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ABSTRACT

In the N-degron pathway, N-recognins recognize cognate substrates for degradation via the ubiquitin
(Ub)-proteasome system (UPS) or the autophagy-lysosome system (hereafter autophagy). We have
recently shown that the autophagy receptor SQSTM1/p62 (sequestosome 1) is an N-recognin that
binds the N-terminal arginine (Nt-Arg) as an N-degron to modulate autophagic proteolysis. Here, we
show that the N-degron pathway mediates pexophagy, in which damaged peroxisomal fragments
are degraded by autophagy under normal and oxidative stress conditions. This degradative process
initiates when the Nt-Cys of ACAD10 (acyl-CoA dehydrogenase family, member 10), a receptor in
pexophagy, is oxidized into Cys sulfinic (Cys®?) or sulfonic acid (Cys®®) by ADO (2-aminoethanethiol
(cysteamine) dioxygenase). Under oxidative stress, the Nt-Cys of ACAD10 is chemically oxidized by
reactive oxygen species (ROS). The oxidized Nt-Cys2 is arginylated by ATET-encoded R-transferases,
generating the RC°* N-degron. RC°*-ACAD10 marks the site of pexophagy via the interaction with
PEX5 and binds the ZZ domain of SQSTM1/p62, recruiting LC3*-autophagic membranes. In mice,
knockout of either Atel responsible for Nt-arginylation or Sqstm1/p62 leads to increased levels of
peroxisomes. In the cells from patients with peroxisome biogenesis disorders (PBDs), characterized by
peroxisomal loss due to uncontrolled pexophagy, inhibition of either ATE1 or SQSTM1/p62 was
sufficient to recover the level of peroxisomes. Our results demonstrate that the Cys-N-degron path-
way generates an N-degron that regulates the removal of damaged peroxisomal membranes along
with their contents. We suggest that tannic acid, a commercially available drug on the market, has
a potential to treat PBDs through its activity to inhibit ATE1 R-transferases.

Abbreviations: ACAA1, acetyl-Coenzyme A acyltransferase 1; ACAD, acyl-Coenzyme A dehydrogen-
ase; ADO, 2-aminoethanethiol (cysteamine) dioxygenase; ATE1, arginyltransferase 1; CDO1, cysteine
dioxygenase type 1; ER, endoplasmic reticulum; LIR, LC3-interacting region; MOXD1, monooxygenase,
DBH-like 1; NAC, N-acetyl-cysteine; Nt-Arg, N-terminal arginine; Nt-Cys, N-terminal cysteine; PB1, Phox
and Bem1p; PBD, peroxisome biogenesis disorder; PCO, plant cysteine oxidase; PDI, protein disulfide
isomerase; PTS, peroxisomal targeting signal; R-COX, Nt-Arg-CysOX; RNS, reactive nitrogen species;
ROS, reactive oxygen species; SNP, sodium nitroprusside; UBA, ubiquitin-associated; UPS, ubiquitin-
proteasome system.

ARTICLE HISTORY
Received 24 January 2022
Revised 15 September 2022
Accepted 15 September 2022

KEYWORDS

Acyl-CoA dehydrogenase
family, member 10;
N-degron pathway;
oxidative stress; peroxisome;
peroxisomal biogenesis
disorders; pexophagy

Introduction need to be degraded. The N-degron pathway is a degradative

Proteins and subcellular organelles such as the mitochondrion,
endoplasmic reticulum (ER), and peroxisome are subject to
constitutive and stress-induced degradation to maintain cellu-
lar homeostasis or in response to various stresses [1-3]. These
degradative processes are mainly mediated by the UPS and
autophagy [3-6]. One central question in the UPS and auto-
phagy is how these substrates are selectively tagged with degra-
dation signals (degrons) only when and where the substrates

system in which single N-terminal residues of proteins act as
a class of degrons, called N-degrons. In mammals, N-degrons
include Arg, Lys, His (type 1), Phe, Tyr, Trp, Leu, and Ile
(type 2) exposed at the N-termini [7]. In the UPS, these degrons
are recognized by the UBR box of N-recognins such as UBRI,
UBR2, UBR4, and UBRS5, which mediate substrate ubiquitina-
tion and proteasomal degradation. Among these, Nt-Arg can
be generated through deamidation of Nt-Asn and Nt-Gln by
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NTANI1 NTAQ1
(N-terminal glutamine amidase 1), respectively [8,9]. The

(N-terminal asparagine amidase) or

resulting Asp and Glu are conjugated with the amino acid
L-Arg by ATEI-encoded R-transferases [10], generating Nt-
Arg (R-degron). Substrates of the UPS-coupled N-degron path-
way include short-lived regulators and soluble misfolded pro-
teins in the cytosol and nucleus [11].

We have recently shown that the N-degron pathway med-
iates autophagic proteolysis, in which N-degrons are recog-
nized by the N-recognin SQSTM1/p62 (sequestosome 1) to
target substrates to autophagy, leading to lysosomal degrada-
tion [12]. Autophagic substrates carrying N-degrons include
ER-residing molecular chaperones such as HSPA5/GRP78/
BiP, PDI (protein disulfide isomerase), CALR (calreticulin),
HSP90B1/GRP94, and DNAJC10/ERd]5 [12]. These proteins
acquire pro-N-degrons when their signal peptides are cotran-
slationally cleaved off by the signal peptidase complex during
translocation into the ER lumen. When cells are challenged by
stresses, these ER chaperones may be retrotranslocated into
the cytosol, during or after which their pro-N-degron are Nt-
arginylated by ATE1 (arginyltransferase 1). The resulting Nt-
Arg residues of arginylated proteins bind the ZZ domain of
SQSTM1, which induces conformational changes [13], expos-
ing the Phox and Bemlp (PB1) domain that facilitates self-
polymerization of SQSTM1 along with cargoes and the LC3-
interacting region (LIR) domain that mediates SQSTM1 inter-
action with LC3 on autophagic membranes [12-14]. This dual
mechanism mediates timely clearance of misfolded proteins
and their aggregates [12-14].

The role of N-terminal cysteine (Nt-Cys) in proteolysis
remains largely unclear. Whereas Nt-Cys is stabilized in
S. cerevisiae [15,16], the Nt-Cys in mammalian cells can
induce proteolysis through the UPS-coupled N-degron path-
way [10]. The substrates include RGS4, RGS5, and RGS16
whose metabolic stability is modulated by oxygen (O,) avail-
ability through oxidation and arginylation of the Nt-Cys2
[17]. In normoxia, their Nt-Met is cotranslationally cleaved
off by Met aminopeptidases, exposing Nt-Cys2, which in turn
is oxidized by ADO (2-aminoethanethiol (cysteamine) dioxy-
genase) [17,18]. The resulting Cys sulfinic (Cys°?) or sulfonic
acid (Cys®®) is arginylated by ATEI to generate the Nt-Arg
degron that can be recognized by UBR box-containing
N-recognins, leading to ubiquitination and proteasomal
degradation [17,19]. The oxidation and arginylation of Nt-
Cys functions as a dual sensor for acute and chronic hypoxia
as well as oxidative stress [20]. It has been also shown that
a number of plant proteins carrying the Met-Cys are degraded
through oxidation and arginylation of Nt-Cys in a manner
depending on oxygen availability [21-23]. The Nt-Cys2 of
these substrates are oxidized into Cys®? by either of plant
cysteine oxidases (PCOs), HUP29/PCO1 and HUP43/PCO2
[24,25]. The resulting Cys02 is arginylated by ATEl and
ubiquitinated by the N-recognin PROTEOLYSIS6/PRT6 for
proteasomal degradation [26,27]. Through a series of
N-terminal modifications, these substrates are normally
degraded but are metabolically stabilized under low oxygen
conditions such as submergence and long-term cold exposure
[21-23,28].
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The peroxisome is a single lipid bilayer membrane struc-
ture that contains more than 50 hydrolytic enzymes [29].
These enzymes participate in various processes such as the
formation of ether glycerolipid, bile acid, and cholesterol and
the catabolism of purines and amino acids [30]. In addition,
oxidases regulate B-oxidation of fatty acid, which produces
reactive oxygen species (ROS) and reactive nitrogen species
(RNS) [31]. These ROS and RNS are detoxified into water and
O, by antioxidant enzymes such as peroxisomal catalases [31].
In rat liver, peroxisomes produce about 35% of all H,0,
accounting for about 20% of total O, consumption [32]. In
plants, photorespiratory glycolate oxidase of peroxisomes gen-
erates about 50-fold higher level of H,0, than mitochondria
[33,34]. Besides peroxisomes, mitochondria generate ROS and
RNS from the electron transport chain [35]. While producing
and detoxifying ROS and RNS, both peroxisomes and mito-
chondria are prone to damage, necessitating their timely turn-
over via autophagy.

The number and size of peroxisomes are diverse depending
on cell types and external environments and regulated by
their fusion/fission, proliferation, and turnover [36,37].
Peroxisomal turnover involves pexophagy, which is triggered
by oxidative stress, starvation, hypoxia, or peroxisomal dys-
function [38-40]. Studies showed that the peroxisomal pro-
tein PEX5 functions as a receptor during pexophagy. PEX5
transfers cargo proteins, such as catalases and other major
antioxidant enzymes, to peroxisomes by recognizing the per-
oxisomal targeting signal (PTS) 1, a tripeptide sequence at the
C-terminus [41].

During pexophagy, PEX5 is monoubiquitinated by the
PEX10-PEX12 E3 complex in mammalian cells [42, [43]],
which generates a molecular beacon to recruit the autophagic
receptor NBR1 [44]. NBRI in complex with monoubiquiti-
nated PEX5 recruits LC3 on autophagic membranes to initiate
autophagic targeting and lysosomal degradation of peroxiso-
mal membranes and their contents [45]. A recent study also
showed that HSPA9 regulates pexophagy through SQSTM1-
dependent macroautophagy [46].

The ACAD (acyl-Coenzyme A dehydrogenase) family con-
tains mitochondrial enzymes involved in B-oxidation of fatty
acids and catabolism of amino acids [47]. The deficiency of
ACADs can cause various metabolic disorders including mus-
cle fatigue, hypoglycemia, and hepatic lipidosis [48,49]. The
human genome encodes 11 ACAD members with different
substrate specificities [47]. ACADI10 is the longest member
containing hydrolase, kinase, and ACAD domains and loca-
lized in both mitochondria and peroxisomes [50-52]. The
abnormalities in ACADI0 correlates to type 2 diabetes as
shown by single nucleotide polymorphism analysis [53] and
in ACAD10-deficient mice [50]. Metformin, a drug for type 2
diabetes, enhances the transcription of ACADI0 [54].

Autophagy can be divided into several subtypes including
microautophagy, chaperone-mediated autophagy (CMA), and
macroautophagy depending on the mechanism by which car-
goes are delivered to the lysosome [55]. Among these, targeted
degradation of misfolded proteins and their aggregates is
mainly mediated by macroautophagy. In macroautophagy,
cargoes are segregated by phagophores that mature into auto-
phagosomes, which in turn are fused with lysosomes [56].
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Autophagic substrates are collected by specific receptors such
as SQSTM1, NBR1, OPTN, CALCOCO2/NDP52, and BNIP3
L/NIX [57], among which SQSTMI1 plays a major role.
SQSTMI contains a UBA (ubiquitin-associated) domain that
recognizes Ub chains assembled on protein cargoes and the
PB1 domain that facilitates self-polymerization to form cargo-
SQSTM1 complexes [58]. Cargo-loaded SQSTM1 complexes
are delivered to autophagic vacuoles through SQSTMI1 inter-
action with LC3 or GABARAP on autophagic membranes
[56]. In addition to protein cargoes, macroautophagy facil-
itates the removal of various subcellular organelles such as
mitochondria, peroxisomes, and the ER [59]. Organellophagy
typically initiates when autophagic receptors link polyubiqui-
tinated transmembrane receptors to LC3 on autophagic mem-
branes [3,59,60]. Alternatively, LC3 on autophagic
membranes may be directly recruited to LIR domains of
membrane-associated receptors [59,60]

In this study, we show that the RC®® motif of ACADI0
acts as a key determinant in pexophagy. In this N-degron
pathway, the Nt-Cys2 of ACADI10 is oxidized by ADO or
ROS and arginylated to generate the RC®® motif, which in
turn facilitates the translocalization of ACAD10 to the sites of
pexophagy. The RCO® motif subsequently binds the ZZ
domain of SQSTMI1 to induce self-oligomerization of
SQSTM1 in complex with ACADI10, recruiting autophagic
membranes for lysosomal degradation. Pharmaceutical inhibi-
tion of the RC* pathway using tannic acid efficiently restores
peroxisomal levels in PBD cells. Our results suggest that the
Met-Cys motif carried in approximately 350 human proteins
may modulate the degradation of proteins as well as subcel-
lular structures via oxidation and arginylation.

Results

The Nt-Cys2 residue generates an autophagic degron
under oxidative stress.

To characterize the role of Nt-Cys2 as a substrate of oxidation
and arginylation, we generated antibodies specific to the pro-
teins that carry the Nt-Arg-Cys®* (RC®*) motif following
oxidation and arginylation. Rabbits were injected with
a mixture of 20 RC°XG tetrapeptides (X = all 20 principal
amino acids) to produce RC®® antibodies (Figure 1A). Dot
blot analyses confirmed that RC®® antibodies detected most of
20 peptides to a varying degree (Figure 1B). To validate the
specificity of RC* antibodies to oxidized Nt-Cys, cells trea-
ted with various stressors were subject to immunostaining
analyses. The punctate signals were selectively induced
under oxidative stresses caused by sodium nitroprusside
(SNP, a nitric oxide donor) (Figure 1C), L-arginine (a pre-
cursor of nitric oxide) (Figure S1A), hydrogen peroxide (H,
O,) (Figure S1B), or clofibrate (Figure S1C). These RCOX
signals were markedly suppressed by N-acetyl-cysteine
(NAC), a precursor of the antioxidant glutathione
(Figure 1D and S1D), confirming that the Nt-Cys has been
oxidized by ROS. Next, we validated the antibody specificity
to arginylated Nt-Cys. As expected, these RCO® puncta were
inhibited by tannic acid (CAS number 1401-55-4), an astrin-
gent drug known to inhibit the enzymatic activity of ATE1

[61] (Figure 1E and S1E). Similar inhibition was observed
with knockdown of ATEl (Figure SIF and S1G). These
results suggest that under oxidative stress, the N-terminally
exposed Cys is oxidized by ROS and arginylated by ATEL,
generating RC®® on proteins associated with intracellular
structures.

Next, we monitored the metabolic fates of RC* proteins.
Immunostaining analyses showed that RC°* puncta induced
by various stressors peaked at 6 h and returned to the basal
levels by 18 to 24h (Figure 1C, S1A, S1B, and SIC). The
degradative flux of these RC®® puncta was inhibited by the
autophagy blockers such as bafilomycin A; and hydroxychlor-
oquine but not the proteasome inhibitor MG132 (Figure 1F,
S2A and S2B). Thus, oxidation and arginylation of Nt-Cys2
induce autophagic proteolysis under oxidative stress.

The RC®* motif marks the site of pexophagy and acts as
a degron essential for pexophagy.

To analyze the subcellular localizations of RC*-carrying pro-
teins, RC?® antibodies were used for immunofluorescence
analyses, which revealed a specific spatiotemporal distribution
in various subcellular structures. Colocalization analyses using
specific markers showed that RC®® proteins were associated
with various subcellular structures such as peroxisomes (using
ABCD3/PMP70 as a marker [62]; Figure 1G), mitochondria
(using MT-CO2; Figure S3A), endosomes (using RAB7 [63];
Figure S3B), lysosomes (using LAMP1 [64]; Figure S3C),
endocytic vesicles (using CLTC/clathrin [65]; Figure S3D),
and stress granules (using TIA1 [66]; Figure S3E). Among
these, the colocalization of RC* proteins with ABCD3 was
most prominent when autophagic flux was blocked using
bafilomycin A, (Figure 1G). These results suggest that RC°*
proteins are associated with peroxisomes.

The peroxisome is a single membrane structure that plays
diverse roles during oxidative stress and is damaged by ROS,
necessitating pexophagy [67]. We therefore tested a possible
role for RCO* proteins in pexophagy. In contrast to the
known function of Nt-Arg in Ub-dependent proteolysis,
these RCO* structures were largely devoid of Ub as detected
using FK2 antibody (Figure S4A), indicative of distinct func-
tions in autophagic degradation. Consistently, co-
immunostaining analyses under autophagic inhibition showed
that 73-78% and 62-67% of RC®* signals colocalized with
SQSTM1 and the autophagic membrane-associated protein
GABARAP, respectively (Figure S4B and  S4C).
Approximately 30-35% of RC® signals were also positive
for LC3 under the same conditions (Figure $4D). The
dynamic fluctuation of RC°* signals spatiotemporally corre-
lated to those of SQSTMI1 as well as GABARAP and LC3 in
both normal conditions and under autophagic inhibition.
These results suggest that RCO® proteins are recruited to
peroxisomes during pexophagy.

Next, we examined whether the R motif acts as
a degron essential for pexophagy. Pharmaceutical inhibition
of ATE1 using tannic acid efficiently blocked pexophagy,
leading to accumulation of peroxisome-associated proteins
such as ABCD3, PEX1, and PEX14 (Figure 2A). Pexophagy
was similarly inhibited by ATEI knockdown using siRNA

COX
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Figure 1. The Nt-Cys generates an autophagic degron via oxidation and arginylation for pexophagy. (A) Generation of antibodies that detect the RC°* motif. (B) Dot
blot analysis of RC°X antibodies using 100 ng antigen peptides (red: strong signals, blue: weak signals). (C) HeLa cells treated with 200 ym sodium nitroprusside (SNP)
were subjected to immunostaining with anti-RC°* antibody. Scale bar: 10 um. (D and E) Hela cells were treated with 400 nM bafilomycin A, for 16 h and/or 1 mM
N-acetyl-cysteine (NAC) (D) or 40 pm tannic acid (TA) (E) for 24 h, followed by immunostaining with anti-RC* antibody. Scale bar: 10 um. (F) Hela cells treated with
bafilomycin A; were analyzed using immunostaining with anti-RC°* antibody. Scale bar: 10 um. (G) Hela cells treated with bafilomycin A; were subjected to co-
immunostaining using antibodies to RC® proteins in comparison with ABCD3 (left panel). Scale bar: 10 um. The colocalization was quantified using the Pearson’s
correlation coefficient (middle panel) or the Manders’ colocalization coefficient (right panel) (n =4, ***P < 0.001).
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Figure 2. ACAD10 modulates pexophagy through oxidation and arginylation of its Nt-Cys2. (A and B) Immunoblotting of Hela cells treated with tannic acid (A) or
transfected with ATET siRNA for 48 h (B). (C and D) Immunostaining of HeLa cells treated with tannic acid (C) or transfected with ATET siRNA for 48 h (D). Scale bar: 10

um. Quantification of ABCD3 intensity (n =30, **P < 0.01). (E) HeLa cells overexpressing either of mouse ATE1

isoforms, ATE1-1A7A, ATE1-1A7B ATE1-1B7A, or ATE1-

1B7B for 48 h were analyzed using immunoblotting. (F and G) Immunoblotting analyses of Hela cells transiently expressing ATE1%*'”A mutant (F) or ATE1-1A7A for
48 h in the presence of bafilomycin A; (G). (H) Schematic diagram of screening 350 Met-Cys proteins. Cells were transfected with 93 different siRNAs targeting Nt-
Cys2 proteins, followed by immunostaining with RC?* antibody and confocal microscopy. (I) Sequences of JUNB, GPR22, MOXD1, and ACAD10. (J-L) Immunoblotting
analyses of cells treated with SNP for indicated time (J), 20 pM MG132 and/or bafilomycin A, for 6 h (K), or tannic acid for 24 h (L). Quantification of ACAD10 intensity

(n=4, *P <0.05; **P < 0.01; ***P <0.001).



(Figure 2B). Consistently, immunostaining analyses revealed
that peroxisomes were metabolically stabilized by tannic acid
or ATEI siRNA (Figure 2C,D). The turnover of peroxisomal
proteins was accelerated by overexpressing any of
R-transferase isoforms (ATE1-1A7A, ATE1-1A7B, ATE1l-
1B7A, and ATE1-1B7B) (Figure 2E). In contrast,
ATE1*"74, 3 catalytic activity mutant, did not show such
an efficacy (Figure 2F). Finally, ATEl-dependent turnover
of peroxisomal proteins was blocked by bafilomycin A,
(Figure 2G), indicative of autophagic degradation. These
results suggest that the RC®* motif exposed on peroxisome-
associated protein(s) is a degradation determinant for

pexophagy.

ACAD10 is a substrate of oxidation and arginylation at the
Nt-Cys2.

To identify the RCO* substrate responsible for pexophagy, we
screened the Met-Cys proteome. Bioinformatics analysis
showed that approximately 1% of human proteins exposes
Cys2 at the N-termini, totaling approximately 350 proteins
including splicing variant forms. These 350 Met-Cys proteins
were narrowed down to 93 based on functional relevance to
peroxisomal processes. RNA interference assays with 93
siRNAs showed that RC®® puncta on peroxisomes were
downregulated in response to knockdown of 32 Met-Cys
genes (Figure 2H). We next searched for PTS1 near or at
the very C-termini. Among 32 proteins, four contained
PTSI near the C-termini region: JUNB, GPR22 (G protein-
coupled receptor 22), MOXD1 (monooxygenase DBH like 1),
and ACADI10 (Figure 2I). Immunoblotting analyses showed
that the metabolic half-life of the corresponding 4 proteins
was shortened when cells were exposed to oxidative stresses in
a time-dependent manner (Figure 2]). However, JUNB,
GPR22, and MOXD1 were metabolically stabilized by protea-
somal inhibition, whereas only ACAD10 degradation was
selectively inhibited by autophagic inhibition using bafilomy-
cin A, (Figure 2K), indicative of its autophagic flux. Finally,
the autophagic turnover of ACADI0 was efficiently blocked
when Nt-arginylation was inhibited by using tannic acid
(Figure 2L). These results show that the Nt-Cys2 of
ACADI10 is oxidized under oxidative stress and subsequently
Nt-arginylated, generating the RC®® degron leading to auto-
phagic degradation.

To elucidate the molecular mechanism underlying the oxi-
dation of ACAD10 Nt-Cys2, we screened the enzymes known
to be involved in Cys oxidation. RNA interference assays
showed that the level and metabolic stability of ACADI0
were specifically increased by knockdown of ADO
(Figures 3A,B). In contrast, no such activity was observed
with CDOI (cysteine dioxygenase type 1) that can also cata-
lyze the oxidation of thiol group of l-cysteine to l-cysteine
sulfinic acid using oxygen [68] (Figures 3A,C). These results
suggest that ADO is an O, sensor that modulates pexophagy
in normal conditions through Nt-Cys oxidation of ACADI10.

During these experiments, we also observed that ACAD10
was metabolically destabilized under oxidative stresses
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(Figure 2J). We therefore tested whether Nt-Cys of ACADI10
under oxidative stress is chemically oxidized by ROS to gen-
erate RCY®. Indeed, ACAD10 degradation was facilitated
when cells were treated with oxidative stressors in an ADO-
independent manner (Figure 3C) and inhibited when ROS
were chelated (Figure 3D). These results suggest that Nt-
oxidation of ACADI0 is normally regulated by ADO but,
under oxidative stress, can be chemically oxidized, function-
ing as a sensor of both O, and ROS.

Next, we tested whether the Nt-Cys2 of ACADI10 is argi-
nylated by ATEL. The normally short-lived ACAD10 became
metabolically ~ stabilized by chemical inhibition of
R-transferases by using tannic acid (Figure 3E). Consistently,
the turnover of ACAD10 was impaired by ATEI knockdown
(Figure 3F) and accelerated by ATEl overexpression
(Figure 3G). To further characterize the role of RC®* as an
N-degron, we monitored the proteolytic flux of ACAD10 via
the UPS or autophagy. The proteolysis of ACAD10 was effi-
ciently inhibited by bafilomycin A; (Figure 3H) but not by
MG132 (Figure 31), demonstrating that the RC®* is a critical
N-degron for lysosomal degradation of ACADI10. To confirm
that the oxidation and arginylation occurs on the Nt-Cys2 of
ACADIO, cycloheximide degradation assays were employed
using ACAD10“*Y mutant. The half-life extended from 45
min to 6 h when Cys2 was changed to valine (Val) (Figure 3]).
Moreover, the metabolically stabilized ACAD10“*Y was no
longer sensitive the inhibition of arginylation or autophagic
flux (Figure 3K,L). Thus, ACADI10 is a substrate of oxidation
and arginylation at the Nt-Cys2 residue and degraded by the
autophagic N-degron pathway.

The R-C°% of ACAD10 is a critical N-degron that mediates
pexophagy.

We also determined the physiological importance of ACAD10
and its RCO® motif in pexophagy. Immunoblotting analyses
showed that ACADI10 overexpression facilitated the degrada-
tion of peroxisomal membrane proteins, such as ABCD3,
PEX1, and PEX14 (Figure 3M) as well as the peroxisomal
matrix protein CAT (catalase; Figure 3N) in a dose-
dependent manner. Whereas ACAD10-induced degradation
of peroxisomal proteins was blocked by tannic acid or bafilo-
mycin A; (Figure 30,P), ACADIO0 knockdown disrupted the
turnover of peroxisomal proteins (Figure 3Q), suggesting that
ACADI10 induces arginylation-dependent autophagic degra-
dation of peroxisomes. In contrast to wild type ACADI0,
however, ACAD10“*Y overexpression did not affect the turn-
over of peroxisomal proteins and showed no differences in
response to tannic acid or bafilomycin A; treatment
(Figure 3R,S). Thus, the RC¥ of ACADIO is a critical
N-degron that modulates the turnover of damaged peroxiso-
mal membranes and their contents in normal and stressed
conditions via macroautophagy.

To test whether oxidative stress induces the dimerization
of ACADI0 via its Cys residues, we performed non-reducing
SDS-PAGE of HeLa cells to separate the dimers and oligomers
from monomers of ACADIO and its C2V mutant.
Immunoblotting analyses revealed both monomers and 240-
kDa dimers, with no significant differences in their relative
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Figure 3. The Nt-Cys2 of ACAD10 is a sensor of O, and ROS in pexophagy. (A) Immunoblotting analyses of Hela cells transfected with ADO and CDO17 siRNA for 48 h.
Quantification of band intensities (n=4, *P <0.05). (B) Hela cells transfected with ADO siRNA in the presence of cycloheximide (CHX) were analyzed using
immunoblotting. Shown below is the relative quantification of band intensities (n = 3, *P < 0.05). (C) HeLa cells transfected with ADO or CDOT siRNA in the presence
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levels for both wild type and ACAD10¢?Y (Figure S5A).
Similar results were observed when the cells were treated with
H,0, (Figure S5A). These results suggest that the dimeriza-
tion of ACAD10 may not be essential for pexophagy. Finally,
we also examined whether ACAD10-induced pexophagy is
secondary to PEX1 downregulation. ACADI10 overexpression
not only normally induced pexophagy in PEXI knockdown
HeLa cells (Figure S5B) but also did not alter the interaction
of PEX1 with PEX5 as assessed by co-immunoprecipitation
(Figure S5C). These results suggest that ACADI0 induces
pexophagy largely independent of the PEX1-PEX5 axis.

The RC®* induces the re-localization of ACAD10 to
peroxisomes during oxidative stress.

To characterize the subcellular localization of ACAD10 under
oxidative stress, we employed fractionation and immuno-
fluorescence assays. In normal conditions, ACAD10 was
detected in both cytosol and peroxisome, but was mainly
found in the cytosol (Figure 4A). When cells were treated
with SNP, a significant portion of ACADI10 relocated to
peroxisomes, resulting in autophagic degradation, as evi-
denced by metabolic stabilization in response to autophagic
inhibition (Figure 4A). Immunofluorescence analyses of cells
treated with SNP revealed ACADI0 as punctate signals on
peroxisomes, which colocalized with ABCD3 in the peroxi-
ACAA1l (acetyl-coenzyme
A acyltransferase 1) in the peroxisome matrix (Figure 4B,C).
The colocalization of ACAD10 with these peroxisomal mar-
kers markedly increased under oxidative stress (Figures 4B,C).

To determine the role of RC®™ in peroxisomal targeting of
ACAD10, we employed fractionation analyses using
ACAD10“*Y mutant in comparison with its PTS mutant
containing a K1052G mutation in the PTS1 consensus
sequence AKL (1051-1053). Wild type ACAD10 mainly loca-
lized in the cytosolic and peroxisomal fractions but not in
membrane fractions (Figure 4D). However, ACAD10 mutant
lacking the Nt-Cys2 or its PTS failed to be targeted to peroxi-
somes but, instead, was retrieved from the cytosolic and
membrane fractions (Figure 4D). These results suggest that
peroxisomal targeting of ACADI0 requires not only its PTS1
but also RC?* motif. Similarly, in contrast to wild type
ACAD10, ACAD10“?V failed to relocate to peroxisomes in
response to SNP treatment (Figure 4E,F). These results sug-
gest that the RC®X is a determinant in the peroxisomal loca-
lization of ACAD10 under oxidative stress.

PEX5 binds the PTS1 motif and recruits PTS1-containing
cytosolic proteins to the peroxisome membrane [69]. To
determine whether PEX5 binds the RC®* of ACADI0, we
performed X-peptide affinity-isolation analyses using a set of
11-residue N-terminal ACAD10 fragments carrying different
N-terminal residues (X = RC%, C%, C, and V). PEX5

some membrane as well as
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preferentially bound RC®® peptide as compared with C?,
C and V peptides (Figure 5A), suggesting that RCY® is
a binding motif for PEX5. Co-immunoprecipitation analyses
confirmed the interaction of PEX5 with endogenous
ACADI10, which was significantly enhanced by SNP and
hydroxychloroquine treatment (Figure 5B). In addition, either
the mutation of PTS1 domain in ACAD10 (K1052 G) or the
deletion of TPR domain in PEX5 significantly weakened the
binding of ACADI10 with PEX5 (Figures 5C-E). Together
with the aforementioned results (Figure 4), these data collec-
tively suggest that both RC®® and PTS1 domain of ACAD10
synergistically contribute to peroxisomal targeting of
ACADI10.

To determine whether ACADI10 is localized to the exterior
(membrane) or interior (matrix) of peroxisome, peroxisomes
were fractionated and subjected to proteinase K digestion in
the presence or absence of the membrane-disrupting deter-
gent Triton X-100. In contrast to CAT that localizes within
the peroxisomal lumen, the N-terminal region of ACADI10 (as
determined by antibody specific to residues 1-85) and the
peroxisomal membrane protein ABCD3 were digested by
proteinase K in both the presence and absence of Triton
X-100 (Figure 5F). The C-terminal region of ACAD10-Flag
was similarly digested by proteinase K when visualized using
anti-Flag antibody (Figure 5G). These results indicate that
both the N- and C-termini of ACADI10 are recruited to the
cytosolic surface of peroxisomes under oxidative stress. To
further characterize the topology of ACAD10 on the peroxi-
some, the peroxisomal fraction obtained under oxidative
stress was subject to alkaline carbonate extraction, which
disrupts protein-protein interactions without affecting the
membrane integrity [70-73]. ACAD10 was mostly retrieved
in a supernatant fraction containing soluble and membrane-
associated proteins rather than a pellet fraction containing
integral membrane proteins (Figure 5H). We conclude that
under oxidative stress, ACAD10 is peripherally recruited to
the cytosolic surface of peroxisomes.

Upon binding to the RC°* of ACAD10, SQSTM1 is activated
as a receptor for pexophagy

Our previous study has identified SQSTM1 as an N-recognin
of the N-degron pathway, which can bind the Nt-Arg of
arginylated HSPA5/BiP, an ER-residing molecular chaperone
[12]. We therefore speculated that SQSTM1 may be a receptor
that binds the RC°* degron of ACADI10 during pexophagy.
Indeed, degradation of ACADI0 as well as other peroxisomal
proteins was inhibited by SQSTMI knockdown (Figure 6A,
S6A, and S6B). When examined using immunostaining ana-
lyses, ACAD10 and SQSTM1 normally showed a moderate
degree of colocalization, which was drastically increased in
cells treated with SNP and bafilomycin A; (Figure 6B). Such
a colocalization pattern was not observed with ACAD10“*Y
(Figure 6B). Moreover, co-immunoprecipitation assays

cells were transfected with wild type (WT) or ACAD10“?Y in the presence of cycloheximide (CHX) (J), tannic acid (K), or bafilomycin A; (L), followed by
immunoblotting analyses. (M-O) Immunoblotting analyses of peroxisomal proteins in cells overexpressing ACAD10 for 48 h in the absence (M and N) or presence
of 40 uM tannic acid (O) or 400 nM bafilomycin A; (P). (Q) HeLa cells were transfected with two different siRNAs targeting ACAD10, followed by immunoblotting. (R
and S) Hela cells were transfected with pCMV14 empty vector, wild type ACAD10, or ACAD10%?Y for 48 h in the presence of 40 uM tannic acid (R) or 400 nM

bafilomycin A; (S), followed by immunoblotting.
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Figure 5. ACAD10 binds PEX5 via RC® and PTS1 domain during oxidative stress. (A) HEK293 cell lysates were subjected to affinity-isolation assay with X-ACAD10
peptides (X = RC®3, C©3, C, or V), followed by immunoblotting (upper panel). Quantification of interacting PEX5 that binds to peptides for pull down (lower panel) (n
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showed that endogenous ACADI10 interacted with SQSTM1
and that their interaction was enhanced by H,0, as well as
bafilomycin A; treatment, which was further confirmed using
reverse immunoprecipitation (Figure 6C). To validate the
importance of Nt-Cys2 in the interaction with SQSTM1, we
also performed immunoprecipitation using overexpressed
ACADI0 in comparison with ACAD10“*Y. The interaction
of recombinant ACAD10 with SQSTM1 was significantly
increased by H,0, and bafilomycin A; treatment
(Figure 6D). Strikingly, the mutation of the Nt-Cys2 to Val
abolished the interaction between ACAD10 and SQSTMI,

which was also confirmed using reverse immunoprecipitation
(Figure 6D). These results suggest that the RC°* of ACAD10
on peroxisomal membranes recruits cytosolic SQSTMI to the
sites of pexophagy.

To understand the mode of action underlying ACAD10
interaction with SQSTMI, we performed X-peptide affinity-
isolation analyses (X= RC®?, C%%, C, and V). SQSTM1 pre-
ferentially bound RC®? peptide as compared with C°* and
C peptides (Figure 6E). In sharp contrast, V peptide showed
no significant affinity to SQSTM1 (Figure 6E), suggesting that
RC®? is an N-degron for SQSTM1. Next, we determined the
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Figure 7. Inhibition of the RC°*-ACAD10-SQSTM1 pathway increase the levels of peroxisomes in PBDs cells and mice. (A and B) Immunohistochemical staining of
E12.5 embryos from wild type or ate1™~ mice (A), and the livers of wild type or sqstm1/p62~~ mice (B). Scale bars: 20 ym and 40 um (left panel) and 20 ym and 10
um (right panel). (C) Wild type and PEX1%%43P PBD fibroblast cells expressing GFP-PTS1 were treated with tannic acid or bafilomycin A; for 24 h and analyzed using
confocal microscopy (left) or immunoblotting (right). Scale bar: 10 um. (D and E) Cells were transfected with siRNAs targeting ATET (D) or ACAD10 (E), followed by
immunostaining or immunoblotting. Scale bar: 10 um. (F) PBD cells were transfected with the pCMV14 vector in comparison with wild type or C2V mutant of ACAD10
in the presence of tannic acid, followed by immunostaining. Scale bar: 10 um. (G) C57BL/6 mice were injected with 2 mg/kg tannic acid 3 times per week for one
month. Livers were harvested and analyzed using immunohistochemical staining. Scale bars: 50 um and 20 pm.

domain of SQSTMI1 that interacts with the RC®* degron using
a series of truncation mutants (Figure S6C and S6D).
Mapping analyses showed that the RC°* bound ZZ domain,
which spans a 36-residue region (128-163) (Figures 6F,G). To
determine whether RC®? binds SQSTM1 ZZ domain through
N-end rule interactions, we performed analogous assays using
mutants carrying point mutations in the ZZ domain (D129A,
C142A C145A, D147A DI149A, C151A C154A, and H160A
H163A) and outside of the ZZ domain (E177A) (Figure S6E).
Indeed, the binding was abolished by mutations of any resi-
dues of the SQSTM1 ZZ domain that participate in

recognition of N-degron substrates (Figure 6H). These results
demonstrate that the RC®® of ACADI10 activates SQSTMI to
trigger pexophagy.

To understand the molecular mechanism by which RC°*-
bound SQSTMI1 recruits autophagic membranes, we specu-
lated that RC* may induce self-oligomerization of SQSTM1
by using oligomerization assays. Cell extracts were mixed with
a 12-mer RC?*-ACADI0 peptide, followed by non-reducing
SDS-PAGE to separate covalent conjugates of SQSTMI1 from
monomeric SQSTMI1. In contrast to V-ACADI10 peptide,
RCP’-ACADI10  peptide  specifically  induced  self-
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Figure 8. The ACAD10-SQSTM1 circuit is a predominant pathway underlying pexophagy. (A) Hela cells were transfected with Sqstm1/p62 siRNA in the presence of
bafilomycin A;, followed by immunostaining with anti-RC°* and anti-SQSTM1 antibodies (left panel). Scale bar: 10 um. Quantification of colocalization data was
shown (right panel) (n =30, ***P <0.001). (B and C) Immunoblotting analyses of Hela cells treated with siRNA targeting ATET and/or NBR1 (B) or ATE1 and/or
Sqstm1/p62 (C). The asterisk indicates a band with unknown nature. (D) HeLa cells were transfected with ATE1-1A7A or its K417A mutant (KA) in combination with

Sqstm1/p62 siRNA, followed by immunoblotting.

oligomerization of SQSTMI, leading to its high molecular
species (Figure 6I). These results collectively suggest that the
N-degron interaction of RC* with SQSTM1 ZZ domain
induces oligomerization of SQSTMI1 in complex with
ACADI10 to mark the sites of pexophagy.

Pexophagy is impaired in ate1™” and sqstm1/p62~"~
mice.

To validate the results from cultured cells, we characterized
peroxisome biogenesis in atel”” mouse embryos [10]. Wild
type and atel”” embryos at embryonic day 12.5 (E12.5) were
harvested and subjected to immunostaining analyses of per-
oxisomes. The levels of peroxisomes were indeed significantly
increased in atel”” embryos relative to wild type embryos
(Figure 7A). Given that SQSTMI is an N-recognin in pexo-
phagy, we also characterized pexophagy in sqstm1/p62”" mice.
Immunostaining analyses of tissues clearly demonstrated
increased levels of peroxisomes in liver tissues (Figure 7B).
These results demonstrate that the ATE1-SQSTMI1 circuit
modulates the turnover of peroxisomes in mouse tissues.

Identification of tannic acid as a drug candidate to treat
Zellweger syndrome and other PBDs.

PBDs, including Zellweger syndrome, are autosomal recessive
diseases that involve uncontrolled pexophagy, leading to per-
oxisomal loss [45,74]. The majority of PBD patients do not
survive 10 years of age. We therefore asked whether chemical
or genetic inhibition of the RCO® pathway would restore
excessive pexophagy back to a normal level by using PBD

patient-derived  fibroblasts  that express PEX19%43P,
PEX19**P mutation is a prominent cause of PBDs and
leads to peroxisomal loss by increased pexophagy [45,74]. As
expected, immunostaining analyses of the peroxisome marker
GFP-PTS1 revealed diffusive signals throughout the cytosol,
indicative of peroxisome loss (Figure 7C, left). Notably, when
cells were treated with tannic acid, GFP-PTS1 was redistrib-
uted to peroxisomes, suggesting that peroxisome biogenesis
has been restored (Figure 7C, left). Peroxisome biogenesis was
similarly restored by bafilomycin A; treatment (Figure 7C,
left). Immunoblotting analyses also detected higher levels of
peroxisomal proteins upon tannic acid treatment on not only
normal human fibroblasts but also PBD patient-derived fibro-
blasts (Figure 7C, right). A similar recovery of peroxisomes
was obtained with knockdown of ATEI (Figure 7D). As an
alternative way to recover peroxisome biogenesis, we also
modulated ACADI10 in PBDs cells. Indeed, knockdown of
ACADIO increased the levels of peroxisomes in PBD cells
(Figure 7E). In contrast, overexpressing ACADI10 accelerated
the turnover of peroxisomes in PBD cells, which was also
observed when PBD cells were treated with tannic acid
(Figure 7F). However, the mutation of its Cys2 to Val abol-
ished such a pexophagy-inducing efficacy in ACADI0
(Figure 7F).

To determine whether pexophagy can be pharmaceuti-
cally modulated in animal models, we injected tannic acid
into 12-week-old male mice (n=3) at 2 mg/kg. Mice were
injected 3 times per week for 1 month. Immunostaining
analyses of various tissues such as livers showed markedly
increased levels of peroxisomes (Figure 7G). These results
identify the RC® pathway as a therapeutic target in
PBDs.
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ACAD10 exposes Nt-Cys and increases peroxisomal targeting by oxidative stress. Thus, the Nt-Cys2 of ACAD10 not only represents a sensor of both O, and oxidative
stress in pexophagy but also acts as a receptor that recruits autophagy membranes to the sites of pexophagy.

Pexophagy is dually modulated by both RC°*-SQSTM1
and mono-Ub-NBR1 pathways on PEX5.

Studies have shown that pexophagy initiates when the auto-
phagic receptor NBR1 recognizes mono-Ub on PEX5 to recruit
LC3 on autophagic membranes [75]. We therefore examined
the relative functionality of SQSTM1 and NBRI in pexophagy.
In contrast to reported studies [44], both immunoblotting and
immunostaining analyses showed that pexophagy was signifi-
cantly inhibited by either NBRI or SQSTMI knockdown
(Figure S6A, S6B, S7A, and S7B). Notably, RC%® punctate
signals on peroxisomes were abolished by SQSTM1 siRNA
(Figure 8A) but not by NBRI siRNA (Figure S7C and S7D),
indicating a functional role of SQSTML1 as a key cargo receptor
for RCO¥. Next, we determined the functional interaction of
RC®* with SQSTM1 and NBRI1 by using double knockdown
analyses. Stronger inhibitory effects were observed with double
knockdown of ATEI and NBRI (Figure 8B) relative to ATE1

and SQSTMI (Figure 8C), suggesting that the RC°* degron
works with SQSTM1 but not NBR1. Consistently, accelerated
pexophagy in ATEI-overexpressing cells was efficiently coun-
teracted by SQSTM1 siRNA (Figure 8D, left), in contrast to
ATE1**"7* mutant (Figure 8D, right). Finally, RC°*-peptide
pulled down SQSTMI1 approximately 10-times more in the
amount as compared with NBR1 (Figure 6E). There results
demonstrate that the RCO*-SQSTM1 pathway plays a crucial
role in pexophagy.

Discussion

The N-degron pathway is a proteolytic system in which single
N-terminal residues function as N-degrons for protein degra-
dation. Previous studies showed that Nt-Asp and Nt-Glu can
be arginylated to generate the N-degron Arg which, in turn, is
recognized by UBR box-containing E3 ligases for
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ubiquitination and proteasomal degradation. In this study, we
show that the Nt-Cys of ACADI10 acts as a sensor of O, as
well as oxidative stress through chemical or enzymatic oxida-
tion by ROS or ADO associated with enzymatic arginylation
by ATEL. In pexophagy, the RC®* degron facilitates ACAD10
translocation to damaged peroxisomes and subsequently
binds the ZZ domain of SQSTMI. The binding of RC®*
induces self-oligomerization of SQSTM1 in complex with
ACADI10, which marks the sites of pexophagy to recruit
GABARAP or LC3 on autophagic membranes for lysosomal
degradation (Figure 9). We demonstrate that tannic acid
targeting the RC®™ degron may be exploited as a therapeutic
drug for PBD patients associated with peroxisomal loss. Our
results suggest that the Met-Cys motif found in approximately
350 human proteins may generate the RC®* degron in diverse
biological processes.

The functions of the Nt-Cys residues remain controver-
sial and largely unclear, except for a number of isolated
studies [17,22,23,28,76]. Previous studies showed that
model substrates carrying Nt-Cys are stabilized in
S. cerevisiae but are destabilized in mammalian cells. Our
earlier studies have identified a set of RGS proteins carrying
the Met-Cys as an oxygen sensing system [10,17]. In nor-
moxia, their Nt-Met residue is cleaved off, exposing Nt-
Cys2, which in turn is oxidized by ADO [18], followed by
arginylation. The resulting RC°* degron is recognized by
UBR boxes of UBR1 and UBR2, which facilitate ubiquitina-
tion and proteasomal degradation. The O,-dependent
degradation suppresses these RGS proteins at the basal
levels. Under hypoxia, however, the substrates are metabo-
lically stabilized and migrate to the plasma membrane to
downregulate G-protein signaling. Studies by others also
showed that a number of plant proteins carrying the Met-
Cys sequence are also degraded through oxidation and
arginylation of the Nt-Cys2, such as ERFVIIs, VRN2, and
ZPR2 [22,23,28]. In normoxia, their Nt-Cys2 is oxidized by
PCOs and arginylated by ATE1 [24,25]. The resulting RC*
degron is recognized by the N-recognin PRT6 for ubiquiti-
nation and proteasomal degradation [26,27]. However, the
substrates are metabolically stabilized under low oxygen
conditions such as submergence to induce hypoxia-
responsive genes, leading to reprogramming from normoxia
to hypoxic metabolism [21-23,28]. In this study, we show
that the RC°* degron of ACADI0 plays a pleiotropic role
in pexophagy as: (1) a sensor of both O, and oxidative
stress, (2) a peroxisomal trans-localization signal for
ACADI10, (3) an activating ligand to the ZZ domain of
SQSTM1, and (4) an autophagic cis-degron for ACADI0
and a trans-degron for peroxisomes and associated proteins
(Figure 9). It is notable that the RC®* degron generated
through enzymatic oxidation by ADO or PCOs induces
“acute” degradation via the UPS, whereas the same degron
generated through chemical oxidation by ROS modulates
non-proteolytic processes, leading to “chronic” degradation
via autophagy [20].

Macroautophagy mediates sequestration and degradation
of various cytoplasmic constituents such as misfolded proteins
and organelles [59,77]. Compared with mitophagy, as

exemplified by the PINKI1-PRKN/parkin pathway, the
mechanisms underlying other types of organellophagy, such
as pexophagy, remain largely murky. The peroxisome is the
major organelle that produces and detoxifies ROS,
only second to the mitochondrion, necessitating timely
removal of damaged membranes and their contents. Studies
have identified PEX5 to be a receptor in pexophagy, whose
mono-ubiquitination at Cys11 brings the autophagic receptor
NBRI1, which in turn recruits LC3 on autophagic membranes
[78,79]. Intriguingly, PEX5 is a cargo receptor for peroxisomal
proteins and forms a complex with PEX14 to form pores,
through which cargoes are transported into the peroxisome
[41,79]. In addition, the activity of PEX5 is impaired under
oxidative stress when its residues are oxidized, including
Cysll whose oxidation counteracts mono-ubiquitination
and, thus, NBR1-dependent pexophagy [78-80]. It has been
controversial how PEX5 mediates pexophagy, given its pleio-
tropic functions and oxidation-sensitivity. Another enigma
was the finding that the KD value of mono-ubiquitinated
PEX5 with its autophagy receptor is 540 pM, raising
a question on how receptor selectivity is achieved with such
low affinity [81]. Intriguingly, our earlier work showed that
SQSTM1 binds Nt-Arg with KD of 44 nM [14], suggesting
that the N-end rule recognition of SQSTM1 ZZ domain to the
RCO degron may underlie the selectivity of pexophagy, to
a more degree under oxidative stress. Our results collectively
suggest that pexophagy is dually modulated by both the
RCO*-SQSTM1 pathway and the mono-Ub-NBR1 pathway,
among which the former plays a major role in oxidative stress.

The current study suggests the non-canonical interaction
of PEX5 with ACADI10 containing internal PTS1 domain.
Several previous studies reported a functional role of the
internal PTS1 in peroxisomal targeting [67,82,83]. For exam-
ple, the PEX5 binds and localizes ATM (ataxia telangiectasia
mutated) to the peroxisome through an internal PTS1 [67].
Consistently, our results show that the RC®X as well as PTS1
domain of ACADI0 play a synergistic role for interaction
with PEX5 and peroxisomal targeting of ACADIO.
Consistent is proteinase K digestion assays that demonstrated
the localization of ACAD10 to the cytosolic surface of peroxi-
some. The exact topology of ACADI10 on or in the peroxi-
some remains to be further investigated.

PBDs are metabolic disorders associated with the loss of
peroxisomes, resulting from mutations in the PEXI, PEX6,
PEX10, PEX12, and PEX26 genes [84]. Among these, PEX1,
PEX6, and PEX26 form the AAA+ ATPase complex that
mediates the import of peroxisomal cargoes carrying PTS1
and PTS2 and the export of PEX5 from the peroxisome
membrane to the cytosol [45,85]. Thus, this complex sup-
presses pexophagy by exporting mono-ubiquitinated PEXS5.
Consistently, the mutations in PEX1, PEX6, or PEX26 account
for approximately 65% to 85% of PBD patients whose symp-
toms include excessive pexophagy [45,86]. For example, the
interaction of PEX19%**® mutant with PEX6 is reduced to less
than 70% as compared with wild type PEXI1, resulting in
excessive pexophagy and loss of peroxisome [45,87].
Extensive studies focused on pharmaceutical means to slow
down pexophagy in PBDs [45,88]. In this study, we demon-
strate that pexophagy can be efficiently inhibited by using



tannic acid, resulting in significantly increased levels of per-
oxisomes (Figure 2 and 7). Importantly, tannic acid efficiently
restored peroxisomal homeostasis in PBD-derived cells to
normal levels and in mice as well (Figure 7). Tannic acid,
a natural product from plant, is used to treat various symp-
toms such as cold sores, fever blisters, diaper rash, sore throat,
diarrhea, and coughs. We suggest that reagents targeting the
RCO* N-degron pathway such as tannic acid may be exploited
to treat patients with PBDs including Zellweger syndrome,
whose life spans are currently limited to less than 1 year
without any drugs available.

Materials and methods
Plasmids, antibodies, and other reagents

The plasmid encoding mouse ATE1-1A7A, ATE1-1A7B,
ATEI1-1B7A, ATE1-1B7B was cloned into pcDNA3.1
(Thermofisher scientific, V80020) as described [19]. Human
ACAD10 was kindly provided by Dr. Jerry Vockley
(University of Pittsburgh, USA) and subcloned into p3xFlag-
CMV-14 vector (Sigma-Aldrich, E7908). ACAD10“*" mutant
was generated by site-directed mutagenesis using the following
primers (forward: ATT AAG CTT ATG GTT GTC AGG AGC
TGT, reverse: ACA GCT CCT GAC AAC CAT AAG CTT
AAT). ACAD10"'%¢ mutant was generated by site-directed
mutagenesis using the following primers (forward: GCC ACG
GTG GCC GGG CTA GAG CTG AAG CAC, reverse: GTG
CTT CAG CTC TAG CCC GGC CAC CGT GGC). The
plasmid  containing full-length HsPEX5 (Clone ID:
hMUO000767) was purchased from Korea Human Gene Bank
and subcloned into the p3xFlag-CMV-14 vector (Sigma-
Aldrich, E7908), and then 3xFlag was replaced with MYC-
His. Then PEX5ATPR domain deletion mutant was created
using following primers: forward: 5-ATG GCA ATG WCGG
GAG CTG GTG GAG-3’, reverse: 5-ATC ACG CAA GGG
GTT CTC CTC CTC AAA CTG-3, which includes flanking
BspEl and Notl restriction enzyme sites, respectively. SQSTM1
and deletion mutants were cloned into pcDNA3.1-MYC
(Thermo Fisher Scientific, V80020) or pEGFP-C1 (Clontech,
6084-1) vector as previously described [12,14]. Rabbit polyclo-
nal antibodies specific to the RC®® was raised using the peptide
sequence RC°XG (x=20 kinds of amino acids) through
a custom service in AbFrontier Inc. (Seoul, South Korea).
Rabbit polyclonal ATE1 antibody and N-terminally arginylated
form of HSPA5/BiP, R-HSPA5/BiP, were generated in
AbFrontier Inc. as described [12]. The following antibodies
were also used: FK2 (Enzo, BML-PW8810), GAPDH (glycer-
aldehyde-3-phosphate ~ dehydrogenase) (Abcam, ab9485),
SQSTM1/p62 (Abcam, ab56416), ABCD3/PMP70 (Sigma-
Aldrich, SAB4200181), PEX1 (Santa Cruz Biotechnology, sc-
21957; LSBio, LS-C762901), PEX5 (LSBio, LS-C667597) PEX14
(Sigma-Aldrich, = SAB4502176),  ATEl (Santa  Cruz
Biotechnology, sc -271219), NBR1 (Santa Cruz Biotechnology,
sc-130380), LC3 (Sigma-Aldrich, L7543), GABARAP (Santa
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Cruz Biotechnology, sc-377300), ACTB/actin (Sigma-Aldrich,
A1978), TUBB (Santa Cruz Biotechnology, sc-55529), MYC
(Santa Cruz Biotechnology, sc-40), MOXDI1 (Abcam,
ab153807), GPR22 (Santa Cruz Biotechnology, sc-104287),
JUNB (Santa Cruz Biotechnology, sc-8051), ACAD10 (Novus,
NBP2-49511), MT-CO2 (Abcam, ab3298), RAB7 (Sigma-
Aldrich, R8779), LAMP1 (Abcam, ab25630), CLTC/clathrin
(Abcam, ab2731), or TIA1 (Abcam, ab170156).

Cell culture and transfection

HeLa cells were purchased from American Type Culture
Collection (CCL-2). Wild type human fibroblast and patient-
derived PBD cell lines (PEX1°%*P-PTS1) were kindly pro-
vided by Dr. Peter K. Kim (University of Toronto, Canada).
HeLa and PEX19%**P PBD patient cells were cultured in rich
media (DMEM [Gibco, 11995-065], antibiotic, and 10% fetal
bovine serum) in a standard 5% CO, incubator. Cells were
transfected with plasmids using Lipo2000 (Invitrogen,
11668027) according to the manufacturer’s instruction.

RNA interference analysis

Predesigned small interfering RNAs (siRNAs; 100 pmol) were
transfected into HeLa cells using RNAIMAX reagent
(Invitrogen, 13778075) according to the manufacturer’s instruc-
tions. The siRNAs used in this study are as follows: siATEI
(Bioneer, South Korea, 11101-1), siACADI0 (Bioneer, 80724-1,
80724-2), siSQSTM1/p62 (Bioneer, 8878-1), siNBRI (Bioneer,
4077-1) siJlUNB (Bioneer, 3726-1), siGPR22 (Bioneer, 2845-1),
siMOXD1 (Bioneer, 26002-1), siADO (Bioneer, 84890-1),
siCDOI (Bioneer, 1036-1), and siPEX5 (Bioneer, 5830-1).

Western blot analysis

Cell lysates were prepared by sonication or boiling in RIPA
buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% Nonidet
P-40, 1% sodium deoxycholate, and 0.1% SDS; Biosesang,
RC2002). Cell lysates were subjected to SDS-PAGE, and trans-
ferred onto polyvinylidene difluoride (PVDEF; Millipore,
IPVHO000) membrane. Blots were blocked with 3% (w:v) nonfat
dry milk in PBS-T solution (20 mM Tris-HCl, pH 7.5, 150 mM
NaCl, and 0.05% [v:v] Tween 20 [Bio-Rad, 170-6531]). After
twice washing with PBS-T, blots were incubated with primary
antibodies, followed by horseradish peroxidase-conjugated sec-
ondary antibodies, anti-rabbit IgG-HRP (Cell Signaling
Technology, 7074) and anti-mouse IgG-HRP (Cell Signaling
Technology, 7076). Immunoreactive bands were detected using
ECL reagents (Thermo Fisher Scientific, 32106). To investigate
the dimer formation of ACADIO0, cell lysates were prepared
using oligomerization assay buffer (50 mM HEPES, pH 74,
0.15M KCl, 0.1% Nonidet P-40, 10% glycerol, protease inhibi-
tors [Sigma-Aldrich, P8340]). Samples were then mixed with
a non-reducing loading buffer containing 4% lithium dodecyl
sulfate (Thermo Fisher Scientific, 84788), and subjected to the
separation on 3% stacking and 10% separating SDS-PAGE.
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Immunocytochemistry

Cells were cultured on poly-L-lysine-coated slides in 6-well
plates. Cells were fixed in 4% paraformaldehyde in PBS for 10
min at room temperature. After washing twice with PBS, the
cells were treated with blocking solution (5% FBS in PBS) for
1 h, followed by incubation with primary and, subsequently,
secondary antibodies. For the confocal images, the LSM700
upright laser scanning confocal microscope (Zeiss) equipped
with C-Apochromat 40x/NA1.2 water immersion lens was
used. Images from the confocal microscope were analyzed
using Zen Lite 2012 (Black edition, Version 1.1.13064.302,
Zeiss). Colocalization analyses were performed using JACoP
plugin from Image] with either the Manders’ colocalization
coefficient or the Pearson’s correlation coefficient [89,90]. The
thresholded Mander’s M values corresponding to each signal
and the Pearson’s pixel-by-pixel covariance in the signal levels
of two images were used to quantify the colocalization.

Cellular fractionation

Membrane, cytosol, peroxisome fractions were isolated using
the Peroxisome Isolation Kit (Sigma-Aldrich, PEROX1) as the
manufacturer’s instructions. Briefly, cells were homogenized
in 1X peroxisome extraction buffer and incubated on ice for 1
h. The lysates were centrifuged at 500 x g for 10 min at 4°C for
eliminating unbroken cells. The supernatant was centrifuged
at 1,000 x g for 10 min at 4°C, again the supernatant was
centrifuged at 2,000 g for 10 min at 4°C, and collected and
further centrifuged at 20,000 x g for 1 h. The pellet was resus-
pended in 1X peroxisome extraction buffer, which was the
crude peroxisomal fraction.

Protease protection assay

The crude peroxisomal fraction was isolated using the
Peroxisome Isolation Kit as described above. The peroxisomal
fraction was incubated with proteinase K (1 pg/ml; Roche,
3115836001) and/or 1% Triton X-100 (Sigma-Aldrich,
93443) on ice for 5, 15, and 30 min. The lysates were analyzed
by western blot analysis.

Sodium carbonate extraction assay

The crude peroxisomal fraction isolated from HeLa cells was
resuspended in 1X peroxisome extraction buffer, with or
without 100 mM Na,COj; (Sigma-Aldrich, §7795), pH 11.5
[70,73]. Half the volume of each solution were saved for
a “Total” fraction. Then the remainders were incubated on
ice for 30 min and ultracentrifuged at 100,000 x g for 1h to
generate “Supernatant” and “Pellet” fractions [70,73]. Each
fraction was analyzed by western blot as indicated above.

X-Peptide dffinity-isolation assay

In the X-peptide affinity-isolation assay, a set of 11-12-mer
X-ACADI10 peptides (X-VRSCFQSPRK-biotin) bearing
N-terminal RC??, C%%, C, V residues were C-terminally
biotin-conjugated by Dr. Jeong Kyu Bang (protein

synthesizer, Korea Basic Science Institute). These peptides
were cross-linked through C-terminal biotin to streptavidin
agarose resin (Thermo Fisher Scientific, 20359; 0.4 mg pep-
tide per ml settled resin). The X-peptide-biotin and strepta-
vidin agarose resin were diluted in five volumes of PBS and
incubated overnight at 4°C. The beads were centrifuged at
1,000 x g for 3 min and washed three times in three volumes
of PBS. To prepare protein extracts, cells were lysed by
freezing and thawing at least twenty times in Hypotonic
Buffer (10mM KCl, 1.5mM MgCl,, and 10 mM HEPES,
pH 7.9) with protease inhibitor mix, centrifuged at
13,000 x g at 4°C for 20 min, and supernatant were quanti-
fied using BCA assay (Thermo Fisher Scientific, 23225).
Protein extracts (100 pg) were mixed in Binding buffer
(0.05% Tween 20 [Sigma-Aldrich, P1379], 10% glycerol,
0.2M KCl, and 20 mM HEPES, pH 7.9) with X-peptide-
streptavidin-conjugated beads. The mixtures were incubated
at 4°C for 2 h with gentle rotation. The beads were pelleted
by centrifugation at 1,000 x g for 30 s and washed five times
with 1 ml of Binding buffer. The beads were re-suspended in
SDS sample buffer and heated at 95°C for 10 min. Samples
were performed by SDS-PAGE and immunoblotting.

In vitro SQSTM1 aggregation assay

Cells were transiently transfected with a plasmid encoding
SQSTM1/p62-Flag for 24 h. Cells were lysed by freezing and
thawing at least twenty times in Lysis Buffer (50 mM HEPES,
pH 74, 015M KCl, 0.1% NP-40 Alternative [Millipore,
492016], 10% glycerol, and a mixture of protease and phospha-
tase inhibitor [Sigma-Aldrich, PPC1010]). Cell lysates were cen-
trifuged at 13,000 x g at 4°C for 20 min and supernatant were
quantified using BCA assay. Protein extracts (5 ug) were incu-
bated in Lysis buffer with tetra or penta-peptide in the presence
of 100 uM bestatin (Sigma-Aldrich, B8385) and 4-nitrophenyl
phosphate di(tris) salt (Sigma-Aldrich, N3254) at room tem-
perature for 2 h. Samples were mixed with LDS sample buffer
and heated at 95°C for 10 min. Samples were performed by SDS-
PAGE using 4-12% gradient gel and immunoblotting.

Mice

The C57BL/6 male mice aged 12 weeks were purchased from
Samtako Bio Korea (Gyeonggi-do, Korea). Mice were main-
tained under specific pathogen-free conditions. All mice
experiments and maintenance were done in accordance with
guidelines set forth by the Institutional Animal Care and Use
Committee, Seoul National University (SNU-191218-2-5) and
the Korean Food and Drug Administration. To determine
whether pexophagy can be pharmaceutically modulated
in vivo, mice were intraperitoneally injected with tannic acid
(2 mg/kg) 3 times per week for 1 month. atel™” and sqstm1/
p62”" mice were acquired as described previously [10]. Wild
type and atel”” embryos were harvested at embryonic day
12.5 (E12.5). The presence of a vaginal plug after overnight
mating was regarded as E0.5. Liver was extracted from wild
type and sgstm1/p62”" male mice at 10 weeks age.



Immunohistochemistry

The liver tissues were fixed in 10% formaldehyde and
embedded in paraffin. The paraffin-embedded liver tissues
were cut into 5um thick sections, deparaffinized in xylene,
and rehydrated with aqueous alcohol solutions. After the slide
performed antigen retrieval in citrate buffer solution (0.01 M,
pH 6.0) for 15 min at temperature of 100°C, it was immersed
in fresh made 0.3% hydrogen peroxide for 15 min. The slides
were incubated with blocking serum and primary antibody
overnight. The slides were washed with PBS 3 times on
a shaker for 5min, added to horseradish peroxidase-
conjugated secondary antibody solution, and incubated at
room temperature for 1 h. The slides were washed with PBS
3 times, added to a fresh 3, 3’ diaminobenzidine staining
buffer, and stopped the staining with water. The slides were
incubated sequentially into 75% alcohol, 85% alcohol, anhy-
drous ethanol, anhydrous ethanol, and xylene for 10 min.
After slides were dry, we used neutral gum to seal the slides.
We used microscope to scan and validate the results.

Statistical analysis

Data are presented as mean + SD of at least three independent
experiments. Statistical significance was calculated using ANOVA
or two-tailed student’s t-test performed with Prism 7 software
(Graph Pad). Differences with P < 0.05 were considered statisti-
cally significant (***P < 0.001; **P < 0.01; *P < 0.05).
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