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ABSTRACT

Macroautophagy is induced under various stresses to remove cytotoxic materials, including misfolded
proteins and their aggregates. These protein cargoes are collected by specific autophagic receptors such
as SQSTM1/p62 (sequestosome 1) and delivered to phagophores for lysosomal degradation. To date, little is
known about how cells sense and react to diverse stresses by inducing the activity of SQSTM1. Here, we
show that the peroxiredoxin-like redox sensor PARK7/DJ-1 modulates the activity of SQSTM1 and the
targeting of ubiquitin (Ub)-conjugated proteins to macroautophagy under oxidative stress caused by
TNFSF10/TRAIL (tumor necrosis factor [ligand] superfamily, member 10). In this mechanism, TNFSF10
induces the N-terminal arginylation (Nt-arginylation) of the endoplasmic reticulum (ER)-residing molecular
chaperone HSPA5/BiP/GRP78, leading to cytosolic accumulation of Nt-arginylated HSPA5 (R-HSPA5). In
parallel, TNFSF10 induces the oxidation of PARK7. Oxidized PARK7 acts as a co-chaperone-like protein that
binds the ER-derived chaperone R-HSPA5, a member of the HSPA/HSP70 family. By forming a complex with
PARK? (and possibly misfolded protein cargoes), R-HSPA5 binds SQSTM1 through its Nt-Arg, facilitating self-
polymerization of SQSTM1 and the targeting of SQSTM1-cargo complexes to phagophores. The 3-way
interaction among PARK7, R-HSPA5, and SQSTM1 is stabilized by the Nt-Arg residue of R-HSPA5. PARK7-
deficient cells are impaired in the targeting of R-HSPA5 and SQSTM1 to phagophores and the removal of Ub-
conjugated cargoes. Our results suggest that PARK7 functions as a co-chaperone for R-HSPA5 to modulate
autophagic removal of misfolded protein cargoes generated by oxidative stress.
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Introduction and their aggregates [10]. These protein substrates are normally
tagged with ubiquitin (Ub) by the Ub ligases and degraded by the
proteasome complex [11-13]. However, some of the Ub con-
jugates are prone to aggregation and, thus, excessively accumu-
late beyond the capacity of the Ub-proteasome system (UPS).
Once UPS-mediated protein quality control enters crisis, macro-
autophagy is induced as a second defense line to degrade mis-
folded and aggregated proteins. The cargoes of macroautophagy
are selectively recognized and sorted out through a poorly
understood mechanism, which is thought to involve molecular
chaperones such as the heat shock protein HSPA1A/HSP70 [12].
Protein cargoes associated with chaperones are subsequently
collected by autophagic receptors such as SQSTM1 [14]. Upon

Oxidative stress is caused by the imbalance between the produc-
tion and scavenging of reactive oxygen species (ROS) such as
O, (superoxide radical), *OH (hydroxyl radical), and H,O,
(hydrogen peroxide) [1-4]. ROS are mainly generated by the
mitochondrion [5]. The cellular concentration of ROS is nor-
mally maintained by anti-oxidizing agents such as glutathione
and superoxide dismutase [6]. However, various stresses can
cause the dysfunction of mitochondrial enzymes associated
with the loss of membrane potential and electron leakage, lead-
ing to the excessive accumulation of ROS [7-9]. The resulting
peroxides and free radicals damage cellular components such as
proteins, excessively generating misfolded and damaged proteins
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binding to cargo-chaperone complexes, SQSTM1 undergoes
self-oligomerization, forming cargo-chaperone-SQSTM1 com-
plexes, leading to the targeting to phagophores and lysosomal
degradation. To date, little is known about the crosstalk mechan-
ism that links oxidative stress to macroautophagy. Specifically, it
remains poorly understood how the activity of SQSTM1 is
modulated by molecular chaperones under oxidative stress.

The N-end rule pathway is a proteolytic system in which a
single N-terminal amino acid acts as an N-degron that deter-
mines the half-life of a given protein [15-17]. N-terminal
degradation determinants include arginine (Arg), lysine
(Lys), histidine (His), leucine (Leu), phenylalanine (Phe), tyr-
osine (Tyr), tryptophan (Trp), and isoleucine (Ile) [18-20].
These degrons are recognized by N-recognins such as the Ub
ligases UBR1 and UBR2, leading to ubiquitination and pro-
teasomal degradation [18,21]. The Nt-Arg is the primary
degron which can be generated through the Nt-arginylation
of Asp, Glu, or Cys by ATEl R-transferases [22-26]. Nt-
arginylation of cytosolic short-lived proteins has been shown
to facilitate selective proteolysis via the UPS [27,28]. Recently,
we and others showed that a subpopulation of molecular
chaperones, which are known to reside within the ER, are
Nt-arginylated by cytosolic ATEI at the Nt-Asp or Nt-Glu of
their mature proteins [29-32]. These substrates include
HSPAS5, CALR, and P4HB. The Nt-arginylation of these ER-
residing chaperones is induced by crisis in the UPS, associated
with excessive accumulation of misfolded proteins and their
aggregates. Among these arginylation substrates, the Ca’
"-binding molecular chaperone HSPAS5 is a functional homo-
log of cytosolic HSPA/HSP70 proteins and normally assists
with the folding of incoming clients destined to the Golgi-
secretory pathway, which account for approximately one third
of the human proteome. As a component of ER protein
quality control, HSPA5/BiP/GRP78 also recognizes and deli-
vers terminally misfolded clients to ERAD (ER-associated
protein degradation), leading to substrate ubiquitination and
proteasomal degradation. Upon Nt-arginylation, HSPA5
accumulates in the cytosol [30,31]. The Nt-Arg of the arginy-
lated form of HSPAS5, R-HSPAS5, in the cytosol binds the ZZ
domain of SQSTMI1, leading to self-polymerization of
SQSTM1 and the formation of cargo-R-HSPA5-SQSTMI
complexes. The Nt-Arg of R-HSPA5 also enhances the inter-
action of SQSTM1 with MAP1LC3/LC3 (microtubule-asso-
ciated protein 1 light chain 3) on autophagic membranes,
facilitating the targeting of autophagic cargoes to phagophores
for subsequent lysosomal degradation. To date, it remains
unknown how oxidative stress is linked to the activation of
the R-HSPA5-SQSTMI1 circuit in autophagic protein quality
control.

The peroxiredoxin-like redox sensor PARK7/D]J-1 is one of
the 50 most abundant proteins in humans and is involved in
cell proliferation, differentiation, transcriptional regulation,
oxidative stress response, and mitochondrial homeostasis
[33-35]. The misregulation of PARK7 underlies the pathogen-
esis of many human diseases such as Parkinson disease,
amyotrophic lateral sclerosis, infertility, and cancer [36,37].
Studies have shown that PARKY7 plays a cytoprotective role in
these processes in part as a scavenger in antioxidant stress and
in part as a molecular co-chaperone in protein quality control
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[38-41]. As an abundant antioxidant scavenger of ROS,
PARK?7 can be oxidized at Cys46, Cys53, and Cysl06 [42-
46]. Although PARK7 can undergo an oxidation-reduction
cycle, the oxidation of all 3 Cys residues is irreversible [46-
50]; the metabolic fate of fully oxidized PARK7 remains
unknown. PARKY insufficiency causes a progressive accumu-
lation of ROS that increases the risk factor for cellular dys-
function including mitochondrial damage [43,45,51-55]. As a
co-chaperone, PARK7 binds to molecular chaperones, includ-
ing HSPA1A/HSP90 and STUBI1/CHIP, and facilitates the
transcription of antioxidant genes [56,57]. Moreover, recent
studies showed that PARKY7 loss impairs chaperone-mediated
autophagy associated with mitochondrial damage [57] and
causes the accumulation of misfolded SNCA/a-synuclein
and its aggregates [58].

This study stems from our investigation into the protective
role of PARK7 against the oxidative stress caused by
TNESF10/TRAIL (tumor necrosis factor [ligand] superfamily,
member 10), an anti-cancer agent that selectively kills cancer
cells [59]. During this study, we found that PARK7 acts as a
co-chaperone-like protein that binds the Ca®*-binding cha-
perone R-HSPA5, an ER counterpart of cytosolic HSPA.
Upon binding to PARK7, preferentially its oxidized form,
R-HSPA5 binds SQSTM1 through its Nt-Arg, enhancing the
activity of SQSTM1 as an autophagic receptor for misfolded
protein cargoes. Our results suggest that PARK7 mediates the
crosstalk between oxidative stress and SQSTMI-dependen-
dent autophagic protein quality control in macroautophagy.

Results

PARK7 protects cells from TNFSF10-induced oxidative
stress

Studies have shown that TNFSF10 induces oxidative stress in
various cell types [59,60]. To extend these results, we treated
HCT116 cells with TNFSF10 and measured the level of mito-
chondrial ROS using MitoSOX Red [61]. As expected, TNFSF10
markedly induced the level of mitochondrial ROS in a dose-
dependent manner as determined by fluorescence activated cell
sorting (FACS) (Figure 1(a,b)) as well as confocal fluorescence
analyses (Figure 1(c)). TNESF10 also excessively generated cyto-
solic ROS when measured using CM-H,-DCFDA (Figure 1(d),
columns 3 vs. 1) [62]. These results confirm that TNFSF10
induces the production of excessive ROS in both the mitochon-
drion and cytosol in HCT116 cells.

To determine whether PARK?Y protects cells from the oxida-
tive stress caused by TNFSF10, we knocked down PARK7 in
HCT116 cells using small hairpin RNA (shRNA) and stained the
cells with MitoSOX that selectively marks mitochondrial ROS.
FACS showed that PARK7-deficient cells spontaneously gener-
ated excessive mitochondrial ROS in the absence of TNFSF10
(Figure 1(e,f)). ROS was synergistically generated when treated
with TNFSF10 (Figure 1(e,f)). Confocal microscopy of MitoSOX
fluorescence (Figure 1(c)) revealed that PARK7 knockdown cells
accumulated excessive mitochondrial O,  (superoxide). Next,
we examined the protective role of PARK7 in mitochondrial
membrane potential. FACS analysis using the fluorescent catio-
nic dye JC-1 showed that HCT116 cells stably expressing PARK7
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Figure 1. Protective role of PARK7 in TNFSF10-induced oxidative stress. (a) Cells were treated with various concentrations (1-10 ng/ml) of TNFSF10 for 4 h and
labeled with MitoSOX Red. The total fluorescence intensity of oxidized MitoSOX Red was measured using flow cytometry. (b) Quantification of A. Error bars represent
the mean + SEM from 3 separate experiments (*p < 0.05). (c) Cells were stably transfected with shScramble or shPARK7 and treated with 10 ng/ml TNFSF10 for 4 h.
Mitochondria and cells were stained with MitoTracker Green and MitoSOX Red, respectively. Mitochondria (green) and mitochondrial superoxide anion (red) were
detected using confocal microscopy. Scale bar: 10 um. (d) Cells were stably transfected with shScramble or shPARK7, followed by treatment for 4 h with 2.5 mM NAC,
10 ng/ml TNFSF10 or in combination. Cells were subsequently stained with CM-H,-DCFDA for 30 min. Green signals indicate ROS in the cytosol. Scale bar: 200 pm. (e)
Cells were stably transfected with control shRNA (shScram.) or PARK7 shRNA (shPARK7), followed by the treatment with 10 ng/ml TNFSF10 for 4 h. Cells were
subsequently labeled with MitoSOX Red, and MitoSOX Red fluorescence was analyzed using flow cytometry. a.u., arbitrary units. (f) Quantification of E. Error bars

represent the mean £ SEM from 3 separate experiments (**p < 0.01).

shRNA spontaneously lost mitochondrial potential by TNFSF10
treatment (Figure S1(a,b). Thus, PARK7 counteracts TNFSF10-
induced excessive formation of ROS as well as mitochondrial
dysfunction. Finally, we determined the protective role of
PARK?7 against excessive cytosolic ROS. An analogous assay
using CM-H,-DCFDA also showed that PARK7 knockdown
resulted in a striking accumulation of cytosolic ROS (Figure 1
(d), column 3). Such an induction of ROS was abolished by
treatment with the antioxidant N-acetylcysteine (NAC)
(Figure 1(d), columns 4 vs. 3). These results collectively suggest
that PARK7 protects cells from TNFSF10-induced oxidative
stress.

Identification of the ER chaperone HSPA5 as an interactor
of PARK7

To understand the molecular mechanisms underlying the role of
PARKY in oxidative stress responses, we isolated the proteins that
interact with PARK? by employing tandem affinity purification
(TAP) [63]. FLAG-tagged PARK7 (FLAG-PARK?7) was overex-
pressed in HCT116 cells and partially purified using anti-FLAG
antibody resin. Co-purified proteins were subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS). Cells
were also treated with TNESF10 to identify the proteins that
selectively interact with PARK7 under oxidative stress. Among
the identified proteins, a few were selectively enriched in
TNESF10-treated cells, including the ER-resident chaperone

HSPAS5 and the cytosolic chaperones HSPA8/HSC70, HSPAIA,
and HSP90A A1 as well as the E3 ubiquitin-protein ligase TRIM21
and EIF4B (eukaryotic translation initiation factor 4B) (Figure 2
(a), Table S1). In this study, we characterized the interaction of
PARK?7 with HSPA5, an ER-resident member of the HSPA family,
because PARK?Y is known as a co-chaperone of HSPA1A [56,64].

To examine the interaction of PARK7 with HSPA5, we per-
formed a co-immunoprecipitation (co-IP) assay using transiently
overexpressed FLAG-PARK7 and hemagglutinin (HA)-tagged
HSPA5 (HA-HSPA5) in HCT116 cells. The IP of HA-HSPA5
co-precipitated FLAG-PARK? (Figure 2(b)). A similar co-IP ana-
lysis confirmed that endogenous PARK?7 interacted with HSPA5
(Figure 2(c)). The interaction of endogenous PARK7 with HSPAS5
was enhanced when the cells were treated with 5 ng/ml TNFSF10
(Figure 2(c)). These results suggest that PARK7 interacts with the
ER-resident chaperone HSPA5.

TNFSF10 induces the Nt-arginylation of HSPAS, leading to
its cytosolic accumulation and interaction with PARK7

We recently showed that a subpopulation of HSPA5 and
other ER-resident molecular chaperones are Nt-arginylated
and relocated to the cytosol (Figure 2(d)) [30]. We therefore
tested whether PARK7 binds HSPA5 following its Nt-argi-
nylation. Immunoblotting analysis using antibody specific to
the Nt-arginylated form of HSPAS5, R-HSPA5, showed that
HCT116 cells constitutively generated a detectible level of
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Figure 2. PARK7 interacts with R-HSPAS5, the Nt-arginylated form of HSPA5. (a) Cells were engineered to stably express either p3x-FLAG or FLAG-tagged PARK7
(FLAG-PARK?) and treated with 5 ng/ml TNFSF10 for 4 h. Cell lysates were immunoprecipitated using anti-FLAG antibody, and the precipitated proteins were
visualized using silver staining. (b) Cells were transiently transfected with a plasmid expressing either FLAG-PARK7 or HA-tagged HSPA5. After 48 h, cell lysates were
immunoprecipitated with anti-HA antibody, followed by immunoblotting with anti-FLAG or anti-HA antibody (top). The presence of FLAG-PARK7 and HA-HSPAS5 in
the lysates was verified by immunoblotting (bottom). (c) Cells were treated with 5 ng/ml TNFSF10 for 3 h, and cell lysates were immunoprecipitated with anti-PARK7
antibody or mock antibody (rabbit 1gG) followed by immunoblotting with anti-HSPA5 or anti-PARK7 antibody (top). The presence of HSPA5 and PARK7 in the lysates
was verified using immunoblotting (bottom). (d) A schematic diagram in which TNFSF10 induces the Nt-arginylation of HSPA5. In this mechanism, newly synthesized
HSPAS5 translocates into the ER lumen, during which its signal peptide is cleaved off by the signal peptide peptidase, resulting in mature HSPA5. Our results suggest
that TNFSF10 induces the cytosolic retrotranslocation and Nt-arginylation of lumenal HSPAS5, resulting in cytosolic accumulation of R-HSPAS5. (e) HCT116 cells were
treated with 10 ng/ml TNFSF10, followed by immunoblotting of R-HSPA5, HSPAS, and ATET1. (f) HCT116 cells were treated with 5 ng/ml TNFSF10 for 4 h. Cell lysates
were fractionated to enrich the cytosol, mitochondria, and ER. Fractionated proteins were immunoblotted for R-HSPA5, PARK7, HSPA5, the mitochondrial channel
VDAC (voltage dependent anion channel), the ER chaperone CANX (calnexin).

R-HSPA5 (Figure 2(e)). Moreover, TNESF10 treatment we performed GST affinity-isolation assays using bacterially
markedly enhanced the formation of R-HSPAS5 (Figure 2 purified GST-PARK7. The affinity isolation of GST-PARK?
(e)). These results suggest that TNFSF10 induces the Nt- once again co-precipitated R-HSPA5 (Figure 3(b), lanes 4 vs
arginylation of HSPAS5. Next, to determine whether 3). These results suggest that PARK7 binds R-HSPA5, possi-
R-HSPA5 is cytosolic, we fractionated TNFSF10-treated bly as a co-chaperone.
HCT116 cells into the cytosol, mitochondria, and ER
using differential centrifugation. R-HSPA5 was mainly
retrieved from the cytosol (Figure 2(f), lane 1), and its
cytosolic level increased by TNESF10 treatment (Figure 2 Our earlier work has shown that the Nt-Arg of R-HSPA5
(f), lanes 2 vs. 1). These results suggest that TNEFSF10 binds the ZZ domain of the autophagic receptor SQSTM1I
induces the Nt-arginylation of HSPAS5, leading to its cyto- [30]. We therefore determined whether PARK7 facilitates
solic accumulation. the binding of R-HSPA5 to SQSTM1. Co-IP analyses showed
Given that TNFSF10 induces Nt-arginylation, we assessed  that the interaction of R-HSPAS5 with endogenous SQSTM1
the protective role of ATE1 against TNFSF10. Knockdown of was reinforced by TNFSF10 (Figure 3(c), lanes 3 vs. 1). The
ATEl using siRNA strongly inhibited the formation of interaction between endogenous R-HSPA5 and SQSTMI was
R-HSPAS5 in TNESF10-treated cells, which correlated with reproduced when autophagic flux was blocked using bafilo-
the increased cleavage of PARP1 (Figure S2(a)). The pro- mycin A; (Baf) (Figure 3(d), lanes 3 vs. 1). Given 2 indepen-
survival activity of ATE1 was further supported by the MTT  dent interactions between PARK7 and R-HSPA5 (Figure 3(a,
(3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium  bro- b)) as well as R-HSPA5 and SQSTMI1 (Figure 3(c,d)), we
mide) assay using ATE1 knockdown cells (Figure S2(b)). further asked whether PARKY7 also interacts with SQSTMI.
These results suggest that Nt-arginylation protects the cell ~Co-IP analyses showed that recombinant FLAG-PARK?Y inter-
from TNEFSFI10. acted with endogenous SQSTM1 in HCT116 cells (Figure 3
To determine whether it is an Nt-arginylated form of (a), lanes 4 vs. 3) as well as HeLa cells (Figure S3, lanes 3 vs.
HSPAS that interacts with PARK7, we performed co-IP ana-  2). A reciprocal co-IP analysis confirmed that the IP of endo-
lyses of HCT116 cells using the R-HSPAS5 antibody. The result genous SQSTM1 pulled down endogenous PARK?7 (Figure 3
confirmed that recombinant FLAG-PARK?7 interacted with (d), lanes 3 vs. 1). These results suggest that TNFSF10 induces
R-HSPAS5 (Figure 3(a), lanes 4 vs. 3). The interaction of a 3-way interaction among PARK7, R-HSPA5, and SQSTM1,
PARK7 with R-HSPA5 was reproduced in HeLa cells possibly forming a stable complex with its protein cargoes
(Figure S3). To further characterize the interaction in vitro, (Figure 3(e)).

PARK7 enables the chaperone R-HSPA5 to bind SQSTM1
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Figure 3. TNFSF10 induces the interaction of oxidized PARK7 with R-HSPA5. (a) HCT116 cells were transfected with a plasmid encoding FLAG or FLAG-PARK?7. After
48 h, the cells were treated with 10 ng/ml TNFSF10 for 4 h. Cell lysates were immunoprecipitated with anti-FLAG antibody, followed by immunoblotting with the
indicated antibodies. (b) HCT116 cells stably expressing FLAG or FLAG-PARK7 were treated with 5 ng/ml TNFSF10 for 4 h. Cell lysates were incubated with GST-PARK7
proteins for 2 h then immunoprecipitated with glutathione bead, followed by immunoblotting with the indicated antibodies. (c) HCT116 cells were treated with
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with 200 nM bafilomycin A; (Baf) for 6 h or cultured in the presence of 200 nM bafilomycin A; for 2 h then additionally treated with 10 ng/ml TNFSF10 for 4 h. Cell
lysates were immunoprecipitated with anti-SQSTM1 antibody, followed by immunoblotting analysis. (e) A schematic diagram indicating the interaction between
arginylated HSPAS5, oxidized PARK7 (oxPARK?), and activated SQSTM1. In this mechanism, HSPA5, PARK7 and SQSTM1 are each modified, and the modification of
these 3 components constitutes the complex of 3-way interaction. (f) A schematic diagram in which recombinant Ub-R/V-HSPA5-GFP proteins are processed by a
deubiquitination enzyme (DUB). In this mechanism, Ub-R/V-HSPA5-GFP is expressed in HCT116 cells and its ubiquitin is cleaved by DUB and arginine or valine is
exposed as a result of cleavage as shown. (g) HCT116 cells were co-transfected with plasmids encoding FLAG-PARK7 and Ub-R-HSPA5-GFP or Ub-V- HSPA5-GFP. After
48 h, the cells were treated with 10 ng/ml TNFSF10 for 4 h. Cell lysates were immunoprecipitated with anti-FLAG antibody followed by immunoblotting with anti-GFP

or anti-FLAG antibody.

The Nt-Arg residue of R-HSPAS is an anchoring ligand in a
3-way interaction among PARK7, R-HSPAS5, and SQSTM1

In the N-end rule pathway, the Nt-Arg of arginylated substrates
functions as an N-degron that induces substrate degradation via
the UPS or autophagy [16,30,31]. We therefore examined
whether the Nt-Arg of R-HSPAS5 facilitates the formation of
the PARK7-R-HSPA5-SQSTM1 complex. HCT116 cells were
engineered to produce HSPA5 proteins bearing Nt-Arg or Nt-
Val by expressing Ub-X-HSPA5-GFP (X = Arg or Val). The
fusion protein was co-translationally cleaved by deubiquitinating
enzymes (DUBs) into the reference Ub and X-HSPAS5 (Figure 3
() [19]. Co-IP assays showed that PARK7 bound R-HSPA5-
GFP (Figure 3(f,g)). Importantly, the mutation of Nt-Arg to Nt-
Val markedly impaired the interaction between PARK7 and
HSPA5 (Figure 3(f,g)), suggesting that the Nt-arginylation of
HSPAS5 facilitates its interaction with PARK7. These results
suggest that the Nt-Arg of R-HSPA5 is an anchoring ligand in
the formation of the PARK7-R-HSPA5-SQSTM1 complex.

The oxidation of PARK7 facilitates its interaction with
R-HSPA5 and SQSTM1

It is known that PARK7 can be oxidized at Cys46, Cys53,
and/or Cysl06 under oxidative stress, yet its biochemical

and physiological importance remain controversial [49]. To
determine whether the oxidation of PARK?7 is induced by
TNFSF10, we used an antibody specific to Cys106-oxidized
PARK7. Immunoblotting analyses showed that TNFSF10
induced the oxidation of PARK7 at Cysl06 (Figure 4(a)).
The oxidation of PARK7 was abolished when ROS was
chelated using the anti-oxidant NAC (Figure 4(b)) and
facilitated when ROS was excessively generated using tert-
butyl hydroperoxide (tBHP) (Figure 4(c)). These results
suggest that PARK7 is oxidized at Cysl106 by ROS under
oxidative stress. Next, we examined the role of oxidation in
the interaction of PARK7 with R-HSPA5. Co-IP analysis
showed that the mutation of Cysl06 into alanine (Ala)
impaired the interaction of FLAG-PARK7 with R-HSPAS5-
GFP (Figure 4(d)). A similar impairment in the interaction
was observed when Cys46 or Cys53 of PARK7 was
mutated into Ala (Figure 4(d)). Analogous co-IP analyses
showed that PARK7“'%** failed to properly interact with
not only endogenous R-HSPA5 but also endogenous
SQSTM1 (Figure 4(e)). Thus, R-HSPAS5 preferentially
binds the oxidized form of PARK7. Our results collectively
suggest that the 3-way interactions among PARK7,
R-HSPA5, and SQSTMI1 in a complex are synergistically
stabilized by the Nt-arginylation of R-HSPA5 and the
oxidation of PARK?.
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Figure 4. PARK?7 is oxidized by TNFSF10 and the oxidation of PARK7 is required for the interaction of R-HSPA5 and SQSTM1 in HCT116 cells treated with TNFSF10. (a)
HCT116 cells were treated with 10 ng/ml TNFSF10 for 4 h, followed by immunoblotting with specific antibodies for oxidized PARK7 and PARK7. (b) HCT116 cells were
treated with 10 ng/ml TNFSF10 for 4 h or co-treated with 10 ng/ml TNFSF10 and 2.5 mM NAC, followed by immunoblotting with oxidized PARK7 antibody. (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 with

oxidized PARK7 antibody. (d) HCT116 cells were co-transfected with plasmids encoding Ub-R-HSPA5-GFP and one of the following: FLAG-tagged wild-type PARK7 or
its C46A, C53A, and C106A mutants. After 48 h, the cells were treated with 10 ng/ml TNFSF10 for 4 h. Cell lysates were immunoprecipitated with anti-FLAG antibody
followed by immunoblotting with anti-GFP or anti-FLAG antibody. (e) HCT116 cells were transfected with a plasmid encoding FLAG, FLAG-PARK7, or FLAG-

PARK7C'%" After 48 h, cells were treated with 20 ng/ml TNFSF10 for 2 h.
immunoblotted with the indicated antibodies.

PARK7 enhances the autophagic activity of SQSTM1

We determined whether PARK7 enhances the interaction of
R-HSPA5 with SQSTM1 using co-IP analyses in control and
PARK7 knockdown HCT116 cells. The result showed that
PARK7 depletion impaired the binding of R-HSPAS5 to
SQSTMI (Figure 3(c), lanes 4 vs. 3). A similar result was observed
under autophagic inhibition (Figure 3(d), lanes 4 vs. 3). These
results suggest that PARKY7 acts as a cofactor (or co-chaperone)
that facilitates the interaction of R-HSPAS5 with SQSTM1.

Next, we asked whether PARKY facilitates in vivo the autop-
hagic targeting of R-HSPA5 via SQSTM1. Immunostaining ana-
lysis showed that TNFSF10 induced the formation of cytosolic
puncta positive for R-HSPA5 (Figure 5(a)). When autophagy
flux was blocked, R-HSPA5 formed larger punctate structures
with sizes of 0.5-1 pm, most of which colocalized with SQSTM1
puncta. Notably, PARK?7 knockdown strongly inhibited the for-
mation of R-HSPA5 puncta but also their colocalization with
SQSTM1 puncta (Figure 5(b), column 4 vs 3). Whereas approxi-
mately 30% of SQSTM1 puncta were positive for R-HSPA5 in
control cells, such colocalization was almost non-detectable in
PARK?7 knockdown cells (Figure 5(c-e)). Despite these alterna-
tions in SQSTM1 puncta formation, we observed no significant
relevance with the mRNA expression of SQSTMI under
TNEFSF10 treatment (Figure S4). These results suggest that
PARK? facilitates the autophagic targeting of R-HSPA5 in vivo
through its interaction with SQSTM1.

As an autophagic receptor, cargo-loaded SQSTM1 undergoes
self-polymerization to facilitate the condensation of cargoes and
their delivery to phagophores for lysosomal degradation [65-
67]. To determine whether PARK? induces the self-polymeriza-
tion of SQSTMI, we performed aggregation analyses. The
extracts from TNFESF10-treated HCT116 cells were separated
using non-reducing SDS-PAGE, in which disulfide bond-linked

Cell lysates were immunoprecipitated with the anti-FLAG antibody and then

oligomers and aggregates migrate as high molecular weight
species. The result suggested that a subpopulation of SQSTM1
as well as PARK7 existed as high molecular-weight species
(Figure 5(f)). The formation of PARK7 oligomers was similarly
induced by tBHP in a dose-dependent manner (Figure 5(g)).
These oligomeric species accumulated when autophagic flux
was blocked, indicating their lysosomal degradation (Figure 5
(f)). Notably, PARK7 knockdown markedly inhibited the for-
mation of not only PARK?7 oligomers but also SQSTM1 oligo-
mers (Figure 5(f)). These results together suggest that PARK?
facilitates the self-polymerization of SQSTMI.

Our results suggest that PARK7 enables R-HSPA5 to activate
the autophagic activity of SQSTM1 in macroautophagy. However,
as SQSTMI delivers almost all the cargo types, at least in part
independent of R-HSPA5, PARKY is likely to be responsible for a
subset of SQSTM1 functions. We therefore determined to what
degree PARKY loss affects SQSTM1 activities. Although there
were variations, there was a clear tendency that SQSTM1 puncta
were markedly decreased by PARK7 knockdown in HCT116 cells
treated with TNFSF10 (Figure 5(b), columns 4 vs. 3), suggesting
that the PARK7-R-HSPA5 complex enhances the activity of
SQSTML1 in vivo. Consistently, immunostaining analysis with an
antibody specific to LC3-II on autophagic membranes revealed
that PARK7-deficient cells contained a significantly smaller num-
ber of autophagosomes as compared with control cells (Figure 6
(a-c)). Moreover, the rarely found LC3-II signals appeared to be
abnormal and showed a morphology different from that of typical
autophagosomes (Figure 6(c)). Whereas in control cells, the
majority of SQSTM1 puncta colocalized with LC3-II* autophago-
somes, those scarcely found SQSTM1 puncta in PARK7-deficient
typically lacked LC3-II signals (Figure 6(c)). Finally, we also
monitored cargo-loaded autophagosomes in the process of fusion
with lysosomes by staining PLEKHM1 as a marker of
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Figure 5. PARK7 is required for the autophagic targeting of R-HSPA5 and SQSTM1 in HCT116 cells treated with TNFSF10. (a) Cells were treated with 200 nM
bafilomycin A, for 6 h or 10 ng/ml TNFSF10 for 4 h. Alternatively, the cells cultured in the presence of 200 nM bafilomycin A; for 2 h were additionally treated with
10 ng/ml TNFSF10 for 4 h. Immunostaining analysis was performed using antibodies to R-HSPA5 (red) and SQSTM1 (green), followed by confocal microscopy. Scale
bar: 10 pm. (b) HCT116 cells stably expressing scrambled shRNA or shPARK7 were treated with 10 ng/ml TNFSF10 for 4 h or 200 nM bafilomycin A, (Baf) for 2 h and
additionally treated with 10 ng/ml TNFSF10 for 4 h as described in A. (c) Quantification of R-HSPA5 cytosolic puncta in B. Error bars represent the mean + SEM from
each cell (***p < 0.001, n = 50). (d) Quantification of SQSTM1 cytosolic puncta in B. Error bars represent the mean + SEM from each cell (***p < 0.001, n = 50). (e)
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() Cells were treated with 10 ng/ml TNFSF10 for 4 h or 200 nM bafilomycin A; for 6 h. Alternatively, the cells cultured in the presence of 200 nM bafilomycin A; for
2 h were additionally treated with 10 ng/ml TNFSF10 for 4 h. The SQSTM1 and PARK7 oligomerization assay was followed by nonreducing SDS-PAGE and
immunoblotting using antibodies to SQSTM1 and PARK?. (g) Cells were treated with tBHP at the indicated concentration. PARK7 oligomerization assay was followed

by nonreducing SDS-PAGE and immunoblotting using an antibody to PARK7.

autophagosome-lysosome fusion [68,69]. PARK7-deficient cells
contained a significantly reduced number of PLEKHM1 puncta
(Figure 6(d)). These results suggest that PARK?7 loss impairs the
formation of cargo-loaded autophagosomes.

To exclude the possibility that PARK7 loss impairs de
novo phagophore biogenesis, we monitored the level of
LC3 in  control and  PARK7-deficient  cells.
Immunoblotting analysis showed that PARK7 knockdown
did not reduce, but even slightly increased, the synthesis
of LC3-I and its conversion into LC3-II (Figure 6(e)).
Consistently, immunostaining analysis of WIPI2, a mar-
ker of omegasome formation, also showed a comparable,
or even enhanced, formation of WIPI2 punctate signals in
PARK?7-deficient cells (Figure 6(f)). Our results collec-
tively suggest that PARK7 is not required for phagophore
biogenesis but facilitates SQSTM1-dependent delivery of
cargoes to phagophores. It is to be determined whether
the apparent increases of LC3 synthesis and WIPI2
puncta formation are secondary to oxidative stress or

represent the role of PARK7 in the modulation of
autophagy.

PARK7 plays a role in autophagic proteolysis

In autophagic protein quality control, SQSTMI1 is a gen-
eral receptor for ubiquitinated protein cargoes destined
for lysosomal degradation [30]. We therefore examined
the role of PARK7 in autophagic targeting of Ub-conju-
gated proteins. Immunoblotting analysis of TNFSF10-
treated HCT116 cells showed that PARK7 knockdown
cells excessively accumulated Ub-conjugated proteins
(Figure 7(a), lanes 2 vs. 1). Immunostaining analysis con-
firmed that unprocessed Ub conjugates accumulated in
the cytosol of PARK7 knockdown cells (Figure 7(b)). (It
should be noted that the nuclear signals represent Ub-
conjugated histones.) These cytosolic Ub puncta further
accumulated upon autophagic inhibition (Figure 7(b-e)),
indicating their lysosomal degradation. In control cells,
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Figure 6. The autophagic targeting of R-HSPA5 and SQSTM1 is impaired in PARK7-deficient cells. (a) HCT116 cells stably expressing scrambled shRNA or shPARK7
were treated with 200 nM bafilomycin A; (Baf) for 6 h and immunostained for LC3-I (red) or PARK7 (green) LC3-Il-positive autophagic vacuoles were examined using
confocal microscopy. Scale bar: 10 pm. (b) Quantification of the number of LC3-Il 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 shPARK7 were treated with 200 nM bafilomycin A, for 2 h, followed by the treatment with 10 ng/ml
TNFSF10 for 4 h. The cells were immunostained for LC3-I (red) or SQSTM1 (green). Puncta formation and colocalization of LC3-Il and SQSTM1 were examined using
confocal microscopy. Scale bar: 10 pm. (d) HCT116 cells stably expressing scrambled shRNA or shPARK7 were treated with 200 nM bafilomycin A, for 2 h, followed by
treatment with 10 ng/ml TNFSF10 for 4 h. The cells were immunostained for PLEKHM1 (green). Puncta formation of PLEKHM1 was examined using confocal

microscopy. Scale bar: 10 um. (e) HCT116 cells stably expressing scrambled shRNA or shPARK7 were treated with 200 nM bafilomycin A; (Baf) for 6 h and
immunoblotted with the indicated antibodies. (f) HCT116 cells stably expressing scrambled shRNA or shPARK7 were treated with 200 nM bafilomycin A, for 6 h and

immunostained for WIPI2 (red). WIPI2-positive autophagic vacuoles were examined using confocal microscopy. Scale bar: 10 um.

the majority (~ 90%) of cytosolic Ub puncta were in the
process of autophagic targeting as evidenced by colocali-
zation with SQSTM1 (Figure 7(e)) as well as LC3
(Figure 7(f)). In sharp contrast, those excessively accumu-
lated Ub puncta were not properly targeted to autophagic
vacuoles as judged by poor colocalization with SQSTM1
(Figure 7(e), regions i-iii) as well as LC3 (Figure 7(f)).
These results suggest that PARK7 plays a role in the
autophagic protein quality control of ubiquitinated pro-
teins destined for lysosomal degradation.

The transcription factor NFE2L2 induces the expres-
sion of antioxidant genes in response to oxidative stress
[70-72]. In normal conditions, NFE2L2 is physically
retained by the E3 ligase KEAP1. Upon oxidative stress,
KEAP1 is hijacked by SQSTM1 and degraded by lyso-
somes, leading to NFE2L2 dissociation and the transcrip-
tion of its target genes [70-72]. To characterize the role
of PARK7 in regulated SQSTM1-dependent proteolysis of
normally folded proteins, we monitored the autophagic
targeting of KEAP1. Immunostaining colocalization ana-
lysis showed that TNFSF10 induced the targeting of
KEAP1 to SQSTMI1™ autophagic vacuoles (Figure 8(a)).
Notably, PARK7 knockdown markedly impaired the for-
mation of KEAP1* SQSTMI1" puncta (Figure 8(a)) with-
out a marked difference in the steady-state level as
determined by immunoblotting analysis (Figure 8(b)). A
similar result, i.e., the failure to form KEAP1* SQSTM1*
puncta was obtained when PARK7 knockdown cells were

treated with tBHP (Figure 8(c)). These results further
support the conclusion that PARK7 plays a role in
SQSTMI1-dependent autophagic proteolysis.

Discussion

Selective macroautophagy is a cellular defense system that
mediates the degradation of cytotoxic materials in response
to various stresses. Autophagic cargoes are collected by spe-
cific receptors such as SQSTM1 and delivered to the phago-
phore for lysosomal degradation. An outstanding question in
selective macroautophagy is how cells sense different types of
stresses and induce autophagy in a timely manner and only
when necessary.

In this study, we find that a poorly characterized peroxire-
doxin-like protein, PARK?7, plays an unexpected role, i.e., the
modulation of selective macroautophagy under oxidative stress
and other cytotoxicity caused by TNFSF10 (see Figure 9). We
show that upon TNFSF10 treatment, the ER-resident molecular
chaperone HSPAS5 was Nt-arginylated, leading to the cytosolic
accumulation of its arginylated form, R-HSPAS5 (Figure 2(e,f)).
PARK? bound cytosolic R-HSPA5 and facilitated the targeting
of R-HSPA5 to the phagophore (Figures 2(b,c) and 3). As
R-HSPAS5 is a HSPA family member whose known functions
include the recognition and binding of misfolded proteins and
their aggregates, we suggest that PARK7 is required for the
delivery of R-HSPA5-cargo complexes to phagophores as part
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Figure 7. PARK7 is required for the removal of Ub conjugates in HCT116 cells treated with TNFSF10. (a) HCT116 cells stably expressing scrambled shRNA or shPARK7
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Figure 9. Hypothetical model for the role of PARK7 in autophagic protein quality control. In this model, TNFSF10 causes mitochondrial misregulation and oxidative
stress associated with the excessive generation of ROS. This causes the formation of cytosolic misfolded proteins that are tagged with Ub but cannot be degraded by
the UPS (step 1). In response to the proteotoxicity, cells induce autophagic protein quality control, which involves the Nt-arginylation of the ER-resident HSPA5 (step
2). In parallel, PARK? is oxidized (step 3). The resulting PARK7 binds R-HSPA5 as its cofactor/co-chaperone that facilitates the ability of association with binding Ub-
tagged misfolded protein clients (step 4) and enhances the ability of R-HSPA5 to activate SQSTM1 (step 5). Our earlier work [30] has shown that the Nt-Arg of R-
HSPA5 binds the ZZ domain of SQSTM1 and allosterically activates the conformation of SQSTM1, exposing PB1 and LIR domains of SQSTM1 (step 6). This enables
PB1-mediated self-aggregation of SQSTM1 along with R-HSPA5 and Ub-conjugated misfolded cargoes (step 7) and LIR-mediated interaction with LC3 (step 8),
facilitating the autophagic removal of cytotoxic misfolded proteins and their aggregates. In this R-HSPA5-SQSTM1 circuit, PARK7 acts as a cofactor/co-chaperone of R-
HSPA5 to modulate SQSTM1-dependent macroautophagy under TNFSF10-induced stresses and possibly other types of stress as well.

of protein quality control (Figure 9). This possibility agrees with
our recent finding that R-HSPAS5 plays a role in the autophagic
removal of misfolded proteins under proteasomal inhibition
[30]. Given that the chaperone functions of HSPA proteins are
typically modulated by co-chaperones and other modulators, the
modulators of cytosolic R-HSPA5 remain unknown. We pro-
pose that PARK?7 is one such modulator that regulates autopha-
gic targeting and other functions of R-HSPA5 and facilitates the
autophagic targeting of misfolded or damaged proteins exces-
sively generated under TNFSF10-induced stress conditions
(Figure 9).

Although the functions of SQSTMI1 as an autophagic
receptor have been extensively characterized, little is known
about how SQSTMI is activated when autophagic cargoes
accumulate in the cell beyond the normal capacity of the
UPS [73,74]. We recently showed that the Nt-Arg residue of
cytosolic R-HSPAS5 binds the ZZ domain of SQSTM1 and
allosterically induces a conformational change of SQSTM1,
facilitating the self-oligomerization of SQSTMI1. In the cur-
rent study, we showed that PARK7 interacted with SQSTM1,
possibly indirectly through R-HSPAS5 (Figure 3). Given the
demonstrated function of R-HSPAS5 to activate SQSTM1, one
would speculate that the PARK7-R-HSPA5 complex functions
as an activator of SQSTM1. Consistently, our immunostaining
data showed that the formation of SQSTMI cytosolic puncta,
as an indicator of its autophagic targeting, was significantly
reduced in the absence of PARK7 (Figure 5(b-e)). Not sur-
prisingly, the effect of PARK7 loss in the functions of
SQSTM1 is significant but somewhat limited, suggesting that
there are other ways to activate SQSTMI. Indeed, recent
studies have shown that SQSTM1 can be activated through
the phosphorylation of its S349 [75] or S409 residues in
response to the accumulation of misfolded proteins and
their aggregates [73].

In protein quality control, soluble misfolded proteins are
ubiquitinated and degraded by the UPS [14]. However, if

ubiquitinated substrates excessively accumulate under stress,
autophagy is activated as an alternative proteolytic system. It
is therefore reasonable to speculate that PARK7 activates the
R-HSPAS5-SQSTMI circuit, contributing to the removal of
ubiquitin-conjugated misfolded proteins. Given that the oxi-
dized form of PARK?7 preferentially interacts with R-HSPA5
(Figure 4(d,e)), the oxidation of PARK7 may be one means to
sense oxidative stress in protein quality control. Indeed, we
found that PARKY loss led to the accumulation of ubiquitin-
conjugates (Figure 7(a-f)). It remains to be determined which
step of proteolysis is facilitated by PARK7.

TNEFSF10 is an anticancer agent that kills cancer cells
through cell surface-associated proapoptotic receptors
[76,77] and mitochondrial dysfunction [78,79]. A few isolated
studies also reported that mitochondrial dysfunction corre-
lates with oxidative stress as well as the transcriptional induc-
tion of ER stress proteins [80]. In this study, we confirmed
and extended these results in HCT116 cells by finding that
TNEFSF10 caused oxidative stress in HCT116 cells, which
correlated with its Nt-arginylation and the cytosolic relocali-
zation of the ER lumenal chaperone HSPA5 (Figure 2(f)).
Notably, it is known that PARK7 plays a protective role in
all of these stresses caused by TNFSF10, such as apoptosis
[81], but a remaining question to be addressed is whether all
these protective activities represent the primary functions of
PARK? or secondary effects. It also should be determined to
what degree the interaction of PARK7 with R-HSPA5 con-
tributes to the protective activities of PARK?7.

PARK? has been implicated as an atypical peroxiredoxin-
like peroxidase whose oxidization contributes to anti-oxida-
tive responses to mitochondrial ROS [45,47,82]. Extensive
studies have shown that PARK7 is involved in many key
cellular processes, including cell proliferation, differentiation,
transcriptional regulation, oxidative stress protection, and
mitochondrial  function  maintenance [33-36,57,83].
Deregulation of PARK7 has been implicated in the
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pathogenesis of many human diseases such as Parkinson dis-
ease, amyotrophic lateral sclerosis, infertility, and cancer
[36,37,44]. To date, the molecular mechanisms underlying
these functions of PARK?7 still remain unclear. In this study,
we revealed that the PARK7-R-HSPA5-SQSTMI1 circuit plays
a role in a seemingly unrelated process, i.e., the modulation of
selective autophagy, a major cellular defense system that
removes cytotoxic materials such as misfolded proteins and
damaged mitochondria. For example, as manifested by its
name, the mutation of PARK7 has been linked to Parkinson
disease [44]. We suggest that these functions of PARK7 in
physiological and pathological processes should be reevalu-
ated with regard to its essential role in the modulation of
selective autophagy.

The N-end rule pathway has been characterized as a pro-
teolytic system that mediates selective degradation of short-
lived regulatory proteins in normal conditions. In this
mechanism, N-recognins recognize and directly bind
N-degrons such as Nt-Arg and promote ubiquitination and
proteasomal degradation. We recently found that a set of ER-
resident proteins are Nt-arginylated under proteasomal inhi-
bition and that the Nt-Arg of R-HSPA5 (and possibly other
ER-resident proteins) can induce proteolysis via SQSTM1-
dependent proteolysis. This N-end rule pathway now has
PARK7 as a cofactor that modulates the activity of
R-HSPAS5 as well as SQSTM1. Given that SQSTM1 directly
binds Nt-Arg, this substrate receptor can be defined as an
autophagic N-recognin. How N-degrons modulate biological
processes in response to various cellular stresses remains to be
further investigated.

Materials and methods
Cell culture

park7”'~ and corresponding wild-type mouse embryonic fibro-
blast (MEF) cell lines were provided by Dr. Mark R. Cookson
(NIH, Washington DC, USA). MEFs were maintained in
Dulbecco’s modified Eagle’s medium with the addition of
55 uM p-mercaptoethanol (Thermo Fisher Scientific,
21,985,023). Human colon cancer HCT116 cells (Korea Cell
Line Bank, 10,247) and human cervical cancer Hela cells
(ATCC® CCL-2™) were cultured in McCoy’s 5A medium
(Thermo Fisher Scientific, 1,600,082) and Dulbecco’s modified
Eagle’s minimum essential medium (Thermo Fisher Scientific,
11,965,092), respectively. The media contained 10% fetal
bovine serum (Thermo fisher scientific, SH3007003,), 1 mM
L-glutamine, and 26 mM sodium bicarbonate. The dishes con-
taining cells were kept in a 37°C humidified incubator with
5% COs,.

Antibodies and reagents

The following primary antibodies were used: anti-PARK7
(Abcam, ab76008; Cell Signaling Technology, 5933; Santa
Cruz Biotechnology, sc-55,572); anti-MAP1LC3A/B (MBL,
M152-3; Sigma, L7543); anti-SQSTM1 (Abcam, ab56416,
ab91526; Santa Cruz Biotechnology, sc-25,575); anti-HSPA5
(Abcam, ab21685; Cell Signaling Technology, 3183); anti-

WIPI2 (Abcam abl105459); anti-FK2 (Enzo Life Sciences,
BML-PW8810); anti-GFP (Cell Signaling Technology, 2555);
anti-FLAG (Cell Signaling Technology, 2368; Sigma, F1804);
anti-HA (Cell Signaling Technology, 2367); anti-VDAC (Cell
Signaling Technology, 4866); anti-CANX (Cell Signaling
Technology, 2433); anti-PARP1 (Cell Signaling Technology,
9542); anti-ACTB (MP Biomedicals, 0869100; Sigma, A1978).
The following secondary antibodies were used in immuno-
blotting and immunostaining: anti-mouse-IgG-HRP (Santa
Cruz Biotechnology, sc-2005); anti-rabbit-IgG-HRP (Santa
Cruz Biotechnology, sc-2004); goat anti-rabbit or mouse IgG
with Alexa Fluor-conjugated secondary antibodies (Thermo
Fisher Scientific, A-11,034, A-21,429, A-11,029, A-21,424)
The autophagy inhibitor bafilomycin A; was purchased from
Sigma (B1793). For production of human TNFSF10, a human
TNFSF10 ¢cDNA fragment (amino acids 114-281) obtained by
RT-PCR was cloned into a pET-23d (Novagen, 69,748-3CN)
plasmid, and His-tagged TNFSF10 protein was purified using
the Qiagen express protein purification system (Qiagen,
30,210).

Production of anti-R-HSPA5 antibody

Rabbit polyclonal R-HSPAS5 antibody specific for the arginy-
lated form of HSPA5 was raised using the peptide sequence
REEEDKKEDVGC corresponding to the N-terminal sequence
of the arginylated mature protein through a custom service at
AbFrontier Inc. as previously described [30]. R-HSPA5 anti-
body is now commercially available at AbFrontier Inc. (AR05-
PA0001) and EMD Millipore (ABS2103).

Plasmids, cloning, and mutagenesis

HSPAS tagged with HA, PARK?Y tagged with GFP, and PARK7
tagged with GST were cloned. HSPAS5 tagged with HA was
cloned in pCMV-HA (Sigma, OGS3215), PARK? tagged with
GFP was cloned in pEGFP-N1 (Clontech, 6085-1), and PARK7
tagged with GST was cloned in pGEX (GE Healthcare Life
Sciences, 28,954,549). Mutagenesis of PARK7 on the cysteine
sites was performed using the QuikChange II XL mutagenesis kit
(Agilent Technologies, 200,522). The primers used for mutagen-
esis on human PARK? of the 3 cysteine residues in position 46,
53, and 106 were the following: for the mutation of alanine in
position 46: 5- GAAAAGACCCAGTACAGgcTAGCCGT
GATGTGGTC-3' (the mutated nucleotide is lower case); for
the mutation of alanine in position 53: 5- CCGTGATGT
GGTCATTgcTCCTGATGCCAGCCTTG-3"  (the mutated
nucleotide is in lower case); for the mutation of alanine in
position 106: 5- CCTGATAGCCGCCATCgcTGCAGGTCCT
ACTGCTC-3' (the mutated nucleotide is lower case).

Stable transfection and generation of stable cell lines

PARK? expression plasmids (p3x FLAG-PARK7) were kindly
provided by Dr. Guanghui Wang (University of Science and
Technology of China). HCT116 cells were transfected with
p3x FLAG-PARK7or p3x FLAG-CMV10 mock vector (Sigma,
E7658) using Lipofectamine 2000 reagent according to the
manufacturer’s  protocol (Thermo  Fisher  Scientific,



11668019). Cells were selected with 1 mg/ml G418 (Merck
Millipore, 345810) for 2 weeks, and 5 clones were pooled and
then maintained in complete medium containing 500 pg/ml
G418. Stable PARK7 knockdown and scramble control cells
were produced by transducing HCT116 cells with lentivirus
encoding shRNA against PARK7 (Santa Cruz Biotechnology,
sc-37080-V) and nonspecific sShRNA, respectively (Santa Cruz
Biotechnology, sc-108080). Transduced cells were selected
with 5 pg/ml puromycin (Merck Millipore, 540411) and
maintained in complete media.

PARK7 complex purification and mass spectrometry
analysis

A detailed TAP procedure has been described previously [63].
Briefly, FLAG-tagged PARK7 was cloned into p3x FLAG-
CMV10 vector. HCT116 cells were used to generate a stable
cell line with p3x FLAG-PARK?7 expression. A p3x FLAG
stable HCT116 cell line was also generated as a control.
FLAG-PARK?7 and the protein complexes were sequentially
immunoprecipitated with anti-FLAG M2 monoclonal anti-
body (mAb)-conjugated agarose beads (Sigma, A4596). A
small portion of FLAG-affinity-purified materials was sepa-
rated using 12% SDS-PAGE and was silver stained. In-gel
digestion using trypsin (Promega, V5280) was performed
manually as described by Shevchenko [84]. The digested tryp-
tic peptides were desalted using a Ziptip Cyg (Sigma,
7720046). Peptides were eluted from the Ziptip with 0.5 pL
of matrix solution (a-cyano-4-hydroxycinnamic acid 5 mg/
mL in 50% acetonitrile, 0.1% trifluoroacetic acid, 25 mM
ammonium bicarbonate) and spotted on a MALDI plate.
MALDI-TOF mass spectra were acquired in reflectron posi-
tive ion mode, averaging 4000 laser shots per spectrum. LC-
MS/MS analysis was performed on an LTQ mass spectrometer
(Thermo Fisher Scientific) equipped with a nanoelectrospray
source (New Objective,) in the Mass Spectrometry Facility of
the University of Pittsburgh. The Scaffold Viewer (Proteome
Software) database search engine was used to match tandem
mass spectra to the identified peptide sequences.

Subcellular fractionation

A detailed subcellular fractionation procedure is described in
a previous study [85]. Cells (10%) were harvested, washed by
centrifugation at 500xg for 5min with phosphate-buffered
saline (PBS: 1.55 mM KH,PO, 155 mM NaCl, 2.7 mM
Na,HPO,-7H,0, pH 7.4; supplemented with 2mM Na;VO,,
2mM NaF when preservation of protein phosphorylation
states was required), resuspended in homogenization buffer
(225 mM mannitol [Sigma, M4125], 75 mM sucrose [Sigma,
S0389], 30 mM Tris-HCl, pH 7.4, 0.1 mM EGTA, 0.1 mM
PMSF), and gently disrupted by Dounce homogenization
(Glass/Teflon Potter Elvehjem homogenizers, and 30 strokes).
The homogenate was 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 pellet crude mito-
chondria. The resultant supernatant was centrifuged at 20,000
xg for 30 min at 4°C. The pellet consisted of lysosomal and
plasma membrane fractions. Further centrifugation of the
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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). The crude mito-
chondrial fraction, resuspended in isolation buffer (250 mM
mannitol, 5mM HEPES, pH 7.4, 0.5 mM EGTA), was sub-
jected to Percoll gradient centrifugation (Percoll medium: 225
mM mannitol, 25 mM HEPES, pH 7.4, 1 mM EGTA, 30% vol:
vol Percoll [Sigma, P1644]) in a 10-ml polycarbonate ultra-
centrifuge tube. After centrifugation at 95,000 xg for 30 min
(SW40 rotor, Beckman), 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 med-
ium. When preservation of protein phosphorylation states was
required, immediately after the recovery, 2 mM Na;VO, and
2mM NaF were added to each fraction.

Co-immunoprecipitation

Co-immunoprecipitation was carried out using protein
G-coated sepharose beads (GE Healthcare, 28,944,008)
following the manufacturer’s instructions. For whole-cell
extracts, cells were lysed in buffer containing 30 mM Tris-
HCl (Duchefa Biochemie, T1501), pH 7.4, 50 mM NaCl
(Duchefa Biochemie, S0520), 1% NP-40 (Sigma, 74,385)
and cleared by centrifugation. Protein extractions in the
ER fraction were carried out by adding 50 mM NacCl, 1%
NP-40 to the homogenization buffer. All the buffers were
supplemented with protease and phosphatase inhibitors
(2mM NazVO, [Sigma, S6508], 2mM NaF [Sigma,
§7920], 1mM PMSF [Sigma, P7626], protease inhibitor
cocktail [Sigma, P8340]). Extracted proteins (1000 ug)
were first precleared by incubating lysates with sepharose
beads for 1h 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 4h at 4°C. Afterwards, beads were washed with 50
mM Tris-HCl, 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 wes-
tern blotting technique.

Immunostaining assay

Cells were washed with PBS twice, fixed in 4% paraformalde-
hyde at room temperature for 15 min, incubated in blocking
solution (0.5% BSA [Sigma, A7906] or 5% goat serum
[Abcam, ab7481] in PBS), and followed by incubation with
primary antibodies or 200 nM MitoTracker® Green (Thermo
Fisher Scientific, M7514). Subsequently, goat anti-rabbit or
mouse IgG with Alexa Fluor-conjugated secondary antibodies
(Thermo Fisher Scientific) were used. Images were acquired
using a 488-nm argon-ion laser and a 555-nm argon-ion laser.
For confocal microscopy, a LSM700 laser scanning confocal
microscope (Zeiss, Seoul, Korea) was used and processed
using ZEN 2012 (Version 1.1.13064.302) under a 63X water
immersion objective.
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Detection of ROS generation

ROS generation was evaluated using MitoSOX™ Red reagent
(Thermo Fisher Scientific, M36008) and CM-H,-DCFDA
(Thermo Fisher Scientific, C369), which permeate live cells
where they selectively target mitochondrial and cytosolic ROS,
respectively, following the manufacturer’s protocol. Cells were
placed in Lab-Tek chambered cover glass (Sigma, Z734853)
filled with normal medium. For colocalization studies of
mitochondria and ROS, cells were loaded with MitoSOX™
Red (5 pM) and MitoTracker® Green (0.2 pM; Thermo
Fisher Scientific, M7514). Cells were loaded with MitoSOX™
Red at 5 uM for 30 min at 37°C, and then treated with
TNFSF10 for 1h at 37°C. Using a flow cytometer,
MitoSOX™ Red was excited at 488 nm and fluorescence emis-
sion at 575 nm was measured. Relative fluorescence intensity
was used as a measurement of mitochondrial superoxide
production. For cytosolic ROS measurement, 7 pM of CM-
H,-DCFDA was used for 30 min at 37°C with pre-treatment
of TNFSF10 for 4 h at 37°C.

Western blotting

Western blotting was carried out as previously described [86].
Cells were lysed with Laemmli lysis buffer (Bio-Rad,
1,610,747) and boiled for 7 min. Protein content was mea-
sured with BCA Protein Assay Reagent (Thermo Fisher
Scientific, 23,225), separated by SDS-PAGE, and electrophor-
etically  transferred  to  nitrocellulose = membrane.
Immunoreactive proteins were visualized by using the chemi-
luminescence protocol (ECL; Amersham, RPN2232).

GST dffinity isolation assay

The plasmids pGEX and pGEX-GST-PARK7 were trans-
formed into E. coli DH5a to express GST and GST-PARK7
proteins, respectively. Glutathione agarose resin (Pierce™ GST
Protein Interaction Pull-Down Kit; Thermo Fisher Scientific,
21,516) balanced with equilibrium buffer was utilized to cap-
ture the proteins into complexes according to the manufac-
turers’ direction. Then, the complexes were incubated with
lysate of HCT116 cells overexpressing FLAG or FLAG-
PARK?7 treated with 5 ng/ml of TNFESF10 (4 h at 4°C) for
2 h. After that, elution buffer was used to separate the com-
bined proteins and the eluted proteins were analyzed using
western blot.

JC-1 mitochondrial membrane potential assay

After human TNFSF10 treatment, cells were stained using a
JC-1 Mitochondrial Membrane Potential Detection Kit
(Thermo Fisher Scientific, M34152) for 10 min and analyzed
using flow cytometry. Fluorescence intensity was measured
with the FACScan flow cytometer (Beckman Coulter,
Pittsburgh, PA, USA), and the resulting data were analyzed
using Flowjo software.

Survival assay

MTT assays were carried out using the Promega CellTiter 96
AQueous One Solution Cell Proliferation Assay (Promega,
G3582). Cells were grown in tissue 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.

RT-PCR analysis

Total RNA was isolated from untreated or TNFSF10-treated cells
using the RNAeasy Kit (Qiagen, 74,104) according to the manu-
facturer’s protocol. Total RNA (2 pg) was used to generate com-
plementary DNA using SuperScript III reverse transcriptase
(Thermo Fisher Scientific, 18,090,010). All PCR reactions were
performed in triplicate, and PCR products were subjected to a
melting curve analysis. The expression of SQSTMI was detected by
TaqMan® Gene Expression Assays 20 (Thermo Fisher Scientific,
Hs01061917_gl) according to the manufacturer’s protocol.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism6
software (GraphPad Software, Inc., version 6.07). 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.

Abbreviations

Ala alanine

ATEL arginyltransferase 1

Baf bafilomycin A;

Cys cysteine

EGFP enhanced green fluorescent protein

EIF4B eukaryotic translation initiation factor 4B, ER,
endoplasmic reticulum

FACS fluorescence-activated cell sorting

FLAG-PARK7? FLAG-tagged PARK?

HA hemagglutinin

HA-HSPA5 HA-tagged HSPA5

HSPA1A/HSP70 heat shock protein family A (Hsp70) member 1A

HSPAS5/BiP/GRP78 heat shock protein family A (Hsp70) member 5

HSPA8/HSC70 heat shock protein family A (Hsp70) member 8

HSP90AA1/HSP90  heat shock protein 90 alpha family class A member 1

LC-MS/MS liquid chromatography-tandem mass spectrometry

MAPILC3B microtubule associated protein 1 light chain 3 beta

MEF mouse embryonic fibroblast

MTT 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazo-
lium bromide

NAC N-acetylcysteine

PARK7 Parkinson associated deglycase

PBS phosphate-buffered saline solution

PMSF phenylmethane sulfonyl fluoride or phenylmethyl-
sulfonyl fluoride

PRDX6 peroxiredoxin 6

RACK1 receptor for activated C kinase 1

R-HSPA5 arginylated HSPA5

ROS reactive oxygen species

RPS3 ribosomal protein S3

SDS-PAGE sodium  dodecyl sulfate-polyacrylamide  gel
electrophoresis

ShRNA small hairpin RNA



SQSTM1 sequestosome 1

STUB1/CHIP STIP1 homology and U-box containing protein 1

TAP tandem affinity purification;

Tbhp tert-butyl hydroperoxide

TNFSF10/TRAIL tumor necrosis factor (ligand) superfamily, mem-
ber 10

TRIM21 tripartite motif containing 21

Ub ubiquitin

WIPI2 WD repeat domain, phosphoinositide interacting 2

YWHAZ tyrosine 3-monooxygenase/tryptophan 5-monoox-
ygenase activation protein zeta.
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