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Loss-of-function mutations in DJ-1 are associated with autosomal
recessive early onset Parkinson’s disease (PD), yet the underlying
pathogenic mechanism remains elusive. Here we demonstrate that
DJ-1 localized to the mitochondria-associated membrane (MAM)
both in vitro and in vivo. In fact, DJ-1 physically interacts with
and is an essential component of the IP3R3-Grp75-VDAC1 complexes
at MAM. Loss of DJ-1 disrupted the IP3R3-Grp75-VDAC1 complex
and led to reduced endoplasmic reticulum (ER)-mitochondria association
and disturbed function of MAM and mitochondria in vitro. These deficits
could be rescued by wild-type DJ-1 but not by the familial PD-associated
L166P mutant which had demonstrated reduced interaction with
IP3R3-Grp75. Furthermore, DJ-1 ablation disturbed calcium efflux-
induced IP3R3 degradation after carbachol treatment and caused
IP3R3 accumulation at the MAM in vitro. Importantly, similar deficits
in IP3R3-Grp75-VDAC1 complexes and MAM were found in the brain
of DJ-1 knockout mice in vivo. The DJ-1 level was reduced in the
substantia nigra of sporadic PD patients, which was associated with
reduced IP3R3-DJ-1 interaction and ER-mitochondria association. To-
gether, these findings offer insights into the cellular mechanism in the
involvement of DJ-1 in the regulation of the integrity and calcium cross-
talk between ER and mitochondria and suggests that impaired ER-
mitochondria association could contribute to the pathogenesis of PD.
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Parkinson’s disease (PD) is the second most common neuro-
degenerative disease, which is characterized by selective and

extensive loss of dopaminergic neurons in the substantia nigra
and accumulation of intraneuronal inclusions, called Lewy bodies,
consisting mainly of highly ubiquitinated α-synuclein aggregates in
the surviving neurons (1–3). Despite intensive research efforts in
the field, the pathogenic mechanism of this devastating disease
remains elusive, which impedes the development of effective
therapeutics. The majority of PD cases are sporadic, and less than
10% are familial forms caused by genetic mutations in a dozen
genes including dominant mutations in SNCA, LRRK2, and VPS35
genes encoding α-synuclein, LRRK2, and VPS35, respectively, and
recessive mutations in PINK1, PARK2, and PARK7 genes encoding
PINK1, Parkin, and DJ-1, respectively (4). Studies into the functions
of these familial PD (fPD)-related proteins contribute significantly
to our current understanding of the disease (5, 6).
Recently, a potential role of disturbed endoplasmic reticulum

(ER)-mitochondria association is increasingly implicated during
neurodegeneration (7). ER-mitochondria association is a specialized
tight structural association between a closely apposed ER surface and
an outer mitochondria membrane that regulates a variety of essential
physiological functions ranging from calcium signaling, phospholipid
synthesis/exchange, mitochondrial biogenesis and dynamics, and
autophagy to cell death (8). Many of these functions have been
altered during neurodegeneration, and it is suggested that disturbed
ER-mitochondria association may serve as a common convergent
neurodegenerative mechanism (7, 9, 10). Indeed, increasing evidence

has demonstrated that many of the fPD-related proteins are lo-
calized to mitochondrial-associated ER membrane (MAM) and
impact ER-mitochondria association and function (11–15).
Missense, truncation, and splice site mutations in DJ-1 asso-

ciated with loss of function lead to an autosomal recessive, early
onset fPD (4). DJ-1 is a conserved multifunctional protein im-
plicated in different cellular processes, but the specific role of
DJ-1 in the pathogenesis of PD is still unclear. Earlier studies
demonstrated mitochondrial localization of DJ-1 (16). Since then,
many studies have demonstrated that DJ-1 is a crucial regulator of
mitochondrial dynamics and integrity (17–19). On the other hand,
a possible role of DJ-1 in ER and mitochondrial calcium homeo-
stasis has also been described (20–22). In this regard, given the
well-known function of ER-mitochondria association in the regu-
lation of mitochondrial dynamics and the calcium signaling be-
tween the ER and mitochondria, like other PD-related factors (13,
23, 24), a potential role for DJ-1 in the regulation of ER-
mitochondria contacts and function warrants detailed scrutiny. In
this study, we aimed to determine whether DJ-1 deficiency can
cause deficits in the integrity and function of ER-mitochondria
association and explore the potential underlying mechanism.

Results
DJ-1 Ablation Disrupt ER-Mitochondria Association. fPD-associated
DJ-1 mutations likely result in loss of DJ-1 function (4). Three
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independent clones of stable DJ-1 knockout M17 cell lines (DJ-1
KO cells) were established (SI Appendix, Fig. S1) using the CRISPR/
Cas9 gene-editing method to study the pathogenic mechanism of
loss of DJ-1 function in PD. There was no increase in basal cell
death in KO cells compared with control cells. To explore a potential
role of DJ-1 in the regulation of ER-mitochondria association, we
performed a quantitative electron microscopy analysis of ER-
mitochondria association by determining the number, length,
thickness, and proportion of the mitochondrial surface that was
closely apposed to ER with a distance less than 30 nm. Approximately
6.10 ± 0.86% of the mitochondrial surface was closely apposed to
ER in control M17 cells; however, this proportion significantly
decreased to around 3.58 ± 0.37% in the DJ-1 KO M17 cells (Fig.
1 A and B). The proportion of shorter ER-mitochondria association
(<200 nm) was increased while the proportion of longer ones (200
to 400 nm and >400 nm) dramatically decreased (SI Appendix, Fig.
S2B), which resulted in a significant reduction in the average length
of ER-mitochondria association in DJ-1 KOM17 cells (136.3 ± 8.66
nm) compared with control M17 cells (187.3 ± 19.31 nm) (Fig. 1C).
No changes in the thickness were noted (SI Appendix, Fig. S2A).

We then evaluated the functional changes in the DJ-1 KO
M17 cells by determining the ER-mitochondria calcium transfer. To
this end, M17 cells were infected with the mitochondria matrix-
targeted Ca2+ fluorescent sensor CEPIA4, and mitochondrial Ca2+

uptake following histamine treatment was measured. Histamine
treatment led to an increase in mitochondrial Ca2+ levels, the peak
of which was significantly lower in the DJ-1 KOM17 cells (Fig. 1D),
suggesting an impaired mitochondrial calcium uptake upon hista-
mine treatment in the DJ-1 KO cells. ER Ca2+ changes generated
by histamine treatment were further carried out using the ER
lumen-targeted Ca2+ fluorescent sensor GECO protein. The release
of calcium from ER stores after histamine stimulation was also
significantly impaired in DJ-1 KO cells (Fig. 1E) since the ER cal-
cium signal of DJ-1 KO cells dropped significantly less than that of
control cells. ATP production also significantly decreased in DJ-1
KO M17 cells (Fig. 1F), suggesting mitochondrial dysfunction.

DJ-1 Is a MAM Protein. To explore how DJ-1 is involved in the
regulation of ER-mitochondria association, we first determined
whether DJ-1 is present in the MAM, a specialized subdomain

Fig. 1. DJ-1 ablation reduced ER-mitochondria association and disrupted mitochondrial calcium upload and ATP production. (A) Representative electron
micrographs of ER-mitochondria association in control and DJ-1 KO M17 cells. M, mitochondria, ER, endoplasmic reticulum. (Scale bar, 500 nm.) (B and C)
Quantitative analysis of percentage of the mitochondrial surface closely apposed to ER (B) and average length (C) of ER-mitochondria association in control
(n = 9) and DJ-1 KO M17 cells (n = 6). (D and E) Representative curves of the time scan of mitochondrial Ca2+ (D) and ER Ca2+ (E) after histamine (His)
treatment in control and DJ-1 KO M17 cells of 4 independent experiments. (Inset graph) Maximal mitochondrial (D) or ER (E) Ca2+ peak fluorescence. (F)
Intracellular ATP concentration in control and DJ-1 KO cells. Data are means ± SD based on 3 independent experiments, Student t test; *P < 0.05; ***P < 0.001.
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between the ER and mitochondria that is involved in the cross-
talk between the 2 organelles (Fig. 2A). Percoll-based subcellular
fractionation of normal M17 cells was performed to collect
fractions of mitochondria, ER, and MAM, and the identity and
purity of each fraction were confirmed by Western blot analysis
with organelle-specific markers such as Calnexin and Sigma 1
Receptor for both ER and MAM, with Grp75 and VDAC1 for
both mitochondrial and MAM, with COX IV for mitochondria
only. Endogenous DJ-1 is found in the crude mitochondrial
preparation which contains both mitochondria and MAM. Im-
portantly, endogenous DJ-1 is found in the MAM fractions. Pure
mitochondrial fractions are effectively removed from the final
MAM fractions because COX IV is not detected in the MAM
factions. We found that DJ-1 is also present in the MAM in vivo
in the brains of both mice and humans (Fig. 2 B and C).
To investigate whether DJ-1 is involved in the contact formation

between mitochondria and ER, an in vitro ER-mitochondria
contact formation assay was performed (25, 26). Pure mitochon-
dria and microsome were independently isolated from control and
DJ-1 KO cells and then incubated together for 30 min at 37 °C to
allow the formation of contacts between mitochondria and ER.
Mitochondria were reisolated by centrifugation, and coprecipitated
microsome was determined by Western blot analysis with Calnexin.
Compared to that of both mitochondria and microsome from
control cells, the amount of microsome bound to mitochondria
decreased significantly in either microsome or mitochondria or
both from DJ-1 KO cells (Fig. 2D).

DJ-1 Is Part of the IP3R3-Grp75-VDAC1 Complex. Prior studies sug-
gest that DJ-1 interacts with Grp75 (27). Given that Grp75 plays
a crucial scaffolding role in the formation of the IP3R3-Grp75-
VDAC1 tripartite complex that regulates ER-mitochondria
tethering and calcium signaling (28), we investigated whether
DJ-1 is in close apposition and interacts with the IP3R3-Grp75-
VDAC1 complex. The juxtaposition between DJ-1 and each
component of this tripartite complex was determined by in situ
proximity ligation assay (PLA), which detects protein pairs
located <40 nm away from each other (29). In wild-type (WT)
M17 cells, the PLA analysis revealed a clear pattern of apposi-
tion between DJ-1 and IP3R3, between DJ-1 and Grp75, and
between DJ-1 and VDAC1 (Fig. 3A), suggesting close colocaliza-
tion of DJ-1 with each tripartite complex component. As a negative
control, no PLA signals were detected in normal M17 cells when
either one of these primary antibodies was omitted or between
these pairs in the DJ-1 knockout cells (SI Appendix, Fig. S3).

We next tested whether DJ-1 physically interacts with IP3R3,
Grp75, or VDAC1 by coimmunoprecipitation analysis in M17
cells. Endogenous DJ-1 was pulled down, and Grp75 can be
pulled down with DJ-1. IP3R3 was also found in the DJ-1 im-
munoprecipitates. In fact, both Grp75 and IP3R3 were also
coimmunoprecipitated with DJ-1 in MAM fraction (Fig. 3C),
suggesting that this interaction occurs in the MAM fraction un-
der physiological conditions. Similar experiments performed in
the MAM fraction prepared from the mouse brain homogenates
also showed that IP3R3 and Grp75 were coimmunoprecipitated
by DJ-1 (Fig. 3D). In fact, VDAC1 was also detected in the DJ-1
pull-down fraction (Fig. 3D).
To further determine whether DJ-1 is associated with the

IP3R3-Grp75-VDAC1 tripartite complex, cell lysates were pre-
pared from M17 cells exposed to the reversible cross-linking
agent DSP, and Blue-Native (BN)-polyacrylamide gel electro-
phoresis (PAGE) was performed. A large protein complex was
clearly detected by IP3R3, Grp75, and VDAC1 antibodies,
similar to the migration pattern of the IP3R3-Grp75-VDAC1
complex on BN-PAGE as previously reported (30, 31). Impor-
tantly, DJ-1 immunoreactivity was also present in this large
complex (Fig. 3E). Such a comigration pattern between DJ-1 and
the IP3R3-Grp75-VDAC1 complex was also found in the crude
mitochondria (mitochondria/MAM) fraction prepared fromM17
cell lysates (Fig. 3F). Furthermore, 2-dimensional (2D) analysis
of M17 cell lysate (first dimension of BN-PAGE followed by
second dimension of sodium dodecyl sulfate/PAGE) clearly
revealed the presence of IP3R3, Grp75, and VDAC1 along with
DJ-1 in this same large complex (Fig. 3G). Overall, these data
collectively demonstrate that DJ-1 physically interacts with the
IP3R3-Grp75-VDAC1 complex to form a macrocomplex in the
MAM in a native state.

DJ-1 Ablation Disrupts the IP3R3-Grp75-VDAC1 Complex. Given the
reduced ER-mitochondria association and MAM function in DJ-
1 KO M17 cells (Fig. 1), we suspect that DJ-1 plays an important
role in the formation/stabilization of the macrocomplex con-
taining IP3R3-Grp75-VDAC1 at the MAM. To test this hy-
pothesis, the formation of the IP3R3-Grp75-VDAC1 complex in
the DJ-1 KO cells was first evaluated by the PLA assay. A sig-
nificant decrease in both IP3R3/Grp75 PLA and IP3R3/VDAC1
PLA signals was noted in the DJ-1 KO M17 cells compared to
vector-control cells (Fig. 4 A and B), suggesting a decreased
IP3R3-Grp75-VDAC1 complex in the DJ-1 KO cells. Coimmu-
noprecipitation analysis demonstrated that significantly lower
amounts of Grp75 were pulled down by IP3R3 in the DJ-1 KO

Fig. 2. DJ-1 is a MAM protein that plays a critical role
in ER-mitochondria association. (A–C) Subcellular frac-
tionation and immunoblot characterization of DJ-1 in
the MAM fraction in normal M17 cells (A), WT C57BL6
mouse brain (B), and human cortex (C). Homo, total cell
lysates or brain homogenates; CANX, calnexin; Sig 1R,
Sigma 1R. (D) In vitro ER-mitochondria contact for-
mation assay demonstrated that DJ-1 KO decreased
ER binding to mitochondria. Representative immu-
noblot (Left) and quantitative analysis (Right) of ER
bound to mitochondria in the pellets after incubation
of purified mitochondria (mito) and microsome (mi-
cro) fraction from control or DJ-1 KO M17 cells. Data
are means ± SD of 3 independent experiments. One-
way ANOVA, *P < 0.05; **P < 0.01.
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cells (Fig. 4C). Consistently, the BN-PAGE also revealed sig-
nificantly decreased levels of the large macrocomplex recognized
by IP3R3 in the DJ-1 KO cells (Fig. 4D).

Expression of WT but Not fPD-Associated Mutant DJ-1 Rescued DJ-1
Ablation-Induced MAM Deficits. It is believed that fPD-associated
DJ-1 mutations caused loss of DJ-1 function. To explore whether
fPD-associated DJ-1 mutations also caused a loss of function in
the MAM regulation, we re-expressed CRISPR-resistant DJ-1
L166P mutant or WT DJ-1 in DJ-1 KO M17 cells (SI Appendix, Fig.
S4A) and determined MAM-regulated mitochondrial Ca2+ uptake
following histamine treatment (SI Appendix, Fig. S4B). Indeed, im-
paired mitochondrial calcium uptake upon histamine treatment in the
DJ-1 KO cells was rescued by the reexpression of WT DJ-1 but
not the reexpression of the L166P mutant. Similarly, mitochon-
drial dysfunction as measured by ATP production in the DJ-1
KO cells was also rescued by WT DJ-1 but not by L166P mutant
(SI Appendix, Fig. S4C). Interestingly, despite the comparable
DJ-1 expression levels, significantly reduced levels of IP3R3 and
Grp75 were coimmunoprecipitated by DJ-1 in L166P-expressing
DJ-1 KO cells compared to that of WT DJ-1–expressing DJ-1
KO cells (SI Appendix, Fig. S4D), suggesting a reduced inter-
action between the mutant DJ-1 and the IP3R3/Grp75
complex.

DJ-1 Ablation Caused IP3R3 Accumulation at the MAM. Biochemical
alterations in the MAM fraction were determined by Western
blot in DJ-1 KO M17 cells (Fig. 5A). No significant changes in
the levels of Calnexin, Grp75, and VDAC1 were noted in either
the total cell lysates or MAM fractions of the DJ-1 KOM17 cells.
Surprisingly, increased levels of IP3R3, especially the higher-
molecular-weight forms, were found in both total cell lysates and
MAM factions of DJ-1 KO M17 cells (Fig. 5A), suggesting dis-
turbed and possibly aggregated IP3R3 proteins in DJ-1 KO cells.
Significantly decreased levels of Sigma 1R were also noted in the
DJ-1 KO cells (Fig. 5A). Real-time PCR revealed no significant
changes in the messenger RNA levels of IP3R in DJ-1 KO cells (SI

Appendix, Fig. S5), suggesting that increased IP3R3 is likely due to
a posttranslational event. We explored the possibility of IP3R3
aggregation in DJ-1 KOM17 cells by determining the levels of IP3R3
in the Nonidet P-40–soluble and –insoluble fractions from DJ-1 KO
M17 cells and found that both the monomer and the higher-molecular-
weight forms of IP3R3 significantly increased in the insoluble fraction of
DJ-1 KO M17 cells (Fig. 5B), suggesting a potential disturbance in
the IP3R3 degradation and turnover in DJ-1 KO cells.
IP3 binding to IP3R causes IP3R conformational changes

leading to channel opening and its own ubiquitination and deg-
radation, which is essential for the homeostasis and proper sig-
naling of the IP3R (32–34). We then investigated the IP3R3
degradation dynamics after treatment of Carbachol (CCh), an
IP3 inducer, which is widely used in inducing IP3R activation and
subsequent degradation in the IP3R homeostasis studies (34). As
expected, in control M17 cells, CCh treatment caused a rapid
degradation of IP3R3 by 30% within 30 min, which was further
reduced by 60% at 4 h. However, in great contrast, the IP3R3
levels were significantly higher in DJ-1 KO cells at basal level
and remained unchanged after CCh treatment, suggesting that
calcium efflux-induced IP3R3 degradation was almost entirely
blocked in the DJ-1 KO M17 cells (Fig. 5C).

MAM Deficits in the Brain of DJ-1 Knockout Mice and Sporadic PD
Patients In Vivo. To determine whether DJ-1 plays a similar role
in the regulation of MAM in vivo, we first evaluated the for-
mation of the IP3R3-Grp-75-VDAC1 complex in TH+ neurons
by the PLA assay using the IP3R3-VDAC1 pair and its cos-
taining with TH antibody in the mouse brain (Fig. 6A). The
IP3R3-VDAC1 PLA signal was readily observed in TH+ neurons
in the substantia nigra of WT mice but was significantly reduced
in the DJ-1 KO mice. Consistently, coimmunoprecipitation analysis
found significantly less Grp75 in the IP3R3 immunoprecipitates
of the DJ-1 KO mouse brain homogenates (Fig. 6B). The BN-
PAGE also confirmed significantly reduced levels of the large
macrocomplex recognized by the IP3R3 in the crude mito-
chondrial fraction prepared from DJ-KO mouse brain (Fig. 6C).

Fig. 3. DJ-1 is part of the IP3R3-Grp75-VDAC1 com-
plex at the MAM. (A) In situ close association between
DJ-1/Grp75 (Top), DJ-1/IP3R3 (Middle), and DJ-1/VDAC1
(Bottom) were determined by PLA in normal M17 cells.
(Scale bar, 5 μm.) (B–D) Immunoblot analysis of IP3R3,
Grp75, and/or VDAC1 in the DJ-1 immunoprecipitates
of total lysates (B) and MAM fraction (C) from normal
M17 cells or MAM fraction prepared from C57BL6
mouse brain (D); WL, whole lysate. (E and F) Repre-
sentative BN-PAGE and immunoblot analysis of the
total cell lysates (E) and crude mitochondrial fraction
(F) prepared from normal M17 cells. (G) Represen-
tative 2D separation and immunoblot analysis of total
cell lysates from normal M17 cells. In E–G, green shad-
ing highlights the macrocomplex that contained all 4
components. Data are representative of 3 independent
experiments.
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Moreover, Western blot analysis of the brain homogenates and
MAM preparation revealed significantly increased levels of IP3R3,
especially the higher-molecular-weight forms, along with signifi-
cantly reduced Sigma 1R in the brain of DJ-1 KO mice (Fig. 6D).
These results demonstrate MAM deficits caused by DJ-1 KO
in vivo.
Western blot analysis of brain homogenates prepared from

substantia nigra of patients with sporadic PD revealed significantly
reduced DJ-1 levels as compared with that of age- and sex-matched
controls (SI Appendix, Fig. S6 A and B). Interestingly, significantly
increased IP3R3 and the higher-molecular-weight forms were also
found in PD brain (SI Appendix, Fig. S6 A and B). PLA assay
revealed significantly decreased IP3R3-DJ-1 PLA signals (SI Ap-
pendix, Fig. S6C) and IP3R3-VDAC1 PLA signals (SI Appendix, Fig.
S6D) in neurons in the substantia nigra of PD brain.

Discussion
In this study, we focused on the role of DJ-1 in the regulation of
ER-mitochondria association and presented evidence demon-
strating that DJ-1 is present in the MAM. In fact, DJ-1 interacts

with the well-known MAM proteins IP3R3, Grp75, and VDAC1
to form a macrocomplex at the ER-mitochondria contact sites.
The loss of DJ-1 disrupted this macrocomplex and reduced the
levels of the IP3R3-Grp75-VDAC1 tripartite complex both
in vitro and in vivo. Consequently, DJ-1 ablation led to reduced
ER-mitochondria association and disturbance in MAM function
as evidenced by impaired mitochondrial calcium uptake, which
could be rescued by the expression of WT DJ-1 but not fPD-
associated L166P mutant DJ-1. However, DJ-1 ablation caused
increased levels of IP3R3 in the cell lysates and MAM prepa-
ration. We speculate that this increase represents disturbed and
possibly aggregated IP3R3 channels. This is in line with the in-
creased levels of high-molecular-weight form of the IP3R3 as
well as the increased levels of IP3R3 in the Nonidet P-40–insoluble
fractions of the DJ-1 KO cells. Indeed, disturbed IP3R3 homeo-
stasis is further supported by the impaired IP3R3 degradation and
turnover after CCh treatment in the DJ-1 KO cells.
DJ-1 is mainly cytosolic. Prior studies have demonstrated the

presence of mitochondrial DJ-1 and have established mito-
chondria as a critical site for DJ-1 function (16). In this study, we

Fig. 5. DJ-1 ablation caused IP3R3 accumulation at
MAM. (A) Representative immunoblot and quantita-
tive analysis of MAM proteins in total cell lysates and
MAM fractions from control and DJ-1 KO M17 cells.
Data are normalized to calnexin. WL, whole lysate;
CANX, calnexin; Sig 1R, Sigma 1R. (B) Representative
immunoblot and quantitative analysis of IP3R3 in the
detergent-soluble (S) and -insoluble (I) fractions of
total cell lysates from control and DJ-1 KOM17 cells. (C)
Representative immunoblot and quantitative analysis
of time-dependent degradation of IP3R3 after treat-
ment of CCh in control and DJ-1 KO M17 cells. Data
are means ± SD from 3 independent experiments,
Student t test; *P < 0.05; **P < 0.01; ****P < 0.0001.

Fig. 4. DJ-1 ablation disrupted the IP3R3-Grp75-
VDAC1 complex. (A and B) Representative images
and quantification of PLA signals revealed decreased
IP3R3-Grp75 (127 to 200 cells) and IP3R3-VDAC1 (67
to 86 cells) in DJ-1 KO cells. (Scale bar, 5 μm.) (C)
Representative immunoblot and quantitative analysis
of Grp75 coimmunoprecipitated with IP3R3 antibody
in control and DJ-1 KO cells. (D) Representative Blue-
native PAGE and immunoblot images and quantita-
tive analysis of the macrocomplex in total cell lysates
from control and DJ-1 KO cells. (A–D) Data are
means ± SD based on 3 independent experiments,
Student t test, *P < 0.05, **P < 0.01, ***P < 0.001.
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also confirmed mitochondrial and cytosolic localization of DJ-1,
but further demonstrated that a subset of DJ-1 is located at the
MAM fraction in M17 neuronal cells and in the mouse and
human brain in vivo. This is unlikely due to the mitochondrial
contamination because of the complete removal of mitochondria
contents in our MAM preparation as evidenced by the absence
of mitochondrial markers in the MAM fraction. MAM localization of
DJ-1 is corroborated by the in situ PLA assay which clearly demon-
strated close juxtaposition between DJ-1 and well-characterized
MAM proteins including IP3R3, Grp75, VDAC1 (Fig. 3), and
Sigma 1R. Furthermore, coimmunoprecipitation analysis con-
firmed physical interaction between DJ-1 and IP3R3, Grp75, and
VDAC1 (Fig. 3). Therefore, our studies extend the function of
DJ-1 to communication between the ER and the mitochondria at
their contact sites. As a specialized structure of bidirectional
communication, ER-mitochondria contacts regulate a number of
essential physiological functions including Ca2+ signaling, phos-
pholipid biosynthesis, autophagosome formation, mitochondrial
fission/fusion and function, and cell death (8). Notably, DJ-1 has
been implicated in the regulation of many of these functions. For
example, DJ-1 knockdown impairs autophagy in various cell
types, and both PI3K/AKT and mTORC1 pathways are involved
(35, 36). Multiple groups demonstrated that manipulation of the
expression of DJ-1 leads to changes in mitochondrial morphol-
ogy by impacting mitochondrial fission/fusion factors including
DLP1 and Mfn2 (17–19). DJ-1 is involved in the regulation of
depolarization-evoked Ca2+ release from the sarcoplasmic reticulum
and the mitochondrial permeability transition pore opening (20–22).
In our study, consistent with the MAM presence of DJ-1, DJ-1
ablation caused a decrease in the physical and functional interac-
tions between ER and mitochondria at the contact sites as demon-
strated by 3 independent approaches, namely, electron microscopic
and in situ PLA analysis of ER-mitochondria physical proximity and
mitochondria-targeted CEPIA4-based measurement of mitochon-
drial calcium uptake, confirming recent studies (37). Importantly, we
also found similar deficits in the brain of DJ-1 KO mice in vivo. In
fact, reduced DJ-1 level and IP3R3-DJ-1 interaction were associated
with reduced ER-mitochondria association in neurons in the sub-
stantia nigra in sporadic PD brain. It is therefore not unlikely that
DJ-1 deficiency, through the impaired integrity and function of ER-
mitochondria contacts, negatively impacts various ER-mitochondria–
regulated physiological functions that may be of significance to the
pathogenesis of both DJ-1–associated familial and sporadic PD.
In this regard, it is interesting to note that abnormal ER-mitochondria

association is increasingly implicated in neurodegenerative diseases,
including PD, suggesting that abnormal ER-mitochondria associa-
tion may represent a common neurodegenerative mechanism (9).
For example, PINK1 and Parkin have been found in the ER-
mitochondria contacts and modulate the structure and function of
ER-mitochondria contacts through Mfn2 ubiquitination (24). Mu-
tant α-synuclein disrupted the binding between ER-mitochondria–
tethering proteins VAPB and PTPIP51 and perturbed mitochondrial
calcium uptake and ATP production (23). On the other hand, in-
creased ER-mitochondria association was reported in Alz-
heimer’s disease (38, 39), suggesting that the proper ER-
mitochondria association is essential to neuronal survival/function
and that the detailed mechanism underlying abnormal ER-
mitochondria association may be different between various dis-
eases and needs to be sorted out separately.
To explore the mechanism underlying the role of DJ-1 in the

regulation of the integrity and function of ER-mitochondria as-
sociation, we confirmed the interaction between DJ-1 and Grp75
as previously reported (27). We further demonstrated that DJ-1
is also in close juxtaposition with and physically interacts with
IP3R3 and VDAC1, the other 2 components of the IP3R3-
Grp75-VDAC1 tripartite complex. Indeed, DJ-1 comigrates
with IP3R3, Grp75, and VDAC1 in a large complex in the native
state, which strongly suggests that DJ-1 is part of a MAM mac-
rocomplex that contains the IP3R3-Grp75-VDAC1 complex.
This finding of DJ-1 being part of a MAM macrocomplex is
likely of both structural and functional significance. On one
hand, the loss of DJ-1 led to significant reduction in the juxta-
position and physical interaction between IP3R3, Grp75, and
VDAC1, suggesting the disruption of the IP3R3-Grp75-VDAC1
complex in the DJ-1 KO cells. This is confirmed by the signifi-
cantly reduced levels of the large macrocomplex in the native
state recognized by the IP3R3 in the blue-native gel. Therefore,
these results demonstrate that DJ-1 acts as a critical component
to stabilize the calcium channel formed by IP3R3 and VDAC1
between the ER and mitochondria, which is of pathogenic signif-
icance as signified by the findings that the L166P mutation caused
impaired IP3R3-DJ-1 interaction and failed to rescue DJ-1
ablation-induced ER-mitochondria association and function.
It is of interest to note that, like Grp75 (28), immunoprecipi-
tation of DJ-1 could copurify both IP3R3 and VDAC1, sug-
gesting that DJ-1 likely plays a similarly central role in setting
up the protein complex with IP3R3 and VDAC1. The fact that
the loss of DJ-1 impacted the IP3R3-Grp75-VDAC1 complex

Fig. 6. DJ-1 ablation caused MAM deficits in vivo.
(A) Representative images and quantification of
IP3R3-VDAC1 PLA signals revealed decreased IP3R3-
VDAC1 association in TH+ neurons in the substantia
nigra of DJ-1 KO mice. IP3R3-VDAC1 PLA (red) were
developed in brain sections and costained with ty-
rosine hydroxylase (TH, green) (n = 3/group). (Scale
bar, 20 μm.) (B) Representative immunoblot and
quantitative analysis of Grp75 coimmunoprecipi-
tated with IP3R3 antibody in the brain homogenates
of DJ-1 KO and WT control mice (n = 3/group). (C)
Representative BN-PAGE/immunoblot and quantita-
tive analysis of the macrocomplex detected by IP3R3
in the crude mitochondria fraction from mouse brain
homogenates (n = 4/group). (D) Representative im-
munoblot and quantitative analysis of MAM proteins,
normalized to calnexin, in the brain homogenates
(Homo) and MAM fractions from DJ-1 KO mice.
CANX, calnexin; Sig 1R, Sigma 1R; β-Tub, β-tubulin.
Data are means ± SD, Student t test; *P < 0.05; **P <
0.01; ***P < 0.001.
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without affecting the MAM level of Grp75 suggests a critical
role of DJ-1 that is independent of that of Grp75 in this
macrocomplex. On the other hand, DJ-1 appears to have direct
effects on the regulation of IP3R3 homeostasis at the ER-
mitochondria contact sites since loss of DJ-1 led to accumu-
lation of IP3R3, especially the higher-molecular-weight forms
suggestive of aggregation, in the MAM fraction both in vitro
and in vivo. This is further supported by the finding of a dra-
matic increase of IP3R3 and the higher-molecular-weight
forms in the Nonidet P-40–insoluble fraction of the DJ-1 KO
cells. Such a IP3R3 defect is likely the underlying cause of
impaired ER release of calcium upon histamine stimulation.
Binding of IP3 to IP3R causes IP3R conformational change to
open the channel, and calcium efflux through IP3R causes
further conformational change of IP3R that exposes its ubiq-
uitin modification sites. This allows subsequent ubiquitination
and degradation so that the IP3R protein level is fine-tuned
(32–34). This fast turnover of IP3R is of great significance for
the maintenance of the sensitivity of the receptor and calcium
signaling. Consistent with the notion that loss of DJ-1 disrupts
the homeostasis of IP3R3, IP3R3 degradation induced by CCh
(34), an IP3 inducer, as observed in the control cells, was en-
tirely blocked in the DJ-1 KO cells. Given the increased IP3R3
in the MAM fraction prepared from PD brain tissues, IP3R3
dyshomeostasis likely contributes to PD deficits. How DJ-1
interacts and regulates IP3R3 homeostasis obviously warrants
further investigation. In this regard, it is of interest to note that
the Sigma 1 receptor, a MAM protein involved in the stability

and channel function of IP3R3 (40), is also significantly re-
duced after DJ-1 KO both in vitro and in vivo.
In summary, we have demonstrated that DJ-1 is localized to

MAM and interacts and comigrates with the IP3R3-Grp75-VDAC1
complex. Loss of DJ-1 disrupts the IP3R3-Grp75-VDAC1 complex
and IP3R3 homeostasis, which leads to decreased ER-mitochondria
association and function. Our study identifies DJ-1 as a critical
component of the macrocomplex containing IP3R3-Grp75-VDAC1
at the ER-mitochondria contact sites and as playing an important role
in the regulation of the integrity and function of ER-mitochondria
association both in vitro and in vivo. Thus, we offer insights into
the cellular mechanism regulating calcium cross-talk between
ER and mitochondria and the potential pathogenic mechanism
of DJ-1 deficiency in PD.

Materials and Methods
Animals and Animal Care. WT and DJ-1 KO (#006577-B6.Cg-Park7tm1Shn/J)
C57BL6 mice were from The Jackson Laboratory. The animal experiments
were performed according to protocols approved by the Animal Care and
Use Committee of Case Western Reserve University. A detailed description of
materials and methods is provided in SI Appendix.

Data Availability. All data are included in the manuscript and SI Appendix.
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