild-type DJ-1 but not the DJ-1 C106A mutant rescue
mitochondrial morphology defects

It has been previously reported that DJ-1 exerts its effect on
oxidative stress via an isoelectric pH shift resulting in a
more acidic molecule (24). Importantly, the residue that
appears to be sensitive to oxidative modification, in particular
hydrogen peroxide-induced oxidation, is a cysteine residue in
position 106 (25,26). Thus, to provide additional relevance for
the role of ROS and the importance of DJ-1 and oxidative
stress in the regulation of mitochondrial morphology, we
investigated whether DJ-1 itself actively regulates mitochon-
drial morphology and to further ascertain whether the DJ-1
mutant that is defective in handling ROS would fail to
rescue the DJ-1 deficient phenotype. DJ-1+/+ and DJ-12/2

cortical neurons were infected with adenoviruses encoding
GFP (as a control), wild-type DJ-1 (DJ-1) or an oxidant
mutant form of DJ-1 (C106A). This DJ-1 mutant harbors a
cysteine to alanine point mutation at amino acid 106 rendering
the oxidative capacity of DJ-1 non-functional. Expression
levels of viruses are shown in Supplementary Material,
Fig. S1. As shown in Figure 5A and quantified in Figure 5B,
DJ-1+/+ or DJ-12/2 cortical neurons infected with GFP
virus alone display the wild-type mitochondrial phenotype as
shown in Figure 1, demonstrating that viral expression of
GFP alone does not significantly alter mitochondrial length.
Next, while overexpression of DJ-1 had no effect on mito-
chondrial morphology in DJ-1+/+ neurons, DJ-1 expression
in DJ-12/2 neurons increased the percentage of mitochondria
exhibiting lengths greater than 3 mm (5.15+ 0.826% in
KO-GFP versus 47.97+ 12.51% in KO DJ-1) and decreased
the percentage of fragmented mitochondria (42.00+ 2.56%
in KO-GFP versus 1.403+ 1.4% in KO DJ-1) supporting
the idea that wild-type DJ-1 plays a role in regulating mito-
chondrial morphology. On the other hand, the oxidant
mutant C106A cannot recapitulate the full rescue displayed
by WT DJ-1 indicating that the redox function of DJ-1 is criti-
cal in promoting a fused mitochondrial reticulum.

DJ-1 deficiency alters ROS production

If ROS were indeed important in promoting the fragmented
mitochondrial phenotype induced by DJ-1 deficiency, we
would expect that ROS production would be elevated in mito-
chondria isolated from DJ-12/2 mice when compared with
DJ-1+/+ controls. Accordingly, we isolated mitochondrial
fractions from brain and skeletal muscle; tissues typically
associated with high metabolic requirements and mitochondria
and are therefore significant sources of ROS. As predicted, we
observed that H2O2 production in mitochondria isolated from
DJ-12/2 mice is increased 1.4-fold (P , 0.05) compared with
DJ-1+/+ controls in both brain (Fig. 6) and skeletal muscle
(Supplementary Material, Fig. S2A), respectively. In either
tissue, H2O2 production in the DJ-12/2 animals was not
further increased with the addition of the mitochondrial
Complex I inhibitor rotenone, suggesting that ROS production
in DJ-1 deficient mitochondria is generated primarily via
Complex I. Despite the increased H2O2 production, we did
not observe gross differences in mitochondrial function

Figure 3. Mitochondrial length is critical for neuronal cell survival.
(A) Primary cortical neurons infected with either GFP or DN-Drp1 were
treated with vehicle (Veh) or MPP+ (10 mM) for 24 h. (B) Cell survival
was assessed by counting infected cells with intact or dead nuclei plotting
the ratio of live:dead cells in treated and untreated DJ-1+/+ and DJ-12/2

(n ¼ 3 independent experiments, each experiment was performed in triplicate).

Figure 4. NAC rescues the mitochondrial morphology in DJ-1-deficient
primary cortical neurons. (A) Confocal images of neurons taken from
vehicle- (VEH) and NAC-treated (NAC) WT and KO neurons. Neurons
were harvested and fixed 48 h post-treatment and immunostained with anti-
bodies to Tom20 (red) to visualize mitochondria. Scale bar ¼ 2 mm. Inset:
lower magnification images. (B) Quantification of mitochondrial lengths as
described previously [Jahani-Asl et al. (20); n ¼ 3 independent experiments
with a minimum of 500 mitochondria/experiment were counted]. Scale
bar ¼ 2 mm. ∗P , 0.05 versus respective controls.
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measurements that were performed such as mitochondrial
respiration and citrate synthase activity in DJ-12/2 mice, at
least in the brain (Supplementary Material, Fig. S2B
and S2C). However, it should be noted that both mitochondrial
respiration and citrate synthase activity were decreased
in skeletal muscle (Supplementary Material, Fig. S2D
and S2E).

Pink1 and Parkin rescue mitochondrial length in DJ-12/2

primary cortical neurons

Previous work conducted in Drosophila has demonstrated that
Pink1 and Parkin participate in mitochondrial remodeling and
are part of the same genetic pathway where Pink1 is upstream
of Parkin (9–11,27–29). More recent evidence in mammalian
cells is supportive of this notion and also implicates Parkin and
Pink1 in the regulation of autophagy, a lysosomal degradation
pathway responsible for the degradation of damaged proteins
and organelles, including mitochondria (29–31). Thus, we
determined whether Pink1 and Parkin could rescue the
mitochondrial phenotype in DJ-12/2 primary cortical
neurons. Accordingly, we infected DJ-1+/+ and DJ-12/2

primary cortical neurons with Pink1 and Parkin viruses, and
quantified mitochondrial length as before. Viral expression
of Parkin was confirmed in Supplementary Material, Fig. S3.

Viral expression of Pink1 was previously described (32). As
shown in Figure 7A and C and quantified in Figure 7B and
D, overexpression of either Pink1 or Parkin in DJ-12/2

primary cortical neurons promoted an increase in the percen-
tage of mitochondria that were greater than 3 mm in length
(5.151+ 0.826% in KO-GFP versus 44.08+ 1.646% in
KO-Pink; Fig. 7B and 1.686+ 0.133% in KO-GFP versus
30.126+ 8.068% in KO-Parkin; Fig. 7D) and decreased the
percentage of fragmented mitochondrial (i.e. ,0.5 mm;
42.00+ 2.562%; Fig. 7B in KO-GFP versus 0.948+ .271%
in KO-Pink1 and 34.108+ 5.50% in KO-GFP versus
4.888+ 2.924% in KO-Parkin; Fig. 7D) respectively,
suggesting that both Pink1 and Parkin can rescue the fragmen-
tation phenotype observed with the loss of DJ-1.

To further confirm these findings, we also quantified the
percentage of cells that contained fragmented mitochondria a
dopaminergic cell line (SH-5Y5Y) in which DJ-1 was transi-
ently knocked down and subsequently overexpressed with
Parkin or Pink1. Confirmation of DJ-1, Pink1 and Parkin over-
expression is shown in Supplementary Material, Fig. S4A,
S4B and S4C, respectively. As seen in DJ-12/2 primary cor-
tical neurons, transient knockdown of DJ-1 produced a signifi-
cant increase in cells exhibiting fragmented mitochondria and
this phenotype could be prevented with overexpression of
DJ-1, Pink1 or Parkin (Fig. 7E and F).

DJ-1 deficiency results in enhanced autophagic flux

As mentioned above, Pink1 and Parkin have both been impli-
cated in the regulation of autophagy in response to mitochon-
drial damage (9–11,30,31). Our present data show that the
loss of DJ-1 leads to increased mitochondrial ROS production
and fragmentation. Since both of these parameters are linked
with autophagy, we evaluated whether a downstream autopha-
gic response might also be altered with DJ-1 deficiency. To
this end, we employed conventional autophagy assays includ-
ing the evaluation of steady-state microtubule-associated
protein light chain 3-II (LC3-II) and the LC3-associated
protein p62, under basal conditions as well as GFP-LC3
puncta formation (33). As shown in Figure 8A, the markers

Figure 5. Restoration of wild-type mitochondrial phenotype upon
re-expression of DJ-1 in vitro. (A) Confocal images from WT and KO DJ-1
primary cortical neurons infected with GFP, GFP-DJ-1 and GFP-DJ-1
C106A adenoviruses as described in Materials and Methods. Neurons were
harvested and fixed 48 h post-infection and immunostained with antibodies
to Tom20 (red) to visualize mitochondria. Inset: lower magnification
images. (B) Quantification of mitochondrial lengths as described previously
[Jahani-Asl et al. (20); n ¼ 3 independent experiments with a minimum of
500 mitochondria/experiment that were counted per condition]. ∗P , 0.05
versus respective controls.

Figure 6. Brain mitochondria isolated from DJ-1 deficient animals produce
more ROS. H2O2 production was measured in mitochondria isolated from
WT and KO DJ-1 brains. ∗P , 0.05 versus WT DJ-1 (P/M, pyruvate/
malate; Rot, rotenone).
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Figure 7. Rescue of mitochondrial morphology with Pink1 and Parkin in a DJ-1-deficient background. (A) Confocal images from WT and KO DJ-1 primary
cortical neurons infected with GFP or GFP-PINK1 adenoviruses as described in Materials and Methods. Neurons were harvested and fixed 48 h post-infection
and immunostained with antibodies to Tom20 (red) to visualize mitochondria. Inset: lower magnification images. (B) Quantification of mitochondrial lengths as
described previously [Jahani-Asl et al. (20); n ¼ 3 independent experiments with a minimum of 500 mitochondria/experiment that were counted per condition].
Scale bar ¼ 5 mm. ∗P , 0.05 versus respective controls. (C) Confocal images from WT and KO DJ-1 primary cortical neurons infected with eGFP or eGFP-
Parkin adeno-associated viruses as described in Materials and Methods. Neurons were harvested and fixed 4 days post-infection and immunostained with
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of autophagy p62 and LC3-II levels in DJ-12/2 mouse
embryonic fibroblasts (MEFs) are decreased compared with
DJ-1+/+ controls, indicating that the loss of DJ-1 results in a
reduction in autophagosomes since levels of LC3-II correlate
with autophagosome number (34,35). This reduction can
either be attributed to the downregulation of autophagosome
formation or enhanced autophagic degradation (34). The use
of bafilomycin A1, a late inhibitor of autophagy (34), restores
steady-state p62 as well as LC3-II protein levels suggesting
that the loss of DJ-1 enhances autophagic degradation, in
other words autophagic activity is overactive. Next, we
made use of the H1299 cell line in which GFP-LC3 is stably
expressed and transiently reduced DJ-1 protein levels via
siRNA to confirm the DJ-1-dependent perturbations in the
autophagic pathway. As shown in Figure 8B, at 48 h post-
transfection, the level of DJ-1 was significantly reduced
upon transfection of a siRNA specifically targeted to DJ-1.
The effect of DJ-1 knockdown was accompanied by a signifi-
cant decrease in p62 levels, and an increased accumulation of
cleaved GFP demonstrating that autophagic activity is
enhanced by transient knockdown of DJ-1 (Fig. 8B). This
was further observed with immunofluorescence where GFP
puncta formation was increased by 1.5-fold (P , 0.05) with
transient knockdown of DJ-1 (Fig. 8C and D). Given the
recent involvement of Parkin and PINK1 in the regulation of
mitochondria specific autophagy (mitophagy), we also
assessed the steady-state levels of mitochondrial markers to
determine whether DJ-1 may also play a role. As shown in
Figure 8E, loss of DJ-1 does not induce significantly altering
the expression of cytochrome c oxidase (COX) subunits of
complex I or complex V. Furthermore, expression of the
outer mitochondrial membrane marker Tom20 was also
unchanged. This suggests that mitophagy, at least at a gross
level, is not affected by the loss of DJ-1. This theory is sup-
ported by initial observations that Parkin is not significantly
recruited to mitochondria in DJ-1 KO cells under basal con-
ditions (Joselin et al., unpublished data).

Mitochondrial morphology and autophagy are also
perturbed in human DJ-1-linked Parkinson’s disease

Finally, to provide evidence that the DJ-1-dependent pertur-
bations in mitochondrial homeostasis also extend to a human
model of DJ-1-linked PD, we obtained human lymphoblasts
isolated from control and PD patients. The PD lymphoblasts
were obtained from an Italian and Dutch family, respectively
(12). The previously described L166P pathogenic mutation
found in the Italian family consists of a leucine to proline sub-
stitution at amino acid 166, while the Deletion (Del) mutation,
found in a Dutch family, results from a complete loss of exons
1–5 (12). As shown in Figure 9A, similar to the pattern of

mitochondrial morphology observed in DJ-1+/+ and DJ-12/2

murine tissues, electron microscopic analysis of lymphoblasts
isolated from human PD patients (L166P, DEL) contained a
greater percentage of fragmented mitochondria compared
with control lymphoblasts (i.e. ,0.5 mm; 41.578+2.41%
and 48.316+6.02% in PD versus 12.62+3.03% and
9.755+2.23% in controls) and a smaller percentage of
mitochondria that were longer than .1.0 mm (23.019+
0.84% and 23.997+0.94% in PD versus 41.578+2.41%
and 48.316+6.02% in controls; Fig. 9B). We also evaluated
whether autophagy was similarly affected in human
DJ-1-linked PD and observed that p62 was decreased in
both PD patient cell lines when compared with CTRL lympho-
blasts (Fig. 9C). These data confirm that the mitochondrial
morphology as well as changes in autophagic markers
observed in DJ-1+/+ and DJ-12/2 are also present in human
DJ-1-linked PD.

DISCUSSION

Mitochondrial dysfunction appears to contribute to the pro-
gression of sporadic PD and it has been postulated that
excess ROS produced as the result of mitochondrial dysfunc-
tion may be an important reason for which neurons exhibit
increased sensitivity to oxidative stress-induced neuronal cell
death (36,37). Emerging evidence points to underlying
defects in mitochondrial morphology and dynamics as a
potential mechanism to explain this increased sensitivity
(38). In PD, this relationship is significant since several
PD-linked genes (DJ-1, Parkin, Pink1) have been found to
reside or translocate to the mitochondrial compartments
(7,8,29,39–42), participate in mitochondrial remodeling
(7,9–11) and actively regulate mitochondrial quality control
(18,19,41–43). Of the three PD-linked genes that have been
associated with mitochondria, the least is known regarding
the role of DJ-1.

Mitochondrial morphology, dynamics and ROS
production are altered by the loss of DJ-1

We first began our investigation by characterizing the impact
of DJ-1 deficiency on mitochondrial morphology and function
under steady-state conditions in a variety of experimental
systems. We demonstrated both in vitro and in vivo neuronal
and non-neuronal cells, as well as in brain tissue that mito-
chondria are significantly more fragmented with the loss of
DJ-1. Importantly, we also extended these findings to human
DJ-1-linked PD to convincingly implicate that an aberrant
DJ-1-dependent mitochondrial phenotype in a more disease
relevant model. We also demonstrated that the mitochondrial
phenotype produced by the loss of DJ-1 contributes to the

antibodies to Tom20 (red) to visualize mitochondria. Inset: lower magnification images. (D) Quantification of mitochondrial lengths as described previously
[Jahani-Asl et al. (20); n ¼ 3 independent experiments with a minimum of 500 mitochondria/experiment that were counted per condition]. Scale bar ¼
5 mm. ∗P , 0.05 versus respective controls. (E) Confocal images from SH-5Y5Y cells in which DJ-1 has been knocked down via siRNA, and transfected
with DJ-1, Parkin or PINK1 as described in the Materials and Methods. Inset: lower magnification images. (F) Quantification of at least 300 cells/condition
was performed as described in the Materials and Methods. Data are representative of at least three independent experiments where each condition was done
in triplicate. OE, overexpression. Scale bar ¼ 5 mm. ∗P , 0.05 versus siDJ-1- and #P , 0.05 versus siDJ-1.
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oxidative stress-induced sensitivity to cell death since rever-
sal of the mitochondrial phenotype by overexpression of
DN-Drp1 to rescue mitochondrial fragmentation abrogated
neuronal cell death induced by MPP+. Is the fragmented
phenotype a result of increased fission or decreased
fusion? Since mitochondrial fusion rates and the steady
state levels of the mitochondrial fusion protein MFN1 are
decreased in DJ-1 deficient cells, we would be tempted to
speculate that mitochondrial fusion is decreased. However,
our results also do not rule out that an increase in mitochon-

drial fission is also a possibility. Indeed, during the prep-
aration of this manuscript, Krebiehl et al. (44)
demonstrated that altered mitochondrial morphology
induced by the loss of DJ-1 could be attributed to changes
in mitochondrial fission. The implications of decreased or
increased mitochondrial fusion or fission that occurs with
DJ-1 deficiency could readily explain the increased sensi-
tivity of these cells to oxidative stress (14), as it is known
that fragmented mitochondria precedes apoptosis, or alterna-
tively renders mitochondria more susceptible to death-
inducing stimuli (20,45–48).

ROS is important in establishing the DJ-1-dependent
phenotype

Based on the known impact of excess ROS on mitochondrial
morphology (23), we suspected that the increased ROS pro-
duced by mitochondria from DJ-12/2 animals could be
responsible for the fragmented phenotype. Indeed, we con-
firmed this hypothesis by first demonstrating that scavenging
ROS with the use of NAC or WT DJ-1 (itself a suspected
free radical scavenger), but not an oxidant mutant of DJ-1
(C106A), was able to rescue the fragmented phenotype
observed in DJ-1 deficient primary cortical neurons. Our
data also show that while the excess H2O2 produced within
mitochondria by the loss of DJ-1 is sufficient to alter mito-
chondrial morphology, they are not produced in sufficient con-
centrations to cause overt changes in mitochondrial oxygen
consumption and citrate synthase activity, at least in the

Figure 8. Cells deficient for DJ-1 undergo enhanced autophagic activity.
(A) Proteins were extracted from WT and KO DJ-1 MEFs treated with (+)
or without (2) Bafilomycin (10 mg/ml, 3 h) and subjected to western blotting
for p62 and LC3-I and LC3-II levels. Numbers below representative images
refer to fold changes versus WT (-Baf) after correction for actin. Data are
representative of three independent experiments. (B) Total cell lysates from
H1299 cells stably expressing GFP-LC3 and transfected with either scrambled
(Scr) or a siRNA against DJ-1 (siDJ-1) were analyzed by western blotting for
DJ-1, p62 and free GFP. Data are representative of at least three independent
experiments. (C) Confocal images of H1299 cells stably expressing GFP-LC3
cells transfected with either scrambled (Scr) or a siRNA against DJ-1 (siDJ-1).
(D) The density of GFP puncta in Scr versus siDJ-1 conditions was analyzed in
at least 150 cells/condition. Data are representative of three independent
experiments ∗P , 0.05, siDJ-1 versus. Scr. control. Scale bar ¼ 2 mm.
(E) Total cell lysates from DJ-1 WT and KO MEFs were subjected to
western blotting for COX V, COX I and Tom20 levels (n.s., non-specific
band was used as a loading control). Data are representative of five to seven
independent experiments.

Figure 9. Mitochondrial morphology and autophagy are also perturbed in
human DJ-1-linked PD. (A) EM images of mitochondria from human lympho-
blasts isolated from healthy control (C48 and GEPA) and PD (L166P and Del)
patients. (B) Quantification of mitochondrial diameters in human lymphoblasts
(n ¼ 4; at least 200 mitochondria/experiment were counted). Scale bar ¼
500 nm. ∗P , 0.05, PD versus control. (C) Total protein was extracted from
human control (CTRL), and PD (L166P and Del) lymphoblasts were subjected
to western blotting for DJ-1, p62 and actin. Data are quantified as the relative
changes in steady state protein levels corrected for loading using actin. Five
independent experiments are represented. ∗P , 0.05, PD versus control.
White arrows in (A) depict mitochondria.
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brain. In all likelihood, these factors contribute to the lack of
any gross neuronal abnormalities including dopaminergic
neuron numbers in the substantia nigra, fiber densities and
dopamine levels in the striatum and the absence of any behav-
ioral deficits in untreated DJ-1 deficient mice (14). It is there-
fore more likely that DJ-1 deficiency compromises the
sub-cellular milieu rendering them more vulnerable to
additional stress. Indeed, the observation that DJ-1 deficiency
does not seem to grossly affect mitophagy leading to the
accumulation, instead of the removal of fragmented mitochon-
dria further adds to this possibility. This theory is also sup-
ported by initial observations that Parkin is not significantly
recruited to mitochondria in DJ-1 KO cells under basal con-
ditions (Joselin et al., unpublished data).

Indeed, as we have previously demonstrated, DJ-1 deficient
animals/cells are hypersensitive to MPTP or hydrogen per-
oxide treatment and this hypersensitization results in the pre-
viously described dopaminergic cell death and behavioral
deficits, effectively recapitulating some pathological and clini-
cal features of human PD (14).

Pink1 and Parkin can rescue DJ-1 deficient mitochondrial
fragmentation

We also assessed the relationship of DJ-1 with Parkin and
Pink1, two recessively linked PD genes, as they have all
been implicated in regulating aspects of mitochondrial mor-
phology and/or dynamics. Previous studies using the Droso-
phila melanogaster model have shown that the loss of Pink1
and Parkin independently compromise mitochondrial integrity
(9,11,28,49). Since double mutants produce an identical phe-
notype to each mutant alone, and overexpression of Parkin
rescues Pink1 deficits but not vice versa, it was postulated
that they function in the same pathway with Pink1 positioned
upstream of Parkin (9,11,28,49). More recently, it has been
shown that Pink1 and Parkin actively participate in mitochon-
drial quality control (18,19,41–43). Given that DJ-1
deficiency induces oxidative stress and mitochondrial
defects, we hypothesized that overexpression of these mito-
chondrial quality control factors would rescue the DJ-1
deficient mitochondrial phenotype. We confirmed this hypoth-
esis using two different models. First, Pink1 and Parkin were
overexpressed in DJ-1 deficient primary cortical neurons. In
this model, overexpression of either Pink1 or Parkin rescued
the fragmented mitochondrial phenotype in DJ-1 deficient
cells. Second, we used a dopaminergic cell line to overexpress
Pink1 and Parkin in cells where DJ-1 levels were reduced
down by siRNA. Similar to our findings in primary cortical
neurons, the DJ-1-induced fragmentation phenotype produced
by knockdown of DJ-1 was reversed with overexpression of
either Pink1 or Parkin. It is important to stress that the exact
mechanistic link between DJ-1 and Pink/Parkin is not clear.
However, we would propose that DJ-1 somehow modulates
the actions or activity of Pink1 and/or Parkin, possibly via
its effect on the ROS environment. Given the effects of
Parkin and PINK1 deficiency on antioxidant capacity and
ROS production (50–52), it is also tempting to speculate
that overexpression of either gene could potentially ameliorate
that ROS milieu of the DJ-1 deficient cells, thereby reversing

the fragmented phenotype. Alternatively, a more direct regu-
lation is also possible.

DJ-1 deficiency increases autophagic activity

Increasing evidence has implicated several PD-linked genes
including Pink and Parkin in the process of autophagy
(18,19,41–43). Two recently published studies have now
implicated DJ-1 (19,44). We also pursued this phenomenon
in the present manuscript and suggest that the loss of DJ-1 pro-
motes enhanced autophagy resulting in increased turnover.
According to Mizushima and Yoshimori (34) and Rubinsztein
et al. (35), a loss in the levels of the autophagy markers LC3-II
and p62 at a given time is either attributed to a downregulation
of autophagosome formation or enhanced degradation. If the
level of LC3-II or p62 rises following incubation with autop-
hagy inhibitors such as Bafilomycin A1, as was seen in the
present study, it is considered that during the course of the
experimental time frame that the number of molecules
degraded exceeds the number being produced. We further
assessed the effect of transient DJ-1 knockdown on autophagic
activity and found that within 48 h of DJ-1 knockdown, the
autophagy was increased, as measured by the decrease in
p62 levels and the increase in LC3 puncta formation. It has
previously been shown that following acute starvation, autop-
hagy is increased and that prolonged starvation leads to exces-
sive activity and turnover (35). Acute starvation led to
decreased p62 levels and LC3 puncta formation, whereas a
complete loss of LC3-II levels was observed during prolonged
starvation. By analogy, one could interpret that acute DJ-1
knockdown results increase autophagic activity, while germ-
line deletion is associated with excessive autophagic activity
resulting in increased turnover. In either condition, autophagic
activity is enhanced with DJ-1 deficiency. Future studies will
more carefully evaluate the nature of this phenomenon.
Additionally, whether DJ-1 more directly regulates the autopha-
gic response or merely influences the ROS environment leading
to increased flux is unknown and warrants further study. The
evidence suggesting that ROS triggers autophagy would be in
keeping with the latter suggestion (53–55). Furthermore, the
idea that DJ-1 participates in the Pink1/Parkin pathway tempt-
ingly suggests the possibility that DJ-1 could modulate Pink1/
Parkin activity and thereby regulate autophagic activity.
Alternatively, DJ-1 may more directly regulate additional
upstream activators of autophagy, including mTOR and
AMPK, which has been suggested previously (19). More
careful analyses will be required to validate these possibilities.

In conclusion, this study demonstrates that DJ-1 plays an
active role in the remodeling of mitochondria and regulation
of autophagy. Cells lacking DJ-1 display a fragmented mito-
chondrial morphology that can be rescued with ROS scavengers,
wild-type DJ-1, Parkin and Pink1. This DJ-1-dependent mito-
chondrial morphology contributes to oxidative stress-induced
sensitivity to cell death since reversal of this mitochondrial phe-
notype abrogates neuronal cell death. Finally, we also show that
DJ deficiency leads to altered autophagy in DJ-1-deficient
murine and human cells. We propose that under conditions of
oxidative stress, these derangements may account for the
reported increased sensitivity to cell death of DJ-1 deficient
neurons.
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MATERIALS AND METHODS

Antibodies

The following antibodies were used in this study: mouse
anti-Drp-1 (BD Transduction), chicken anti-MFN1 (Novus
Biological), rabbit anti-MFN2 (Santa Cruz), mouse
anti-COX V (Mitosciences), mouse anti-COX I (Mitos-
ciences), rabbit anti-Tom20 (Santa Cruz), rabbit anti-LC3
(Novus Biologicals), guinea pig anti-p62 (ARP), mouse
anti-p62 (Santa Cruz), mouse anti DJ-1 (Stressgen), mouse
anti-parkin mouse PRK8 (Santa Cruz), anti-PINK1 polyclonal
antibody (Novus Biologicals), anti-DJ1 polyclonal antibody
(Abcam),mouse anti-&b-cactin (Sigma), horseradish
peroxidase-conjugated secondary antibodies (Bio-Rad).

Cell lines, transfections, viral infections and plasmids

MEFs and primary cortical neurons were derived from E14.5–
15.5 transgenic DJ-1 animals as previously described (14).
Immortalized human lymphoblasts obtained from DJ-1-linked
PD (Del or L166P) or healthy controls were cultured as
described previously (56). H1299 cell line stably expressing
GFP-LC3 cultured as previously described (57). SH-5Y5Y
cells were cultivated as previously described (58). For RNA
interference, SH-5Y5Y or H1299 cells were reverse-
transfected with Stealth siRNA (Invitrogen) using Lipofecta-
mine RNAiMAX (Invitrogen) or siRNA (Santa Cruz) using
siLentFect (Bio-Rad), respectively, according to the manufac-
turer’s instructions. DNA Constructs (SH-5Y5Y cells): Human
wild-type (wt) parkin and human wild-type PINK1 were
described earlier (49,59). Human wild-type DJ was amplified
from a human brain cDNA library and inserted into the
pcDNA3.1 vector (Invitrogen). Viral plasmids and infections
(primary cortical neurons): for rescue studies, cortical
neurons were harvested from DJ-1+/+ or DJ-12/2 littermate
embryos (produced by a heterozygote cross) at E15.5 and
plated at a density of 150 000 cells per well (24-well dish)
on glass cover slips coated with 1XPoly-D-Lysine. Viral par-
ticles expressing GFP, DJ-1, DJ-1 C106A, Pink1 or Parkin
were administered at a multiplicity of infection (MOI) of 30
at the time of plating. Cortical neurons infected with DJ-1,
DJ-1C106A and Pink1 were harvested 48 h following infec-
tion. Cortical neurons infected with Parkin were harvested 4
days post-infection and plating. For cell survival studies, cor-
tical neurons harvested as described above were infected with
either control (EGFP) adenovirus or dominant-negative Drp-1
(ECFP-C1 DLVP K38E) adenoviruses at MOI of 40 and then
immediately seeded into 24-well plates at an approximate
density of 350 000 neurons/well. Neurons were cultured for
3 days and then treated with 10 mM MPP+ for 24 h.

Cell survival

Neuronal survival was evaluated by assessing nuclear integrity
of GFP/CFP-positive neurons as done previously (14).

Citrate synthase activity

Maximal activity of citrate synthase (EC 4.1.3.7) was
measured at 258C in previously frozen homogenate and mito-
chondria from brain and skeletal as previously described (60).

Confocal microscopy/immunofluoresence/mitochondrial
fusion rates

Confocal images were acquired with a 63× objective (1.4) by
an inverted Laser Scanning Microscope (LSM510 META,
Zeiss). Mitochondrial fusion rates were calculated as pre-
viously described (21).

Generation and genotyping of DJ-1 mice

The generation and genotype of the DJ-1 deficient mice has
previously been described in detail (61).

H2O2 generation

Mitochondrial H2O2 production rate was determined in freshly
isolated mitochondria from sketelal muscle and brain using
the p-hydroxyphenylacetate (PHPA) fluorometric assay (62).
Mitochondria (0.1 mg/ml) were incubated in standard incu-
bation medium (IM: 120 mM KCl, 1 mM EGTA, 5 mM

KH2PO4, 2 mM MgCl2 and 3 mM HEPES; pH 7.4) supplemented
with 0.3% defatted BSA. H2O2 production was monitored for up
to 25 min using a temperature-controlled fluorimeter (BioTek,
FLx800) at 378C. Fluorescence readings were converted to
H2O2 production rates by use of a standard curve.

Immunofluoresence (primary cortical neurons and MEFs)

Cortical neurons or MEFs were fixed with 4% PFA diluted in cell
culture medium for 15 min at 378C. Cells were then washed 3×
with 1XPBS. Immediately following this, cells were permeabi-
lized and blocked with 10% normal goat serum-0.1% Triton X/
PBS for 1 h at room temperature. Cells were then stained with
Tom-20 (1:100, a kind gift from Dr Gordon Shore or from
Santa Cruz) or cytochrome c (1:100, BD Biosciences, in 5%
normal goat serum overnight at 48C) for the visualization of mito-
chondria. The following day, cells were washed 3× with 5%
normal goat serum/PBS and then incubated for 1 h with the
appropriate Alexa conjugated fluorophores in 5% normal goat
serum/PBS. Cells were then washed 3× with 1XPBS, rinsed in
sterile H2O and mounted onto microscope slides using Gel
Mount (Sigma).

Fluorescent staining of mitochondria and western blot
analysis (SH-5Y5Y cells)

SH-5Y5Y cells were grown on 15 mm glass cover slips. Cells
were fluorescently labeled with 0.1 mM DiOC6 (3) in cell
culture medium for 15 min. After washing the cover slips
with medium, living cells were analyzed for mitochondrial
morphology by fluorescence microscopy using a Leica
DMRB microscope (Leica, Wetzlar, Germany). Cells were
categorized in two classes according to their mitochondrial
morphology: tubular or fragmented. Cells displaying an
intact network of tubular mitochondria were classified as
tubular. When this network was disrupted and mitochondria
appeared predominantly spherical or rod-like, they were
classified as fragmented. The mitochondrial morphology of
at least 300 cells per plate was determined in a blinded
manner, i.e. the researcher was blind to the transfection status.
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Quantifications were based on triplicates of at least three inde-
pendent experiments. Proteins were analyzed by SDS–PAGE
and western blotting using polyvinylidene difluoride mem-
branes (Millipore, Schwalbach, Germany). The membranes
were blocked with 5% non-fat dry milk in TBS containing
0.1% Tween 20 (TBS-T) for 1 h at room temperature and then
incubated with the primary antibody in blocking solution for
16 h at 48C. After extensive washing with TBS-T, the mem-
branes were incubated with HRP-conjugated secondary anti-
body for 60 min at room temperature. Following washing with
TBS-T, the antigen was detected with the enhanced chemilumi-
nescence (ECL) detection system or ECL plus detection system
(Amersham Biosciences, Freiburg, Germany).

Immunoblotting

Cell lysis was carried out identically for both MEFs and
neurons. Cells were washed twice with PBS, scraped in lysis
buffer containing 50 mM Tris–HCl pH 7.5, 100 mM NaCl,
0.4% Triton X-100, 1 mM DTT and 1× protease inhibitor
cocktail (Roche). Samples were kept on ice for 20 min and
then spun with maximal speed at 20 000g at 48C for 5 min.
Protein quantification was carried out using both Bradford
(Bio-Rad) and BCA (Pierce) methods. Fifteen micrograms
of each lysate was electrophoresed on 12% SDS–
polyacrylamide gels, or 4–20% gradient gels (Invitrogen)
and transferred to polyvinylidene fluoride (PVDF) or nitrocel-
lulose membranes (Millipore). For tissue lysates, 15 mg of
each tissue lysate was electrophoresed on 12% SDS–PAGE
gels and transferred to polyvinylidene fluoride (PVDF) or
nitrocellulose membranes (Millipore).

Isolation of mitochondria

DJ-1+/+ or DJ-12/2 mice (4–6 months old) were euthanized
by decapitation for isolation of skeletal muscle and brain mito-
chondria. Isolation of skeletal muscle mitochondria was per-
formed using a modified method of Chappell and Perry (63),
as previously described in detail (64). Brain mitochondria
were isolated as described (50).

Lentivirus production and transduction

Lentiviral vectors were generated by transient transfection in
293T cells using PEI. The constructs for manufacturing the
lentiviruses were obtained from Addgene.org. Protocols used
to manufacture and purify lentiviruses were done according
to Tronolab’s protocols (www.tronolab.com).

Oxygen consumption

Oxygen consumption was measured in isolated brain mito-
chondria (0.3 mg/ml) at 378C using a Clark-type oxygen elec-
trode (Hansatech, Norfolk, UK), incubated in standard
incubation medium (IM: 120 mM KCl, 1 mM EGTA, 5 mM

KH2PO4, 2 mM MgCl2 and 3 mM HEPES; pH 7.4) containing
0.3% defatted BSA and assumed to contain 406 nmol O/ml at
378C (65). State 3 (maximum phosphorylating) respiration
was determined using 5 mM glutamate/5 mM malate as sub-
strate, and 500 mM ADP. State 4 (non-phosphorylating or

maximal leak-dependent respiration) was determined follow-
ing addition of oligomycin (8 mg/ml). All measurements
were performed in duplicate.

Statistical analyses

Unless otherwise described, data analysis was carried out
using independent two-tailed t-tests. Significance was
marked by ∗ when P , 0.05. All data are presented as
means+SEM.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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