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ARTICLE INFO ABSTRACT

Keywords: Hepatic lipotoxicity is a crucial factor in nonalcoholic steatohepatitis resulting from excessive saturated fatty

PERK acid-induced reactive oxygen species (ROS)-mediated cell death, which is associated with the accumulation of

EEAPLNFQ pathway endoplasmic reticulum (ER) stress in the liver. The unfolded protein response (UPR) alleviates ER stress by
ipotoxicity .. restoring ER protein folding homeostasis. However, whether UPR contributes ROS elimination under lipotoxicity

Nonalcoholic steatohepatitis . i . . i )

P62 remains unclear. The Kelch like ECH-associated protein 1 (KEAP1)-nuclear factor, erythroid 2 like 2 (Nrf2)

ULK1 pathway provides antioxidant defense against lipotoxic stress by eliminating ROS and can be activated by the
p62-Unc-51 like autophagy activating kinase 1 (ULK1) axis. However, the upstream molecular regulator of the
p62-ULK1 axis-induced KEAP1-Nrf2 pathway in the same context remains unidentified. Here, we demonstrated
that PKR-like ER kinase (PERK), a UPR sensor, directly phosphorylates p62 and ULK1, thereby activating the
noncanonical KEAP1-Nrf2 pathway. We also elucidated the molecular mechanism underlying the PERK-
mediated p62-ULK1 axis-dependent noncanonical KEAP1-Nrf2 pathway, which could represent a promising
therapeutic strategy against hepatic lipotoxicity.

residues in KEAP1 are modified in response to oxidative stress; there-
fore, Nrf2 can be released from KEAP1 and translocated into the nucleus,
where it activates target genes for antioxidant enzymes. This is known as
the canonical KEAP1-Nrf2 pathway [8,9]. p62 is an autophagy receptor
protein that activates Nrf2 through specific binding to KEAP1 [14,15],
which corresponds to the most well-known noncanonical KEAP1-Nrf2
pathway [16]. Furthermore, S351-phosphorylated p62 has a higher af-
finity for KEAP1, which corresponds to strong Nrf2 activation [15,17].
Moreover, p62-mediated Nrf2 activation can be induced by autophagic
KEAP1 degradation [13].

Endoplasmic reticulum (ER) stress, resulting from the accumulation
of unfolded or misfolded proteins in the ER [18], manifests high in the
livers of patients with NASH [19-21]. ER stress has been suggested to be
promoted by excessive quantities of SFA through an increase in the
synthesis of ceramide, an important building block in sphingolipids,
which disrupts ER homeostasis [22,23]. It decreases the sarco/ER
Ca%*-ATPase activity and leads to Ca?* leakage, which attenuates the
mitochondrial electron transport chain and enhances mitochondrial

1. Introduction

Hepatic lipotoxicity, caused by excessive cell death mediated by
saturated fatty acid (SFA)-induced reactive oxygen species (ROS) pro-
duction [1,2], is a key pathogenic feature of nonalcoholic steatohepatitis
(NASH) [3,4]. Increased oxidative stress, associated with an imbalance
between ROS production and antioxidant responses [5], has been
observed in the livers of patients with NASH [6,7]. Since there are no
pharmacological treatments for NASH at present, it is critical to develop
effective therapeutic target strategies to remove oxidative stress.

The nuclear factor, erythroid 2 like 2 (Nrf2) is the key transcription
factor that coordinates the elimination of ROS by inducing the expres-
sion of antioxidant enzymes in response to oxidative stress and known to
protect the liver against NASH [8-11]. Nrf2 is negatively regulated by
the suppressor protein, Kelch like ECH-associated protein 1 (KEAP1)
[12]. Nrf2 is degraded via the KEAP1-dependent ubiquitin-proteasome
pathway under non-stress conditions [8,9,12,13]. However, the cysteine
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Abbreviations IRE1 inositol-requiring enzyme 1
KEAP1  kelch like ECH associated protein 1
3NT 3-nitrotyrosine LC3B microtubule-associated protein 1 light chain 3
4HNE  4-hydroxynonenal MEF mouse embryonic fibroblast
ACTB actin beta NAFLD nonalcoholic fatty liver disease
ALT alanine aminotransferase NASH nonalcoholic steatohepatitis
AMPK1/2 protein kinase AMP-activated catalytic subunits alphal/2 Nrf2 nuclear factor, erythroid 2 like 2
ATF6 activating transcription factor 6 NQO1 NAD(P)H quinone dehydrogenase 1
BafAl bafilomycin Al p62 Sequestosome 1
BSA bovine serum albumin PA palmitic acid
CM-H2DCFDA 5-(and-6)-chloromethyl-2',7’- PARP poly (ADP-ribose) polymerase 1
dichlorodihydrofluorescein diacetate PERK PKR-like ER kinase
ER stress endoplasmic reticulum stress ROS reactive oxygen species
GFP green fluorescent protein SFA saturated fatty acid
Grp78  glucose regulatory protein 78 siRNA  small interfering RNA
GST glutathione S-transferase TUNEL terminal deoxynucleotidyl transferase-mediated dUTP
GSTA1 glutathione S-transferase Al nick-end labeling
HCD high-carbohydrate diet ULK1 unc-51 like autophagy activating kinase
HMOX1/HO-1 heme oxygenase 1 UPR unfolded protein response
IHC immunohistochemistry

fatty acid oxidation, which is followed by ROS generation and cell death
[3,4,7]1. ER stress manifests through the activation of the unfolded
protein response (UPR) pathway, which has three major stress sensors:
inositol-requiring enzyme 1 (IRE1), PKR-like ER kinase (PERK), and
activating transcription factor 6 (ATF6) [24]. The chaperone GRP78, a
repressor of UPR stress sensors, is dissociated from these three trans-
ducers (IRE1, PERK, and ATF6); it controls the adaptive responses and
protects cells against ER stress by suppressing translation and inducing
the degradation of misfolded proteins [25]. However, whether UPR
regulates the elimination of ROS in response to lipotoxicity has not been
explored.

In this study, we demonstrated that PERK, one of the UPR sensors,
plays a protective role in lipotoxicity through Unc-51 like autophagy
activating kinase 1 (ULK1)-induced autophagic KEAP1 degradation and
phosphorylation of the p62-mediated noncanonical KEAP1-Nrf2
pathway. We also elucidated the molecular mechanism and physiolog-
ical relevance of lipotoxicity in vivo.

2. Materials and methods
2.1. Mice and in vivo transfection

All animal experiments were approved by the Animal Care and Use
Committee of the Yonsei University College of Medicine. Male C57BL/6J
mice (B6, [SLC-M-0133]) aged 8 weeks were used in the animal exper-
iments, which is purchased from Japan SLC, Inc. (Hamamatsu, Japan).
All mice had free access to water and food and were housed in cages
maintained at 23 + 2 °C under a 12 h light/12 h dark cycle and 50%-
70% humidity. To the depletion of PERK in mice, PERK siRNA (20 nM,
Santa Cruz Biotechnology; sc-36214) was injected through the tail vein
along with the Invivofectamine 3.0 reagent (Thermo Fisher Scientific,
IVF3001) for 3 days according to the manufacturer’s instructions. Mice
were fed a normal chow diet (LabDiet, 5053) without fasting or a high-
carbohydrate diet (HCD; Dyets, 102235) after 24 h of fasting. After 18 h
of refeeding, the mice were sacrificed. The serum alanine aminotrans-
ferase (ALT) levels were measured via colorimetric determination using
an activity assay kit (FUJIFILM, 3250).

2.2. Cell lines

HEK293 cells (Korean Cell Line Bank, 21573), mouse embryonic fi-
broblasts (MEFs), and green fluorescent protein (GFP)-conjugated LC3B

(GFP-LC3B)-expressing HeLa (GFP-LC3B HeLa) cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, HS3243.01)
supplemented with 10% fetal bovine serum (Hyclone, SV30087.02) and
1% penicillin-streptomycin (Biowest, L0022) in a 5% CO atmosphere at
37 °C. Hepalclc? cells (Korean Cell Line Bank, 22026) were maintained
in minimum essential media (Welgene, LM007-01) supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin in a 5% CO»
atmosphere at 37 °C. PERK MEFs was kindly provided by Dr. S. H. Back
(University of Ulsan, Republic of Korea). GFP-LC3B HeLa cells were
provided by Dr. M.J. Lee (Seoul National University, College of Medi-
cine, Republic of Korea).

2.3. Immunoblot analysis

For immunoblot analysis, the cells were lysed in lysis buffer con-
taining 50 mM tris-HCl (pH 7.5), 150 mM NaCl, aprotinin, leupeptin,
and 1% Nonidet P-40 (NP-40). Cell lysates were centrifuged (13,500
rpm for 15 min), and the resulting supernatants were subjected to so-
dium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE);
the separated proteins were transferred to polyvinylidene fluoride
membranes (PVDF; MERK Millipore IPVH00010). After blocking with
5% skim milk in Tris-buffered saline and 0.1% Tween 20 (TBS-T), the
membranes were then incubated with the specific primary antibodies at
4 °C overnight, followed by incubation with horseradish peroxidase-
conjugated secondary antibodies at room temperature for 1 h. The
proteins were visualized using an enhanced chemiluminescence solution
(Thermo Scientific, 34580).

2.4. Antibodies and reagents

The following antibodies were used in this study: anti-KEAP1 (Pro-
teintech, 10503-2-AP); anti-ACTB (Santa Cruz Biotechnology, sc-
47778); anti-FLAG (Merk Millipore, F1804); anti-p-ULK1 (S317) (Cell
Signaling Technology, 12753S); anti-ULK1 (Sigma Aldrich, A7481);
anti-p62 (Abnova, HO0008878-M01); anti-p-p62 (S351) (gift from Dr.
Rhee SG and Komatsu); anti-LC3B (Novus, NB100-2220); anti-MYC
(Merk Millipore, 05-419); anti-AMPK (Cell Signaling Technology,
2603); anti-cleaved CASP3 (Cell Signaling Technology, 9661S); anti-
cleaved PARP (Cell Signaling Technology, 9544S); anti-Nrf2 (Santa
Cruz Biotechnology, sc-13032); anti-LaminB (Proteintech, 12987-1-AP);
anti-HA (Bethyl Laboratory, A190-108A); anti-GFP (Santa Cruz
Biotechnology, sc-9996); anti-PERK (Santa Cruz Biotechnology; sc-
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377400); anti-p-PERK (T980) (Cell Signaling Technology, 3179S), anti-
p-eIF2 alpha (S51) (Cell Signaling Technology, 9721S); anti-eIF2 alpha
(Enzo Life Sciences, ADI-KAP-CP130); anti-p-IRE1 alpha (S724)
(Thermo Fisher Scientific, PA1-16927); anti-IRE1 alpha (Novus bi-
ologicals, NB100-2324); anti-GRP78 (BD Biosciences, BD 610979); anti-
ATF6 (Abcam, AB11909); anti-ATF4 (Santa Cruz Biotechnology, sc-
11815); anti-GST (abm, G018). PA (Sigma Aldrich, 57-10-36), DMSO
(Sigma Aldrich, 67-68-5), bafilomycin Al (BafAl; Sigma Aldrich,
B1793), GSK2656157 (Sellectchem, S7033), LysoTracker Green
(Thermo Fisher Scientific, L7526), and ERTracker Red (Invitrogen,
E34250) were used.

2.5. Saturated fatty acid (SFA) treatment

Palmitic acid (PA) was dissolved in isopropyl alcohol at a stock
concentration of 160 mM. For the treatment of saturated fatty acid
(SFA), the cells were incubated with PA (500 pM) DMEM containing 1%
bovine serum albumin (BSA) for 18 h to ensure a physiologically suitable
ratio between the bound and unbound free fatty acids in the medium
[26-29].

2.6. MTT assay for cell viability

Cells were seeded at 2 x 10° cells/well in a final volume of 100 pL in
96-well plates. After 24 h, the cells were treated with BSA, PA (500 pM),
or 4-phenylbutyric acid (4-PBA) for the indicated durations. Cell
viability was detected using a CellTiter-Glo luminescent cell viability
assay kit (Promega Corporation, G7570) according to the manufac-
turer’s instructions.

2.7. Measurement of reactive oxygen species (ROS) levels

Intracellular ROS generation was assessed using 5,6-chloromethyl-
2,7-dichlorodihydrofluorescein diacetate (CM-H2DCFDA; Molecular
Probes, Eugene, OR, USA). Cells (3 x 10°) were plated in 35 mm dishes.
After 24 h, the cells were treated with BSA or PA, and then with PBA, for
the indicated durations, rinsed once with 2 mL Hank’s balanced salt
solution (HBSS), and incubated for 5 min with CM-H,DCFDA. The cells
were washed again with HBSS, and images were obtained using a
fluorescence microscope (Olympus, IX73). The relative dichloro-
fluorescein fluorescence was calculated by averaging the levels of fluo-
rescence in 80-100 cells after subtracting the background fluorescence.

2.8. Subcellular fractionation

Cells or liver tissues were lysed in a cytoplasmic extraction reagent
containing 10 mM HEPES (bioWORLD, 40820042-1), 1.5 mM MgCly, 10
mM KCl, 0.5 mM dithiothreitol (DTT) (Sigma Aldrich, 10197777001),
0.05% of 0.5% IGEPAL® CA-630 (Sigma Aldrich, 56741), PMSF (Sigma
Aldrich, 10837091001), 1 mg/mL aprotinin and 1 mg/mL leupeptin.
The lysates were centrifuged (900xg for 10 min) at 4 °C, and the pellet
was resuspended in a nuclear extraction reagent (containing 5 mM
HEPES (pH 8.0), 0.2 mM EDTA, 1.5 mM MgCl,, 0.5 mM DTT, and 26%
glycerol) on ice. The lysates were then centrifuged (24,000xg for 20
min) at 4 °C, and the supernatants were subjected to immunoblot
analysis using Nrf2 and LMNB1 (nuclear protein marker) antibodies.

2.9. Small interfering RNA (siRNA) transfection

GFP-LC3B Hela cells were transfected with siRNAs targeting PERK
(20 nM, Santa Cruz Biotechnology; sc-36213) or control siRNA (20 nM,
Bioneer; SP-1011). Hepalclc? cells were transfected with siRNAs tar-
geting PERK (20 nM, Santa Cruz Biotechnology; sc-36214) or control
siRNA (20 nM). The cells were transfected with siRNAs using Lipofect-
amine RNA/iMAX, according to the manufacturer’s instructions (Invi-
trogen, P/N 56532).
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2.10. Quantitative RT-PCR analysis

Total RNA was prepared from cultured cells using TRIzol® reagent
(MRC, TR 118) and treated with RNase (Sigma Aldrich, R6148). Total
RNA (1 pg) was then subjected to reverse transcription with random
hexamer primers using a TAKARA cDNA synthesis kit (TaKaRa,
RR036A). The resulting cDNA was subjected to quantitative PCR anal-
ysis using SYBR® Green (ABIL, 4367659) and mouse- and human-specific
primer pairs (forward and reverse, respectively). The sequences of the
primers used for cDNA were as follows (Table S1).

2.11. Histological and immunohistochemistry (IHC) analysis

The liver tissues of mice were fixed in 10% neutral-buffered formalin
solution (Sigma Aldrich, HT501128) embedded in paraffin, and
sectioned into slices of 5-pym. The liver sections were subjected to he-
matoxylin and eosin (H&E) staining and IHC analysis with antibodies
against 4-hydroxynonenal (4-HNE; JaICA, MHN-100P) or 3-nitrotyro-
sine (3-NT; Merck Millipore, 06-284). Images were obtained by using
a fluorescence microscope (Olympus, BX43).

2.12. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) analysis

To evaluate apoptosis in mouse livers, MEFs, and Hepalclc7 cells,
TUNEL assay kit (Promega, Madison, WI, USA) was used according to
the manufacturer’s instructions. Fluorescence signals were detected
using a confocal microscope (Carl Zeiss, LSM 700). The frequency of
detection of apoptotic cells in the liver sections or the cells was
measured by determining the percentage of TUNEL-positive cells in five
random microscopic fields per specimen.

2.13. Immunofluorescence analysis

To analyze the GFP puncta, GFP-LC3B HelLa cells were cultured on
glass plates in 12-well plates. The cells were washed with Dulbecco’s
phosphate-buffered saline (Biowest, X0515-500), fixed with 4% para-
formaldehyde (Biosesang, P2031) for 30 min, and washed three times
with PBS. To analyze the autolysosomes, MEFs were stained with
LysoTracker Green DND-26 (Thermo Fisher Scientific, L7526), accord-
ing to the manufacturer’s instructions. Hepalclc7 cells were stained
with ERTracker Red (Invitrogen, E34250) according to the manufac-
turer’s instructions. To perform the proximity ligation assay (PLA),
Duolink II PLA probes (Olink Bioscience, DU092001 and DUQ92005)
and detection reagents (Olink Bioscience, DU0O92014) were used ac-
cording to the manufacturer’s instructions. The nuclei were counter-
stained with DAPI, and the PLA and fluorescence signals were detected
using a confocal microscope (Carl Zeiss, LSM 700).

2.14. Protein purification and in vitro kinase assay

Glutathione S-transferase (GST)-tagged recombinant p62 and GST-
ULK1 proteins were purified from bacteria using GST Sepharose beads
according to the manufacturer’s instruction (GE Healthcare). GST-p62
cDNAs were kindly provided by Dr. T. Johansen (University of
Tromsg, Norway). GST-ULK1 cDNAs were kindly provided by Dr. S-W
Yu (Daegu Gyeongbuk Institute of Science and Technology [DGIST],
Republic of Korea). HEK293 cells transfected with MYC-PERK WT, MYC-
PERK kinase dead (K618A) were subjected to immunoprecipitation
using a mouse anti-MYC antibody for 4 h at 4 °C, followed by overnight
incubation at 4 °C with G-Sepharose beads. The next day, the kinase
reaction was initiated by treating with 200 pM ATP and recombinant
GST-p62 or GST-ULK1 proteins for 40 min at 37 °C. The kinase reaction
buffer was composed of 20 mM Tris-HCl, 10 mM MgCl2, 5 mM DTT, and
0.4 mM NaF at pH 7.2-7.5. The reaction was terminated by adding so-
dium dodecyl sulfate sample buffer and boiling for 10 min at 100 °C. The
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samples were subjected to immunoblot analysis using anti-phospho-p62
(S351) and anti-phospho-ULK1 (S317).

2.15. GST pull-down assay

MYC-PERK was prepared via in vitro translation using a TNT-coupled
SP6 reticulocyte lysate system (Promega, L4600). Pull-down assays were
performed by incubating equal quantities of GST or GST-p62, and ULK1
fusion proteins were immobilized onto glutathione-Sepharose beads (GE
Healthcare Bio-sciences) [30,31]. The mixture containing in vitro
translated MYC-PERK was placed on a rocking platform for 1 h and,
washed three times with a washing buffer (composed of 20 mM Tris-HCI
(pH 8.0), 150 mM NaCl, and 0.5% Nonidet P-40), and the bound pro-
teins were eluted and separated by 8% SDS-PAGE. MYC-PERK was
detected via immunoblot analysis using an anti-MYC antibody.

2.16. Statistical analysis

Data were analyzed using two-tailed Student’s t-tests for compari-
sons between two groups or one-way analysis of variance (ANOVA) with
Tukey’s test for comparing three or more groups using Prism 9.0
(GraphPad, La Jolla, CA, USA) software to determine statistical signifi-
cance. A value of P < 0.05 was considered significant.

3. Results

3.1. Activation of the p62-mediated noncanonical KEAP1-Nrf2 pathway
is dependent on ER stress in response to lipotoxicity

Saturated fatty acids (SFAs) induce ER stress and oxidative stress-
mediated cell death, which is known as lipotoxicity [4,32-34]. To
assess the p62-mediated activation of the noncanonical KEAP1-Nrf2
pathway in response to lipotoxicity, we treated Hepalclc7 cells and
mouse embryonic fibroblasts (MEFs) with palmitic acid (PA), which is
the most common SFA found in humans [35]. Hepalclc7 cells, mouse
hepatoma cell line, are a suitable in vitro model for study of liver disease,
because that can express liver phenotypes in cultured conditions [19].
MEFs, generated from a genetically manipulated mouse embryo, can be
used to investigate molecular mechanisms of protein functions and
cellular signaling [18]. Our results showed that PA increased the p62
phosphorylation at S351, p62 expression, and autophagic KEAP1
degradation, followed by activation of Nrf2 target genes including p62,
GSTA1, and HO-1 in time dependent manner in both Hepalclc7 cells
(Fig. S1A-G) and MEFs (Fig. S1K-Q). Especially, this p62-mediated
noncanonical KEAP1-Nrf2 pathway was dramatically activated in the
both cells treated with PA for 18 h. Moreover, we observed that accu-
mulation of ER stress was increased under lipotoxic conditions at the
same time by detecting the increase of expression levels of the ER stress
marker glucose regulatory protein 78 (Grp78) and ER stress target genes
(such as Grp78, Atf4, and Trb3) in Hepalclc7 cells (Fig. SI1A,
Fig. SIH-S1J) and MEFs (Fig. S1K, S1R-S1T). It is known that unfolded
protein response (UPR) pathway plays protective roles against ER stress
[2]. The activation of the UPR pathway depends on the three stress
sensors [36]. To determine whether the UPR pathway is also associated
with lipotoxic conditions, we measured the levels of these three UPR
sensors, including PKR-like ER kinase (PERK), inositol-requiring enzyme
1 alpha (IRE1a), and activating transcription factor 6 (ATF6) in response
to PA. We found that the phosphorylation of PERK was increased dras-
tically in the both cells (Figs. S1A and S1K). Therefore, we carried out
the PA treatment in both Hepalclc7 cells and MEFs to induce
SFA-mediated ER stress and lipotoxicity.

To verify whether the activation of p62-mediated noncanonical
KEAP1-Nrf2 pathway is regulated by SFA-mediated ER stress, we treated
Hepalclc7 cells with 4-phenylbutyric acid (4-PBA), an ER stress in-
hibitor [37], under lipotoxic conditions. We found that the inhibition of
ER stress prevented the accumulation of p62 and its phosphorylated
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form (S351) as well as the autophagic degradation of KEAP1, thereby
suppressing Nrf2 target genes, including Gstal, HO-1, and Ngol
(Fig. 1A-G). Moreover, SFA-induced cell death was restored upon the
inhibition of ER stress, as measured in the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) (Fig. 1H-I) and
MTT assays (Fig. 1J). We also found that SFA-induced ROS accumula-
tion was partly blocked after PBA treatment under lipotoxic conditions
(Fig. 1K-L).

To determine whether the p62-mediated noncanonical KEAP1-Nrf2
pathway was associated with the UPR pathway, we measured the
levels of these three UPR sensors in Hepalclc? cells treated with PBA
under lipotoxic conditions. Interestingly, we found that the phosphor-
ylation of PERK was increased in the SFA-treated cells but was
dramatically downregulated upon the inhibition of ER stress (Fig. 1M-N,
1Q). The levels of IREla phosphorylation and cleaved ATF6 were not
significantly different in the same context, which is consistent with
findings from other reports [38-43] (Fig. 1M). Furthermore, the
expression levels of the ER stress marker glucose regulatory protein 78
(Grp78) and ER stress target genes (such as Grp78, Trb3, and Atf4) were
reduced after PBA treatment in response to lipotoxicity (Fig. 1M, 10-S).
Taken together, these results demonstrate that the p62-mediated non-
canonical KEAP1-Nrf2 pathway is activated in an ER stress-dependent
manner in response to lipotoxicity.

3.2. PERK directly phosphorylates p62 at S351 and activates the
noncanonical KEAP1-Nrf2 pathway, thereby protecting cells against
lipotoxicity

To determine whether PERK, which is primarily activated by PA-
mediated ER stress, is required for the activation of the p62-mediated
noncanonical KEAP1-Nrf2 pathway, we transfected Hepalclc7 cells
with PERK small interfering RNA (siRNA), and then treated with PA
(Fig. S2A). We found that the induction of p62 and its phosphorylation
at S351 were abruptly blocked in siPERK-mediated knockdown Hep-
alclc? cells, resulting in the inhibition of Nrf2 activation in response to
lipotoxicity (Fig. S2A-S2F). Furthermore, to verify whether this pathway
is mediated by PERK, we treated PERK wild type (WT) or PERK knock
out (KO) MEFs with PA. We showed that the increase of S351-
phosphorylated p62 and p62 was drastically inhibited in the PERK KO
MEFs under lipotoxic conditions, followed by blockage of Nrf2 activa-
tion (Fig. 2A-E). To examine how PERK activates the p62-mediated
noncanonical KEAP1-Nrf2 pathway, we investigated whether PERK
can directly phosphorylate p62 as a kinase protein. First, the results of
the glutathione S-transferase (GST) pull-down assay provided evidence
that p62 directly binds to PERK (Fig. 2J). To verify whether PERK can
act as a direct kinase of p62 for phosphorylation at the S351 site, we
purified GST-p62 and performed an in vitro kinase assay using the MYC-
PERK WT or MYC-PERK kinase-dead mutant (KD, K618A) vectors. We
transfected HEK293 cells with MYC-PERK WT or KD, and subjected the
cell lysates to co-immunoprecipitation analysis using an anti-MYC
antibody. Recombinant GST-p62 was incubated with the PERK im-
mune complex in the absence or presence of ATP. We found that MYC-
PERK WT phosphorylated GST-p62, whereas MYC-PERK KD (K618A)
did not mediate the phosphorylation of GST-p62 at S351 in the presence
of ATP (Fig. 2K-L). To further verify whether PERK mediates the direct
phosphorylation of p62 in response to lipotoxicity, we transfected PERK
KO MEFs with MYC-PERK WT or MYC-PERK KD (K618A) and treated
these cells with PA. p62 phosphorylation at S351 increased in the MYC-
PERK WT-transfected cells under lipotoxicity, whereas it decreased in
the MYC-PERK KD-transfected cells (Fig. 2M-N). Collectively, these
findings demonstrate that PERK exhibits direct kinase activity in phos-
phorylating p62 at S351.

Moreover, we found that PERK plays a protective role against lip-
otoxicity, as evaluated through the MTT and TUNEL assays (Fig. 20-Q
and S2I-S2K). We showed that the expression levels of cell death
markers, such as cleaved poly(ADP-ribose) polymerase (PARP) and
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Fig. 1. Activation of the p62-mediated nonca-
nonical KEAP1-Nrf2 pathway is dependent on
endoplasmic reticulum (ER) stress and protects
cells against lipotoxicity. Hepalclc7 cells were
treated with palmitic acid (PA; 500 pM) and 4-phe-
nylbutyric acid (4-PBA; 1 mM) for 18 h. (A)
Immunoblot analysis using antibodies against p-p62
(S351), p62, KEAP1, nuclear Nrf2, LaminB (nucler
protein marker), and ACTB (loading control). (B, C)
Densitometric analysis of the immunoblots. Quan-
titative RT-PCR (qRT-PCR) analysis of Keapl (D),
Gstal (E), HO-1 (F), and Ngol (G) mRNA. (H-I)
Terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) analysis of cells
treated as described in (A). Scale bar: 100 pm. (I)
Quantitative analysis of TUNEL-positive cells. (J)
Cell viability was evaluated using a Cell Titer-Glo
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caspase-3 (CASP3) are increased in PERK KO MEFs (Fig. 2A, 2F-G) and
siPERK-mediated knockdown Hepalclc? cells (Fig. S2A, S2G-S2H). We
also showed that the PERK-induced activation of the p62-mediated
noncanonical KEAP1-Nrf2 pathway attenuates PA-induced ROS accu-
mulation (Fig. 2R-S, S2L-S2M), further decreasing the expression levels
of ER stress target genes (Fig. 2H-I).

To further confirm whether PERK induces the phosphorylation of
p62, we treated Hepalclc7 cells with a PERK inhibitor (GSK2656157)
[44,45] and incubated them in the absence or presence of PA. We
observed that the PERK-mediated phosphorylation of p62 was signifi-
cantly inhibited, resulting in the blockade of Nrf2 activation in
PERK-inactivated cells, and thereby accelerating PA-induced cell death
(Fig. S2N-S2T).

Collectively, these results suggest that PERK is required for the
activation of the p62-mediated noncanonical KEAP1-Nrf2 pathway by
direct phosphorylating p62 at S351, which helps protect cells against
lipotoxicity.
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IREla, and ACTB (loading control). (N-O) Densi-
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3.3. PERK enhances the interaction between AMPK and p62, followed by
p62 phosphorylation

Our previous study showed that p62 can be phosphorylated by AMPK
(AMP-activated protein kinase) via direct binding 20 Consistent with
previous study [17], we confirmed that p62 physically interacted with
AMPK as evidenced by the results of the glutathione S-transferase (GST)
pull-down assay (Fig. S3A). Next, we subjected a purified GST-p62 to in
vitro kinase assay using either the MYC-AMPK wild-type (WT) or
kinase-dead mutant (KD, D157A) [46]. Results showed that wild-type
AMPK phosphorylated GST-p62 at S351, whereas the catalytically
dead mutant of AMPK did not mediate the phosphorylation of GST-p62
(Fig. S3B).

Accordingly, to examine whether PERK induces p62 phosphorylation
through the AMPK-p62 axis, we transfected HEK293 cells with HA-p62
and MYC-AMPK expression vectors. Consistent with our previous re-
sults, we showed that ectopic expression of AMPK increased the phos-
phorylation of p62 (Fig. 3A-B). Furthermore, we showed that AMPK-
mediated p62 phosphorylation was significantly blocked in both PERK
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KO MEFs (Fig. 3C-D) and PERK-knockdown Hepalclc7 cells
(Fig. S3C-S3D). Moreover, we found that MYC-PERK bound to both
protein kinases AMP-activated catalytic subunits alphal/2, (HA-AMPK)
(Fig. 3E) and FLAG-p62 (Fig. 3F) in HEK293 cells. We also showed that
MYC-PERK interacted with MYC-p62 in the absence of a specific binding
domain (Figs. 3G and S3E) in HEK293 cells. Also, co-localization on the
ER surface of AMPK-PERK and p62-PERK was measured via confocal
microscopy analysis using an ER tracker in Hepalclc? cells (Fig. 3H-I).

To explore whether PERK is involved in the interaction between p62
and AMPK, we transfected HEK293 cells with FLAG-p62 and HA-AMPK
expression vectors together with MYC-PERK and subjected the cell ly-
sates to immunoprecipitation (IP) analysis. Results showed that PERK
enhanced the binding of p62 and AMPK (Fig. 3J-K).

We further showed that endogenous PERK bound to AMPK (Fig. 3L)
and p62 (Fig. 3M) in Hepalclc7 cells. Furthermore, we investigated the
spatial proximity of endogenous PERK to AMPK and to p62 on the ER
following stimulation using an in situ proximity ligation assay (PLA),
which permits visualization of the spatial proximity of the two proteins.
Interestingly, we observed that the PERK-AMPK and PERK-p62
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R S Quantification of relative DCF fluorescence.

Graphical and statistical analyses were performed
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from 3 independent experiments. *p < 0.05, **p <
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interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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complexes were co-localized in the perinuclear-aggregated ER in Hep-
alclc? cells (Fig. 3N-P).

To evaluate the association between PERK and the p62-AMPK
complex, we examined these interactions in PERK WT or PERK KO
MEFs. The results demonstrated that binding of the p62-AMPK complex
was significantly diminished in PERK KO MEFs (Fig. 3Q-R). Further-
more, we observed that the endogenous PERK-p62-AMPK complex
strongly interacted in PA-treated Hepalclc7 cells (Fig. 3S-T). These
results indicate that PERK mediates p62 phosphorylation by enhancing
the interaction between p62 and AMPK.

3.4. PERK induces autophagy activation, followed by autophagic KEAP1
degradation in response to lipotoxicity

To determine whether PERK is associated with autophagic KEAP1
degradation in response to lipotoxicity, we treated PERK WT or PERK KO
MEFs with PA. Autophagic KEAP1 degradation and the increase in
LC3B-II expression were blocked in PA-treated PERK KO MEFs
(Fig. 4A-D). In addition, to verify the PERK-induced autophagic KEAP1
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F Fig. 3. PERK-mediated phosphorylation of p62
via enhanced interactions between AMPK and
p62. (A) HEK293 cells transfected with vectors
encoding MYC-AMPK and HA-p62 were subjected to
immunoblot analysis using antibodies against p-
p62, HA-p62, MYC-AMPK, and ACTB (loading con-
trol). (B) Densitometric analysis of the immunoblot.
(C) PERK WT or PERK KO MEFs were transfected
with vectors encoding HA-p62 together with those
expressing of MYC-AMPK, and subjected to immu-
noblot analysis. (D) Densitometric analysis of the
immunoblot. (E) Lysates from HEK293 cells trans-
fected with MYC-PERK and HA-AMPK vectors were
subjected to immunoprecipitation (IP) with anti-
bodies against HA, and the resulting IPs and whole
cell lysates (WCLs) were subjected to immunoblot
analysis. (F) Lysates from HEK293 cells transfected
with vectors encoding MYC-PERK and FLAG-p62
were subjected to IP with antibodies against MYC,
and subjected to immunoblot. (G) Lysates from
HEK293 cells transfected with deletion constructs of
MYC-p62 were subjected to IP with antibodies spe-
cific for PERK, and were subjected to immunoblot
analysis. Representative confocal microscopy im-
ages of Hepalclc7 cells transfected with vectors
encoding MYC-PERK and either HA-AMPK (H) or
HA-p62 (I), showing their co-localization via ER
Tracker Red staining. Scale bars: 10 pm. (J) Lysates
from HEK293 cells transfected with HA-AMPK,
FLAG-p62, and MYC-PERK were subjected to IP
with antibodies to HA, and were subjected to
immunoblot analysis. (K) Densitometric analysis of
the immunoblot. Lysates from Hepalclc7 cells were
subjected to IP using antibodies against AMPK (L) or
p62 (M), and were subjected to immunoblot anal-
ysis. Representative confocal microscopy images of
the PLA (proximity-ligation assay) using PERK and
either AMPK (N) or p62 (O), showing their co-
localization via ER Tracker Red staining. Scale
bars: 10 pm. (P) Quantitative analysis of the per-
centage of PLA dots that co-localized with the ER
tracker. (Q) Lysates from PERK WT or PERK KO
MEFs were subjected to IP with antibodies against
AMPK, and were subjected to immunoblot analysis.
(R) Densitometric analysis of the immunoblot. (S)
Lysates from Hepalclc? cells treated with PA (500
uM) for 18 h were subjected to IP using antibodies
against AMPK, and were subjected to immunoblot
analysis. (T) Densitometric analysis of the immu-
noblots. Data are presented as the means + SDs from
3 independent experiments. **p < 0.01 and ***p <
0.001. See also Fig. S3. (For interpretation of the

-+ MYC-PERK : + +

FLAG-p62: - +
s [
MYC-PERKE'
wnoos [
MYC-PERKE

S
£ =
z

FS

nput
Input

+ K

+ o+

+ o+

$25, MM
S 20
v 15
3N
o
<05
* 00
FLAGPS2: 4 4 4
HAAMPK © 4 o o
MYC-PERK : - - 4+
IP:igG HA HA

Input

Co-localization PLA dotsicells

BSA PA

references to color in this figure legend, the reader is referred to the Web version of this article.)

degradation, we treated siPERK-mediated knockdown Hepalclc7 cells
with PA. Our results also showed that autophagic KEAP1 degradation
was blocked in PA-treated PERK knockdown Hepalclc7 cells, followed
by downregulation of LC3B-II (Fig. S4A-S4D).

To investigate whether PERK mediates autophagy activation in
response to lipotoxicity, we treated PERK WT or PERK KO MEFs with PA
and then evaluated the co-localization of LC3B and LysoTracker. A
partial decrease in autolysosome formation was observed in PERK KO
MEFs under lipotoxic stress (Fig. 4E-F).

To determine whether PERK-induced autophagy activation leads to
KEAP1 degradation in response to lipotoxicity, we treated PERK WT or
PERK KO MEFs with PA and bafilomycin Al (BafAl), most well known
as an autophagy inhibitor. We showed that the autophagic degradation
of KEAP1 was blocked in BafAl-treated PERK KO MEFs. Additionally,
we showed that the LC3B-II levels were further increased in BafAl-
treated PERK WT MEFs compared with those in PERK KO MEFs

(Fig. 4G-H). Moreover, we examined whether PERK is required for the
promotion of autophagic flux under lipotoxic stress. We transfected
PERK WT or PERK KO MEFs with a GFP-RFP-LC3B expression vector and
treated them with PA. Our results showed that autophagic flux was
increased via detecting the increase levels of red fluorescent protein
(RFP)-LC3 puncta and yellow fluorescent protein (YFP)-LC3 puncta in
PA-treated PERK WT MEFs, but that is decreased in PA-treated PERK KO
MEFs (Fig. 41-J).

Next, we examined the effect of PERK siRNA transfection in green
fluorescent protein (GFP)-conjugated LC3B (GFP-LC3B)-expressing
HeLa (GFP-LC3B HelLa) cells under subsequent treatment with PA. Our
data showed a significant reduction in the levels of GFP-LC3B-II and
LC3B-II in PERK knockdown GFP-LC3B-HelLa cells, which resulted in the
inhibition of KEAP1 degradation (Fig. 4K-M). We also observed that the
number of GFP-LC3B puncta was decreased in siPERK-mediated
knockdown GFP-LC3B HeLa cells under lipotoxicity (Fig. 4N-O).
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Fig. 4. PERK induces autophagy activation in
response to lipotoxicity. (A) PERK wild-type (WT)
or PERK knockout (KO) mouse embryonic fibro-
blasts (MEFs) were incubated with palmitic acid
(PA) (500 pM) for the indicated durations. Immu-
noblot analysis using antibodies against p-PERK,
PERK, KEAP1, LC3B, and ACTB (loading control).
(B, D) Densitometric analysis of the immunoblots.
(C) gRT-PCR analysis of Keapl mRNA. (E) Co-
localization of LysoTracker and LC3B in PERK WT
or PERK KO MEFs treated with PA (500 pM) as
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Collectively, these findings indicate that PERK can activate autophagy,
and subsequently induce autophagic KEAP1 degradation in response to
lipotoxicity.

3.5. PERK directly mediates ULK1 phosphorylation at $317 and induces
autophagic KEAP1 degradation

Recent studies have reported that the AMPK-ULK1 axis induces
autophagy activation under nutrient starvation, which is accelerated by
the phosphorylation of ULK1 at S317 [46,47]. In addition, our previous
study showed that p62-mediated phosphorylation of ULK1 induced
autophagy, thereby causing autophagic KEAP1 degradation in response
to lipotoxicity [29]. Based on these results, to verify whether PERK
mediates ULK1 phosphorylation-induced autophagic KEAP1 degrada-
tion, we treated PERK WT or PERK KO MEFs and PERK knockdown
Hepalclc7 cells with PA. Interestingly, we observed the marked inhi-
bition of ULK1 phosphorylation at the S317 site and KEAP1 degradation
in PERK KO MEFs (Fig. 5A-C) and also in PERK knockdown Hepalclc?7
cells (Fig. SSA-S5C) in response to PA.

Furthermore, to verify whether
phosphorylation-induced  autophagic

PERK mediates
KEAP1  degradation,

ULK1
we

N.S., not significant. See also Fig. S4. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

transfected PERK WT or PERK KO MEFs with FLAG-ULK1 and HA-
KEAP1 expression vectors (Fig. 5D) and also PERK knockdown Hep-
alclc7 cells with the vectors (Fig. S5D). We found that the ectopic
expression of phosphorylated ULK1 was utterly blocked in both PERK
KO MEFs (Fig. 5D-E) and PERK knockdown Hepalclc7 cells
(Fig. S5D-S5E). We further observed that ULK1-mediated autophagic
KEAP1 degradation is blocked in PERK KO MEFs (Fig. 5D-F) and PERK
knockdown Hepalclc7 cells (Figs. S5D and S5F).

To further confirm whether PERK induces ULK1 phosphorylation,
followed by autophagy activation, we treated Hepalclc7 cells with a
PERK inhibitor (GSK2656157) [44,45] under lipotoxic conditions. We
found that PERK-mediated ULK1 phosphorylation-induced autophagic
KEAP1 degradation was significantly inhibited, followed by a decrease
in LC3B-II levels in PERK-inactivated cells (Fig. S5G-S5K). Taken
together, these results demonstrate that PERK activates autophagy
through ULK1 phosphorylation, followed by autophagic KEAP1 degra-
dation in response to lipotoxicity.

We also examined whether PERK could directly phosphorylate ULK1.
We first investigated the results of the in vitro GST pull-down assay,
which provided evidence of the direct binding of ULK1 to PERK
(Fig. 5G). To demonstrate that S317 is a direct substrate of PERK, we
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A B Cc Fig. 5. PERK directly phosphorylates ULK1 at
$§317 and induces autophagic KEAP1 degrada-
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performed an in vitro kinase assay using purified GST-tagged ULK1 and
immunoprecipitated it with lysates from MYC-PERK WT and MYC-PERK
KD (K618A) cells. We expressed MYC-PERK in HEK293 cells and sub-
jected the same to immunoprecipitation using an anti-MYC antibody.
The recombinant GST-ULK1 protein was incubated with the PERK im-
mune complex in the presence of ATP. As expected, the PERK WT-
complex cells phosphorylate ULK1 at S317, but not in the K618A
mutant (Fig. SH-I). Next, to further demonstrate that PERK induces
ULK1 phosphorylation in response to lipotoxicity, we transfected PERK
KO MEFs with the MYC-PERK WT and MYC-PERK KD expression vec-
tors, then treated the cells with PA. We observed that the MYC-PERK
WT-mediated phosphorylation of ULK1 at S317 was significantly
inhibited in MYC-PERK KD-expressing cells under lipotoxic conditions
(Fig. 5J-K). Collectively, our findings demonstrate that PERK serves as a
direct protein kinase of ULK1 for phosphorylation at S317, and thereby
activates autophagy in response to lipotoxicity.

3.6. PERK facilitates the AMPK-ULK]1 interaction, inducing ULK1
phosphorylation

It is well known that AMPK positively regulates ULK1-mediated
autophagy [46,47]. Consistently, we showed that AMPK directly inter-
acted with ULK1 through a GST pull-down assay (Fig. S6A). Next, we
confirmed that GST-ULK1 was significantly phosphorylated at S317 by

PERK, p-ULK1, ULK1, and ACTB (loading control).
(K) Densitometric analysis of the immunoblot.
Graphical and statistical analyses were performed
using GraphPad Prism 9 software. Bar graphs were
drawn using the mean values of the results per
sample but the statistical significances were derived
from raw data. Data are presented as means + SD
from 3 independent experiments. *p < 0.05, **p <
0.01, and ***p < 0.001. See also Fig. S5. (For
interpretation of the references to color in this
figure legend, the reader is referred to the Web
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>
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AMPK using an in vitro kinase assay (Fig. S6B).

To further determine whether the phosphorylation of ULK1 at S317
requires AMPK, we transfected HEK293 cells with MYC-AMPK and HA-
ULK1 expression vectors. Based on these observations, we showed that
ectopic expression of AMPK significantly increased the phosphorylation
of ULK1 at S317 (Fig. 6A-B). Furthermore, we observed a clear inhibi-
tion of ULK1 phosphorylation in both PERK KO MEFs (Fig. 6C-D) and
PERK knockdown Hepalclc7 cells (Fig. S6C-S6D). These data
confirmed that PERK is required for the phosphorylation of ULK1 in an
AMPK-dependent manner.

To verify how PERK induces AMPK-mediated ULK1 phosphorylation,
we transfected HEK293 cells with MYC-PERK and HA-ULK1 expression
vectors and subjected the cell lysates to IP analysis. We found that MYC-
PERK interacted with HA-ULK1 (Fig. 6E) even in the absence of a spe-
cific binding domain (Fig. 6F, Fig. S6E) and that MYC-PERK and HA-
ULK1 were co-localized in the ER (Fig. 6G). To explore whether PERK
is involved in the interaction between ULK1 and AMPK, we transfected
HEK293 cells with HA-ULK1 and FLAG-AMPK expression vectors
together with MYC-PERK and subjected the cell lysates to co-IP analysis.
The results showed that PERK facilitated the interaction between ULK1
and AMPK (Fig. 6H-I).

We further observed that endogenous PERK bound to ULK1 in
Hepalclc7 cells (Fig. 6J). We also investigated the interaction of two
proteins (endogenous PERK and ULK1) on the ER following stimulation,
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PA BSA  PA blots. Graphical and statistical analyses were
performed using GraphPad Prism 9 software. Bar
graphs were drawn using the mean values of the
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were derived from the raw data. Data are presented
as the means + SDs from 3 independent experi-

ments. **p < 0.01 and ***p < 0.001. See also

Fig. S6. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

using an in situ proximity-ligation assay (PLA) (Fig. 6K). To evaluate the
relationship between PERK and the ULK1-AMPK complex, we examined
their interactions in PERK WT or PERK KO MEFs. We found that the
binding of ULK1-AMPK was dramatically attenuated in PERK KO MEFs
(Fig. 6L-M). We further investigated whether the endogenous PERK-
p62-AMPK complex was strongly bound in Hepalclc7 cells under lip-
otoxic conditions (Fig. 6N-P). Taken together, we have shown that PERK
plays an essential role in facilitating the interaction between ULK1 and
AMPK, followed by the induction of AMPK-mediated ULK1
phosphorylation.

3.7. Reinforcement of PERK protects cells against lipotoxicity by
activation of the p62-ULK1 axis-induced noncanonical KEAP1-Nrf2
pathway in PERK-deficient cells

To verify whether PERK plays a cytoprotective role against lip-
otoxicity, we transfected PERK KO MEFs with MYC-PERK WT vector and
treated them with PA. The results showed that the overexpression of
PERK induced the phosphorylation of both p62 and ULK1, which was

10

followed by autophagic KEAP1 degradation and Nrf2 activation in PERK
KO MEFs under lipotoxic conditions (Fig. 7A-I). Accordingly, PERK
rescued PA-induced cell death caused by PERK ablation in response to
lipotoxicity, as indicated by the decreased levels of C.CASP3 and C.PARP
(Fig. 7A, Fig. S7), via activation of the p62-ULK1 axis-mediated non-
canonical KEAP1-Nrf2 pathway (Fig. 7A-I). From these results, we
conclude that PERK protects cells against lipotoxicity (Fig. 7J-L) and
eliminates ROS (Fig. 7M-N) via activation of our suggested pathway.

Taken together, our results demonstrate that the PERK-mediated
p62-ULK1 axis-induced noncanonical KEAP1-Nrf2 pathway plays a
crucial cytoprotective role against lipotoxicity.

3.8. ER stress-dependent activation of the noncanonical KEAP1-Nrf2
pathway protects the mouse liver against physiological lipotoxicity

Both hepatic ER stress and SFA accumulation are high in patients
with NASH [33,48]. To induce physiological lipotoxic stress, mice were
fasted overnight, and then refed with a high-carbohydrate, fat-free diet
(HCD) [13,29]. In our previous studies, we demonstrated a marked
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Fig. 7. Reintroduction of PERK in PERK-defi-
cient cells attenuates palmitic acid (PA)-induced
cell death via activation of the p62-ULK1 axis-
mediated noncanonical KEAP1-Nrf2 pathway.
(A) PERK knockout (KO) mouse embryonic fibro-
blasts (MEFs) were transfected with vector encod-
ing MYC-PERK and treated with PA (500 pM) for
18 h, then subjected to immunoblot analysis for
MYC-PERK, p-p62, p62, nuclear Nrf2, LaminB
(nucler protein marker), p-ULK1, ULK1, KEAPI,
LC3B, cleaved caspase3 (C.CASP3), cleaved PARP
(C.PARP), and ACTB (loading control). (B-D)
Densitometric analysis of the immunoblots. qRT-
PCR analysis of the relative mRNA expression of
Keapl (E), p62 (F), Gstal (G), HO-1 (H), and Nqol
(D). (J) Terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) anal-
ysis of the cells treated as described in (A). Scale
bar: 100 pm. (K) Quantification of TUNEL-positive
cells. (L) Cell viability of the cells treated as in (A)
as estimated using a Cell Titer-Glo assay kit. (M)
Reactive oxygen species (ROS) levels were detected
using CM-H2DCFH-DA. Representative images are
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increase of PA levels in the mouse liver after refeeding with HCD [29].
Furthermore, hepatic ER stress and the p62-mediated noncanonical
KEAP1-Nrf2 pathway are also induced in this physiological setting [13,
28,29].

To further investigate whether PA-induced ER stress can activate the
p62-dependent noncanonical KEAP1-Nrf2 pathway under physiological
lipotoxicity, we injected mice with PBA, which was followed by
refeeding with HCD. We found that the activation of the p62-mediated
noncanonical KEAP1-Nrf2 pathway was dependent on ER stress in
mouse livers (Fig. 8A-G). In addition, we found that ER stress was
upregulated during physiological lipotoxicity, which was markedly
inhibited in PBA-treated mice, as indicated by the increase in the
expression of the Grp78 protein and ER stress target genes (including
Grp78, Trb3, and Atf4) (Fig. 8A, 8J-M). Consistent with our in vitro
findings, we observed that the phosphorylation of PERK was signifi-
cantly increased in the HCD refed mice and was attenuated in ER stress-
inhibited mice (Fig. 8A, 8H-I), whereas the phosphorylation levels of
other UPR sensors (IREla and cleaved ATF6) were slightly down-
regulated in ER stress-inhibited mice under physiological lipotoxic
conditions (Fig. S8). Furthermore, the results showed that oxidative
liver damage was decreased to a greater extent in PBA-treated mice than
in untreated mice, as indicated by hematoxylin and eosin (H&E) staining
patterns (Fig. 8N), serum alanine aminotransferase (ALT) levels, and
findings from the TUNEL assay (Fig. 80-P). We further evaluated
oxidative stress-mediated liver injury was ameliorated in ER stress-

11

of the relative levels of DCF fluorescence. Graphical
and statistical analyses were performed using
GraphPad Prism 9 software. Bar graphs were drawn
using the mean values of the results per sample but
the statistical significances were derived from raw
data. Data are presented as means + SD from 3 in-
dependent experiments. *p < 0.05, **p < 0.01,
**¥%p < 0.001, and N.S., not significant. See also
Fig. S7. (For interpretation of the references to color
in this figure legend, the reader is referred to the
Web version of this article.)
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inhibited mice, as assessed by immunohistochemistry (IHC) analysis of
the oxidative stress markers 3-nitrotyrosine (3-NT) and 4-hydroxynone-
nal (4HNE) (Fig. 8Q-S).

Collectively, these results indicate that the activation of the p62-
mediated noncanonical KEAP1-Nrf2 pathway is dependent on ER
stress under lipotoxic conditions in the mouse liver, and PERK may be
involved in the activation of this pathway.

3.9. PERK plays a hepatoprotective role against physiological lipotoxicity
by activating the p62-ULK1 axis-mediated noncanonical KEAP1-Nrf2
pathway in the mouse liver

To determine whether PERK plays a hepatoprotective role by acti-
vating the p62-ULK1 axis-mediated noncanonical KEAP1-Nrf2 pathway
under physiological lipotoxic stress in mice, we administered tail vein
injections of PERK siRNA in B6 mice and subjected the mice to refeeding
with HCD [13,29] (Fig. 9). We observed that p62 phosphorylation at
S$351 and the ULK1 (S317)-mediated autophagic KEAP1 degradation
were drastically inhibited in PERK-depleted mice, which further
inhibited Nrf2 activation under physiological lipotoxic conditions
(Fig. 9A-I).

To determine the physiological relevance of this pathway in lip-
otoxicity, we examined IP analysis using mouse liver lysates. Consistent
with the in vitro findings, the p62-AMPK-ULK1 complex strongly inter-
acted in response to physiological lipotoxicity, and these interactions
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E Fig. 8. Activation of the p62-mediated nonca-
4 —r— nonical KEAP1-Nrf2 pathway is dependent on
§ . endoplasmic reticulum (ER) stress and protects

E < , the mouse liver against physiological lip-
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Ty —— liver tissues for p-p62, p62, nuclear Nrf2, LaminB
z 6 (nucler protein marker), KEAP1, Grp78, p-PERK,

%5 4 PERK, and ACTB (loading control). (B, F, H, J)
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were markedly decreased in PERK-depleted mice (Fig. 9J-M). These
findings suggest that PERK plays a crucial role in facilitating the
enhanced interaction between p62 and ULK1 in vivo. Next, we showed
that liver injury was exacerbated in PERK-depleted mice under physio-
logical lipotoxic conditions, as determined using serum ALT levels
measurement (Fig. 9N), H&E staining (Fig. 90), and the TUNEL assay
(Fig. 9P-Q); this corresponded to elevated the expression levels of ER
stress target genes as well (Figs. S9A-S9C). Furthermore, we also
showed the levels of oxidative stress markers including 3-NT and 4HNE
were increased in the livers of PERK-depleted mice as evaluated by IHC
analysis (Fig. 9R-U).

Taken together, these results demonstrate that PERK protects the
mouse liver against physiological lipotoxicity through activation of the
p62-ULK1 axis-mediated noncanonical KEAP1-Nrf2 pathway.

4. Discussion
The global prevalence of NASH is increasing, and NASH is the most

common cause of chronic liver diseases, induced by SFA-mediated he-
patic lipotoxicity [7]. Excessive SFA production induces ER stress, which
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is significantly high in the livers of patients with NASH and is associated
with impaired autophagy [49,50]. SFA-mediated ER stress sequentially
induces ROS accumulation, which can cause oxidative stress-mediated
hepatocyte injury by inhibiting mitochondrial respiration and blocking
membrane sodium channels [3,4]. Moreover, ROS promotes lipid per-
oxidation and cytokine production, further contributing to NASH
development [51].

Currently, there are no available pharmacological treatments for
NASH. Recent studies have focused on the activation of the master
transcription factor Nrf2 for the development of therapies for NASH
because Nrf2 is known to regulate antioxidant synthesis and ROS-
eliminating enzyme expression [52-54]. Canonical Nrf2 activation is
mediated via KEAP1 oxidation by electrophilic compounds [12,55].
However, this canonical pathway exhibits non-specific activity because
different cysteine residues in various proteins can be oxidized by ca-
nonical Nrf2 activators, which limits their utility [16].

Accordingly, more specific compounds that act through the nonca-
nonical pathway are known to serve as excellent targets for Nrf2 acti-
vation. p62 is the most notable substrate of the noncanonical KEAP1-
Nrf2 pathway [16]. p62 disrupts the interaction between KEAP1 and
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Nrf2 by competing with KEAP1 for binding to the DLG motif, thereby
activating this pathway in the absence of KEAP1 oxidation [13-15]. The
accumulation of p62 in hepatocytes is enhanced by impaired autophagy,
which is a critical histological feature of NASH [49,56,57].

Previously, we reported that the p62-mediated noncanonical KEAP1-
Nrf2 pathway plays a protective role against ER stress induced by
tunicamycin [58]. Moreover, p62 facilitates autophagy activation, fol-
lowed by autophagic KEAP1 degradation and Nrf2 activation, which
prevents SFA-induced ROS accumulation [13,26,29]. We further deter-
mined the clinical significance of this pathway in the liver of patients
with NAFLD [29]. The p62-mediated noncanonical KEAP1-Nrf2
pathway is activated by the phosphorylation of p62 at S351, which
enhances the binding of p62 to KEAP1 with the ETGE motif, followed by
increased Nrf2 activation [15,59]. To date, several protein kinases have
been shown to phosphorylate p62 at S351 [15] in different cellular
contexts. These include mammalian targets of rapamycin complex 1
upon exposure to the oxidative stressor sodium arsenite [15,60],
transforming growth factor B-activated kinase 1 under basal conditions
[61], and protein kinase C delta under curcumin-induced oxidative
stress [62]. Moreover, we previously identified that AMPK phosphory-
lates p62 (S351) via direct interaction [17]. However, the kinase that
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directly phosphorylates p62 at S351 in response to lipotoxicity remains
unknown.

Lipotoxicity is known to be associated with ER stress, which can be
ameliorated through the UPR, an adaptive and defensive pathway that
restores ER homeostasis and is controlled by the three stress sensors,
IRE1, PERK, and ATF6 [36,63]. Here, we found that one of the UPR
sensors, PERK, is responsible for the phosphorylation of p62 at S351
because it accelerates the interaction between AMPK and p62, as well as
the direct phosphorylation of p62 through kinase activity. We demon-
strated that PERK activates the p62-mediated noncanonical KEAP1-Nrf2
pathway and plays a protective role against lipotoxic stress. It is known
that PERK phosphorylates Nrf2, leading to its dissociation from KEAP1,
which is followed by activation of the antioxidant response under ER
stress [64,65]. Furthermore, PERK increases the expression of ATF4,
which is an Nrf2-interacting protein [66], thereby playing the role of an
antioxidant under ER stress-induced ROS accumulation [67-71].

Autophagy plays a vital role in NASH [50,72]. Because the sup-
pression of autophagic flux is associated with increased ER stress in the
livers of patients with NASH [49], an increase of autophagic flux im-
proves NASH [73,74] and hepatic fibrosis [75] in mouse experimental
models. Furthermore, it was shown that chemical chaperone 4-PBA, an
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ER stress inhibitor, ameliorates lipid accumulation and lipotoxicity in
human hepatoma cells by activating autophagy [76]. ULK1 plays a
central role in the initiation stage of the autophagy pathway [77]. ULK1
has multiple serine residues, such as S317 and S777, which AMPK can
directly phosphorylate under nutritional deprivation and hypoxic con-
ditions. Therefore, the AMPK-ULK1 axis positively regulates autophagy
[46,78]. In our previous study, we reported that ULK1 induces auto-
phagic KEAP1 degradation in response to lipotoxicity, thereby acti-
vating Nrf2 and attenuating SFA-mediated ROS accumulation [28].
Although we found that the phosphorylation of ULK1 at S317 is upre-
gulated in this context, which can lead to an increase in autophagic flux
[28,29], a mediator with direct kinase activity for ULK1 phosphoryla-
tion is yet to be identified.

In the present study, we demonstrated for the first time that PERK
may serve as a key regulator of autophagy under lipotoxic conditions.
We found that PERK increases autophagic flux via its kinase activity and
enhancing the binding of AMPK-ULK1 axis, thereby mediates the
phosphorylation of ULK1 at S317, which could subsequently induce
autophagic KEAP1 degradation and Nrf2 activation under lipotoxic
conditions.

Several studies have reported that the PERK-mediated induction of
ATF4 can increase the expression levels of autophagy-related genes,
which are required for autophagosome formation, thereby leading to
autophagy activation under tunicamycin-induced ER stress [69,70,79,
80]. Consistently, we observed that PERK-mediated autophagic KEAP1
degradation is partially dependent on ATF4 (data not shown). Further-
more, we found that the p62-ULK1 axis-mediated noncanonical
KEAP1-Nrf2 pathway and autophagy could not be activated in PERK--
depleted mice under physiological lipotoxic conditions, and this was
accompanied by the acceleration of severe liver injury indicated by an
increase in hepatocellular ballooning, serum ALT levels, and apoptotic
cell death. Consistent with our in vitro findings, the formation of the
augmented p62-AMPK-ULK1 complex was significantly blocked in
PERK-depleted mice under physiological lipotoxic stress.

Taken together, these results provide novel insights into the mech-
anisms by which PERK directly activates the p62-ULK1 axis-mediated
noncanonical KEAP1-Nrf2 pathway and thus plays a hepatoprotective
role under lipotoxic conditions.

5. Conclusion

The UPR is the primary defense mechanism against ER stress [81],
but insufficient UPR activation aggravates the susceptibility of liver
tissues to ER stress-mediated lipotoxicity [82]. Therefore, our findings
suggest the next line of defense against ER stress-mediated lipotoxicity.
In addition, we elucidated the molecular mechanism underlying the
p62-mediated noncanonical KEAP1-Nrf2 pathway, which may serve as a
promising new therapeutic target strategy against lipotoxicity in NASH
treatment (Fig. SOD).
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