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Several mutations in the gene coding for DJ-1 have been associated with early onset forms of parkinsonism. In
spite of the massive effort spent by the scientific community in understanding the physiological role of DJ-1, a
consensus on what DJ-1 actually does within the cells has not been reached, with several diverse functions pro-
posed. At present, themost accepted function for DJ-1 is a neuronal protective role against oxidative stress. How-
ever, how exactly this function is exerted by DJ-1 is not clear. In recent years, novel molecular mechanisms have
been suggested that may account for the antioxidant properties of DJ-1. In this review, we critically analyse the
experimental evidence, including some very recent findings, supporting the purported neuroprotective role of
DJ-1 throughdifferentmechanisms linked to oxidative stress handling, aswell as the relevance of these processes
in the context of Parkinson's disease.
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1. Introduction

In 2003, Bonifati and colleagues discovered that mutations in DJ-1
are associated with an early onset, recessive form of Parkinson's disease
(PD) (Bonifati et al., 2003). Since then, enormous efforts have been put
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to understandDJ-1 pathobiology. DJ-1 is a dimeric, ubiquitous protein of
189 amino acids, whose PD pathological variants have been associated
with loss of function (Bonifati et al., 2003). Even though DJ-1 has been
implicated in different cellular processes, including homeostatic control
of reactive oxygen species (ROS), transcription regulation, protein fold-
ing, modulation of glucose levels, fertility and cellular transformation, a
role in neuronal protection against oxidative stress seems the most
widely accepted (Cookson, 2012). In agreement with this, overexpres-
sion of DJ-1 results in neuronal cytoprotection against oxidative dam-
age, whereas DJ-1 deficiency leads to an increase of oxidative stress-
induced cell death, both in cell culture and animal models (Batelli et
al., 2015; Kim et al., 2005b; Meulener et al., 2005; Ottolini et al., 2013;
Taira et al., 2004; Thomas et al., 2011). Unfortunately, the molecular
mechanisms underlying DJ-1 function remain elusive.

DJ-1 possesses three cysteine residues: C46, C53 and C106. Among
them, C106 is highly conserved in mammals and can be oxidized
(Canet-Aviles et al., 2004; Kinumi et al., 2004; Wilson et al., 2003) and
converted into cysteine-sulfenic, -sulfinic and -sulfonic acids. The
great interest in this specific amino acid arises from the fact that it
seems to render DJ-1 a sensor of oxidative stress. Indeed, C106 appears
essential for DJ-1 antioxidant activity (Canet-Aviles et al., 2004;
Meulener et al., 2006; Taira et al., 2004), since the substitution with
any other amino acid usually inhibits its neuroprotective function. Of
note, the other two cysteine residues, C46 and C53, localized at the in-
terface of the two DJ-1 monomers, have also been proposed to be
redox-sensitive (Waak et al., 2009).

While several review articles thoroughly discussed the purported
functions of DJ-1 (Ariga et al., 2013; Cookson, 2010; Cookson, 2012), re-
cent experimental data highlight novelmolecularmechanisms thatmay
account for the antioxidant properties of DJ-1. This review will focus on
the recent evidence supporting a neuroprotective role of DJ-1 through
regulation of gene transcription, copper transfer to superoxide dismut-
ase 1 (SOD1), deglycase and glyoxalase activity, as well as the relevance
of these processes in the context of PD.

1.1. Regulation of gene expression

DJ-1 has been suggested to orchestrate different cellular pathways
involved in the response to oxidative stress. In fact, DJ-1 expression is
upregulated under oxidative stress conditions and the protein translo-
cates into the nucleus upon exposure to stress, suggesting a key role
Fig. 1. Summary of the gene expression pathways regulated by DJ-1. These pathw
in gene transcription (Kim et al., 2012). It is worth mentioning that
DJ-1 does not exhibit any distinct DNA-binding domain suggesting it
likely acts as a co-activator of transcription (Yamaguchi et al., 2012).

Five different signalling pathways, which have been suggested to be
controlled by DJ-1, will be discussed here (Fig. 1): the Extracellular Sig-
nal-regulatedKinase/ETS domain-containing protein (ERK/Elk), theNu-
clear factor E2-Related Factor 2 (Nrf2), PhosphoInositide 3-Kinase/
Protein Kinase B (PI3K/PKB), p53 and Apoptosis Signal-regulating Ki-
nase 1 (ASK1) signalling cascades. They all have important roles in cell
survival, antioxidant defence and response to cellular stress.

1.1.1. The ERK/Elk pathway
DJ-1 is proposed to be involved in the ERK/Elk pathway, which stim-

ulates cell survival in presence of several stimuli, such as Tumor Necro-
sis Factor (TNF), growth factor withdrawal and nitric oxide (Erhardt et
al., 1999; Kim et al., 2002; Tran et al., 2001). Interestingly, Wang et al.
(2011) observed that, upon oxidative stress, DJ-1 helps ERK1/2 to trans-
locate into the nucleus, where it phosphorylates Elk. Elk is a transcrip-
tion factor that controls the expression of genes involved in the
antioxidant defence, including SOD1 (Wang et al., 2011). Accordingly,
DJ-1 overexpression in murine MN9D dopaminergic cells is protective
against rotenone-induced oxidative stress and this beneficial effect is
blocked by the ERKpathway inhibitor U0126, suggesting a link between
the DJ-1 function and ERK/Elk signalling cascade (Gao et al., 2012). On
the other hand, DJ-1 knock-down has been associated with a reduction
of ERK1/2 nuclear distribution and a consequent decrease in both the
nuclear amount of pElk1 and levels of SOD1 protein. In addition, the
DJ-1 L166P pathological variant is not able to activate the ERK/Elk path-
way, possibly explaining its inability to counteract oxidative stress (Gu
et al., 2009). Of note, oxidation of C106 is not necessary for DJ-1 binding
to ERK1/2, since DJ-1 C106A overexpression restores ERK1/2 nuclear
translocation and is neuroprotective against oxidative insults in murine
DJ-1 null neurons (Wang et al., 2011).

1.1.2. The Nrf2 pathway
DJ-1 has also been reported to modulate the activity of Nrf2 tran-

scription factor, the master regulator of the antioxidant response
(Gorrini et al., 2013). DJ-1 favours the dissociation of Nrf2 from its inhib-
itor Kelch-like ECH-Associated Protein 1 (Keap1), thus promoting Nrf2
nuclear translocation and the expression of its target genes (Clements
et al., 2006; Yan et al., 2015). Accordingly, in H157 non-small-cell lung
ays are involved in antioxidant defence or in cell survival. See text for details.
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carciroma cells DJ-1 silencing reduces the expression of several Nrf2-
regulated genes, including NAD(P)H quinone dehydrogenase 1 (NQO1)
(Clements et al., 2006). In the same work, it has been proposed that
the function of DJ-1 as transcriptional regulator relies on the presence
of the antioxidant responsive element (ARE) in the promoter region of
Nfr2 target genes. Although a direct binding between DJ-1 and ARE ele-
ments is unlikely, L166P andM26I DJ-1 pathological variants, in contrast
to the wild-type DJ-1 form, are not able to induce the expression of
Thioredoxin 1 (Trx1), an oxidoreductase element involved in cellular
antioxidant defence carrying an ARE signal in its promoter (Im et al.,
2012). An additional piece of evidence confirming the role of DJ-1 in
this pathway in cells and in vivo comes from a very recent paper
where the authors showed that Cu(II)ATSM treatment in human cardiac
myocytes and in human coronary artery smooth muscle cells activates
Nrf2 cascade and the antioxidant defence via DJ-1 (Srivastava et al.,
2016). This paper, in addition to the previous works, shed light on a
new level of complexity in the signalling, which is represented by the
binding of DJ-1 to the copper metal ion. Intriguingly, in 2012 Gan et al.
(2010) showed that the Nrf2 activation pathway is independent from
DJ-1 presence inmice brain and primary astrocytes, raising the possibil-
ity that the link between DJ-1 and the Nrf2 is tissue-specific. On the
other hand, in 2015, Lev and colleagues demonstrated that in SH-SY5Y
cells the DJ-1-based peptide ND-13 can stimulate the Nrf2 cascade, sug-
gesting that primary astrocytes cultures and immortalized cells could
have different preferential signalling cascades (Lev et al., 2015).

1.1.3. The PI3K/PKB (Akt) pathway
Another transcription pathway possibly modulated by DJ-1 is the

PI3K/PKB (Akt) transduction cascade, one of the major pathways con-
trolling cell growth (Kumar et al., 2011). In particular, the Phosphatase
and TENsin homologue deleted from chromosome 10 (PTEN), a key
player in this pathway, can repress PIK3 kinase activity in absence of
cell survival stimuli, preventing both phosphatidylinositol 3,4,5-tris-
phosphate formation and PKB activation (Salmena et al., 2008). In this
pathway, DJ-1 has been described as preventing PTEN repression func-
tion in bothDrosophila eye andmammalian cells (Kim et al., 2005a; Kim
et al., 2009), by binding to PTEN and repressing its phosphatase activity
(Kim et al., 2009). As a consequence, this leads to the stimulation and
activation of PI3K and PKB phosphorylation, favouring cell survival. In-
terestingly, Kim and colleagues showed that PTEN and DJ-1 co-localize
and their interaction is enhanced in the presence of oxidizing stimuli
compared to normal conditions, suggesting that the oxidative status of
DJ-1 plays a key role in stimulating cell growth (Kim et al., 2009). Spe-
cifically, in cells challenged with H2O2, PTEN was inhibited by DJ-1 in a
time-dependent manner, because of the oxidative status of DJ-1, em-
phasizing the importance of DJ-1 as a sensor of oxidative stress in the
modulation of cell survival. This paralleled with increased levels of
phospho-PKB under oxidizing conditions, confirming the role of DJ-1
in the activation of this pathway.

1.1.4. The p53 pathway
Under oxidative stress p53 transcription factor is phosphorylated,

translocates into the nucleus and stimulates the apoptotic response to
prevent accumulation of DNA damage (Ashcroft et al., 2000). Recently,
it has been proposed that DJ-1 is able to interact with the DNA-binding
region of p53 protein and to inhibit its pro-apoptotic function. Interest-
ingly, the association between DJ-1 and p53 is dependent on the redox
state of DJ-1 C106 residue (Kato et al., 2013), further highlighting the
importance of DJ-1 as redox sensor to suppress apoptosis under oxida-
tive conditions. In addition, DJ-1 could control the protein levels of
some transcriptional targets of p53, such as the apoptosis regulator
BCL2-Associated X protein (Bax). In fact, by decreasing Bax expression,
DJ-1 induces cell survival in a redox-dependent manner (Fan et al.,
2008). In contrast, the L166P DJ-1 pathological mutant interferes with
B-Cell lymphoma-eXtra Large (Bcl-xL)/Bax heterodimerization, which
is oneof themolecularmechanisms to inhibit cell death, thus promoting
apoptosis (Ren et al., 2012).
1.1.5. The ASK1 pathway
DJ-1 has also been proposed as a regulator of the ASK1 pathway,

which is essential in the regulation of cellular responses to different
stressing stimuli, such as redox imbalance, calcium influx, lipopolysac-
charide exposure and endoplasmic reticulum stress (Liu et al., 2013).
More specifically, under oxidative stress conditions, the binding of DJ-
1 to ASK1 and the death domain-associated protein 6 (Daxx) precludes
the interaction between these two proteins in the cytosol and inhibits
the cellular apoptosis pathway (Junn et al., 2005; Karunakaran et al.,
2007; Klawitter et al., 2013; Waak et al., 2009). The majority of the
PD-linked DJ-1 mutations have lower affinity for ASK1 and Daxx com-
pared to wild-type DJ-1 and tend to favour cell apoptosis. For instance,
the P158del DJ-1 mutant affects the binding between DJ-1 and ASK1
and reduces DJ-1 anti-apoptotic potential, leading to apoptosis
(Rannikko et al., 2013). In addition, the L166P DJ-1 PD-linkedmutation,
which is associated with increased apoptosis, cannot longer bind either
ASK1 or Daxx (Im et al., 2010; Junn et al., 2005).

Different groups have shed some light on the molecular details of
this mechanism. Under oxidizing conditions, it appears that nuclear
DJ-1 retains a proportion of Daxx in the nucleus, preventing its ex-
portation to the cytosol and its association with ASK1. In contrast,
the nuclear fraction of L166P DJ-1 is not able to interact with Daxx
to prevent ASK1-mediated apoptosis (Junn et al., 2005). Subsequent-
ly, an alternative mechanism exploited by DJ-1 to repress apoptosis
has been postulated (Im et al., 2010). In that model, during oxidative
stress, cytosolic DJ-1 prevents the dissociation of the complex be-
tween Trx1 (previously mentioned as part of the Nrf2 pathway)
and ASK1, thus reducing the amount of ASK1 able to interact with ac-
tivated Daxx in the cytosol and, in turn, inhibiting apoptosis. On the
other hand, L166P DJ-1 mutant cannot prevent the dissociation of
the complex ASK1/Trx1 upon oxidative stress, leaving most of ASK1
protein free to associate with cytosolic phosphorylated Daxx to initi-
ate cell death. Interestingly, the M26I pathological mutation binds
ASK1 with high affinity, even under non-oxidizing conditions
(Waak et al., 2009). However, since M26I binds ASK1 in an aberrant
site, it fails to abolish ASK1 activity in stressed cells. Furthermore,
being that this pathological variant is mainly localized in the cytosol,
even during oxidative stress, it cannot retain Daxx in the nucleus
after a stress stimulus, thus inducing cell death (Waak et al., 2009).

As a further molecular mechanism, experiments carried out in Dro-
sophila have shown that DJ-1 is a negative regulator of forkhead box O
(FOXO) transcription factor, which in turn is responsible for Daxx-Like
Protein gene expression, one of the key players of this apoptotic path-
way (Hwang et al., 2013). In fact, flies knockout for DJ-1β gene, which
is one of the two Drosophila DJ-1 orthologous, have higher levels of
Daxx-Like protein and are more vulnerable to oxidative stress com-
pared to controls because of the lacking repressor function of DJ-1
(Hwang et al., 2013).

A further step toward the definition of DJ-1 activation stimuli has
been made by Cao et al. (2014). They showed that different DJ-1 oxida-
tion states “dictate” the cell response in the presence of ROS. The au-
thors demonstrated that in cancer cells, a mild DJ-1 oxidation state is
associated with the formation of the complex between DJ-1 and ASK1,
thus inhibiting p38-related cell apoptosis and favouring c-Jun N-
terminal protein kinase 1 (JNK1)-induced autophagy, to ensure
cytoprotection. On the other hand, highly oxidized DJ-1 cannot retain
ASK1 in the cytosol, which, in turn, stimulates cell death via p38 signal-
ling. These results possibly suggest that DJ-1 acts as a stress sensor and
can orchestrate cell response by triggering autophagy or apoptosis de-
pending on the entity of the stimulus. Also, in the same paper, it has
been reported that C106 is the key residue for DJ-1-dependent inhibi-
tion/activation of ASK1.
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1.1.6. Glutathione and uncoupling proteins gene expression
DJ-1 overexpression has also been associated with increased levels

of glutathione (GSH), themost abundant cellular thiol with antioxidant
properties (Zhou and Freed, 2005). Furthermore, DJ-1 deletion corre-
lates with low mRNA levels of some uncoupling proteins in the
Substantia nigra pars compacta, including UnCoupling Proteins 4
(UCP4) and 5 (UCP5), which are themain uncoupling factors expressed
in the brain to prevent ROS accumulation (Guzman et al., 2010). Consid-
ering that the transcription pathways involved in GSH, UCP4 and UCP5
synthesis are still unresolved, a role for DJ-1 in stabilizing these gene
transcripts can only be inferred based on the evidence that DJ-1 can
bind RNA with nanomolar affinity (van der Brug et al., 2008).

In summary, DJ-1 has been shown to be involved in at least five dif-
ferent transcriptional pathways, but currently it is unclear whether all
the above-mentioned signalling cascades are equally relevant across
different brain regions and brain cells (e.g. neurons versus glial cells).
In addition, the majority of data published about this topic have been
obtained from cancer cells and, in particular, from non-neuronal cells,
even when the effects of DJ-1 PD-linked mutations have been investi-
gated. The p53 pathway has been studied in HEK-293, N2a and A549
cells (Fan et al., 2008; Ren et al., 2012), where p53 signalling is poten-
tially deregulated, hindering the translation of these results in a more
physiological context. The involvement of DJ-1 in the Nrf2 pathway is,
by far, the most studied in the literature, but only few papers aimed to
elucidate the molecular mechanisms in a neuronal context (Gan et al.,
2010; Lev et al., 2015). It is important to note that the involvement of
DJ-1 in the ERK/Elk signalling seems to be the most extensively investi-
gated in the context of neurodegeneration and in a neuronal cell envi-
ronment (Gao et al., 2012; Gu et al., 2009; Wang et al., 2011). Of note,
mRNA levels of human ERK1 in the whole brain are almost twice as
those measured in the majority of other tissues. Therefore, it is reason-
able to hypothesize that this pathway might be relevant for PD. On the
other hand, it has been shown that C106 is not essential for DJ-1 binding
to ERK1/2 inmurine neurons, suggesting that either DJ-1 does not oper-
ate as a sensor of oxidative stress in ERK1/2 signalling cascade or that
there are additional layers of complexity in the mechanism underlying
DJ-1 redox sensor activity in the brain that require further investigation
(Gu et al., 2009).

2. Copper chaperone for SOD1

Besides the robust evidence supporting a role for DJ-1 as redox sen-
sor (Cookson, 2012), more recent data highlight that DJ-1 may also
exert cytoprotection against oxidative stress by acting as a copper chap-
erone for SOD1. SOD1 is one of the major cellular antioxidant defence
systems against free radicals. It is mainly localized in the cytosol, but it
is also found in the nucleus and in the mitochondrial intermembrane
space (Fukai and Ushio-Fukai, 2011). Mutations in SOD1 represent a
common cause of familial amyotrophic lateral sclerosis (Kaur et al.,
2016). Of note, SOD1 may also play a role in PD: SOD1 transgenic mice
are resistant to N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced neurotoxicity (Przedborski et al., 1992) and SOD1
overexpression enhances the survival of transplanted neurons in a rat
model of PD (Nakao et al., 1995).

SOD1 activity is dependent on copper uptake, a processmediated by
a specific protein called copper chaperone for superoxide dismutase
(CCS) (Culotta et al., 1997). Interestingly, it has been shown that CCS
knock-outmice retain 15–20% of SOD1 activity (Wong et al., 2000), sug-
gesting the existence of alternative pathways able to activate SOD1. Xu
and colleagues, using bimolecular fluorescence complementation as-
says, have shown that DJ-1 interacts with SOD1 (Xu et al., 2010). They
have further demonstrated the ability of DJ-1 to stimulate SOD1 enzy-
matic activity in a copper dependent way (Xu et al., 2010), supporting
the hypothesis that DJ-1 could be a suitable candidate for the CCS-
independent SOD1 activation, under physiological and/or pathological
conditions. Accordingly, experiments performed in vitro have
demonstrated that DJ-1 binds different metals, including Hg(II), Cu(I)
and Cu(II) (Bjorkblom et al., 2013; Girotto et al., 2014; Puno et al.,
2013). The structural characterization of the copper-bound DJ-1 reveals
the presence of two binding sites. The first one, which binds Cu(I), is lo-
cated at the interface of two monomers and involves the two C53 resi-
dues that face each other. The second one binds Cu(II) and involves,
among other residues, the C106 of each monomer (Girotto et al.,
2014; Puno et al., 2013). Regarding C106, our group recently showed
that four residues are within the copper coordination sphere: C106,
E18, G75 and H126. While C106 and E18 are directly involved in metal
coordination, G75 and H126might bemore important for the geometry
of the binding (Girotto et al., 2014).

Even though the details of the transfer mechanism from DJ-1 to
SOD1 are unknown, two different sets of experiments suggest that the
copper binding site involving the C106 is the most likely responsible
for the metal transfer. First, C53Amutant has been shown to be protec-
tive against oxidative-induced cell death (Canet-Aviles et al., 2004),
suggesting that this copper-binding site does not play a major role in
DJ-1 cytoprotective function. Second, the C53A DJ-1 mutant has been
shown to retain its ability to activate SOD1 in vitro (Girotto et al.,
2014). This opens a still unresolved issue on the nature of the oxidation
state of copper.While C106 has been described to bind Cu(II), due to the
reducing cytosolic environment, the physiological cellular transfer of
copper from the lower to higher affinity sites should involve Cu(I).
Even though this aspect needs further investigation, it is interesting to
note that a small Cu(II)-complex named Cu(II)ATSM has been shown
to increase the proportion of fully metal loaded SOD1 in a mouse
model of amyotrophic lateral sclerosis (Roberts et al., 2014). A similar
molecular mechanism could involve the Cu(II)-DJ-1 complex. Of note,
indirect evidence of the copper transfer from DJ-1 to SOD1 comes
from a recent paper that showed that Cu (II)ATSM treatment in human
cardiacmyocytes and in human coronary artery smoothmuscle cells in-
creases the interaction between DJ-1 and SOD1 and stimulates SOD1 ac-
tivity (Srivastava et al., 2016).Whether and howDJ-1 binds Cu(II) in the
cytosolic environment, in the absence of Cu (II)ATSM, needs to be
determined.

The possibility that DJ-1 acts as a copper chaperone for SOD1, in a
CCS-independentmanner, could explain, at least in part, the antioxidant
properties associated to DJ-1, deserving future investigation. Since DJ-1
activity is oxidative-stress dependent, it is reasonable to speculate that
DJ-1-dependent SOD1maturation would occur under stress conditions.
A possible alternative is that DJ-1 may act within the CCS-dependent
pathway in assisting SOD1 maturation, meaning that the concomitant
presence of both CCS and DJ-1 is important for SOD1 activation. Actual-
ly, in other cellular pathways involving copper transport and other
metallo-chaperones, it has been proposed that a still unknown protein
is responsible for the transfer of copper from glutathione to CCS
(Banci et al., 2010).

In summary, DJ-1 may stimulate SOD1 by controlling the activation
of redox-sensitive transcription pathways, as previously discussed,
and by assisting the ligand-dependent maturation of SOD1. These two
mechanisms are not mutually exclusive, especially considering the
time required to reach the biological effect after an oxidative insult. Ac-
tivation of gene expression has slower kinetics compared to SOD1 acti-
vation via metal loading. Thus, one stimulus could induce a rapid
response, mediated by the ligand-dependent SOD1 maturation, while
another may require a long-term response. As redundancy often occurs
in biology, the presence of two pathways could be crucial to guarantee
SOD1 functionality, even in case of failure of one of the two
mechanisms.

3. Glycating stress and its importance in PD

In recent years, dicarbonyl stress has become a topic of great inter-
est, being that unbalanced formation and elimination ofα-oxoaldehyde
metabolites are associated with different diseases, including
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neurodegeneration (Rabbani and Thornalley, 2015). During glucose
metabolism and lipid peroxidation several carbonyls are formed as by-
products and exhibit high reactivity toward proteins, nucleic acids and
lipids. Among them, methylglyoxal (MGO), which derives mainly from
the catabolism of glyceraldehyde-3-phosphate and dihydroxyacetone
phosphate, is one of the most reactive. MGO preferentially targets argi-
nine and lysine residues, thus forming advanced glycation end-products
(AGEs) (Kalapos, 1994; Lo et al., 1994; Rabbani and Thornalley, 2015),
which cause protein aggregation and dysfunction (Adrover et al.,
2014; Taghavi et al., 2016).

To counteract protein loss of function, cells have developed an effi-
cient defence system against protein glycation, which mainly includes
glyoxalase 1 and 2 enzymes. These proteins can directly react with
MGO or glyoxal (GO) to form D-lactate or glycolate in two consecutive
steps, using GSH as cofactor in the first step (Rabbani and Thornalley,
2015). Another protection from accumulation of AGEs is accomplished
by deglycating enzymes, which can break off the glycation cascade by
removing MGO or GO adducts from protein side-chains (Wu and
Monnier, 2003). It is worth mentioning that glycating and oxidative
stress are likely connected as robust experimental evidence exists
showing that MGO causes a dramatic depletion of GSH and the forma-
tion of ROS, which in turn leads to oxidative stress (Di Loreto et al.,
2004; Di Loreto et al., 2008; Kikuchi et al., 1999; Shangari and O'Brien,
2004). The importance of glycating stress in the context of neurodegen-
eration and, in particular, of PD has been recently reinvestigated, as the
effects of protein glycation are more pronounced in the brain compared
to other tissues. Moreover, it has been shown that neurons are much
more vulnerable than astrocytes to glycating stress (Belanger et al.,
2011). Specifically, both glyoxalase 1 and 2 are highly expressed in pri-
mary mouse astrocytes compared to neurons, with consequent higher
enzymatic activity rates in astrocytes (9.9- and 2.5-fold, respectively).
Accordingly, the presence of a highly efficient glyoxalase system in as-
trocytes was associated with a lower accumulation of AGEs compared
with neurons, a 6-fold greater resistance to MGO toxicity, and a greater
capacity to protect neurons against MGO in a co-culture system
(Belanger et al., 2011). Moreover, strictly related to PD, data from amu-
rine model based on a high glycemic index diet, indicate that inside the
brain, neurons in the substantia nigra are among themost susceptible to
this insult and the majority of MGO-modified proteins are localized in
this cerebral area (Uchiki et al., 2012). A possiblemechanism accounting
for the hypersensitivity of these neurons to glycating stress is that MGO
can react with dopamine as already showed in 1975 by Szent-Györgyi
and McLaughlin (Szent-Gyorgyi and McLaughlin, 1975). It is now well
known that glycated proteins can activate a specific receptor for AGEs
(RAGE) and RAGE activation plays a central role in inducing inflamma-
tory responses (VicenteMiranda and Outeiro, 2010). Therefore, if a pro-
tein produced in the brain is glycated and then secreted in the
extracellular space, there is the possibility that it induces neuroinflam-
mation via RAGE binding, thus favouring the onset and/or progression
of neurodegeneration (Kierdorf and Fritz, 2013; Tobon-Velasco et al.,
2014; Vicente Miranda and Outeiro, 2010).

4. DJ-1 glyoxalase activity

In an attempt to purify glyoxalase 1 from E. coli, a novel enzyme,
named glyoxalase 3, able to catalyse the conversion of MGO directly
into D-lactate without the need for exogenous GSH, has been character-
ized (Misra et al., 1995). In 2011, Subedi Ket al. demonstrated that the E.
coli protein Hsp31, a homologue of DJ-1, belongs to the novel type of
GSH-independent glyoxalases (Subedi et al., 2011). The catalytic site
consists on a triad formed by E77, C185 and H186 residues, with the
E77 and C185 residues conserved in eukaryotic DJ-1 orthologues
(Subedi et al., 2011). Mutations in the cysteine and glutamic acid resi-
dues almost completely abolished glyoxalase activity, indicating that
these residues are directly involved in the catalysis, while the histi-
dine-mutated protein retains approximately 20% of residual activity
(Subedi et al., 2011). Subsequently, fungal Hsp31 proteins from Candida
albicans and Saccharomyces cerevisiae have also been shown to be GSH-
independent glyoxalases (Bankapalli et al., 2015; Hasim et al., 2014;
Wilson, 2014). The GSH-independent glyoxalase activity has been test-
ed and observed in other DJ-1 orthologues and in human DJ-1 itself,
even though the results are not as convincing as for Hsp31 (Bankapalli
et al., 2015; Hasim et al., 2014; Kwon et al., 2013; Lee et al., 2016; Lee
et al., 2012; Wilson, 2014). The putative glyoxalase activity of DJ-1
orthologues seems supported by structural data. Indeed, the predicted
active site shows high homology through bacteria, C. elegans andmam-
mals, even though the rest of the protein exhibits differences in the se-
quence (Lee et al., 2012). Specifically, while H186 of Hsp31 is not
conserved in human DJ-1, H126 residue in the mammalian protein
could replace its function in the active site, as suggested by Lee et al.
(2012). On the other hand, it might be also possible that the lack of
H186 conservation is responsible of the lower activity observed in the
humanDJ-1 compared to Hsp31. Considering that DJ-1 glyoxalase activ-
ity could directly modulate the levels of alpha-oxoaldehydes and being
that oxidative and dicarbonyl stress seem to be connected, one possibil-
ity is that DJ-1 ability to reduce oxidative stress depends, at least in part,
on its ability to eliminateMGOandGO.As previously discussed, neurons
are particularly vulnerable to dicarbonyl stress (Di Loreto et al., 2004; Di
Loreto et al., 2008; Kikuchi et al., 1999) and, in addition, there is increas-
ing evidence showing thatMGO and GO treatments inmammalian neu-
rons and neuroblastoma cells lead to mitochondrial dysfunction (de
Arriba et al., 2007; Tajes et al., 2014). Interestingly, DJ-1 deficiency has
been associated with mitochondrial dysfunction in different cell types,
including neurons (Guzman et al., 2010), and both D-lactate and
glycolate were able to restore mitochondrial membrane potential in
DJ-1 knock-down cells (Toyoda et al., 2014). This result seems to sug-
gest that the products of glyoxalases can counteractMGO andGO effects
on mitochondria and that mitochondrial dysfunction associated with
DJ-1 knock-out might be related to a decrease of DJ-1 glyoxalase
activity.

In spite of some emerging evidence, concerns remain about the ef-
fective physiological role of DJ-1 as a glyoxalase. For example, while
Hsp31 has been described to have a higher activity toward MGO com-
pared to DJ-1, the bacterial protein YajL, which is the closest orthologue
of the mammalian DJ-1, does not show any enzymatic activity toward
MGO (Lee et al., 2016). A recent paper argued that the glyoxalase activ-
ity of DJ-1 reflects its deglycase activity (Richarme et al., 2015). In addi-
tion, the calculated catalytic constant of DJ-1 (Lee et al., 2012) is three
orders of magnitude lower than that of glyoxalase 1 (Ridderstrom et
al., 1997), suggesting that DJ-1 might respond to intracellular changes
of MGO levels only when the cellular concentration of GSH dramatically
falls.

It is worthmentioning that, since glyoxalase 1 promoter contains the
ARE element, its gene expression is oxidative stress-dependent and is
mediated by Nrf2 transcription factor. Therefore, it is possible that DJ-
1 can also indirectly regulate glyoxalase 1 protein levels (Xue et al.,
2012). Again, DJ-1 seems to operate at two levels within this process:
it might promote the expression of glyoxalase 1 by activating the
Nrf2-related pathway and it might act as glyoxalase enzyme, with the
two activities likely to co-exist rather than being mutually exclusive.

5. DJ-1 deglycase activity

Together with its direct detoxification activity against MGO and GO,
DJ-1 has also been described to possess a deglycase function that can re-
move MGO and GO from proteins and prevents Schiff bases from
forming. In particular, hemithioacetal absorbance and reverse phase-
HPLC analysis supported a role of DJ-1 as a deglycase protein in presence
of glycated N-acetylcysteine, N-acetylarginine and N-acetylysine resi-
dues (Richarme et al., 2015). Accordingly, in vitro experiments of cyste-
ines titration by 5,5′-dithiobis(nitrobenzoic acid) showed that DJ-1
deglycates bovine serum albumin, glyceraldehyde 3-phosphate
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dehydrogenase, fructose-1,6-biphosphate, aldolase and aspartate trans-
aminase, thus reducing the rate of Schiff base formation (Richarmeet al.,
2015). It is also noteworthy that YajL, YhbO and Hsp31 DJ-1 homo-
logues have been reported to have deglycase activity in vitro (Abdallah
et al., 2016;Mihoub et al., 2015). In addition, C106Amutant does not ex-
hibit any enzymatic activity, suggesting that C106 is essential also for
DJ-1 deglycase activity (Richarme et al., 2015). Very recently, Richarme
and colleagues showed, in vitro, the ability of DJ-1 to prevent the forma-
tion of glycated guanine nucleotide, suggesting a role for the protein in
theDNA repair system that contributes tomaintaining genome integrity
(Richarme et al., 2017). Since so far the deglycase activity has been de-
scribed essentially by the same group, further validations with comple-
mentary experimental approaches and in alternative models are to be
hoped. In fact, the role of DJ-1 as a bona fide deglycase protein and the
relevance of this activity in the cell have not been proved at this time.
For example, Pfaff and colleagues were unable to observe any deglycase
activity, in vitro, using both human andD.melanogaster recombinant DJ-
1 and that loss of DJ-1β did not correlate with increased AGE formation
in flies (Pfaff et al., 2017). A possible reason for the lack of reproducibil-
ity of these results is the use of different protocols for protein purifica-
tion, which may reflect the fraction of active purified DJ-1 (Pfaff et al.,
2017; Richarme and Dairou, 2017). In addition, it is possible to predict
that the net activity of DJ-1 as a putative deglycase depends on the avail-
ability of substrates and, therefore, on its subcellular localization. Pro-
tein glycation and redox levels are tissue-dependent and since DJ-1 is
sensitive to oxidative stress, the effects of DJ-1 deglycase activity in dif-
ferent tissues might diverge. Another issue on the putative DJ-1
deglycase activity arises by considering the kinetic parameters of the re-
action. DJ-1 is a rather inefficient deglycase which cannot compete with
MGO-glycated protein formation andMGO removal by glyoxalase 1 (Lo
et al., 1994). This raises the question of whether or not an enzyme that
detoxifies the earliest glycation products with such a slow catalytic rate
has physiological relevance in providing cell protection. In fact, these
early adducts are in rapid equilibrium with free MGO and they are pre-
dicted to be efficiently detoxified by thehighly active glyoxalase 1 and 2.
Thus, DJ-1 activitymight become relevant in the cell only in response to
significant intracellular changes of MGO or GSH levels.

As summarized in Table 1, C106 seems to be essential for all the en-
zymatic activities associated with DJ-1 that have been reported in this
review. In addition, also residue E18 appears to be essential in both cop-
per coordination and glyoxalase activity, while the role of H126 is less
established. Indeed, as described above, H126 is not directly involved
in copper coordination being likely important for the geometry of the
binding (Girotto et al., 2014). Moreover, H126 is not conserved in all
DJ-1 homologues (Lee et al., 2012; Lin et al., 2012). In particular, the
fact that D. melanogaster DJ-1β homologue, which is functionally very
similar to human DJ-1, has a tyrosine residue in place of the histidine
(Lin et al., 2012), suggests that H126 may serve a primary structural
Table 1
DJ-1 residues responsible for its purported physiological activities.

Residues Function References

C46, C53 Redox sensor (Waak et al., 2009)
C106 (Aleyasin et al., 2007; Meulener

et al., 2006; Takahashi-Niki et al.,
2004)

E18, C106 Copper coordination (Girotto et al., 2014)
G75, H126 Stabilisation of the

geometry of copper binding
site

(Girotto et al., 2014)

C106 Copper transfer to SOD1 (Girotto et al., 2014)
E18, C106, H126 Glyoxalase 3 activity (Subedi et al., 2011)
C106A Loss of function of both

redox and neuroprotective
functions

(Aleyasin et al., 2007; Waak et al.,
2009)C106S
(Takahashi-Niki et al., 2004)

C106A Loss of function of deglycase
activity

(Richarme et al., 2015)
role in the protein, participating in the hydrogen bonds network. Even
though there is evidence suggesting that H126 residue is not crucial
for DJ-1 enzymatic activities, from a structural point of view it is
worthmentioning that it forms a pocket on the protein surface together
with E18 and C106 (Fig. 2). Altogether, these observations suggest that
the described roles of DJ-1 are connected, althoughmore investigations
from independent laboratories are strictly required to prove these con-
verging mechanisms.

6. Concluding remarks

Since the discovery of the involvement of DJ-1 in PD, a large effort
has been made to understand the role of this protein in cells. In this re-
view we focused on the most recent DJ-1 putative physiological roles
andwediscussed the idea that DJ-1may exert its neuroprotection indif-
ferent ways that can be correlated to each other (Fig. 3). It is now well
accepted that DJ-1 possesses a direct antioxidant function and could
serve as a sensor for oxidative stress inside cells. Accordingly, changes
in the redox state of its sensitive cysteines are possibly the prime stim-
ulus for the putative copper transfer to SOD1 and for the stimulation of
deglycase/glyoxalase activity under stress conditions. In addition, DJ-1
could also act as an indirect antioxidant protein: under oxidizing condi-
tions, it promotes the transcription of a subset of antioxidant genes,
such as SOD1, Trx1 and NQO1, to induce cell survival. It also serves as
chaperone protein to prevent protein aggregation and ROS formation.

It is important to keep in mind that several enzymes participate in
most of the cellular pathways described in this review, many of them
with higher catalytic activity than DJ-1. In this regard, CCS accounts
for approximately 80% of SOD1 maturation, while glyoxalase 1 and 2
constitute the system mainly involved in MGO detoxification. While
DJ-1 appears to possess redundant functions, its role could become par-
ticularly important under stressful situations, such as in the presence of
an altered cellular redox state. Based on the growing evidence that DJ-1
can perform multiple tasks in the cell, the protein could be included in
the “moonlighting protein family”. These proteins are defined as multi-
functional polypeptides in which two or more physiologically relevant
functions are performed by a single protein (Jeffery, 2014). The multi-
modal mechanism of action of DJ-1 in response to different sources of
cellular stress could represent the mechanism through which DJ-1 ex-
erts its neuronal cytoprotection against oxidative damage.

Unfortunately, our understanding of the activation mechanisms of
DJ-1 neuroprotective function is limited and many questions still need
to be answered, such as: what is the spatial specificity and temporal du-
ration of the evoking stimulus? How is this process regulated in neu-
rons? What are the global players involved in the response? It is
unlikely that these patterns are activated in the same tissue, at the
Fig. 2.Three-dimensional structure ofDJ-1 in its dimeric form. Thedifferentmonomers are
representedwith different colours and the residues involved in its purportedphysiological
role have been emphasised. Residues E18 C106 and H126 form a pocket on DJ-1 protein
surface.



Fig. 3. Summary of the most recent physiological roles associated to DJ-1. DJ-1 has been
described to regulate several transcription factors, to directly participate in SOD1
maturation and to possess a glyoxalase/deglycase activity. Interestingly these functions
could be correlated.
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same time and to the same extent, in response to a stimulus. For exam-
ple, if a rapid cellular response against oxidative stress is required, cells
would avoid the activation of gene expression as first line of defence,
while in case of a long-term response, the stimulation of transcription
pathways would be the primary cellular response. Furthermore, one
signalling cascade could bemore relevant than another in a specific tis-
sue, making it difficult to predict which mechanisms are preferentially
activated in specific situations. The future challenges in the field will
be to better define DJ-1 antioxidant role in the context of neuronal sur-
vival with important implication for PD therapies.
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