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PARK7/DJ-1 in microglia: implications
in Parkinson'’s disease and relevance
as a therapeutic target
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Abstract

Microglia are the immune effector cells of the brain playing critical roles in immune surveillance and neuroprotec-
tion in healthy conditions, while they can sustain neuroinflammatory and neurotoxic processes in neurodegenerative
diseases, including Parkinson'’s disease (PD). Although the precise triggers of PD remain obscure, causative genetic
mutations, which aid in the identification of molecular pathways underlying the pathogenesis of idiopathic forms,
represent 10% of the patients. Among the inherited forms, loss of function of PARK7, which encodes the protein DJ-1,
results in autosomal recessive early-onset PD. Yet, although protection against oxidative stress is the most prominent
task ascribed to DJ-1, the underlying mechanisms linking DJ-1 deficiency to the onset of PD are a current matter of
investigation. This review provides an overview of the role of DJ-1 in neuroinflammation, with a special focus on its
functions in microglia genetic programs and immunological traits. Furthermore, it discusses the relevance of targeting
dysregulated pathways in microglia under DJ-1 deficiency and their importance as therapeutic targets in PD. Lastly, it
addresses the prospect to consider DJ-1, detected in its oxidized form in idiopathic PD, as a biomarker and to take into
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account DJ-1-enhancing compounds as therapeutics dampening oxidative stress and neuroinflammation.
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Background

Microglia are the innate immune cells of the brain paren-
chyma playing critical roles in the communication with
other glial cells and neurons. Microglia make up 5-12%
of the cells in the central nervous system (CNS) and their
density varies across different brain regions [1, 2]. Micro-
glia are important for the removal of debris, injury repair,
synaptic pruning and immune surveillance [3]. Their
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main role is to maintain the homeostasis of the inner
brain milieu, acting as the first line of defense against
infectious organisms, stress or other perturbations of
the CNS. About 10% of genes expressed by microglia
encode pattern recognition receptors (PRRs), cytokine
and chemokine receptors allowing them to sense changes
in the microenvironment, which is commonly referred to
as the “microglia sensome” [4]. A large variety of other
receptors play critical roles in microglial regulation and
communication with the neuronal network as these cells
are also equipped with receptors to detect other types of
molecules, such as neurotransmitters and hormones [5].
During brain development, microglia support neurogen-
esis with neurotrophic factors, such as brain-derived neu-
rotrophic factor, which are essential for the viability of
neurons and promote synapse formation [6]. Microglial
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cells are also important for promoting cell proliferation
and differentiation of various cell populations in the CNS
[7], for instance, by stimulating the development of oligo-
dendrocytes [8, 9]. Throughout development and during
adulthood, microglia maintain the health of the neuronal
environment and can even induce neuronal sprouting
after injury [6, 7].

Under threatening conditions, microglia react quickly
to any stimulus by undergoing morphological and func-
tional changes, referred to as “microglia activation”
represented by several stages and substates depending
on the context [3, 10]. When activated, microglial cells
produce cytokines, chemokines, neurotrophic and neu-
rotoxic factors, present antigens and take on both prolif-
erative, migratory and phagocytic properties [5]. Hence,
microglia can serve both protective housekeeping func-
tions and deleterious roles at certain stages of activation
across various neurodegenerative diseases [10, 11].

PD is the second most frequent neurodegenerative dis-
ease after Alzheimer’s disease (AD) affecting 1% of the
world’s population above the age of 65 and 4% of elderly
people over 85 years old [12]. Furthermore, it is the fast-
est growing neurological disorder worldwide [13]. The
progressive loss of nigrostriatal dopaminergic (DA) neu-
rons pathologically characterizes PD. The specific loss
of DA neurons in the substantia nigra (SN), a region of
the midbrain, gives rise to the cardinal motor symptoms,
including resting tremor, bradykinesia, rigidity and pos-
tural instability [14, 15]. The main neuropathological fea-
ture of PD is represented by the presence of Lewy bodies,
which are proteinaceous inclusions consisting of fibrillar
a-synuclein (a-syn) and ubiquitinated proteins present in
the remaining nigral neurons [16]. At present, only symp-
tomatic treatment of PD is available with long-term side
effects resulting in poor patient wellbeing [17]. Hence,
there is an unmet need for treating this disease.

The large majority of PD cases are idiopathic, mean-
ing that the causes of the disease, which has a sporadic
and non-familial appearance, are not known. The onset
of PD is associated with environmental risk factors,
such as exposure to herbicides and pesticides, brain
trauma, infection and chronic stress [18-21]. How-
ever, the most important risk factor for PD is aging. In
fact, epidemiological studies foresee that the prevalence
of PD will increase rapidly as a larger proportion of the
world’s population will become older [22]. It is currently
estimated that the number of people with PD will dou-
ble from 6.9 million in 2015 to 14.2 million in 2040 [13].
Several studies revealed the presence of mutations and
polymorphisms related to increased risk of developing
PD. Thus far, genome-wide-association studies identi-
fied 90 PD risk loci and, among them, 19 disease-causing
genes have been recognized [23, 24]. Interestingly, many
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of them are related to genes, both autosomal dominant
and recessive, whose mutations cause genetic PD, such as
mutations in the gene encoding a-syn (SNCA/PARKI),
DJ-1 (PARK?7) and leucine-rich repeat kinase 2 (LRRK2/
PARKS) [25-27]. 5-10% of cases are triggered by a muta-
tion in a single gene and the focus on these specific
inherited forms of PD has been a significant step for the
understanding of mechanisms involved in PD [28]. The
gene PARK7 encodes a 20 kDa protein named parkinson-
ism-associated deglycase 1 or DJ-1, although it does not
possess a protein deglycase activity [29].

This review will recapitulate the role of microglia in PD
and specifically the genetic form of PD associated with
the loss of DJ-1, an important protein involved in protec-
tion against oxidative stress. Recent advances have led to
the discovery of a large variety of functions of DJ-1, both
in the CNS [30] and peripheral immune functions [31,
32]. However, the large majority of studies have focused
on DJ-1’s involvement in PD pathogenesis and the demise
of dopaminergic neurons. Microglial activation, neuro-
inflammation and oxidative stress are hallmarks of PD,
although the exact underlying mechanisms remains to be
elucidated [33, 34]. Several excellent reviews have cov-
ered microglial changes in PD [35-37] and only the most
important findings will be summarized herein. The study
of mutations leading to PD may enable the understanding
of the cellular pathways leading to neuronal protection
and dampening of microglia activation in PD patients.
To our knowledge, this is the first review to discuss spe-
cifically the role of DJ-1 in microglia and how it affects its
genetic programs and immunological traits.

Microglia phenotypes in Parkinson’s disease

The involvement of microglia in PD was first observed
in 1988, with the demonstration that activated microglia
in the SN of patients displayed high expression levels of
MHC class II, an important molecule for antigen pres-
entation [38]. Later, the existence of activated microglia
in SN post-mortem tissue from PD patients has been
confirmed [39, 40]. Furthermore, in patients with other
Parkinsonian syndromes, degenerating neurons in the
SN are closely associated with large numbers of activated
microglia [41, 42]. However, activated microglia have not
only been detected in the SN, but also in the putamen,
hippocampus, as well as transentorhinal cingulate and
temporal cortex, where they express the lysosomal activ-
ity marker CD68, the scavenger receptor toll-like recep-
tor 2 (TLR2), the intracellular adhesion molecule one
(ICAM-1) and the integrin receptor CD11a [41, 43-47].
Various cytokines have also been detected, which further
points to an activated or deregulated immune response
in these patients. For example, tumor necrosis factor
(TNE), transforming growth factor (TGF)-«, TGEF-1p,
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IL-1B, IL-2 and IL-6 were elevated at the protein level
in the striatum and cerebrospinal fluid (CSF) [48-52].
A recent study found that «-syn-accumulating micro-
glial cells develop a strong reactive state with an exces-
sive production of reactive oxygen species (ROS) and
pro-inflammatory cytokines in an in vivo mouse model
of lentiviral-mediated selective a-syn accumulation in
microglia. This model showed DA neuronal degeneration
due to reactive microglia and interferon y (IFN-y) secret-
ing immune cells infiltrating the brain [53]. Of note,
microglia can distribute a-syn among them via tunneling
nanotubes to share its load, a process that is impaired in
cells carrying the genetic PD mutation LRRK2 G2019S,
increasing neuroinflammation and the death of neurons
[54].

Microglial activation and neuroinflammation in PD
support the degeneration of the DA neurons in the
nigrostriatal pathway, but exactly how and when it occurs
is not yet known [39, 40, 55]. The selective loss of neu-
rons in the SN may be explained by a lower antioxidant
ability of DA neurons, rendering them more suscepti-
ble to both oxidative stress and inflammatory insults,
partly mediated by microglia [56-58]. Additionally, DA
neurons in the SN are particularly exposed to oxidative
stress as the dopamine metabolism can give rise to vari-
ous endogenous toxins if not properly removed [56, 59].
Furthermore, the density of microglial cells is consider-
ably higher in the SN compared to other brain regions,
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which is an additional factor that might explain the sus-
ceptibility of these neurons [1, 2, 60]. In line with this
observation, midbrain microglial cells show an upregu-
lation of inflammatory response genes compared to the
corresponding cells in the striatum [61]. In this context,
it is relevant to switch the focus from a DA neuron-cen-
tered toward a neuroinflammation-contributing disease,
thereby setting microglial cells as crucial players in PD
development and progression [53, 62].

Roles of PARK7/DJ-1 and its involvement

in Parkinson’s disease

The expression of DJ-1 is especially high in tissues with
a high metabolic rate, such as the liver, kidney and
CNS. In the brain, DJ-1 is mainly expressed by micro-
glia, astrocytes and neurons [63, 64]. Although DJ-1 is
predominantly found in the cytosol, it is also associated
with the nucleus and mitochondria [64—66]. The gene
was first described in 1997 as an oncogene with trans-
forming properties affecting ras-dependent transforma-
tion (Fig. 1A) [66]. Its loss of function was later defined
in 2001 as a causative factor for a familial form of early-
onset PD with an autosomal recessive inheritance (Box 1)
[67, 68]. The DJ-1 protein is involved in several cellular
activities [69]. Among others, it regulates mitochondrial
functions, acts as a protease, a RNA-binding protein and
a chaperone delivering proteins to the proteasome [70],
regulates transcription and is involved in autophagy [71]
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Fig. 1 Functions of DJ-1. DJ-1 has a plethora of functions and was originally described as an oncogene A due to its involvement in cellular
transformation and transcriptional regulation. B DJ-1 protects against oxidative stress both indirectly by stabilizing transcription factors inducing
an antioxidant response or C directly by scavenging reactive oxygen species (ROS) both in the mitochondria and cytoplasm and indirectly by

stabilizing transcription factors inducing an antioxidant response. The cysteine residue on position 106 (Cys106) within the DJ-1

protein acts as a

sensor of redox state and can be oxidized to sulfinate (-SO,™) and further to sulfonate (-SO;7). Cys1 06-50%~ has cytoprotective functions, whereas
excessive oxidative stress can induce its overoxidation Cys106-5SO;~ and thereby its loss of function. Figure created with www.BioRender
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(Table 1). However, the most prominent function of DJ-1
is to protect cells against ROS [72] (Fig. 1B). ROS are
chemical reactive species containing oxygen (e.g., perox-
ides, hydroxyl radicals and superoxides) induced by UV
radiation, tobacco smoke, drugs, xenobiotics and pesti-
cides, the latter two being of high relevance for the devel-
opment of PD [73]. Notably, a recent study investigating
the possible inhibitory effects of one hundred pesticides
on DJ-1 uncovered that 15 of them were effective inhibi-
tors of the human DJ-1 protein [74]. All of them were
previously linked to PD, such as paraquat, which causes
oxidative stress, DA neuronal loss and PD symptoms
(Table 1) [75, 76]. Hence, the inhibition of DJ-1 by pes-
ticides might represent a biological effect contributing
to ROS accumulation and the development of PD. DJ-1
also possesses metal-binding properties, which are lost
when DJ-1 is mutated, thus underlining the importance
of DJ-1 to protecting against the toxicity of heavy met-
als, such as copper and mercury [77], since the chronic
exposure to these metals is linked to PD and contributes
to its progression inducing neuronal loss through neuro-
inflammation, oxidative stress, DNA damage, mitochon-
drial dysfunction, and apoptosis [78]. Not surprisingly,
the combination of various environmental toxicants
throughout life, confers even a greater risk of develop-
ing PD [79]. Further research is warranted to delineate by
which mechanisms different pesticides, heavy metals and
probably yet unknown toxicants [80, 81] increase ROS
accumulation and the susceptibility to PD.

At a late stage of the disease, the SN of PD patients
exhibits typical characteristics associated with ROS accu-
mulation, including decreased glutathione (GSH) levels
together with increased lipid peroxidation and manga-
nese superoxide dismutase activity and upregulated
oxidative stress biomarkers [59, 82]. A small amount of
ROS is produced under homeostatic conditions in the
complex IV of the mitochondria during oxidative phos-
phorylation and plays an important role in cell signaling
[83]. However, macrophages and microglia can substan-
tially increase the production of ROS when exposed to
pathogen-associated molecular patterns (PAMPs), neu-
rotoxins and various inflammatory peptides [84, 85]. As
a result, they work as bactericidal mediators getting rid
of pathogens via for example the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase-mediated
release of ROS, also called oxidative burst [86]. NADPH
oxidase is a membrane-bound enzyme complex pro-
ducing ROS by catalyzing the production of superoxide
from oxygen [36]. Interestingly, the catalytic subunit of
the NADPH oxidase is upregulated in PD [87]. It was
demonstrated that when activated via lipopolysaccha-
ride (LPS), primary microglia from rats produced neu-
rotoxic extracellular ROS, via NADPH oxidase, leading
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to blood-brain barrier (BBB) dysfunction in vitro [88].
Moreover, NADPH oxidase in microglia primarily pro-
duced neurotoxic extracellular ROS. Thus, it is indirectly
demonstrated that NADPH-mediated ROS production
by microglia can contributes to neurotoxicity [62]. Of
relevance for the PD pathophysiology, a-syn uptake by
microglia leads to ROS production via NADPH oxidase
[89].

DJ-1 can protect cells against ROS both directly by
scavenging ROS and indirectly by stabilizing nuclear fac-
tor erythroid factor-E2 related factor 2 (NRF2), which
is a master regulator of antioxidant response genes [90]
(Fig. 1B). Under oxidizing conditions, DJ-1 can self-oxi-
dize by forming cysteine-sulfinic acid [91]. The cysteine
residue on position 106 (Cys106) of DJ-1 is oxidized
when cells are exposed to oxidative stress. Cys106 is criti-
cal for the biological function of DJ-1, with its oxidized
form Cys-SO,H representing the active form [92], while
further oxidation of DJ-1 to Cys-SO;H leads to its loss
of function (Fig. 1C) [93]. Furthermore, oxidative stress
stimulates the degree of translocation of DJ-1 into the
mitochondria [91, 94]. Under homeostatic conditions,
DJ-1 binds to subunits of the mitochondrial complex 1
regulating its activity [95]. However, the binding of DJ-1
to complex I subunits are enhanced under oxidative
stress. Mitochondria-targeted sequence-conjugated DJ-1
is more protective against cell death induced by oxida-
tive stress than when in the cytoplasm [94]. Without a
proper DJ-1 function, a decreased antioxidant response
will occur in the affected cells [96]. Another mechanism
by which DJ-1 limits cellular ROS accumulation is via
the upregulation of GSH levels through an increase of
the rate-limiting enzyme glutamate cysteine ligase [97].
A recent study revealed further mechanistic insights, as
DJ-1 was shown to regulate GSH levels in astrocytes via
its binding to the glutathione-specific gamma-glutamyl-
cyclotransferase 1 (CHAC1), a protein involved in GSH
degradation (Table 1) [98].

Interestingly, a PD-related mutation in DJ-1, the L166P
mutant, blocks the ability of DJ-1 to dimerize and the
monomer form of DJ-1 is rapidly degraded [99-101].
Therefore, L166P mutants have a diminished protection
against oxidative stress due to lower DJ-1 concentrations
[97]. Patients with a homozygous DJ-1 deletion show
decreased [*8F]-fluoro-L-3,4-dihydroxyphenylalanine
uptake and cerebellar hypometabolism, which is compa-
rable with alterations seen in idiopathic PD (iPD) patients
(Box 1) [67, 102, 103]. Only one post-mortem study of a
DJ-1 patient has been characterized so far and the neu-
ropathological analysis showed significant DA neuronal
loss and Lewy bodies with a-syn aggregates in various
brain regions as typically described in post-mortem stud-
ies of iPD patients [104, 105]. Significant gliosis was also
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Table 1 DJ-1 functions described to date
Function Model References
Functions as an oncogene
Suppresses phosphatase PTEN Drosophila melanogaster, COS7 (monkey fibroblast cell line), NIH3T3  [177]
(mouse fibroblast cell line)
Alters p53 signaling HEK293T (human kidney cell line), A549 (human lung adenocarci- [178]
noma cell line), H1299 (human lung carcinoma cell line), DJ1 KO
primary mouse fibroblast
N2a (mouse neuroblastoma cell line), HEK293T, A549, H1299, Danio  [179]
rerio
HEK293T, H1299, HelLa (human cervical cancer cell line), [180]
ME180 (mouse tumor associated endothelial cell line) 181]
Cooperative transforming activity with H-ras NIH3T3, HelLa, Cos | (monkey fibroblast cell line), 3Y1 (rat fibroblast  [66]
cell line)
Functions in antioxidant responses
Upregulates glutathione (GSH) synthesis N27 (rat dopaminergic neuron cell line), primary rat mesencephalic  [97]
Via the inhibition of GSH inhibitor protein glutathione-specific cells
gamma-glutamylcyclotransferase (CHACT) HEK293T, primary mouse astrocytes [98]
Stabilizes NRF2 Primary mouse embryonic fibroblasts, Huh7 (human liver cancer [90]
Via the upregulation of thioredoxin 1 cell line), H157 (human oral squamous carcinoma cell line)
SH-SY5Y (human dopaminergic neuroblastoma cell line), HelLa [118]
Protects against oxidative stress to prevent cell death H1299, HEK293T [96]
Via an interaction with Daxx to suppress cell death NIH3T3. SH-SY5Y [92]
Via the binding to subunit of NADPH oxidase to prevent oxida- '
tive burst Hela, SH-SY5Y [182]
DJ-1 protects against cell death induced by oxidative, but not SH-SY5Y [72]
nono><|dat_|ve, stress following MPTP—trgatment In vivo Bone marrow-derived macrophages from mice and humans, THP-1  [113]
Stronger intracellular ROS response with and without LPS treat- () 41 monocytic cell line), RAW 264.7 (mouse monocytic cell line) [112]
ment in DJ-1 deficient microglia compared to wildtype ) )
MPTP-model of PD in DJ-1 KO mice [110]
DJ-1 deficient N9 (immortalized murine microglia cell line) (111
Other functions of DJ-1
Interacts with PINK1 and PARKIN SH-SY5Y, HEK293 [183,184]
SH-SY5Y
Acts as a redox sensitive chaperone SH-SY5Y, HEK293, Undifferentiated murine ES cells, Hel.a, CAD [70]
(mouse neuroblastoma cell line)
Prevents damage to proteins and metabolites caused by HCT 116 (human colon cancer cell line), Drosophila melanogaster, [185]
1,3-biphosphoglycerate Schizosaccharomyces pombe, Escherichia coli
Autophagy and phagocytosis of a-syn and mitochondria N9 (mouse microglia cell line), primary mouse microglia [71]
DJ-1 KO mouse embryonic fibroblasts, DJ-1 KO mouse primary [192]
cortical neurons, DJ-1 KO mouse primary lymphoblasts, H1299
DJ-1 KO mouse embryonic fibroblasts, primary human fibroblast [186]
from DJ-1 mutated patients (E46D homozygous mutation)
Mitochondrial homeostasis DJ-1 KO mouse embryonic fibroblasts, DJ-1 KO mouse primary [187]
cortical neurons, DJ-1 KO mouse primary lymphoblasts, H1299
N9 (mouse microglia cell line), primary mouse microglia [71]
SN4741 (mouse dopaminergic neuron cell line) [188]
Controls metabolic pathways Drosophila melanogaster, DJ-1 deficient SH-SY5Y [189]
Promote pyruvate dehydrogenase (PDH) activity by binding to Aged DJ-1 KO mice [32]
PDHE1-(, a component of the PDH complex, inhibiting phos-
phorylation and thereby promoting oxidative phosphorylation
Acts as a protease H1299, HEK293, HEK293T [96]
DJ-1 crystallography (in silico prediction), (FIp-In)NIH3T3 [99]
D2 (mouse mammary gland tumor cell line), HEK293T [190]
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Table 1 (continued)
Function Model References
Modulates androgen-receptor signaling HEK293T, TM4 (mouse Sertoli cell line), HepG2 (human liver carci- [191]
noma cell line), Cos I, CV1 (monkey fibroblast cell line)
Cos7 [192]
H1299, HEK293T, LNCaP (human prostate cancer cell line), LAPC4 [193]
(human prostate cancer cell line)
Alters dopamine receptor signaling Acute striatal slices from DJ-1 KO mice [194]
HEK293T [195]
SH-SY5Y, SK-N-SH (human neuroblastoma cell line) [196]
Inhibits aggregation of a-synuclein SH-SY5Y, DJ-1 KO mice [197]
HEK293T, H4 (Human neuroglioma cell line), undifferentiated [198]
murine ES cells, Hela, SH-SY5Y
Undifferentiated murine ES cells, Hel.a, CAD [70]
Binding of STAT1 phosphatase Primary mouse DJ-1 KO microglia and astrocytes, DJ-1 KO mouse [131]
cortical slices, BV-2 (mouse microglia cell line)
Binding of p65 (subunit of NFkB) DJ-1 KO mouse, BV-2 [133]

described in this post-mortem study, which is also similar
in iPD post-mortem studies and is in line with the notion
that microglia are highly activated by a-syn leading to
secretion of neurotoxic substances, including TNF and
ROS [105].

The abovementioned studies mostly investigated DJ-1
functions using neurons or cancer cell lines, as listed
in Table 1 and reviewed in [106—-109]. Comparatively,
mechanistic insights specifically addressing microglia are
discussed in the next section.

the patient does not live up to the diagnostic criteria
(in addition to bradykinesia, the patient should show
one or more motor symptoms, such as tremor at rest,
stiffness or rigidity of arms or legs) [208]; (3) The clini-
cal phase where symptoms are clearly recognizable

and manifested.

Box 1. Age of onset and phases of Parkinson’s disease

Parkinson’s disease (PD) is an incredibly complex
disease, which is probably composed of many dis-
eases collectively referred to as PD. One can distin-
guish PD in terms of its age of onset; young-onset PD
(YOPD) is diagnosed between 21 and 40 years of age
[207]. Approximately 3—5% of cases of PD worldwide
starts at this young age. YOPD can be further subdi-
vided into rare juvenile parkinsonism, which starts
before the age of 21 and the YOPD where the onset
is between 21 and 40 years of age. YOPD can be dis-
tinguished from late-onset PD (LOPD) (diagnosis
after 40 years of age), as it often has a genetic etiol-
ogy and clinically the patients present with dystonia
and levodopa-induced dyskinesia [207]. LOPD on
the other hand, is often idiopathic and in the Western
world the mean age of PD onset is in the 6th decade
of life [13]. There are three phases of PD; (1) The pre-
clinical phase, where the degeneration of DA neurons
has already begun, but the patient has no symptoms;
(2) The prodromal phase where symptoms are present,
such as hyposmia, depression and/or constipation, but

Functions of DJ-1 in microglia

DJ-1 functions in antioxidant responses

The balance between the production of oxidative spe-
cies and their removal determines the oxidative stress of
a cell or a tissue. One of the many functions of DJ-1 is
to protect cells against oxidative stress-induced cell death
[96, 110]. DJ-1-deficient N9, an immortalized microglia
cell line, showed higher intracellular ROS levels com-
pared to control microglia both with and without LPS
stimuli (Box 2) [111]. Similarly, nitric oxide (NO) levels
were higher in DJ-1-deficient microglia, both at baseline
and after 16-h treatment with LPS [111]. Two independ-
ent studies showed that DJ-1 interacts with a subunit
of NADPH oxidase in macrophages [112, 113]. Specifi-
cally, in bone marrow-derived macrophages (BMDMs)
from mice and humans, DJ-1 can bind p47phox, which
is a critical component of the NADPH oxidase complex
(Fig. 2A). The binding of DJ-1 to p47phox disrupts the
NADPH oxidase complex facilitating its ubiquitination
and degradation, ultimately resulting in decreased ROS
production [112]. A study conducted in a sepsis model
showing that enhanced bactericidal responses in DJ-1 KO
mice are associated with decreased mortality compared
to wildtype mice, which underline the importance of the
DJ-1-ROS axis in response to life-threatening infections
(Box 3) [113].
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Fig. 2 Functions of DJ-1 in microglia. A DJ-1 binds the p47 (green) unit of the NADPH oxidase preventing oxidative burst. B By preventing the
binding of KEAP1 (yellow) to NRF2 (red), DJ-1 activates NRF2, which acts as a transcription factor regulating anti-oxidative responses. C DJ-1-NRF2
axis inhibits the inflammasome activation via TRX1. D DJ-1 facilitates the interaction of SHP-1 with STAT1, thereby inhibiting the STAT1 pathway. E
DJ-1 binds the p65 subunit of the NFkB, thereby inhibiting the activation of the NFkB pathway. NRF2 NF-E2 related factor 2, KEAP T Kelch-like ECH
protein 1, TRXT Thioredoxin-1, SHP-T Src-homology 2-domain containing protein tyrosine phosphatase-1, STAT-1 Signal transducer and activator of
transcription 1, IKba NF-kB inhibitor a, NFkB nuclear factor kappa light chain enhancer of B cells. Figure created with www.BioRender

DJ-1 deficiency in macrophages and microglia does
not only lead to increased ROS production through the
NADPH oxidase complex, but their antioxidant response
is also impaired. Specifically, DJ-1 deficient micro-
glia exhibit changes in GSH levels. Both the glutamine
and serine pathways are important for de novo synthesis
of GSH as they provide the precursors glutamate, ser-
ine and glycine [114]. The loss of DJ-1 in neurons and
microglia modifies the central metabolism by decreas-
ing the glutamine influx and the biosynthesis of serine
[114]. Decreased levels of GSH in DJ-1 deficient cells
and a weak constitutive activation, characterized by
an increase in TNF, cis-aconitate decarboxylase 1 and
iNOS compared to wildtype (WT) microglia have been
detected [114]. Interestingly, a recent paper found sig-
nificantly higher GSH levels in the medial prefrontal
cortex of DJ-1 KO mice, which likely represents a com-
pensatory mechanism to overcome the loss of DJ-1 and
thereby the loss of its anti-oxidative mechanisms [115].
Multiple studies have been carried out in DJ-1 KO mice
to delineate DJ-1 function (Box 3). DJ-1 deficient mice
show subtle motor- and cognitive symptoms with old
age and when treating DJ-1 KO mice with the neurotoxin

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
a greater loss of DA neurons occurred compared to WT
mice, thus suggesting that DJ-1-deficient mice are more
vulnerable to neurotoxins [110] (Table 1).

Box 2. Lipopolysaccharide (LPS) as a molecule activating
microglia and inducing neurotoxicity

LPS is a component of the Gram-negative bacteria
cell wall able to stimulate a strong immune activation
both in vitro and in vivo. LPS is used to model sepsis
if injected in the bloodstream, while it recapitulates
neurodegenerative processes when injected directly in
the brain or at high doses in the periphery. Briefly, LPS
interacts with toll-like receptor 4 (TLR-4) and induces
the activation of the transcription factor nuclear fac-
tor kappa-light-chain enhancer of activated B cells
(NF«kB) resulting in transcription of pro-inflammatory
mediators, including IL-6 and IL-1pB, leading to an
acute inflammatory reaction in both mice and human
microglia and macrophages [209, 210]. It is widely
established that microglia, as the first line of defense
in the CNS, produce inflammatory cytokines and
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The interplay between DJ-1, NRF2 and NLRP3

DJ-1 prevents the binding of NRF2 to Kelch-like ECH
Associated Protein 1 (KEAP1), a protein important for
the ubiquitination of NRF2 [90]. NRF2 is an essential
regulator of the endogenous anti-oxidative response in
the cell as it induces key genes involved in the antioxidant
response [90]. Thus, by preventing the binding of KEAP1
to NRF2, DJ-1 stabilizes NRF2 and increases its expres-
sion levels without a direct binding of DJ-1 to it (Fig. 2B)
[116]. The interplay between DJ-1 and NRF2 also acts as a
suppressor of the inflammatory inducer nod like receptor
pyrin domain containing 3 (NLRP3) [116]. Hence, NRF2
suppresses NLRP3 inflammasome activity via thiore-
doxin 1 (TRX1) [117] and DJ-1 was shown to upregu-
late TRX1 expression [118]. Interestingly, a recent study

excessive ROS after a LPS challenge, but the physio-
logical relevance of LPS-induced microglia activation
to model neurodegenerative diseases can be ques-
tioned and should be interpreted with caution. How-
ever, LPS-induced neurotoxicity is strictly dependent
on microglia, strongly suggesting that microglia initi-
ate the damage to neurons [62, 211, 212]. Both in vivo
and in vitro studies show the progressive and acceler-
ating loss of DA neurons over time. When LPS is sys-
temically injected, microglia are activated via TNF and
mediate neurodegeneration specifically of DA neurons
in the SN [213]. Prenatal exposure to LPS can lead to
the loss of DA neurons and microglia activation in
adulthood [214-216].

showed that NLRP3 is negatively regulated by DJ-1 in a
murine microglia cell line (BV-2) [116] (Fig. 2C). NLRP3
is an inflammatory mediator in microglia that acts as an
intracellular sensor of stress and can induce the release
of inflammatory cytokines, such as IL-1p and IL-18 [119,
120] (Fig. 2C). Importantly, the CNS is especially sensi-
tive to these cytokines as various neural cell types express
receptors for IL-1f and IL-18 [121]. In PD-related stud-
ies, treatment of cultured microglia and neurons with
a-syn activates NLRP3 inflammasome and so the sub-
sequent IL-1p release [122—-124]. NLRP3 amplifies neu-
roinflammation via astrogliosis and microgliosis, which
exacerbate demyelination in a mouse model of neurode-
generation [125]. Furthermore, NLRP3 represents one of
the most common inflammatory pathways implicated in
PD [126, 127]. Indeed, NLRP3 supports the progression
of PD in mouse and rat models [122, 128, 129].

Box 3. Studies of DJ-1 KO mouse models to delineate
DJ-1 functions

In order to study the functions of DJ-1 in vivo and to
reveal how DJ-1 is associated with PD, researchers
have created a DJ-1 knockout (KO) mouse model [177,
217] (Table 1). Albeit no significant DA neuronal loss
was detected in the DJ-1 KO mouse model, a study
testing a battery of behavioral paradigms to eluci-
date both motor and dopaminergic functions in DJ-
1-deficient mice from 2 to 24 months of age, showed
gait abnormalities in young mice, which progressed
with aging [194, 217-219]. Hypokinesia was seen in
5- to 24-month-old DJ-1 KO mice together with a
progressive decrease in grip strength. However, this
was not associated with changes in dopamine levels,
tyrosine-hydroxylase (TH) positive DA neurons or D2
auto receptor sensitivity [220]. Similar findings were
also described in 18- to 27-month-old DJ-1 KO mice
[221]. Additionally, oxidative damage and a-syn inclu-
sions were not found in DJ-1 KO mice across their
lifespan [221]. Only a subset of highly backcrossed
DJ-1 KO mice showed DA neuronal loss [222]. How-
ever, the knockout of DJ-1 in rats results in progres-
sive neuronal loss characterized by motor deficits, gait
dysfunctions and up to 50% neuronal loss in 8-month-
old rats [223]. When knocking out other PD-related
genes in mice, such as PTEN-induced putative kinase
(PINK1) and parkin, an E3 ubiquitin ligase (PARK?2),
there were not significant DA neuronal loss [194, 218,
224]. All of these observations indicate that defects,
deficiencies or complete knock out of PD-related
genes, including PARK7/D]J-1, alone are not sufficient
for the manifestation of typical PD symptoms in mice.
However, even though these models do not recapitu-
late late-stage PD pathology, they represent valuable
paradigms to study its onset and prodromal phases in
relation to the specific pathogenesis (Box 1).

Interaction of DJ-1 with the JAK-STAT, interferon and NFKB
pathways

The Janus kinase/signal transducer and activator of tran-
scription (JAK/STAT) signaling pathway initiates secre-
tion of many cytokines resulting in cell growth and death
playing critical roles in neuroinflammatory processes
associated to neurodegenerative diseases [130]. Among
the various signaling pathways, DJ-1 interacts with the
JAK-STAT pathway in microglia [131]. Specifically, DJ-1
facilitates the interaction of STAT1 with its phosphatase,
Src-homology 2-domain containing protein tyrosine
phosphatase-1 (SHP-1), thereby blocking the STAT1
pathway [131] (Fig. 2D). The lack of DJ-1 results in exces-
sive and prolonged phosphorylation of STAT1, ultimately
inducing pro-inflammatory cytokines in BV-2, primary
murine microglia and astrocytes [131]. Additionally, the
release of IFNy and interferon-inducible T-cell alpha
chemoattractant are elevated in the SN of the DJ-1 KO
mouse and DJ-1 KO microglia at baseline compared to
control mice [132]. Following one-time 1 pg intra-nigral
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LPS administration, these cytokines were tremendously
increased at day five in DJ-1 KO compared to WT mice
[132], thus suggesting that DJ-1 deficiency favors the pro-
duction of inflammatory mediators, both at baseline and
after intra-nigral LPS injection. Of note, a clear reduction
of TH positive neurons by down to 43% in DJ-1 KO mice
compared to 19% in WT 5 days after a local injection of
LPS into the SN was reported [132]. These results show
that inflammation-induced loss of DA neurons is ampli-
fied in the DJ-1 KO mouse model (Box 3). However, these
outcomes are difficult to translate to a human model
as the method of intranigral injection of LPS is highly
invasive and it is not directly relatable to PD onset and
progression.

Interestingly, it has been recently demonstrated that
DJ-1 represses the nuclear factor kappa light chain
enhancer of B cells (NFkB) pathway. NFkB is a tran-
scription factor mediating various adaptive and innate
immune functions as well as acting as a pivotal media-
tor of inflammation (Box 2). Recently, it has been dem-
onstrated that in the cytoplasm, DJ-1 can bind p65, a
component of NFkB, in vitro in murine BV-2 micro-
glia. By sequestering p65 in the cytoplasm, DJ-1 inhib-
its its propensity to over activate the NFkB pathway
(Fig. 2E). When the PD-related mutation L166P was
introduced into BV-2 cells, it led to the translocation of
DJ-1 from the cytoplasm to the mitochondria [133]. As
DJ-1 was no longer found in the cytoplasm it promoted
the nuclear translocation of p65 as it facilitated the dis-
sociation between p65 and IkBa (the inhibitor of NFkB),
ultimately leading to NFkB activation [133]. Thus, NFkB
was induced and activated following the lack of bind-
ing of DJ-1 to p65 and the dissociation between p65 and
IxBa in the cytoplasm, which promote nuclear transloca-
tion and NFkB activation [133]. This explains the various
studies showing that knockdown of DJ-1 potentiates pro-
inflammatory responses in cultured murine microglia
and astrocytes following activation via dopamine, LPS or
IFN-y [111, 114, 131].

Notwithstanding, the large majority of the studies that
elucidated the molecular and cellular consequences of
DJ-1 deficiency in microglia are based on murine cul-
ture systems (Table 1), which evidently do not take into
account the cues from the CNS environment. Similar
studies conducted in human cell models or patients are
rare, but will be an essential future direction for trans-
lational therapeutic progresses. Taken together, in the
absence of DJ-1, microglia upregulate pro-inflammatory
cytokines and downregulate anti-inflammatory path-
ways, thereby its loss of function may increase the risk of
developing PD by enhancing neuroinflammatory path-
ways in microglia [116, 131-133].
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Perspectives for patient management

in Parkinson’s disease

DJ-1 as a biomarker for PD diagnosis and prognosis

The only current treatment for PD is symptomatic and
it is based on pharmacological dopamine supply of
L-3,4-dihydroxyphenylalanine (L-DOPA) for PD patients.
When the medicine is effectively managed, it can lead to
a continuous control of symptoms and a sustained qual-
ity of life for, at least, the first symptomatic stages [134]
(Box 1). However, 40% of PD patients receiving L-DOPA
develop motor complications and fluctuations, such as
L-DOPA induced dyskinesia (LID), after 4—6 years of
treatment [135, 136]. Hence, there is an unmet need for
treating these patients. Although sparse data is available,
it appears that 40-70% of DA neurons are already degen-
erated at the time of diagnosis [137-139], arguing that
a diagnosis of PD at an earlier stage is a prerequisite for
the success of therapeutics [140]. It is therefore critical to
find ways to diagnose PD in its prodromal phases (Box 1)
to be able to prevent further demise of DA neurons. In
this context, it is important to find early stage suscepti-
bility risk biomarkers for PD, diagnostic and prognostic
biomarkers to be able to diagnose at earlier disease stages
[141].

Neuropathological studies of PD patients have shown
inconsistent results on the usage of DJ-1 as a biomarker
for this disease. While increased expression levels of
DJ-1 in the brain (surrounding Lewy bodies), in CSF
and in plasma of PD patients compared to healthy con-
trols have been described [142—-145], other studies show
no difference or even decreased levels of DJ-1 in the
brain of PD patients [146, 147]. Various studies of post-
mortem brain tissue and plasma demonstrate that DJ-1
is oxidized in various PD patients compared to controls
(Fig. 1C) [65, 142, 145, 148-150]. This observation was
validated in vitro using induced pluripotent stem cell
(iPSC)-derived DA neurons from DJ-1 deficient patients
as well as a partial inactivation of DJ-1 in iPD neurons
[149]. In addition, a positive correlation between the con-
centration of DJ-1 from plasma-derived neural exosomes
and PD-symptoms in PD patients has been observed,
although this study was based on a small cohort [151].
However, results of the measurement of DJ-1 in plasma
of patient cohorts were found to demonstrate inconsist-
ent results. This can be explained by the fact that eryth-
rocytes are a major source of DJ-1 protein and a slight
hemolysis can considerably affect measurements and
obscures results, making DJ-1 from plasma an unreli-
able diagnostic and prognostic biomarker [143, 152,
153]. Interestingly, two studies of PD patients showed
that DJ-1 in saliva is associated with disease progression,
however further validation will be necessary before its
usage as a prognostic biomarker [154, 155]. Furthermore,
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PD patients show a positive correlation between small
molecule RNAs regulating DJ-1 expression found in the
saliva and disease progression [156]. Further, the con-
centration of DJ-1 in urinary exosomes increased with
age in PD patients and oxidized DJ-1 levels were two
times higher in PD patients compared to healthy controls
(Fig. 1C), making oxidized DJ-1 a promising biomarker in
urine [157, 158]. Collectively, these studies show that oxi-
dized DJ-1 may be a potential biomarker for PD, although
further work needs to be done to clarify the most reliable
source to be used in the clinic in the future [30, 159].

Therapeutical inhibition of NLRP3 inflammasome

and cGAS/STING pathways via DJ-1 in Parkinson’s disease
The NLRP3 inflammasome pathway is one of the dys-
regulated pathways in DJ-1-deficient microglia [127].
Of note, inflammasome activation is not only seen in
patients and models of this rare recessive autosomal
mutation in PARK7. Convincing evidence now links
NLRP3 activation to PD and neurodegeneration sup-
porting microglia and BMDM activation both in vari-
ous mouse models and human patient samples [123, 124,
127, 129]. Patients and mouse models with mutations in
PINK1 and parkin (PARK?2) also showed an over activa-
tion of the NLRP3 inflammasome [160]. Furthermore, a
recent study using induced pluripotent stem cell-derived
microglia from iPD patients showed an upregulation of
IL-1p and NLRP3, both at the mRNA and protein levels,
when compared to healthy controls [161], which confirm
a study finding a high expression of NLRP3 in activated
microglia as well as elevated apoptosis-associated speck-
like protein containing a caspase recruitment domain
1 (ASC1) and caspase-1 in the SN of post-mortem PD
brains [122]. Additionally, there is a positive correlation
between the levels of NLRP3 and IL-1f in the plasma,
brain and peripheral blood mononuclear cells and dis-
ease severity in iPD patients [122, 162]. The orally deliv-
ered brain-penetrant NLRP3 inhibitor MCC950 protects
against neurodegeneration in various pre-clinical PD
models. Recently, a phase I trial, investigating two NLRP3
inhibitors, NT-0796 and NT-0249, was successfully com-
pleted and this could be an opportunity to see similar
therapeutic effects of these inhibitors in PD patients. On
a similar note, the blockade of the downstream cytokine
signaling of NLRP3 by administering IL-1Ra, block-
ing the IL-1 receptor from binding IL-1f, resulted in
decreased numbers of activated microglia in the SN, less
DA neuronal loss and improved motor symptoms in the
MPTP mouse model of PD [129].

Dopamine can block a-syn-activated NLRP3 and IL-1§
release [163]. When microglia take up a-syn it leads to
potassium efflux, which activates the NLRP3 complex.
This induces a toxicity-induced release of dopamine from
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surrounding DA neurons. This process creates a balance
in the normal brain of activation with subsequent de-
activation of microglia. However, the dopamine signal
that dampens the NLRP3 activation in microglia is lost
in PD due to the loss of DA neurons, which ultimately
will activate the microglial inflammasome, resulting in
neuroinflammation and neuronal loss [126, 163]. This
mechanism could also explain previous findings, where
dopamine exerted a dampening effect on microglia acti-
vation and cytokine secretion [164]. Additional innate
immune signaling pathways, including the cyclic GMP
AMP synthase (cGAS) stimulator of interferon genes
(STING) cGAS/STING pathway, are activated in PINKI
and parkin (PARK2) mutation models [165]. Interest-
ingly, STING negatively correlates with DJ-1, as RNA-
sequencing data of 72 patients showed high levels of
STING and low levels of DJ-1 and NRF2 in the SN [166].
Withaferin A, an inhibitor of the cGAS/STING pathway,
protected against gliosis and neuronal loss in the MPTP-
model of PD in a DJ-1 dependent manner (Table 2) [166].
However, the elucidation of the mechanisms underlying
the dampening of STING by DJ-1 would require addi-
tional studies.

The NLRP3 and the cGAS/STING pathways are both
triggered by mitochondrial dysfunction [167]. Mitochon-
drial DNA (mtDNA) can trigger these pathways and, not
surprisingly, abnormalities in circulating cell free mtDNA
have been found in PD patient cohorts [168]. The dys-
regulation of both innate immune pathways, NLRP3 and
c¢GAS/STING, occurs in both idiopathic and genetic PD
patients, including various models of DJ-1 deficiency.
Both pathways could be promising new targets in PD
and clinical trials are ongoing (Table 2). Thus, although
there is still a long way to find a cure for PD, it is at least
encouraging that these dysregulated neuroinflamma-
tory pathways could potentially be targeted in various
pre-clinical studies and in a broad range of PD patients
(Table 2). Whether enhancing DJ-1 could dampen these
dysregulated neuroinflammatory pathways would be
an interesting future direction and could be a potential
therapeutic.

DJ-1 promoting compounds as promising therapeutics

in Parkinson’s disease

DJ-1 promoting compounds aim to either directly upreg-
ulate DJ-1 protein or bind to non-functional over-oxi-
dized DJ-1 protein re-establishing its function (Table 2).
These therapeutics are used mainly for their capacity to
limit cell death as a consequence of high oxidative stress.
Pre-clinical studies showed that administration of recom-
binant DJ-1 protein can protect against nigral degenera-
tion in a rat model of PD [169]. In this work, WT but not
L166P DJ-1 can improve PD phenotype via protecting
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DA neurons against oxidative stress [169]. Various stud-
ies also showed DJ-1’s therapeutic effect in ischemic
stroke models, where four different DJ-1 targeting com-
pounds reduced the infarct volume [170-172], as well
as showing recovery of cognitive functions in AD mod-
els [173]. Various compounds binding to DJ-1, including
UCP0045037/compound A, UCP0054278/compound B,
compound-23 and ND-3 (a DJ-1 binding peptide) were
found via in silico virtual screening based on DJ-1 pro-
tein 3D structure. These compounds protected against
DA neuron degeneration and restored behavioral effects
in PD models by interacting with endogenous DJ-1 [174]
(Table 2). Lastly, phenylbutyrate (PB) upregulates DJ-1,
which in turns support the production of GSH via gluta-
mate cysteine ligase [97, 175]. The upregulation of DJ-1
induces also the expression levels of the heat shock pro-
tein 70, which is an important protein inhibiting a-syn
oligomer formation [175]. An interesting rescue experi-
ment investigating the L199P mutation causing DJ-1 defi-
ciency showed significantly higher tyrosine hydroxylase
levels in neurons derived from iPSCs after treating with
PB [176]. Although PB would not be relevant for treat-
ing patients with mutations leading to a non-functional
DJ-1 protein, it could be an important therapeutic in iPD
patients, both because of the neuroprotective roles of
DJ-1 and as it might replace its oxidized form [65, 142].
However, these studies have only addressed the effect
of these compounds on neurons, thus it is not known
whether DJ-1 binding compounds might also modulate
the astrocytic or microglial activation and their interplay
with neurons. Additionally, it is not yet known whether
DJ-1 enhancers affect the NLRP3 and cGAS/STING
pathways (Table 2). Notwithstanding, detailed mecha-
nistic insights into how DJ-1 enhancers exert their thera-
peutic effects are still missing. Most of these compounds
targeting DJ-1 and enhancing its effect can cross the
BBB and have potent neuroprotective effects (Table 2). It
will be interesting to see if the outcome of future clini-
cal studies using these compounds will recapitulate the
promising results obtained in rodent models. Further,
these studies have only addressed the effect of these com-
pounds on neurons, thus it is not known whether DJ-1
promoting compounds might also modulate the astro-
cytic or microglial activation and their interplay with
neurons. Additionally, it is not yet known whether DJ-1
enhancers affect the NLRP3 and cGAS/STING pathways
(Table 2).

Conclusions and perspectives

The activation of microglia was discovered decades ago
in post-mortem PD brains and has since then been con-
firmed in various studies in cell and animal models of PD
as well as in PD patients. Mutations in PARK7 leading
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to non-functional or complete loss of DJ-1 protein lead
to early-onset PD with autosomal recessive inheritance.
Overall, PARK7/DJ-1 dysfunctions have a prominent
effect on microglia immune responses and neuroinflam-
matory processes. Several similarities are found between
iPD and genetic PD patient groups, including the neuro-
protective functions of DJ-1. In this context, as DJ-1 is
oxidized in various PD patients, iPD cases might show
an immune phenocopy of DJ-1 deficient patients. Thera-
peutics elevating DJ-1 levels in PD animal models show
promising results and would need to be translated in
the clinic. Future studies aimed at investigating more
specifically the link between CNS inflammatory path-
ways, including oxidative pathways and ¢cGAS/STING-,
NF«B- and NLRP3-derived signaling, and neurodegen-
erative processes may reveal molecular mechanisms to
translate the mechanistic insight of dysregulated immune
pathways to therapeutic targets in a larger group of PD
patients. The study of mutations leading to PD contrib-
utes to our understanding of the cellular pathways under-
lying the neurodegenerative outcomes and may pave the
way to the development of novel therapeutics promoting
neuroprotection and dampening microglia activation in
PD patients.
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