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Abstract

Autophagy is a cellular catabolic process responsible for the degradation of
cytoplasmic constituents, including organelles and long-lived proteins, that helps
maintain cellular homeostasis and protect against various cellular stresses.
Verteporfin is a benzoporphyrin derivative used clinically in photodynamic therapy to
treat macular degeneration. Verteporfin was recently found to inhibit autophagosome
formation by an unknown mechanism that does not require exposure to light. We
report that verteporfin directly targets and modifies p62, a scaffold and adaptor
protein that binds both polyubiquitinated proteins destined for degradation and LC3
on autophagosomal membranes. Western blotting experiments revealed that
exposure of cells or purified p62 to verteporfin causes the formation of covalently
crosslinked p62 oligomers by a mechanism involving low-level singlet oxygen
production. Rose bengal, a singlet oxygen producer structurally unrelated to
verteporfin, also produced crosslinked p62 oligomers and inhibited autophagosome
formation. Co-immunoprecipitation experiments demonstrated that crosslinked p62
oligomers retain their ability to bind to LC3 but show defective binding to
polyubiquitinated proteins. Mutations in the p62 PB1 domain that abolish self-
oligomerization also abolished crosslinked oligomer formation. Interestingly, small
amounts of crosslinked p62 oligomers were detected in untreated cells, and other
groups noted the accumulation of p62 forms with reduced SDS-PAGE mobility in
cellular and animal models of oxidative stress and aging. These data indicate that
p62 is particularly susceptible to oxidative crosslinking and lead us to propose a
model whereby oxidized crosslinked p62 oligomers generated rapidly by drugs like
verteporfin or over time during the aging process interfere with autophagy.
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Introduction

Autophagy is a cellular catabolic process in which macromolecules and organelles
are sequestered into double-membraned vesicles called autophagosomes fuse with
lysosomes for degradation and recycling. Autophagy maintains homeostasis by
turning over cytoplasmic constituents and responding to the metabolic state of
the cell. Extracellular and intracellular stresses including starvation, hypoxia,
pathogen invasion, and accumulation of damaged proteins and organelles
stimulate autophagy as a cytoprotective response. Genetic deletion and knock-
down experiments have implicated autophagy in the origin and progression of a
number of pathophysiological states including cancer, neurodegeneration,
myopathies, and infectious diseases [1,2]. The emerging role of autophagy in
health and disease has stimulated interest in identifying small-molecule
stimulators and inhibitors of autophagy [3,4]. A phenotypic cell-based screen for
autophagy inhibitors revealed verteporfin, an approved drug, as an inhibitor of
autophagosome formation [5]. Clinically, verteporfin is used in photodynamic
therapy to treat macular degeneration [6], but has been shown to inhibit
autophagy in the absence of light activation both in cells and in vivo [5,7]. The
mechanism of action of verteporfin is unknown but it appears to inhibit
autophagosome formation at a step following the recruitment of lipidated LC3 to
membranes but preceding cargo sequestration into double-membraned vesicles
[5].

p62 is a multifunctional scaffold protein with diverse cellular functions arising
from its ability to interact with a number of proteins involved in various signaling
and regulatory pathways including autophagy. As an adaptor protein for selective
autophagy, p62 binds ubiquitinated cargo through its C-terminal UBA domain
[8] and it binds lipidated LC3, a protein stably associated with the autophagosome
membrane, via its LC3-interacting region [9, 10]. These interactions facilitate the
sequestration of ubiquitinated targets into autophagosomes for lysosomal
degradation. p62 has an N-terminal Phox/Bem 1p (PB1) domain that governs its
oligomerization [11-13]. Binding between PB1 domains is mediated by
electrostatic interactions between the basic surface of one and the acidic surface of
another. Most proteins in the PB1 family contain either a basic motif or an acidic
motif; but the PB1 domain in p62 has one of each on opposite faces. This feature
allows p62 to self-oligomerize and contributes to its versatile cellular function
[14-16].

In this study, we characterize p62 as a target of verteporfin. We report that
verteporfin inhibits p62 function by a mechanism involving the formation of
high-MW forms of p62 that resist denaturation. In vitro experiments show that
verteporfin acts directly on p62, generating covalently crosslinked oligomers via
low level singlet oxygen. Moreover, we determined that high-MW p62 formation
is dependent on oligomerization through the PB1 domain and that it does not
affect association with EGFP-LC3 but impairs binding to polyubiquitinated cargo.
Based on this data, we present a model for verteporfin-mediated inhibition of
autophagosome formation via abnormal p62 crosslinking.
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Experimental procedures

Reagents

Reagents were purchased as follows: cell culture reagents from Sigma-Aldrich
unless stated otherwise; general laboratory chemicals from Sigma-Aldrich, Fisher
Scientific, and BDH Inc.; rose bengal from Sigma-Aldrich (330000); bafilomycin
Al (B1080) from LC Laboratories; verteporfin from Prestwick Chemical or from
the United States Pharmacopeial Convention, Inc.; peroxynitrite (81565) and
diethylamine-NONOate (DEA/NONOate 82100) from Cayman Chemicals; H,0,
(HX0635-2) from EM Science; NaOCI (S5290) from Fisher Scientific.

Cell culture procedures

MCEF-7 cells stably transfected with pEGFP-LC3 [3] and BxPC-3 cells [7] were
maintained in RPMI 1640 supplemented with 1 mM Hepes, 10% (v/v) fetal
bovine serum (FBS), 100 units/ml penicillin and 100 pg/mL streptomycin
(Gibco). EGFP-LC3-expressing cells were supplemented with 400 pg/ml G418. All
MEF cell lines [17] were maintained in DMEM supplemented with 10% FBS,

1 mM sodium pyruvate (Gibco 11360-070), and 1X MEM non-essential amino
acids (Gibco 11140-050). Tet-On cell lines were also supplemented with 10 pg/ml
blasticidin. GFP-p62 wt and GFP-p62 K7A/D69A expression was induced with

50 pg/mL doxycycline for 1-4 h or 24 h, respectively.

Automated assay for monitoring autophagosome accumulation
Punctate EGFP-LC3 was monitored and quantified in MCF-7 EGFP-LC3 cells as
described previously [3, 5].

SDS-PAGE and immunoblotting

Cells were harvested in 20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% (v/v) Triton
X-100, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM B-
glycerophosphate, 1 mM sodium orthovanadate, and 1x complete protease
inhibitor cocktail (Roche 1169748001). Lysates were centrifuged at 18,000 x g at
4°C, and supernatants were collected and quantified by Bradford assay (Bio-Rad).
Lysates were normalized for protein content in SDS-PAGE sample buffer and
analyzed by immunoblotting as in [3, 5]. For immunodetection of polyubiquitin,
nitrocellulose membranes were boiled for 10 min following protein transfer and
prior to blocking. Primary antibodies used were mouse a-GFP (1:7000, Roche
11814460001), mouse a-SQSTM1/p62 (1:250, Santa Cruz, sc-28359, for human
cell lysates), mouse a-p62 (1:15000, Abnova, H00008878, for MEF cell lysates),
mouse o-polyubiquitin (1:1000, Santa Cruz Biotechnology, Inc sc-53509), and
rabbit o-B-tubulin (1:20000, Santa Cruz, sc-9104). The secondary antibodies used
were HRP-conjugated goat o-mouse IgG, Light Chain Specific (1:10000, Jackson
ImmunoResearch 115-035-174), HRP-conjugated goat ao-mouse IgG (1:10000,
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ThermoScientific 31430), and HRP-conjugated goat a-rabbit IgG (1:10000, KPL
074-1506).

For immunodetection of oxidized proteins, the Oxyblot Immunodetection Kit
(Millipore s7150) was used according to the manufacturer’s instructions. Briefly,
proteins samples were derivatized with DNPH prior to western blotting using
primary o-DNP and secondary antibodies diluted in 1% BSA in PBS-T at 1:150
and 1:300, respectively.

Purification of recombinant p62

BL21 bacteria expressing GST-p62 from a pGex-4T-1 expression plasmid with p62
inserted at the Notl and Sall sites were a kind gift from Dr. Thibault Mayor. GST-
p62 was expressed by induction with 0.1 mM IPTG at 37°C for 3 h. The cells were
lysed by sonication in PBS+1% Tx-100, pH 7.4. Insoluble proteins were removed
by centrifugation at 13,000 rpm for 15 min at 4°C. The cell extract was incubated
with glutathione sepharose 4B (GE 17-0756-01) rotating end-over-end for 4 h at
4°C followed by gravity flow column purification. The column was washed twice
with PBS+1% Tx-100 and twice with PBS. GST-p62 was eluted with freshly
prepared 50 mM Tri-HCl, 10 mM glutathione, pH 8.0 followed by buffer
exchanger with 50 mM Tris-HCI, 50 mM NaCl, 10 mM glutathione, pH 9.0 using
30,000 NMWL Amicon Ultra-15 centrifugal filter units.

In vitro recombinant p62 assays

Purified recombinant His-p62 (NBP-44490) was from Novus Biologicals. The
buffer used for all recombinant p62 reactions was 50 mM Tris-HCI, 150 mM
NaCl, pH 7.5. For immunoblot analysis, 50 ng GST-p62 or 26.3 ng His-p62 was
treated as described. Reactions were stopped by the addition of 4X SDS-PAGE
sample buffer. ROS reactions were carried out as follows: GST-p62 was exposed to
the indicated molar ratios of NaOCI or H,O, for 1 h at 37°C and the reactions
were stopped with 100 mM methionine [18]; GST-p62 was exposed to increasing
concentrations of peroxynitrite for 5 min at room temperature as previously
described [19]; GST-p62 was exposed to increasing concentrations of DEA/
NONOate for 20 min at room temperature as previously described [20].
Peroxynitrite and DEA/NONOate dilutions were prepared fresh in 0.1 M NaOH
and 0.01 M NaOH, respectively, and the appropriate NaOH controls were carried
out.

Immunoprecipitation

Cell lysates were incubated with mouse a-SQSTM1/p62 or mouse a-GFP for 4 h
at 4°C, followed by overnight incubation with Protein-G-agarose beads (Roche
Molecular Biochemicals 1124323301) at 4°C. Immunoprecipitates were washed
three times with lysis buffer at 4°C. Samples were eluted by boiling beads in 2X
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SDS-PAGE sample buffer containing 50 mM DTT for 10 min, proteins were
detected by western blotting.

Immunofluorescence microscopy

MCE-7 EGFP-LC3 cells were seeded on 7X detergent-treated glass coverslips in
12-well plates at 300,000 cells/well in normal culture medium and were treated the
next day as indicated. Cells were then washed once with PBS and fixed and
permeabilized in 100% methanol at —20°C for 6 min. After multiple PBS washes
to remove methanol, cells were blocked in 1% bovine serum albumin (BSA) in
PBS for 10 min. The cells were incubated with mouse a-p62 antibody in 3% BSA
in PBS for 45 min, washed twice with PBS, incubated in goat a-mouse AlexaFluor
568 secondary antibody (1:1000, Molecular Probes) in 3% BSA in PBS for 45 min,
and then washed twice with PBS. DNA was stained with Hoechst 33342 at 500 ng/
ml for 5 min. Coverslips were mounted on glass slides using CelVol and viewed
using the 60X objective of an Olympus Fluoview FV1000 laser scanning
microscope equipped with Olympus-selected Hamamatsu photomultiplier tubes.
Images were analyzed using Olympus FV10-ASW1.7 software.

Results

Induction of high-molecular weight p62 by the autophagy inhibitor
verteporfin
p62 is a multifunctional protein commonly used to monitor autophagic flux [21].
As an adapter protein, p62 tethers polyubiquitinated proteins destined for
degradation to the membrane of nascent autophagosomes via LC3 and it is
degraded along with its cargo [22,23]. In a recent study on the therapeutic effect
of verteporfin in a pancreatic cancer xenograft model, we observed that
verteporfin caused the appearance of an altered form of p62 that showed reduced
electrophoretic mobility in denaturing SDS-PAGE conditions, which we denoted
as high-MW p62 [7]. To characterize this unusual form of p62 and to investigate
the mechanism of action of verteporfin, we first compared its effect on p62 levels
to those of bafilomycin Al, a v-ATPase inhibitor that prevents autophagosomal
degradation. When MCEF-7 cells, which display low basal autophagy in complete
cell culture medium containing serum [5], were exposed to 100 nM bafilomycin
Al for 8 h, there was no visible increase in cellular p62 levels compared to
untreated cells (Fig. 1A), confirming low basal autophagy. Exposing cells to
serum-free medium to stimulate autophagic flux caused a noticeable decrease in
p62 levels that was prevented by co-incubation with 100 nM bafilomycin Al
(Fig. 1A), demonstrating degradation of p62 by autophagy under these
conditions.

As an inhibitor of autophagy, verteporfin was similarly expected to prevent p62
degradation under autophagy-stimulating conditions. However, when MCE-7
cells were exposed to verteporfin in complete medium or in serum-free medium,
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Fig. 1. Effect of verteporfin on p62 in cells. (A) MCF-7 EGFP-LC3 cells were exposed to 0.1% DMSO, 100 nM bafilomycin A1, or 10 pM verteporfin for 8 hin the
presence or absence of serum and cell lysates were immunoblotted for p62. B-tubulin was monitored as a loading control. (B) MCF-7 EGFP-LC3 cells were exposed to
0.1% DMSO or 10 uM verteporfin for 4 h. Indicated amounts of each lysate were immunoprecipitated with anti-p62 antibody and analyzed by western blot. (C) MCF-7
EGFP-LC3 cells were exposed to 0.1% DMSO, 10 uM verteporfin, or 100 nM bafilomycin A1 for 4 h in complete medium. The cells were fixed and stained with p62
antibody, and images were acquired by confocal microscopy. Scale bar, 10 um. (D) MCF-7 EGFP-LC3 cells were exposed to 0.1% DMSO, 100 nM bafilomycin A1, or

10 uM verteporfin for 4 h in complete medium. Cell lysates were collected, quantified, and normalized in the presence or absence of overhead laboratory light as
indicated. 0.5 pg of lysate was used to examine p62 levels by western blotting. All images presented are representative of at least 3 independent experiments.

EGFP-LC3

doi:10.1371/journal.pone.0114964.9001
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we observed that p62 did not accumulate at 60 kDa, but as a smear starting at
~120 kDa and surpassing the highest MW band of the protein ladder at 170 kDa
(Fig. 1A, High-MW p62). Bafilomycin Al did not induce high-MW p62, showing
that high-MW p62 production was not merely a consequence of inhibiting
autophagy (Fig. 1A).

Both 60-kDa and high-MW p62 were effectively immunoprecipitated by a p62
antibody from cells treated for 4 h with verteporfin (Fig. 1B). Interestingly, when
p62 was immunoprecipitated from vehicle-treated control cells, a small amount of
high-MW p62 was detected when sufficient material was loaded (Fig. 1B, third
lane) implying the presence of very low amounts of this form under physiological
conditions. Immunoprecipitates from verteporfin-treated cells contained larger
amounts of both 60-kDa and high-MW p62 than DMSO-treated controls,
demonstrating that verteporfin both prevents p62 degradation and causes its
modification to the high-MW form (Fig. 1B).

Several studies have shown that p62 is a common component of cellular protein
aggregates including Lewy bodies, huntingtin aggregates, Mallory bodies, and
hyaline bodies [24-26], and many of these p62 aggregates have been identified as
autophagy substrates [10,23,27,28]. Since it was previously demonstrated that
ubiquitin- and p62-positive inclusion bodies accumulate in autophagy-deficient
cells [29-31], it was important to determine whether high-MW p62 accumulates
in cells as aggregates as a consequence of verteporfin-mediated autophagy
inhibition. p62 localization was analyzed by immunofluorescence microscopy in
MCF-7 cells stably expressing EGFP-LC3. Exposure to bafilomycin Al caused a
significant increase in punctate p62 immunofluorescence (Fig. 1C) that largely
colocalized with punctate EGFP-LC3, indicative of undigested autophagosomes
containing p62-tethered cargo, as expected. By contrast, 4 h treatment with
10 uM verteporfin did not increase punctate p62 immunofluorescence, implying
that verteporfin does not induce p62 aggregates (Fig. 1C). As expected,
verteporfin did not affect EGFP-LC3 localization since the cells were treated in
complete medium where basal autophagy is low (Fig. 1C). Since verteporfin
prevents autophagosome formation, the vehicle for p62 sequestration and delivery
for lysosomal degradation is no longer present in cells and its localization is largely
unchanged after verteporfin treatment (Fig. 1C).

It is important to note that initial investigations into the effects of verteporfin
on p62 showed variable proportions of high-MW p62 to monomeric p62. High-
MW p62 was always present after verteporfin treatment but in some experiments
no 60-kDa p62 was detected in verteporfin-treated cells (Fig. 1A) while in other
experiments both 60-kDa and high-MW forms of p62 were observed (Fig. 1B,D).
The explanation for these differences was traced to differences in light exposure
during sample handling. Verteporfin is a photoactivatable molecule and exposure
to light was always stringently avoided during cell treatment with verteporfin.
However, light exposure was initially not as tightly controlled during cell lysis and
subsequent experimental steps. To address any effects of light exposure, MCF-7
EGFP-LC3 cells were treated with 10 uM verteporfin for 4 h in the dark followed
by lysis without or with overhead fluorescent ambient laboratory lighting. Both
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verteporfin-treated samples contained high-MW p62 that was not present in
DMSO- or bafilomycin Al- treated cells. However, the verteporfin-treated cell
lysate exposed to ambient light showed a stronger and broader high-MW p62
band as well as noticeably less of the 60-kDa form compared to the verteporfin
sample not exposed to light (Fig. 1D). These results suggest that the effect of
verteporfin on p62 occurs in the absence of illumination, and it can be amplified
by exposure to ambient light after cell lysis. Accordingly, exposure to light was
carefully avoided in all subsequent experiments unless otherwise noted.

Production of high-molecular weight p62 in vitro

To determine whether the formation of high-MW p62 was a direct effect of
verteporfin on p62 or resulted from a cellular response to treatment, lysates
prepared from untreated BxPC-3 cells were incubated without or with 10 uM
verteporfin for 30 min at 4°C or 37°C in the absence (dark) or in the presence of
overhead fluorescent ambient light (light) in the laboratory. Immunoblotting for
p62 showed that in the absence of verteporfin, only the 60-kDa form was present
after incubation at 4°C or 37°C in light or dark conditions. In the presence of light
at 4°C, verteporfin generated a range of high-MW p62 forms appearing above the
130 kDa protein marker and spanning beyond 170 kDa (Fig. 2A). Exposure to
verteporfin at 37°C in the absence of light induced high-MW p62 spanning the
same range, but the smear was much less intense. Exposure of cell lysate to
verteporfin at 37°C in the presence of light produced the most intense and
broadest range of high-MW p62 forms starting from ~110 kDa and spanning
beyond 170 kDa (Fig. 2A). Therefore, verteporfin is capable of generating high-
MW p62 in cell lysates in vitro in the presence of thermal or light energy. The fact
that verteporfin generated high-MW p62 in the presence of light at 4°C implies
that enzymatic mechanisms do not confer this modification. Moreover, the
observation that light or heat was required to induce high-MW p62 by verteporfin
suggests that high-MW p62 is the product of a chemical modification rather than
a conformational change or an oligomerization product.

To further investigate this effect, p62 was immunoprecipitated from untreated
cells, washed extensively and then treated with 10 uM verteporfin in the presence
or absence of light at 4°C or 37°C. Untreated p62 immunoprecipitates incubated
at 4°C in the dark or light contained only 60-kDa p62, but exposure to verteporfin
and light at 4°C generated high-MW p62 (Fig. 2B). Interestingly, incubating
untreated immunoprecipitate at 37°C in the dark or light generated a small
amount of high-MW p62, detected as a faint smear near 170 kDa. However,
exposing p62 immunoprecipitates to verteporfin under the same conditions
generated noticeably more high-MW p62 forms than observed in the respective
untreated samples (Fig. 2B). Immunoprecipitated p62 was also modified in vitro
by verteporfin in the presence of stringent detergents (data not shown), implying
that verteporfin affects p62 directly or through a very strongly associated
protein(s).
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Fig. 2. Effect of verteporfin on p62 in vitro. (A) Equal amounts of untreated BxPC-3 cell lysate were
exposed to 10 uM verteporfin in the presence or absence of light at 4°C or 37°C for 30 min. (B) p62 was
immunoprecipitated from untreated BxPC-3 cells. The immunoprecipitated material was then treated for

30 min in lysis buffer with 10 uM verteporfin in the presence or absence of light at 4°C or 37°C. (C) 100 ng
purified GST-p62 was exposed to 10 puM verteporfin for 1 h at 37°C in the absence or presence of light. The
above reactions were all immunoblotted for p62. All images presented are representative of at least 3
independent experiments.

doi:10.1371/journal.pone.0114964.g002

To determine whether verteporfin acts directly on p62, GST-p62 produced in E.
coli was purified and incubated in the presence or absence of 10 uM verteporfin
for 1 h at 37°C in the dark or light. In the absence of light, untreated GST-p62 was
detected as a single 80 kDa band, but exposure to verteporfin decreased the
intensity of the 80 kDa band and generated an intense high-MW band, detected
above the largest MW marker at 170 kDa (Fig. 2C). Similar to the previous
experiment, a small amount of high-MW p62 was observed in the untreated GST-
p62 sample after exposure to light and heat, but the majority of p62 was detected
at 80 kDa. These observations demonstrate that verteporfin treatment in the
absence of light at 37 °C directly affects p62 and confers a modification or crosslink
that increases the molecular weight significantly. When GST-p62 was exposed to
verteporfin in the presence of both light and heat, its signal almost completely
disappeared from the blot (Fig. 2C). We speculate that the combination of
verteporfin, heat, and light, each of which alone can modify p62, either caused its
degradation or prevented it from entering the gel.

In summary, both heat and light cause verteporfin to form high-MW p62 and
the banding pattern is reproducible regardless of the energy source. Since the
extensively washed immunoprecipitates and the purified GST-p62 was exposed to
verteporfin in buffered salts only, verteporfin must act directly on p62, without
any need for other proteins, enzymatic activity, or energy from ATP.

Verteporfin-mediated high-MW p62 is due to protein oxidation by
singlet oxygen

Verteporfin is known to produce large amounts of singlet oxygen ('O,) upon laser
light irradiation at 690 nm [32-34]. Singlet oxygen ('O,) is a type of reactive
oxygen species (ROS) generated by an input of energy, classically photodynamic
activation, that results in a rearrangement of electrons in the oxygen atom [35].
While singlet oxygen has the ability to oxidize a number of biological molecules
[36,37], proteins are the primary target due to their cellular abundance and
because singlet oxygen rapidly reacts with the residues tryptophan, histidine,
tyrosine, cysteine, and methionine at physiological pH [37-39]. These oxidation
products are then capable of crosslinking with other residues to produce
interprotein crosslinks, with His-His, His-Lys, His-Arg, His-Cys, and Tyr-Tyr
interactions the most commonly reported [37,40-43], thus generating high-
molecular mass products [44,45]. In most studies, protein crosslinking by singlet
oxygen producers has been observed only upon intense light irradiation [41,46],
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but Bae et al. [47] showed that in the presence of some drugs, protein crosslinking
can occur after brief exposure to laboratory light, as we observed with p62 and
verteporfin. Therefore, we hypothesize that thermal energy is sufficient to activate
verteporfin to generate a low level of singlet oxygen, and that this is increased by
even low levels of light.

To test this hypothesis, we examined the effects of rose bengal, a widely used
chemical dye that produces singlet oxygen and is structurally unrelated to
verteporfin [41,43,48]. GST-p62 was exposed to 5 pM rose bengal or 5 uM
verteporfin for 1 h at 4°C or 37°C in the dark (Fig. 3A). A small amount of high-
MW GST-p62 was observed in the DMSO control after exposure to heat, again
demonstrating that heat alone can generate some high-MW p62 in vitro. Exposure
of recombinant p62 to rose bengal at both 4°C and 37°C induced high-MW p62
forms similar to those generated by verteporfin under the same conditions, and
combining rose bengal treatment with heat strongly stimulated the formation of
high-MW GST-p62 (Fig. 3A). The fact that significant amounts of high-MW
GST-p62 forms were generated in reactions containing only recombinant protein,
buffered salt, a photosensitizer, and heat indicates that singlet oxygen production
causes p62 oxidation and subsequent crosslinking. The in vitro effect of rose
bengal was also demonstrated on cellular p62. p62 was immunoprecipitated from
untreated cells and then treated with 10 uM rose bengal or 10 pM verteporfin for
30 min at 4°C or 37°C in the dark. Neither had any effect at 4°C, but at 37°C
immunoprecipitated p62 was modified by rose bengal to generate a range of high-
MW forms as seen with verteporfin treatment (Fig. 3B).

The effects of singlet oxygen can be quenched in vitro using excess histidine
[36,47,49]. The imidazole side chain of histidine has been shown to be one of the
most vulnerable to modification by photooxidation via singlet oxygen [39, 50]
and excess histidine added in the presence of singlet-oxygen acts as an abundantly
available substrate for oxidation, thus reducing cellular protein oxidation and
subsequent reactions [37]. p62 was immunoprecipitated from untreated BxPC-3
cells and then treated with 10 pM verteporfin or 10 pM rose bengal in the
presence or absence of 20 mM histidine for 30 min at 37°C. High-MW p62 was
detected in all treatments lacking histidine, even the DMSO-treated control
although at a very low level compared with the rose bengal and verteporfin
treatments (Fig. 3C). The intensity of the high-MW p62 signal was decreased in
all samples containing histidine, supporting the hypothesis that high-MW p62
generated by verteporfin is mediated by low levels of singlet oxygen generation.

It has been shown that singlet oxygen-mediated protein oxidation is
characterized, in part, by conversion of some amino acid residues into carbonyl
derivatives [51-53]. Carbonyl content can be measured by derivatization with 2,4-
dinitrophenylhydrazine (DNPH), which reacts with ketones and aldehydes to
produce stable DNP-hydrazone amino acid products that are specifically detected
with anti-DNP antibodies [53-55]. Using this “Oxyblot” procedure, His-tagged
p62 was exposed to 5 uM rose bengal or 5 M verteporfin for 1 h at 4°C or 37°C
in the dark. An equal amount of untreated His-p62 was also analyzed (Fig. 3D,
untreated). At 4°C very little signal was detected in the untreated and vehicle
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according to the Oxyblot kit manufacturer’s instructions. All images presented are representative of at least 3 independent experiments.

doi:10.1371/journal.pone.0114964.9003
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controls. Exposure to either rose bengal or verteporfin at 4°C showed a significant
increase in carbonyl content at ~40 kDa, the size of His-p62, and at the high
MW-region =90 kDa, (Fig. 3D). When the same treatments were carried out at
37°C the carbonyl signal was entirely localized to the high-MW region =90 kDa,
and exposure to rose bengal clearly increased the intensity. Under these
conditions, verteporfin did not produce a detectable increase in carbonyl content;
therefore, the experiment was repeated at 37 °C with GST-p62. GST-p62 exposed
to 10 uM rose bengal or 10 uM verteporfin for 30 min at 37 °C in the dark showed
a significant increase in detected carbonyl residues at both 80 kDa and>170 kDa,
the respective sizes of GST-p62 and high-MW GST-p62 (Fig. 3E). The presence of
oxidized high-MW His-p62 and GST-p62 after incubation at 37°C in the DMSO
control confirmed previous findings that heat alone can generate high-MW p62
and demonstrated a correlation with its production and an increase in protein
oxidation. Of the amino acids with which singlet oxygen has a tendency to react,
histidine and tryptophan are the most likely to be converted directly into carbonyl
derivatives at physiological pH [37,39,50], and it has been shown that the
formation of interprotein crosslinks via oxidized His residues produces more
carbonyl derivatives in the process [37, 38, 56]. The increased intensity of oxidized
His-p62 and GST-p62 under conditions that have consistently produced high-
MW p62 provides substantial evidence that verteporfin-induced high-MW p62 is
a product of singlet oxygen-mediated crosslinking.

Induction of high-MW p62 by other sources of reactive oxygen
species

To examine whether other reactive oxygen species generate high-MW p62 in vitro,
GST-p62 was exposed to a panel of oxidants: hydrogen peroxide, hypochlorous
acid, peroxynitrite, and nitric oxide. GST-p62 was exposed to HOCI or to H,0, at
increasing molar ratios (oxidant:protein) for 1 h at 37°C. A small amount of high-
MW GST-p62 was observed in the untreated sample (Fig. 4A-B). HOCI generated
increasing amounts of high-MW GST-p62 from molar ratios 5:1 to 50:1 with a
corresponding decrease in 80-kDa GST-p62. No protein was observed at higher
HOCI concentrations, suggesting that the protein degraded in these conditions
(Fig. 4A). Similarly H,O, produced increasing amounts of high-MW GST-p62
from molar ratios 5:1 to 100:1, but the total protein signal decreased at 500:1
suggesting that protein degradation occurred at this molar ratio (Fig. 4B).
Peroxynitrite is a potent oxidant and nitrating agent that has a very short half-life
(<1 sec) [57]; therefore, GST-p62 was exposed to increasing concentrations of
peroxynitrite for only 5 min at room temperature. A small amount of high-MW
GST-p62 was observed in both the untreated and NaOH control, and this did not
increase in the presence of peroxynitrite (Fig. 4C). No protein was detected in the
presence of 300 uM peroxynitrite, again indicating that extremely large amounts
of oxidants cause protein degradation (Fig. 4C). Finally, GST-p62 was exposed to
different concentrations of DEA/NONOate, a nitric oxide donor [20], for 20 min
at room temperature. In this experiment, no high-MW GST-p62 was observed in
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Fig. 4. Effect of different ROS sources on p62 in vitro. 50 ng purified GST-p62 was exposed to different
molar ratios of (A) NaOCI or (B) H,O, for 1 h at 37°C, or to different concentrations of (C) peroxynitrite for
5 min at room temperature or (D) DEA/NONOate for 20 min at room temperature. All reactions were
immunoblotted for p62. All images presented are representative of at least 3 independent experiments.

doi:10.1371/journal.pone.0114964.g004

the controls, but exposure to 5 pM DEA/NONOate generated a faint high-MW
GST-p62 band. However, unlike HOCI and H,0,,DEA/NONOate did not
produce a concentration-dependent increase in high-MW GST-62 (Fig. 4D).
Taken together, these experiments show that p62 is highly susceptible to oxidation
in vitro leading to the formation of high-MW p62 by singlet oxygen, HOCI, and
H,0,, and it is much less reactive towards nitrating oxidants, peroxynitrite and
nitric oxide.

Rose bengal induces high-MW p62 in cells and inhibits starvation-
induced autophagosome accumulation

To determine whether rose bengal can also induce high-MW p62 in cells, MCF-7
EGFP-LC3 cells were exposed to 1 or 10 uM rose bengal or to 10 pM verteporfin
in the presence or absence of serum for 4 h, and p62 was monitored. In the
presence of serum, a small amount of high-MW p62 was detected in the DMSO-
treated control and verteporfin treatment significantly increased high-MW p62.
Only 60-kDa p62 was detected in cells treated with rose bengal in complete
medium (Fig. 5A). In the absence of serum and as a consequence of starvation-
induced autophagy, less 60-kDa p62 was present after DMSO treatment compared
to complete medium (Fig. 5A). Exposure to 10 uM verteporfin or to 10 uM rose
bengal induced accumulation of both 60-kDa p62 and high-MW p62 compared to
the serum-starved DMSO control. The absence of high-MW p62 in cells treated
with rose bengal in complete medium is probably a consequence of its high
binding to serum albumin, with 90% of the drug bound when used at 5 uM
[58,59], which would have prevented it from entering cells.

The same conditions were used to examine starvation-induced autophagosome
accumulation in the presence of rose bengal. Serum starvation caused a significant
increase in punctate EGFP-LC3 fluorescence compared to cells treated with
DMSO in complete cell culture medium, demonstrating autophagosome
accumulation in response to starvation (Fig. 5B—C). Treatment with rose bengal
in serum-free medium considerably reduced starvation-induced punctate EGFP-
LC3 fluorescence in a concentration-dependent fashion. Exposure of cells to either
10 uM rose bengal or 10 uM verteporfin in serum-free medium completely
inhibited the accumulation of punctate EGFP-LC3 and increased diffuse
cytoplasmic fluorescence (Fig. 5B—C). The fact that two chemically distinct small
molecules known to generate singlet oxygen show similar autophagy modulation
and p62 modification in the absence of photoactivation strongly supports a
common mechanism of action.
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Fig. 5. Effect of rose bengal on autophagosome accumulation and p62 in cells. MCF-7 EGFP-LC3 cells were exposed for 4 h to 0.1% DMSO, 10 uM
verteporfin (VP), or different concentrations of rose bengal (RB) in the presence or absence of serum. (A) Cell lysates were immunoblotted for p62 and -
tubulin. This image is representative of 2 independent experiments. (B) Cells were fixed and stained with Hoechst 33342 and punctate EGFP-LC3

fluorescence was visualized and (C) quantified using a Cellomics

bars), n=3).

VTl automated fluorescence microscope (*p<0.01, Student's t-test) (mean +S.D. (error

doi:10.1371/journal.pone.0114964.9005

High-MW p62 shows reduced ability to bind to ubiquitinated
proteins but not to LC3
The PB1 domain in p62 governs its self-oligomerization and interaction with a
number of binding partners [11-13]. To provide mechanistic insight into how
verteporfin-induced singlet oxygen inhibits autophagosome formation, we
examined whether exposure to verteporfin affects the ability of p62 to interact
with LC3 and ubiquitinated proteins.

p62 was immunoprecipitated from cells treated or not with verteporfin and
immunoblotted for known interacting proteins. To investigate whether verte-
porfin treatment affects interaction of proteins with 60-kDa and high-MW p62,
whose levels are themselves affected by drug treatment, complete immunopre-
cipitation of all p62 forms was ensured. Treatments were carried out in both
MCEF-7 EGFP-LC3 and BxPC-3 cells. In both cell lines, verteporfin treatment
caused the appearance of high-MW p62 that was completely immunoprecipitated
along with 60-kDa p62 from the lysates (Fig. 6A—B). p62 western blot analysis
showed that nearly equal amounts of 60-kDa p62 were immunoprecipitated from
DMSO- and verteporfin-treated cells while high-MW p62 was only detected in
immunoprecipitates from verteporfin-treated cells (Fig. 6A-B). p62 immuno-
precipitates from DMSO- and verteporfin-treated cells were immunoblotted for
co-immunoprecipitated ubiquitinated proteins using an antibody that recognizes
both mono- and polyubiquitinated protein chains [60]. In both MCF-7 EGFP-
LC3 and BxPC-3 cells, exposure of cells to verteporfin increased the amount of
polyubiquitinated proteins compared to control cells as detected by ubiquitin
immunoblotting in the cell lysates prior to immunoprecipitation (Fig. 6A-B).
Analysis of p62 immunoprecipitates for co-precipitated polyubiquitinated
proteins clearly showed that a small fraction of cellular poly-ubiquinated proteins
bind to p62 in untreated cells (Fig. 6A-B). However, despite the increase in
polyubiquitinated proteins detected after verteporfin treatment, p62 immuno-
precipitates from verteporfin-treated MCF-7 EGFP-LC3 cells contained less
polyubiquitinated proteins than control cells (Fig. 6A). When the corresponding
immunoprecipitate supernatants were probed for polyubiquitin, the supernatant
from verteporfin-treated cells contained more polyubiquitinated proteins than
found in the control supernatant (Fig. 6A), which most likely reflects both the
increased cellular polyubiquitin content and its reduced binding to p62 caused by
verteporfin. p62 immunoprecipitates from verteporfin-treated BxPC-3 cells
appeared to contain amounts of co-immunoprecipitated polyubiquitinated
proteins equal to DMSO-treated cells. However, keeping in mind that more p62
was present, and therefore immunoprecipitated, after exposure to verteporfin,
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+ S.D., n=2) where the image quality was suitable for quantification. Images presented for BxPC-3 cells are representative of 2 independent experiments
and densitometry was done using images from 1 experiment where the image quality was suitable for quantification.

doi:10.1371/journal.pone.0114964.9006

equal amounts of co-immunoprecipitated polyubiquitin suggest there was
relatively less ubiquitin bound to p62 after verteporfin treatment than beforehand
(Fig. 6B). Due to unequal amounts of p62 between control- and verteporfin-
treated immunoprecipitates, densitometric analysis was performed to quantify the
entire co-immunoprecipitated polyubiquitin signal relative to the entire
immunoprecipitated p62 signal before and after drug treatment (Fig. 6C). The
ratio of polyubiquitin to p62 was markedly decreased after drug treatment in both
MCEF-7 EGFP-LC3 and BxPC-3 cell lines despite there being an overall increase in
cellular polyubiquitinated content. The relative amount of polyubiquitin
associated with p62 decreased by ~50% and 85% after exposure to verteporfin in
MCEF-7 EGFP-LC3 and BxPC-3 cells, respectively (Fig. 6C). Therefore, generation
of high-MW p62 by verteporfin interferes with its ability to associate with
polyubiquitin, providing a possible mechanism for inhibition of autophagy by
verteporfin.

To determine whether verteporfin treatment also interfered with LC3 binding
to p62, we immunoprecipitated EGFP-LC3 from MCF-7 EGFP-LC3 cells treated
with 10 uM verteporfin for 4 h and probed for p62. This experiment was carried
out with the same lysates used in Fig. 6A. Analysis of the input after
immunoprecipitation with GFP antibody showed complete isolation of EGFP-
LC3 from the lysate (Fig. 6D). Co-immunoprecipitated p62 was strongly detected
in EGFP-LC3 immunoprecipitates from both DMSO- and verteporfin-treated
cells at 60 kDa; however, high-MW p62 forms were also detected in the EGFP-
LC3 immunoprecipitate from verteporfin-treated cells, implying that high-MW
p62 forms can still associate with LC3 (Fig. 6D). p62 western blot analysis of the
lysate after EGFP-LC3 immunoprecipitation did not show any 60-kDa or high-
MW p62 forms remaining, indicating that all endogenous p62 was bound to
EGFP-LC3. This observation was surprising since p62 has many known binding
partners, and it implies that LC3 and p62 are bound in the cytoplasm even under
basal autophagy conditions in this EGFP-LC3 overexpressing cell line. GFP
immunoprecipitation was also carried out in BxPC-3 cells, which do not express
EGFP-LC3, to control for any nonspecific binding of p62 to the antibody or
agarose protein G beads: no p62 was detected (Fig. 6D). These results
demonstrate that both 60-kDa and high-MW p62 forms present after verteporfin
treatment efficiently bind EGFP-LC3 despite the decreased association with
polyubiquitinated proteins observed.

PB1-mediated oligomerization is required for high-MW p62
formation by verteporfin

The N-terminal PB1 domain of p62 mediates its interaction with other proteins
containing PB1 domains to form heterodimers and homo-oligomers [11, 12, 15].
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The PB1 domain of p62 is unique in that it contains both an acidic and a basic
interaction surface that enables p62 to self-oligomerize in a front-to-back
orientation, thus forming homotypic arrays [11, 14, 15], a property that is critical
for targeting p62 to the autophagosome formation site [61]. We tested whether a
p62 PB1 mutant (K7A/D69A) that disrupts p62 self-oligomerization can form
high-MW p62 in the presence of verteporfin. Using the Tet-On system, GFP-p62
K7A/D69A and GFP-p62 wt were expressed in p62~'~ MEF cells and p62 was
monitored after 4 h treatment with verteporfin. High-MW GFP-p62 was observed
only in the wild-type GFP-p62 expressing cells, and the amount of high-MW
GFP-p62 increased significantly after verteporfin treatment (Fig. 7). By contrast,
no high-MW p62 was detected in cells expressing the PB1 mutant, even after
exposure to verteporfin (Fig. 7). As expected, verteporfin also generated high-MW
endogenous p62 in p62*"* MEF cells (Fig. 7). These results demonstrate that
verteporfin-induced production of high-MW p62 crosslink products is dependent
on p62 oligomerization through the PB1 domain. Therefore, it is likely that
crosslinking amongst p62 monomers occurs via PB1 domain modification by
verteporfin.

Discussion

This study characterizes p62 as a cellular target of verteporfin, an inhibitor of
autophagosome formation, and describes its modification through production of
singlet oxygen by verteporfin. Verteporfin prevented autophagic degradation of
p62 in autophagy-stimulating conditions, but it also generated high-MW forms of
p62 stable to SDS denaturation and reducing conditions. Furthermore,
verteporfin produced high-MW p62 in vitro from both p62 immunoprecipitates
and purified recombinant GST-p62, demonstrating that the generation of high-
MW p62 by verteporfin is a direct effect of verteporfin on p62 rather than a
downstream consequence of autophagy inhibition, and that it can occur in the
absence of any cellular constituents other than p62 itself. To date, the majority of
verteporfin studies have focussed on cell killing in photodynamic therapy [6, 62—
64], not on effects in the absence of light. In addition to its identification as an
inhibitor of autophagosome formation, previous work from our group
demonstrated that autophagy-inhibiting concentrations of verteporfin inhibit
proliferation of some pancreatic cancer cell lines and induce high-MW p62 in cells
and in vivo, all in the absence of photoactivation [5,7]. It is notable that two
recent publications showed non-photoactivated verteporfin also inhibits pro-
liferation of hepatocellular carcinoma and retinoblastoma cell lines, perhaps
through suppression of oncogenic YAP activity [65,66]. In vitro experiments
controlling for exposure to light and heat established that verteporfin was able to
generate high-MW p62 from exposure to laboratory light at 4°C or in the absence
of light at 37°C. The high-MW p62 SDS-PAGE migration patterns were similar
irrespective of the energy source and resembled those observed after cell
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treatment. Thus, a photochemical mechanism underlies p62 modification by non-
photoactivated verteporfin in purified p62 preparations and in cells.

In photodynamic therapy, red laser light excites verteporfin to a triplet state
that initiates both primary and secondary photochemical reactions resulting in
cytotoxic cellular damage. In biological environments, the light-activated triplet
state of verteporfin transfers its energy to ground state oxygen, leading to the
producer, generated high-MW p62 in cells and in vitro, and excess histidine, an
efficient singlet oxygen scavenger, decreased p62 modification, providing strong
evidence that, even in the absence of light, singlet oxygen mediates p62
modification by verteporfin. As an electrophile, singlet oxygen readily reacts with
and oxidizes the amino acids tryptophan, histidine, tyrosine, methionine, and
cysteine [6,37,38]. Such oxidized residues are highly reactive towards other
amino acid residues, resulting in protein crosslinking and the generation of more
oxidized residues, many of which are characterized by carbonyl groups
[37,41,43]. Accordingly, we detected an increase in the carbonyl content of
purified recombinant His-p62 and GST-p62 in the high-MW region after
exposure to either rose bengal or verteporfin in the dark, implying it is indeed a
product of oxidative crosslinking. Singlet oxygen has an extremely short lifetime
in the range of microseconds and a restricted diffusion range of 10-200 nm
[68, 69] making crosslinking favorable among proteins that exist as oligomers, like
p62 [47,70]. Since high-MW p62 forms were observed at sizes =120 kDa and
were not present in cells when p62 self-oligomerization was compromised, we
conclude that high-MW forms of p62 are actually covalently crosslinked p62
oligomers.

Interestingly, in addition to our previous study [7], cellular high-MW p62 has
been noted in three independent publications with little comment on its nature or
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consequences on cell function. Monick et al. (83) detected a p62 form with
reduced SDS-PAGE mobility in alveolar macrophages obtained from long-term
smokers while p62 was only found as the 60-kDa form in macrophages extracted
from nonsmokers’ lungs. Cigarette smoke contains high levels of free radicals
including nitric oxide, hydrogen peroxide, and singlet oxygen [71-74]. Zhao et al.
[75] showed that exposure to UVA and UVB radiation generated high-MW p62 in
keratinocytes that was not observed in unexposed cells. UV radiation is a known
source of singlet oxygen [37,76]. In these two papers, immunofluorescence
microscopy showed p62 aggregation, leading the authors to speculate the high-
MW p62 observed in western blots represented aggregated p62 rather than
covalent crosslinking. However, protein aggregates are not expected to resist
denaturation by SDS sample buffer and should migrate at their monomeric size.
In our study, verteporfin generated high-MW p62 without causing p62
aggregation and induction of p62 aggregates did not generate SDS-stable high-
MW p62. High-MW p62 has also been observed in aged cells in the absence of
external singlet oxygen producers. Gamerdinger et al. [77] showed accumulation
of high-MW p62, which they termed “SDS-stable SQSTM1 polymers,” in extracts
from the cerebellum of aged mice that was not present in young cerebellum tissue,
but the authors did not discuss the nature of this high-MW p62. It is interesting
that high-MW p62 can also be observed in the absence of drug, in cellular and
animal models of aging, particularly since it is well established that oxidized and
crosslinked proteins accumulate in aged cells as a consequence of intracellular
oxidative stress [77,78]. Therefore, we reinterpret the above studies as evidence
that exposure to cigarette smoke, UV light, or simply ageing can induce covalent
p62 oligomers in cells. Furthermore, our data showing in vitro production of
high-MW p62 in the presence of hydrogen peroxide and hypochlorous acid
suggest ROS sources other than singlet oxygen may also contribute to p62
crosslinking in the models discussed.

To our knowledge, the effects of low-level singlet oxygen on autophagy have
not been studied before. The extent of singlet oxygen generated by verteporfin
without light activation is considerably lower than in photodynamic therapy
conditions where ~800-fold more energy is administered than under laboratory
light [6,47,63]. In photodynamic therapy, photoactivated verteporfin elicits a
rapid apoptotic response due to both mitochondrial photochemical damage and
rapid accumulation of secondary ROS species [79-81]. By contrast, verteporfin is
well characterized as being nontoxic to cells or humans in the absence of light
irradiation [5, 6, 81] and it showed no toxicity towards cells under conditions used
in this study. Like verteporfin, non-photoactivated rose bengal, a structurally
distinct singlet oxygen producer, inhibited starvation-induced autophagosome
accumulation in a manner that correlated with the appearance of p62 crosslink
products. Itakura & Mizushima [61] showed that p62 oligomers associate with
early autophagic structures at the autophagosome formation site. Due to the
hydrophobic nature of verteporfin and the limited diffusion range of singlet
oxygen, it is possible that verteporfin associates with the membrane of nascent
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doi:10.1371/journal.pone.0114964.9008

autophagosomes to stimulate the crosslinking of p62 oligomers associated with
these membranes.

Protein oxidation and crosslinking can lead to loss of function depending on
the site(s) and extent of modification [49,51]. p62 immunoprecipitation showed
verteporfin treatment compromised binding to polyubiquitinated proteins but
not to LC3. p62 has been described as the major interacting protein of LC3 [10],
and our data imply that p62 and LC3 are constitutively associated, at least in cells
overexpressing EGFP-LC3 as used here. We have also shown that verteporfin does
not affect LC3 lipidation or membrane association [5]. Based on these findings,
we propose a model for verteporfin-mediated inhibition of autophagosome
formation via p62 crosslinking (Fig. 8). In this model, p62 oligomers are initially
recruited to the autophagosome formation site(s) by an LC3-independent

PLOS ONE | DOI:10.1371/journal.pone.0114964 December 10, 2014 23/30



@'PLOS | ONE

Verteporfin Induces Crosslinked p62 Oligomers

mechanism [82—85]. LC3 bound to p62 oligomers is then recruited to the
expanding phagophore membrane (Fig. 8). In the presence of verteporfin, p62
becomes crosslinked in a manner that disrupts its association with polyubiqui-
tinated cargo, in agreement with observations that p62 binding to cargo is tightly
regulated by both p62 oligomerization and dimerization of the UBA domain
(61, 86,87]. Regulation of expansion during autophagosome biogenesis is
arguably the least understood subject in autophagy, but there is consensus in the
field that it must be highly regulated to facilitate membrane curvature and
eventual closure [88,89]. We propose that abnormal products of p62 crosslinking
prevent proper autophagosome formation through physical or mechanical
disruption of the expanding membrane or by preventing the proper assembly of
molecular factors responsible for autophagosome formation, perhaps through
sequestration of LC3 into abnormal p62 oligomer crosslinks (Fig. 8). This
hypothesis is consistent with previous electron microscopy data showing
verteporfin treatment produced small single-membrane vesicles, presumably as a
consequence of compromised autophagosome double-membrane expansion and
closure [5]. Based on our data with rose bengal, we suspect that other non-
photoactivated singlet oxygen generators may similarly inhibit autophagosome
formation, depending on their subcellular localization and the amount of singlet
oxygen produced.

High-MW p62 crosslinks were consistently observed in very low amounts in the
absence of verteporfin, indicating that p62 might be particularly susceptible to
exogenous and endogenous oxidants. Such susceptibility would also account for
the accumulation of high-MW p62 observed in models of aging [77,90]. Several
studies have documented a decrease in autophagic proteolysis during aging [91—
93]. It was also recently shown that overexpression of Atg 5 in transgenic mice
activated autophagy and significantly extended their lifespan [93-95]. It is
therefore hypothesized that compromised autophagy leads to increased
intracellular accumulation of autophagic substrates in aged cells, such as damaged
organelles and protein aggregates [90, 93, 96]. Based on our data, one plausible
mechanism for autophagy impairment during aging is the accumulation of high-
MW p62, during life-time exposure to low level oxidative stress.

By being highly susceptible to oxidation, p62 may perhaps also act as a physical
sensor of oxidative stress. In addition to its function in autophagy, p62 plays an
important role in activating cellular oxidative stress responses. p62 binds Keapl
through its KIR domain. In the absence of p62, Keapl binds Nrf2, targeting Nrf2
for degradation via the ubiquitin-proteasome pathway [97, 98]. In the presence of
oxidative and electrophilic stresses, Keapl dissociates from Nrf2, likely though
oxidation of key cysteine residues in Keapl, stabilizing Nrf2, thus allowing it to
translocate into the nucleus where it activates transcription of a number of
cytoprotective genes that contain antioxidant response elements, including NQO1
and p62 [97-99]. In addition to this canonical activation of Nrf2 signaling,
phosphorylation of p62 during cellular stress has recently been found to enhance
its binding to Keapl, sequestering Keapl from Nrf2, thus participating in a feed-
forward loop that activates and sustains the Keap1-Nrf2 oxidative stress response
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[8,97,100-104]. Furthermore, a recent study identified p62 as a target of lipid-
derived electrophiles, which are products of oxidative stress that appear to serve as
messengers by modulating cellular signaling [105]. Therefore, crosslinked high-
MW p62 oligomers may be an early marker of oxidative stress and the
consequences of their production in both physiological and pathophysiological
contexts deserves further exploration.
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