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Abstract: DJ-1, also called Parkinson’s protein 7 (PARKY), is ubiquitously expressed and plays
multiple actions in different physiological and, especially, pathophysiological processes, as evidenced
by its identification in neurodegenerative diseases and its high expression in different types of cancer.
To date, the exact activity of DJ-1 in carcinogenesis has not been fully elucidated, however several
recent studies disclosed its involvement in regulating fundamental pathways involved in cancer onset,
development, and metastatization. At this purpose, we have dissected the role of DJ-1 in maintaining
the transformed phenotype, survival, drug resistance, metastasis formation, and differentiation in
cancer cells. Moreover, we have discussed the role of DJ-1 in controlling the redox status in cancer
cells, along with the ability to attenuate reactive oxygen species (ROS)-dependent cell death, as well
as to mediate ferropotosis. Finally, a mention to the development of therapeutic strategies targeting
DJ-1 has been done. We have reported the most recent studies, aiming to shed light on the role played
by DJ-1 in different cancer aspects and create the foundation for moving beyond the tip of the iceberg.
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1. DJ-1: General Overview

The protein/nucleic acid deglycase DJ-1 (DJ-1, also called PARK?, Parkinson’s protein
7) is a highly conserved protein of 20 kDa, belonging to the DJ-1/ThiJ /Pfp protein super-
family [1], whose gene is located in the distal part of chromosome 1 (1p36.12-1p36.33) [2].

DJ-1 is a multifunctional protein that is ubiquitously expressed and acts primarily as
a cysteine protease, although its functions range from a redox-regulating chaperone to a
transcriptional co-activator, switching to a deglycase enzyme in a peculiar cancer context.
Therefore, this protein appears to be involved in numerous physiological and pathophys-
iological processes, such as apoptosis, gene transcription, oxidative stress response, cell
proliferation, and growth [3,4].

DJ-1 is predominantly a chaperone protein involved in redox homeostasis. The protein
owns three cysteines (Cys) residues (Cys46, Cys53, and Cys106) essential for antioxidant
proprieties. Among these residues, Cys106 is the most critical in maintaining the activity of
redox sensor. Under hyper oxidative conditions, Cys106 might undergo oxidation eliciting
the loss of antioxidant activity [5]. High levels of oxidized Cys106-DJ-1 have been associated
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with several pathologies, whose oxidative stress is the driving force in the physiopathology
onset [3,4,6].

The conserved Cys106 region in the DJ-1 can be oxidized, inducing DJ-1 translocation
into the mitochondria and repression of p53-dependent gene transcription. This region,
necessary for DJ-1 homodimerization, has been reported to be the target of a recent series
of bis-isatin derivatives that possess anticancer properties [6].

Mutations of the DJ-1 gene lead to a protein’s instability and loss of function, which
is ultimately responsible for the death of dopaminergic neurons and the early onset of
Parkinson’s disease [7].

Interestingly some of these mutations occur also on the region codifying for cysteine
residue, especially Cys106, highlighting the crucial role of this residue in protein function
and stability [8,9].

2. DJ-1 Status in Human Cancers

In addition to the widely known evidence for the role of DJ-1 in neurodegenerative
diseases, several studies point to DJ-1 as a master regulator of neoplastic transformation [10].
This notion is supported by different studies. DJ-1 gene maps in a chromosomal locus,
in which several chromosome abnormalities in cancer cells have been reported [2]. DJ-1
over-expression promotes, alone or in combination with other oncogenes (i.e., Ras and
Myc), NIH3T3 cell transformation [11]. DJ-1 is highly expressed in many cancers with
poorer prognosis, including breast, lung, pancreatic, thyroid, brain, and endometrial as
well as different types of leukaemia [1,12-15].

From a mechanistic point of view, although the exact activity of DJ-1 in carcinogenesis
has not been yet fully elucidated, it seems to be tightly associated with its ability to prevent
oxidative damage and modulate peculiar cellular processes, such as signal transduction,
apoptosis, invasion, and chemoresistance through the regulation of some key proteins
such as tensin homolog (PTEN), mitogen-activated protein kinase (MAPK), nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB), Hypoxia-inducible factor 1-alpha
(HIF-1«), androgen receptor (AR), and NF-E2-related factor 2 (NRF2) [16,17].

3. DJ-1in Cancer Signaling

As previously anticipated, DJ-1 is considered an oncogene, mostly in association with
other oncogenes such as c-Myc or H-Ras, and it can act, for instance, as a PTEN repressor,
causing cell proliferation in both primary breast cancer cells as well as non-small cell
lung cancer cells [18,19]. The ameliorated understanding of cancer onset and progression,
thanks to the advances in genomic and proteomic technologies, have allowed for the genetic
determination of the individual cancer risk. Moreover, in-depth genetic analysis disclosed
an increasing number of known oncogenes and tumor suppressors in humans, whose
combinations account for a million different cancer genotypes, together with the different
single nucleotide variants in tumor cells compared to the normal ones [20,21].

However, there is disagreement about the role of DJ-1 in cancerogenesis, mainly
because of the pleiotropic functions it exerts. For instance, DJ-1 is involved in transcrip-
tional regulation [22-24], oxidative stress response [10], mitochondrial regulation [25],
inflammation [26], and glycation damage prevention [27].

Several studies reported the requirement of DJ-1 for the maintenance of the trans-
formed phenotype (e.g., uncontrolled proliferation, contact inhibition loss, anchorage-
independent growth, extracellular matrix invasion) in cancer cells, as well as for the
regulation of transformed growth, survival, chemoresistance, and metastasis formation and
differentiation [28-32]. For instance, in the context of transcriptional activity, even though
DJ-1 does not bind the DNA, it works as a transcription activator by sequestering inhibitory
factors of crucial genes involved in cancer progression including p53, the AR, Nrf2, and
PSF [33]. In addition, DJ-1 silencing by small interfering RNA (siRNA) inhibits cell transfor-
mation, cancer cell growth, and increases sensitivity to various chemotherapeutics [34-37].
Conversely, high DJ-1 activity induces the resistance of cancer cells to chemotherapy [28].
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Such effect is due to its redox-sensitive chaperone activity, which participates in protect-
ing cancer cells from oxidative agents, including some anticancer drugs [38,39]. Under
oxidative conditions, indeed, oxidized DJ-1 is mainly localized into mitochondria, where
it is able to protect cells from ROS-dependent damage [40], most likely by increasing the
expression of antioxidant proteins, including glutamate cysteine ligase, and glutathione
synthesis [41]. Altogether, these data suggest a relevant role of DJ-1 in cell transformation
and chemoresistance, both most likely due to its function in maintaining mitochondrial
integrity and in mediating protection from chemotherapy-induced oxidative stress.

4. DJ-1 Interplay with PI3K Signaling

DJ-1 modulates a classical survival pathway in some cancer cells, namely phos-
phatidylinositol 3-kinase/protein kinase B (PI3K)/(AKT), by suppressing the activity of the
tumor suppressor gene phosphatase (PP2A) and PTEN, in turn promoting higher phospho-
rylation of PKB/Akt, a downstream target of PTEN, thereby supporting the transformation
process and cancer cell proliferation and survival [42]. Several studies supported the idea
that DJ-1 plays a negative regulation of PTEN, since when DJ-1 is overexpressed, as in
urothelial carcinoma, lung cancer and melanoma, the expression of PTEN is reduced [43—45].
Conversely, DJ-1 silencing, for instance in human melanoma cells G361, causes upregulation
of PTEN and some pro-apoptotic proteins, inhibition of AKT activity and anti-apoptotic
proteins and thereby regulating their proliferation and invasion ability [46]. A similar
effect has been reported in two models of papillary thyroid carcinoma, K1 and TPC-1 cells,
where the knockdown of DJ-1 blocks proliferation, invasion, and migration through an
increased PTEN expression and a decreased AKT phosphorylation. DJ-1 knock-down also
reduces NF-kB activity and ERK1/2 phosphorylation, causing cell proliferation, migration,
and invasion inhibition [17]. In NIH3T3 cells, DJ-1 hampers PTEN-induced apoptosis
through activation of the PI3K/AKT pathway, glycogen synthase kinase 3 beta (GSK3f3)
phosphorylation, and cyclin D1 expression [42]. Similarly, in patients with high grade
and poor prognosis glioma, DJ-1 expression has been associated with a higher level of
protein catenin beta 1 (CTNNB1) [47]. Silencing DJ-1 in human hepatocellular carcinoma
cells (HCCs) induces PTEN expression as well as inhibition of interleukin (IL)-6/Signal
Transducer and Activator of Transcription 3 (STAT3), MAPK and AKT, resulting in reduced
cell proliferation [48,49]. In leukemia cells, the DJ-1 knock out regulates the cell cycle via
Cdk2, cyclin D1, c-Myc, NF-kB, Bcl-2, and PTEN, causing cell apoptosis [37]. Thus, it is
clear that the survival of cancer cells is granted by the regulation of the activation status of
different targets, triggered by DJ-1.

5. DJ-1 Modulates the MAPK Signaling

DJ-1 prevents cell death and induces cancer cell invasion/migration by modulating
the MAPK signaling pathway, which transmits signals from the cell membrane to the
nucleus and regulates several cellular processes involved in oncogenesis [50]. Specifically,
DJ-1 was found to be able to sequester the death protein Daxx in the nucleus causing
the inactivation of the cytoplasmic stress-responsive effector apoptosis signal-regulating
kinase 1 (ASK1), whose role is to activate JNK and p38, both promoting cell death [51,52].
Again, DJ-1 protects cells from UV-induced death through the mitogen-activated protein
kinase/extracellular signal-regulated kinase 1 (MEKK1)-SEK1-JNK1 pathway. Indeed, DJ-1,
by physically binding MEKK1, sequesters this kinase into the cytoplasm, and suppresses
the downstream activation of SEK1 and JNK1 [53].

DJ-1 also plays a crucial role in cancer cell migration and invasion, as observed in
pancreatic cancer cells, where it can activate the ERK/SRC phosphorylation cascade [54,55].
Several data report that DJ-1 is also physically associated with p53, a tumor suppressor
that is mutated in almost half of human tumors and able to induce cell cycle arrest and
apoptosis through the regulation of IGF-BP3 and/or PTEN gene expression, both involved
in IGF-1/AKT pathway down-regulation [22,24]. Thus, the anti-apoptotic function of
DJ-1 is explained by the suppression of the transcriptional activity of p53 through direct
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binding to the C-terminus of p53; consequently, p53 cannot activate the transcription
of the pro-apoptotic factor Bcl-2 associated X (Bax), inhibiting the downstream caspase
activation [23]. Finally, the association of DJ-1 expression with p53 appears to play a
central role in determining the cell fate by regulating apoptosis [56]. Again, the regulation
mediated by DJ-1 is pivotal in protecting cancer cells from death.

6. DJ-1 Implications in Hypoxia

Regulation of the PI3K/Akt/mTOR pathway by DJ-1 is also responsible for stabilizing
the subunits of another important transcription factor, HIF-1, under hypoxia, which is essen-
tial for tumor progression [57]. The activation of insulin-like growth factor receptor (IGFR)
or epidermal growth factor receptor (EGFR), promotes PI3K)/AKT signal transduction
pathway, leading to an increased HIF-1o expression that, under non-hypoxic conditions, is
rapidly ubiquitinated and degraded by proteasome [50]. Therefore, the total HIF-1 activity
relies on HIF-1o protein levels [58].

In addition, DJ-1 expression, during hypoxia, protects cells from apoptosis by inhibit-
ing caspase-3 cleavage activity [59]. Caspase-3 is normally activated during apoptosis,
regardless of the death initiating stimulus, and is responsible of the cleavage of a wide
array of substrates [60]. These events are associated with DJ-1 and contribute to cancer cell
survival under hypoxic stress.

Zeng et al. showed that DJ-1 promotes cell survival through the PI3K/AKT pathway
and HIF-1« in human colorectal cancer (CRC) [61]. DJ-1 was found in 68.5% of these sam-
ples, with a higher nuclear localization compared to normal epithelial cells and associated
with the tumor size and higher clinical stage. Importantly, DJ-1 levels were significantly
associated with a high HIF-1« expression, which was identified in 74.0% of CRC samples.
The authors suggest that DJ-1 regulates the PI3K/Akt/HIF-1« cell survival pathway and
increases the expression of HIF-1oc and other hypoxic genes. Worth mentioning is that
HIF-1« is also activated by DJ-1 under non-hypoxic conditions [61]. These studies con-
firm that DJ-1 plays an important role in allowing cancer cells to escape from the hypoxic
condition limitations.

7. DJ-1 Regulates the Metastatic Process

Longhao et al. [62], using RNA sequencing and bioinformatics analyses, demonstrated
that DJ-1 promotes epithelial to mesenchymal transition (EMT) in CRC cells through the
Wnt signaling pathway. The DJ-1/Wnt pathway regulates the expression of fibroblast
growth factor 9 (FGF9), which more highly expressed in CRC human samples, associated
with tumor differentiation, poorer overall survival, and is closely correlated with other EMT
markers such as E-cadherin and vimentin expression. Higher expression of DJ-1 associated
with dysregulated levels of EMT biomarkers, particularly E-cadherin and vimentin, in
esophageal squamous cell carcinoma (ESCC) tissue samples has been also reported [16] In
human ECA-109 cells in vitro and in the in vivo nude mouse abdominal transplant model,
DJ-1 overexpression is strongly associated with proliferation, migration, invasion, and
EMT, mainly through the Wnt/ 3-catenin pathway [16]. These aspects should be taken into
account for the development of drugs interfering with the metastatization process induced
by DJ-1.

8. DJ-1 Regulates the Non-Canonical NF-kB Pathway

Recently, Shu et al. reported that DJ-1 is abnormally expressed in an endometrial
cancer sample and is closely associated with the degree of differentiation, metastasis, and
invasion [63]. Silencing of DJ-1 in Ishikawa cells causes cell viability inhibition and pro-
motes apoptosis. As suggested by Zhu et al. [64], these events are associated with inhibition
of the cellular zinc finger anti-NF-«kB (Cezanne or OTUD7B) and subsequent activation of
the non-canonical NF-«B pathway. Inhibition of Cezanne enables tumor survival through
increased expression of IL-8 and ICAM-1 [65]. The authors demonstrated that Cezanne
silencing reverts DJ-1 knockdown-induced proliferation inhibition. On the contrary, in-
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hibition of the non-canonical NF-«B pathway by knocking down NF-«B-inducing kinase
(NIK) abrogated the positive and negative DJ-1 effects on proliferation and apoptosis,
respectively. Moreover, the authors showed that DJ-1 regulates NF-kB nuclear localization
by directly inhibiting Cezanne. Altogether, these data suggest that Cezanne inhibition and
non-canonical NF-«B signaling activation are involved in the ability of DJ-1 to regulate
proliferation of endometrial cancer cells.

9. DJ-1 Interactions with the Androgen Receptor

Several findings regarding DJ-1 activity have highlighted that the regulation of the
AR signaling pathway is another important DJ-1 role, and a useful biomarker for sev-
eral cancer types, including prostate cancer [66]. In this context, the expression of AR is
greatly increased and its mutation, especially under treatment with AR antagonists, causes
constitutive AR transactivation [67]. Importantly, treatments with androgens, such as dihy-
drotestosterone (DHT), or antiandrogens, such as OH-flutamide and bicalutamide, induce
the translocation of DJ-1 into the nucleus. Meanwhile DJ-1 function in prostate cancer has
not yet been fully elucidated, as other data indicated that DJ-1 expression increases the
growth of the prostate cancer in patients treated with the androgen deprivation therapy [68].
DJ-1 can transcriptionally activate AR by forming a complex with the EF-hand calcium
binding domain 6 (EFCAB6) and interfering with the association of EFCAB6 with histone
deacetylase (HDAC) [69].

Moreover, DJ-1 interacts with the AR-binding region of the Protein Inhibitor of
Activated STAT 2 (PIAS2), hampering the formation of the PIAS2/AR complex [70].
Qin et al. [71] suggested that DJ-1 overexpression induces survival of prostate cancer.
In particular, they show that in LNCap prostate cancer cells, DJ-1, by inhibiting JNK
and Bcl2 phosphorylation as well as Beclinl and Bcl2 dissociation, causes a reduction of
microtubule-associated proteins 1A /1B light chain 3B, namely LC3 (MAP1LC3B) and of
auto-phagosome formation. Thus, the inhibition of autophagy due to both the DJ-1 and AR
expression, in association with the growth of prostatic cancer cells, further strengthen the
notion of a strict inter-regulation between DJ-1 and AR.

An association between DJ-1 expression and chemotherapy resistance has been ob-
served in two gastric cancer cell lines. In particular, Liu et al. revealed that vincristine
(VCR)-induced gastric cancer multi drug resistant (MDR) cells, SGC7901/VCR, as com-
pared to a sensitive one, SGC7901, showed a higher level of DJ-1 associated with an
increased survival and resistance to several other chemotherapeutics such as Adriamycin,
5-Fluorouracil, and Cisplatin, a phenomenon that was ascribed to the upregulation of P-gp
and Bcl-2 [3].

10. DJ-1 and the Redox Homeostasis

DJ-1 is principally an antioxidant protein, controlling the redox balance in cancer
cells, and is capable of protecting them from a ROS-induced cell death [51] through the
transcriptional regulation of detoxification enzymes, including NAD (P)H-quinone oxi-
doreductase 1 (NQOL1) [10]. However, further studies are needed to shed light on this
aspect, as this deregulation appears to be cell type specific. Cao et al. reported that DJ-1
can block lipid peroxidation, protecting cancer cells from oxidative damage, and that its
silencing reduces the intracellular reduced glutathione (GSH) levels. In addition, DJ-1
silencing or overexpression decreases or increases respectively the activity of SAHH (S-
adenosyl-homocysteine hydrolase), the enzyme responsible for the catalytic production of
homocysteine (Hcy) from SAH (S-adenosyl-L-homocysteine). The latter enzyme is involved
in DJ-1-mediated ferroptosis, as its overexpression can reverse this effect [72]. Ferroptosis
is a form of structured cell death characterised by a lethal increase of lipid hydroperoxides
in response to iron high levels and increased intracellular ROS [73].

Ferroptosis is implicated in a variety of pathological contexts (e.g., Alzheimer’s, Hunt-
ington’s and Parkinson’s diseases, carcinogenesis, and stroke). It is known that certain
degenerative diseases are triggered by an impaired ability to fight lipid peroxidation,
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leading to cell death. In addition, several authors propose ferroptosis as a scavenging mech-
anism for damaged cells that have been compromised by infection or environmental stress.

Iron homeostasis and ROS metabolism are key players in the activation and regulation
of ferroptosis [74,75]. Indeed, during oxidative stress, high levels of iron can promote
ferroptosis through the Fenton reaction [76-79].

Ferroptosis might be essentially targeted by three classes of drugs: (i) iron chelators
that influence the levels of iron; (ii) antioxidant agents, as lipophilic antioxidants and
inhibitors of lipid peroxidation, that preserve cellular redox status; and (iii) molecule inter-
fering with GSH metabolism [76,80-94]. All these molecules are categorized as “ferroptosis
modulators” [95,96].

In this context, it is very tempting to dissect the role of DJ-1 as a peculiar ferroptosis
inducer with the intent to shed light on a promising therapeutic target for cancer therapy.
As previously discussed, DJ-1 directly counteracts oxidative stress undergoing oxidization
at the Cys106 residue. In addition, it transcriptionally prevents ferroptosis modulating the
expression of genes involved in lipid, ROS and iron metabolism. Furthermore, DJ-1 can
stabilize Nrf2, the crucial transcriptional regulator of the antioxidant response [10,72,97].
Nrf2 is involved in the regulation of ferroptosis, cancer progression, invasion [98], and into
resistance to therapy [99]. After stabilization, Nrf2 promotes iron storage, reduces cellular
iron uptake, and limits ROS production.

Cellular redox status, resulting from the activity of endogenous catalytic activities,
exogenous ROS inducer, and intracellular ROS scavengers, are essential for correct prolifer-
ation and differentiation [100-103].

In healthy conditions, Nrf2 has a pivotal role in cells survival, when oxidative stress
is moderate, as it induces the expression of ROS scavengers and preserves cellular in-
tegrity [104]; conversely, when ROS levels are markedly increased, Nrf2 might trigger
a plethora of programmed cell death types, including ferroptosis [91,105,106]. During
cancer transformation, Nrf2 gains a pro-survival role, becoming a key factor in inflamma-
tion and resistance to therapy, and, accordingly;, it is highly expressed in several types of
cancers [107].

Recent findings suggest that NRF2 elicits cancerogenesis and tumour progression
by inducing metabolic rewiring pathways and counteracting, also in tumour cells, the
oxidative stress. This activity antagonizes the efficiency of chemotherapy and radiotherapy
and fuels an ideal surrounding microenvironment for tumour cell growth [108].

In this scenario, establishing the ability of DJ-1 to direct Nrf2 activities might represent
a valuable opportunity in cancer therapy.

The role of DJ-1 in modulating Nrf2 activity and consequently ferroptosis is dual:
directly, it promotes Nrf2 expression by preventing its ubiquitination and degradation [101];
indirectly, it acts as a reservoir of reduced groups for GSH biosynthesis by maintaining
cysteine in the reduced thiol/thiolate state in the trans-sulfuration pathway. This evidence
is remarkably supported by the finding that the sensitivity of various cancer cells to
Erastin or analogues is greatly increased by DJ-1 suppression both in vitro and in vivo
(Figure 1) [72,79,97,109]. Finally, in non-small cell lung cancer (NSCLC) cells, DJ-1 promotes
cell proliferation. Remarkably, through its binding to the BH1-3 domain of Bcl-2-like
protein 1 (BCL2L1), it is able to increase BCL2L1 mitochondrial stability, counteracting the
antiproliferative effects of some oxidative agents such as ultraviolet B (UVB) radiation [110].
From these results it is evident that, under the ferroptotic stress, the DJ-1 levels play a major
role in the survival of cancer cells.
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Figure 1. Role of DJ-1 in ferroptotic cells. In basal conditions, the intake of cystine is the driving force
for GSH generation. During ferroptotic stress, DJ-1 level is a determining factor in the survival of
the cells. In Erastin treated cells, the high levels of DJ-1 preserves the survival of cells by inducing
the transsulfuration pathway. Conversely, low levels of DJ-1 inhibit the transsulfuration pathway,
decrease the generation of GSH, and induce ferroptosis.

11. DJ-1 Deglycase Activity

Increasing evidence suggests that DJ-1 and ROS are also associated with molecular
pathways leading the formation of advanced glycation end products (AGEs). Under dicar-
bonylic stress, proteins and lipids undergo glycation, a non-enzymatic reaction that leads
to the formation of methylglyoxal (MGO) and glyoxal (GO) products. The adducts formed
through the Maillard reaction under oxidative conditions might be rearranged by producing
AGEs [111], a damaging condition related to aging and senescence processes [112].

Although it is well established that ROS are the driving force leading to AGEs forma-
tion, it is also clear that AGEs are themselves a source of oxidative stress able to impair
antioxidant scavengers. AGEs formation is thus a “self-feeding” mechanism correlated
with ageing, cancer, neurodegeneration, and auto-immune diseases [113].

In the context of AGEs formation, DJ-1 is likely to have a leading role, being a gly-
oxalase able to revert the Maillard reaction [114]. In healthy conditions, the removal of
dicarbonylic adducts is critical to avoid severe diseases [112,113] but, on the other hand,
in cancer cells, this glyoxalase activity is crucial for preserving the replicative potential of
cancers cell.

The latest studies report that the aggressive malignancy unveils a hyper-glycolytic
phenotype. This high glycolytic flux accounts for the formation of waste carbonylic species
able to bypass nuclear membranes and react with the e-amino groups of lysine and arginine,
very represented in histone tails. This reaction, being non-enzymatic, is influenced only by
the levels of reagents and is thus dependent on glycolytic flux.

Glycation might induce the deconstruction of histone codes impairing the replicative
cellular potential. Based on these observations, high glycolytic cancer cells should be
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more susceptible to senescence but, paradoxically, this type of malignancy exhibits a more
aggressive phenotype. The reason lies in the overexpression of DJ-1 that counteracts AGEs
formation both by reverting glycation reaction and by reducing oxidative stress.

In this context, two key papers concomitantly highlighted the role of DJ-1 in preserving
nucleosome stability and chromatin architecture, by removing MGO and GO adducts from
histone tails [115,116]. The authors depicted a novel molecular mechanism, connecting the
cellular metabolic alteration with the epigenetic perturbation. Notably, they emphasized
that high levels of glycation correlate with DJ-1 overexpression, enforcing the notion that
DJ-1 has a strategic role in preserving the malignant replicative potential of breast cancer
cells. On the other hand, our research group deepened this topic, adding a further order
of complexity to the molecular mechanism. We proposed that DJ-1 might undergo Akt-
dependent phosphorylation on the catalytic site, providing the basis to demonstrate that the
peculiar mitogenic signal, as the activation of PI3K pathway, might direct DJ-1 deglycase
activity (Figure 2). Our work suggests that in cancer cells, the peculiar DJ-1 proteoform
accounts for its role in epigenetic misregulation preserving the histone code and promoting
survival [117].
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Figure 2. Role of DJ-1 during dicarbonyl stress. In senescent cells, the hyper-glycolitic phenotype
induces dicarbonyl stress. Left side: In cells treated with Akt inhibitor, DJ-1 does not undergo
phosphorylation. Unphosphorylated DJ-1 loses its glyoxalase activity and is unable to counteract the
formation of MGO adducts, accounting for chromatin destructuration. Right side: In proliferating
cell, under the activation of the Akt pathway, DJ-1 undergoes phosphorylation and translocates into
the nucleus where it acts as glyoxalase. This activity preserves the histones code and the malignant
proliferative potential.

12. The Interplay between DJ-1 and miRNAs in Cancer and Oxidative Stress
Related Conditions

A number of recent studies have functionally linked DJ-1 to some microRNAs, which
are crucial post-transcriptional regulators. This interplay seems to be involved in the devel-
opment and progression of several unhealthy conditions, including cancer and Parkinson’s
disease. Concerning cancer, several DJ1-miRNAs interactions have been described. In par-
ticular, miR-216b inhibits gastric cancer proliferation and migration by targeting DJ-1, latter
promoting gastric cancer peritoneal metastasis through PI3K/ Akt signalling pathway [118].
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Interestingly, modulation of DJ-1 levels by miRNAs has also a crucial role in overcoming
chemoresistance. For instance, in pancreatic cancer cells and in HCC, MiR-203 affects
cisplatin resistance by inducing apoptosis [119]. Furthermore, MiR-128-3p overexpression
sensitizes cancer cells to sorafenib-induced apoptosis [120].

Similarly in glioma, MiR-544 inhibits cells proliferation, invasion, and migration by
targeting the DJ-1 gene [121]. The interplay between DJ-1 and miRNAs has also been
described in several neurological diseases. For instance, in Parkinson’s, DJ-1 seems to
modulate the expression of miR-221 promoting neuronal survival and hampering ox-
idative stress. Specifically, DJ-1 increases miR-221 expression through the MAPK/ERK
pathway, leading to the repression of apoptotic effectors [122]. Conversely, two miRNAs,
Hsa-miR-4639-5p and miRNA-494, down-regulating DJ-1, elicit severe oxidative stress
and neurodegeneration [123,124]. In the context of degenerative disease, Xue and col-
leagues described how the overexpression of miR-122, leading to DJ-1’s downregulation,
counteracts the ischemia-reperfusion damage after cerebral infarction [125]. Additionally,
an interesting study reported that MiR-181a, regulating the expression of p62/SQSTM1,
parkin, and DJ-1, promotes mitochondrial dynamics in skeletal muscle ageing. The study
underlies that the age-related downregulation of MiR-181a is associated with the accu-
mulation of autophagy-related proteins and abnormal mitochondria while the restoring
of miRNA levels in old mice, prevents the accumulation of p62, DJ-1, and PARK?2, and
improves mitochondrial quality and muscle function [126]. Finally, it is reported that
the downregulation of miR-4485-3p is associated with asthenozoospermia through the
interaction with DNAH1, KIT, and PARK? genes [127]. Overall, these studies highlight
that DJ-1 exerts a dual role based on pathophysiological context. In cancer cells it exhibits
a prosurvival role by directing proliferation, migration, invasion and chemoresistance
through the modulation of mitogenic pathways; on the other hand, in neurological diseases,
where it acts principally as an antioxidant agent, its downregulation might induce serious
cellular damage by hampering redox homeostasis.

13. DJ-1 as a Potential Therapeutic Target

Taking into account the widespread functions of DJ-1, it is obvious that several research
groups pointed out the development of therapeutic strategies aiming to target DJ-1.

Some strategies blocking the biological functions of DJ-1 in cancer are based, for
instance, on DJ-1 gene silencing or interference with the controlled pathways, but few
studies regarding compounds able to bind directly DJ-1 have been published and the
description of their precise mechanism of action is not yet detailed in depth [128]. The
major reason is the lack of a potent and well-characterized chemical inhibitor, however
some interesting studies, based on crystal structure and computational studies, have been
conducted on compounds that bind the Cys106 region [129]. Bilsland et al. reported the
identification and characterization of a pyrazolopyrimidine compound series (particularly,
CRT0063465 and its analogue CRT0105481), even though the inhibition mechanism was
not really clarified [129].

In the DJ-1 structure, the conserved Cys106 is the main residue that influences many
known functions. The Cys106 region serves as a sensor of redox homeostasis and can be
oxidized to both the sulfinate (-SO, ™) and sulfonate (-SO3~) forms [130]. Oxidation of
Cys106 seems to be crucial for DJ-1 translocation into the mitochondria, interaction with
p53, and repression of p53-dependent gene transcription [11]. Thus, considering that this
residue seems to play a key role in the modulation of DJ-1 activities, the docking of small
molecular compounds able to target this region represents an exciting therapeutic strategy.

Tashiro and colleagues applied a fragment-based methodology to identify novel in-
hibitors of DJ-1, focusing on molecules capable of binding the Cys106 region. These promis-
ing compounds exhibit significant inhibitory properties in a cell-based assays, targeting
both the redox sensor function and the DJ-1 deglycase activity [128].
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Yanagida and co-workers identified a molecule (UCP0054278) capable of binding
to the SO,H-oxidized Cys106 region. The molecule enhances DJ-1's anti-oxidative and
anti-apoptotic activity, preventing both ROS production and neuronal cell death [131].

Although oxidation of Cys106 residue is essential for the DJ-1 catalytic activity, it is
extensively demonstrated that an excessive oxidation induces protein inactivation and
is the driving force for Parkinson disease onset. In this context, two emblematic papers
described a subset of molecules that exhibit the ability to specifically bind the D]-1 Cys106
region maintaining its active forms. These molecules share the capability to prevent the
excessive oxidation of DJ-1, inhibiting the oxidative induced cell death [132,133].

A recent work discusses the synthesis and the analysis of a series of bis-isatin deriva-
tives able to specifically target the DJ-1 homodimerization unveiling remarkable anti-cancer
properties [6]. Intriguingly, the authors describe a molecule (DM10) that significantly
induces apoptosis and erastin-based ferroptosis in several human cancer cell lines and,
much more interestingly, also in xenograft mice generated from H1299 cells. Finally, in the
brilliant work by Maksimovic and colleagues, they developed a fluorescence-based assay
to screen DJ-1 inhibitor exploring its esterase activity by DIFMUACc substrate. Using this
approach, the authors enlarge the parterre of reversible and irreversible inhibitors of DJ-1
providing novel promising isatin-analog molecule able to impair DJ-1 activity [134].

14. Conclusions and Future Perspectives

Here we propose an analysis of DJ-1 function, pointing out that this mitochondrial
protein exerts a crucial role in several physiological and pathological pathways (Figure 3).
Closely, we dissect the activity of DJ-1 as a master regulator of cellular redox homeostasis,
highlighting that this function is, in turn, strategic for the modulation of ferroptosis as well
as glycation. Therefore, we propose a synopsis of the current strategies aiming to clarify
the role of this protein in cancer (Table 1).

~

-~

GLYCATIVE STRESS .

PREVENTION ~ / K ANTIOXIDANT ACTIVITY _/

Figure 3. DJ-1 Downstream signaling. The scheme is a synopsis of DJ-1 downstream effectors. DJ-1
is involved in cell proliferation, Apoptosis evasion, redox homeostasis, and prevention of glycative
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stress. For each signaling pathways, the main effectors are reported. We reported the effects of

DJ-1 on phosphatidylinositol-3 kinase (PI3K), protein kinase B (AKT), phosphatase and tensin

homolog (PTEN), insulin-like growth factor receptor (IGFR), hypoxia-inducible factor 1-alpha (HIF-

1a), extracellular signal-regulated kinase 1/2 (ERK1/2), tyrosine-protein kinase (SRC), nuclear factor
kappa-light-chain-enhancer of activated B cells (NFKB), cellular zinc finger anti-NF-«kB (CEZANNE),
Bcl-2-associated X protein (BAX), (P53), caspase 3 (CASP3), advanced glycation end-products (AGEs),
S-adenosyl-homocysteine hydrolase (SAHH), homocysteine (Hcy), nuclear factor erythroid 2-related
factor 2 (NRF2), NAD(P)H-quinone oxidoreductase 1 (NQO1), glutathione (GSH), and reactive
oxygen species (ROS).

Table 1. Correlating the expression and the regulation of DJ-1 with different types of cancers.

D]J-1 Expression Regulation Type of Cancer Ref.
Overexpression Reduction of PTEN expression Urotllrgliglcgﬁg?oma [43-45]
Upregulation of PTEN and other
. . pro-apoptotic proteins; inhibition of Human melanoma
Silencing the activation of AKT and cells G361 [46]
anti-apoptotic proteins
: Increased PTEN expression and Papillary thyroid carcinoma,
Knock-down decreased AKT phosphorylation K1 and TPC-1 cells (7]
: NF-«B activity reduction and Papillary thyroid carcinoma,
Knock-down ERK1/2 phosphorylation K1 and TPC-1 cells [17]
Activation of the PI3K/ AKT. Transformed
Overexpression  pathway, GSK3p phosphmjylatlon NIH-3T3 cells [42]
and cyclin D1 expression
Patients with high
Expression Increasing CTNNBI level grade and poor [47]
prognosis glioma
Increased PTEN expression,
Silencin inhibition of interleukin (IL)-6/ Human hepatocellular [48,49]
& Signal Transducer and Activator carcinoma cells (HCCs) !
of STAT3, MAPK and AKT
Regulation of Cdk2, cyclin D1, .
Knock out c-Myc, NF-kB, Bcl-2 and PTEN Leukaemia cells [37]
Expression A;Eg:;f;.;{a%fn}zglgc/ asteC Pancreatic cancer cells [54,55]
. Regulation of PI3K/AKT pathway Human colorectal
Expression and HIF-1x cancer (CRC) [61]
Expression Regulation of Wnt CRC cells [62]
signaling pathway
Esophageal squamous
Overexpression Increased EMT process cell carcinoma (ESCC) [16]
tissue samples
y N Human ECA-109 cells
. Wnt/ 3-catenin pathway, in vitro and in the in vivo
Overexpression increased EMT process nude mouse abdominal [16]
transplant model
. . Inhibition of the cellular zinc finger .
Silencing anti-NF-«kB (Cezanne or OTUD7B) Ishikawa cells [64]
. Inhibition of JNK, Bcl2 LNCap prostate
Overexpression phosphorylation/dissociation, Beclinl cancer cells [71]
Expression Increased BCL2L1 Non-small cell lung [110]

mitochondrial stability

cancer (NSCLC) cells

Some effective approaches for regulating DJ-1 function in cancer have been published,
mostly reporting the interference with its gene expression or pathways modulated by DJ-1.
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However, studies on the direct blockade of DJ-1 at the protein level are still controversial
and need to go more in-depth. One of the major issues is represented by the lack of a
potent and ascertained DJ-1 inhibitor. Some studies reported the interaction of a few
compounds with the region responsible of DJ-1 homodimerization, demonstrating that
its blockade induces cancer cells death. Unfortunately, these outcomes still have many
unanswered questions regarding the ability of DJ-1 to form many complexes, its subcellular
localization, and the adopted cell context. Thus, it is desirable to enlarge these results in
other cancer types and under different experimental conditions, and, most importantly, the
current research should focus on the individuation of the DJ-1 complexes and its subcellular
interactions, the exact role under oxidative stress, and in chemoresistance.

Overall, our review aims to underlie that DJ-1 is functionally required for several
aspects of the transformed phenotype and suggests that disrupting its protective activity
may be a promising therapeutic approach in the fight against cancer.

Author Contributions: Conceptualization, D.I. and D.S.; methodology, F.C., M.S.S. and A.C.; soft-
ware, E.O., M.L.C. and ].C,; validation, D.I. and D.S.; formal analysis, M.S.S. and A.C.; resources E.O.,
M.L.C,].C, G.C. and F.C,; data curation, E.O., M.L.C. and J.C.; writing—original draft preparation,
E.O,MLC,].C,MS.S. and A.C,; writing—review and editing, EC., G.C., D.I. and D.S.; visualization
E.O., M.L.C. and ]J.C,; supervision, D.I. and D.S.; project administration, D.I. and D.S. All authors
have read and agreed to the published version of the manuscript.

Funding: E.O. and M.L.C. were supported by fellowships from the Ph.D. Program in molecular
and translational oncology and innovative medical surgical technologies. F.C. was supported by
grants from MAECI (Executive Programme of Scientific and Technological Cooperation Italy-China
2019-2021, #CN19GRO03), and Bando Fondo di Ateneo-Quota competitiva 2021.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, W,; Wang, H.; Xiang, L.; Ni, T,; Jin, F,; Deng, ].; Zhang, Y.; Shintaro, I.; Zhou, Y.; Liu, Y. DJ1 is a new prognostic marker and
predicts chemotherapy efficacy in colorectal cancer. Oncol. Rep. 2020, 44, 77-90. [CrossRef]

2. Taira, T,; Takahashi, K.; Kitagawa, R.; Iguchi-Ariga, S.M.; Ariga, H. Molecular cloning of human and mouse DJ-1 genes and
identification of Sp1l-dependent activation of the human DJ-1 promoter. Gene 2001, 263, 285-292. [CrossRef]

3. Liu, HY,; Duan, G.L.; Xu, R.Y;; Li, X.R,; Xiao, L.; Zhao, L.; Ma, Z.X; Xu, XW.; Qiu, L.J.; Zhu, Z.M,; et al. DJ-1 overexpression
confers the multidrug resistance phenotype to SGC7901 cells by upregulating P-gp and Bcl-2. Biochem. Biophys. Res. Commun.
2019, 519, 73-80. [CrossRef]

4. Meiser, J.; Delcambre, S.; Wegner, A.; Jager, C.; Ghelfi, J.; d'Herouel, A.F; Dong, X.; Weindl, D.; Stautner, C.; Nonnenmacher, Y.;
et al. Loss of DJ-1 impairs antioxidant response by altered glutamine and serine metabolism. Neurobiol. Dis. 2016, 89, 112-125.
[CrossRef]

5. Raninga, P.V.; Trapani, G.D.; Tonissen, K.F. Cross Talk between Two Antioxidant Systems, Thioredoxin and DJ-1: Consequences
for Cancer. Oncoscience 2014, 1, 95-110. [CrossRef]

6. Chen, X.B.; Zhu, H.Y,; Bao, K,; Jiang, L.; Zhu, H.; Ying, M.D.; He, Q.].; Yang, B.; Sheng, R.; Cao, J. Bis-isatin derivatives: Design,
synthesis, and biological activity evaluation as potent dimeric DJ-1 inhibitors. Acta Pharmacol. Sin. 2021, 42, 1160-1170. [CrossRef]

7.  Bonifati, V,; Rizzu, P.; Baren, M.].v;; Schaap, O.; Breedveld, G.J.; Krieger, E.; Dekker, M.C ].; Squitieri, F.; Ibanez, P.; Joosse, M.;
et al. Mutations in the DJ-1 Gene Associated with Autosomal Recessive Early-Onset Parkinsonism. Science 2003, 299, 256-259.
[CrossRef]

8.  Anjum, E; Joshia, N.; Mohammad, T.; Shafie, A.; Alhumaydhi, FA.; Aljasir, M.A.; Shahwan, M.].S.; Abdullaev, B.; Adnan,
M.; Elasbali, A.M.; et al. Impact of Single Amino Acid Substitutions in Parkinsonism-Associated Deglycase-PARK? and Their
Association with Parkinson’s Disease. . Pers. Med. 2022, 12, 220. [CrossRef]

9. Song, LK. Kim, M.S,; Ferrell, ].E., Jr.; Shin, D.H.; Lee, K.J. Stepwise oxidations play key roles in the structural and functional
regulations of DJ-1. Biochem. |. 2021, 478, 3505-3525. [CrossRef]

10. Clements, C.M.; McNally, R.S.; Conti, B.J.; Mak, TW.; Ting, ]J.P. DJ-1, a cancer- and Parkinson’s disease-associated protein,

stabilizes the antioxidant transcriptional master regulator Nrf2. Proc. Natl. Acad. Sci. USA 2006, 103, 15091-15096. [CrossRef]


http://doi.org/10.3892/or.2020.7593
http://doi.org/10.1016/S0378-1119(00)00590-4
http://doi.org/10.1016/j.bbrc.2019.08.131
http://doi.org/10.1016/j.nbd.2016.01.019
http://doi.org/10.18632/oncoscience.12
http://doi.org/10.1038/s41401-020-00600-5
http://doi.org/10.1126/science.1077209
http://doi.org/10.3390/jpm12020220
http://doi.org/10.1042/BCJ20210245
http://doi.org/10.1073/pnas.0607260103

Cells 2022, 11, 1432 13 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Cao, J.; Lou, S.; Ying, M.; Yang, B. DJ-1 as a human oncogene and potential therapeutic target. Biochem. Pharmacol. 2015, 93,
241-250. [CrossRef]

Han, B.; Wang, J.; Gao, J.; Feng, S.; Zhu, Y.; Li, X,; Xiao, T.; Qi, J.; Cui, W. DJ-1 as a potential biomarker for the early diagnosis in
lung cancer patients. Tumour Biol. 2017, 39, 1010428317714625. [CrossRef]

Schabath, M.B.; Cote, M.L. Cancer Progress and Priorities: Lung Cancer. Cancer Epidemiol. Biomarkers Prev. 2019, 28, 1563-1579.
[CrossRef]

Kawate, T.; Tsuchiya, B.; Iwaya, K. Expression of DJ-1 in Cancer Cells: Its Correlation with Clinical Significance. Adv. Exp. Med.
Biol. 2017, 1037, 45-59.

Morelli, M.; Scumaci, D.; Di Cello, A.; Venturella, R.; Donato, G.; Faniello, M.C.; Quaresima, B.; Cuda, G.; Zullo, E; Costanzo, F.
DJ-1 in endometrial cancer: A possible biomarker to improve differential diagnosis between subtypes. Int. J. Gynecol. Cancer 2014,
24, 649-658. [CrossRef]

Jin, F; Wang, H.; Li, D.; Fang, C.; Li, W.; Shi, Q.; Diao, Y.; Ding, Z.; Dai, X.; Tao, L.; et al. DJ-1 promotes cell proliferation and tumor
metastasis in esophageal squamous cell carcinoma via the Wnt/ 3-catenin signaling pathway. Int. J. Oncol. 2020, 56, 1115-1128.
[CrossRef]

Qiu, K; Xie, Q.; Jiang, S.; Lin, T. Silencing of DJ-1 reduces proliferation, invasion, and migration of papillary thyroid cancer cells
in vitro, probably by increase of PTEN expression. Int. ]. Clin. Exp. Pathol. 2019, 12, 2046-2055.

Nagakubo, D.; Taira, T.; Kitaura, H.; Ikeda, M.; Tamai, K.; Iguchi-Ariga, S.M.; Ariga, H. DJ-1, a novel oncogene which transforms
mouse NIH3T3 cells in cooperation with ras. Biochem. Biophys. Res. Commun. 1997, 231, 509-513. [CrossRef]

Kim, R.H.; Mak, T.W. Tumours and tremors: How PTEN regulation underlies both. Br. . Cancer 2006, 94, 620-624. [CrossRef]
Demant, P. The genetic factors in cancer development and their implications for cancer prevention and detection. Radiat. Res.
2005, 164, 462-466. [CrossRef]

Wishart, D.S. Is Cancer a Genetic Disease or a Metabolic Disease? EBioMedicine 2015, 2, 478-479. [CrossRef]

Fan, J.; Ren, H,; Fei, E; Jia, N; Ying, Z.; Jiang, P.; Wu, M.; Wang, G. Sumoylation is critical for DJ-1 to repress p53 transcriptional
activity. FEBS Lett. 2008, 582, 1151-1156. [CrossRef]

Fan, J.; Ren, H,; Jia, N.; Fei, E.; Zhou, T; Jiang, P.; Wu, M.; Wang, G. DJ-1 decreases Bax expression through repressing p53
transcriptional activity. J. Biol. Chem. 2008, 283, 4022—4030. [CrossRef]

Kato, I.; Maita, H.; Takahashi-Niki, K.; Saito, Y.; Noguchi, N.; Iguchi-Ariga, S.M.; Ariga, H. Oxidized DJ-1 inhibits p53 by
sequestering p53 from promoters in a DNA-binding affinity-dependent manner. Mol. Cell. Biol. 2013, 33, 340-359. [CrossRef]
[PubMed]

Shimizu, Y.; Lambert, J.P.; Nicholson, C.K.; Kim, J.].; Wolfson, D.W.; Cho, H.C.; Husain, A.; Naqvi, N.; Chin, L.S.; Li, L.; et al. DJ-1
protects the heart against ischemia-reperfusion injury by regulating mitochondrial fission. J. Mol. Cell. Cardiol. 2016, 97, 56—66.
[CrossRef] [PubMed]

Chen, L.; Luo, M;; Sun, X.; Qin, J.; Yu, C.; Wen, Y,; Zhang, Q.; Gu, ].; Xia, Q.; Kong, X. DJ-1 deficiency attenuates expansion of liver
progenitor cells through modulating the inflammatory and fibrogenic niches. Cell Death Dis. 2016, 7, €2257. [CrossRef] [PubMed]
De Lazzari, F; Bisaglia, M. DJ-1 as a deglycating enzyme: A unique function to explain a multifaceted protein? Neural Regen. Res.
2017, 12, 1797-1798.

Chen, Y.; Kang, M.; Lu, W.; Guo, Q.; Zhang, B.; Xie, Q.; Wu, Y. DJ-1, a novel biomarker and a selected target gene for overcoming
chemoresistance in pancreatic cancer. J. Cancer Res. Clin. Oncol. 2012, 138, 1463-1474. [CrossRef]

Ismail, L. A.; Kang, H.S.; Lee, H.-].; Kwon, B.-M.; Hong, S.-H. 2/ -Benzoyloxycinnamaldehyde-mediated DJ-1 upregulation protects
MCEF-7 cells from mitochondrial damage. Biol. Pharm. Bull. 2012, 35, 895-902. [CrossRef]

Zhu, H.; Liao, S.D.; Shi, ].J.; Chang, L.L.; Tong, Y.G.; Cao, J.; Fu, Y.Y,; Chen, X.P; Ying, M.D.; Yang, B.; et al. DJ-1 mediates the
resistance of cancer cells to dihydroartemisinin through reactive oxygen species removal. Free Radic. Biol. Med. 2014, 71, 121-132.
[CrossRef]

Yuen, H.E; Chan, Y.P; Law, S.; Srivastava, G.; El-Tanani, M.; Mak, T.W.; Chan, K.W. DJ-1 could predict worse prognosis in
esophageal squamous cell carcinoma. Cancer Epidemiol. Biomarkers Prev. 2008, 17, 3593-3602. [CrossRef] [PubMed]

He, X,; Sun, Y;; Fan, R.; Sun, J.; Zou, D.; Yuan, Y. Knockdown of the DJ-1 (PARK?) gene sensitizes pancreatic cancer to erlotinib
inhibition. Mol. Ther. Oncolytics 2021, 20, 364-372. [CrossRef] [PubMed]

Ishikawa, S.; Taira, T.; Takahashi-Niki, K.; Niki, T.; Ariga, H.; Iguchi-Ariga, S.M. Human D]J-1-specific transcriptional activation of
tyrosine hydroxylase gene. |. Biol. Chem. 2010, 285, 39718-39731. [CrossRef] [PubMed]

Hod, Y. Differential control of apoptosis by DJ-1 in prostate benign and cancer cells. ]. Cell. Biochem. 2004, 92, 1221-1233.
[CrossRef]

Cao, J.; Ying, M,; Xie, N.; Lin, G.; Dong, R.; Zhang, J.; Yan, H.; Yang, X.; He, Q.; Yang, B. The oxidation states of DJ-1 dictate the
cell fate in response to oxidative stress triggered by 4-hpr: Autophagy or apoptosis? Antioxid. Redox Signal. 2014, 21, 1443-1459.
[CrossRef]

Zeng, H.Z.; Qu, Y.Q.; Zhang, W.J.; Xiu, B.; Deng, A.M.; Liang, A.B. Proteomic analysis identified DJ-1 as a cisplatin resistant
marker in non-small cell lung cancer. Int. ]. Mol. Sci. 2011, 12, 3489-3499. [CrossRef]

Liu, H.; Wang, M,; Li, M.; Wang, D.; Rao, Q.; Wang, Y.; Xu, Z.; Wang, J. Expression and role of DJ-1 in leukemia. Biochem. Biophys.
Res. Commun. 2008, 375, 477-483. [CrossRef]


http://doi.org/10.1016/j.bcp.2014.11.012
http://doi.org/10.1177/1010428317714625
http://doi.org/10.1158/1055-9965.EPI-19-0221
http://doi.org/10.1097/IGC.0000000000000102
http://doi.org/10.3892/ijo.2020.5005
http://doi.org/10.1006/bbrc.1997.6132
http://doi.org/10.1038/sj.bjc.6602994
http://doi.org/10.1667/RR3333.1
http://doi.org/10.1016/j.ebiom.2015.05.022
http://doi.org/10.1016/j.febslet.2008.03.003
http://doi.org/10.1074/jbc.M707176200
http://doi.org/10.1128/MCB.01350-12
http://www.ncbi.nlm.nih.gov/pubmed/23149933
http://doi.org/10.1016/j.yjmcc.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27108530
http://doi.org/10.1038/cddis.2016.161
http://www.ncbi.nlm.nih.gov/pubmed/27277679
http://doi.org/10.1007/s00432-012-1205-3
http://doi.org/10.1248/bpb.35.895
http://doi.org/10.1016/j.freeradbiomed.2014.03.026
http://doi.org/10.1158/1055-9965.EPI-08-0214
http://www.ncbi.nlm.nih.gov/pubmed/19064576
http://doi.org/10.1016/j.omto.2021.01.013
http://www.ncbi.nlm.nih.gov/pubmed/33614917
http://doi.org/10.1074/jbc.M110.137034
http://www.ncbi.nlm.nih.gov/pubmed/20938049
http://doi.org/10.1002/jcb.20159
http://doi.org/10.1089/ars.2013.5446
http://doi.org/10.3390/ijms12063489
http://doi.org/10.1016/j.bbrc.2008.08.046

Cells 2022, 11, 1432 14 of 17

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Shendelman, S.; Jonason, A.; Martinat, C.; Leete, T.; Abeliovich, A. DJ-1 is a redox-dependent molecular chaperone that inhibits
alpha-synuclein aggregate formation. PLoS Biol. 2004, 2, €362. [CrossRef]

Taira, T.; Saito, Y.; Niki, T.; Iguchi-Ariga, S.M.M.; Takahashi, K.; Ariga, H. DJ-1 has a role in antioxidative stress to prevent cell
death. EMBO Rep. 2004, 5, 213-218. [CrossRef]

Junn, E.; Jang, W.H.; Zhao, X.; Jeong, B.S.; Mouradian, M.M. Mitochondrial localization of DJ-1 leads to enhanced neuroprotection.
J. Neurosci. Res. 2009, 87, 123-129. [CrossRef]

Zhou, W,; Freed, C.R. DJ-1 up-regulates glutathione synthesis during oxidative stress and inhibits A53T alpha-synuclein toxicity.
J. Biol. Chem. 2005, 280, 43150-43158. [CrossRef] [PubMed]

Kim, R.H.; Peters, M.; Jang, Y.; Shi, W.; Pintilie, M.; Fletcher, G.C.; DeLuca, C.; Liepa, J.; Zhou, L.; Snow, B.; et al. DJ-1, a novel
regulator of the tumor suppressor PTEN. Cancer Cell 2005, 7, 263-273. [CrossRef] [PubMed]

Lee, H.; Choi, S.K.; Ro, ].Y. Overexpression of DJ-1 and HSP90«, and loss of PTEN associated with invasive urothelial carcinoma
of urinary bladder: Possible prognostic markers. Oncol. Lett. 2012, 3, 507-512. [PubMed]

Sitaram, R.T.; Cairney, C.J.; Grabowski, P.; Keith, W.N.; Hallberg, B.; Ljungberg, B.; Roos, G. The PTEN regulator DJ-1 is associated
with hTERT expression in clear cell renal cell carcinoma. Int. J. Cancer 2009, 125, 783-790. [CrossRef] [PubMed]

Davidson, B.; Hadar, R.; Schlossberg, A.; Sternlicht, T.; Slipicevic, A.; Skrede, M.; Risberg, B.; Florenes, V.A.; Kopolovic, ].; Reich, R.
Expression and clinical role of DJ-1, a negative regulator of PTEN, in ovarian carcinoma. Hum. Pathol. 2008, 39, 87-95. [CrossRef]
[PubMed]

Lee, YJ.; Kim, W.L; Park, TH.; Bae, ].H.; Nam, H.S.; Cho, S.W.; Choi, Y.J.; Lee, S.H.; Cho, M.K. Upregulation of DJ-1 expression in
melanoma regulates PTEN/AKT pathway for cell survival and migration. Arch. Dermatol. Res. 2021, 313, 583-591. [CrossRef]
Wang, C.; Fang, M.; Zhang, M.; Li, W.; Guan, H.; Sun, Y,; Xie, S.; Zhong, X. The positive correlation between DJ-1 and (3-catenin
expression shows prognostic value for patients with glioma. Neuropathology 2013, 33, 628-636. [CrossRef]

Liu, S.; Long, G.; Wei, H,; Shi, L.; Yang, Z.; Liu, D.; Hu, G.; Qiu, H. DJ-1 knockdown inhibits growth and xenograft-induced tumor
generation of human hepatocellular carcinoma cells. Oncol. Rep. 2015, 33, 201-206. [CrossRef]

Abdalla, M.A ; Haj-Ahmad, Y. Promising Urinary Protein Biomarkers for the Early Detection of Hepatocellular Carcinoma among
High-Risk Hepatitis C Virus Egyptian Patients. ]. Cancer 2012, 3, 390-403. [CrossRef]

Oh, S.E.; Mouradian, M.M. Regulation of Signal Transduction by DJ-1. Adv. Exp. Med. Biol. 2017, 1037, 97-131.

Junn, E.; Taniguchi, H.; Jeong, B.S.; Zhao, X.; Ichijo, H.; Mouradian, M.M. Interaction of DJ-1 with Daxx inhibits apoptosis
signal-regulating kinase 1 activity and cell death. Proc. Natl. Acad. Sci. USA 2005, 102, 9691-9696. [CrossRef] [PubMed]

Waak, J.; Weber, S.S.; Gorner, K.; Schall, C.; Ichijo, H.; Stehle, T.; Kahle, P.J. Oxidizable residues mediating protein stability and
cytoprotective interaction of DJ-1 with apoptosis signal-regulating kinase 1. J. Biol. Chem. 2009, 284, 14245-14257. [CrossRef]
[PubMed]

Mo, ].S.; Kim, M.Y,; Ann, E.J.; Hong, ].A.; Park, H.S. DJ-1 modulates UV-induced oxidative stress signaling through the suppression
of MEKK1 and cell death. Cell Death Differ. 2008, 15, 1030-1041. [CrossRef] [PubMed]

Tan, X.; Egami, H.; Abe, M.; Nozawa, F,; Hirota, M.; Ogawa, M. Involvement of MMP-7 in invasion of pancreatic cancer cells
through activation of the EGFR mediated MEK-ERK signal transduction pathway. J. Clin. Pathol. 2005, 58, 1242-1248. [CrossRef]
[PubMed]

He, X,; Zheng, Z.; 1i, ].; Ben, Q.; Liu, J.; Zhang, J.; Ji, J.; Yu, B.; Chen, X,; Su, L.; et al. DJ-1 promotes invasion and metastasis of
pancreatic cancer cells by activating SRC/ERK/uPA. Carcinogenesis 2012, 33, 555-562. [CrossRef] [PubMed]

Rahman-Roblick, R.; Roblick, U.J.; Hellman, U.; Conrotto, P; Liu, T,; Becker, S.; Hirschberg, D.; Jornvall, H.; Auer, G.; Wiman, K.G.
p53 targets identified by protein expression profiling. Proc. Natl. Acad. Sci. USA 2007, 104, 5401-5406. [CrossRef] [PubMed]
Keith, B.; Johnson, R.S.; Simon, M.C. HIF1x and HIF2o: Sibling rivalry in hypoxic tumour growth and progression. Nat. Rev.
Cancer 2011, 12, 9-22. [CrossRef]

Semenza, G.L. Defining the role of hypoxia-inducible factor 1 in cancer biology and therapeutics. Oncogene 2010, 29, 625-634.
[CrossRef]

Vasseur, S.; Afzal, S.; Tardivel-Lacombe, J.; Park, D.S.; Iovanna, J.L.; Mak, T.W. DJ-1/PARK? is an important mediator of
hypoxia-induced cellular responses. Proc. Natl. Acad. Sci. USA 2009, 106, 1111-1116. [CrossRef]

Walsh, J.G.; Cullen, S.P; Sheridan, C.; Liithi, A.U.; Gerner, C.; Martin, S.J. Executioner caspase-3 and caspase-7 are functionally
distinct proteases. Proc. Natl. Acad. Sci. USA 2008, 105, 12815-12819. [CrossRef]

Zheng, H.; Zhou, C.; Lu, X;; Liu, Q.; Liu, M.; Chen, G.; Chen, W.; Wang, S.; Qiu, Y. DJ-1 promotes survival of human colon cancer
cells under hypoxia by modulating HIF-1x expression through the PI3K-AKT pathway. Cancer Manag. Res. 2018, 10, 4615-4629.
[CrossRef] [PubMed]

Li, L.; Zhang, C.; Li, Y.; Zhang, Y.; Lei, Y. DJ-1 promotes epithelial-to-mesenchymal transition via enhancing FGF9 expression in
colorectal cancer. Biol. Open 2020, 9, bio051680. [CrossRef] [PubMed]

Shu, K.; Xiao, Z.; Long, S.; Yan, J.; Yu, X.; Zhu, Q.; Mei, T. Expression of DJ-1 in endometrial cancer: Close correlation with
clinicopathological features and apoptosis. Int. . Gynecol. Cancer 2013, 23, 1029-1035. [CrossRef] [PubMed]

Zhu, Q.Z; Liu, H.Y,; Zhao, X.Y.; Qiu, L.J.; Zhou, T.T.; Wang, X.Y.; Chen, H.P; Xiao, Z.Q. DJ-1 activates the noncanonical NF-«B
pathway via interaction with Cezanne to inhibit the apoptosis and promote the proliferation of Ishikawa cells. Mol. Biol. Rep.
2021, 48, 6075-6083. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pbio.0020362
http://doi.org/10.1038/sj.embor.7400074
http://doi.org/10.1002/jnr.21831
http://doi.org/10.1074/jbc.M507124200
http://www.ncbi.nlm.nih.gov/pubmed/16227205
http://doi.org/10.1016/j.ccr.2005.02.010
http://www.ncbi.nlm.nih.gov/pubmed/15766664
http://www.ncbi.nlm.nih.gov/pubmed/22740940
http://doi.org/10.1002/ijc.24335
http://www.ncbi.nlm.nih.gov/pubmed/19384955
http://doi.org/10.1016/j.humpath.2007.05.014
http://www.ncbi.nlm.nih.gov/pubmed/17949781
http://doi.org/10.1007/s00403-020-02139-1
http://doi.org/10.1111/neup.12041
http://doi.org/10.3892/or.2014.3594
http://doi.org/10.7150/jca.4280
http://doi.org/10.1073/pnas.0409635102
http://www.ncbi.nlm.nih.gov/pubmed/15983381
http://doi.org/10.1074/jbc.M806902200
http://www.ncbi.nlm.nih.gov/pubmed/19293155
http://doi.org/10.1038/cdd.2008.26
http://www.ncbi.nlm.nih.gov/pubmed/18309325
http://doi.org/10.1136/jcp.2004.025338
http://www.ncbi.nlm.nih.gov/pubmed/16311341
http://doi.org/10.1093/carcin/bgs002
http://www.ncbi.nlm.nih.gov/pubmed/22223849
http://doi.org/10.1073/pnas.0700794104
http://www.ncbi.nlm.nih.gov/pubmed/17372198
http://doi.org/10.1038/nrc3183
http://doi.org/10.1038/onc.2009.441
http://doi.org/10.1073/pnas.0812745106
http://doi.org/10.1073/pnas.0707715105
http://doi.org/10.2147/CMAR.S172008
http://www.ncbi.nlm.nih.gov/pubmed/30410397
http://doi.org/10.1242/bio.051680
http://www.ncbi.nlm.nih.gov/pubmed/32366371
http://doi.org/10.1097/IGC.0b013e3182959182
http://www.ncbi.nlm.nih.gov/pubmed/23727824
http://doi.org/10.1007/s11033-021-06614-4
http://www.ncbi.nlm.nih.gov/pubmed/34374892

Cells 2022, 11, 1432 15 of 17

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

McNally, R.S.; Davis, B.K.; Clements, C.M.; Accavitti-Loper, M.A.; Mak, TW.; Ting, ].P. DJ-1 enhances cell survival through the
binding of Cezanne, a negative regulator of NF-kappaB. J. Biol. Chem. 2011, 286, 4098-4106. [CrossRef] [PubMed]

Tacopetta, D.; Rechoum, Y.; Fuqua, S.A. The Role of Androgen Receptor in Breast Cancer. Drug Discov. Today Dis. Mech. 2012, 9,
e19-e27. [CrossRef] [PubMed]

Taplin, M.E.; Bubley, G.J.; Ko, YJ.; Small, E.J.; Upton, M.; Rajeshkumar, B.; Balk, S.P. Selection for androgen receptor mutations in
prostate cancers treated with androgen antagonist. Cancer Res. 1999, 59, 2511-2515.

Tillman, J.E.; Yuan, J.; Gu, G,; Fazli, L.; Ghosh, R.; Flynt, A.S.; Gleave, M.; Rennie, P.S.; Kasper, S. DJ-1 binds androgen receptor
directly and mediates its activity in hormonally treated prostate cancer cells. Cancer Res. 2007, 67, 4630-4637. [CrossRef]

Niki, T.; Takahashi-Niki, K.; Taira, T.; Iguchi-Ariga, S.M.; Ariga, H. DJBP: A novel DJ-1-binding protein, negatively regulates the
androgen receptor by recruiting histone deacetylase complex, and DJ-1 antagonizes this inhibition by abrogation of this complex.
Mol. Cancer Res. 2003, 1, 247-261.

Takahashi, K.; Taira, T.; Niki, T.; Seino, C.; Iguchi-Ariga, S.M.; Ariga, H. DJ-1 positively regulates the androgen receptor by
impairing the binding of PIASx alpha to the receptor. J. Biol. Chem. 2001, 276, 37556-37563. [CrossRef]

Qin, X;; Lu, A.; Ke, M.; Zhu, W,; Ye, X.; Wang, G.; Weng, G. DJ-1 inhibits autophagy activity of prostate cancer cells by repressing
JNK-Bcl2-Beclinl signaling. Cell Biol. Int. 2020, 44, 937-946. [CrossRef] [PubMed]

Cao, J.; Chen, X,; Jiang, L.; Lu, B.; Yuan, M.; Zhu, D.; Zhu, H.; He, Q.; Yang, B.; Ying, M. DJ-1 suppresses ferroptosis through
preserving the activity of S-adenosyl homocysteine hydrolase. Nat. Commun. 2020, 11, 1251. [CrossRef] [PubMed]

Wu, S.; Li, T,; Liu, W,; Huang, Y. Ferroptosis and Cancer: Complex Relationship and Potential Application of Exosomes. Front.
Cell Dev. Biol. 2021, 9, 733751. [CrossRef] [PubMed]

Brown, R.A.M.; Richardson, K.L.; Kabir, T.D.; Trinder, D.; Ganss, R.; Leedman, P.J. Altered Iron Metabolism and Impact in Cancer
Biology, Metastasis, and Immunology. Front. Oncol. 2020, 10, 476. [CrossRef]

Forciniti, S.; Greco, L.; Grizzi, F.; Malesci, A.; Laghi, L. Iron Metabolism in Cancer Progression. Int. J. Mol. Sci. 2020, 21, 2257.
[CrossRef]

Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.].; Cantley, A.M.; Yang,
W.S,; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060-1072. [CrossRef]

Doll, S.; Conrad, M. Iron and ferroptosis: A still ill-defined liaison. IUBMB Life 2017, 69, 423-434. [CrossRef]

Imam, M.U.; Zhang, S.; Ma, J.; Wang, H.; Wang, F. Antioxidants Mediate Both Iron Homeostasis and Oxidative Stress. Nutrients
2017, 9, 671. [CrossRef]

Yang, W.S,; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, ].H.; Clemons, P.A.; Shamji, A.F;
Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 2014, 156, 317-331. [CrossRef]

Li, S,; Liu, Y.; Li, J.; Zhao, X.; Yu, D. Mechanisms of Ferroptosis and Application to Head and Neck Squamous Cell Carcinoma
Treatments. DNA Cell Biol. 2021, 40, 720-732. [CrossRef]

Gout, PW.; Buckley, A.R.; Simms, C.R.; Bruchovsky, N. Sulfasalazine, a potent suppressor of lymphoma growth by inhibition of
the x(c)-cystine transporter: A new action for an old drug. Leukemia 2001, 15, 1633-1640. [CrossRef] [PubMed]

Louandre, C.; Marcq, L; Bouhlal, H.; Lachaier, E.; Godin, C.; Saidak, Z.; Frangois, C.; Chatelain, D.; Debuysscher, V.; Barbare, J.C.;
et al. The retinoblastoma (Rb) protein regulates ferroptosis induced by sorafenib in human hepatocellular carcinoma cells. Cancer
Lett. 2015, 356, 971-977. [CrossRef] [PubMed]

Mollazadeh, H.; Tavana, E.; Fanni, G.; Bo, S.; Banach, M.; Pirro, M.; von Haehling, S.; Jamialahmadi, T.; Sahebkar, A. Effects of
statins on mitochondprial pathways. J. Cachexia Sarcopenia Muscle 2021, 12, 237-251. [CrossRef] [PubMed]

Novera, W.; Lee, Z.-W.; Nin, D.S,; Dai, M.Z.-Y; Binte Idres, S.; Wu, H.; Damen, ]. M.A,; Tan, T.Z.; Sim, A.Y.L.; Long, Y.C.; et al.
Cysteine Deprivation Targets Ovarian Clear Cell Carcinoma via Oxidative Stress and Iron-Sulfur Cluster Biogenesis Deficit.
Antioxid. Redox Signal. 2020, 33, 1191-1208. [CrossRef] [PubMed]

Castillo, R.R.; Lozano, D.; Gonzalez, B.; Manzano, M.; Izquierdo-Barba, I.; Vallet-Regi, M. Advances in mesoporous silica
nanoparticles for targeted stimuli-responsive drug delivery: An update. Expert Opin. Drug Deliv. 2019, 16, 415-439. [CrossRef]
Sui, X.; Zhang, R.; Liu, S.; Duan, T.; Zhai, L.; Zhang, M.; Han, X.; Xiang, Y.; Huang, X.; Lin, H.; et al. RSL3 Drives Ferroptosis
Through GPX4 Inactivation and ROS Production in Colorectal Cancer. Front. Pharmacol. 2018, 9, 1371. [CrossRef]

You, J.H.; Lee, J.; Roh, ].L. Mitochondrial pyruvate carrier 1 regulates ferroptosis in drug-tolerant persister head and neck cancer
cells via epithelial-mesenchymal transition. Cancer Lett. 2021, 507, 40-54. [CrossRef]

Xu, T.; Ding, W.; Ji, X.; Ao, X,; Liu, Y,; Yu, W.; Wang, J. Molecular mechanisms of ferroptosis and its role in cancer therapy. J. Cell.
Mol. Med. 2019, 23, 4900-4912. [CrossRef]

Yang, W.S.; Kim, K.J.; Gaschler, M.M.; Patel, M.; Shchepinov, M.S.; Stockwell, B.R. Peroxidation of polyunsaturated fatty acids by
lipoxygenases drives ferroptosis. Proc. Natl. Acad. Sci. USA 2016, 113, E4966-E4975. [CrossRef]

Friedmann Angeli, J.P.; Schneider, M.; Proneth, B.; Tyurina, Y.Y,; Tyurin, V.A.; Hammond, VJ.; Herbach, N.; Aichler, M.; Walch, A ;
Eggenhofer, E.; et al. Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat. Cell Biol. 2014, 16,
1180-1191. [CrossRef]

Stockwell, B.R.; Friedmann Angeli, ].P; Bayir, H.; Bush, A.L; Conrad, M.; Dixon, S.J.; Fulda, S.; Gascén, S.; Hatzios, S.K.; Kagan,
V.E,; et al. Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell 2017, 171, 273-285.
[CrossRef] [PubMed]


http://doi.org/10.1074/jbc.M110.147371
http://www.ncbi.nlm.nih.gov/pubmed/21097510
http://doi.org/10.1016/j.ddmec.2012.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26568765
http://doi.org/10.1158/0008-5472.CAN-06-4556
http://doi.org/10.1074/jbc.M101730200
http://doi.org/10.1002/cbin.11290
http://www.ncbi.nlm.nih.gov/pubmed/31868268
http://doi.org/10.1038/s41467-020-15109-y
http://www.ncbi.nlm.nih.gov/pubmed/32144268
http://doi.org/10.3389/fcell.2021.733751
http://www.ncbi.nlm.nih.gov/pubmed/34568341
http://doi.org/10.3389/fonc.2020.00476
http://doi.org/10.3390/ijms21062257
http://doi.org/10.1016/j.cell.2012.03.042
http://doi.org/10.1002/iub.1616
http://doi.org/10.3390/nu9070671
http://doi.org/10.1016/j.cell.2013.12.010
http://doi.org/10.1089/dna.2021.0023
http://doi.org/10.1038/sj.leu.2402238
http://www.ncbi.nlm.nih.gov/pubmed/11587223
http://doi.org/10.1016/j.canlet.2014.11.014
http://www.ncbi.nlm.nih.gov/pubmed/25444922
http://doi.org/10.1002/jcsm.12654
http://www.ncbi.nlm.nih.gov/pubmed/33511728
http://doi.org/10.1089/ars.2019.7850
http://www.ncbi.nlm.nih.gov/pubmed/32336105
http://doi.org/10.1080/17425247.2019.1598375
http://doi.org/10.3389/fphar.2018.01371
http://doi.org/10.1016/j.canlet.2021.03.013
http://doi.org/10.1111/jcmm.14511
http://doi.org/10.1073/pnas.1603244113
http://doi.org/10.1038/ncb3064
http://doi.org/10.1016/j.cell.2017.09.021
http://www.ncbi.nlm.nih.gov/pubmed/28985560

Cells 2022, 11, 1432 16 of 17

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Xie, Y.; Hou, W.; Song, X,; Yu, Y.; Huang, J.; Sun, X,; Kang, R.; Tang, D. Ferroptosis: Process and function. Cell Death Differ. 2016,
23,369-379. [CrossRef] [PubMed]

Burk, R.E; Hill, K.E. Selenoprotein P-expression, functions, and roles in mammals. Biochim. Biophys. Acta 2009, 1790, 1441-1447.
[CrossRef] [PubMed]

Hauser, D.N.; Dukes, A.A.; Mortimer, A.D.; Hastings, T.G. Dopamine quinone modifies and decreases the abundance of the
mitochondrial selenoprotein glutathione peroxidase 4. Free Radic. Biol. Med. 2013, 65, 419-427. [CrossRef] [PubMed]

Conrad, M.; Kagan, V.E.; Bayir, H.; Pagnussat, G.C.; Head, B.; Traber, M.G.; Stockwell, B.R. Regulation of lipid peroxidation and
ferroptosis in diverse species. Genes Dev. 2018, 32, 602-619. [CrossRef] [PubMed]

Sun, Y.;; Zheng, Y.; Wang, C.; Liu, Y. Glutathione depletion induces ferroptosis, autophagy, and premature cell senescence in
retinal pigment epithelial cells. Cell Death Dis. 2018, 9, 753. [CrossRef] [PubMed]

Sun, X.; Ou, Z; Chen, R; Niu, X.; Chen, D.; Kang, R.; Tang, D. Activation of the p62-Keap1-NRF2 pathway protects against
ferroptosis in hepatocellular carcinoma cells. Hepatology 2016, 63, 173-184. [CrossRef]

Wang, H.; Liu, X,; Long, M.; Huang, Y.; Zhang, L.; Zhang, R.; Zheng, Y.; Liao, X.; Wang, Y.; Liao, Q.; et al. NRF2 activation by
antioxidant antidiabetic agents accelerates tumor metastasis. Sci. Transl. Med. 2016, 8, 334ra351. [CrossRef]

Rojo de la Vega, M.; Chapman, E.; Zhang, D.D. NRF2 and the Hallmarks of Cancer. Cancer Cell 2018, 34, 21-43. [CrossRef]
Murakami, S.; Motohashi, H. Roles of Nrf2 in cell proliferation and differentiation. Free Radic. Biol. Med. 2015, 88, 168-178.
[CrossRef]

Gacesa, R.; Dunlap, W.C.; Barlow, D.J.; Laskowski, R.A.; Long, P.F. Rising levels of atmospheric oxygen and evolution of Nrf2. Sci.
Rep. 2016, 6, 27740. [CrossRef] [PubMed]

Zeeshan, HM.; Lee, G.H,; Kim, H.R; Chae, H.J. Endoplasmic Reticulum Stress and Associated ROS. Int. ]. Mol. Sci. 2016, 17, 327.
[CrossRef] [PubMed]

Limoén-Pacheco, J.; Gonsebatt, M.E. The role of antioxidants and antioxidant-related enzymes in protective responses to environ-
mentally induced oxidative stress. Mutat. Res. 2009, 674, 137-147. [CrossRef] [PubMed]

Stepien, K.M.; Heaton, R.; Rankin, S.; Murphy, A.; Bentley, J.; Sexton, D.; Hargreaves, I.P. Evidence of Oxidative Stress and
Secondary Mitochondrial Dysfunction in Metabolic and Non-Metabolic Disorders. J. Clin. Med. 2017, 6, 71. [CrossRef]
Faraonio, R.; Vergara, P.; Di Marzo, D.; Pierantoni, M.G.; Napolitano, M.; Russo, T.; Cimino, F. p53 suppresses the Nrf2-dependent
transcription of antioxidant response genes. J. Biol. Chem. 2006, 281, 39776-39784. [CrossRef]

Villeneuve, N.F; Sun, Z.; Chen, W.; Zhang, D.D. Nrf2 and p21 regulate the fine balance between life and death by controlling ROS
levels. Cell Cycle 2009, 8, 3255-3256. [CrossRef]

Basak, P.; Sadhukhan, P; Sarkar, P; Sil, P.C. Perspectives of the Nrf-2 signaling pathway in cancer progression and therapy. Toxicol.
Rep. 2017, 4, 306-318. [CrossRef]

Lau, A.; Villeneuve, N.F; Sun, Z.; Wong, PK.; Zhang, D.D. Dual roles of Nrf2 in cancer. Pharmacol. Res. 2008, 58, 262-270.
[CrossRef]

Zou, Y.; Palte, M.].; Deik, A.A.; Li, H.; Eaton, ] K.; Wang, W.; Tseng, Y.Y.; Deasy, R.; Kost-Alimova, M.; Dan¢ik, V,; et al. A
GPX4-dependent cancer cell state underlies the clear-cell morphology and confers sensitivity to ferroptosis. Nat. Commun. 2019,
10, 1617. [CrossRef]

Ren, H.; Fu, K;; Wang, D.; Mu, C.; Wang, G. Oxidized DJ-1 interacts with the mitochondrial protein BCL-XL. ]. Biol. Chem. 2011,
286, 35308-35317. [CrossRef]

Perrone, A.; Giovino, A.; Benny, J.; Martinelli, F. Advanced Glycation End Products (AGEs): Biochemistry, Signaling, Analytical
Methods, and Epigenetic Effects. Oxid. Med. Cell. Longev. 2020, 2020, 3818196. [CrossRef] [PubMed]

Thornalley, PJ. Protein and nucleotide damage by glyoxal and methylglyoxal in physiological systems-role in ageing and disease.
Drug Metab. Drug Interact. 2008, 23, 125-150. [CrossRef] [PubMed]

Takeuchi, M.; Sakasai-Sakai, A.; Takata, T.; Takino, J.I; Koriyama, Y.; Kikuchi, C.; Furukawa, A.; Nagamine, K.; Hori, T,
Matsunaga, T. Intracellular Toxic AGEs (TAGE) Triggers Numerous Types of Cell Damage. Biomolecules 2021, 11, 387. [CrossRef]
[PubMed]

Lee, J.Y,; Song, J.; Kwon, K,; Jang, S.; Kim, C.; Baek, K.; Kim, J.; Park, C. Human DJ-1 and its homologs are novel glyoxalases.
Hum. Mol. Genet. 2012, 21, 3215-3225. [CrossRef] [PubMed]

Zheng, Q.; Omans, N.D.; Leicher, R.; Osunsade, A.; Agustinus, A.S.; Finkin-Groner, E.; D’Ambrosio, H.; Liu, B.; Chandarlapaty, S.;
Liu, S.; et al. Reversible histone glycation is associated with disease-related changes in chromatin architecture. Nat. Commun.
2019, 10, 1289. [CrossRef]

Galligan, J.J.; Wepy, J.A,; Streeter, M.D.; Kingsley, P.J.; Mitchener, M.M.; Wauchope, O.R.; Beavers, W.N.; Rose, K.L.; Wang, T.;
Spiegel, D.A; et al. Methylglyoxal-derived posttranslational arginine modifications are abundant histone marks. Proc. Natl. Acad.
Sci. USA 2018, 115, 9228-9233. [CrossRef]

Scumaci, D.; Olivo, E.; Filumara, C.V.; La Chimia, M.; De Angelis, M.T.; Mauro, S.; Costa, G.; Ambrosio, EA.; Alcaro, S.; Agosti, V.;
et al. DJ-1 Proteoforms in Breast Cancer Cells: The Escape of Metabolic Epigenetic Misregulation. Cells 2020, 9, 1968. [CrossRef]
Zhu, G.M,; Chen, S.Q,; Jiang, Q.G.; Cao, Y.; Guo, Y.; Ye, L.Q. MiR-216b inhibits gastric cancer proliferation and migration by
targeting PARKY. Indian ]. Pathol. Microbiol. 2021, 64, 52-57.

Du, S.L; Xu, LY,; Gao, P; Liu, Q.S.; Lu, EE; Mo, Z.H,; Fan, Z.Z.; Cheng, X.L.; Dong, Z.H. MiR-203 regulates DJ-1 expression and
affects proliferation, apoptosis and DDP resistance of pancreatic cancer cells. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 8833-8840.


http://doi.org/10.1038/cdd.2015.158
http://www.ncbi.nlm.nih.gov/pubmed/26794443
http://doi.org/10.1016/j.bbagen.2009.03.026
http://www.ncbi.nlm.nih.gov/pubmed/19345254
http://doi.org/10.1016/j.freeradbiomed.2013.06.030
http://www.ncbi.nlm.nih.gov/pubmed/23816523
http://doi.org/10.1101/gad.314674.118
http://www.ncbi.nlm.nih.gov/pubmed/29802123
http://doi.org/10.1038/s41419-018-0794-4
http://www.ncbi.nlm.nih.gov/pubmed/29988039
http://doi.org/10.1002/hep.28251
http://doi.org/10.1126/scitranslmed.aad6095
http://doi.org/10.1016/j.ccell.2018.03.022
http://doi.org/10.1016/j.freeradbiomed.2015.06.030
http://doi.org/10.1038/srep27740
http://www.ncbi.nlm.nih.gov/pubmed/27297177
http://doi.org/10.3390/ijms17030327
http://www.ncbi.nlm.nih.gov/pubmed/26950115
http://doi.org/10.1016/j.mrgentox.2008.09.015
http://www.ncbi.nlm.nih.gov/pubmed/18955158
http://doi.org/10.3390/jcm6070071
http://doi.org/10.1074/jbc.M605707200
http://doi.org/10.4161/cc.8.20.9565
http://doi.org/10.1016/j.toxrep.2017.06.002
http://doi.org/10.1016/j.phrs.2008.09.003
http://doi.org/10.1038/s41467-019-09277-9
http://doi.org/10.1074/jbc.M110.207134
http://doi.org/10.1155/2020/3818196
http://www.ncbi.nlm.nih.gov/pubmed/32256950
http://doi.org/10.1515/DMDI.2008.23.1-2.125
http://www.ncbi.nlm.nih.gov/pubmed/18533367
http://doi.org/10.3390/biom11030387
http://www.ncbi.nlm.nih.gov/pubmed/33808036
http://doi.org/10.1093/hmg/dds155
http://www.ncbi.nlm.nih.gov/pubmed/22523093
http://doi.org/10.1038/s41467-019-09192-z
http://doi.org/10.1073/pnas.1802901115
http://doi.org/10.3390/cells9091968

Cells 2022, 11, 1432 17 of 17

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Guo, X.L.; Wang, H.B.; Yong, ] K,; Zhong, ].; Li, Q.H. MiR-128-3p overexpression sensitizes hepatocellular carcinoma cells to
sorafenib induced apoptosis through regulating DJ-1. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 6667—-6677.

Jin, S.; Dai, Y.; Li, C.; Fang, X.; Han, H.; Wang, D. MicroRNA-544 inhibits glioma proliferation, invasion and migration but induces
cell apoptosis by targeting PARK?7. Am. J. Transl. Res. 2016, 8, 1826-1837. [PubMed]

Oh, S.E; Park, H.-].; He, L.; Skibiel, C.; Junn, E.; Mouradian, M.M. The Parkinson’s disease gene product DJ-1 modulates miR-221
to promote neuronal survival against oxidative stress. Redox Biol. 2018, 19, 62-73. [CrossRef] [PubMed]

Chen, Y.; Gao, C.; Sun, Q.; Pan, H.; Huang, P; Ding, J.; Chen, S. MicroRNA-4639 Is a Regulator of DJ-1 Expression and a Potential
Early Diagnostic Marker for Parkinson’s Disease. Front. Aging Neurosci. 2017, 9, 232. [CrossRef] [PubMed]

Xiong, R.; Wang, Z.; Zhao, Z.; Li, H.; Chen, W.; Zhang, B.; Wang, L.; Wu, L.; Li, W,; Ding, J.; et al. MicroRNA-494 reduces DJ-1
expression and exacerbates neurodegeneration. Neurobiol. Aging 2014, 35, 705-714. [CrossRef] [PubMed]

Xue, X.; Wang, H.; Su, J. Inhibition of MiR-122 Decreases Cerebral Ischemia-reperfusion Injury by Upregulating DJ-1-Phosphatase
and Tensin Homologue Deleted on Chromosome 10 (PTEN)/Phosphonosinol-3 Kinase (PI3K)/AKT. Med. Sci. Monit. 2020, 26,
€915825. [CrossRef]

Goljanek-Whysall, K.; Soriano-Arroquia, A.; McCormick, R.; Chinda, C.; McDonagh, B. miR-181a regulates p62/SQSTM1, parkin,
and protein DJ-1 promoting mitochondrial dynamics in skeletal muscle aging. Aging Cell 2020, 19, e13140. [CrossRef]

Heidary, Z.; Zaki-Dizaji, M.; Saliminejad, K.; Edalatkhah, H.; Khorram Khorshid, H.R. MiR-4485-3p expression reduced in
spermatozoa of men with idiopathic asthenozoospermia. Andrologia 2020, 52, €13539. [CrossRef]

Tashiro, S.; Caaveiro, ].M.M.; Nakakido, M.; Tanabe, A.; Nagatoishi, S.; Tamura, Y.; Matsuda, N.; Liu, D.; Hoang, Q.Q.; Tsumoto, K.
Discovery and Optimization of Inhibitors of the Parkinson’s Disease Associated Protein DJ-1. ACS Chem. Biol. 2018, 13, 2783-2793.
[CrossRef]

Bilsland, A.E.; Liu, Y.; Turnbull, A.; Sumpton, D.; Stevenson, K.; Cairney, C.J.; Boyd, S.M.; Roffey, J.; Jenkinson, D.; Keith, W.N.
A Novel Pyrazolopyrimidine Ligand of Human PGK1 and Stress Sensor DJ1 Modulates the Shelterin Complex and Telomere
Length Regulation. Neoplasia 2019, 21, 893-907. [CrossRef]

Bahmed, K.; Boukhenouna, S.; Karim, L.; Andrews, T.; Lin, J.; Powers, R.; Wilson, M.A_; Lin, C.R.; Messier, E.; Reisdorph, N.;
et al. The effect of cysteine oxidation on DJ-1 cytoprotective function in human alveolar type II cells. Cell Death Dis. 2019, 10, 638.
[CrossRef]

Yanagida, T.; Kitamura, Y.; Yamane, K.; Takahashi, K.; Takata, K.; Yanagisawa, D.; Yasui, H.; Taniguchi, T.; Taira, T.; Honda, T; et al.
Protection against oxidative stress-induced neurodegeneration by a modulator for DJ-1, the wild-type of familial Parkinson’s
disease-linked PARKY. J. Pharmacol. Sci. 2009, 109, 463-468. [CrossRef] [PubMed]

Niki, T.; Endo, J.; Takahashi-Niki, K.; Yasuda, T.; Okamoto, A.; Saito, Y.; Ariga, H.; Iguchi-Ariga, S.M.M. DJ-1-binding compound
B enhances Nrf2 activity through the PI3-kinase-Akt pathway by DJ-1-dependent inactivation of PTEN. Brain Res. 2020, 1729,
146641. [CrossRef] [PubMed]

Kitamura, Y.; Watanabe, S.; Taguchi, M.; Takagi, K.; Kawata, T.; Takahashi-Niki, K.; Yasui, H.; Maita, H.; Iguchi-Ariga, S.M.; Ariga,
H. Neuroprotective effect of a new DJ-1-binding compound against neurodegeneration in Parkinson’s disease and stroke model
rats. Mol. Neurodegener. 2011, 6, 48. [CrossRef] [PubMed]

Maksimovic, L; Finkin-Groner, E.; Fukase, Y.; Zheng, Q.; Sun, S.; Michino, M.; Huggins, D.].; Myers, RW.; David, Y. Deglycase-
activity oriented screening to identify DJ-1 inhibitors. RSC Med. Chem. 2021, 12, 1232-1238. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/27186306
http://doi.org/10.1016/j.redox.2018.07.021
http://www.ncbi.nlm.nih.gov/pubmed/30107296
http://doi.org/10.3389/fnagi.2017.00232
http://www.ncbi.nlm.nih.gov/pubmed/28785216
http://doi.org/10.1016/j.neurobiolaging.2013.09.027
http://www.ncbi.nlm.nih.gov/pubmed/24269020
http://doi.org/10.12659/MSM.915825
http://doi.org/10.1111/acel.13140
http://doi.org/10.1111/and.13539
http://doi.org/10.1021/acschembio.8b00701
http://doi.org/10.1016/j.neo.2019.07.008
http://doi.org/10.1038/s41419-019-1833-5
http://doi.org/10.1254/jphs.08323SC
http://www.ncbi.nlm.nih.gov/pubmed/19276614
http://doi.org/10.1016/j.brainres.2019.146641
http://www.ncbi.nlm.nih.gov/pubmed/31891690
http://doi.org/10.1186/1750-1326-6-48
http://www.ncbi.nlm.nih.gov/pubmed/21740546
http://doi.org/10.1039/D1MD00062D
http://www.ncbi.nlm.nih.gov/pubmed/34355187

	DJ-1: General Overview 
	DJ-1 Status in Human Cancers 
	DJ-1 in Cancer Signaling 
	DJ-1 Interplay with PI3K Signaling 
	DJ-1 Modulates the MAPK Signaling 
	DJ-1 Implications in Hypoxia 
	DJ-1 Regulates the Metastatic Process 
	DJ-1 Regulates the Non-Canonical NF-B Pathway 
	DJ-1 Interactions with the Androgen Receptor 
	DJ-1 and the Redox Homeostasis 
	DJ-1 Deglycase Activity 
	The Interplay between DJ-1 and miRNAs in Cancer and Oxidative Stress Related Conditions 
	DJ-1 as a Potential Therapeutic Target 
	Conclusions and Future Perspectives 
	References

