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Abstract

The ability of DJ-1 to modulate signal transduction has significant effects on how the cell
regulates normal processes such as growth, senescence, apoptosis, and autophagy to adapt to
changing environmental stimuli and stresses. Perturbations of DJ-1 levels or function can disrupt
the equilibrium of homeostatic signaling networks and set off cascades that play a role in the
pathogenesis of conditions such as cancer and Parkinson’s disease.

DJ-1 plays a major role in various pathways. It mediates cell survival and proliferation by
activating the extracellular signal-regulated kinase (ERK1/2) pathway and the
phosphatidylinositol-3-kinase (P13K)/Akt pathway. It attenuates cell death signaling by inhibiting
apoptosis signal-regulating kinase 1 (ASK1) activation as well as by inhibiting mitogen-activated
protein kinase kinase kinase 1 (MEKK1/ MAP3K1) activation of downstream apoptotic cascades.
It also modulates autophagy through the ERK, Akt, or the INK/Beclinl pathways. In addition,
DJ-1 regulates the transcription of genes essential for male reproductive function, such as
spermatogenesis, by relaying nuclear receptor androgen receptor (AR) signaling. In this chapter,
we summarize the ways that DJ-1 regulates these pathways, focusing on how its role in signal
transduction contributes to cellular homeostasis and the pathologic states that result from
dysregulation.
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8.1 Introduction

In the past decade, research into DJ-1, which has varied activities involved in cellular
homeostasis, has revealed another major function: its ability to modulate signal transduction.
Cell signaling pathways convey, amplify, and translate the information transmitted from the
plasma membrane to the nucleus, regulating normal cellular processes to adapt to changing
environmental conditions. Investigating the function of DJ-1 in cell signaling has been
crucial in understanding its role in the pathogenesis of cancer and Parkinson’s disease (West
et al. 2005; Devine et al. 2011). DJ-1 can tip the delicate balance between oncogenesis and
cellular protection in either direction depending on cell type and extracellular stimuli. This
equilibrium may be explained in the context of how DJ-1 influences the control processes
that maintain important cellular signaling networks.
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DJ-1, for example, can activate the extracellular signal-regulated kinase (ERK1/2) pathway
and the phosphatidylinositol-3-kinase (P13K)/Akt pathway to mediate cell survival and
proliferation. It can attenuate cell death signaling by inhibiting apoptosis signal-regulating
kinase 1 (ASK1) activation as well as mitogen-activated protein kinase kinase kinase 1
(MEKK1/MAP3K1) activation of downstream apoptotic cascades. It also appears to
modulate autophagy through many signaling pathways, a process that can mediate either cell
survival or cell death depending on the circumstances (Green and Llambi 2015). These
pathways are regulated by DJ-1 in a multitude of ways. For instance, DJ-1 can bind directly
to pathway effectors to modify their activity, and it can regulate a pathway indirectly by
binding or modulating its co-activators or inhibitors.

In this chapter, we focus on the different ways that DJ-1 can affect major cell signaling
pathways in diverse cell types to play a crucial role in cellular transformation, death, and
protection against a variety of stressors (Fig. 8.1).

8.2 DJ-1 Activates the ERK1/2 Pathway

The extracellular signal-regulated kinase (ERK1/2) pathway is a classic mitogen-activated
protein kinase (MAPK) signaling cascade that regulates cell proliferation, growth,
autophagy, and differentiation. The core pathway members include Ras (small GTP-binding
protein; activator), Raf (serine/threonine kinase; MAPKKK), MEK1/2 (mitogen-activated
protein kinase/ERK kinase; MAPKK), and ERK1/2 (MAPK) (McCubrey et al. 2007;
Cargnello and Roux 2011). This pathway is activated by various stimuli, including growth
factors, polypeptide hormones, neurotransmitters, chemokines, and phorbol esters, which
bind or activate a variety of receptors and proteins such as receptor tyrosine kinases (RTKSs),
G-protein-coupled receptors (GPCRs), and protein kinase C (PKC) (Yoshioka 2004).

ERKZ1/2, also known as p44/42 MAPK, are serine-threonine kinases that are positively
regulated by MEK1/2-mediated phosphorylation. MEK1/2 are MAPKK proteins with
ERKZ1/2 as their only known physiological substrates and can be specifically inhibited by
small molecule inhibitors such as U0126 or PD98059 (Chang et al. 2003). On the other
hand, ERK is negatively regulated by a family of dual-specificity (Thr/Tyr) MAPK
phosphatases (DUSPs/MKPs) (Jeffrey et al. 2007).

ERK phosphorylates several downstream transcription factors such as AP-1, c-Jun, and c-
Myc (Plotnikov et al. 2011). ERK can also activate ribosome S6 kinase (RSK) and inhibitor
kappa-B kinase (IKK), which can lead to the respective activation of transcription factors
cAMP response element-binding (CREB) and nuclear factor immunoglobulin kappa-chain
enhancer-B-cell (NF-kappa-B) (Chang et al. 2003; Burotto et al. 2014). MEK/ERKS have
also been reported to participate in a non-canonical signaling pathway that interacts with the
mammalian target of rapamycin complex 1 (MTORC1) to regulate autophagy via Beclin-1
modulation (Wang et al. 2009).

DJ-1 was initially discovered and identified in 1997 by Nagakubo et al. as a putative
oncogene capable of transforming cells in cooperation with H-Ras, a GTPase that can
activate c-Raf in the ERK pathway (Nagakubo et al. 1997). Since then, many studies have
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shown DJ-1 to activate ERK1/2. The activation of this MAPK pathway could contribute to,
or explain, many of the roles that DJ-1 plays in protecting cells from oxidative injury, in
regulating gene transcription, and in activating autophagy (Fig. 8.2).

8.2.1 Dopamine-Mediated Oxidative Stress May Upregulate DJ-1 Through Activation of

ERK1/2

The involvement of DJ-1 with ERK was first reported in 2008, when it was demonstrated
that ERK1/2 may upregulate DJ-1. As reactive oxygen species (ROS) generated from 6-
hydroxydopamine (6-OHDA) could lead to upregulation of DJ-1 in SH-SY5Y human
neuroblastoma cells (Lev et al. 2008), it was hypothesized that this augmentation may be
mediated through the ERK pathway, which has been shown to play a role in forming a
protective response against 6-OHDA stress (Lin et al. 2008). Phosphorylation/activation of
ERK1/2 was seen to occur in both neuroblastoma cells treated with 6-OHDA and in the
mouse striatum denervated with 6-OHDA. This ERK1/2 activation was shown in cellular
models to precede the upregulation of DJ-1 mRNA, while inhibiting MEK1/2 by PD-98059
could attenuate ROS-induced upregulation of DJ-1 (Lev et al. 2009).

8.2.2 DJ-1 Protects Cells from Oxidative Injury by Activating ERK1/2 and MEK1/2

In contrast to studies suggesting that ERK pathway activation leads to upregulation of DJ-1,
another experimental evidence has been reported suggesting that DJ-1 functions upstream of
ERKZ1/2 phosphorylation (Gu et al. 2009; Letourneux et al. 2006; Kato et al. 2013; Wang et
al. 2011). One such study found that overexpression of wild-type (WT) DJ-1 in COS-7 cells
(African green monkey kidney fibroblast-like cell line) and MN9D cells (a fusion of mice
embryonic ventral mesencephalic and neuroblastoma cells) upregulates ERK1/2 and
MEKZ1/2 phosphorylation, whereas overexpression of a Parkinson’s disease-linked mutant
form of DJ-1, L166P, does not enhance ERK1/2 or MEK1/2 phosphorylation (Gu et al.
2009). Additionally, DJ-1 overexpression in various models improves the viability of cells
stressed with hydrogen peroxide (H,05) compared to control (Sekito et al. 2006; Kahle et al.
2009). Under these conditions, inhibiting ERK1/2 activation by pre-treating cells with the
MEKZ1/2 inhibitor U0126 abrogates the protective effect of DJ-1 overexpression against
oxidative injury, suggesting that WT DJ-1 may provide neuroprotection through activation
of the ERK pathway (Gu et al. 2009).

8.2.3 DJ-1 Mediates Dopamine (DA) Homeostasis Through Activation of ERK1/2 and the
Resulting Nuclear Translocation of the Transcription Factor Nurrl

In addition to protection from oxidative injury, another function of DJ-1-mediated ERK1/2
signaling may be the regulation of tyrosine hydroxylase (TH) expression. In both in vivo and
in vitro models, DJ-1 has been found to modulate the transcription factor Nurrl. Nurrl plays
a major role in DA homeostasis and can regulate the expression of TH and L-dopa
decarboxylase (DDC), both of which are involved in DA synthesis, as well as the expression
of vesicular monoamine transporter 2 (VMAT-2), which is necessary for the transport of DA
from the cytosol into synaptic vesicles (Iwawaki et al. 2000; Hermanson et al. 2003;
Ishikawa et al. 2009). MN9D cells that overexpress WT DJ-1 exhibit an increase in the
nuclear translocation of Nurrl as well as an increase in the mRNA levels of Nurrl targets.
However, cells that overexpress the Parkinson-associated pathogenic L166P mutant DJ-1 do
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not show such an increase. Knocking down DJ-1 expression using RNAI attenuates the
activity of Nurrl and downregulates the expression of its target proteins, which can be
rescued by subsequent overexpression of WT DJ-1 (Lu et al. 2012).

As ERK1/2 has been reported to increase Nurrl transcriptional activity (Nordzell et al.
2004), it was hypothesized that DJ-1 may mediate Nurrl activation through the ERK1/2
pathway. WT DJ-1, as compared to its L166P mutant, phosphorylates ERK1/2, while
blocking ERK1/2 activation using U0126 prevents DJ-1-mediated nuclear translocation of
Nurrl and the induction of Nurrl target protein levels (Lu et al. 2016). Similarly,
overexpression of WT DJ-1 but not its L166P mutant in the rat substantia nigra using a
lentiviral vector increases ERK activation, Nurrl nuclear translocation, and Nurrl target
protein levels (Lu et al. 2016).

8.2.4 DJ-1 Activates the Non-canonical MEK/ERK-mTOR Pathway to Activate Autophagy

DJ-1 appears to impact autophagy and neuronal cell survival through the ERK pathway. In a
rat model made to overexpress DJ-1 by injection of adeno-associated viral vector, ERK
activation in the substantia nigra is significantly greater compared with control animals
injected with a vector expressing only green fluorescent protein. Additionally,
overexpression of DJ-1 protects against rotenone-induced injury and enhances autophagy
markers in this rat model as well as in MN9D cells (Gao et al. 2012). Rotenone is an
inhibitor of mitochondrial complex | that can induce oxidative stress and apoptosis, inhibit
proteasome activity, and cause dopaminergic neuronal death in rodents (Shamoto-Nagai et
al. 2003). Further, blocking autophagy in MN9D cells by inhibiting either MEK1/2 with
U0126 or phosphoinositol 3-kinase (P13K) with 3-methyladenine (3MA) reverses
autophagic activation by DJ-1 and abrogates DJ-1-mediated protection against rotenone
(Gao et al. 2012). This implies that the neuroprotective effect of DJ-1 may be at least partly
due to its effects on two signaling pathways that have been shown to regulate autophagy —
the canonical Akt/ PI3K-mTOR pathway (Vasseur et al. 2009) and the non-canonical
AMPK-MEK/ ERK-TSC-mTOR pathway (Wang et al. 2009).

This notion is partially supported by data from another study which shows that DJ-1
knockout (KO) mouse embryonal fibroblasts (MEFs) exhibit reduced basal autophagic
degradation, impaired lysosomal activity, and accumulation of defective mitochondria
(Krebiehl et al. 2010). These DJ-1 KO MEFs also show a reduction in phosphorylated ERK2
in the mitochondrial fraction, but no effect on cytosolic fractions, suggesting that DJ-1-
mediated ERK?2 phosphorylation may be controlling autophagic and lysosomal function
(Krebiehl et al. 2010).

8.2.5 DJ-1 Promotes Oncogenic Potential by Activating the SRC/ERK/uPA Axis in
Pancreatic Cancer

DJ-1 is associated with a vast number of tumor types, with its overexpression and secretion
found frequently in conjunction with abnormal cell transformation and tumor progression
(Cao et al. 2015). Activation of the ERK pathway also plays a prominent role in oncogenesis
by driving inappropriate cell proliferation and survival (Caunt et al. 2015). An examination
of the role of DJ-1 in tumor invasion and metastasis in human pancreatic cancer cell lines
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(BxPC-3 and SW1990) showed that knockdown of DJ-1 can lead to cytoskeleton disruption
as well as diminished urokinase plasminogen activator (UPA) activity and expression. Active
UPA converts plasminogen to active plasmin, which can break down the extracellular matrix
around the cell or activate growth factors to promote cancer cell migration (Blasi and
Carmeliet 2002). Knockdown of DJ-1 in pancreatic cancer cell lines also decreases ERK1/2
and SRC kinase phosphorylation, which regulates the ERK pathway (Chang et al. 2003;
Eichhorn et al. 2007). This decrease in ERK1/2 and SRC phosphorylation can be reversed
by restoring DJ-1 expression. Inhibiting ERK has the same effect on pancreatic cancer
invasion potential and cell migration as knocking down DJ-1; both lead to decreased uPA
expression and activity. This suggests that the effect of DJ-1 on pancreatic cancer invasion
and migration may be dependent on the SRC/ERK pathway (He et al. 2012).

8.2.6 DJ-1 Interacts Genetically with Ras/ERK Signaling Components

DJ-1 appears to play a definitive role in the activation of ERK1/2 and downstream effectors,
but there is a differing range of data as to exactly how DJ-1 may be participating in this
signaling cascade. While one group has shown DJ-1 can directly interact with ERK1/2
(Wang et al. 2011), other groups have shown that DJ-1 modulates upstream factors in the
MAPK cascade, either through direct interaction or by affecting protein expression (Gu et al.
2009; Kato et al. 2013; Takahashi-Niki et al. 2015).

Initial studies found that aged mice lacking both DJ-1 and the receptor tyrosine kinase
(RTK) receptor Ret lose more dopaminergic neurons in the substantia nigra compared to
mice lacking only Ret, suggesting a possible cooperation between DJ-1 and Ret (Aron et al.
2010). Ret is upstream of the ERK pathway and is necessary for the neuronal survival
activity of glial neurotrophic factor (GDNF) (Kramer et al. 2007).

To study the interaction between DJ-1 and Ret further, a developing Drosophila eye model
system was employed, which is very sensitive to dosage changes in RTK signaling and
downstream MAPK pathways. Overexpressing constitutively active Ret in this model led to
the development of adult eyes with reduced size and rough morphology. However,
overexpression of constitutively active versions of Ret, Raf, ERK/rolled, or wild-type Aktl
did not affect endogenous DJ-1 levels. When flies expressing constitutively active Ret were
crossed with flies expressing reduced DJ-1 levels (carrying DJ-1 microdeletions or DJ-1
loss-of-function alleles), the offspring exhibited normal eye phenotype, showing complete
rescue of the eye defects. Conversely, when the flies expressing constitutively active Ret
were crossed with flies overexpressing DJ-1, the offspring exhibited more severe eye
defects. These findings indicate a genetic interaction between Ret and DJ-1 in controlling
cell size and differentiation in the developing retinal photoreceptor neurons (Aron et al.
2010).

Similarly, DJ-1 interacts genetically with downstream RTK signaling component Ras and
with ERK/rolled (rl), but not with PI3K/Akt. This suggests that DJ-1 does not modulate Akt
activation in this model under normal circumstances, but it may synergize with Ret, Ras, and
ERK during development, functioning either between Ras and ERK or in parallel to the
Ras/ERK pathway to control cell differentiation and proliferation (Aron et al. 2010).
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8.2.7 DJ-1 Interacts Directly with ERK1/2 and May Affect the Nuclear Translocation of
ERK1/2 Rather Than the Direct Phosphorylation of ERK1/2

In a study investigating the effect of DJ-1 on increasing superoxide dismutase (SOD)
expression and its subsequent ability to decrease ROS generation caused by either 1-
methyl-4-phenylpyridinium (MPP *) or paraguat, the transcription factor Elk1 was found to
bind to the SODI promoter to increase transcription. Additionally, EIk1 activation following
the administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was found to be
decreased in the substantia nigra of DJ-1 KO mice compared to WT mice (Wang et al.
2011). EIK1 is phosphorylated and activated by MAPK kinases such as ERK1/2 (Mut et al.
2012), suggesting that one of the mechanisms through which DJ-1 protects cells against
ROS is via ERK1/2 — Elk1 activation leading to SOD induction.

However, in contrast to in vitro data showing that knocking down DJ-1 decreases ERK1/2
phosphorylation (Lu et al. 2012), ERK1/2 phosphorylation is unaffected in DJ-1 KO mice
(Wang et al. 2011). This has led to the hypothesis that under oxidative insult, DJ-1 may act
as a molecular chaperone, a function that is attributed to DJ-1 in previous studies
(Shendelman et al. 2004), to affect the nuclear translocation of ERK1/2, rather than its
phosphorylation. Evidence for direct interaction between DJ-1 and ERK2 has been
presented in HEK293T (human embryonic kidney) cells as well as in mouse brain lysates
using co-immunoprecipitation (Wang et al. 2011), although not yet replicated in human
brain lysates (Meulener et al. 2005). Residues 1-100 of DJ-1 are necessary for this
interaction, while mutation of its cysteine 106, which is necessary for its role as a redox
sensor and peroxide scavenger (Taira et al. 2004a; Canet-Aviles et al. 2004; Martinat et al.
2004), does not affect its ability to interact with ERK1/2 (Wang et al. 2011). Additionally,
the nuclear translocation of ERK1/2 is reduced in DJ-1 knockdown SH-SY5Y cells and in
DJ-1 KO primary mouse neurons but is rescued by reconstituting DJ-1 expression (Wang et
al. 2011). This suggests that DJ-1 may promote the translocation of ERK1/2 to the nucleus
upon oxidative stress, allowing ERK1/2 to phosphorylate EIk1, leading to increased SOD
expression, and allowing the cell to mount a defense response and suppress the production
of superoxide induced by insults such as MPP* or paraquat.

8.2.8 DJ-1 Can Bind Directly to and Phosphorylate c-Raf, Which Can Then Activate MEK

and ERK1/2

When epidermal growth factor (EGF) binds to its receptor (EGFR), it can trigger the
activation of Ras, which can then activate c-Raf, a serine/threonine kinase that can
phosphorylate MEK, allowing it to activate ERK1/2 (McCubrey et al. 2007; Cargnello and
Roux 2011). Pulldown assays using GST-DJ-1 mixed with 3°S-labeled c-Raf, and co-
immunoprecipitation assays in HeLa (human cervical epithelial adenocarcinoma) and
HEK?293T cells transfected with FLAG-c-Raf and DJ-1-HA, have shown that DJ-1 binds
directly to the kinase domain of c-Raf, the MAPKKK in the ERK signaling pathway
(Takahashi-Niki et al. 2015). This interaction is enhanced when cells are treated with EGF
(Takahashi-Niki et al. 2015), which augments c-Raf activation.

Phosphorylation of c-Raf at several residues regulates its activity. This kinase is normally
inactive and phosphorylated at serines 43, 259, and 621. However, when Ser-259 and
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Ser-621 are dephosphorylated by protein phosphatase 2A (PP2A), and when Ser-338 is
phosphorylated following EGF stimulation, c-Raf becomes activated (Dhillon et al. 2002;
Abraham et al. 2000; Oehrl et al. 2003). When DJ-1 knockdown NIH3T3 (mouse embryonic
fibroblast) and HeLa cells or DJ-1 knockout (KO) mouse primary fibroblasts are treated with
EGF, the loss of DJ-1 is associated with decreased levels of phospho-Ser-338 c-Raf
compared to control. However, loss of DJ-1 does not impact the levels of phospho-Ser-259
c-Raf. The reintroduction of DJ-1 into cells derived from DJ-1 KO mice rescues the level of
phospho-Ser- 338 c-Raf to control levels (Takahashi-Niki et al. 2015). Additionally, when a
constitutively active c-Raf fragment (consisting of the kinase domain that binds DJ-1) is
incubated with purified DJ-1 and ATP, the fragment exhibits increased autophosphorylation
activity in a DJ-1-dose-dependent manner (Takahashi-Niki et al. 2015). This suggests that by
binding to c-Raf, DJ-1 stimulates the kinase activity and autophosphorylation of c-Raf at
Ser-338, which aids in the activation of the protein and the ERK pathway.

Interestingly, expression of C106S mutant DJ-1 into DJ-1 null cells reportedly does not
rescue the level of phospho-Ser-338 c-Raf to control levels, and the binding activity of
C106S mutant DJ-1 to c-Raf in pulldown assays is weaker than that of wild-type DJ-1
(Takahashi-Niki et al. 2015). The cysteine 106 (Cys-106) residue is highly sensitive to
oxidative stress and is essential for the role of DJ-1 as a cytoprotective redox sensor (Taira et
al. 2004a, b; Canet-Aviles et al. 2004; Martinat et al. 2004). The level of Cys-106 oxidation
dictates the level of DJ-1 activation, and when Cys-106 is excessively oxidized, it renders
DJ-1 inactive (Wilson 2011). To investigate whether oxidized forms of DJ-1 are necessary to
activate c-Raf, the level of DJ-1 oxidized at Cys-106 was examined in cells treated with
EGF, H,0,, or both. As expected, H,0, treatment increases highly oxidized forms of DJ-1
at Cys-106 (SO,H and SO3H forms), but does not increase the level of phospho-Ser-338 c-
Raf, indicating that oxidized forms of DJ-1 do not aid in the autophosphorylation of c-Raf.
Also, EGF treatment, which increases the level of phospho-Ser-338, does not induce DJ-1
oxidation, and subsequent H,0, treatment in EGF-treated cells decreases the level of
phospho-Ser-338 c-Raf (Takahashi-Niki et al. 2015). This suggests that C106 is important
for the interaction of DJ-1 with c-Raf and for subsequent c-Raf activation and that the
oxidation of Cys-106 to SO,H and SO3H forms is not necessary for this interaction.

8.2.9 DJ-1 Suppresses the Expression of PP2A, An Inhibitor of MEK1/2 and ERK1/2 Family

Kinases

Members of the ERK1/2 pathway are regulated by a variety of kinases and phosphatases,
one of which is protein phosphatase 2A (PP2A). PP2A is a serine/threonine phosphatase, a
holoenzyme whose well-conserved catalytic (C) subunit is tightly regulated by a regulatory
(B) subunit and held together by a scaffolding (A) subunit (Janssens and Goris 2001). PP2A
can negatively regulate the ERK pathway by dephosphorylating MEK1/2 and ERK1/2
kinases (Letourneux et al. 2006; Zhou et al. 2002; Alessi et al. 1995; Sonoda et al. 1997;
Silverstein et al. 2002) and also by dephosphorylating and inhibiting cellular SRC kinase (c-
SRC), an activator of the ERK pathway (Eichhorn et al. 2007).

Overexpression of WT DJ-1 in MN9D and COS-7 cells reduces PP2A levels, while the
overexpression of L166P mutant DJ-1 has negligible effect on PP2A (Gu et al. 2009).
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Additionally, overexpression of neither WT DJ-1 nor L166P mutant had an effect on protein
kinase A (PKA) levels (Gu et al. 2009), a protein that has been shown to activate the ERK
pathway (Gu et al. 2009; Zanassi et al. 2001). This suggests that DJ-1 may positively
regulate ERK1/2 signaling by decreasing the expression of PP2A.

It should be noted, however, that PP2A has also been shown to activate the ERK pathway
through its interactions with c-Raf and Ras (Abraham et al. 2000; Adams et al. 2005), and
the effect of DJ-1 on the ERK pathway through PP2A regulation may be context-dependent
(Junttila et al. 2008).

8.2.10 DJ-1 May Sequester p53 Away from Promoters in a DNA-Binding Affinity-Dependent
Manner, Resulting in the Downregulation of ERK1/2 Inhibitor, DUSP1

p53 is a crucial tumor-suppressor protein and a transcription factor that is activated by
cellular stress to induce transcription of genes involved in DNA repair, apoptosis, cell cycle
arrest, or autophagy (Vousden and Prives 2009; Menendez et al. 2009). p53 is closely
associated with DJ-1, with experimental evidence showing that DJ-1 may repress p53
transcriptional activity to prevent apoptosis (Fan et al. 2008), that p53 may inhibit DJ-1
activation through phosphorylation (Rahman-Roblick et al. 2008), and that p53 may
decrease DJ-1 protein levels through a posttranscriptional route (Vasseur et al. 2012). In a
study using co-immunoprecipitation experiments, p53 was shown to bind strongly to WT
DJ-1 in an oxidative stress-dependent manner, with their interaction enhanced by H,O»
treatment (Kato et al. 2013). On the other hand, C106S mutant DJ-1 failed to co-
immunoprecipitate with p53 under oxidative stress, suggesting that the Cys-106 residue is
necessary for this interaction. Further examination of their interaction using pulldown assays
of tagged DJ-1 with p53 deletion mutants showed that DJ-1 binds p53 at its DNA-binding
domain, suggesting that it may interfere with the transcriptional activity of p53 (Kato et al.
2013). As expected, this interaction also impacts the transcriptional expression of p53 target
genes such as DUSP1, which is a mitogen-activated protein kinase phosphatase that can
dephosphorylate ERK and regulate apoptosis by inhibiting downstream effectors of the ERK
pathway (Jeffrey et al. 2007). In mouse primary fibroblasts, DUSP1 mRNA and protein
expression is increased under oxidative stress, and this induction is even greater in
fibroblasts obtained from DJ-1 KO mice, suggesting that DJ-1 may modulate DUSP1 levels
(Kato et al. 2013). These findings provide support to the notion that under conditions of
oxidative stress, DJ-1 forms a complex with p53, sequestering it away from the DUSP1
promoter. Decreased DUSP1 transcription would prevent the dephosphorylation of ERK,
allowing for the promotion of cell survival.

8.3 DJ-1 Activates the PI3K/Akt Pathway

The PI3K/AKkt pathway is another classic signaling cascade that regulates cell growth,
proliferation, and survival by affecting a multitude of complementary downstream pathways.
The cascade is initiated when various stimuli induce the lipid kinase phoaphatidylinositol-3-
kinase (PI3K) to generate phosphatidylinositol-3,4,5- triphosphate (PIP3) from
phosphatidylinositol-4,5 bisphosphate (P1P2). This allows for the translocation of the serine/
threonine kinase Akt (also known as protein kinase B/PKB) to the plasma membrane. At the
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membrane, Akt is phosphorylated at residue Thr-308 by phosphoinositide-dependent kinase
1 (PDK1) to induce partial activation. Subsequent phosphorylation of Akt at residue Ser-473
by mTORC2 or members of the PI3K-related kinase (PIKK) family induces full enzymatic
Akt activity. Phosphatase and tensin homologue (PTEN) negatively regulates the PI3K/AKkt
pathway by dephosphorylating PIP3 back to PIP2. And Akt is dephosphorylated by protein
phosphatase 2A (PP2A) and the PH-domain leucine-rich-repeat-containing protein
phosphatases (PHLPP1/2) (Maehama and Dixon 1998; Andjelkovic et al. 1996; Brognard et
al. 2007; Gao et al. 2005).

One of the major downstream effects of Akt is the mammalian target of rapamycin complex
1 (mTORC1) which promotes the translation of proteins necessary for cell growth and
protein synthesis. Akt can directly phosphorylate and activate mTOR and also inhibit mMTOR
inhibitor proteins proline-rich Akt substrate of 40 kDa (PRAS40) and tuberin (TSC2).
Phosphorylation of mMTORC1 activates the mTORC1/S6 kinase axis and its downstream
effectors such as eukaryote translation initiation factor 4E-binding protein 1(4E-BP1) and
40S ribosomal protein S6 (RPS6) (Manning and Cantley 2007).

Another important target of Akt is glycogen synthase kinase 3 (GSK-3), which is inhibited
by Akt (Cross et al. 1995). This results in cell cycle progression through the inhibition of
GSK3-mediated phosphorylation and degradation of cyclin D and cyclin E as well as the
transcription factors c-Jun and c-Myec. Inhibition of GSK3 can also promote glycogen
metabolism, regulate wnt signaling, and affect the formation of neurofibrillary tangles in
Alzheimer’s disease. Akt also positively regulates cell proliferation through inhibition of
cyclin-dependent kinase inhibitors p21 (CDKN1A/CIP1/WAF1) and p27 (CDKN1B/KIP1).

Akt can mediate cell survival by inhibiting pro-apoptotic proteins such as Bcl-2-associated
death promoter (Bad) or by inhibiting forkhead transcription factors (FoxO1/3a) from
generating pro-apoptotic proteins such as Bim and cytokine Fas ligand (FasL) (Zhang et al.
2011). Akt also phosphorylates and activates the E3 ubiquitin ligase murine double minute 2
(MDM2), which triggers p53 degradation. This prevents the transcription of pro-apoptotic
BH3-only proteins such as Puma and Noxa (Mayo and Donner 2002).

Additionally, there is significant cross talk between Akt and other major signaling pathways,
often under specific conditions. Under stimuli such as tumor necrosis factor (TNFa.) or
platelet-derived growth factor (PDGF), Akt activates NF-kB/p65 signaling by
phosphorylating pathway activators — 1xB kinase a (IxKa). In certain cell types, or under
stresses such as ischemia, Akt has also been reported to block ERK signaling through direct
phosphorylation and inhibition of c-Raf (Zhou et al. 2015).

DJ-1 has been shown to activate the P13k/Akt pathway, a process that may mediate its
transforming effects during oncogenesis, as well as its cytoprotective effects against
oxidative and nitrosative stress as discussed below (Fig. 8.3) (Kim et al. 2005; Yang et al.
2005).

Adv Exp Med Biol. Author manuscript; available in PMC 2018 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Oh and Mouradian Page 10

8.3.1 DJ-1 Negatively Regulates PTEN to Activate the PI3K/ Akt Pathway Mediating
Oncogenic and Cytoprotective Properties of DJ-1

A study using Drosophila genetic screen for gain-of-function mutants was the first to report
in 2005 that DJ-1 may antagonize PTEN function and activate the PI3K cell survival
pathway to induce oncogenesis (Kim et al. 2005). The negative regulation of PTEN by DJ-1
has since been corroborated in various other model systems (Yang et al. 2005; Klawitter et
al. 2013; Sitaram et al. 2009; Yao et al. 2011; Fang et al. 2010; Davidson et al. 2008; Liu et
al. 2015). DJ-1 overexpression in PTEN overexpressing NIH-3T3 fibroblasts and in PTEN+/
- mouse embryonic fibroblasts (MEFs) rescues cell survival under apoptotic stress,
suggesting that DJ-1 may protect cells from apoptosis in a PTEN-dependent manner. In
COS-7 cells, A597 cells, NIH-3T3, and PTEN+/- MEFs, DJ-1 increases phosphorylation of
Akt and its downstream effectors in a PI3K-dependent manner, whereas knockdown of DJ-1
decreases the phosphorylation of Akt. In PTEN-/- MEFs, however, DJ-1 knockdown does
not affect Akt phosphorylation, suggesting that PTEN is necessary for DJ-1 effects on Akt
phosphorylation and that DJ-1 may suppress PTEN functionality to aid in PI3K/Akt
pathway activation (Kim et al. 2005).

The connection between DJ-1, PTEN, and human carcinogenesis has also been examined in
carcinomas (Kim et al. 2005). In primary breast cancer tissue samples, mutations in PTEN
are not a major factor in the development of sporadic breast cancers (Feilotter et al. 1999;
Freihoff et al. 1999), and alterations in PTEN levels in primary ductal adenocarcinomas are
thought to be primarily epigenetic (Perren et al. 1999; Shi et al. 2003). Examination of the
expression of DJ-1, phospho-Akt, and PTEN in serial histologic sections of breast cancer
from 73 patients with lymph node-negative disease suggested an inverse relationship
between PTEN and DJ-1 expression and a positive relationship between DJ-1 and
phosphorylated Akt (Kim et al. 2005). Further, an examination of DJ-1 and phosphorylated
Akt levels in primary lung cancer samples from 40 patients showed positive correlation
between DJ-1 and phosphorylated Akt levels (Kim et al. 2005). Taken together, this suggests
that DJ-1 may affect oncogenesis through epigenetic modulation of PTEN functionality in
multiple cancer types, allowing for Akt to become hyperphosphorylated.

This assertion was further supported by a report showing that inhibition of DJ-1A in
Drosophila leads to impaired PI3K/AKkt signaling (Yang et al. 2005). DJ-1A RNAI induces
phenotypes such as photoreceptor loss in the eye, dopaminergic neuron reduction in aging
brains, and hypersensitivity to oxidative stress. When wild-type (WT) PTEN or a dominant-
negative form of the PI3K catalytic subunit is co-expressed with DJ-1A RNAI transgene, the
pathologic eye phenotype is exacerbated. Conversely, co-expression of the WT form of the
PI3K catalytic subunit or Akt overexpressing transgene with DJ-1A RNAI suppresses the
dysfunctional phenotype (Yang et al. 2005). This suggests that the dysfunctional phenotypes
induced by DJ-1 knockdown are mediated through the PI3K/Akt pathway. Finally,
phosphorylated Akt levels are significantly reduced in DJ-1A RNAI expressing fly head
extracts, suggesting that DJ-1A is necessary for maintaining normal phosphorylation of Akt
and the activation of PI3K/AKkt signaling in the fly brain that may be needed to mediate
dopaminergic neuron survival and responses to oxidative stress (Yang et al. 2005; Aleyasin
et al. 2010). The protective effect of DJ-1 against oxidative stress is also seen in

Adv Exp Med Biol. Author manuscript; available in PMC 2018 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Oh and Mouradian

Page 11

cardiomyocytes from mice (Billia et al. 2013; Dongworth et al. 2014; Mukherjee et al. 2011)
and humans (Klawitter et al. 2013). DJ-1 is upregulated in cardiac tissue samples taken from
patients with chronic ischemia dilated cardiomyopathy (Klawitter et al. 2013), a condition
which has been linked to endothelial dysfunction and ROS (Tentolouris et al. 2004; Sorescu
et al. 2002). Increased levels of DJ-1 in these tissues are associated with decreased PTEN
protein expression and increased Akt phosphorylation (Klawitter et al. 2013), which may
serve as a compensatory mechanism to protect from ischemic injury.

8.3.2 The Effect of DJ-1 on the PI3K/Akt Pathway Is Implicated in Multiple Disease States

The role of DJ-1 in the PI3k/Akt pathway is implicated in many disease models. For
example, DJ-1 may affect the phosphorylation of tau, a protein that when
hyperphosphorylated is found as a main component of neurofibrillary tangles in Alzheimer’s
disease and progressive supranuclear palsy (Avila et al. 2004). Overexpression of the
Parkinson’s disease-linked L166P mutant or D149A DJ-1 in cells induces less
phosphorylation of Akt compared to wild-type DJ-1, leading to increased activity of
GSK-3B and increased tau phosphorylation (Wang et al. 2013). This suggests that abnormal
function of mutant DJ-1 in Akt activation may play a role in tauopathies.

In human clear cell renal cell carcinoma (ccRCC), DJ-1 may regulate the PTEN/ PI13K/Akt
pathway to modulate hTERT levels and contribute to disease progression (Sitaram et al.
2009). Human telomerase reverse transcriptase (nTERT) is the catalytic subunit of
telomerase, a ribonucleoprotein reverse transcriptase, which has been implicated in cellular
differentiation and neoplastic transformation (Kim et al. 1994; Takakura et al. 1999). hTERT
gene may be regulated by the transcription factor c-myc which is a downstream target of the
P13K/Akt pathway (Wu et al. 1999; Asano et al. 2004). In human ccRCC tissue samples,
DJ-1 mRNA levels are positively correlated with c-mycand hTERT mRNA levels (Sitaram
et al. 2009). Follow-up experiments in human kidney carcinoma A498 cells showed that
knockdown of DJ-1 reduces c-mycand hTERT RNA expression and also decreases protein
levels of p-PTEN and p-Akt, as well as that of Akt’s downstream effectors, p-GSK-3p and
c-Myc (Sitaram et al. 2009). As such, the effect of DJ-1 on the activation of PI3k/Akt
pathway appears to have far-reaching consequences on downstream effectors that can
contribute to disease states.

Indeed, the effect of DJ-1 on the PI3k/Akt pathway may also be involved in several
pathologic states including renal tubular epithelial-mesenchymal transition (EMT), which
can lead to renal interstitial fibrosis and end-stage renal failure (Yao et al. 2011), in the
peritoneal metastasis of gastric carcinoma by modulating levels of matrix metallopeptidases
MMP-2 and MMP-9 (Zhu et al. 2014), in the migration and invasion of human glioma
SWO-38 cells by affecting focal adhesion kinase (FAK) phosphorylation (Fang et al. 2010),
in the cell survival and aggressiveness of ovarian carcinoma (Davidson et al. 2008), in the
progression of uterine cervical neoplasia (Choi et al. 2015), in the tumorigenesis of
medulloblastomas (Lin et al. 2014), and in the malignant properties of the hepatocellular
carcinoma (HCC) cell line, HepG2 (Liu et al. 2015).
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8.3.3 DJ-1 Mediates Stress-Induced Cellular Responses Through PI3K/Akt Pathway,
Possibly Through PTEN-Independent Mechanisms

Under cellular stress, many of the protective effects of DJ-1 appear to be mediated through
the PI13k/Akt pathway. For example, under hypoxic stress, DJ-1 may regulate transcription
factor hypoxia-inducible factor-1 (HIF1) through the PI3K/Akt/ mTOR survival pathway as
well as the metabolic sensor AMPK to protect cells against hypoxia-induced cell death
(Vasseur et al. 2009). HIF1 regulates the expression of many genes known to be affected by
Akt and may operate in parallel with AMPK to create a concerted response to hypoxia
(Laderoute et al. 2006). mTOR activity has been reported to stabilize HIF1 protein (Zhong et
al. 2000), while excess p53 may promote HIF1 degradation (Ravi et al. 2000). Under
hypoxia, loss of DJ-1 was shown to significantly reduce mTOR activity (as measured by
phosphorylation of p70-S6K and 4E-BP1) and increase p53 induction (as measured by p53
phosphorylation) in human osteosarcoma U20S cells and in MEFs derived from DJ-1 KO
mice. Congruently, DJ-1 is required for full HIF1 induction and activation under hypoxic
stress, as DJ-1 knockdown in U20S cells and MEFs exhibits decreased HIF1 protein levels
and HIF1 target gene expression compared to control (Vasseur et al. 2009). DJ-1 has also
been shown to interact with von Hippel-Lindau (VHL) protein, an E3 ubiquitin ligase, which
can form a complex with HIF1 to induce its degradation (Parsanejad et al. 2014). DJ-1
inhibits HIF-VHL interaction and protects cells from hypoxia-induced apoptosis.
Additionally, loss of DJ-1 alters AMPK activity and expression, where DJ-1 knockdown
cells exhibit total decreased AMPK levels as well as decreased phosphorylation of AMPK
under hypoxic stress (Vasseur et al. 2009). Taken together, these findings suggest that the
ability of DJ-1 to modulate AMPK activity and regulate the PI3k/Akt/mTOR pathway or
VHL-HIF1 interaction to increase HIF1 transcriptional activity may be crucial in
coordinating the induction of genes necessary to adapt to hypoxia.

DJ-1 may also regulate Akt through its association with p53. p53 negatively regulates the
IGF-1/PI3k/Akt pathway by increasing the transcription of target genes such as IGF-BP3 or
PTEN (Feng 2010), and is also conversely regulated by Akt, which activates the MDM2, a
trigger for p53 degradation (Mayo and Donner 2002). Accordingly, a study investigating the
link between DJ-1, p53, and cell transformation showed that when p53 is deleted, DJ-1 is
able to exert oncogenic effects through the phosphorylation and activation of Akt (Vasseur et
al. 2012). In wild-type MEFs with normal p53 levels, DJ-1 knockdown results in inhibition
of Akt phosphorylation. And in p53 null MEFs, which exhibit a higher level of Akt
phosphorylation, DJ-1 is required for full activation of Akt. Interestingly, under oxidative
stress, DJ-1 is necessary for the full phosphorylation and activation of p53 at serine 15
(Vasseur et al. 2012), which may be mediated by active Akt protein in certain cellular
contexts (Vasseur et al. 2012; Zhan et al. 2010). Thus, there may be cross talk and feedback
regulation between p53, DJ-1, and the Akt pathway, whereby oxidative stress induces DJ-1-
mediated phosphorylation of p53, which may be mediated by active Akt. Active p53 may
then be able to respond appropriately to stress by activating transcriptional programs
(Kruiswijk et al. 2015), and also by consequently decreasing DJ-1 expression in a negative
feedback loop, leading to attenuated Akt activation and preventing abnormal cellular
transformation.
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Under oxidative stress, DJ-1 may regulate Akt signaling by affecting Akt localization, and
this may be crucial for neuronal protection in the context of Parkinson’s disease (PD). Upon
hydrogen peroxide (H,0O5) treatment, primary neuronal cultures from DJ-1 KO mice show a
reduction in Akt phosphorylation (Aleyasin et al. 2010). Similarly, dopaminergic neurons in
the substantia nigra from DJ-1 KO mice exhibit reduced Akt phosphorylation in response to
in vivo administration of MPTP (Aleyasin et al. 2010). Further, when lymphoblasts isolated
from PD patients harboring the Parkinson’s disease pathogenic mutation L166P are treated
with H,O5, Akt phosphorylation is found to be reduced compared to that of healthy control
lymphoblasts (Aleyasin et al. 2010). Suppression of Akt phosphorylation using a
pharmacological inhibitor of AKT, LY294002 (LY), diminishes the neuroprotective function
of DJ-1 in primary mouse neurons. This suggests that DJ-1 exerts some of the
aforementioned protective effects through the Akt pathway (Aleyasin et al. 2010). Yet,
exogenous WT Akt is unable to protect DJ-1-deficient neurons from oxidative stress both in
vivo and in vitro (Aleyasin et al. 2010). On the other hand, myristoylated Akt (Myr-Akt), a
membrane-anchored, constitutively active form of Akt, is able to protect DJ-1-deficient
neurons (Aleyasin et al. 2010). Early studies have shown that Akt localization to the
membrane occurs prior to its phosphorylation and activation (James et al. 1996; Franke et al.
1997) and that membrane-bound Myr-Akt is sufficient to provide cytoprotection (Ries et al.
2006). As loss of DJ-1 reduces Akt phosphorylation, and only membrane-anchored
constitutively active form of Akt can provide protection to neurons lacking DJ-1, these
findings suggest that DJ-1 may be an upstream activator of WT Akt. And consistent with
this notion, DJ-1 has been shown to be necessary for Akt to translocate from the cytoplasmic
compartment to membranous fractions following H,O» treatment (Aleyasin et al. 2010).
This suggests that DJ-1 may play a role in modulating recruitment of Akt to the membrane
in an ROS-dependent manner, further supporting the notion that DJ-1 is necessary for Akt
pathway activation and Akt-mediated neuroprotection from ROS.

It is also worthwhile to note that DJ-1 has been shown to associate with mRNA that encode
members of the PTEN/PI3k/Akt pathway, raising the possibility that DJ-1 may also regulate
this pathway posttranscriptionally. mMRNA interacting with DJ-1 includes Aktl, IGF2,
JUND, RPS6KB2, PPP2R2C, BCL2L1, RASL10B, MAPKS8IP1, and EIF3EPI1 (van der
Brug et al. 2008).

8.3.4 DJ-1 Inhibits Autophagy Through Activation of the PI3K/AKT Pathway

While the exact role of DJ-1 in regulating autophagy is under debate, it is clear that it can
affect autophagy in a variety of models (Vasseur et al. 2009; McCoy and Cookson 2014).
Previously, it was shown that DJ-1 activates autophagy in a neuronal model through the
activation of the non-canonical MEK-ERK-mTOR pathway (Gao et al. 2012). In contrast,
DJ-1 has been reported to activate autophagy through the PI3K/AKT pathway, independent
of downstream mTOR effects.

The effect of DJ-1 on autophagy has also been studied in relation to C2-ceramide, a
neurotoxic lipid that is associated with early inhibition of the PI3K/Akt pathway.
Overexpression of DJ-1 in CAD cells (mouse catecholaminergic neuronal tumor cells)
reportedly prevents C2-ceramide-induced inhibition of the PI3K/Akt pathway by keeping
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PTEN phosphorylated (inhibited). DJ-1 overexpression also decreases C2-ceramide-induced
autophagy in a manner independent of changes in mTOR, exhibiting decreased
autophagosome formation and autophagic flux. This suggests that DJ-1 may decrease
ceramide-induced autophagy and cell death through its effects on the PI3k/AKT pathway
(Jaramillo-Gomez et al. 2015).

8.3.5 DJ-1 May Inhibit PTEN Through Direct Binding and Transnitrosylation

Evidence has been reported suggesting that DJ-1 can interact with PTEN directly (Kim et al.
2009; Choi et al. 2014). Both wild-type and C106S mutant DJ-1 bind PTEN to inhibit its
phosphatase activity in NIH3T3 cells, but the non-oxidizable C106S mutant binds and
inhibits PTEN activity to a greater extent than WT DJ-1 does (Kim et al. 2009). Early in
oxidative stress, WT DJ-1 strongly inhibits PTEN activity. But this is not sustained as stress
continues and highly oxidized forms of DJ-1 at Cys-106 (SO,H and SO3H forms)
accumulate. On the other hand, C106S mutant DJ-1, which cannot be oxidized at the
Cys-106, strongly inhibits PTEN activity in a sustained manner (Kim et al. 2009). MALDI-
TOF/TOF-MS (matrix-assisted laser desorption/ionization/time-of-flight mass spectrometry)
analysis of the oxidation state of Cys-106 has revealed that in order for DJ-1 to inhibit PTEN
activity and increase phosphorylation of Akt, over 50% of the DJ-1 population needs to be in
the reduced/non-oxidized (SH) form (Kim et al. 2009). This suggests that under acute
oxidative stress, the ability of DJ-1 to inhibit PTEN and consequently increase protective
P13k/Akt signaling is initially increased. However, with prolonged oxidation, when highly
oxidized forms of DJ-1 make up more than 50% of total DJ-1, DJ-1 loses its ability to
inhibit PTEN, indicating that DJ-1’s modulation of the PI3k/Akt pathway is dependent on its
redox status.

Under mild nitrosative stress, DJ-1 directly binds and may inhibit PTEN activity via
transnitrosylation (Choi et al. 2014). In HEK cells stably expressing neuronal nitric oxide
synthase (nNOS) that can be made to generate cellular nitric oxide (NO) using calcium
ionophore A23187 treatment, both DJ-1 and PTEN are nitrosylated at cysteine residues
when endogenous NO production is induced: DJ-1 at its Cys106 residue forming SNO-DJ-1
and PTEN at Cys83 residue forming SNO-PTEN (Choi et al. 2014). As the transfer of an
NO group from one protein thiol to another according to their respective Nernstian redox
potentials is a common mechanism in mammalian systems (Kornberg et al. 2010; Nakamura
and Lipton 2013), it was hypothesized that DJ-1 may interact with and S-nitrosylated PTEN.
In in vitro pulldown assays using GST-tagged DJ-1 and PTEN, as well as in co-
immunoprecipitation experiments in HEK293A cells using antibodies directed against
endogenous PTEN or DJ-1, it was found that PTEN and DJ-1 form a complex in cells (Choi
et al. 2014). When purified recombinant SNO-DJ-1 is incubated with PTEN, SNO-DJ-1 but
not unmodified DJ-1 is able to act as an NO donor to PTEN. In the converse experiment
using SNO-PTEN and DJ-1, nitrosylated PTEN is unable to transfer its NO group to DJ-1
(Choi et al. 2014). This transnitrosylation from DJ-1 to PTEN is abrogated in DJ-1
knockdown SH-SY5Y cells, while DJ-1 overexpression increases the level of SNO-PTEN.
Additionally, while the co-transfection of WT DJ-1 protects SH-SY5Y cells from cell death
induced by exogenous PTEN overexpression, co-transfection of the system with either non-
nitrosylatable Cys-106 DJ-1 mutant or non-nitrosylatable C83A PTEN mutant cannot confer
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the same cytoprotection (Choi et al. 2014). This suggests that the neuroprotective activity of
DJ-1 may require at least in part the transnitrosylation and inhibition of PTEN. Notably, in
human PD brains, SNO-PTEN levels have been found to be significantly elevated and SNO-
DJ-1 slightly decreased compared to controls, suggesting that DJ-1 may transnitrosylate
PTEN in PD brains to detoxify neurotoxic levels of NO until this adaptive protective system
is overwhelmed. Dysfunctional DJ-1 may lose this protective transnitrosylation activity due
to mutations or through oxidation of its Cys106 residue (Choi et al. 2014).

8.4 DJ-1 Inhibits the ASK1 Pathway

Apoptosis signal-regulating kinase 1 (ASK1), also known as mitogen-activated protein
kinase kinase kinase 5 (MAP3KS5), is a MAPKKK that plays a key role in stress-induced
apoptosis as well as cell survival and differentiation. Downstream of ASK1 are its
MAPKKSs, mitogen-activated protein kinase kinases ( MKK4/MKK7/ SEK1 and MKK3/
MKKS®), which in turn activate the MAPK proteins, c-Jun N-terminal kinases (JNKs), and
p38 mitogen-activated protein kinases. This results in activation of the mitochondrial cell
death pathway to induce apoptosis. These separate pathways are also referred to as the
MKK4/MKK7-JNK pathway and MKK3/MKK®6-p38 pathway (Cargnello and Roux 2011;
Lawler et al. 1998; Keshet and Seger 2010; Tobiume et al. 2001).

Under normal conditions, ASK1 is oligomerized through its C-terminal coiled-coil domain
but rendered inactive by various inhibitors such as thioredoxin (Trx) (Saitoh et al. 1998) and
14-3-3 proteins (Goldman et al. 2004). Reduced thioredoxin (Trx) binds ASK1 at its N-
terminal coiled-coil domain, and 14-3-3 protein binds ASK1 at its phosphorylated Ser967
residue (Saitoh et al. 1998; Goldman et al. 2004; Yoon et al. 2009). These inhibitors regulate
ASK1 activation in a redox sensitive manner and compete with ASK1 activators — such as
TNF-alpha receptor-associated factors (TRAFs) or death-domain-associated protein 6
(Daxx).

Under cellular stresses such as oxidative stress, ultraviolet (UV) light, endoplasmic
reticulum stress, tumor necrosis factor (TNF), and withdrawal of growth factor or serum,
phosphorylation of ASK1 at Ser-967 is lost. Daxx then helps relieve inhibitory
intramolecular interactions between the N- and C- termini of the ASK1 kinase, and TRAF2
and TRAF6 are recruited to ASK1 to form a larger molecular mass complex dubbed the
ASK1 signalosome. ASK1 is then able to form homo-oligomeric interactions through both
its C-terminal and N-terminal coiled-coil domains, undergo autophosphorylation at
threonine 845, and become fully activated (Matsuzawa et al. 2005; Chang et al. 1998;
Nishitoh et al. 1998; Ichijo et al. 1997; Leisner et al. 2016).

DJ-1 has been shown to inhibit ASK1 activation through a variety of mechanisms: (1)
through sequestration or inhibition of the ASK1 activator, Daxx; (2) through direct binding
with ASK1; by (3) increasing the expression of the ASK1 inhibitor, Trx1; and by (4)
stabilizing Trx1-ASK1 interaction. This ultimately enhances cell survival by inhibiting cell
death signaling and the mitochondrial apoptotic cascade (Fig. 8.4) (Junn et al. 2005; Waak et
al. 2009; Hwang et al. 2013; Tang et al. 2014; Mo et al. 2010; Karunakaran et al. 2007).
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8.4.1 DJ-1 Inhibits Daxx/ASK1 Activity Through Nuclear Sequestration of Daxx

The death protein Daxx has been identified as a DJ-1-interacting protein through yeast two-
hybrid screen and subsequent immunoprecipitation experiments (Junn et al. 2005). In SH-
SY5Y and COS-7 cells, overexpression of Daxx and ASK1 increases ASK1 activation
(detected by in vitro kinase assay) and cell death. Co-expression of wild-type (WT) DJ-1 in
this system is able to repress ASK1 activation and reduce cell death, whereas the
Parkinson’s disease-associated pathogenic L166P DJ-1 mutant cannot protect cells from the
effects of Daxx and ASK1 overexpression (Junn et al. 2005). In an unstressed cell, Daxx is
localized mainly in the nucleus, while ASK1 is localized in the cytoplasm. Under conditions
of cell death signaling, Daxx translocates to the cytoplasm where it can interact with ASK1
to activate apoptosis (Chang et al. 1998; Ko et al. 2001). Fluorescent immunocytochemical
experiments showed that WT DJ-1 blocks the translocation of Daxx to the cytoplasm by
binding Daxx and sequestering it in the nucleus, whereas L166P mutant DJ-1 fails to do the
same. This trend is magnified when cells are treated with H,O, (Junn et al. 2005). M261
mutant DJ-1 is also unable to suppress the export of Daxx from the nucleus to the cytoplasm
(Waak et al. 2009), indicating that WT DJ-1 but not its pathogenic mutants can protect cells
against oxidative stress-induced Daxx/ASK1 cell death signaling.

The stress of MPTP administration in mice also results in the activation of ASK1 signaling
as well as the translocation of Daxx from the nucleus to cytosol (Karunakaran et al. 2007;
Lee et al. 2012). As expected in ASK1 KO mice, MPTP-induced motor impairments are not
as pronounced, and striatonigral dopaminergic neurons are relatively preserved compared to
wild-type littermates (Lee et al. 2012). MPTP administration also lowers DJ-1 levels in the
ventral midbrain of the animals, particularly in the nuclear fraction, which is consistent with
the increase in the nuclear export of Daxx and its association with and activation of ASK1 in
the cytosol (Karunakaran et al. 2007). Together, this indicates that ASK1 is a crucial effector
of MPTP and oxidative stress-induced toxicity and apoptosis in the brain and that the
cytoprotective function of DJ-1 may be mediated in part by its ability to regulate Daxx and
ASK1 signaling.

DJ-1 may also bind to p38 regulated/activated kinase (PRAK/MKS5) under cellular stress to
help localize DJ-1 into the nucleus, allowing it to sequester Daxx in the nucleus and prevent
cell death (Tang et al. 2014). PRAK is a downstream effector of the ASK1-MKK3/MKK®6-
p38 pathway and can be activated by p38 MAPK (Cargnello and Roux 2011). PRAK, which
contains a putative nuclear localization sequence (NLS) and a nuclear export sequence
(NES), is localized primarily in the cytoplasm under normal conditions (New et al. 2003).
DJ-1 has been identified as a PRAK interactor in a yeast two-hybrid screen and found to
bind directly to PRAK in immunoprecipitation assays and fluorescence resonance energy
transfer (FRET) assays (Tang et al. 2014). DJ-1 also co-localizes with PRAK in the nuclei of
NIH3T3 cells under oxidative stress. Following HyO5 treatment, PRAK increases
phosphorylation of DJ-1 and its nuclear localization, as well as the nuclear sequestration of
Daxx. Conversely, cells lacking PRAK exhibit impaired nuclear localization of DJ-1 and
Daxx as well as increased cell death under oxidative stress (Tang et al. 2014). As DJ-1 lacks
both a NLS and a NES, PRAK may be the crucial partner that assists DJ-1 in regulating the
cellular localization of Daxx and ASK1 signaling.
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Finally, DJ-1 may not only modulate Daxx localization but also its expression through the
PI3k/Akt/dFOXO axis. In Drosophila, DJ-18 loss-of-function mutants are acutely sensitive
to oxidative stress conditions and exhibit neuronal death after H,O, treatment (Meulener et
al. 2005; Menzies et al. 2005). As Daxx has been shown in mammalian systems to induce
apoptosis by activating the INK/FOXO cell death signaling pathway (Chang et al. 1998),
one study examined the relationship of DJ-18 with the Drosophila homologue of Daxx,
Daxx-like protein (DLP) (Hwang et al. 2013). DLPA, seen to be elevated by H,0, and UV
exposure in wild-type Drosophila, has been shown to render flies more sensitive to oxidative
stress when overexpressed in neurons (Hwang et al. 2013). In DJ-18 mutant flies, DLP
expression as well as the translocation of DLP from the nucleus to the cytoplasm is
increased, whereas overexpression of WT DJ-18 reduces the level of endogenous DLP.
Additionally, DLP deficiency rescues the phenotypes of DJ-18 Drosophila mutants (Hwang
et al. 2013). These findings suggest that DJ-1B may regulate the activity of DLP at least in
part by limiting its expression and cytosolic localization. As DLP promoter harbors a
consensus forkhead box subgroup O (FoxO) response element (FRE), it was also
investigated whether DJ-1p could downregulate DL P expression transcriptionally under
oxidative stress. Indeed, in DJ-18 mutants, the transcriptional activity of dFOXO is
increased, inducing DLP transcription and apoptosis (Hwang et al. 2013). Interestingly, DLP
overexpression also activates the INK/dFOXO axis in Drosophila, meaning that DLP
activation may further increase DL P expression in a feed-forward loop of DLP-JNK-dFOXO
(Hwang et al. 2013). However, the P13k/Akt pathway, which is activated by DJ-1, inhibits
dFOXO (Greer and Brunet 2005). Thus, DJ-18 may play a complex role in the regulation of
DLP, where it cannot only modulate the cellular localization of the protein, but also inhibit
the activation and overexpression of DLPand the subsequent propagation of apoptotic
signaling through modulating the PI3k/Akt/dFOXO axis.

8.4.2 DJ-1 Inhibits ASK1 Activity Through Direct Interaction

In addition to DJ-1 binding to Daxx leading to ASK1 regulation (Junn et al. 2005), evidence
has also been reported that DJ-1 may regulate ASK1 activity through direct binding as well
(Waak et al. 2009; Mo et al. 2010; Cao et al. 2014). Following overexpression of both tagged
DJ-1 and ASK1, the two proteins were shown to co-immunoprecipitate. By binding to
ASK1, DJ-1 may disrupt ASK1 homo-oligomerization and activation, thus inhibiting H,O5-
induced ASK1 activation of MKK3 and p38 (Mo et al. 2010). Although DJ-1 is able to
inhibit ASK1 activity, it has little effect on the enzyme activity of either MKK3 or p38 (Mo
et al. 2010), indicating that DJ-1 targets primarily ASK1 in the ASK1/MKK2/p38 cascade.

While one study observed DJ-1/ASK1 co-immunoprecipitation both in the presence and
absence of oxidative stress (Mo et al. 2010), others have reported that oxidative stress and
the resulting oxidized DJ-1 forms are necessary for DJ-1/ASK1 interaction (Waak et al.
2009; Cao et al. 2014). In support of the latter point, substitution of Cys-106 residue of DJ-1
to non-oxidizable alanine reportedly abrogates DJ-1/ASK1 interaction, whereas mutations of
peripheral conserved cysteine residues, such as C53A and C46A, still allow the association
of DJ-1 with ASK1. This suggests that oxidation of DJ-1 at Cys-106 may be crucial for its
binding to ASK1 (Waak et al. 2009).
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Size-exclusion chromatography has also shown that oxidized DJ-1 is incorporated into
native ASK1 complexes. These complexes are dissolved upon reducing SDS-PAGE,
implying that DJ-1 is incorporated into ASK1 signalosome by mixed disulfide formation
that is dependent on the central Cys-106 residue (Waak et al. 2009). This mixed disulfide
formation is similar to the interaction between thioredoxin 1 (Trx1) and ASK1 at its N-
terminal Trx1 binding site. And, overexpression of DJ-1 or Trx1 is able to repress ASK1
homo-oligomerization (Mo et al. 2010), suggesting that DJ-1 acts similarly to Trx1 in
suppressing ASK1 activation.

Interestingly, WT DJ-1 is unable to bind ASK1 that lacks this N-terminal Trx1 binding site,
but M261 mutant DJ-1 is able to constitutively bind both WT ASK1 and the N-terminal
deleted ASK1, presumably at a dysfunctional site (Waak et al. 2009). Additionally, while
L166P mutant DJ-1 also associates with ASK1, the interaction is much weaker than that of
wild-type DJ-1 (Mo et al. 2010). Unlike WT DJ-1, its C106A, L166P, and M261 mutants fail
to provide cytoprotection against oxidative stress (Wilson 2011; Malgieri and Eliezer 2008).
This shows that proper interaction of WT DJ-1 with ASK1, presumably at the N-terminal
Trx1 binding site, is necessary to provide protection. Parkinson-associated pathogenic
mutant DJ-1, which differs in protein stability and lacks normal functionality compared to
WT DJ-1, may be unable to properly interact with ASK1, thus contributing to pathogenic
consequences.

8.4.3 DJ-1 Inhibits ASK1 Activation by Preventing the Dissociation of Trx1 from ASK1 and
by Upregulating Trx1 Expression

An additional mechanism by which DJ-1 may inhibit ASK1 signaling is through affecting
the inhibitory complex of Trx1-ASK1 (Im et al. 2010). In unstressed HEK293T cells, Trx1
co-immunoprecipitates with ASK1 equally in the presence or absence of exogenous DJ-1.
However, under oxidative stress, the interaction between ASK1 and Trx1 decreases
dramatically. This dissociation of Trx1 from ASK1 upon oxidative stress is prevented by co-
expression of WT DJ-1, whereas co-expression of L166P or C106S mutant DJ-1 fails to do
the same. Additionally, in DJ-1 KO mouse brain homogenates, the Trx1-ASK1 complex is
found to dissociate more readily under oxidative challenge compared to brains from WT
mice, suggesting that DJ-1 plays an important role in the maintenance of the Trx1-ASK1
inhibitory complex (Im et al. 2010).

A follow-up study reported that WT DJ-1, but not its L166P or M261 mutants, can also
upregulate Trx1 mRNA and protein expression by upregulating the levels of the transcription
factor Nrf2 and stimulating its translocation into the nucleus (Im et al. 2012). This enhances
Nrf2 recruitment to the antioxidant response element (ARE) of the Trx1 gene promoter,
increasing the level of Trx1 within the cell and blocking ASK1 activation (Im et al. 2012).
Interestingly, Trx1 has also been shown to bind PTEN to activate the PI3K/Akt pathway
(Meuillet et al. 2004). Knocking down Trx1 impairs the ability of DJ-1 to induce AKT
phosphorylation and activation (Im et al. 2012), suggesting that DJ-1-mediated modulation
of Trx1 may impact both the ASK1 pathway and the PI3K/Akt pathway, dually regulating
major cell death and cell survival signaling pathways.
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8.5 DJ-1in Other Signaling Pathways

8.5.1 DJ-1 Can Interact with MEKK1 to Suppress MEKK1-MKK4-JNK1 Cell Death Signaling

Apoptotic signaling via MKK4-JNK can be activated not only by ASK1 but also by other
MAPKKKSs such as MAP-ERK kinase kinase 1 (MEKK1), MEKK4, TAK1, and MLKs
(Whitmarsh and Davis 1998). It has been demonstrated that wild-type (WT) DJ-1, but not its
L166P mutant form, can interact physically with MEKK1 to inhibit its activity, protecting
cells from UV-induced MEKK1-MKK4-JNK1 apoptotic signaling (Mo et al. 2008). By
binding to MEKK1, DJ-1 also sequesters the kinase in the cytoplasm, preventing it from
translocating to the nucleus and regulating gene expression through its downstream
transcription factor effectors such as NF-kB and c-Jun. On the other hand, L166P mutant
DJ-1 enhances the nuclear accumulation of MEKK1. DJ-1 does not appear to inhibit other
MAPKKKSs such as MLK3 and TAK1 (Mo et al. 2008).

8.5.2 DJ-1 Suppresses the INK/Beclin 1 Pathway to Regulate Autophagy

In addition to its effects on autophagy through the ERK and AKT pathway, DJ-1 can inhibit
autophagy in a cancer cell model through the JINK/Beclinl pathway (Ren et al. 2010). In
H1299 cells, a p53 null lung cancer cell line, overexpression of DJ-1 decreases autophagy,
whereas knocking down of DJ-1 increases autophagy. DJ-1 knockdown also activates
JNK1/2 in H1299 cells without affecting ERK or p38 activation and increases Beclinl
expression (Ren et al. 2010). INK1/2 phosphorylation, Beclinl upregulation, and autophagy
activation that occur with DJ-1 knockdown are abrogated in the presence of the INK-specific
inhibitor, SP600125, suggesting that regulation of autophagy by DJ-1 is JNK dependent.
Under conditions of starvation, DJ-1 knockdown in H1299 cells also exhibits increased
autophagy as well as increased cell death (Ren et al. 2010). Thus, in a cancer model, the
upregulation of DJ-1 may enhance oncogenesis by inhibiting autophagy in a JNK-dependent
manner. This would lead to downregulation of the tumor-suppressor Beclinl as well as
accumulation of p62, which has been shown to contribute to tumorigenesis (Moscat and
Diaz-Meco 2009; Mathew et al. 2009).

8.5.3 DJ-1 Positively Regulates Androgen Receptor Signaling

The nuclear receptor androgen receptor (AR) relays androgen signaling from the cell surface
to the nucleus and activates the transcription of genes essential for male reproductive
function such as spermatogenesis (O’Hara and Smith 2015). DJ-1 has been shown to be
necessary for normal AR function and to positively regulate AR signaling in a variety of
ways (Taira et al. 2004b). DJ-1 directly binds to the protein PIASxa/ARIP3, an inhibitor of
AR, and prevents PIASxa/ARIP3 from forming a complex with AR (Takahashi et al. 2001).
In addition, DJ-1 binds to AR to stimulate its transcriptional activity in hormonally treated
prostate cancer cells, potentially contributing to cancer progression and androgen
independence (Pitkanen-Arsiola et al. 2006; Tillman et al. 2007).

DJ-1 also binds and sequesters a novel DJ-1-binding protein (DJBP), which was identified
by yeast two-hybrid screen (Niki et al. 2003). DJBP can bind to the DNA-binding domain of
AR and repress its transcriptional activity through recruitment of a histone deacetylase
(HDAC) co-repressor complex. Normally, when hormone receptors bind their putative
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ligand, they assume a configuration that leads to transcriptional activation (Xu et al. 1999).
However, an HDAC-co-repressor complex may change the active form of AR into an
inactive form. DJ-1 can partially restore AR function by abrogating the DJIBP-HDAC
complex.

Interestingly, Daxx has been shown to sumoylate and repress the DNA binding activity of
AR, leading to inhibition of its transcriptional function (Shih et al. 2007). Daxx also binds
DJ-1 in the nucleus (Junn et al. 2005). Additionally, sumoylation of DJ-1 at lysine residue
K130 has been found to be crucial for its normal activity (Shinbo et al. 2005). The latter
finding raises the possibility that Daxx might play a part in the sumoylation of DJ-1 and that
DJ-1 binding to Daxx may impact the ability of Daxx to repress AR through a competitive
mechanism as well. However, any direct link between Daxx and sumoylated DJ-1 as well as
a link between sumoylated DJ-1 and AR remain to be investigated.

8.5.4 Mutant DJ-1 Interacts with TTRAP and TRAF6, Affecting Cell Death Signaling, Protein
Aggregation, and rRNA Biogenesis

Several pathogenic missense mutations in DJ-1, such as L166P, M261, and E64D, have been
linked to recessively inherited PD (Bonifati et al. 2003; Bonifati et al. 2004; Abou-Sleiman
et al. 2003). L166P and M261 mutations affect DJ-1 stability (although with mixed results
for M261), and its ability to form homodimers, and result in reduced cellular DJ-1 levels
(Moore et al. 2003; Takahashi-Niki et al. 2004; Milkovic et al. 2015). E64D mutant DJ-1
may retain the ability to form homodimers, but this mutation may potentiate DJ-1 aggresome
formation (Repici et al. 2013).

As there is still no unifying consensus on how these various mutants abrogate normal DJ-1
function, one study sought to investigate whether these mutants may be involved in a
pathological “gain-of-function” protein-protein interaction (Zucchelli et al. 2009). To this
end, a yeast two-hybrid screen of a human fetal brain cDNA library was employed to
identify proteins that interact with both wild-type and mutant DJ-1. The TNFR-associated
factor (TRAF) and tumor necrosis factor (TNF) receptor-associated protein (TTRAP/EAPII)
was one such protein identified as a novel DJ-1 interactor (Zucchelli et al. 2009). TTRAP is
a member of the non-canonical TGFB-TRAF6-TAK1 apoptotic pathway and was originally
isolated for its ability to bind TNF receptor and TRAFs and consequently inhibit NF-k@
activation (Pype et al. 2000; Varady et al. 2011).

TTRAP is found in the nucleus of SH-SY5Y cells and throughout the adult mouse brain,
with strong expression in the dentate gyrus of the hippocampus. In the adult mouse
mesencephalon, TTRAP is expressed both in non-dopaminergic and dopaminergic neurons
of the substantia nigra. Interestingly, TTRAP solubility and subcellular localization are
modified by proteasomal impairment. Treatment with the proteasomal inhibitor MG132
shifts TTRAP from the soluble fraction into the insoluble fraction, as TTRAP moves from
the nucleus to the cytoplasm to form a single large juxta-nuclear aggresome-like structure. In
co-immunoprecipitation experiments, TTRAP binding is stronger to M261 and L166P
mutant DJ-1 than to WT DJ-1. When proteasomal function is impaired with MG132
treatment, the binding of all DJ-1 isoforms to TTRAP is enhanced. TTRAP overexpression
protects SH-SY5Y cells from MG132-induced apoptosis, reducing JNK phosphorylation
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and poly-(ADP-ribose) polymerase (PARP) activation. However, co-transfection of M261 or
L166P mutant DJ-1 with TTRAP results in a “gain-of-function” phenomenon, in which
TTRAP assumes a novel signaling property that not only abrogates its protective effects
against proteasomal impairment, but induces the activation of INK- and p38 MAPK-
mediated apoptosis. Cells that express only M261 or L166P DJ-1 without TTRAP do not
activate the JINK- and p38 MAPK-mediated apoptotic pathway (Zucchelli et al. 2009). Thus
L166P and M261 mutant DJ-1 may be involved in a pathological interaction with TTRAP, in
a process that can render cells more sensitive to proteasomal stress and activate apoptotic
pathways.

In a follow-up investigation, TRAF6, which interacts with TTRAP, was also shown to
interact with L166P mutant but not with WT DJ-1 (Zucchelli et al. 2010). TRAF6 is an E3
ubiquitin ligase that is involved in activating the non-canonical TGFB-TRAF6-TAK1
apoptotic pathway and can help relay neuronal cell signaling from the neurotrophin receptor
p75 and TrkA (Geetha et al. 2005). It is also part of the active ASK1 signalosome, which can
induce apoptosis (Fujino et al. 2007). Notably, TRAF6 promotes an atypical mode of
polyubiquitination of DJ-1, stimulating the accumulation of mutant DJ-1 into insoluble
aggregates (Zucchelli et al. 2010). Normally, polyubiquitin chains form through covalent
conjugations using any one of seven lysine residues present in the ubiquitin protein (K6,
K11, K27, K29, K33, K48, and K63), each contributing distinct but sometimes intersecting
roles. For example, to target a protein for degradation by the proteasome, polyubiquitin
chains are mainly formed through linkages of the K48 residue (Chen and Sun 2009). K11
linkages appear to function in endoplasmic reticulum-associated degradation (Xu et al.
2009). TRAF6 promotes K63-specific chain assembly that contributes to the non-canonical
TGFB-TRAF6-TAK1 apoptotic pathway, ultimately leading to NF-k activation (Chen
2005). While TRAF6 does not bind or affect the ubiquitination of WT DJ-1, it does bind and
enhance the ubiquitination of L166P mutant DJ-1. Furthermore, instead of using the typical
K63-specific chain assembly, TRAF6 promotes atypical polyubiquitination of L166P DJ-1
by using K6, K27, K29, and K33 isotype linkages. And rather than triggering degradation,
these atypical polyubiquitin chains on L166P DJ-1 mediate its accumulation into insoluble
aggregates (Zucchelli et al. 2010). In addition, an examination of postmortem brains from
sporadic PD patients in a subsequent study revealed that TTRAP is associated with
cytoplasmic Lewy bodies and localized to the nucleolus of surviving dopamine neurons. In a
cell model, L166P mutant but not WT DJ-1 promotes the accumulation of TTRAP into
insoluble cytoplasmic aggresomes, which in turn impair rRNA biogenesis by inhibiting
TTRAP localization into nucleolar cavities (Vilotti et al. 2012).

Thus L166P mutant DJ-1 appears to gain dominant-negative functions over WT DJ-1
through its binding interactions with TTRAP and TRAF6. Under proteasomal impairment,
L166P DJ-1 binds strongly to TTRAP, which localizes as an aggregate around the nucleus,
and triggers p38-/JNK-mediated apoptosis (Zucchelli et al. 2009). In addition, L166P DJ-1
can bind TRAF6, an E3 ubiquitin ligase, and become poly-ubiquitinated in an atypical
fashion. The poly-ubiquitinated L166P DJ-1 is able to form insoluble aggregates and
sequester TTRAP in the cytoplasm, preventing TTRAP from localizing to the nucleolus and
negatively affecting rRNA biogenesis (Zucchelli et al. 2010; Vilotti et al. 2012).
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8.6 Conclusion

In a mere 10 years, DJ-1 has emerged as a significant player in many major signaling
pathways, including ERK, Akt/PI13k, and ASK1, with distinct effects on different cancers
and neuronal models. However, a bulk of the studies utilize in vitro reductionist methods,
studying how cultured cells respond to various stresses and stimuli. Much of the data
remains to be confirmed in in vivo models, where complex cross talk between signaling
pathways and resulting biological compensation may attenuate or strengthen effects by DJ-1.

Nevertheless, many studies have shown that DJ-1 undoubtedly impacts the signaling
processes that maintain cellular homeostasis, as well as the careful balance between
uncontrolled oncogenesis and premature cell death. This indicates the importance of
pursuing the role of DJ-1 in regulating signal transduction and of elucidating ways to target
it for therapeutic intervention in cancer and neurodegeneration.
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DJ-1 activates the extracellular signal-regulated kinase (ERK1/2) pathway and the
phosphatidylinositol-3-kinase (P13K)/Akt pathway to mediate cell survival, proliferation,

and autophagy. It can also activate androgen receptor (AR) signaling to induce transcription
of genes necessary for male reproductive function. [Activation is indicated by pointed green
arrows] DJ-1 can inhibit apoptosis signal-regulating kinase 1 (ASK1) activation as well as
MEKK?1 activation of downstream apoptotic cascades. [/nhibition is indicated by blunted red

arrows]

EMT, epithelial-mesenchymal transition
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Fig. 8.2. DJ-1 activates ERK 1/2 signaling pathway
1. 6-Hydroxydopamine-induced oxidative stress may upregulate DJ-1 through activation of

ERK1/2 (Lev et al. 2009)

2. DJ-1, but not its L166P mutant, protects cells from oxidative injury by activating ERK1/2
and MEK1/2 (Gu et al. 2009)

3. DJ-1 mediates dopamine (DA) homeostasis through activation of ERK1/2 and the
resulting nuclear translocation of the transcription factor Nurrl (Lu et al. 2012; Lu et al.
2016)

4. DJ-1 activates the non-canonical MEK/ERK-mTOR pathway to activate autophagy (Gao
et al. 2012; Krebiehl et al. 2010)

5. DJ-1 promotes oncogenic potential by activating the SRC/ERK/uUPA axis (He et al. 2012)
6. DJ-1 interacts directly with ERK1/2 and may enhance the nuclear translocation of
ERKZ1/2, where it can phosphorylate Elk1, leading to increased SOD expression (Wang et al.
2011)

7. DJ-1, but not its C106S mutant, can bind directly to and phosphorylate c-Raf, which can
then activate MEK and ERK1/2 (Takahashi-Niki et al. 2015)

8. DJ-1, but not its L166P mutant, suppresses the expression of PP2A, an inhibitor of
MEK1/2 and ERK1/2 family kinases (Gu et al. 2009)

9. DJ-1, but not its C106S mutant, may sequester p53 away from promoters in a DNA-
binding affinity-dependent manner, resulting in downregulation of ERK1/2 inhibitor, DUSP1
(Kato et al. 2013)

[positive regulation is indicated by pointed arrows, and negative regulation is indicated by
blunted arrows. Direct or known regulation is indicated by solid lines; indirect or unknown
regulation is indicated by dotted lines]

Adv Exp Med Biol. Author manuscript; available in PMC 2018 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Oh and Mouradian Page 32

Receptor

_ Akt1 (PKB) = @
//' megane g+ (®) /, \\~
/ translocation /
4 T L @ o1

e TSC1/2 i ) \
GsKap T 1
AMPK " | Rheb |— mTORC1 VHL S W
o  transiton

DJ-1

Mdm2

v
. VEGF,Angiopoletin2
T tau ranseription Yoo

phosphorylation ¥ A
@ Mdm2 - HK1, LDH

v DIk

Fig. 8.3. DJ-1 activates PI3K/AKT1 signaling pathway
1. DJ-1 increases phosphorylated Akt, and activates the P13k/Akt pathway, which

contributes to oncogenesis and neuronal survival (Kim et al. 2005; Yang et al. 2005;
Aleyasin et al. 2010; Zhang et al. 2016)

2. Under hypoxic conditions, DJ-1 mediates the activation of HIF1 that regulates the
expression of many genes needed for cells to adapt to hypoxic conditions. DJ-1 does this by
increasing mTORC activity through PI3k/Akt pathway modulation, decreasing p53
activation, and increasing AMPK activation of mTORC (Vasseur et al. 2009), as well as by
inhibiting HIF-VHL interaction through direct binding with VHL (Parsanejad et al. 2014)
3. There may be significant cross talk and feedback regulation between p53, DJ-1, and the
Akt pathway. p53 may inhibit DJ-1 activation through phosphorylation (Rahman-Roblick et
al. 2008) and may also decrease DJ-1 protein levels through a posttranscriptional route
(Vasseur et al. 2012). p53 negatively regulates the IGF-1/PI13k/Akt pathway by increasing
the transcription of target genes such as IGF-BP3 or PTEN (Feng 2010), and is also
conversely regulated by Akt, which activates the E3 ubiquitin ligase MDM2, a trigger for
p53 degradation (Mayo and Donner 2002). Oxidative stress may induce DJ-1-mediated
phosphorylation/activation of p53 (Vasseur et al. 2012), a process that may be mediated by
active Akt (Zhan et al. 2010). Active p53 may then respond appropriately to stress by
activating transcriptional programs (Kruiswijk et al. 2015). In a negative feedback loop, p53
can also decrease DJ-1 levels and attenuate Akt activation, preventing abnormal cellular
transformation (Vasseur et al. 2012)

4. PD pathogenic mutants (L166P, D146A) of DJ-1 lose the ability to inhibit GSK-3
through the regulation of the Akt pathway and may contribute to increased tau
phosphorylation and PD pathogenesis (Wang et al. 2013)

5. By activating the PI3K/Akt pathway, DJ-1 may increase the activity of downstream
transcription factor c-myc to modulate the expression of human telomerase reverse
transcriptase (hTERT), which is implicated in cellular differentiation and neoplastic
transformation (Sitaram et al. 2009)

6. DJ-1 may play a role in modulating recruitment of Akt to the membrane in an ROS-
dependent manner (Aleyasin et al. 2010)
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7. DJ-1 binds mRNAs of PI3K/Akt pathway (Aktl, IGF2) and may release them to be
translated under oxidative stress (van der Brug et al. 2008)

8. DJ-1 may decrease ceramide-induced autophagy and cell death through its effects on the
PI13k/ AKT pathway (Jaramillo-Gomez et al. 2015)

9. DJ-1 may bind PTEN directly in a manner dependent on the redox status of its Cys-106
residue (Kim et al. 2009). And under nitrosative stress, DJ-1 may directly bind and inhibit
PTEN activity via transnitrosylation

[positive regulation is indicated by pointed arrows, and negative regulation is indicated by
blunted arrows. Direct or known regulation is indicated by solid lines; indirect or unknown
regulation is indicated by dotted lines]
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Fig. 8.4. DJ-1 inhibitsthe ASK 1 pathway
1. DJ-1 inhibits ASK1 activity through nuclear sequestration of Daxx, an ASK1 activator

and a part of the active ASK1 signalosome (Junn et al. 2005; Hwang et al. 2013;
Karunakaran et al. 2007). Nuclear localization of DJ-1 may occur through its interaction
with PRAK/MKS5 which contains a nuclear localization sequence (NLS) (Tang et al. 2014)
2. DJ-1 may regulate ASK1 activity through direct binding (Waak et al. 2009; Mo et al.
2010; Cao et al. 2014)

3. DJ-1 inhibits ASK1 activation by preventing the dissociation of Trx1 from ASK1 and also
by increasing the transcription of Trx1 (Im et al. 2010; Im et al. 2012)

[positive regulation is indicated by pointed arrows, and negative regulation is indicated by
blunted arrows. Direct or known regulation is indicated by solid lines; indirect or unknown
regulation is indicated by dotted lines]
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