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Abstract: Peroxisomes are functionally specialized organelles that harbor multiple hydrogen per-
oxide (H2O2)-producing and -degrading enzymes. Given that this oxidant functions as a major
redox signaling agent, peroxisomes have the intrinsic ability to mediate and modulate H2O2-driven
processes, including autophagy. However, it remains unclear whether changes in peroxisomal H2O2

(po-H2O2) emission impact the autophagic process and to which extent peroxisomes with a disturbed
H2O2 metabolism are selectively eliminated through a process called “pexophagy”. To address these
issues, we generated and validated HEK-293 and HeLa pexophagy reporter cell lines in which the
production of po-H2O2 can be modulated. We demonstrate that (i) po-H2O2 can oxidatively modify
multiple selective autophagy receptors and core autophagy proteins, (ii) neither modest nor robust
levels of po-H2O2 emission act as a prime determinant of pexophagy, and (iii) high levels of po-H2O2

impair autophagic flux by oxidative inhibition of enzymes involved in LC3II formation. Unexpectedly,
our analyses also revealed that the autophagy receptor optineurin can be recruited to peroxisomes,
thereby triggering pexophagy. In summary, these findings lend support to the idea that, during
cellular and organismal aging, peroxisomes with enhanced H2O2 release can escape pexophagy and
downregulate autophagic activity, thereby perpetuating the accumulation of damaged and toxic
cellular debris.

Keywords: peroxisomes; hydrogen peroxide; pexophagy; autophagy; oxidative stress; mKeima;
optineurin

1. Introduction

Autophagy is an evolutionarily conserved multistep process that delivers superflu-
ous or damaged components of the cytoplasm, including organelles, to the lysosome for
turnover [1]. During macroautophagy, the major type of autophagy in mammals, the
cargo is engulfed by a double-membrane vesicle, called the autophagosome [2]. From
a mechanistic point of view, this process—which is orchestrated by an arsenal of lipids,
lipid-metabolizing enzymes, and autophagy-related (ATG) proteins—can be divided into
multiple stages: initiation by cell signaling pathways; phagophore nucleation, expansion,
and closure; and autophagosome fusion with the lysosome [3]. Autophagy can occur in
either a non-selective or selective manner, with the latter requiring the additional action of
specific autophagy receptors (SARs) (e.g., SQSTM1, NBR1, OPTN, and CACO2) [4]. In gen-
eral, these receptors recognize molecular tags (e.g., a conjugated ubiquitin) on their cargo
and direct them to nascent autophagic membranes by direct interaction with members of
the ATG8 family, such as LC3B [5].

Autophagy is a redox-regulated process that can be activated by oxidative stress,
thereby protecting cells from the accumulation of oxidatively damaged macromolecules
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and organelles [6–8]. This regulation is governed at the transcriptional and posttranslational
levels [9–11]. A key signaling messenger in autophagy regulation is hydrogen peroxide
(H2O2), which has the capacity to promote disulfide bond formation within or between
proteins (or between proteins and small molecules such as glutathione and coenzyme
A) through the oxidation of redox-sensitive cysteine residues [12,13]. This, in turn, can
induce conformational changes that may affect the stability, subcellular localization, and/or
activity of the affected proteins. Examples within the context of autophagy include proteins
involved in (i) gene transcription (e.g., FOXO [14] and TFEB [15]), (ii) autophagy initiation
and phagophore nucleation (e.g., PTEN [16], ATM [17], and TSC2 [11]), (iii) phagophore
expansion (e.g., ATG3 [18], ATG4A [19], ATG4B [20], and ATG7 [18]), (iv) cargo recognition
(e.g., OPTN [21,22], SQSTM1 [23,24], and CACO2 [22]), and (v) autophagosome maturation
(e.g., cathepsin L [25]). Importantly, whether disulfide bond formation enhances or impedes
the activity of these proteins is protein- and context-specific. Examples relevant to this
study are briefly discussed in the next paragraph. For a more in-depth discussion of these
and other examples, we refer the reader to a recent review [6].

ATG4 proteins exert a dual role in autophagy: on the one hand, they activate LC3 by
cleavage of pro-LC3, thereby exposing a C-terminal glycine residue that is required for
conjugation to phosphatidyl-ethanolamine (PE) at the autophagosome membrane; on the
other hand, they are necessary for degreasing LC3-PE (termed LC3-II) to a cytosolic isoform
(termed LC3-I). Interestingly, disulfide bond formation of the human orthologs of ATG4 has
been shown to render these cysteine proteases enzymatically inactive [19,20]. This implies
that, under conditions of oxidative stress, their activities need to be tightly controlled to
ensure autophagy progression [26]. In addition, under basal conditions, the E1-like and
E2-like enzymes ATG7 and ATG3 form inactive thioester-bonded complexes with LC3-I. On
stimulation of autophagy, these ATGs dissociate from LC3-I, thereby freeing their catalytic
thiols. However, under severe oxidative stress conditions, the non-LC3-shielded thiols in
ATG3 and ATG7 can form intermolecular disulfide bridges, thereby preventing LC3 lipida-
tion, autophagosome maturation, and autophagy [18]. Finally, disulfide-bond-mediated
multimerization of SQSTM1 and CACO2 has been shown to facilitate the recruitment of
the autophagy machinery to cargo (e.g., mitochondria) through high-avidity binding to
LC3-II on nascent autophagic membranes [23], thereby inducing pro-survival autophagy
(or mitophagy) under oxidative stress conditions [22,24].

Peroxisomes are dynamic organelles that rapidly adapt their protein content, morphol-
ogy, and number in response to cellular needs and environmental cues [27]. In mammals,
these organelles are best known for their role in cellular lipid metabolism [28]. However,
given that peroxisomes are equipped with a panel of flavin-containing oxidases, which
reduce molecular oxygen to H2O2 as part of their catalytic cycle, and catalase, an enzyme
that decomposes H2O2, they have the intrinsic ability to initiate and modulate H2O2-driven
signaling events, including (selective) autophagy [29]. To maintain peroxisomal fitness, it
is crucial that damaged as well as surplus organelles are selectively removed. Currently, it
is commonly accepted that in mammals, this process, called pexophagy, primarily occurs
through the autophagy-lysosome pathway. Pexophagy can occur through both ubiquitin-
dependent and -independent mechanisms, and known triggers include amino acid depletion,
hypoxia, viral and bacterial infections, dysfunctional peroxisome biogenesis, and oxidative
stress [30,31]. However, current knowledge about the signaling pathways behind pexophagy
is sparse and only recently emerging, in particular, in mammalian cells [32].

The aim of this study was to investigate how the production of peroxisome-derived
H2O2 (po-H2O2) affects general autophagy and pexophagy. Here, it is pertinent to mention
that we recently developed a unique and powerful Flp-In T-REx 293 cell model that allows
the selective generation of H2O2 inside peroxisomes in a time- and dose-dependent manner
(i) through controlled expression of a destabilization domain (DD)-tagged version of D-
amino acid oxidase (DAO), and (ii) by regulating its activity with the supplementation
of a D-amino acid (e.g., D-Ala) to the assay medium [33]. In this study, we used this
DD-DAO Flp-In T-REx 293 cell line as well as a similar HeLa cell model as a starting point
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to generate cell lines stably expressing mRFP-GFP-LC3, an autophagic flux indicator [34],
or po-mKeima, a peroxisome-targeted variant of the pH-sensitive red fluorescent protein
mKeima [35], and to subsequently investigate how controlled release of po-H2O2 impacted
pexophagy and general autophagy.

2. Materials and Methods
2.1. DNA Manipulations and Plasmids

The plasmid encoding po-mKeima (pMF2005) was generated by amplifying the cor-
responding cDNA via PCR (template: mKeima-Red-N1 (Addgene plasmid 54597; gift
from Dr. M. Davidson (Florida State University, Tallahassee, FL, USA)); primers: 5′-
gggagatctaccatggtgagcgtgatcgccaagcag-3’ and 5′-tccccgcggccgcttacagcttgctcttgcccagcagg-
gagtggcgggcgatg-3’ (the restriction enzyme recognition sites and nucleotides encoding
the prototypic C-terminal PTS1 “-KSKL” are underlined and indicated in bold, respec-
tively)) and ligating the Bgl II/Not I-digested PCR product into Bgl II/Not I-restricted
pEGFP-N1 (Clontech, Mountain View, CA, USA; 6085-1). The plasmid encoding OPTN-GFP
was obtained from Addgene (plasmid 27052; gift from Dr. B. Yue (University of Illinois,
Chicago, IL, USA) [36]). The plasmids encoding po-roGFP2 (pMF1706) [37], c-roGFP2-Orp1
(pMF1834) [33], mCherry-PTS1 (pMF1218) [38], or GFPNb-PM (pMF1968) [39] have been
described elsewhere. The plasmid encoding mRFP-GFP-LC3 (p4-RFP-GFP-LC3) was kindly
provided by Dr. G. Bultynck (KU Leuven, Leuven, Belgium). The TOP10F’ E. coli strain
(Thermo Fisher Scientific, San Jose, CA, USA; C3030-06) was used as a cloning and plasmid
amplification host. All plasmids were validated by DNA sequencing (LGC Genomics,
Berlin, Germany).

2.2. Cell Culture and Treatment

The DD-DAO Flp-In T-REx 293 and HeLa cell lines were generated as detailed else-
where [33]. Cells were cultured at 37 ◦C in a humidified 5% CO2 incubator in regular
minimum essential medium Eagle α (rMEMα; Alpha MEM (Lonza, BE12-169F), 10% (v/v)
fetal bovine serum (FBS; Biowest, S181B), 2 mM UltraGlutamine I (Lonza, BE17-605E/U1),
and 0.2% (v/v) MycoZap (Lonza, Verviers, Belgium; VZA-2012)). Electroporations were
performed with the Neon Transfection System (Thermo Fisher Scientific) and conducted
in 10 µL tips with the following electroporation parameters: 1150 V, 20 ms pulse width,
2 pulses (for 293 cells); 1500 V, 20 ms pulse width, 1 pulse (for HeLa cells; kindly provided
by Dr. M. Bollen (KU Leuven, Belgium)). To generate DD-DAO Flp-In T-REx cell lines
constitutively expressing po-mKeima or mRFP-GFP-LC3, the cells were transfected with
pMF2005 or p4-RFP-GFP-LC3, respectively, and cultured for 2–3 weeks in rMEMα supple-
mented with 10 µg/mL blasticidin (InvivoGen, San Diego, CA, USA; ant-bl-1), 100 µg/mL
hygromycin (InvivoGen, ant-hg-1), and 200 µg/mL (for po-mKeima) or 400 µg/mL (for
mRFP-GFP-LC3) G418 (Thermo Fisher Scientific, BP673-5). Stably transformed clones of
flow-sorted pools (Sony, Surrey, UK; MA900) were selected and further cultured in the
same medium containing 200 µg/mL of G418.

To selectively express DD-DAO in peroxisomes, DD-DAO Flp-In T-REx cells were
cultured for 3 days in rMEMα containing 1 µg/mL doxycycline (DOX; Sigma,
St. Louis, MO, USA; D9891) and 500 nM Shield1 (Clontech, 632189) and subsequently for
1 day in the same medium lacking DOX/Shield1 [33].

To generate H2O2 inside peroxisomes, the DOX/Shield1-chased cells were incubated
in (i) DPBS (Lonza, BE17-512F) supplemented with 10 mM 3-amino-1,2,4-triazole (3-AT;
Thermo Fisher Scientific, 264571000), (ii) modified DMEM (mDMEM) lacking glucose
and glutamine (Gibco, Dublin, Ireland; A144300) but supplemented with 5% FBS, 2 mM
UltraGlutamine I, 10 mM sodium pyruvate (Gibco, 11360070), 10 mM 3-AT, and 50 µM
dehydroepiandrosterone (DHEA; Sigma, 700087P), or (iii) modified MEMα (mMEMα)
containing 10 mM 3-AT and 200 µM DHEA, always in combination with 20 mM L- or
D-alanine (L/D-Ala) as indicated.
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For starvation, the cells were first washed three times with Earle’s balanced salt
solution (EBSS; Sigma, E2888) and subsequently incubated in the same buffer for the
indicated time. To stimulate autophagy, the cells were treated for 8 or 14 h with 1 µM
Torin-1 (Bio-techne, Milan, Italy; 4247) or 50 nM rapamycin (MCE, South Brunswick, NJ,
USA; AY 22989), respectively; to block autophagosome formation, the cells were pretreated
for 24 h with 5 mM 3-methyladenine (3-MA; Selleckchem, Houston, TX, USA; S2767), and to
prevent autophagosome-lysosome fusion, the cells were pretreated for 2 or 8 h with 200 µM
chloroquine (CQ; Sigma, C6628) or 200 nM bafilomycin A1 (BafA1; Cayman Chemical, Ann
Arbor, MI, USA; 11038), respectively. The same volume of DMSO (MP Biomedicals, Solon,
OH, USA; 02196055) was included as the vehicle control. To image lysosomes, the cells
were incubated with LysoTracker Green DND-26 (Invitrogen, Merelbeke, Belgium; L7526).

To investigate the effect of acidic pH on po-mKeima, the cells were incubated in a
citrate buffer (135 mM KCl, 2 mM K2HPO4, 9.1 mM sodium citrate (dihydrate), 10.9 mM
citric acid, 1.2 mM CaCl2, 0.8 mM MgSO4; pH 4.5).

2.3. Antibodies

The following primary antibodies were used for immunofluorescence (IF) or im-
munoblotting (IB): rabbit anti-ATG3 (Abcam, Cambridge, UK; ab108251; IF, 1:50; IB, 1:1000),
anti-ATG4B (CST, Leiden, The Netherlands; 5299; IF, 1:100; IB, 1:1000), anti-ATG7 (Abcam,
ab133528; IB, 1:1000), anti-SQSTM1 (Abcam, ab109012; IF, 1:200; IB, 1:20,000), anti-OPTN
(Abcam, ab23666; IF, 1:50; IB, 1:1000), anti-CACO2/NDP52 (Abcam, ab68588; IF, 1:100;
IB, 1:2000), anti-LC3B (CST, 2775; IB, 1:1000), anti-TUBA1A (Santa Cruz Biotechnology,
Heidelberg, Germany; SC-5546; IB, 1:1000), anti-USP30 (Abbkine Scientific, Wuhan, China;
ABP52679; IB, 1:1000), anti-DNM1L (Cusabio, Houston, TX, USA; CSB-PA002203; IB,
1:1000), mouse anti-PEX14 (IF, 1:100) [40], and anti-actin (Sigma, A5316; IB, 1:10,000). The
secondary antibodies for IF were conjugated to Alexa Fluor 488 (Invitrogen, A11017; 1:2000)
or Texas Red (Calbiochem, Darmstadt, Germany; 401355; 1:200), and the secondary anti-
bodies for IB were conjugated to alkaline phosphatase (Sigma, A3687 and A2429; 1:5000
and 1:10,000, respectively).

2.4. Immunoblotting

Sample preparation for IB was carried out as previously described [33]. A modified
protocol was used for cell lysates. Specifically, the lysates were collected in RIPA lysis buffer
(Sigma, R0278) supplemented with a protease inhibitor mix (Sigma, P2714). We added
5X sample buffer and the samples were boiled at 100 ◦C for 10 min. A freshly prepared
5-bromo-4-chloro-3-indolyl-phosphate (GERBU, Heidelberg, Germany; #1735)/nitro blue
tetrazolium solution (GERBU, #1015) in alkaline phosphatase buffer (100 mM Tris-HCl, pH
9.2; 100 mM NaCl; 5 mM MgCl2) was used as the staining substrate.

2.5. Fluorescence Microscopy

Fluorescence microscopy was essentially carried out as described previously [41]. The
following filter cubes were chosen to match the properties of the fluorescent reporters used
in this study: F400 (excitation: 390–410 nm; dichroic mirror: 505 nm; emission: 510–550 nm),
F440 (excitation: 422–432 nm; dichroic mirror: 600 nm; emission: 610 long pass), F482 (exci-
tation: 470–495 nm; dichroic mirror: 505 nm; emission: 510–550 nm), and F562 (excitation:
545–580 nm; dichroic mirror: 600 nm; emission: 610 nm long pass). For live-cell imaging,
cells were seeded and imaged in FluoroDish cell culture dishes (World Precision Instru-
ments, Hertfordshire, UK; FD-35). To enhance the adherence of the Flp-In T-REx 293 cells to
the glass surface, the dishes were precoated with polyethyleneimine (PEI) (MP Biomedicals,
195444) at 25µg/mL in 150 mM NaCl (2 h, room temperature) [33]. For immunofluo-
rescence microscopy, the samples were fixed and processed as described elsewhere [42].
Nanobody-based plasma membrane translocation assays were carried out as described
elsewhere [39]. cellSens Dimension software (version 2.1) (Olympus Belgium) was used for
image acquisition and analysis.
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2.6. Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assays (EMSAs) were essentially performed as described
previously [33]. A slightly modified protocol was used for cell lysate preparation. Specifi-
cally, the cell pellets were dissolved in RIPA lysis buffer containing 10 mM NEM. For the
non-reducing samples, 5X SDS-PAGE sample buffer without a reducing agent was added
and the samples were heated to 65 ◦C for 10 min; for the reducing samples, 5X SDS-PAGE
containing 10% (v/v) 2-mercaptoethanol (Sigma, M7522) was added and samples were
heated to 100 ◦C for 10 min.

2.7. Flow Cytometry Analysis

The cells were washed with DPBS and dislodged from the plate by trypsinization.
Next, the cells were pelleted (300× g, 1 min), resuspended in the appropriate assay buffer
(as specified elsewhere), and analyzed using flow cytometry (BD Biosciences, San Jose, CA,
USA; FACSymphony™ A1 or A5). For po-mKeima, the cells were analyzed by using 405-
and 561-nm lasers in combination with a 600–620 nm emission filter; for mRFP-GFP-LC3,
the cells were analyzed by using 488 and 561 nm lasers in combination with 515–545 nm and
600–620 nm emission filters, respectively. For each sample, 100,000 events were collected
and analyzed using BD FACSDiva v8.0.1 software (BD Biosciences).

2.8. Statistical Analysis

Statistical analysis was performed by one-way analysis variance (ANOVA) followed
by Tukey’s post hoc test for multiple comparisons, and Student’s unpaired two-tailed
t-test was used to compare two groups. All statistical analyses were conducted using
GraphPad Prism (version 9.0.0 for Windows 64-bit, GraphPad Software, San Diego, CA,
USA). Data are expressed as the mean ± standard deviation (SD). A p-value less than 0.05
was considered statistically significant.

3. Results
3.1. Validation of the DD-DAO/po-mKeima Flp-In T-REx Cell Lines

To establish robust and sensitive cell models that can be used to study the effects
of po-H2O2 on pexophagy, we generated DD-DAO Flp-In T-REx 293 and HeLa cell lines
stably expressing a peroxisome-targeted variant of mKeima (po-mKeima). The excita-
tion spectrum of this coral-derived monomeric red fluorescent protein (emission peak:
620 nm) is pH-dependent (peak at neutral pH: 440 nm; peak at acidic pH: 586 nm) [43], a
property that can be exploited to monitor the delivery of subcellular structures to autolyso-
somes [44]. A schematic of mKeima-based detection of pexophagy in living cells is depicted
in Figure 1A. Importantly, colocalization studies with established markers clearly indicate
that, on dual excitation of po-mKeima at high (around 586 nm; false color: red) versus low
(around 440 nm; false color: green) wavelengths, the yellowish and reddish dots represent
peroxisomes and autolysosomes, respectively (Figure 1B, Supplemental Figure S1). Note
also the substantial heterogeneity in the number of autolysosome-sequestered peroxisomes
between individual cells (Figure 1C).

To functionally validate po-mKeima, DD-DAO/po-mKeima Flp-In T-REx 293 cells
were subjected to starvation, a stressor known to induce pexophagy [45]. To distinguish
between true pexophagy and overall acidification of the peroxisome lumen, we also in-
cluded a condition in which the cells were incubated for 1 h in a citrate buffer (pH 4.5).
While culturing the cells for 24 h in EBSS was associated with a varied but marked increase
in acidic puncta, a phenomenon that could largely be counteracted by the autophagy
inhibitor 3-methyladenine, exposing the cells to an acidic buffer resulted in an increase
in fluorescence throughout the acidic channel (Figure 2A). To objectively quantify these
changes, the cells were also analyzed by flow cytometry. From these data, it is clear that
(i) an increase in pexophagy is accompanied by a decrease in fluorescence intensity in the
neutral channel (Figure 2B), and (ii) global acidification of the peroxisome lumen leads
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to an increase in fluorescence intensity in the acidic channel (Figure 2C). Together, these
observations corroborate the notion that po-mKeima is a suitable pexophagy reporter.
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Figure 1. Pexophagy detection in living cells using po-mKeima. (A) Schematic outline. (B) Colocal-
ization analysis between the peroxisomal marker po-roGFP2 (false color: blue) or the acidotropic
fluorescent probe LysoTracker (false color: blue) and po-mKeima excited at 440 nm (false color:
green) or 586 nm (false color: red). The yellowish (=low 586/440 excitation peak ratio) and reddish
(=high 586/440 excitation peak ratio) dots represent peroxisomes (PO) and autolysosomes (AL),
respectively. (C) Examples of DD-DAO/po-mKeima Flp-In T-REx 293 cells displaying no, weak,
moderate, or excessively high levels of pexophagy. Scale bar, 10 µm.
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Figure 2. In situ detection of starvation-induced pexophagy. DD-DAO Flp-In T-REx 293 cells stably
expressing po-mKeima were precultured for two days in rMEMα. At time zero, the medium was
replaced with pre-warmed rMEMα (control), Earle’s balanced salt solution (EBSS) supplemented or
not with 5 mM 3-methyladenine (3-MA), or a citrate buffer (pH 4.5). After the indicated times, the
cells were processed for fluorescence microscopy or FACS analysis. (A) Representative images of the
po-mKeima staining patterns in each group. Images were captured as described in the Section 2. Scale
bar, 10 µm. (B,C) Representative flow cytometry plots of each group. Note that a decrease or increase
in the fluorescence intensities of the neutral and acidic channels can be used to gate and quantify the
percentage of cells undergoing pexophagy (starvation) and acidification of the peroxisome lumen
(citrate buffer, pH 4.5), respectively. The different colors represent the cell density at a given position.
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3.2. Peroxisomal H2O2 Emission Does Not Act as the Primary Trigger for Pexophagy in HEK-293
and HeLa Cells

To investigate to what extent po-H2O2 emission impinges on pexophagy, we first
established assay conditions yielding different net levels of po-H2O2 in the cytosol. To that
end, the DOX/Shield1-chased DD-DAO/po-mKeima Flp-In T-REx cells were incubated in
different assay media: (i) DPBS supplemented with 10 mM 3-amino-1,2,4-triazole (3-AT;
this is an inhibitor of catalase activity), indicated with “DPBS”, and 10 mM L- or D-Ala;
(ii) modified DMEM (mDMEM) lacking glucose and glutamine but supplemented with
10 mM 3-AT, 50 µM dehydroepiandrosterone (DHEA; this is an inhibitor of glucose-6-
phosphate dehydrogenase, the rate-limiting enzyme in the pentose phosphate pathway),
and 20 mM L- or D-Ala; or (iii) modified MEMα (mMEMα) containing 10 mM 3-AT, 200 µM
DHEA, and 20 mM L- or D-Ala. Note that the L-Ala conditions served as a negative control.
To document the release of po-H2O2 on the addition of D-Ala, we used a cytosolic (c-)
variant of the ratiometric H2O2 biosensor roGFP2-Orp1 [46]. On oxidation, the excitation
maximum of this sensor shifts from 480 nm to 400 nm, and, by calculating the corresponding
emission intensities at 516 nm, variations in the H2O2 levels can be assessed.

As shown in Figures 3, S2 and S3, different assay media exhibited significant dif-
ferences in cytosolic antioxidant capacity. Unexpectedly, we could not detect changes in
pexophagy in any of the conditions studied, neither in HEK-293 (Figure 4A,B) nor in HeLa
(Figure S4A,B) cells. However, quantification of the results using flow cytometry revealed
that the production of H2O2 inside peroxisomes slightly acidified the organelle lumen
(Figure 4C,D), a phenomenon that went unnoticed with the microscopy-based approach
(Figure 4A,B). In summary, these findings demonstrate that po-H2O2 does not act as a
primary trigger for pexophagy, at least not in the cell lines and conditions evaluated.
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Next, the cells were transfected with a plasmid encoding c-roGFP2-Orp1, a highly responsive cytosolic
H2O2 sensor, and chased for one day in rMEMα without DOX/Shield1. Thereafter, the cells were
incubated in different assay media (DPBS, mDMEM, or mMEMα; for details, see Section 2) and, after
the addition of L- or D-Ala, the cytosolic H2O2 levels were monitored over time (the results obtained
after 4, 8, and 24 h can be found in supplemental Figure S2). (A) Representative fluorescence overlay
images of c-roGFP2-Orp1 on excitation at 400 (false color: blue) and 480 (false color: green) nm. Scale
bar, 10 µm. (B) Response ratios of c-roGFP2-Orp1 after 2 h treatment. The data obtained for the D-Ala
conditions were statistically compared as indicated in the graph (***, p < 0.001; ****, p < 0.0001).
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Figure 4. Peroxisome-derived H2O2 does not trigger pexophagy in po-mKeima/DD-DAO Flp-In
T-REx 293 cells. DD-DAO Flp-In T-REx 293 cells stably expressing po-mKeima were cultured as
described in the legend to Figure 3. The cells were subsequently transferred to different assay media
(DPBS, mDMEM, or mMEMα; for details, see Section 2) supplemented with 10 mM L- or D-Ala.
(A) Representative fluorescence overlay images of po-mKeima on excitation at 440 (false color: green)
and 586 (false color: red) nm. Scale bar, 10 µm. (B) The po-mKeima 586/440 nm excitation fluorescence
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ratios. The data represent the values of the independent biological replicates. The corresponding D-
and L-Ala data were statistically compared, but no significant differences were found. (C) Examples
of flow cytometry plots for cells transferred to DPBS for 2 h. The different colors represent the cell
density at a given position. (D) Quantification of the percentage of cells in the gated area. Data are
shown as the mean ± SD (n = 3). The corresponding D- and L-Ala data were statistically compared
(ns, non-significant; **, p < 0.01).

Finally, we also cultured DD-DAO/po-mKeima Flp-In T-REx 293 cells in rMEMα

supplemented or not with 10 mM 3-AT. However, under those conditions, no pexophagy
induction could be observed (Figure S5).

3.3. Enhanced Levels of Peroxisome-Derived H2O2 Cause Late-Stage Impairment in Autophagy

To investigate whether or not an increase in po-H2O2 emission affects general au-
tophagy, we used DD-DAO Flp-In T-REx 293 cells transiently or stably expressing mRFP-
GFP-LC3. To validate this autophagic flux probe in our model system, we starved the cells
for 8 h in EBSS containing or not containing the late-stage autophagy inhibitor BafA1. As
expected [34], this treatment was followed by an increase in the number of autolysosomes
(red puncta) or autophagosomes (yellow puncta) in the absence or presence of BafA1,
respectively (Figure S6A). In line with this, quantification by flow cytometry showed that,
with starvation for 8 h, the proportion of cells with reduced green fluorescence intensity
was increased by approximately 20%, but only in the condition without BafA1 (Figure S6B).

Unexpectedly, neither mild (Figure 5A) nor moderate (Figure 5B,C) or acute (Figure 5D)
increases in po-H2O2 emission enhanced general autophagic flux, as revealed by FACS
analysis (representative fluorescence overlay images of mRFP-GFP-LC3 are shown in
Figure S7). This was further evidenced by the observation that moderate levels of po-H2O2,
in contrast to treatment with the mTOR inhibitor Torin-1, had no effect on the processing
of endogenous LC3B-I to LC3B-II (Figures 6 and S8). Interestingly, excessive emission
of po-H2O2 was accompanied by an increase in the LC3B-II/I ratio (Figures 7A and S9).
However, given that such treatment did not increase the LC3B-II levels in cells precultured
in the presence of BafA1 (Figures 7B and S9), it seems elevated amounts of po-H2O2 do not
promote but rather inhibit autophagy at a later stage.

3.4. The Autophagy Receptors SQSTM1, CACO2, and OPTN Aggregate in Response to
Peroxisome-Derived H2O2

Given that it has been demonstrated that the autophagy receptors SQSTM1 [24],
CACO2 [22], and OPTN [21,22] are redox-sensitive, we also checked whether these SARS are
targets of po-H2O2. By employing immunofluorescence, we could demonstrate that po-H2O2
can promote receptor clustering (Figure 8), but not on peroxisomes (Figures S10 and S11).
However, under basal conditions, we sporadically observed colocalization between OPTN
and peroxisomes (see Section 3.6). Electrophoretic mobility shift (EMSA) analyses in the ab-
sence or presence of a reducing agent also showed that the higher-molecular-weight species
formed in response to po-H2O2 are disulfide-bonded (Figure 9). Note that several other
proteins tested under the same conditions (e.g., DNM1L, TUBA1A, and USP30) did not form
such higher-molecular-weight complexes (Figure S12).
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T-REx 293 cells. DD-DAO Flp-In T-REx 293 cells stably expressing RFP-GFP-LC3 were cultured as
described in the legend to Figure 3. Next, the cells were assayed in (A) mMEMα supplemented
with 10 mM 3-amino-1,2,4-triazole (3-AT), (B) mMEMα supplemented with 10 mM L- or D-Ala,
(C) mDMEM supplemented with 10 mM L- or D-Ala, or (D) DPBS containing 10 mM L- or D-Ala (for
medium details, see Section 2). At the indicated time points, the cells were harvested and processed
for FACS analysis. To measure the percentage of cells undergoing autophagy, the RFP-GFP-LC3
single-cell populations were gated for a decrease in GFP expression. The results are shown as flow
cytometry plots (n = 1; the different colors represent the cell density at a given position.) or interleaved
scatter plots (n = 3; data represent the means ± SD). The corresponding D- and L-Ala data were
statistically compared (ns, non-significant).
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Flp-In T-REx 293 cells were cultured as described in the legend to Figure 3 and pre-incubated or not
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pre-incubated with 1 µM Torin-1 for 8 h. Thereafter, the cells were transferred to mMEMα (for details,
see Section 2) supplemented with 10 mM L-Ala, 10 mM D-Ala, and/or 1 µM Torin-1. After 2 h, the
cells were processed for immunoblotting with an antibody specific for LC3B. (A) Representative
immunoblot. (B) Quantification of the LC3B-II/LC3B-I ratios. The data represent the means ± SD of
three independent experiments. ***, p < 0.005; **, p < 0.01; ns, non-significant.
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Figure 7. Severe po-H2O2 insults cause late-stage impairment of autophagy. DD-DAO Flp-In T-REx
293 cells were cultured as described in the legend to Figure 3. The cells, pre-incubated (B) or not
pre-incubated (A) with 200 nM BafA1 for 8 h before the start of the experiment, were treated as
indicated for 60 min and processed for immunoblotting with an antibody specific to LC3B. Repre-
sentative immunoblots (upper panels) and quantifications (lower panels) are shown. Data represent
means ± SD (n = 3 independent biological replicates). **, p < 0.01; ***, p < 0.005; ns, non-significant.
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Figure 8. The specific autophagy receptors SQSTM1, OPTN, and CACO2 aggregate in response to
peroxisome-derived H2O2 production. DD-DAO Flp-In T-REx 293 cells were cultured as described
in the legend to Figure 3. The cells were subsequently transferred to DBPS containing 10 mM
3-amino-1,2,4-triazole (3-AT) and 10 mM L- or D-Ala. After 60 min, the cells were fixed and processed
for immunofluorescence microscopy using rabbit antisera against SQSTM1, OPTN, or CACO2 in
combination with a goat anti-rabbit secondary antibody conjugated to Texas Red. The panels shown
on the right of each image are magnified views of the boxed areas. Scale bars, 10 µm.
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Figure 9. The specific autophagy receptors SQSTM1, OPTN, and CACO2 are prone to oxidation by
peroxisome-derived H2O2. DD-DAO Flp-In T-REx 293 cells were cultured as described in the legend
to Figure 3. Next, the cells were incubated in DBPS containing 10 mM 3-amino-1,2,4-triazole and
10 mM L- or D-Ala. After 60 min, the free thiol groups were blocked with N-ethylmaleimide.
Thereafter, the cells were processed for SDS-PAGE under non-reducing (-β-ME) or reducing (+β-
ME) conditions and subsequently subjected to immunoblot analysis with antibodies specific for
(A) SQSTM1, (B) OPTN, or (C) CACO2. The migration points of relevant molecular mass markers
(expressed in kDa) are shown on the left. The arrows and arrowheads mark the non-modified and
oxidatively modified proteins, respectively. The asterisks mark bands of unknown nature.

3.5. The Core Autophagy Machinery Proteins ATG3, ATG4B, and ATG7 Are Prone to Oxidation
by Peroxisome-Derived H2O2

Next, we carried out redox EMSAs to assess whether po-H2O2 can oxidatively mod-
ify ATG3, ATG4B, and ATG7, whose conformations and activities have been shown to
be redox-regulated [18,20]. The results provide direct evidence that these proteins are
also targets of po-H2O2 (Figure 10), thereby confirming and extending prior observa-
tions that (i) under basal conditions, ATG3 predominantly exists as a disulfide-bonded
±50 kDa complex, corresponding to LC3-bound ATG3 [18], which is converted into multi-
ple higher-molecular-weight complexes under conditions of oxidative stress (Figure 10A),
(ii) under basal conditions, ATG4 is mainly present in an intramolecular disulfide-stabilized
conformation that can be rearranged with oxidative stress [20] (Figure 10B), and (iii) oxida-
tive stress triggers the formation of reducible ATG7-containing higher-molecular-weight
complexes (Figure 10C). Given that, (i) active autophagy requires transient thioester forma-
tion between LC3 and the catalytic thiols of ATG3 and ATG7 [18], (ii) oxidative stress can
lead to disulfide bond formation between the catalytic thiols of ATG3 and ATG7, thereby
preventing autophagosome maturation and blocking autophagy [18], and (iii) enhanced
levels of po-H2O2 do not appear to stimulate autophagy (Figure 5). We also confirmed
po-H2O2-induced complex formation between ATG3 and ATG7 (Figure 11). Note that we
were unable to detect LC3B-bound ATG7 complexes. However, a likely explanation is
that, under the conditions employed, the epitope recognized by the monoclonal anti-ATG7
antibody is masked.
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Figure 10. The core autophagy machinery proteins ATG3, ATG4B, and ATG7 are prone to oxidation
by peroxisome-derived H2O2. DD-DAO Flp-In T-REx 293 cells were cultured as described in the
legend to Figure 3. Next, the cells were incubated in DBPS containing 10 mM 3-amino-1,2,4-triazole
and 10 mM L- or D-Ala. After 60 min, the free thiol groups were blocked with N-ethylmaleimide.
Thereafter, the cells were processed for SDS-PAGE under non-reducing (-β-ME) and reducing (+β-
ME) conditions and subsequently subjected to immunoblot analysis with antibodies specific for (A)
ATG3, (B) ATG4B, or (C) ATG7. The migration points of relevant molecular mass markers (expressed
in kDa) are shown on the left. The arrows and arrowheads mark the non-modified and oxidatively
modified proteins, respectively. The blue and red arrowheads indicate, respectively, the disulfide-
bonded ATG3-LC3 complex [18] and intramolecular disulfide-bonded forms of ATG4B [20]. The
asterisk marks a band of unknown nature.
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Figure 11. Peroxisome-derived H2O2 triggers complex formation between ATG3 and ATG7. DD-
DAO Flp-In T-REx 293 cells were cultured as described in the legend to Figure 3. Next, the cells
were incubated in DBPS containing 10 mM 3-amino-1,2,4-triazole and 10 mM L- or D-Ala. After
60 min, the free thiol groups were blocked with N-ethylmaleimide. Thereafter, the cells were
processed for non-reducing SDS-PAGE and subsequently subjected to immunoblot analysis with
antibodies specific for ATG3 or ATG7. Note that before probing the blots, the D-Ala lane was cut in
two to unambiguously identify ATG3/ATG7-containing complexes. The migration points of relevant
molecular mass markers (expressed in kDa) are shown on the left. The arrows and arrowheads mark
non-oxidatively and oxidatively modified immunoreactive protein bands, respectively.
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3.6. OPTN Can Be Recruited to Peroxisomes and Trigger Pexophagy

To investigate the significance of our observation that OPTN can sporadically be
observed on peroxisomes under basal growth conditions, we carried out additional im-
munofluorescence and live-cell imaging experiments. From these studies, it can be con-
cluded that both endogenous as well as ectopically expressed OPTN-GFP can be recruited
to peroxisomes (Figure 12). This was further evidenced by a plasma-membrane-targeted
anti-GFP nanobody (GFPNb-PM)-based translocation assay (Figure 13), in which a GFP-
tagged protein of interest is relocated to the plasma membrane together with its (soluble or
membrane-bound) interaction partner(s) [39]. Last but not least, overexpression of OPTN-
GFP resulted in a significant decrease in peroxisome number (Figure 12), a phenomenon
coinciding with pexophagy induction (Figure 14).
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Figure 12. Endogenous and GFP-tagged OPTN can be recruited to peroxisomes under basal growth
conditions. DD-DAO Flp-In T-REx 293 cells were co-transfected (lower panels) or not co-transfected
(upper panels) with plasmids encoding OPTN-GFP and mCherry-PTS1. After culturing the cells for
two days in rMEMα, they were processed for live-cell imaging (lower panels) or fixed and processed
for immunofluorescence microscopy using a mouse antiserum against PEX14 and a rabbit antiserum
against OPTN, in combination with goat anti-mouse and anti-rabbit secondary antibodies conjugated
to Alexa Fluor 488 and Texas Red, respectively (upper panels). The white arrowheads point to sites
of colocalization between OPTN(-GFP) and the peroxisomal marker protein PEX14 or mCherry-PTS1.
Scale bar, 10 µm.
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Figure 13. Co-expression of OPTN-GFP and a plasma-membrane-targeted anti-GFP nanobody
recruits peroxisomes to the plasma membrane. DD-DAO Flp-In T-REx 293 cells were transiently co-
transfected with plasmids encoding a plasma membrane targeting motif-tagged anti-EGFP nanobody
(GFPNb-PM), OPTN-GFP, and mCherry-PTS1, then cultured in rMEMα. The next day, the medium
was replaced with fresh medium or EBSS and, 24 h later, the cells were imaged using fluorescence
microscopy. Representative images are shown. The white arrowheads indicate positions where
peroxisomes are associated with the plasma membrane. Scale bar, 10 µm.
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Figure 14. Expression of OPTN-GFP triggers pexophagy. DD-DAO Flp-In T-REx 293 cells expressing
po-mKeima were first transfected with a plasmid encoding GFP or OPTN-GFP and subsequently
cultured in rMEMα. Two days later, the cells were processed for live-cell imaging. (A) Representative
fluorescence images of (OPTN-)GFP (false color: blue) and po-mKeima on excitation at 440 (false
color: green) and 586 (false color: red) nm. Scale bar, 10 µm. (B) Random fields of view were selected
in the bright field, and the 586/440 nm fluorescence excitation ratios of po-mKeima were measured
and plotted. **, p < 0.01.

4. Discussion

In an analogy with mitochondria [47], pexophagy can be expected to play an important
role in the clearance of peroxisomes under basal (e.g., for peroxisomal housekeeping),
programmed (e.g., in different cell types during development), and stress-induced (e.g.,
for metabolic adjustments to external challenges) conditions. However, unlike in the
mitophagy field, where multiple mitophagy activators are available [48], a big hurdle in
the pexophagy field is the lack of small molecules or conditions that can be used as robust
pexophagy inducers. Given that (i) mitophagy is intimately interwoven with mitochondrial
oxidative stress [49], (ii) mitochondrial and peroxisomal abundance and activity are co-
regulated at different levels [50], and (iii) peroxisomes produce significant amounts of
H2O2 as part of their normal metabolism [51], it is reasonable to assume that disturbances
in po-H2O2 metabolism may provoke signaling events that ultimately result in peroxisome
degradation. Experimental observations supporting this hypothesis include the findings
that (i) 1,10-phenanthroline-induced pexophagy in Chang liver cells coincides with elevated
levels of po-H2O2, and that this process can be completely counteracted by N-acetyl-L-
cysteine [52], (ii) interference with catalase activity stimulates pexophagy in serum-starved
retinal pigment epithelial and HepG2 cells [53] as well as in the liver of mice subjected
to prolonged fasting [54], and (iii) depletion of HSPA9, a predominantly mitochondrial
heat-shock protein, in neuroblastoma cells induces pexophagy through an increase in
po-H2O2 [55]. However, none of these studies provide direct evidence that elevated levels
of po-H2O2 act as the primary trigger for pexophagy.
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To find evidence in favor of or against the hypothesis that po-H2O2 can indeed act as
a primary trigger of pexophagy, we generated DD-DAO Flp-In T-REx 293 and HeLa cell
lines stably expressing po-mKeima and validated these in vitro models as a suitable tool for
assessing pexophagy. Note that peroxisome-targeted variants of mKeima have already been
used by others to study how alterations in the expression levels, subcellular localization,
and/or activity of the ubiquitin-specific protease USP30 and HSPA9 affect peroxisome
turnover [55–58]. During the validation process, we noticed high cell-to-cell variability in
pexophagy, both under basal (Figure 1C) and starvation (Figure 2A) conditions. Given that
such variability may complicate and even jeopardize a correct interpretation of the data, the
levels of pexophagy were also routinely quantified using flow cytometry. Yet, despite exten-
sive testing, we were not able to obtain any evidence that enhanced po-H2O2 emission in
itself can trigger pexophagy, at least not in the cell lines studied. To reconcile the apparently
paradoxical conclusions from our study and the studies mentioned above, it is important
to highlight that pexophagy induction by inhibition of catalase activity was only observed
during prolonged starvation [53,54]. In addition, it cannot be ruled out that the increased
levels of po-H2O2 observed during 1,10-phenanthroline- or HSPA9-depletion-induced pex-
ophagy [52,55] are an indirect consequence of other redox-related events that may impact
pexophagy. Indeed, 1,10 phenanthroline is a high-affinity chelator for divalent metal ions
such as Fe2+ and Zn2+, which are essential elements in many cellular processes, and HSPA9
is a multipotent chaperone regulating cellular processes ranging from viral infection to neu-
rodegeneration [59]. In line with this, po-H2O2 is also unlikely to function as the primary
pexophagy initiator in other conditions linking peroxisome degradation to increased perox-
isomal oxidant levels. For example, in a study documenting that Hsc70/Stub1 promotes
the removal of individual oxidatively stressed peroxisomes, the organelles were stressed by
green light illumination after expression of a peroxisome-targeted variant of KillerRed, a
condition predominantly generating superoxide anion radicals [60]. In addition, other stud-
ies showing that (i) pejvakin, a peroxisome-associated protein from the gasdermin family,
triggers the removal of noise-induced oxidative-stress-damaged peroxisomes in auditory
hair cells [61], and (ii) peroxisomal oxidative stress activates ATM and represses mTORC1
to induce autophagy and pexophagy [62], used external H2O2 to produce oxidative stress.
However, it is essential to point out here that findings obtained with external H2O2, even
at concentrations as low as 10 µM, cannot simply be extrapolated to conditions in which
this oxidant is produced inside peroxisomes [63], and that such treatment can also promote
autophagic cell death [64]. Finally, multiple studies have demonstrated that long-term
inhibition of catalase activity even leads to an increase in peroxisome number [65–67], likely
through an oxidative-stress-related decrease in autophagy.

Currently, it is well known that all stages of autophagy are redox-regulated [11]. The
results presented here provide compelling evidence that po-H2O2 has the potential to
modulate autophagy at the levels of cargo recognition (Figures 8 and 9) and phagophore
expansion (Figures 10 and 11). Although the (patho)physiological relevance of these
findings remains to be clarified, it is known that (i) disulfide-linked oligomerization of
SQSTM1, CACO2, and OPTN enables these SARs to bind to many ubiquitin tags on a
single structure and to increase their avidity for LC3B clusters on the autophagosomal
surface, thereby driving the bending of the isolation membrane around the cargo [22,68,69],
(ii) oxidation of the redox-sensitive Cys residues in the LC3 processing enzyme ATG4B
inhibits its activity, thereby leading to improved stability of LC3-PE and increased au-
tophagosome formation [19], and (iii) oxidation of the catalytic thiols of ATG3 and ATG7
inhibits their activity in LC3–PE conjugation, thereby impairing autophagic flux [18]. In
this context, our observation that excessive levels of po-H2O2 cause late-stage impairment
in autophagy (Figure 7), a finding in line with the recent observation that catalase-deficient
mice age faster through lysosomal dysfunction and defects in autophagosome-lysosome
fusion [70], may not come as a complete surprise.

This study also revealed two unexpected but interesting side observations:
(i) DAO-mediated production of po-H2O2 induced acidification of the peroxisome lumen
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(Figure 4C,D), and (ii) OPTN can be recruited to peroxisomes and trigger pexophagy
(Figures 12–14). Regarding the first observation, it must be mentioned that DAO is an en-
zyme that oxidizes the NH2-group of D-amino acids, thereby producing the corresponding
α-keto acid, hydrogen peroxide, and ammonia. Given that enhanced levels of ammonia can
be expected to result in the alkalinization of the peroxisomal matrix, the decrease in intraper-
oxisomal pH is most likely a (not yet explainable) H2O2-mediated phenomenon. Regarding
the second observation, OPTN is a multifunctional autophagy receptor that contributes
to mitophagy, aggrephagy, and xenophagy through ubiquitin signaling [71]. Our study
showed that this receptor can also act as a pexophagy inducer, an important novel finding
that needs further investigation. Pertinent follow-up research objectives, which fell outside
the scope of this study, include determining the (i) conditions and regulatory mechanisms
for recruitment of OPTN to the peroxisomal membrane, (ii) (ubiquitinated) binding partners
of OPTN at the peroxisomal membrane, (iii) the role of OPTN in peroxisome function and
clearance, and (iv) peroxisome abundance and metabolism in OPTN-related diseases.

5. Conclusions

To investigate the direct relationship between po-H2O2 emission and pexophagy, a
topic not examined thus far, we established HEK-293 and HeLa pexophagy reporter cell
lines in which the production of po-H2O2 can be controlled in a dose- and time-dependent
fashion. Our results demonstrate that neither mild, moderate, nor high levels of po-H2O2
act as a primary trigger for pexophagy. However, po-H2O2 has the potential to oxidatively
modify redox-sensitive SARs (e.g., SQSTM1, CACO2, and OPTN) and core autophagy
proteins (e.g., ATG3, ATG4B, and ATG7), and enhanced levels of po-H2O2 potently inhibit
late-stage autophagy. Finally, this study provides compelling evidence that OPTN can act as
a pexophagy receptor, a novel finding that opens new avenues for exploring and exploiting
the importance of peroxisome clearance in normal physiology and human disease.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12030613/s1, Figure S1: Validation of po-mKeima in living
DD-DAO Flp-In T-REx HeLa cells; Figure S2: Effect of assay medium on peroxisomal H2O2 release
in HEK-293 cells; Figure S3: Effect of assay medium on peroxisomal H2O2 release in HeLa cells;
Figure S4: Peroxisome-derived H2O2 does not trigger pexophagy in po-mKeima/DD-DAO Flp-In
T-REx HeLa cells; Figure S5: Culturing HEK-293 cells in the presence of 3-amino-1,2,4-triazole does
not induce pexophagy; Figure S6: Validation of the autophagic flux reporter mRFP-GFP-LC3 in
HEK-293 cells; Figure S7: Representative images documenting the subcellular distribution patterns
of mRFP-GFP-LC3B in DD-DAO Flp-In T-REx 293 cells assayed under the indicated conditions;
Figure S8: Moderate levels of po-H2O2 do not affect the processing of LC3B-I to LC3B-II; Figure S9:
Severe po-H2O2 insults cause late-stage impairment of autophagy; Figure S10: The specific autophagy
receptors SQSTM1, OPTN, and CACO2 are not recruited to peroxisomes by moderate production
of po-H2O2; Figure S11: The specific autophagy receptors SQSTM1, OPTN, and CACO2 are not
recruited to peroxisomes by excessive production of po-H2O2; Figure S12: The ubiquitously expressed
housekeeping protein TUBA1A, the ubiquitin-specific protease USP30, and the dynamin-like protein
DNM1L do not undergo disulfide bond formation triggered by po-H2O2 production.

Author Contributions: Conceptualization, H.L. and M.F.; methodology, H.L., C.L. and M.F.; valida-
tion, H.L. and C.L.; formal analysis, H.L., C.L. and M.F.; investigation, H.L., C.L. and M.F.; resources,
H.L., C.L. and M.F.; data curation, H.L. and M.F.; writing—original draft preparation, H.L. and M.F.;
writing—review and editing, all authors; visualization, H.L. and M.F.; supervision, C.L., M.B. and
M.F.; project administration, M.F.; funding acquisition, M.B. and M.F. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Research Foundation—Flanders (grant numbers: G091819N
and 1213620N), the China Scholarship Council (grant number: 201906790005), KU Leuven (grant
number: C14/18/088), the European Union’s Horizon 2020 Research and Innovation Program un-
der Marie Skłodowska-Curie (grant number: 812968), and the Ministry of Higher Education of
the Arab Republic of Egypt. The APC was funded by the Research Foundation—Flanders (grant
number: G091819N).

https://www.mdpi.com/article/10.3390/antiox12030613/s1
https://www.mdpi.com/article/10.3390/antiox12030613/s1


Antioxidants 2023, 12, 613 19 of 21

Institutional Review Board Statement: The cell line experiments were approved by the Ethics
Committee Research UZ/KU Leuven (protocol code: S62366; date of approval: 16 January 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Geert Bultynck (KU Leuven, Belgium) for the p4-RFP-GFP-
LC3 plasmid, Beatrice Yue (University of Illinois, USA) for the pOPTN-EGFP plasmid, Michael
Davidson (Florida State University, USA) for the mKeima-Red-N1 plasmid, M. Bollen (KU Leuven,
Belgium) for the Flp-In T-REx HeLa cells, and Jochen Lamote (KU Leuven, Belgium) for assistance
with the FACS experiments.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Yu, G.; Klionsky, D.J. Life and death decisions–the many faces of autophagy in cell survival and cell death. Biomolecules

2022, 12, 866. [CrossRef] [PubMed]
2. Codogno, P.; Mehrpour, M.; Proikas-Cezanne, T. Canonical and non-canonical autophagy: Variations on a common theme of

self-eating? Nat. Rev. Mol. Cell. Biol. 2011, 13, 7–12. [CrossRef] [PubMed]
3. Dall’Armi, C.; Devereaux, K.A.; Di Paolo, G. The role of lipids in the control of autophagy. Curr. Biol. 2013, 23, R33–R45.

[CrossRef] [PubMed]
4. Lamark, T.; Johansen, T. Mechanisms of selective autophagy. Annu. Rev. Cell Dev. Biol. 2021, 37, 143–169. [CrossRef] [PubMed]
5. Gatica, D.; Lahiri, V.; Klionsky, D.J. Cargo recognition and degradation by selective autophagy. Nat. Cell Biol. 2018, 20, 233–242.

[CrossRef]
6. Li, D.; Ding, Z.; Du, K.; Ye, X.; Cheng, X. Reactive oxygen species as a link between antioxidant pathways and autophagy.

Oxid. Med. Cell. Longev. 2021, 2021, 5583215. [CrossRef]
7. Ornatowski, W.; Lu, Q.; Yegambaram, M.; Garcia, A.E.; Zemskov, E.A.; Maltepe, E.; Fineman, J.R.; Wang, T.; Black, S.M. Complex

interplay between autophagy and oxidative stress in the development of pulmonary disease. Redox Biol. 2020, 36, 101679.
[CrossRef]

8. Yun, H.R.; Jo, Y.H.; Kim, J.; Shin, Y.; Kim, S.S.; Choi, T.G. Roles of autophagy in oxidative stress. Int. J. Mol. Sci. 2020, 21, 3289.
[CrossRef]

9. Scherz-Shouval, R.; Shvets, E.; Elazar, Z. Oxidation as a post-translational modification that regulates autophagy. Autophagy
2007, 3, 371–373. [CrossRef]

10. Redza-Dutordoir, M.; Averill-Bates, D.A. Interactions between reactive oxygen species and autophagy. Biochim. Biophys. Acta Mol.
Cell. Res. 2021, 1868, 119041. [CrossRef]

11. Zhou, J.; Li, X.Y.; Liu, Y.J.; Feng, J.; Wu, Y.; Shen, H.M.; Lu, G.D. Full-coverage regulations of autophagy by ROS: From induction
to maturation. Autophagy 2022, 18, 1240–1255. [CrossRef] [PubMed]

12. Lennicke, C.; Cochemé, H.M. Redox metabolism: ROS as specific molecular regulators of cell signaling and function. Mol. Cell
2021, 81, 3691–3707. [CrossRef] [PubMed]

13. Sies, H.; Belousov, V.V.; Chandel, N.S.; Davies, M.J.; Jones, D.P.; Mann, G.E.; Murphy, M.P.; Yamamoto, M.; Winterbourn, C.
Defining roles of specific reactive oxygen species (ROS) in cell biology and physiology. Nat. Rev. Mol. Cell Biol. 2022, 23, 499–515.
[CrossRef]

14. Sengupta, A.; Molkentin, J.D.; Yutzey, K.E. FoxO transcription factors promote autophagy in cardiomyocytes. J. Biol. Chem.
2009, 284, 28319–28331. [CrossRef] [PubMed]

15. Wang, H.; Wang, N.; Xu, D.; Ma, Q.; Chen, Y.; Xu, S.; Xia, Q.; Zhang, Y.; Prehn, J.H.M.; Wang, G.; et al. Oxidation of multiple
MiT/TFE transcription factors links oxidative stress to transcriptional control of autophagy and lysosome biogenesis. Autophagy
2020, 16, 1683–1696. [CrossRef]

16. Leslie, N.R. The redox regulation of PI 3-kinase-dependent signaling. Antioxid. Redox Signal. 2006, 8, 1765–1774. [CrossRef]
[PubMed]

17. Alexander, A.; Cai, S.L.; Kim, J.; Nanez, A.; Sahin, M.; MacLean, K.H.; Inoki, K.; Guan, K.L.; Shen, J.; Person, M.D.; et al. ATM
signals to TSC2 in the cytoplasm to regulate mTORC1 in response to ROS. Proc. Natl. Acad. Sci. USA 2010, 107, 4153–4158.
[CrossRef]

18. Frudd, K.; Burgoyne, T.; Burgoyne, J.R. Oxidation of Atg3 and Atg7 mediates inhibition of autophagy. Nat. Commun. 2018, 9, 95.
[CrossRef]

19. Scherz-Shouval, R.; Shvets, E.; Fass, E.; Shorer, H.; Gil, L.; Elazar, Z. Reactive oxygen species are essential for autophagy and
specifically regulate the activity of Atg4. EMBO J. 2007, 26, 1749–1760. [CrossRef]

20. Zheng, X.; Yang, Z.; Gu, Q.; Xia, F.; Fu, Y.; Liu, P.; Yin, X.M.; Li, M. The protease activity of human ATG4B is regulated by
reversible oxidative modification. Autophagy 2020, 16, 1838–1850. [CrossRef]

http://doi.org/10.3390/biom12070866
http://www.ncbi.nlm.nih.gov/pubmed/35883421
http://doi.org/10.1038/nrm3249
http://www.ncbi.nlm.nih.gov/pubmed/22166994
http://doi.org/10.1016/j.cub.2012.10.041
http://www.ncbi.nlm.nih.gov/pubmed/23305670
http://doi.org/10.1146/annurev-cellbio-120219-035530
http://www.ncbi.nlm.nih.gov/pubmed/34152791
http://doi.org/10.1038/s41556-018-0037-z
http://doi.org/10.1155/2021/5583215
http://doi.org/10.1016/j.redox.2020.101679
http://doi.org/10.3390/ijms21093289
http://doi.org/10.4161/auto.4214
http://doi.org/10.1016/j.bbamcr.2021.119041
http://doi.org/10.1080/15548627.2021.1984656
http://www.ncbi.nlm.nih.gov/pubmed/34662529
http://doi.org/10.1016/j.molcel.2021.08.018
http://www.ncbi.nlm.nih.gov/pubmed/34547234
http://doi.org/10.1038/s41580-022-00456-z
http://doi.org/10.1074/jbc.M109.024406
http://www.ncbi.nlm.nih.gov/pubmed/19696026
http://doi.org/10.1080/15548627.2019.1704104
http://doi.org/10.1089/ars.2006.8.1765
http://www.ncbi.nlm.nih.gov/pubmed/16987030
http://doi.org/10.1073/pnas.0913860107
http://doi.org/10.1038/s41467-017-02352-z
http://doi.org/10.1038/sj.emboj.7601623
http://doi.org/10.1080/15548627.2019.1709763


Antioxidants 2023, 12, 613 20 of 21

21. Gao, J.; Ohtsubo, M.; Hotta, Y.; Minoshima, S. Oligomerization of optineurin and its oxidative stress- or E50K mutation-driven
covalent cross-linking: Possible relationship with glaucoma pathology. PLoS ONE 2014, 9, e101206. [CrossRef] [PubMed]

22. Kataura, T.; Otten, E.G.; Rabanal-Ruiz, Y.; Adriaenssens, E.; Urselli, F.; Scialo, F.; Fan, L.; Smith, G.R.; Dawson, W.M.; Chen, X.;
et al. NDP52 acts as a redox sensor in PINK1/Parkin-mediated mitophagy. EMBO J. 2022, e111372. [CrossRef] [PubMed]

23. Cha-Molstad, H.; Lee, S.H.; Kim, J.G.; Sung, K.W.; Hwang, J.; Shim, S.M.; Ganipisetti, S.; McGuire, T.; Mook-Jung, I.;
Ciechanover, A.; et al. Regulation of autophagic proteolysis by the N-recognin SQSTM1/p62 of the N-end rule pathway.
Autophagy 2018, 14, 359–361. [CrossRef] [PubMed]

24. Carroll, B.; Otten, E.G.; Manni, D.; Stefanatos, R.; Menzies, F.M.; Smith, G.R.; Jurk, D.; Kenneth, N.; Wilkinson, S.; Passos, J.F.; et al.
Oxidation of SQSTM1/p62 mediates the link between redox state and protein homeostasis. Nat. Commun. 2018, 9, 256. [CrossRef]
[PubMed]

25. Nagakannan, P.; Eftekharpour, E. Differential redox sensitivity of cathepsin B and L holds the key to autophagy-apoptosis
interplay after Thioredoxin reductase inhibition in nutritionally stressed SH-SY5Y cells. Free Radic. Biol. Med. 2017, 108, 819–831.
[CrossRef]

26. Wible, D.J.; Bratton, B. Reciprocity in ROS and autophagic signaling. Curr. Opin. Toxicol. 2018, 7, 28–36. [CrossRef]
27. Schrader, M.; Kamoshita, M.; Islinger, M. Organelle interplay—Peroxisome interactions in health and disease. J. Inherit. Metab.

Dis. 2020, 43, 71–89. [CrossRef]
28. Wanders, R.J.; Baes, M.; Ribeiro, D.; Ferdinandusse, S.; Waterham, H.R. The physiological functions of human peroxisomes.

Physiol. Rev. 2023, 103, 957–1024. [CrossRef]
29. Fransen, M.; Lismont, C. Redox signaling from and to peroxisomes: Progress, challenges, and prospects. Antioxid. Redox Signal.

2019, 30, 95–112. [CrossRef]
30. Kim, P.K.; Hailey, D.W.; Mullen, R.T.; Lippincott-Schwartz, J. Ubiquitin signals autophagic degradation of cytosolic proteins and

peroxisomes. Proc. Natl. Acad. Sci. USA 2008, 105, 20567–20574. [CrossRef]
31. Li, H.; Lismont, C.; Revenco, I.; Hussein, M.A.; Costa, C.F.; Fransen, M. The peroxisome-autophagy redox connection: A

double-edged sword? Front. Cell Dev. Biol. 2021, 9, 814047. [CrossRef]
32. Li, J.; Wang, W. Mechanisms and functions of pexophagy in mammalian cells. Cells 2021, 10, 1094. [CrossRef] [PubMed]
33. Lismont, C.; Nordgren, M.; Brees, C.; Knoops, B.; Van Veldhoven, P.P.; Fransen, M. Peroxisomes as modulators of cellular protein

thiol oxidation: A new model system. Antioxid. Redox Signal. 2019, 30, 22–39. [CrossRef] [PubMed]
34. Kimura, S.; Noda, T.; Yoshimori, T. Dissection of the autophagosome maturation process by a novel reporter protein, tandem

fluorescent-tagged LC3. Autophagy 2007, 3, 452–460. [CrossRef] [PubMed]
35. Violot, S.; Carpentier, P.; Blanchoin, L.; Bourgeois, D. Reverse pH-dependence of chromophore protonation explains the large

Stokes shift of the red fluorescent protein mKeima. J. Am. Chem. Soc. 2009, 131, 10356–10357. [CrossRef]
36. Park, B.C.; Shen, X.; Samaraweera, M.; Yue, B.Y. Studies of optineurin, a glaucoma gene: Golgi fragmentation and cell death from

overexpression of wild-type and mutant optineurin in two ocular cell types. Am. J. Pathol. 2006, 169, 1976–1989. [CrossRef]
37. Ivashchenko, O.; Van Veldhoven, P.P.; Brees, C.; Ho, Y.S.; Terlecky, S.R.; Fransen, M. Intraperoxisomal redox balance in mammalian

cells: Oxidative stress and interorganellar cross-talk. Mol. Biol. Cell 2011, 22, 1440–1451. [CrossRef]
38. Nordgren, M.; Wang, B.; Apanasets, O.; Brees, C.; Van Veldhoven, P.P.; Fransen, M. Potential limitations in the use of KillerRed for

fluorescence microscopy. J. Microsc. 2012, 245, 229–235. [CrossRef]
39. Walton, P.A.; Brees, C.; Lismont, C.; Apanasets, O.; Fransen, M. The peroxisomal import receptor PEX5 functions as a stress sensor,

retaining catalase in the cytosol in times of oxidative stress. Biochim. Biophys. Acta Mol. Cell. Res. 2017, 1864, 1833–1843. [CrossRef]
40. Van Veldhoven, P.P.; de Schryver, E.; Young, S.G.; Zwijsen, A.; Fransen, M.; Espeel, M.; Baes, M.; Van Ael, E. Slc25a17 gene

trapped mice: PMP34 plays a role in the peroxisomal degradation of phytanic and pristanic acid. Front. Cell Dev. Biol. 2020, 8, 144.
[CrossRef]

41. Ramazani, Y.; Knops, N.; Berlingerio, S.P.; Adebayo, O.C.; Lismont, C.; Kuypers, D.J.; Levtchenko, E.; van den Heuvel, L.P.;
Fransen, M. Therapeutic concentrations of calcineurin inhibitors do not deregulate glutathione redox balance in human renal
proximal tubule cells. PLoS ONE 2021, 16, e0250996. [CrossRef]

42. Huybrechts, S.J.; Van Veldhoven, P.P.; Brees, C.; Mannaerts, G.P.; Los, G.V.; Fransen, M. Peroxisome dynamics in cultured
mammalian cells. Traffic 2009, 10, 1722–1733. [CrossRef]

43. Nadal-Ferret, M.; Gelabert, R.; Moreno, M.; Lluch, J.M. How does the environment affect the absorption spectrum of the
fluorescent protein mKeima? J. Chem. Theory Comput. 2013, 9, 1731–1742. [CrossRef]

44. Engedal, N.; Sønstevold, T.; Beese, C.J.; Selladurai, S.; Melcher, T.; Simensen, J.E.; Frankel, L.B.; Urbanucci, A.; Torgersen, M.L.
Measuring autophagic cargo flux with keima-based probes. Methods Mol. Biol. 2022, 2445, 99–115. [CrossRef] [PubMed]

45. Sargent, G.; van Zutphen, T.; Shatseva, T.; Zhang, L.; Di Giovanni, V.; Bandsma, R.; Kim, P.K. PEX2 is the E3 ubiquitin ligase
required for pexophagy during starvation. J. Cell Biol. 2016, 214, 677–690. [CrossRef] [PubMed]

46. Gutscher, M.; Sobotta, M.C.; Wabnitz, G.H.; Ballikaya, S.; Meyer, A.J.; Samstag, Y.; Dick, T.P. Proximity-based protein thiol
oxidation by H2O2-scavenging peroxidases. J. Biol. Chem. 2009, 284, 31532–31540. [CrossRef] [PubMed]

47. Palikaras, K.; Lionaki, E.; Tavernarakis, N. Mechanisms of mitophagy in cellular homeostasis, physiology and pathology.
Nat. Cell Biol. 2018, 20, 1013–1022. [CrossRef] [PubMed]

48. Georgakopoulos, N.D.; Wells, G.; Campanella, M. The pharmacological regulation of cellular mitophagy. Nat. Chem. Biol.
2017, 13, 136–146. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0101206
http://www.ncbi.nlm.nih.gov/pubmed/24983867
http://doi.org/10.15252/embj.2022111372
http://www.ncbi.nlm.nih.gov/pubmed/36514953
http://doi.org/10.1080/15548627.2017.1415190
http://www.ncbi.nlm.nih.gov/pubmed/29261001
http://doi.org/10.1038/s41467-017-02746-z
http://www.ncbi.nlm.nih.gov/pubmed/29343728
http://doi.org/10.1016/j.freeradbiomed.2017.05.005
http://doi.org/10.1016/j.cotox.2017.10.006
http://doi.org/10.1002/jimd.12083
http://doi.org/10.1152/physrev.00051.2021
http://doi.org/10.1089/ars.2018.7515
http://doi.org/10.1073/pnas.0810611105
http://doi.org/10.3389/fcell.2021.814047
http://doi.org/10.3390/cells10051094
http://www.ncbi.nlm.nih.gov/pubmed/34063724
http://doi.org/10.1089/ars.2017.6997
http://www.ncbi.nlm.nih.gov/pubmed/28594286
http://doi.org/10.4161/auto.4451
http://www.ncbi.nlm.nih.gov/pubmed/17534139
http://doi.org/10.1021/ja903695n
http://doi.org/10.2353/ajpath.2006.060400
http://doi.org/10.1091/mbc.e10-11-0919
http://doi.org/10.1111/j.1365-2818.2011.03564.x
http://doi.org/10.1016/j.bbamcr.2017.07.013
http://doi.org/10.3389/fcell.2020.00144
http://doi.org/10.1371/journal.pone.0250996
http://doi.org/10.1111/j.1600-0854.2009.00970.x
http://doi.org/10.1021/ct301003t
http://doi.org/10.1007/978-1-0716-2071-7_7
http://www.ncbi.nlm.nih.gov/pubmed/34972988
http://doi.org/10.1083/jcb.201511034
http://www.ncbi.nlm.nih.gov/pubmed/27597759
http://doi.org/10.1074/jbc.M109.059246
http://www.ncbi.nlm.nih.gov/pubmed/19755417
http://doi.org/10.1038/s41556-018-0176-2
http://www.ncbi.nlm.nih.gov/pubmed/30154567
http://doi.org/10.1038/nchembio.2287
http://www.ncbi.nlm.nih.gov/pubmed/28103219


Antioxidants 2023, 12, 613 21 of 21

49. Su, L.; Zhang, J.; Gomez, H.; Kellum, J.A.; Peng, Z. Mitochondria ROS and mitophagy in acute kidney injury. Autophagy 2023, 19,
401–414. [CrossRef] [PubMed]

50. Fransen, M.; Lismont, C.; Walton, P. The peroxisome-mitochondria connection: How and why? Int. J. Mol. Sci. 2017, 18, 1126.
[CrossRef]

51. Lismont, C.; Revenco, I.; Fransen, M. Peroxisomal hydrogen peroxide metabolism and signaling in health and disease. Int. J. Mol.
Sci. 2019, 20, 3673. [CrossRef] [PubMed]

52. Jo, D.S.; Bae, D.J.; Park, S.J.; Seo, H.M.; Kim, H.B.; Oh, J.S.; Chang, J.W.; Kim, S.Y.; Shin, J.W.; Cho, D.H. Pexophagy is induced by
increasing peroxisomal reactive oxygen species in 1′10-phenanthroline-treated cells. Biochem. Biophys. Res. Commun. 2015, 467,
354–360. [CrossRef] [PubMed]

53. Lee, J.N.; Dutta, R.K.; Maharjan, Y.; Liu, Z.Q.; Lim, J.Y.; Kim, S.J.; Cho, D.H.; So, H.S.; Choe, S.K.; Park, R. Catalase inhibition
induces pexophagy through ROS accumulation. Biochem. Biophys. Res. Commun. 2018, 501, 696–702. [CrossRef] [PubMed]

54. Dutta, R.K.; Maharjan, Y.; Lee, J.N.; Park, C.; Ho, Y.S.; Park, R. Catalase deficiency induces reactive oxygen species mediated
pexophagy and cell death in the liver during prolonged fasting. Biofactors 2021, 47, 112–125. [CrossRef]

55. Jo, D.S.; Park, S.J.; Kim, A.K.; Park, N.Y.; Kim, J.B.; Bae, J.E.; Park, H.J.; Shin, J.H.; Chang, J.W.; Kim, P.K.; et al. Loss of HSPA9
induces peroxisomal degradation by increasing pexophagy. Autophagy 2020, 16, 1989–2003. [CrossRef]

56. Cunningham, C.N.; Baughman, J.M.; Phu, L.; Tea, J.S.; Yu, C.; Coons, M.; Kirkpatrick, D.S.; Bingol, B.; Corn, J.E. USP30 and parkin
homeostatically regulate atypical ubiquitin chains on mitochondria. Nat. Cell Biol. 2015, 17, 160–169. [CrossRef]

57. Marcassa, E.; Kallinos, A.; Jardine, J.; Rusilowicz-Jones, E.V.; Martinez, A.; Kuehl, S.; Islinger, M.; Clague, M.J.; Urbé, S. Dual role
of USP30 in controlling basal pexophagy and mitophagy. EMBO Rep. 2018, 19, e45595. [CrossRef]

58. Rusilowicz-Jones, E.V.; Barone, F.G.; Martins Lopes, F.; Stephen, E.; Mortiboys, H.; Urbé, S.; Clague, M.J. Benchmarking a highly
selective USP30 inhibitor for enhancement of mitophagy and pexophagy. Life Sci. Alliance 2021, 5, e202101287. [CrossRef]

59. Flachbartová, Z.; Kovacech, B. Mortalin—A multipotent chaperone regulating cellular processes ranging from viral infection to
neurodegeneration. Acta Virol. 2013, 57, 3–15. [CrossRef]

60. Chen, B.H.; Chang, Y.J.; Lin, S.; Yang, W.Y. Hsc70/Stub1 promotes the removal of individual oxidatively stressed peroxisomes.
Nat. Commun. 2020, 11, 5267. [CrossRef]

61. Defourny, J.; Aghaie, A.; Perfettini, I.; Avan, P.; Delmaghani, S.; Petit, C. Pejvakin-mediated pexophagy protects auditory hair
cells against noise-induced damage. Proc. Natl. Acad. Sci. USA 2019, 116, 8010–8017. [CrossRef] [PubMed]

62. Zhang, J.; Tripathi, D.N.; Jing, J.; Alexander, A.; Kim, J.; Powell, R.T.; Dere, R.; Tait-Mulder, J.; Lee, J.H.; Paull, T.T.; et al. ATM
functions at the peroxisome to induce pexophagy in response to ROS. Nat. Cell Biol. 2015, 17, 1259–1269. [CrossRef] [PubMed]

63. Lismont, C.; Revenco, I.; Li, H.; Costa, C.F.; Lenaerts, L.; Hussein, M.A.; De Bie, J.; Knoops, B.; Van Veldhoven, P.P.; Derua, R.; et al.
Peroxisome-derived hydrogen peroxide modulates the sulfenylation profiles of key redox signaling proteins in Flp-In T-REx
293 cells. Front. Cell Dev. Biol. 2022, 10, 888873. [CrossRef] [PubMed]

64. Chen, Y.; McMillan-Ward, E.; Kong, J.; Israels, S.J.; Gibson, B. Oxidative stress induces autophagic cell death independent of
apoptosis in transformed and cancer cells. Cell Death Differ. 2008, 15, 171–182. [CrossRef]

65. Legakis, J.E.; Koepke, J.I.; Jedeszko, C.; Barlaskar, F.; Terlecky, L.J.; Edwards, H.J.; Walton, P.A.; Terlecky, S.R. Peroxisome
senescence in human fibroblasts. Mol. Biol. Cell 2002, 13, 4243–4255. [CrossRef]

66. Wood, C.S.; Koepke, J.I.; Teng, H.; Boucher, K.K.; Katz, S.; Chang, P.; Terlecky, L.J.; Papanayotou, I.; Walton, P.A.; Terlecky, S.R.
Hypocatalasemic fibroblasts accumulate hydrogen peroxide and display age-associated pathologies. Traffic 2006, 7, 97–107.
[CrossRef]

67. Koepke, J.I.; Wood, C.S.; Terlecky, L.J.; Walton, P.A.; Terlecky, S.R. Progeric effects of catalase inactivation in human cells.
Toxicol. Appl. Pharmacol. 2008, 232, 99–108. [CrossRef]

68. Wurzer, B.; Zaffagnini, G.; Fracchiolla, D.; Turco, E.; Abert, C.; Romanov, J.; Martens, S. Oligomerization of p62 allows for selection
of ubiquitinated cargo and isolation membrane during selective autophagy. Elife 2015, 4, e08941. [CrossRef]

69. Chen, W.; Shen, T.; Wang, L.; Lu, K. Oligomerization of selective autophagy receptors for the targeting and degradation of protein
aggregates. Cells 2021, 10, 1989. [CrossRef]

70. Dutta, R.K.; Lee, J.N.; Maharjan, Y.; Park, C.; Choe, S.K.; Ho, Y.S.; Kwon, H.M.; Park, R. Catalase-deficient mice induce aging
faster through lysosomal dysfunction. Cell Commun. Signal. 2022, 20, 192. [CrossRef]

71. Qiu, Y.; Wang, J.; Li, H.; Yang, B.; Wang, J.; He, Q.; Weng, Q. Emerging views of OPTN (optineurin) function in the autophagic
process associated with disease. Autophagy 2022, 18, 73–85. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1080/15548627.2022.2084862
http://www.ncbi.nlm.nih.gov/pubmed/35678504
http://doi.org/10.3390/ijms18061126
http://doi.org/10.3390/ijms20153673
http://www.ncbi.nlm.nih.gov/pubmed/31357514
http://doi.org/10.1016/j.bbrc.2015.09.153
http://www.ncbi.nlm.nih.gov/pubmed/26453011
http://doi.org/10.1016/j.bbrc.2018.05.050
http://www.ncbi.nlm.nih.gov/pubmed/29753736
http://doi.org/10.1002/biof.1708
http://doi.org/10.1080/15548627.2020.1712812
http://doi.org/10.1038/ncb3097
http://doi.org/10.15252/embr.201745595
http://doi.org/10.26508/lsa.202101287
http://doi.org/10.4149/av_2013_01_3
http://doi.org/10.1038/s41467-020-18942-3
http://doi.org/10.1073/pnas.1821844116
http://www.ncbi.nlm.nih.gov/pubmed/30936319
http://doi.org/10.1038/ncb3230
http://www.ncbi.nlm.nih.gov/pubmed/26344566
http://doi.org/10.3389/fcell.2022.888873
http://www.ncbi.nlm.nih.gov/pubmed/35557958
http://doi.org/10.1038/sj.cdd.4402233
http://doi.org/10.1091/mbc.e02-06-0322
http://doi.org/10.1111/j.1600-0854.2005.00358.x
http://doi.org/10.1016/j.taap.2008.06.004
http://doi.org/10.7554/eLife.08941
http://doi.org/10.3390/cells10081989
http://doi.org/10.1186/s12964-022-00969-2
http://doi.org/10.1080/15548627.2021.1908722
http://www.ncbi.nlm.nih.gov/pubmed/33783320

	Introduction 
	Materials and Methods 
	DNA Manipulations and Plasmids 
	Cell Culture and Treatment 
	Antibodies 
	Immunoblotting 
	Fluorescence Microscopy 
	Electrophoretic Mobility Shift Assay 
	Flow Cytometry Analysis 
	Statistical Analysis 

	Results 
	Validation of the DD-DAO/po-mKeima Flp-In T-REx Cell Lines 
	Peroxisomal H2O2 Emission Does Not Act as the Primary Trigger for Pexophagy in HEK-293 and HeLa Cells 
	Enhanced Levels of Peroxisome-Derived H2O2 Cause Late-Stage Impairment in Autophagy 
	The Autophagy Receptors SQSTM1, CACO2, and OPTN Aggregate in Response to Peroxisome-Derived H2O2 
	The Core Autophagy Machinery Proteins ATG3, ATG4B, and ATG7 Are Prone to Oxidation by Peroxisome-Derived H2O2 
	OPTN Can Be Recruited to Peroxisomes and Trigger Pexophagy 

	Discussion 
	Conclusions 
	References

