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ABSTRACT

Studies on the modulation of autophagic proteolysis

during oxidative stress

Daeho Kim
Department of Biophysics and Chemical Biology
The Graduate School

Seoul National University

Reactive oxygen species (ROS) are baring an extra electron, and the electron has a
potential to engage in various reactions with its electro-potential energy in the cells.
But, when excessive ROS are generated in cells, these ROS react with cellular
substances and induce oxidative stress to cells. In response to the stress, there are the
oxidative stress scavengers and through these mechanisms, cells could have reduced
the concentration of ROS in cells; however, these mechanisms are limitedly focused on
decreasing the concentration of ROS in cell or only controlling the ROS that are used
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in the mechanism that the one of scavenging is mainly involved in. Therefore, it is
insufficient to explain the response mechanism for the managing excessive ROS and
consequences of oxidative stress in cells.

DJ-1/PARK?7 is known as a protein having various activities in cells which is
involved in cell growth and differentiation, or, mitochondrial homeostasis related with
Parkinson's disease, but, intriguingly, among the functions of DJ-1, it also has a role in
ROS recognition and scavenging. Under the tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) induced oxidative stress, DJ-1 modulates an autophagy
receptor, p62, and it targets ubiquitin (Ub) conjugated proteins to autophagic
proteolysis. In response to TRAIL induced oxidative stress, Cys46, Cys53, and Cys106
of DJ-1 are oxidized by ROS and, though the process, a part of excessive ROS is
diminished. Moreover, oxidized DJ-1 is interacting with arginylated BiP (R-BiP),
which is N-terminally arginylated by TRAIL, and oxidation of DJ-1 has a pivotal role
while the interaction is occurred. This interaction of oxidized DJ-1 and R-BiP is in part
similar to an assistance activity of co-chaperone to chaperone. In summary, the
interaction of oxidized DJ-1 and R-BiP modulates self-oligomerization of autophagy
receptor, p62/SQSTMI, and this mechanism may target the misfolded protein and
unfolded protein or other materials generated by oxidative stress to autophagy and
processes the cytotoxic substances.

Given that DJ-1 is involved in processing cytotoxic substances under oxidative
stress, DJ-1 knocked down cells were impaired in removing substances by lysosomal
protein degradation. Therefore, the deficiency of DJ-1 incurs vulnerability of cells
when cells suffer the stress from TRAIL or other stress inducers. In this study, DJ-1

functions on the autophagic proteolysis modulation and cyto-protective role in TRAIL



induced oxidative stress were verified.
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Introduction

Newly synthesized peptides are produced at ribosome and delivered to endoplasmic
reticulum (ER) to be undergone the folding by molecular chaperones (Buchberger,
Bukau, & Sommer, 2010; Bukau, Weissman, & Horwich, 2006). The folding of
peptides makes proteins to get the ability to function properly as a component of
particular mechanism or a normal enzyme; however, when cells suffer cellular stress,
the folding mechanism is affected by the stress and misfolded or unfolded proteins are
generated because of the stress incurred from certain effect and these proteins effects
as another reason for cellular stress (Figure 1) (B. Chen, Retzlaff, Roos, & Frydman,
2011; Kriegenburg, Ellgaard, & Hartmann-Petersen, 2012). To diminish misfolded
proteins in the cell, proteasomal degradation, macroautophagy (hereafter autophagy) or
chaperone mediated autophagy are engaged in for degrading the proteins and these
mechanisms are defined as the protein quality control (Ciechanover & Kwon, 2015; X.
Wang, Pattison, & Su, 2013).

Upon the degradation process for the protein, many of protein follow the N-end
rule which is UBR box of the specific E3 ubiquitin (Ub)-ligase enzymes: N-recognin,
such as UBR1, UBR2 or UBR4, recognize the single amino acid of N-terminus of the
substrate proteins: N-degron, and mediates ubiquitination of the proteins. Through the
recognition by N-recognin, the metabolic fate of the substrates are determined, and Ub
-conjugated clients are destined to degrade by proteasome (S. T. Kim et al., 2013;
Varshavsky, 2011). Based on the N-end rule, a single amino acid exposed on the N-

terminus is the key molecule for determining the degrading rate for proteins and among



the amino acids arginine (Arg), histidine (His), isoleucine (Ile), leucine (Leu), lysine
(Lys), phenylalanine (Phe), tyrosine (Tyr), and tryptophan called primary destabilizing
residues (Cha-Molstad et al., 2015; Cha-Molstad et al., 2017; Ciechanover & Kwon,
2017; Ji & Kwon, 2017). In addition, aspartate (Asp) and glutamate (Glu), secondary
destabilizing residues, are undergone the arginylation on their R groups, by ATEI R-
transferases in cells; still other amino acids asparagine (Asn) cysteine (Cys), and
glutamine (Gln) need deamination (for asparagine and glutamine) or oxidation (for
cysteine) on their R group and these are called tertiary destabilizing residues (Figure 2)
(Gibbs, Bacardit, Bachmair, & Holdsworth, 2014; S. T. Kim et al., 2013; Wadas et al.,
2016). Therefore, how well identified by N-recognin and how less steps needed to be
converted for the N-recognin are the rate-limiting step for the ubiquitination by UBR
proteins. (Ciechanover & Kwon, 2017; Ji & Kwon, 2017; Shim et al., 2018).

Even the condition without stresses, there are many misfolded proteins produced
during the translation or folding of proteins in the ER, and these misregulated proteins
are identified by ER residing molecular chaperones and targeted to ERAD (ER-
associated protein quality control) with conjugating Ub tags to their clients and
delivering to proteasomal degradation (Cha-Molstad et al., 2015; Shim et al., 2018).
But under the cellular stress, ER residing BiP/GRP78/HSPAS is translocated to
cytoplasm and cytosolic BiP is Nt-arginylated on Glul9 (Nt-E19) by ATE1 coded R-
transferase (Cha-Molstad et al., 2015; Ji & Kwon, 2017; Kwon et al., 1998; Shim et al.,
2018; Tasaki et al., 2005).

Under the cellular stress, massive misfolded proteins are generated and are tend to
form aggregates in cytoplasm, and aggregates themselves can be another cause of stress

to cells. Many of these aggregates are not able to be degrade by proteasome and targeted



to macroautophagy and processed by lysosome (Ciechanover & Kwon, 2015, 2017).
When the autophagy has been initiated, various kind of regulators and factor are
recruited to ER membranes and forms omegasome, which is initiating step for
constituting the phagophore, and breakaway from ER membrane, called phagophore
(Green & Levine, 2014; Zaffagnini & Martens, 2016). During the cargo targeting and
maturation of phagophore to autophagosome (Figure 3), ub-conjugates or aggregates
are delivered to the membrane of phagophore and when protein cargos interact or are
recognized by specific receptor is called selective autophagy (Dikic, 2017; Dikic &
Elazar, 2018). Unlike non-selective or general autophagy, selective autophagy
identifies specific protein cargos by its specific autophagic substrates (Figure 4) (Dikic
& Elazar, 2018), such as ER residing molecular chaperone BiP, or stress specific
autophagic receptors. Thereby, cells can response to specific cytosolic stress or other
stresses initiated from cellular organelles; however, specific receptors for specific
stresses are yet to be discovered.

ER residing molecular chaperone BiP is known as one of member of Hsp70 family
(Chien et al., 2010; Gething, 1999; J. Wang, Lee, Liem, & Ping, 2017; J. Wang, Pareja,
Kaiser, & Sevier, 2014). These family proteins are functioning with their partners called
co-chaperones or co-factors, even alter their functions such as changing the role from
folding the peptide to degrading the proteins (Figure 5) (Broadley & Hartl, 2009;
Duncan, Cheetham, Chapple, & van der Spuy, 2015; Muller et al., 2013). Meanwhile,
ER residing molecular chaperone BiP is translocated to cytosol and through Nt-
arginylation of cytosolic BiP, R-BiP binds to ZZ domain of
p62/SQSTM1/Sequestosome 1 and it activates the protein by resulting the self-

oligomerization of p62 which is not introduced in normal condition. During the



interaction of R-BiP and p62, the complex facilitates recruiting protein aggregates and
forming the complex including cargo proteins. This interaction also leads the
interaction with MAPILC3/LC3 (microtubule-associated protein 1 light chain 3)
embedded on autophagic membranes, resulting the targeting of cargoes to lysosomal
degradation. Thus, ER residing BiP is translocated to cytoplasm and its arginylation by
N-end rule leads activation and oligomerization of autophagic receptor p62 with protein
cargos and finally mediates lysosomal degradation by forming autolysosomes (Cha-
Molstad et al., 2018; Cha-Molstad et al., 2017). However, BiP has multiple role in
protein quality control (Cha-Molstad et al., 2018; Shim et al., 2018), and it may alter
the partners as if the family protein Hsp70 does. Considering the point that BiP may
get the enzymatic association with its a binding partner, it is still unknown that specific
binding partners of BiP during the stress, which the co-chaperone like protein to BiP
may response to specific stress should be dealt with.

Reactive oxygen species (ROS) or reactive nitrogen species (RNS) introduced by
oxygen or nitrogen baring singlet electrons not fitting with the octet rule, and reactive
electrons are prone to react with other substances needed to have extra electrons to
stabilize themselves (Murphy, 2009). The ROS is shown in cells as following
substances: O, (superoxide radical), ®OH (hydroxyl radical), and H,O, (hydrogen
peroxide), and these are mainly generated by mitochondria (Y. Chen, Azad, & Gibson,
2009; Filomeni, De Zio, & Cecconi, 2015; Kiffin, Bandyopadhyay, & Cuervo, 2006;
Scherz-Shouval et al., 2007). Although these ROS are known to be harmful for cell
because of the activity; however, these substances are used in various reactions to
initiate by giving electron energy for the reaction engaged in, for example, protein

folding (Ray, Huang, & Tsuji, 2012). Meanwhile, the circumstance which the ROS or



other substance having unstable electron substances are overwhelming cellular
environment is known as an oxidative stress on cells (Filomeni et al., 2015).
Oxidative stress is a symptom mainly caused by imbalance of the producing and
scavenging system of ROS that supposed to be tightly controlled in the cell. ROS are
naturally generated by mitochondria during the oxidative phosphorylation as a
byproduct of the mechanism (Chance, Boveris, Oschino, & Loschen, 1973), but
excessive production of ROS, due to dysfunction of mitochondrial enzymes or
physiological imbalance may be resulted from other reasons, may cause translocation
of mitochondrial ROS to cytoplasm (Murphy, 2009), and this translocation of ROS
invokes oxidative stress (S. S. Cao & Kaufman, 2014; Filomeni et al., 2015; Tsutsui,
Kinugawa, & Matsushima, 2011; H. Zhang et al., 2009). Obviously, the transportation
of ROS is harmful for the cells; however, there is an anti-cancer ligand using the
mechanism inducing the oxidative stress to cancer cells (Altman & Rathmell, 2012;
Gibson, 2013; Ishdorj, Li, & Gibson, 2012; Patella et al., 2016; Silva, Pernomian, &
Bendhack, 2012; Wen et al., 2013), called tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) (Suzuki-Karasaki, Ochiai, & Suzuki-Karasaki, 2014; Suzuki
etal., 2012). TRAIL binds to receptors mainly expressed in cancer cells: death receptor
4 (DR4) or death receptor 5 (DRS5), on the membrane of cancer cells, and it mediates
cell death in directly with activating caspases (Type I) (Schneider-Brachert, Heigl, &
Ehrenschwender, 2013), or it leads the dysfunction of mitochondria, which results
apoptotic cell death (Type II) (Guicciardi & Gores, 2009; Hu et al., 2006; Inoue &
Suzuki-Karasaki, 2013; Johnstone, Frew, & Smyth, 2008; Suzuki-Karasaki et al., 2014).
In HCT116: human colon tumor cell, TRAIL has been known as having a cell-killing

effect on the cell and inducing apoptosis by causing dysfunction of mitochondria as



well as direct activation of caspases (D. H. Lee et al., 2016); through the mechanism,
TRAIL may cause oxidative stress originated from mitochondria and it can be
considered as an oxidative stress inducer for the certain environment.

To defense cells from oxidative stress, there are many canonical mechanisms and
cell organelles to deal with the stress. For the scavenger systems for excessive ROS in
cells, superoxide dismutase (SOD), glutathione and peroxiredoxin circuit, and
peroxisome have been commonly known as systems abolishing the ROS in cells. SOD
mainly located in cytoplasm and mitochondria, and it resolves excessive ROS in both
of cellular compartments; however, it cannot handle all the excessive ROS that has
been occurred by oxidative stress (Day et al., 2012; Ramis, Esteban, Miralles, Tan, &
Reiter, 2015). Glutathione and peroxiredoxin circuit are responding to ROS in
cytoplasm but the mechanism is quite suspended while massive ROS has been
produced by which oxidative stress inducer or under pathological symptoms (Day et
al., 2012). Peroxisome is a cell organelle for fatty acid metabolism; thus, it has many
enzymes including resolving ROS, but this organelle is focused on diminishing ROS
generated by the fatty acid metabolism or the control of concentration of the ROS in
the peroxisome which could be used for the source of enzymatic energy for the reaction
in peroxisome (Lodhi & Semenkovich, 2014). Consequently, these mechanisms are
focusing on the getting rid of or decreasing the concentration of ROS in cellular
environment, but these are insufficient to explain the response against oxidative stress
including the process for handling misfolded proteins generated by imbalanced energy
from ROS.

For other possibilities for scavenging ROS, in resent studies, DJ-1/PARK?7 is
known as another protein having an activity to reduce ROS in cell (Andres-Mateos et
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al., 2007; Kinumi, Kimata, Taira, Ariga, & Niki, 2004; Mitsumoto et al., 2001; Wilson,
2011). DJ-1 has been investigated as one of the most abundant protein in human cells,
and it mediates growth and differentiation of cells, or, intriguingly, transcriptional
regulation which is related to oxidative stress response, and mitochondrial homeostasis
which may be involved in Parkinson's disease (Choi et al., 2006; Guzman et al., 2010;
Hayashi et al., 2009; Lev et al., 2009; McCoy & Cookson, 2011; Saito, 2014; Thomas
et al., 2011; Wilson, 2011; Won et al., 2013). Among the various functions of DJ-1,
DJ-1 also has scavenging activity against ROS by oxidation on its oxidation sites:
Cys46, Cys53, and Cys106, partially similar to acting as a co-chaperone in quality
control of proteins (Andres-Mateos et al., 2007; Hayashi et al., 2009; Kolisek et al.,
2015; H. M. Li, Niki, Taira, Iguchi-Ariga, & Ariga, 2005; Ren, Fu, Wang, Mu, & Wang,
2011; X. Wang et al., 2012). During the scavenging ROS, on these oxidation sites, these
cysteines follow the nature of sulfur oxidation mechanism, and when each of sites
oxidized with three oxygens (Figure 6), these sites become irreversible and further
mechanism has not been discovered (Andres-Mateos et al., 2007; Im, Lee, Junn, &
Mouradian, 2010; Saito, 2014; Wilson, 2011; Zhou, Zhu, Wilson, Petsko, & Fink,
2006). Although many of studies focused on delivery of DJ-1 from cytoplasm to
nucleus and the function as a transcription factor which induces genes to response ROS
in the cell (Ariga et al., 2013; Bonifati et al., 2003; Mitsumoto et al., 2001; Taira et al.,
2004; Zhou et al., 2006), detailed metabolic process, which is having a potential to be
a co-chaperone to molecular chaperones involving in protein quality control, have been
poorly understood. Moreover, DJ-1 insufficiency incurs excessive ROS in cell that rises
a chance for malfunction of organelles for example mitochondrial dysfunction (Canet-

Aviles et al., 2004; Kahle, Waak, & Gasser, 2009; R. H. Kim et al., 2005; H. M. Li et



al., 2005; Meulener, Xu, Thomson, Ischiropoulos, & Bonini, 2006; Mitsumoto et al.,
2001; Taira et al., 2004).

Therefore, in the studies, the investigation was focused on the function of DJ-1 that
is related to autophagic proteolysis to protect cells against TRAIL induced oxidative
stress, which is specific to cancer cells. In addition, through the research, I realized DJ-
1 is the binding partner of molecular chaperone BiP, also known as ER counterpart of
Hsp70, as if it is a co-chaperone during protein quality control. Moreover, TRAIL
induced oxidative stress may induce arginylation on N-terminal of BiP and R-BiP
functions as an activator for p62 with DJ-1, which is a role in modulation among R-
BiP and p62 during the protein quality control by autophagic proteolysis; by the way,
this interaction may be adapted to not only degrading misfolded ub-conjugates, but also
this interaction may explain the detailed mechanism of Keapl degradation of Keap!-

Nrf2 response system against oxidative stress.



Material and methods

Cell culture

DJ-17" and corresponding wild-type mouse embryonic fibroblast (MEF) cell lines were
kindly given by Dr. Mark R. Cookson (NIH, Washington DC, USA). Dulbecco’s
modified eagle medium with the addition of 55 uM B-mercaptoethanol (Invitrogen,
Carlsbad, CA, USA) was used for maintenance of MEFs. Human colon tumor derived
HCT116 cells and human cervical cancer HeLa cells were cultivated in McCoy’s SA
medium and Dulbecco's Modified Eagle’s minimum essential medium, respectively.
Each of media contained 10% fetal bovine serum (HyClone, Logan, UT, USA), 1 mM
L-glutamine, and 26 mM sodium bicarbonate. All the cells were kept in a 37°C

humidified incubator with 5% CO..

Reagents and antibodies

The autophagy inhibitor bafilomycin A1 was purchased from Sigma (St. Louis, MO,
USA). Human TRAIL was purchased from PeproTech (Rocky Hill, NJ, USA), and
vaccinia virus expressing murine TRAIL (vvmTRAIL) and its parental thymidine
kinase-deleted virus VJS6 for MEFs was described previously (Ziauddin et al., 2010).
The ROS inducer tert-butyl hydroperoxide was purchased from Sigma (St. Louis, MO,
USA).

Followings are the information of antibodies used in the research: Anti-DJ-1, and anti-

p62 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-



GFP, anti-FLAG, anti-HA, anti-DJ-1, anti-VDAC, and anti-calnexin were purchased
from Cell Signaling (Beverly, MA, USA). Anti-WIPI2 and anti-p62 were purchased
from Abcam (Cambridge, UK). Anti-LC3 was purchased from Sigma (St. Louis, MO,
USA) and MBL (Woburn, MA, USA). Anti-FK2 was purchased from Enzo
(Farmingdale, NY, USA). Anti-B-actin antibody was purchased from MP Biomedicals
(Solon, OH, USA) and Sigma (St. Louis, MO, USA). For the secondary antibodies,
anti-mouse-IgG-HRP and anti-rabbit-IgG-HRP were purchased from Santa Cruz
Biotechnology. For the immunostaining, Alexa Fluor 488 conjugated goat anti-rabbit
IgG, and anti-mouse IgG, and Alexa Fluor 555 conjugated goat anti-rabbit IgG, and
Alexa Fluor 555 goat anti-mouse IgG were purchased from Thermo Fisher Scientific

(Waltham, MA, USA).

Production of anti-R-BiP antibody

The Rabbit polyclonal antibody specifically detecting arginylated form of BiP (R-BiP)
was produced using the recombinant peptide sequence REEEDKKEDVGC according
to the N-terminal of matured R-BiP through a custom service at AbFrontier Inc. (Seoul,
South Korea) as previously reported (Cha-Molstad et al., 2015). R-BiP antibody is now
commercially available at AbFrontier Inc. (Cat. AR05-PA0001) and EMD Millipore

(Cat. # ABS2103, Temecula, USA).

Plasmids, cloning, and mutagenesis

HA tagged recombinant BiP and GFP tagged recombinant DJ-1 were cloned in pPCMV-
HA and pEGFP-NI1, respectively. The QuikChange II XL mutagenesis kit (Agilent
Technologies, Santa Clara, CA, USA) was used for the mutagenesis of DJ-1 on the
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three cysteine sites.
The following primers were used for mutagenesis of the three cysteine residues on
human DJ-1. Each of the cysteine was converted to alanine:
for the mutation cysteine in position 46:
5'- GAAAAGACCCAGTACAGgcTAGCCGTGATGTGGTC-3'
(the mutated nucleotide is lower case);
for the mutation of alanine in position 53:
5'- CCGTGATGTGGTCATTgcTCCTGATGCCAGCCTTG-3'
(the mutated nucleotide is in lower case);
for the mutation of alanine in position 106:
5'- CCTGATAGCCGCCATCgcTGCAGGTCCTACTGCTC-3'
(the mutated nucleotide is lower case).
FLAG tagged DJ-1 expression plasmid (p3x FLAG-DJ-1) was kindly provided by Dr.

Guanghui Wang (University of Science and Technology of China).

Stable transfection and generation of stable cell lines

Stably expressing FLAG tagged recombinant DJ-1 was constructed by transfection of
p3x FLAG-DJ-1 plasmid in HCT116 cells with using Lipofectamine 2000 reagent
corresponding to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA).
Transfected cells were selected with 1 mg/ml G418 (Merck Millipore, Darmstadt,
Germany) for two weeks and then maintained in complete medium containing 500
pg/ml G418. Stable DJ-1 knocked down and cell with transfected with scramble
shRNA were produced by transducing with lentivirus containing shRNA encoded

against DJ-1 or non-specific shRNA, respectively (Santa Cruz, CA, USA). Transduced
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cells were selected with 5 pg/ml puromycin (Merck Millipore, Darmstadt, Germany)

and maintained in complete media.

DJ-1 complex purification and mass spectrometry analysis

A detailed tandem affinity purification (TAP) procedure was followed by previous
report (Nakatani & Ogryzko, 2003). FLAG-DJ-1 stably expressing HCT116 cells were
used in TAP purification and FLAG-DJ-1 and their protein complexes were
immunoprecipitated with anti-FLAG M2 monoclonal antibody-conjugated agarose
beads (Sigma, St. Louis, MO, USA). A subpopulation of affinity-purified protein
complexes was separated by 12% SDS-PAGE and then the gel was undergone silver-
staining. In-gel digestion using trypsin (Promega, Madison, WI, USA) was performed
manually as previously described (Shevchenko, Tomas, Havlis, Olsen, & Mann, 2006).
Trypsin digested peptides were desalted using a Ziptip C18 (Merck Millipore,
Darmstadt, Germany) and were eluted from the Ziptip with 0.5 puL of matrix solution
(a-cyano-4-hydroxycinnamic acid 5 mg/mL in 50% acetonitrile, 0.1% trifluoroacetic
acid, and 25 mM ammonium bicarbonate) and then the solution containing peptides
were spotted on a MALDI plate. MALDI-TOF mass spectra were acquired in reflectron
positive ion mode, averaging 4000 laser shots per spectrum. LTQ mass spectrometer
(Thermo Scientific, Hudson, NH, USA) equipped with a nanoelectrospray source (New
Objective, Woburn, MA, USA) was used for LC-MS/MS analysis and the analysis was
held in the Mass Spectrometry Facility of the University of Pittsburgh. To the identified
peptide sequences, the Scaffold Viewer (Proteome Software, Portland, OR, USA)

database search engine was used in matching tandem mass spectra.
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Subcellular fractionation

Cells were harvested, and washed by centrifugation at 500 xg for 5 min with phosphate
buffered saline (PBS) (with 2 mM of Na3VO4 and 2 mM NaF for the inhibition of
phosphatases). For the homogenization, cells were resuspended in homogenization
buffer (225 mM mannitol, 75 mM sucrose, 30 mM Tris-HCI pH 7.4, 0.1 mM EGTA
and PMSF), and then those were gently disrupted by Dounce homogenization. Cell
extracts were centrifuged twice at 600 xg for 5 min to remove nuclei and unbroken cells,
and then the supernatant was centrifuged at 10,300 xg for 10 min to purify a crude
extract of mitochondria. Next, for the lysosomal and plasma membrane fraction, the
supernatant from 10,300 xg purification was centrifuged at 20,000 xg for 30 min at 4°C.
Further centrifugation of the obtained supernatant at 100,000 xg for 90 min (70-Ti rotor,
Beckman, Milan, Italy) at 4°C resulted in the isolation of ER (pellet) and cytosolic
fraction (supernatant). To purify genuine mitochondria from crude mitochondrial
fraction, the pellet was resuspended in isolation buffer (250 mM mannitol, 5 mM
HEPES pH 7.4 and 0.5 mM EGTA), and the extract was undergone to Percoll gradient
centrifugation (Percoll medium: 225 mM mannitol, 25 mM HEPES pH 7.4, 1 mM
EGTA and 30% vol/vol Percoll) in a 10-ml polycarbonate ultracentrifuge tube. After
centrifugation at 95,000 xg for 30 min (SW40 rotor, Beckman, Milan, Italy), a dense
band containing purified mitochondria was recovered approximately 3/4 down the tube,
washed by centrifugation at 6,300 xg for 10 min to remove the Percoll, and finally
resuspended in isolation medium. When preservation of protein phosphorylation states
was required, immediately after the recovery, 2 mM Na3;VO4 and 2 mM NaF were

added to each fraction.
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Co-immunoprecipitation

Co-immunoprecipitation was carried out using protein G-coated sepharose beads (GE
Healthcare, Chalfont St Giles, UK) following the manufacturer’s instructions. For
whole-cell extracts, cells were lysed in buffer containing 30 mM Tris-HCI (pH 7.4),
50 mM NaCl, and 1% NP-40 and cleared by centrifugation. Protein extractions in the
ER fraction were carried out by adding 50mM NaCl and 1% NP-40 to the
homogenization buffer. All the buffers were supplemented with proteases and
phosphatase inhibitors (2 mM Na3;VOs, 2 mM NaF,1 mM PMSF, and protease inhibitor
cocktail). Extracted proteins (1000 ug) were first precleared by incubating lysates with
sepharose beads for 1 h at 4°C and the supernatant (referred to as Input) was incubated
overnight with antibodies at 4°C. Precipitation of the immune complexes was carried
out for 4 h at 4°C. Afterwards, beads were washed with 50 mM Tris-HCI pH 7.4, 0.1%
NP-40 4°C supplemented with phosphatase inhibitors and PMSF. Samples were

processed by SDS-PAGE and analyzed by standard western blotting technique.

Immunostaining assay

Cells were washed with PBS once, fixed in 4% paraformaldehyde at room temperature
for 30 min, incubated in permeable / blocking solution (0.5% BSA or 5% Goat serum
(Abcam, Cambridge, UK) in PBS) for 1 hour. After blocking, the incubation with
primary antibodies or 200 nM MitoTracker® Green (Invitrogen, Carlsbad, CA, USA)
was followed. Subsequently, goat anti-rabbit or mouse IgG with Alexa Fluor-
conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA) were used. For
confocal microscopy, a LSM700 laser scanning confocal microscope (Zeiss, Jena,
Germany) was used and processed by ZEN 2012 (Version 1.1.13064.302) under 63x
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water immersion objective.

Detection of ROS generation

MitoSOX™ Red reagent and CM-H2-DCFDA were used for evaluation of ROS
generation, and these chemicals permeate live cells where it selectively targets
mitochondria ROS (MitoSOX™, Invitrogen, Carlsbad, CA, USA), and cytosolic ROS
(CM-H,-DCFDA, Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
protocol (Invitrogen, Carlsbad, CA, USA). For co-localization studies of mitochondria
and ROS, cells were treated with MitoSOX™ Red (5 uM) and MitoTracker® Green
(0.2 uM, Invitrogen, Carlsbad, CA, USA). Cells were loaded with MitoSOX™ Red and
MitoTracker® for 30 min at 37°C, and then treated with TRAIL for 1 h at 37°C. Using
a flow cytometer, MitoSOX™ Red was excited at 488 nm and fluorescence emission
at 575 nm was measured. Relative fluorescence intensity was used as a measurement
of mitochondrial superoxide production. For cytosolic ROS measurement, with pre-
treated of TRAIL for 4 h at 37°C, cells were treated with 7 uM of CM-H,-DCFDA for

30 min at 37°C.

Immunoblotting assay

As previously described (D. H. Lee, Sung, Bartlett, Kwon, & Lee, 2015),
immunoblotting assay was performed. Cells were lysed with Laemmli lysis buffer and
boiled for 10 min. The concentration of proteins was measured with BCA Protein Assay
Reagent (Thermo Scientific, Hudson, NH, USA), and extracts were separated by SDS-
PAGE, and were transferred to PVDF membranes. By using the chemiluminescence

protocol (ECL, Amersham, Arlington Heights, IL, USA), immuno-reactive proteins
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were visualized.

GST pull-down assay

For the expression of recombinant GST-tagged DJ-1, plasmids pGEX-GST and pGEX-
GST-DJ-1 were transformed into E. coli DH5a. According to the manufacturers’
procedure, glutathione agarose resin (Pierce™ GST Protein Interaction Pull-Down Kit,
Thermo Scientific, Hudson, NH, USA) pretreated with equilibrium buffer was utilized
to capture the proteins into complexes. Then, the complexes were incubated with lysate
of HCT116 cells overexpressing FLAG or FLAG-DJ-1 treated with 5 ng/ml of TRAIL
4 h at 4°C for 2 h whether to check the exchange of endogenous DJ-1 and recombinant
GST-tagged DJ-1. After that, elution buffer was used to separate the GST-DJ-1 binding
protein complexes and the eluted protein complexes were analyzed using

immunoblotting assay.

JC-1 mitochondrial membrane potential assay

After human TRAIL treatment, cells were stained using a JC-1 Mitochondrial
Membrane Potential Detection Kit (Invitrogen, Carlsbad, CA, USA) for 10 min and
analyzed using flow cytometry. Fluorescence intensity was measured with the
FACScan flow cytometer (Beckman Coulter, Hialeah, FL, USA), and the resulting data

were analyzed using Flowjo software (Tree Star, Inc, Ashland, OR, USA).

Survival assay
MTT assays were carried out using the Promega CellTiter 96 AQueous One Solution

Cell Proliferation Assay (Promega, Madison, WI, USA). Cells were grown in tissue
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culture-coated 96-well plates and treated as described in results. Cells were then treated
with MTS/phenazine methosulfate solution for 2 h at 37°C. Absorbance at 490 nm was

determined using an enzyme-linked immunosorbent assay plate reader.

Apoptosis assay

The translocation of phosphatidylserine, one of the markers of apoptosis, from the inner
to the outer leaflet of the plasma membrane was detected by binding of
allophycocyanin-conjugated annexin V. Briefly, cells untreated or treated with TRAIL
were resuspended for 4 h in the binding buffer provided in the Annexin V-FITC
Detection Kit II (BD Biosciences Pharmingen, San Diego, CA, USA). Cells were
mixed with 5 pl. Annexin V-FITC reagent and incubated for 30 min at room
temperature in the dark. Staining was terminated and cells were immediately analyzed

uisng flow cytometry.

RT-PCR analysis

Total RNA was isolated from untreated or TRAIL-treated cells using the RNAeasy Kit
(Qiagen, Valencia, CA, USA) according to the manufacturer's protocol. Total RNA (2
ug) was used to generate complementary DNA using SuperScript III reverse
transcriptase (Invitrogen, Carlsbad, CA, USA). All PCR reactions were performed in
triplicate, and PCR products were subjected to a melting curve analysis. The expression
of p62 was detected by TagMan® Gene Expression Assays 20 (Hs01061917 gl,

Thermo Scientific, Hudson, NH, USA) according to manufacturer’s protocol.
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Statistical analysis

Statistical analysis was carried out using GraphPad Prism6 software (GraphPad
Software, Inc., San Diego, CA, USA). The results were expressed as the mean of
arbitrary values + SEM. All results were evaluated using an unpaired Student's t test,

where a p-value of less than 0.05 was considered significant.
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RESULTS

TRAIL induced oxidative stress

TRAIL has been reported for an anti-tumor ligand which binds to tumor specific
membrane receptor DR4 or DRS (Kuang, Diehl, Zhang, & Winoto, 2000; Suliman,
Lam, Datta, & Srivastava, 2001; Walczak et al., 1997; Wiley et al., 1995). Through
binding with receptors on the membrane, there are two types of cell death signal
cascade triggered by TRAIL; one of which is activating caspase to directly induce
apoptosis and the other is influencing electron transfer systems in mitochondria and
generate ROS to make oxidative stress to cells (Rudner et al., 2005; Suliman et al.,
2001; S. Wang & El-Deiry, 2003). TRAIL sensitive cells affected by either or both of
sequences, but human colon cancer derived HCT116 cells have been known that cells
are influenced by mitochondria impairment rather than direct caspase activation (Inoue
& Suzuki-Karasaki, 2013; Suzuki-Karasaki et al., 2014). To determine the generation
of ROS by TRAIL in dose dependent manner, I performed fluorescence activated cell
sorting (FACS) assay by using MitoSox specifically recognizing mitochondrial
superoxide (Dickinson, Srikun, & Chang, 2010). Through the experiment, I could have
verified that TRAIL generated mitochondrial superoxide by cytotoxic mechanism and
the amount of ROS has been increased according to the concentration of TRAIL that
has been treated. (Figure 7A and 7B). Meanwhile, it is also important to check that the
generation of ROS had taken place; thus, I conducted further experiment to examine

the location of superoxide and the cell organelle which the location is supposed to be
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mostly in mitochondria, and signals of Mito-Tracker, indicative of mitochondria, and
MitoSox were co-located with each other; therefore, I have concluded that signals from
FACS is mostly from superoxide in mitochondria and it is indeed induced from TRAIL
treatment. (Figure. 8A)

By the way, TRAIL generated mitochondrial ROS have a possibility that
mitochondrial ROS are not transferred to cytoplasm and might have a chance to be
resolved in mitochondrial matrix by dismutases in mitochondria. Thereby, it is needed
to determine whether mitochondrial ROS moves on cytoplasm; I performed further
experiment tagging cytoplasmic ROS with CM-H,-DCFDA (Eruslanov & Kusmartsev,
2010), and it showed significant increase in the signal in TRAIL treated cells (Figure
8B). By contrast, when N-acetylcysteine (NAC) getting rid of cytoplasmic ROS in cells
was treated, the TRAIL effect on ROS generation was meaningfully eliminated (Figure
8B); as a result, TRAIL induces mitochondrial ROS and the ROS is transferred to

cytoplasm and it may cause cytosolic oxidative stress.

DJ-1 as a TRAIL induced oxidative stress reducer

In previous studies, it has been reported that there are many physiological roles on
DJ-1 (Saito, 2014), and among these various function, DJ-1 has an activity to getting
rid of reactive oxygen species (ROS) (Andres-Mateos et al., 2007; Kolisek et al., 2015;
Lev et al., 2013; Lev et al., 2009; Wilson, 2011) in the cells. In this study, I also
reproduced as well as shown in previous studies, as expected, (Inoue & Suzuki-
Karasaki, 2013; D. H. Lee et al., 2016; Suzuki-Karasaki et al., 2014) and ROS induced
by TRAIL located in mitochondria verified by co-localization of Mito-Tracker and

MitoSox signals (Figure 8A). In addition, compared with normal cell, DJ-1 deficient
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cells showed increased level of ROS production not only under TRAIL stress, but also
without the treatment (Figure 9A and 9B), based on this result, I could have concluded
that DJ-1 influences on the level of mitochondrial ROS under the oxidative stress as
well as basal level.

However, the result from MitoSox is only limited to the ROS from mitochondria,
as mentioned, so it is needed to elucidate whether DJ-1 influences transfer of ROS in
mitochondria to cytosol (Giaime, Yamaguchi, Gautier, Kitada, & Shen, 2012), I have
performed CM-H,-DCFDA for detecting cytosolic ROS (Ling, Tan, Lin, & Chiu, 2011)
and it showed also significantly accumulated when TRAIL was treated (Figure 8B).
Thus, the treatment of TRAIL to HCT116 leads the induction of ROS not only in
mitochondria; it produces excessive ROS in cytosol, as well. Interestingly, DJ-1
deficient cells showed more significant accumulation under TRAIL treatment and it
was abolished when the antioxidant N-acetylcysteine (NAC) was treated. Therefore,
DJ-1 protects from TRAIL induced oxidative stress both of mitochondrial superoxide

and its derivatives in cytosol.

The binding partner of DJ-1 under TRAIL induced oxidative stress

To understand the ROS protecting mechanism of DJ-1 under the oxidative stress, |
performed tandem affinity immunoprecipitation assay with using HCT116 cell lines
that are stably overexpressing FLAG or FLAG-DJ-1, and pulled down the proteins
interacting with DJ-1 under TRAIL treatment. Proteins came out with recombinant DJ-
1 were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
(Figure 10A). In this analysis, there were chaperone proteins such as the ER-residing

molecular chaperone BiP, and its cytosolic counter-partner Hsp70 and still other
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cytosolic chaperones HSPA8 (HSC70), Hsp90 as well as the E3 ubiquitin-protein ligase
TRIM21 and the eukaryotic translation initiation factor 4B elF4B protein (Table 1).
Among these proteins, I chose BiP the mechanism interacting DJ-1. To identify the
cytosolic interaction between ER-residing chaperone BiP and DJ-1, I transiently
transfected recombinant FLAG-DJ-1 and HA-BiP in HCT116 and found its binding
under overexpression of both binding components (Figure 10B); in addition, to figure
out the endogenous interaction between BiP and DJ-1 induced by TRAIL, I employed
immunoprecipitation with endogenous protein and the interaction was induced under
TRAIL induced oxidative stress (Figure 10C). Thus, I could have concluded that the
ROS protecting mechanism of DJ-1 is related to interacting with ER-chaperone BiP

and the location that its interaction has been occurred is still needed to be determined.

R-BIiP induction by TRAIL and interaction with DJ-1

BiP is known as ER-residing molecular chaperone and mostly function as a protein
folder locating in ER lumen (Gething, 1999); however, it has been reported that BiP is
also located in non-ER compartment such as cytosol, mitochondria or plasma
membrane (Gonzalez-Gronow, Selim, Papalas, & Pizzo, 2009; Y. Zhang, Liu, Ni, Gill,
& Lee, 2010). In recent studies, subpopulation of BiP is arginylated on its N-terminal
Glul9 (Nt-E19) by ATEl-encoded R-transferase under certain stresses such as ER
stress (Figure 11) or cytosolic dsSDNA induced immune reaction as a part of innate
immunity (Cha-Molstad et al., 2015); in contrast, arginylated BiP (R-BiP) is not
detectable in cell without a stress. Based on previous study, it was necessary to verify
whether TRAIL induced oxidative stress induces R-BiP; through the immunoblotting

assay and using R-BiP detectable antibody, TRAIL treatment was able to arginylate on
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N-terminus of BiP and accumulated timely manner of treatment, indeed, TRAIL
induced stress significantly elevated the level of R-BiP (Figure 12A). To determine the
location where BiP and DJ-1 interact with, I conducted fraction assay using with
differential centrifugation and changing the concentration of buffers to check the place
among the cell organelles indicative of their marker proteins, and TRAIL induced R-
BiP was shown in cytosol, exclusively, as expected, and DJ-1 is located both cytosol
and mitochondria, but has not been detected in ER compartment, which is the place BiP
mainly locates (Figure 12B); therefore, it is suggesting that ER-residing molecular
chaperone BiP is translocated from ER to cytosol with arginylation on its N-terminus,
then interacts with DJ-1 which has been taken place in cytosol.

Further verification for interaction of R-BiP and DJ-1, recombinant DJ-1 was
transiently expressed in both HCT116 (Figure 13A) and HeLa cells (Figure 13B) and
R-BiP and DJ-1 are interacting inevitably under TRAIL induced oxidative stress; thus
mature BiP is transferred to cytosol and arginylated on its N-terminus by ATEI-
encoded R-transferase then arginylated BiP interacts with DJ-1. In addition to co-IP
assay from cell extract, I performed GST-pull down assay using bacterial
overexpressed recombinant GST-DJ-1 and it also interacts with R-BiP when TRAIL
was treated in HCT116 (Figure 13C). Thus, these results indicate DJ-1 binds with R-

BiP, possibly as if co-chaperone.

Importance of arginylation on BiP in interaction with DJ-1
BiP is known as a N-terminal rule substrate and it is arginylated when the cells are
suffering ER stress. Because of the stress, mature BiP is coming out from ER and

arginylated by ATE1 in somewhere else in cytoplasm (Cha-Molstad et al., 2015; Shim

23 A . T .E



et al., 2018). But it remains to be a question that whether mature “cytosolic” BiP or
“arginylated” cytosolic BiP is important. This claim is important because it is necessary
to examine BiP is molecular chaperone and it has its own high affinity to other protein;
thus it is needed to be segregate the possibility of non-specific binding on their
interaction between cytosolic BiP and DJ-1. To diminish the possibility, I employed
Ub-X-BiP-GFP system which is exposing R-BiP-GFP (Arg-BiP-GFP) representing
arginylation or Val-BiP-GFP (V-BiP-GFP) after cleavage by deubiquitination enzyme
(DUB) (Cha-Molstad et al., 2018; Cha-Molstad et al., 2015; Cha-Molstad et al., 2017)
(Figure 14A). N-terminal arginine exposed BiP has an affinity to bind ZZ domain of
p62 which the interaction can induce further activity on autophagy, but V-BiP,
mimicking mature BiP, does not attain the binding affinity to p62; therefore, I expected,
there is an impairment on forming the complex with DJ-1 when arginine is converted
to valine. After co-immunoprecipitation with anti-GFP antibody, there is an interaction
between overexpressed recombinant DJ-1 and R-BiP-GFP, but the interaction was
impaired when V-BiP-GFP was pulled out (Figure 14B). Thus, I could have found that
cytosolic BiP is only interacting DJ-1 with arginine exposed both of normal and TRAIL
induced stress condition; therefore, I concluded that DJ-1 interacts with BiP in
cytoplasm and interacting with arginylated form of BiP is rather important then its
stickiness what molecular chaperones usually have and may influence in non-specific

binding to a protein interested.

Oxidation of DJ-1 under the oxidative stress the function of oxidized DJ-1

It has been known that there are three oxidation sites in DJ-1 which are Cys46,

Cys53, and Cys106 (Andres-Mateos et al., 2007; Ren et al., 2011; Saito, 2014; Saito et
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al., 2014). Among these sites, Cys106 is known as most important for reacting the ROS
in cytoplasm and to determine whether DJ-1 is oxidized by TRAIL, I checked oxidation
of DJ-1 on Cys106 by specific antibody that detects oxidized Cys106 (Ariga et al., 2013;
Saito, 2014). Oxidation on Cys106 of DJ-1 was detected and the signal of oxidation
was abolished by antioxidant chemical N-acetylcysteine (NAC) (Figure 15A and 15B).
But this result is not sufficient for verifying the oxidation on DJ-1 is indeed from
TRAIL induced oxidative stress, because TRAIL can cause other cytosolic stresses and
the stresses may influence on DJ-1 oxidation as a secondary effect. To generalize the
oxidative stress and rule out the other possibilities. I used tert-butyl hydroperoxide to
induce cytosolic oxidative stress and DJ-1 was oxidized and, similar to the result from
TRAIL, and the signal was also diminished by NAC as shown (Figure 15C); therefore,
not only the specific case from TRAIL, DJ-1 is generally oxidized by ROS in the cell.
To further understand whether oxidation of DJ-1 is important in interaction of R-
BiP-DJ-1, I transiently co-transfected R-BiP-GFP and FLAG-DJ-1 or mutated DJ-1
which are C46A, C53A, and C106A plasmid. Wild type DJ-1 and C46A mutated DJ-1
only can interact with R-BiP during TRAIL induced oxidative stress (Figure 16A).
Thus, oxidation of DJ-1 on its 106th cysteine occurs as a result of oxidative stress and

oxidized DJ-1 has a pivotal role in interacting with arginylated BiP which is from ER.

Interaction of oxidized DJ-1 and autophagic receptor p62

Given that TRAIL induced oxidative stress causes the N-terminal arginylation of
BiP, and the cellular stress leads to accumulation of BiP in cytoplasm and induces
interaction with DJ-1. The previous studies showed that cytosolic R-BiP interacts with

77 domain of p62 and it modulates accumulation of p62 under ER stresses (Cha-
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Molstad et al., 2018; Cha-Molstad et al., 2015; Cha-Molstad et al., 2017). To verify
TRAIL induced oxidative stress mediates the interaction between R-BiP and p62, I
performed co-IP assay with overexpressed recombinant FLAG-DJ-1 in HCT116 cells,
and it showed that p62 was pulled out with R-BiP when TRAIL was treated to cells
(Figure 13A); moreover, it was also shown in TRAIL treated HeLa cells (Figure 13B).
Thereby, I could assume that DJ-1 is interacting with p62 directly or indirectly at least
via R-BiP, and the mechanism has a possibility to expand to other cellular environment.

I have showed that oxidation of DJ-1 the critical point of while the interaction of
DJ-1 and R-BiP. Moreover, the interaction of DJ-1 and R-BiP was abolished in
mutation of Cys53 and Cys106 (Figure 16A). Among these cysteines, Cys106 is the
key of the oxidation related mechanisms; therefore, I compared the interactions
between overexpressed recombinant FLAG-DJ-1/R-BiP and FLAG-DJ-1¢1%4/R-BiP
(Figure 16B). There is impairment on interaction of DJ-1/R-BiP, and DJ-1/p62 when
DJ-1 was mutated. The results indicated that the interaction of DJ-1/R-BiP is affected
by oxidation of DJ-1 on its Cys106 and, through the oxidation on Cys106, DJ-1 could

have interacted with p62.

Importance of DJ-1 while the interaction of R-BiP and p62

I found DJ-1 is interacting with both of R-BiP and p62, but it is necessary to
elucidate if DJ-1 is deficient in the interaction with R-BiP and/or p62. Or it has a worth
to verify whether the interaction of DJ-1/R-BiP/p62 is the artifact caused by
overexpression of each of components; thereby, I pulled down the endogenous p62 1
could have detected with R-BiP and BiP only in [Ped sample with TRAIL treatment

(Figure 17A), and when autophagy was blocked by pharmaceutical treatment,
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bafilomycin Al, TRAIL and bafilomycin Al. co-treated IP sample showed the
interaction of DJ-1 and p62 (Figure 17B). But, when DJ-1 was knock down in HCT116
cells, the interaction of R-BiP and p62 was diminished; therefore, I could have assumed
DIJ-1 is important factor on R-BiP and p62 interaction.

Moreover, I have compared the level of R-BiP, BiP, and p62 in TRAIL and
bafilomycin Al single or double treatment, all the level of proteins was elevated in DJ-
1 deficient cell; thus, DJ-1 may function as controlling the level of each autophagic
related protein or the degradation of autophagic substrate (Figure 17A and 17B). As a
result, I shortly concluded under TRAIL induced oxidative stress, ER residing BiP is
translocated into cytoplasm, and arginylated by ATEI, then DJ-1 is oxidized by the
stress and interacts with R-BiP and activated p62; moreover, this assembly may
function in response to oxidative response mechanism that is related to autophagic

proteolysis. (Figure 18)

DJ-1, a modulator of R-BiP / p62 autophagic puncta formation

Based on this study, DJ-1 and p62 are interacting each other via R-BiP, but it does
not indicate somewhat physiological function in the cell. To elucidate the meaningful
role of the 3-way interaction of DJ-1/R-BiP/p62, I conducted immunostaining to figure
out the location of the interaction and the role and function of the interaction (Figure
15). R-BiP puncta were induced under TRAIL treatment in the normal cells, and the
colocalization of p62 puncta and TRAIL induced R-BiP puncta were detected when
autophagic flux was pharmaceutically blocked by bafilomycin Al (Figure 19). By
contrast, when DJ-1 was knocked down, R-BiP puncta were not induced by TRAIL,

nor colocalization with p62 was not detected in DJ-/ deficient cells (Figure 20A).
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Moreover, the formation of p62 puncta co-treated with TRAIL and bafilomycin A1 was
significantly decreased in DJ-1 depleted cell (Figure 20B, 20C and 20D); therefore,
these results indicate that DJ-1 has a role in the response to TRAIL, the induction of R-
BiP puncta as a result for the response to TRAIL, and I could have thought of which
DIJ-1 has a function on constituting p62 aggregation or autophagic puncta in the cell.
To examine the function of DJ-1 on aggregation or self-oligomerization of p62, I
performed protein aggregation assay using the non-reducing SDS-PAGE that conserves
disulfide bond-linked oligomers and aggregates, and the gel separates its higher
molecular weight species. The result showed that the part of p62 formed its oligomers
or aggregates but DJ-1 depleted extracts didn’t show oligomers nor aggregates of p62
under the blockage of autophagy and TRAIL and bafilomycin Al co-treatment (Figure
17A), as well as, I have found that DJ-1 also forms higher molecular weight species
when TRAIL, bafilomycin A1 or both were treated (Figure 21A), and these formation
of oligomer of DJ-1 was quite similar to tBHP induced DJ-1 oligomers (Figure 21B).
Thus, I concluded that DJ-1 makes higher molecular weight species when cells suffer
oxidative stress induced by TRAIL or other oxidative stress inducers, and autophagic
receptor p62 also constitutes aggregation and the aggregation is induced by oxidative
stress but this aggregation is impaired in DJ-1 deficiency; all together, decrease of p62
and R-BiP puncta might be linked to the impairment of aggregation and

oligomerization of DJ-1 and p62.

DJ-1, the function as a modulator of cargo targeting
I have characterized the aspect of p62 and R-BiP puncta when TRAIL was treated

and by comparing the puncta of p62 and R-BiP, I could have assumed the function of
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DJ-1. However, still remained question is whether DJ-1 has a role in not only the
interacting of p62 or R-BiP and effecting on formation of the puncta but still other
functions in autophagy. The reason needed to be claimed is p62 puncta only can
represent the accumulation of protein cargo or the interaction of the mass of proteins
with p62. Therefore, it is necessary to focusing on other autophagic markers and I
examined LC3 to elucidate the function of DJ-1 on autophagy.

LC3 is the protein binds with autophagic membrane via C-terminal truncation and
lipidation, subsequently, thereby, it constitutes autophagic puncta when it located in
closed form of autophagosome. In DJ-1 deficient cells, LC3 puncta was significantly
deceased even when there was basal level of autophagic flux which was blocked by
bafilomycin A1 without other stresses (Figure 22A and 22B).

In addition, when TRAIL was treated and oxidative stress was occurred, I could
have found the induction of both LC3 and p62 puncta in normal cells but p62* and/or
LC3" puncta were deceased in DJ-1 deficient cells, and, because of the decrease of both
of puncta, co-localization of p62 and LC3 puncta was diminished (Figure 22C);
therefore, I could have thought DJ-1 not only effect on aggregation of p62 but also it
has a function on targeting the cargo proteins to autophagosomes which are represented
by LC3 puncta.

But still there is a question on protein degradation mediated by autophagic
degradation; matured autophagosome are fused with lysosome and forms autolysosome
(Huber & Teis, 2016; Zaffagnini & Martens, 2016). Even though the formation of LC3
puncta represents the autophagosome; however, it does not mean the degradation of the
vesicle because there is still remaining the step for the degradation: the fusion with

lysosome. Thus, I additionally conducted immunostaining and puncta assay using with
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PLEKHMI1. PLEKHMI has been known as a linker between autophagosome and
lysosome and mediates the fusion of those vesicles (Marwaha et al., 2017; McEwan et
al., 2015). As a linker and making the fusion of both vesicles, it can be shown as puncta
and DJ-1 deficient cells showed significantly reduced puncta of PLEKHM1 (Figure
23A), as expected; as a result, there were deceased LC3" autophagosomes, and because
of diminution, there were less autophagosomes to be fused with lysosomes and theses
have been shown as less puncta of PLEKHM1.

Meanwhile, there is another point about autophagic biogenesis. In immunostaining
data, it seems to decrease not only number of the puncta but total level of LC3 in the
cytoplasm when DJ-1 was knock down. To examine the amount of LC3, I performed
immunoblotting assay and the data from whole cell lysates showed even elevation on
the level of LC3 (Figure 23B); in addition, I used another phagophore maker WIPI2,
which participates in the formation of phagophore, the precursor of autophagosome
(Dooley et al., 2014; Polson et al., 2010). Immunostaining assay of WIPI2 indicated
that the generation of phagophore and the biogenesis mechanism is rather normal or
elevated even in DJ-I knocked down cells (Figure 23C). Therefore, I could have
assumed that decreases shown in p62 or LC3 puncta are not related with
autophagosome biogenesis and it is rather related with other points such as cargo

targeting toward autophagosomes.

Cargo delivery defect in DJ-1 deficient cells
In TRAIL treated condition, it has been shown that oxidative stress or other cellular
stresses are occurred and misfolded protein would be generated as a result of the

stresses. To diminish the effect from the stress, misfolded or other malfunctioning
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proteins are tagged by ubiquitin and Ub-conjugated proteins are intended to degraded
by lysosomal degradation in the protein quality control (Huber & Teis, 2016).

During the process, p62 is one of the receptor for the protein degradation, which is
also related to autophagic proteolysis (Lim et al., 2015; Wurzer et al., 2015). Based on
the data, DJ-1 may have a function on cargo targeting to autophagosome; I examined
DJ-1 effect on the subpopulation of Ub-conjugates during TRAIL treatment. Ub-
conjugated proteins were excessively accumulated in DJ-1 knock down cells (Figure
24A) and the cytosolic puncta of FK2 representing Ub-species in the cells were highly
stored in DJ-1 deficient cells comparing with normal cells (Figure 24B, 24C and 24D).

In autophagic proteolysis, Ub-conjugated proteins bind with p62 and collected to
autophagosome, I compared the formation of FK2* p62* puncta under TRAIL treatment,
in DJ-1 deficient cells, FK2 signal is co-located with p62 but the subpopulation of FK2
without interacting p62 was shown in DJ-1 knock down cells whereas it has not been
shown in the normal cells (Figure 25A), indicative of the impairment on cargo
collection and accumulation toward p62. In addition, to investigate the targeting of
cargo proteins to LC3 which binds to autophagosome while autophagic proteolysis,
Ub-conjugated proteins formed autophagic puncta and colocalized with LC3" puncta
in normal cells, but the interaction was impaired in DJ-1 deficient cells (Figure 25B).
Therefore, DJ-1 effects on the cargo targeting to autophagic vesicles, and it is not

related with biogenesis of autophagosomes.

Autophagic proteolysis defect in DJ-1 deficient cells
Under the oxidative stress, transcriptional factor Nrf2 activates many of antioxidant

genes to reduce the damage caused by oxidative stressors. But in normal conditions,
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Nrf2 is degraded by proteasome via ubiquitination by E3 ligase Keapl (Deshmukh,
Unni, Krishnappa, & Padmanabhan, 2017; Ichimura et al., 2013; Katsuragi, Ichimura,
& Komatsu, 2015; Komatsu et al., 2010). When cells undergone by oxidative stress,
Keapl is delivered to autophagosome by interacting with p62 and degraded by
autophagic proteolysis, which is retaining Nrf2 and leading the transcription of target
genes (Ichimura et al., 2013; Katsuragi et al., 2015; Komatsu et al., 2010). To elucidate
the role of DJ-1 in the modulation of autophagic proteolysis of normally folded proteins,
I performed immunostaining puncta analysis, and it showed that TRAIL induced
Keapl™ autophagic vacuoles were significantly decreased in DJ-1 deficient cells and,
because of decrease, co-localization of Keapl® and p62" puncta also have been
diminished (Figure 26A) without markedly difference in the level of Keapl in the DJ-
1 knocked down cells, characterized by immunostaining analysis (Figure 26B). A
similar result has been shown in tBHP (Figure 27) treated DJ-1 knocked down cell, as
expected; therefore, these results support that DJ-1 has a function on p62 engaged
autophagic proteolysis and it influences not only misfolded protein, but it manages the
degradation mechanism of a protein supposed to be processed for further the

mechanism.

Mitochondria deficiency in DJ-1 deficient cells

In previous research, DJ-1 has a cyto-protective function during the cellular stress
including mitochondrial impairment, ER stress, and other cell death processes such as
apoptosis (Fu et al., 2012; Giaime et al., 2012; Kolisek et al., 2015; McCoy & Cookson,
2011; Thomas et al., 2011; Won et al., 2013). Moreover, TRAIL is anti-cancer ligand
and selectively annihilates cancer cell by triggering mitochondrial dysfunction, ER
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stress, and apoptosis in HCT116 cells; all of which oxidative stress has been included
(Inoue & Suzuki-Karasaki, 2013; Suzuki-Karasaki et al., 2014; Suzuki et al., 2012).
Thus, I performed further experiments to examine the physiological importance of DJ-
1 for the process dealing with TRAIL induced oxidative stress.

Given that DJ-1 prevents cell death under TRAIL treatment, I have checked the
membrane potential of mitochondria using with JC-1 dye representing the membrane
potential by its color. Red fluorescence indicates healthiness of membrane of
mitochondria; in contrast, green represents decrease of membrane potential and implies
that cell is in the middle of apoptosis (Perelman et al., 2012). TRAIL treated cells
indicated increase of green signals when it was detected by FACS and, upon the
deficiency of DJ-1 in HCT116 cells, more subpopulation of cells presented more green
fluorescence than normal cells with TRAIL treatment (Figure 28A, 28B and 28C).
Similar aspect has also been shown in DJ-1 knocked out mouse embryonic fibroblasts
(MEFs) (Figure 29A, 29B and 29C).; therefore, there is a protective role of DJ-1 in
mitochondria dysfunction induced by loss of mitochondrial membrane, which might

have been related to DJ-1 function on engaging in autophagic modulation.

Protective role of DJ-1 under ER stress

It has been reported that mitochondria and ER are linked with each other, and they
exchange the elements containing meaningful signals and pathways such as ER stress
and apoptosis (Ardail et al., 2003; Fujimoto & Hayashi, 2011). To elucidate the signal
transfers from mitochondria to ER, I examined ER stress by specific maker to the stress.
Unfolded protein response is one of the implication of ER stress that ER stress also

mediates not only misfolding of protein, but it also triggers unfolding of protein in ER.
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Co-IP analysis of BiP showed that TRAIL lead the dissociation of luminal BiP from
PERK as well as IREla, two sensors of the UPR (Figure 30A and 30B), which BiP,
PERK and IREla are interacting with among the proteins without the stress (Balchin,
Hayer-Hartl, & Hartl, 2016; Carrara, Prischi, Nowak, Kopp, & Ali, 2015; A. S. Lee,
2005; J. Li & Lee, 2006), suggesting that, as expected, TRAIL induced stress
influenced on ER, even if it has been directly or indirectly connected to mitochondrial
stress.

Next, to verify ER stress responses in MEFs, MEFs was infected with vaccinia virus
that carries mouse TRAIL (vwvmTRAIL) (Ziauddin et al., 2010). Immunoblotting
analysis confirmed that vvmTRAIL also induced ER stress as determined by markers
representing ER stress which are cleavage of poly (ADP-ribose) polymerase-1 (PARP-
1), the phosphorylation of elF2a and c-Jun NH2-terminal kinase (JNK), and elevation
of the levels of ATF4 and C/EBP homologous protein (CHOP) (Figure 31A). Moreover,
DJ-1 knocked out MEFs presented more sensitive to virus carrying TRAIL treatment
as compared normal cells and prone to get through the apoptosis (Figure 31B). In
addition, quantitative RT-PCR analysis also showed that the expression of ATF4,
CHOP, and BiP were also elevated when TRAIL was treated and the levels were
drastically up-regulated (Figure 31C); thus, altogether with these evidences, the
deficiency of DJ-1 makes cell to be sensitive to TRAIL induced stresses, and, due to
the impairment, cells may venerable to the stress encountered.

The goal of TRAIL treatment to cancer cell is to trigger the apoptosis in cancer cells
by using its therapeutic activity as an anticancer ligand (Johnstone et al., 2008).
Immunoblotting analysis indicated that stably expressing DJ-I shRNA in HCT116

presented more cleavage of PARP-1 and caspase 8 while the stable cell line stably
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overexpresses recombinant DJ-1 (DJ-1-GFP) became resistant to TRAIL-induced
apoptosis (Figure 32). These result was further supported by FACS analysis of annexin
V-stained DJ-1 knockdown cells (Figure 33A and 33B). In addition, the result was
correlated with when viral TRAIL was treated on DJ-1 knock out MEFs. When it comes
to targeting the cancer cells, it might be inefficient to diminish the cancer cell; in
contrast, these results demonstrate that DJ-1 contributes to preventing apoptosis caused
by TRAIL.

Not only in the TRAIL treatment, it is needed to be generalized the case and to
determine whether DJ-1 plays a general protective role against ER stress, ER stressor
thapsigargin was treated +/+ and DJ-1"- MEFs for the comparison the effect of DJ-1
on ER stress. DJ-1"- MEFs showed hypersensitive to thapsigargin, and it supports other
evidences have been shown in previous, (Figure 34A); consistently, cell viability test
using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
showed that DJ-17- MEFs were more vulnerable to thapsigargin compared with +/+
MEFs (Figure 34B). Thus, DJ-1 protects cells from ER stress caused by TRAIL and

other stressors.

Protective role of N-end rule substrate BiP under TRAIL induced stress
Given that TRAIL induces Nt-arginylation on BiP (Figure 14A), ATEl-encoded
R-transferases mediate Nt-arginylation of sets of ER-residing molecular chaperones
such as BiP, calreticulin, and protein disulfide isomerase (Cha-Molstad et al., 2015).
Getting the clue from previous research, I focused on whether BiP and ATEl R-
transferase also have a protective role against TRAIL induced stress in cells.

Knockdown of ATEI using siRNA strongly inhibited the formation of N-terminal
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arginylation on BiP in TRAIL-treated cells that correlated with the increase of PARP1
cleavage (Figure 35A). The pro-survival activity of ATE1 was further supported by the
MTT assay using ATE1 knockdown cells (Figure 35B). These results suggest that Nt-
arginylation protects the cell from TRAIL.

Based on the findings that DJ-1 is having its activity in part engaged in the
interaction with R-BiP and/or, possibly indirectly, p62 (Figure 13A), BiP has a chance
to participate in cellular stress responses that defensing against TRAIL induced stress.
By using small interfering RNA (siRNA) in HCT116 cells, BiP was strongly
knockdown, and deficiency of BiP deteriorated TRAIL-induced apoptosis with
measuring PARP-1 cleavage and MTT assay, respectively (Figure 35C and 35D).
Reciprocally, when BiP was overexpressed, reduced PARP1 cleavage was shown and
cancer cell killing activity of TRAIL was rather suppressed (Figure 35E and 35F).
These results suggest that Nt-arginylation may be a post-translational modification that

protects the cell from various oxidative stresses.
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Figure 1. A schematic diagram of protein quality control. Newly
synthesized peptides are delivered to molecular chaperone and folded by
folding machinery. But when misfolded proteins or protein aggregates are
generated, these proteins are degraded by either proteasomal degradation or

autophagy.
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Figure 2. A schematic diagram of N-end rule pathway. Upon proteasomal
degradation, a single amino acid exposed on N-terminus of protein is
identified by UBR box of N-recognins, mainly E3 ligases, and ubiquitin (Ub)
is tagged on the protein body. Ub-conjugated proteins are delivered to
proteasome and degraded into short peptides. However, cellular stresses are
accumulated in cells, N-terminus of autophagic substrates are recognized by
autophagic receptors, such as p62, and the substrates are undergone autophagic

proteolysis.
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Figure 3. A schematic diagram of autophagic mechanism. A brief model
for autophagic proteolysis has been illustrated. When cells encounter cellular
stress, autophagy is induced, and autophagic machinery form membrane
structure called phagophore, and protein cargos are delivered to autophagic
membranes. When cargo proteins are fully loaded, a phagophore is matured
and closed and it is referred as matured autophagosome. After the maturation
of autophagosome, lysosome is recruited and fused with autophagosome and

this fusion forms autolysosome which is a final step for the degradation.
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Figure 4. A schematic diagram of general and selective autophagy. A brief
model for comparing general (bulk, non-selective) autophagy and selective
autophagy has been illustrated. Upon the starvation, cells non-selectively
degrade proteins or cellular substances. but cells encounter specific stress,
protein aggregates are generated and specific autophagic receptor recognizes
cargo proteins. Therefore, unlike non-selective autophagy, selective autophagy

responses for particular stress and cargos by autophagic receptors.
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Figure 5. A schematic diagram of Hsp70 modulation. A brief model for
functional modulation of Hsp70 family has been described. When newly
synthesized peptide are identified by molecular chaperone Hsp70, the
molecular chaperone complex recruits Hip and Hop and constitutes folding
machinery; however, if the peptide is needed to be degraded, Hsp70 complex
forms the degrading machinery to process the peptide. Therefore, through the
changing of its binding partner, Hsp70 complex alters the function according

to the cellular circumstances.
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Figure 6. A schematic diagram of DJ-1 oxidation. A brief model for DJ-1
oxidation has been described. DJ-1 recognizes cellular ROS and observes
oxygen at 106" of cysteine (Cys106). When single oxygen binds to Cys106 of
DJ-1, Cys106 may abolish the excessive oxygen, but if the oxidation is
accumulated, it turns to be irreversible and further detailed mechanism is still

known.

F
47 -"\-\."i '.;'.'



DJ-1 DJ-1

106-SH 106-SOH
Oxidation
—
_

Reduction

l Oxidation
Irreversible

DJ-1 DJ-1
106-SO;H 106-SO,H

_
Oxidation

. 5 A 2Ty 8 5



Figure 7. Mitochondrial ROS generation by TRAIL treatment. (A) TRAIL
was treated to HCT116 cells were treated with different concentrations (1-10
ng/ml) for 4 h and traced with MitoSOX. The intensity of MitoSOX Red was
measured using FACS. (B) Quantitation of A. Error bars represent the mean +

SEM from three separate experiments (*p < 0.05).
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Figure 8. The location of TRAIL-induced mitochondrial ROS and
detection of cytosolic ROS by CM-H2-DCFDA. (A) TRAIL was treated to
the cells were stably transfected with shDJ-1 or its control shRNA
(shScramble) with 10 ng/ml for 4 h. Then cells were stained with MitoTracker
and MitoSOX. Mitochondria (green) and mitochondrial superoxide anion (red)
were detected using confocal microscopy. Scale bar, 10 um. (B) Cells with
stably expressing shScramble or shDJ-1 were treated with 4 h of 2.5 mM
NAC, 10 ng/ml TRAIL or in combination. Cells were subsequently stained
with CM-H2-DCFDA for 30 min. Green signals indicate ROS in the cytosol.

Scale bar, 200 pm.
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Figure 9. DJ-1 effects on mitochondrial ROS generation induced by
TRAIL. (A) Cells with stably expressing control shRNA (shScram.) or DJ-1
shRNA (shDJ-1), were treated with 10 ng/ml of TRAIL for 4 h. Cells were
subsequently labeled with MitoSOX, and the intensity of fluorescence was
analyzed using FACS. (B) Quantitation of E. Error bars represent the mean +

SEM from three separate experiments (**p < 0.01).
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Figure 10. Silver staining of DJ-1 overexpression cells with TRAIL
treatment and the interaction of DJ-1 and BiP by using reciprocal
immunoprecipitation assay. (A) Cells were manipulated to stably express
either p3x-FLAG (transfected with control vector) or FLAG-tagged DJ-1
(FLAG-DJ-1) and treated with 5 ng/ml TRAIL for 4 h. Cell lysates were
immunoprecipitated using anti-FLAG antibody, as a bait, and the precipitated
proteins were visualized using silver staining. (B) With using transiently
expressing either FLAG-DJ-1 and HA-BiP in HCT116 cells, protein complexs
were pulled out by anti-HA antibody, followed by immunoblotting with anti-
FLAG or anti-HA antibody (top). The presence of FLAG-DJ-1 and HA-BiP in
the cell lysates was verified by immunoblotting (bottom). (C) Cells were
treated with 5 ng/ml TRAIL for 3 h, and lysates were immunoprecipitated with
anti-DJ-1 antibody or mock antibody (rabbit IgG) for the control, followed by
immunoblotting with anti-BiP or anti-DJ-1 antibody (top). The presence of
BiP and DJ-1 was shown in the total cell lysates using immunoblotting

(bottom).
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Figure 11. A schematic diagram in which TRAIL induces the Nt-
arginylation of BiP. According to the mechanism, BiP, which has been
produced in cytosol, translocates into the ER lumen, then its signal peptide is
getting rid of by the signal peptide peptidase, resulting in mature BiP. The
results suggest that TRAIL mediates the cytosolic retrotranslocation of BiP
and Nt-arginylation of translocated BiP, finally resulting in the accumulation

of R-BiP in cytosol.
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Figure 12. R-BiP induction of TRAIL and the location of the process.

(A) HCT116 cells were treated with 10 ng/ml TRAIL in time dependent,
followed by immunoblotting of R-BiP, BiP, and ATEI. (B) Cells were treated
with 5 ng/ml TRAIL for 4 h. The lysates were fractionated to the cytosol,
mitochondria, and ER. Fractionated solutions were immunoblotted for R-BiP,
DJ-1, BiP, the mitochondrial channel VDAC 1 (voltage-dependent anion

channel), the ER chaperone calnexin. (Conducted by D.H. Lee)
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Figure 13. TRAIL induced interaction of DJ-1 with R-BiP and p62.

(A) HCT116 cells were transfected with FLAG or FLAG-DJ-1 plasmid. After
48 h of transfection, cells were treated with 10 ng/ml TRAIL for 4 h. The
lysates were pull out with anti-FLAG antibody, followed by immunoblotting
with the indicated antibodies. (B) Hela cells were transfected with FLAG-DJ-1
plasmid. After 48 h of transfection, cells were treated with 100 ng/ml TRAIL
for 4 h. The lysates were immunoprecipitated with anti-FLAG antibody or
mock antibody (rabbit IgG) for the control, followed by immunoblotting with
the indicated antibodies. (C) HCT116 cells stably expressing FLAG or FLAG-
DJ-1 were treated with 5 ng/ml TRAIL for 4 h. Cell lysates were incubated
with E. coli derived GST-DJ-1 proteins for 2h then immunoprecipitated with

glutathione bead, followed by immunoblotting with the indicated antibodies.
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Figure 14. A schematic diagram in which recombinant Ub-R/V-BiP-GFP
proteins are processed by deubiquitylation enzyme (DUB). (A) In this
mechanism, Ub-R/V-BiP-GFP are transiently expressed in HCT116 cells and
its ubiquitin is cleaved by DUB and arginine or valine is exposed on their N-
terminal, as a result of cleavage as shown. (B) HCT116 cells were co-
transfected with plasmids encoding FLAG-DJ-1 and Ub-R-BiP-GFP or Ub-V-
BiP-GFP. After 48 h, the cells were treated with 10 ng/ml TRAIL for 4 h. Cell
lysates were immunoprecipitated with anti-FLAG antibody followed by

immunoblotting with anti-GFP or anti-FLAG antibody.
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Figure 15. DJ-1 oxidation by TRAIL and tBHP. (A) HCT116 cells were
treated with 10 ng/ml TNFSF10 for 4 h, followed by immunoblotting of
specific antibodies for oxidized PARK7 and PARKY7. (B) HCT116 cells were
treated with 10 ng/ml TRAIL for 4 h or co-treated with 10 ng/ml TRAIL and
2.5 mM NAC, followed by immunoblotting of indicated antibodies.

(C) HCT116 cells were treated with 250 uM tert-butyl hydroperoxide (tBHP)
for 3 h or co-treated with 250 pM tBHP and 2.5 mM NAC, followed by

immunoblotting of indicated antibodies.
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Figure 16. The effect of DJ-1 oxidation on DJ-1/R-BiP interaction.

(A) HCT116 cells were co-transfected with plasmids encoding Ub-R-BiP-GFP
and one of followings: FLAG-DJ-1 and its C46A, C53A, and C106A mutants.
After 48 h, the cells were treated with 10 ng/ml TRAIL for 4 h. Cell lysates
were immunoprecipitated with anti-FLAG antibody followed by
immunoblotting with anti-GFP or anti-FLAG antibody. (B) HCT116 cells
were transfected with one of following plasmids encoding FLAG, FLAG-DJ-
1, or FLAG-DJ-1¢1%94_ After 48 h of transient transfection, cells were treated
with 20 ng/ml TRAIL for 2 h. The lysates were immunoprecipitated with the

anti-FLAG antibody and then immunoblotted with indicated antibodies.
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Figure 17. The role of DJ-1 on DJ-1/R-BiP/p62 interaction. (A) HCT116
cells were treated with 10 ng/ml TRAIL for 4 h. Cell lysates were
immunoprecipitated with anti-p62 antibody, followed by immunoblotting
analysis. (B) HCT116 cells were treated with 200 nM bafilomycin A1 (Baf.
A1) for 6 h or cultured in the presence of 200 nM bafilomycin Al for 2 h then
additionally treated with 10 ng/ml TRAIL for 4 h. The lysates were
immunoprecipitated with anti-p62 antibody, followed by immunoblotting

analysis.
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Figure 18. A schematic diagram presenting the interaction between
arginylated BiP (R-BiP), oxidized DJ-1 (oxDJ-1), and activated p62. In this
mechanism, BiP, DJ-1 and p62 are modified by each of modulation under the
stress, and through the modification of these 3 components constitute the

complex of 3-way interaction.
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Figure 19. R-BiP and p62 puncta induction by TRAIL. Cells were treated
with 200 nM bafilomycin A1 for 6 h or 10 ng/ml TRAIL for 4 h, or the cells
cultured in the presence of 200 nM bafilomycin A1 for 2 h were additionally
treated with 10 ng/ml TRAIL for 4 h. Immunostaining analysis was performed
using antibodies to R-BiP (red) and p62 (green), followed by confocal

microscopy. Scale bar, 10 pm.
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Figure 20. The DJ-1 effect on R-BiP and p62 puncta formation.

(A) HCT116 cells stably expressing shDJ-1 or its control shRNA were treated
with 10 ng/ml TRAIL for 4 h or 200 nM bafilomycin A1 for 2 h were
additionally treated with 10 ng/ml TRAIL for 4 h as described in Figure 13.
(B) Quantitation of R-BiP cytosolic puncta in A. Error bars represent the mean
+ SEM from each cells (***p < 0.001, n = 50). (C) Quantitation of p62
cytosolic puncta in A. Error bars represent the mean + SEM from each cells
(***p < 0.001, n = 50). (D) Quantitation of the colocalization of p62 cytosolic
puncta in A with R-BiP puncta. Error bars represent the mean + SEM from

each cells (***p < 0.001, n = 50).
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Figure 21. The DJ-1 effect on p62 oligomerization by TRAIL and the
oligomerization of DJ-1. (A) Cells were treated with 10 ng/ml TRAIL for 4 h
or 200 nM bafilomycin A1 for 6 h. Alternatively, the cells cultured in the
presence of 200 nM bafilomycin Al for 2 h were additionally treated with 10
ng/ml TRAIL for 4 h. The p62 and DJ-1 oligomerization assay was followed
by non-reducing SDS-PAGE and immunoblotting using antibodies to p62 and
DJ-1. (B) Cells were treated with tBHP indicated concentration. DJ-1
oligomerization assay was followed by non-reducing SDS-PAGE and

immunoblotting using an antibody to DJ-1.
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Figure 22. The impairment of LC3-II puncta formation in DJ-1 deficient
cells. (A) HCT116 cells stably expressing scrambled shRNA or shDJ-1 were
treated with 200 nM bafilomycin A1l for 6 h and immunostained for LC3-II
(red) or DJ-1 (green). LC3-II-positive autophagic vacuoles were examined
using confocal microscopy. Scale bar, 10 um. (B) Quantitation of the number
of LC3-II puncta in A. Error bars represent the mean + SEM from each cell
(***p <0.001, n = 50). (C) HCT116 cells stably expressing scrambled shRNA
or shDJ-1 were treated with 200 nM bafilomycin A1 for 2 h, followed by the
treatment with 10 ng/ml TRAIL for 4 h. The cells were immunostained for
LC3-II (red) or p62 (green). Puncta formation and co-localization of LC3-II

and p62 were examined using confocal microscopy. Scale bar, 10 um.
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Figure 23. The impairment of the formation of autolysosome in DJ-1
deficient cells. (A) HCT116 cells stably expressing scrambled shRNA or
shDJ-1 were treated with 200 nM bafilomycin A1 for 2 h, followed by the
treatment with 10 ng/ml TRAIL for 4 h. The cells were immunostained for
PLEKHM1 (green). Puncta formation of PLEKHM1 was examined using
confocal microscopy. Scale bar, 10 um. (B) HCT116 cells stably expressing
scrambled shRNA or shPARK7 were treated with 200 nM bafilomycin A1 for
6 h and immunoblotted with indicated antibodies. (C) HCT116 cells stably
expressing scrambled shRNA or shDJ-1 were treated with 200 nM
bafilomycin Al for 6 h and immunostained for WIPI2 (red). WIPI2-positive
autophagic vacuoles were examined using confocal microscopy. Scale bar, 10

pm.
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Figure 24. The accumulation of cargo proteins in DJ-1 deficient cells.

(A) HCT116 cells stably expressing scrambled shRNA or shDJ-1 were treated
with the presence of 200 nM bafilomycin A1l for 2 h and were additionally
treated with 10 ng/ml TRAIL for 4 h. Cell lysates were subjected to
immunoblotting analysis using FK2 antibody specific to Ub-conjugated
proteins. (B) HCT116 cells stably expressing scrambled shRNA or shPARK7
were treated with 10 ng/ml TRAIL for 4 h alone or were pretreated with
bafilomycin A1 for 2 h, followed by the treatment with 10 ng/ml TRAIL for 4
h, followed by immunostaining analysis using FK2 antibody (red). Scale bar,
10 um. (C) Quantitation of the intensity of Ub-positive puncta as visualized
using FK2 antibody. Error bars represent the mean = SEM from each cells
(***p <0.001, n = 50). (D) Quantitation of the number of Ub-positive puncta
as visualized using FK2 antibody. Error bars represent the mean + SEM from

each cells (***p <0.001, n = 50).
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Figure 25. The impairment of autophagic cargo targeting in DJ-1
deficient cells. (A) HCT116 cells stably expressing scrambled shRNA or
shDJ-1 were treated with 200 nM bafilomycin A1 for 2 h, followed by the
treatment with 10 ng/ml TRAIL for 4 h. The cells were immunostained using
FK2 (red) or p62 (green) antibodies. Puncta formation and co-localization of
FK2 and p62 signals were examined using confocal microscopy. Scale bar, 10
um. (B) Same condition has been used as A except that FK2 (red) or LC3

(green) antibodies were used.
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Figure 26. The impairment on autophagic targeting of Keapl in response
to TRAIL induced oxidative stress. (A) HCT116 cells stably expressing
scrambled shRNA or shDJ-1 were treated with 200 nM bafilomycin A1 for 2
h, followed by the treatment with 10 ng/ml TRAIL for 4 h. The cells were
immunostained using Keapl (red) or p62 (green) antibodies. Puncta formation
and co-localization of Keap1 and p62 signals were examined using confocal
microscopy. Scale bar, 10 pum. (B) HCT116 Cells were cultured in the
presence of 200 nM bafilomycin A1l for 2 h were additionally treated with 10
ng/ml TRAIL for 4 h. The cells were immunoblotted with indicated

antibodies.
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Figure 27. The impairment on autophagic targeting of Keapl in response
to tBHP induced oxidative stress. Cells were cultured in the presence of 200
nM bafilomycin A1 for 3 h were additionally treated with 250 uM tBHP for 3
h. The cells were immunostained for Keapl (red) and p62 (green), and

examined using confocal microscopy. Scale bar, 10 pm

89 A . T .E



p62 Keap1

Merged

Control

tBHP + Bafilomycin A1

shScramble

shDJ-1

90

shScramble shDJ-1

CERT
&



Figure 28. The protective role of DJ-1 against mitochondrial damage by
TRAIL in HCT116 cells. (A) HCT116 cells stably expressing scrambled
shRNA or shDJ-1 were treated with 5 ng/ml TRAIL for 4 h. After treatment,
the cells were stained with JC-1 and analyzed using FACS to measure the
depolarization of mitochondrial membranes. (B) Quantitation of A. Error bars
represent the mean + SEM from three independent experiments (*P < 0.05).

(C) Immunoblotting analysis of A.
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Figure 29. The protective role of DJ-1 against mitochondrial damage by
vvmTRAIL in MEFs. (A) Wild-type and DJ-17- MEFs were infected with
vvmTRAIL (MOI = 1) for 24 h in comparison with the control vaccinia virus
vJS6 (MOI = 1). The cells were stained with JC-1 and analyzed using FACS to
measure the depolarization of mitochondrial membranes. (B) Quantitation of
A. Error bars represent the mean £ SEM from three independent experiments

(*P <0.05). (C) Immunoblotting analysis of A. (Conducted by D.H. Lee)
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Figure 30. Dissociation of lumenal BiP during TRAIL-induced stress.
(A, B) HCT116 cells were treated with 5 ng/ml TRAIL for 4 h. Cell lysates
were subjected to IP with BiP or mock antibody (IgG), followed by

immunoblotting as indicated. (Conducted by D.H. Lee)
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Figure 31. ER stress response of DJ-1 deficient cells.

(A) Wild-type and DJ-1"- MEFs were infected with vvmTRAIL (MOI = 1) for
24 h in comparison with the control vaccinia virus vIS6 (MOI = 1), followed
by immunoblotting analysis. (B) The cells in A were subjected to the MTT
assay. Error bars represent the mean + SEM from three independent
experiments (*P < 0.05). (C) The cells were analyzed using quantitative RT-
PCR. The levels of ATF4, CHOP, and BiP mRNA were normalized to the
level of GAPDH. Error bars represent the mean = SEM from three

independent experiments (*P < 0.05). (Conducted by D.H. Lee)
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Figure 32. The comparison of effects of DJ-1 deficient and overexpression.
(A) HCT116 cells transfected with scrambled or DJ-1 siRNA (siDJ-1) were
cultured for 48 h and subsequently treated with 5 ng/ml TRAIL for 4 h,
followed by immunoblotting analysis. (B) HCT116 cells transiently expressing
EGFP (GFP) or DJ-1-GFP were cultured for 48 h and subsequently treated
with 5 ng/ml TRAIL for 4 h, followed by immunoblotting analysis. (C) The
cells in A were subjected to the MTT assay. Error bars represent the mean +
SEM from three independent experiments (*P < 0.05). (D) The cells in B was
followed by the MTT assay. Error bars represent the mean + SEM from three

independent experiments (*P < 0.05). (Conducted by D.H. Lee)
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Figure 33. The comparison of apoptosis in DJ-1 deficient cells and normal
cells during TRAIL treatment. (A) HCT116 cells transfected with scrambled
or DJ-1 siRNA (siDJ-1) were cultured for 48 h and subsequently treated with
5ng/ml TRAIL for 4 h. The cells were stained with annexin V and propidium
iodide, followed by flow cytometric analysis. (B) Quantitation of A. Data were
calculated from three independent experiments and analyzed by one-way
analysis of variance. Data shown are the means = SEM, *P < 0.05. (Conducted

by D.H. Lee)
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Figure 34. The response of DJ-1 deficient cells under the general ER
stressor. (A) Wild-type and and DJ-17- MEFs were treated with 2.5 pM
thapsigargin. Cell lysates were subjected to immunoblot analysis as indicated
to the right. (B) The cells in A were subjected to the MTT assay. Error bars

represent the mean + SEM from three independent experiments (*P < 0.05).
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Figure 35. The protective role of ATE1 and BiP from TRAIL-induced
stress in HCT116 cells. (A) HCT116 cells transfected with scrambled or
ATEI1 siRNA (siATE1) were cultured for 48 h and subsequently treated with
5ng/ml TRAIL for 4 h. Cell lysates were subjected to immunoblotting
analysis. (B) The MTT assay of A. Error bars represent the mean = SEM from
three independent experiments (*P < 0.05). (C) HCT116 cells transfected with
scrambled or BiP siRNA (siBiP) were cultured for 48 h and subsequently
treated with 5 ng/ml TRAIL for 4 h. Cell lysates were subjected to
immunoblotting analysis. (D) The cells in C were used for the MTT assay.
Error bars represent the mean = SEM from three independent experiments (* P
<0.05). (E) Cells transiently expressing HA-BiP or HA were cultured for 48 h
and subsequently treated with 5 ng/ml TRAIL for 4 h, followed by
immunoblotting analysis. (F) The MTT assay of E. Error bars represent the

mean + SEM from three independent experiments (*P < 0.05).

105 A =-TH



A

++ - -
- -+ 4+
-+ -+

—‘--—-
— S

B

siScram.
SIATE1
TRAIL
PARP-1

- Cleaved

- R-BiP

-

——— -

BiP

ATE1

= (3-actin

C

+ - + - siScram.
- + - + siBiP
- - + + TRAIL

- & & = PARP-1
== & - Cleaved

= @8 BP
- an e @ 3-actin

12 3 4

E
+ - + - HA-empty vec.
- + - + HA-BIP
+ + TRAIL

o o ow s PARP-1
% == -Cleaved

- HA

- e» e @ [-actin
1.2 3 4

siScram.
siScram. + TRAIL

Survival (%)

F

SIATE1
SIATET + TRAIL

100 -
80 -
60 -
40 -
20 -

0

B_!

siScramble SsiATE1

siBiP
siBiP + TRAIL

siScram.
siScram. + TRAIL

1007 ;= | —_ |
3’23 80 - —_
s 40 -
c?, 20 |
0 ' . ’ ’
siScramble siBiP
HA-Vec. HA-BIP
HA-Vec. + TRAIL HA-BiP+TRAIL

1007 ;— | o |
S 80; _ —_
= 601
£ 40
@ 20

0 i— : ; :
HA-Vec. HA-BiP

106



Figure 36. Hypothetical models for the role of DJ-1 in autophagic protein
quality control. (A) In this model, TRAIL leads mitochondrial dysfunction
and oxidative stress according to the excessive generation of ROS. This
phenomenon induces the production of misfolded proteins in cytosol which are
not able to be degraded by the UPS, canonical mechanism for protein quality
control (Step 1). In response to the stress, cells initiates autophagic protein
quality control with N-terminal arginylation of BiP which translocated from
endoplasmic reticulum (Step 2). Meanwhile, DJ-1 recognizes the excessive
ROS in cytosol and is oxidized under the condition that cells are engaged in
(Step 3). The oxidized DJ-1 interacts with Nt-arginylated BiP and functions as
if a cofactor or co-chaperone for BiP and through the interaction, the
interaction between oxidized DJ-1 and Nt-arginylated BiP mediates the
binding affinity of Ub-tagged misfolded protein clients (Step 4) and enhances
the ability to activate p62 by their complex (Step 5). The previous report has
reported that p62 is activated by stress and during the activation, the arginine
exposed in N-terminus of R-BiP binds to ZZ domain of p62 and stimulates
conformational change of p62. Through the change of the structure of p62,
oligomerzation domain (PB1) and LC3 interacting region (LIR) of p62 are
exposed (Step 6). As a result of allosteric change of p62, PB1 mediated self-
oligomerization forms aggregation and condensation of Ub-conjugated
misfolded cargo proteins that have been recruited during such mechanism
(Step 7). In addition to cargo collection, LIR of p62 facilitates the interaction
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between p62 aggregates and LC3 which is embedded in autophagic membrane
(Step 8) and targeting misfolded proteins to lysosomal degradation. In this R-
BiP-p62 circuit, DJ-1 functions as a co-factor or a co-chaperone to R-BiP and
it may mediate cargo condensation and further modulates autophagic
proteolysis under TRAIL induced oxidative stress.

(B) For the further model for DJ-1, DJ-1 is oxidized by oxidative stress in
cytosol. Almost simultaneously, Keap1 is also oxidized by oxidative stress
with similar mechanism with DJ-1, and through the oxidation on Keapl,
binding affinity to p62 has been increased. In addition to oxidations of these
proteins, p62 is phosphorylated on its S349 located in Keap! interaction
region, and the phosphorylation is affected by the concentration of cytosolic
ROS; all the sequences lead the targeting Keap1 to autophagic degradation.
Upon the mechanism, DJ-1 has a potential to modulate the targeting of

autophagic substrates.
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Table 1. The proteins identified in the mass spectrometric analysis using

DJ-1 as a bait.

Identified proteins mali:lﬁr:§;2;‘£ de

Hsc70 21
Hsp90 (90 kDa) 18
BiP (78 kDa) 11
E3 ubiquitin-protein ligase TRIM21 (52 kDa) 8
Hsp70 (70 kDa) 6
40S ribosomal protein S3 (27 kDa) 8
elF4B (70 kDa) 14
14-3-3 protein zeta/delta (27 kDa) 2
Guanine nucleotide-binding protein subunit beta-2-like 1

5

(70 kDa)

Peroxiredoxin-6 (25 kDa) 5
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Discussion

Selective autophagy is a cellular mechanism that resolves cytotoxic substances
which have been accumulated during cellular stress (Fimia, Kroemer, & Piacentini,
2013; Xie & Klionsky, 2007; Zaffagnini & Martens, 2016). Autophagic cargos are
selectively chosen by specific autophagy adaptors and receptors such as BiP or p62,
constituting autophagosome and delivered to lysosome for lysosomal degradation
(Cha-Molstad et al., 2015; Cha-Molstad et al., 2017; Ji & Kwon, 2017). The key point
of the mechanism is how cells keenly recognize the several different types of stresses
encountered from their specific sensors, and, after sensing the stress properly (Figure 3
and 4), it is important that cells need to induce the autophagy when it is required.

In this study, I found another important function of peroxiredoxin-like protein, DJ-
1 (Andres-Mateos et al., 2007; McCoy & Cookson, 2011), when cells are undergoing
oxidative stress. DJ-1 has been known as anti-oxidative responses to mitochondrial
ROS (Andres-Mateos et al., 2007; Girotto et al., 2012; Taira et al., 2004). Also may of
studies reported that DJ-1 participates in many important mechanisms in cells, which
includes cell proliferation, differentiation, transcriptional regulation, oxidative stress
protection, and mitochondrial function maintenance (Hayashi et al., 2009; Kim et al.,
2012; Lev et al., 2009; Martinat et al., 2004; Wang et al., 2016; Won et al., 2013). To
the date, molecular mechanisms underlying these functions of DJ-1 still remain unclear,
or studies limitedly was focused on the activity absorbing the excessive oxygen
(Kinumi et al., 2004; Mitsumoto et al., 2001; Taira et al., 2004), or the transcription

factor for activating oxidative stress related genes (Clements, McNally, Conti, Mak, &
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Ting, 2006), as a matter fact, DJ-1 is modulating autophagic proteolysis which is
processing protein aggregates generated by TRAIL induced oxidative stress (Figure
36A).

Upon TRAIL treatment, ER residing molecular chaperone BiP translocates to
cytoplasm and is arginylated by ATE1 R-transferase (Figure 12A and 12B).
Accumulated R-BiP binds to DJ-1 and the interaction of R-BiP and DJ-1 facilitates
delivery of R-BiP to autophagosome with baring cargos on R-BiP. (Figures 13, 19, and
24). Through the binding with BiP, DJ-1 is seemingly having an indirect interaction
with p62; in addition, as BiP belongs to Hsp70 family and their reactions of these family
proteins is modulated by co-chaperones (Figure 5), I can propose that DJ-1 also can be
function as a stress specific modulator for the cargo collection of arginylated BiP and
targeting to autophagosome.

DJ-1 is an atypical peroxiredoxin-like protein baring the oxidation its three
cysteines (Andres-Mateos et al., 2007; Wilson, 2011) and it has been known as a
reservoir for excessive ROS in cells (Ren et al., 2011; Saito, 2014) However, in this
study, I have found that the oxidation is rather important because of the regulation on
the interaction among the R-BiP, p62 and DJ-1 itself. The result of oxidation assay
shows that the impairment of oxidation on Cys106 down-regulated bindings of three
components and it is indeed meaningful for understanding the role and physiological
aspect of DJ-1 during oxidative stress (Figure 6). But, to understand the function of DJ-
1 in cells more clear, it still is needed to perform for further experiments which are to
be examined whether to suppress the influence of deficiency of DJ-1 by recombinant

DIJ-1 proteins.
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Considering that DJ-1 has a role in puncta formation of R-BiP and p62 during
oxidative stress, it has been shown that DJ-1 may form oligomer itself (Figures 21) as
well as p62; thereby, it is giving a clue that DJ-1 can be functioning as a seed during R-
BiP and p62 interaction, and it results a hiding of DJ-1 into the complex, which is the
reason of poorly detection of DJ-1 puncta in immunostaining analyses. Even it is hardly
detected in such way of the experiment, it still can be the evidence of modulation for
autophagy.

During the experiment focusing on the function of DJ-1, p62 and R-BiP puncta was
decreased when DJ-1 was knock down (Figure 16). But the total level of LC3-II in cells
has not been decreased while autophagic was pharmaceutically blocked by bafilomycin
Al (Figure 23B). Correlating the result of immunoblotting assay of LC3, WIPI2 puncta
which indicate the formation of phagophores, precursors of autophagosomes, also was
not decreased during autophagy blockage, and the aspect can be considered that total
number of phagophores and LC3-II embedded phagophores were not affected by
deficiency of DJ-1 and only the number of autophagic puncta were concerned by DJ-1
(Figures 24). Thereby, DJ-1 is engaged in constituting autophagic puncta formation and
cargo targeting to autophagosome, which is different from autophagosome biogenesis,
the generation of phagophore and autophagosome structures.

Intriguingly, Keapl Nrf2 one of axis of managing oxidative stress and it regulates
the metabolic fate of Keapl that mainly degraded by autophagy when cells are
undergone the oxidative stress (Ichimura et al., 2013; Komatsu et al., 2010; Rojo de la
Vega, Dodson, Chapman, & Zhang, 2016). However, Keapl® puncta were down-
regulated during TRAIL treatment (Figure 26), and similar aspect has been shown in

tBHP treatment to DJ-1 deficient cells (Figure 27). These results indicate that DJ-1
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influences on not only on the cargo delivery for misfolded proteins or unfolded protein
needed to be resolved but it regulates the protein that along with one of the mechanism
in response to oxidative stress; therefore, DJ-1 has rather important role in cells as well
as it has been implicated by the abundancy in various cells. Moreover, in other recent
studies, in the Keap1l Nrf2 mechanism, p62 phosphorylation on its S349 is important
factor for the activation of p62, and the site of phosphorylation is in the middle of Keap1
recognition site of p62 (Ichimura et al., 2013; Rojo de la Vega et al., 2016). The S349
phosphorylation has been considered as a noteworthy factor for oxidative stress sensing
(Figure 36B), therefore, it could be a clue for applying this R-BiP/p62/DJ-1 circuit for
solving the other side of aspect indwelled (Ichimura et al., 2013; Watanabe, Tsujimura,
Taguchi, & Tanaka, 2017).

TRAIL has been broadly used for specifically targeting cancers by recognizing cell
surface-associated pro-apoptotic receptors (S. Wang & El-Deiry, 2003; Ziauddin et al.,
2010) and triggering impairment in the function of mitochondrial enzymes. A few
studies reported the effect of TRAIL in the cell (J. Cao, Lou, Ying, & Yang, 2015; Inoue
& Suzuki-Karasaki, 2013; Suzuki-Karasaki et al., 2014), but in this study, I elucidated
the correlation of mitochondria derived oxidative stress and cytoplasmic oxidative
stress by comparing the effect of DJ-1 and finding that TRAIL caused the dissociation
of ER lumenal BiP from PERK and IRE1a, two sensors of the UPR (Figure 30) and N-
terminal arginylation which have not been comprehended. Importantly, DJ-1 has a cyto-
protective role in stresses caused by apoptotic cell death, ER and mitochondrial
dysfunctions, but when it comes to the targeting cancer cells, DJ-1 may hinder the

cytotoxic effect of anti-cancer reagent that needs to work on killing the cancer cells. It
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should be determined more about how well the activity of DJ-1 and R-BiP take a place
in cyto-protection against stresses.

The N-end rule was considered as a way of protein degradation system for tightly
controlling the half-life of certain protein by recognition of N-terminal residue of
protein. Interestingly, according to resent studies, N-recognin includes not only E3
ligases but an autophagic receptor p62 may be belonged to the recognin, and identify
N-terminal arginylated BiP during cellular stress; thereby, I could say that the N-end
rule has further biological meaning on its mechanism and assume that p62 and R-BiP
is not only the case of comprehensive crosstalk for those two different mechanisms. In
addition, DJ-1 has been found as a co-factor for the modulation of the activity of R-BiP
as well as p62 under oxidative stress; therefore, there might be some other co-factors
that involving in response of various cellular stress encountered. Given that the there is
a co-factor that regulates the interaction between N-recognins and N-degrons in
biological processes, the research was mainly conducted in human colon tumor cells
and cancer specific ligand; however, there is still other possibility that the interaction
of N-recognins and N-degrons is not only related to stress response mechanism but it
may also participate in other biological processes within the different cellular
environment or during the various stages of the development of embryos or other
human organs; therefore, perhaps, the research may be expend to other systems in

development in response for stress or other stimuli that cells encounter.
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