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ABSTRACT 

 

Investigation of novel target proteins for  

preventing hepatic lipotoxicity 

 

Da Hyun Lee  

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Soo Han Bae) 

 

Saturated fatty acid (SFA)-induced lipotoxicity is caused by the accumulation of 

reactive oxygen species (ROS), which is associated with damaged mitochondria and 

endoplasmic reticulum (ER) stress. Moreover, lipotoxicity is a crucial pathogenic feature 

of nonalcoholic steatohepatitis (NASH). The KEAP1 (kelch like ECH associated protein 

1)-NRF2 (nuclear factor, erythroid 2 like 2) pathway is a pivotal defense mechanism 

against lipotoxicity. SQSTM1/p62 has a cytoprotective role against lipotoxicity through 

activation of the noncanonical KEAP1-NRF2 pathway in hepatocytes. However, the 

underlying mechanisms and physiological relevance of this pathway have not been clearly 

defined.  
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Autophagy is required for the clearance of protein aggregates or damaged 

mitochondria to maintain cellular metabolic homeostasis. ULK1 (unc-51 like autophagy 

activating kinase 1) is involved in the initiation of autophagy; however, its role in 

lipotoxicity-induced cell death in hepatocytes and mouse liver has not been elucidated.  

In Part 1, I found that ULK1 potentiates the interaction between KEAP1 and the 

autophagy receptor protein SQSTM1, thereby mediating NRF2 activation in a manner 

requiring SQSTM1-dependent autophagic KEAP1 degradation. Furthermore, ULK1 is 

required for the autophagic removal of damaged mitochondria (mitophagy) and to enhance 

binding between SQSTM1 and PINK1 (PTEN induced kinase 1), then has cytoprotective 

role against lipotoxicity. 

In Part 2, I demonstrated that NRF2-mediated induction of SQSTM1 activates the 

noncanonical KEAP1-NRF2 pathway under lipotoxic conditions. Furthermore, I identified 

that SQSTM1 induces ULK1 phosphorylation by facilitating the interaction between 

AMPK (AMP-activated protein kinase) and ULK1, leading to autophagy activation, 

followed by KEAP1 degradation and NRF2 activation. Accordingly, the activity of this 

SQSTM1-mediated noncanonical KEAP1-NRF2 pathway confers hepatoprotection against 

lipotoxicity in the livers of conventional sqstm1- and liver-specific sqstm1-knockout mice.  

In Part 3, I found that the noncanonical SQSTM1-KEAP1-NRF2 pathway is activated 

by PERK (PKR-like ER kinase), one of cellular adaptive unfolded protein response (UPR) 

sensors which have cytoprotective effects against ER stress, through facilitates the 
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interaction between AMPK and SQSTM1, further direct phosphorylates SQSTM1 in 

response to lipotoxicity. Moreover, I identified that PERK-mediated the phosphorylation 

of ULK1 can activate autophagy under lipotoxic conditions. Therefore, PERK prevents 

lipotoxicity by activating ULK1-SQSTM1 axis-mediated noncanonical KEAP1-NRF2 

pathway. 

Consistently, I found that this PERK-ULK1-SQSTM1 axis-mediated noncanonical 

KEAP1-NRF2 pathway is activated in the livers of patients with nonalcoholic fatty liver 

disease, that provide important insights into the clinical significance of this pathway for 

preventing hepatic lipotoxicity. Collectively, these proteins (ULK1 in part 1, SQSTM1 in 

part 2, PERK in part 3) could be promising therapeutic novel targets for the treatment of 

NASH.  

 

 

 

 

 

 

 

 

Key words: NASH, lipotoxicity, autophagy, ROS, KEAP1-NRF2 pathway, ULK1, 

SQSTM1/p62, PERK 
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I. INTRODUCTION 

  Nonalcoholic fatty liver disease (NAFLD) comprises a spectrum of disease ranging 

from simple steatosis to nonalcoholic steatohepatitis (NASH) with inflammation and 

fibrosis, which can develop into cirrhosis and hepatic cellular carcinoma 1. The 

pathogenesis of NASH can be explained by the “two-hit” theory 1,2, wherein the first hit is 

an increase in the deposition of triglycerides in hepatocytes (hepatic steatosis) and second 

hits include reactive oxygen species (ROS), endoplasmic reticulum (ER) stress, and 

inflammation. Saturated fatty acid (SFA)-mediated lipotoxic stress induces hepatic 
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apoptosis, which represents a key pathogenic feature of NASH 3,4. 

   The major cellular antioxidant mechanism involves the KEAP1 (kelch like ECH 

associated protein 1)-NRF2 (nuclear factor, erythroid 2 like 2) pathway. It comprises a 

pivotal system of cytoprotective responses to oxidative stresses, in which NRF2 is a master 

transcription factor that controls antioxidant enzymes 5. Additionally, NRF2 is negatively 

regulated by the cysteine-rich protein KEAP1 through proteasomal degradation mediated 

by the CUL3 (cullin 3)-E3 ubiquitin ligase RBX1 (ring-box 1) complex under non-stress 

conditions 6,7. However, the modification of cysteine residues in KEAP1, caused by 

oxidation, leads to NRF2 dissociation from KEAP1 in response to oxidative stress. 

Consequently, NRF2 translocates to the nucleus and activates the expression of 

cytoprotective genes including NQO1 (NAD[P]H quinone dehydrogenase 1), 

HMOX1/HO-1 (heme oxygenase 1), and GSTA1 (glutathione S-transferase alpha 1) 5,8. 

This canonical NRF2 activation mechanism has been the target for the development of 

potential therapeutic strategies against oxidative stress 9.  

   However, this process potentially has nonspecific activity, which can result in the 

oxidation of different cysteine residues in other proteins. To address these concerns, 

approaches to activate noncanonical NRF2 with greater potency and higher clinical 

efficacy are being developed to treat NAFLD 9,10. NRF2 activation by SQSTM1/p62 

comprises the most well-known noncanonical KEAP1-NRF2 pathway 9. This SQSTM1-

mediated noncanonical KEAP1-NRF2 pathway increases that increase SQSTM1, and its 

phosphorylation at S351 can disrupt KEAP1-NRF2 interactions, thereby activating the 
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noncanonical KEAP1-NRF2 pathway without KEAP1 oxidation 11,12. In addition, 

SQSTM1-mediated NRF2 activation through autophagic KEAP1 degradation is part of this 

pathway 13.  

    Autophagy is the process wherein the cytoplasmic components within lysosomes 

are degraded to maintain essential metabolic activity and cell viability in response to 

nutrient limitation 14. It contributes to basic liver function through the quality control of 

organelles and cytosolic proteins in hepatocytes 15. Moreover, mitochondria are 

multifunctional organelles that are essential for cellular ATP production, cellular metabolic 

activities, ROS generation, and programmed cell death. Autophagic degradation of 

damaged mitochondria, known as mitophagy, is a specific and selective form of autophagy 

that requires crosstalk between mitochondria and the autophagic machinery 16.  

 ULK1 (unc-51 like autophagy activating kinase 1) is an autophagy initiation 

factor that can regulate mitochondrial homeostasis 17.  However, its role in lipotoxicity 

remains unknown. Here, I demonstrate that ULK1 protects cells from palmitic acid (PA)-

induced lipotoxicity through autophagic KEAP1 degradation and resulting NRF2 

activation, and through the removal of damaged mitochondria. I also provide the molecular 

mechanism underlying the cytoprotective role of ULK1 against lipotoxicity.  

SQSTM1 is known as an autophagy receptor protein that can activate the KEAP1-

NRF2 pathway through specific binding to KEAP1, which results in the stabilization of  

NRF2 11,13. Further, a previous study has shown that the SQSTM1-mediated KEAP1-NRF2 



  7 

pathway can protect cells against lipotoxicity 18. However, the activation and molecular 

mechanisms of the aforementioned SQSTM1-dependent noncanonical KEAP1-NRF2 

pathway and its physiological relevance with respect to lipotoxicity remain largely 

unknown. In this study, I demonstrate that the AMPK (AMP-activated protein kinase)-

ULK1 axis has an important role in which activation of the SQSTM1-dependent 

noncanonical KEAP1-NRF2 pathway protects against lipotoxicity.  

The excessive SFA-mediated ER stress, caused by the accumulation of unfolded- 

or misfolded proteins 19,20, lead to ROS-induced cell death 21. The activation of ER-

associated degradation (ERAD) and the unfolded protein response (UPR) pathway, which 

is quality-control machineries, is pivotal defense mechanism against ER stress. The 

activation of UPR pathway associated with ER-resident transmembrane sensors including 

PERK (PKR-like ER kinase) 22, ATF6 (activating transcription factor 6) 23,24, and IRE1α 

(inositol-requiring enzyme 1α) 25. Furthermore, several studies reported that activation of 

UPR pathway has protective roles of NASH progression 26. Here, I clarify that the ULK1-

SQSTM1 axis-mediated noncanonical KEAP1-NRF2 pathway is activated by PERK, one 

of UPR sensors, as a direct kinase of ULK1 for S317 phosphorylation and S351-

phosphorylated SQSTM1, thereby this mechanism can prevent hepatic lipotoxicity.  

Correspondingly, I identify the clinical significance of this PERK-ULK1-SQSTM1 

axis-mediated noncanonical KEAP1-NRF2 pathway using liver samples from human 

patients with NAFLD. Taken together, I demonstrate the hepatoprotective effects and its 

underlying molecular mechanisms of novel target proteins (ULK1 in part 1, SQSMT1 in 
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part 2, and PERK in part 3) through regulation of autophagy-ROS axis in against 

lipotoxicity. Therefore, these proteins can represent potential therapeutic targets for 

treatment of NASH. 

 

II. MATERIALS AND METHODS 

1.  Cell cultures  

 HEK293 cells, mouse embryonic fibroblast cells (MEFs), and green fluorescent 

protein (GFP)-conjugated LC3B (GFP-LC3B)-expressing HeLa cells were maintained 

with 5% CO2 at 37°C in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, 

SH3243.01) supplemented with 10% fetal bovine serum (FBS) (Hyclone, SV30087.02), 1% 

penicillin and streptomycin. Hepa1c1c7 (mouse hepatoma cells) cells were maintained with 

5% CO2 at 37°C in minimum essential medium (MEM; Welgene, LM007-07) 

supplemented with 10% FBS and 1% penicillin and streptomycin. 

 

2.  Small interfering RNA (siRNA) transfection  

 GFP-LC3B HeLa cells were transfected with siRNAs targeting SQSTM1 

(GGACCCAUCUGUCUUCAAATT), ULK1 (AAGGACCGCAUGGACUUUGAU), 

PERK (Santa Cruz Biotechnology; sc-36213), and AMPK (Santa Cruz Biotechnology, sc-

45312) or control siRNA. Hepa1c1c7 cells were transfected with PERK (Santa Cruz 

Biotechnology; sc-36214) or control siRNA. The cells were transfected with siRNAs using 
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Lipofectamine RNA/iMAX following the manufacturer’s instructions (Invitrogen, P/N 

56532).  

 

3.  Immunoprecipitation (IP) and immunoblot analysis 

 For immunoprecipitation, HEK293 cells were lysed in lysis buffer containing 50 mM 

tris-HCl (pH 7.5), 150 mM NaCl, aprotinin, leupeptin, and 1% Nonidet P-40 (NP-40). Cell 

lysates were centrifuged, and the resulting supernatants were subjected to 

immunoprecipitation with antibodies against FLAG, HA, or MYC using protein G-

Sepharose beads. For immunoblot analysis, cell lysates or immunoprecipitates were 

subjected to SDS-PAGE gel electrophoresis; the separated proteins were transferred to a 

polyvinylidene fluoride membrane (PVDF), which was incubated first with primary 

antibodies and then with horseradish peroxidase-conjugated secondary antibodies, and 

enhanced chemiluminescence reagents (Thermo Fisher Scientific, 34580).  

 

4.  Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling 

(TUNEL) analysis 

   To analyze apoptosis in mouse livers and cells, a Click-iT Plus TUNEL assay kit 

(Promega Coporation, G3250) was used according to the manufacturer’s instructions. The 

fluorescence signals were detected with a confocal microscope (Carl Zeiss, LSM700). The 

frequency of apoptotic cells in liver sections was quantified by determining the percentage 

of TUNEL-positive cells in five random microscopic fields per specimen. 
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5.  Cell cytotoxicity assay 

 Cells were seeded at a density of 2 × 103 cells/well in a final volume of 100 μL in 

96-well plates. After 24 hrs, the cells were treated with bovine serum albumin (BSA) or 

palmitic acid (PA; 500 µM) for indicated times. Cell viability was estimated using a 

CellTiter-Glo Luminescent cell viability assay kit (Promega Corporation, G7570) 

according to the manufacturer’s protocol.  

 

6.  SFA treatment 

 PA was dissolved in isopropyl alcohol at a stock concentration of 160 mM. This 

solution was added to DMEM containing 1% BSA to ensure a physiological ratio between 

bound and unbound FFA in the medium 18,27-29. 

 

7.  Measurement of reactive oxygen species (ROS)  

 Intracellular ROS generation was measured by 5,6-chloromethyl-2′,7′-

dichlorodihydrofluorescein diacetate (CM-H2DCFDA; Molecular Probes, C6827). The 

cells (3 × 105) were plated in 35 mm dishes. After 18 hrs, the cells were treated with BSA 

or PA, rinsed once with 2 ml Hanks balanced salt solution (HBSS) (Biowest, L0607), and 

incubated for 5 mins with CM-H2DCFDA. The cells were then washed again with HBSS, 

and images were obtained using a fluorescence microscope (Carl Zeiss, Axiovert 200 Basic 

standard). The relative dichlorofluorescein (DCF) fluorescence was calculated by 

averaging the levels of fluorescence from 80 to 100 cells after subtracting the background 
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fluorescence. 

 

8.  CASP3 activity analysis 

The PE active CASP3 apoptosis kit (BD Bioscience, 550914) was used to 

determine certain apoptosis pathways involved in CASP3 activation in Ulk1 WT or ulk1 

KO MEFs using a flow cytometry according to the manufacturer’s protocol. After treatment 

with PA (500 µM), cells were harvested and stained with CASP3 Fluorogenic substrate, 

and analyzed via fluorescence-activate cell sorting (FACS) analysis using a FACScan 

analyzer (BD Bioscience, FACSCalibur).  

 

9.  Immunofluorescence staining and confocal microscopy 

 HEK293 cells, MEFs, and GFP-LC3B HeLa cells were seeded on glass coverslips 

and treated with BSA or PA (500 µM) for 18 hrs or transfected with expression vectors, 

and then fixed with 4% paraformaldehyde (Biosesang, P2031) for 10 mins, and washed 

three times with PBS. Then, the cells were permeated with 0.1% Triton X-100 (Sigma 

Aldrich, X100) in PBS (Biowest, X0515-500) for 15 mins at room temperature. After PBS 

washes, cells were blocked with 1% BSA for 1 hr at room temperature. The cells were then 

incubated overnight with primary antibodies at 4°C. After PBS washes, cells were 

incubated with secondary antibodies for 1 hr at room temperature. Finally, cells were 

washed with PBS three times and mounted on slides with mounting medium and observed 

using confocal microscope (Carl Zeiss, LSM700) at 800  magnification.  
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The following primary antibodies were used: anti-FLAG (1:500; Merk Millipore, 

MAB3118), anti-MYC (1:500; Merk Millipore, 05-724), anti-HA (1:500; Bethyl 

Laboratory, A190-108A), anti-LC3B (1:500; Novus, NB100-2220), and anti-TOMM20 

(1:500; Santa Cruz Biotechnology, sc-17764). Secondary antibodies used as follows: Goat 

Anti-Rabbit IgG H&L (Alexa Fluor® 488) (Abcam, ab150077) and Alexa Fluor 568-

conjugated donkey anti-mouse (Invitrogen, A10037) or rabbit (Invitrogen, A10042) IgG 

secondary antibody. The nuclei were counterstained with Fluoroshield™ with DAPI (Sigma 

Aldrich, F6057) and visualized using a confocal microscope (Carl Zeiss, LSM700).  

To analze the autolysosome or ER colocalization, Hepa1c1c7 cells and MEFs were 

stained with LysoTracker™ Green DND-26 (Thermo Fisher Scientific, L7526) or ER 

Tracker Red (Invitrogen, E34250) used following the manufacturer’s instructions.  

To perform the proximity ligation assay (PLA), Duolink II PLA probes (Olink 

Bioscience, DUO92001 and DUO92005) and Detection Reagents (Olink Bioscience, 

DUO92014) were used according to the manufacturer’s instructions. The nuclei were 

counterstained with DAPI and PLA signals, fluorescence signals were detected with a 

confocal microscope (Carl Zeiss, LSM 700). 

 

10.  Electron microscopy 

  All samples were observed by scanning electron microscope (SEM; Carl Zeiss, 

MERLIN) at the acceleration voltage of 80 kV.  
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11.  Subcellular fractionation  

 Nuclear and cytoplasmic fractions were prepared using cytoplasmic (Buffer A) 

and nuclear (Buffer B) extraction reagents as per the manufacturer's instructions. For 

cytoplasmic extraction, the cells were lysed in Buffer A containing 10 mM HEPES, 1.5 

mM MgCl2, 10 mM KCl, 0.5 mM DTT, and 0.05% NP-40. The cell lysates were 

centrifuged (848  g for 10 mins), and the resulting supernatants (cytosolic fractions) were 

subjected to immunoblot analysis. The pellet was resuspended on ice with Buffer B 

containing 5 mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, and 26% glycerol, 

and centrifuged (24,000  g for 20 mins), and the resulting supernatants were subjected to 

immunoblot analysis. Protein concentration was quantitated using the Bradford protein 

assay. 

     To isolate the mitochondrial fraction, the cells were lysed in mitochondria fraction 

buffer containing 225 mM mannitol, 30 mM sucrose, and 30 mM tris-HCl (pH 7.8). Cell 

lysates were centrifuged (300  g for 5 mins), and the supernatants were also centrifuged 

(10,000  g for 30 mins). Supernatants comprised the cytosolic fraction, and the resulting 

pellet, containing mitochondria, were washed with mitochondrial fraction buffer, and 

centrifuged (10,000  g for 5 mins). Supernatants were subjected to immunoblot analysis. 

Protein concentration was quantitated using the Bradford protein assay. 

12.  Mitochondrial transmembrane potential assay using TMRE 

  Mitochondrial transmembrane potential was assessed using Tetramethylrhodamine, 

Ethyl Ester, Perchlorate (TMRE). Cells were plated on cultured dishes, and after 24 hrs, 
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they were treated with PA (500 µM) in phenol red-free media. TMRE (250 nM) was added 

to the cells in media, which were incubated at 37°C for 30 mins. They were then washed 

three times with PBS, and fluorescence images were obtained with a fluorescence 

microscope (Carl Zeiss, Axiovert 200 Basic standard, Germany).  

 

13.  Animals and in vivo transfection 

 Male C57BL/6J mice (purchased from Japan SLC, Inc. (SLC-M-0133)) at 8-9 

wks of age were purchased from Japan SLC, Inc. (Hamamatsu, Japan). Ulk1 siRNA 

(AAGGACCGCAUGGACUUUGAU) and PERK siRNA (Santa Cruz Biotechnology; sc-

36214) were administered through the tail vein together with Invivofectamine 3.0 reagent 

(Thermo Fisher Scientific, IVF3001) for 3 days according to the manufacturer’s instruction.  

sqstm1 knockout (KO) mice in a C57BL/6 background and littermates of Sqstm1 WT and 

sqstm1 KO mice that were used for the experiments were kindly provided by Dr. J. Shin 

(Sungkyunkwan University School of Medicine, Republic of Korea) and Dr. J.W. Ryu 

(Yonsei University College of Medicine, Republic of Korea) 30. Alb-Cre transgenic mice 

of a C57BL/6 background (provided by Dr. Y.H. Lee; Yonsei University College of 

Medicine, Republic of Korea) were bred with Sqstm1 floxed (Sqstm1f/f) mice of a C57BL/6 

background provided by Dr. Yanagawa (Tsukuba University, Japan) and M.S.Lee (Yonsei 

University College of Medicine, Republic of Korea) 31,32. GFP-LC3B transgenic mice that 

were used for the experiments were provided by Dr. Y.H. Lee and J.H. Ryu 33,34. Mice were 

fed a normal chow diet (LabDiet, 5053) without fasting and a high-carbohydrate diet (HCD; 
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Dyets, 102235) after 24 hrs of fasting, and infected with the Ad-CON and Ad-SQSTM1 

vector. Flag-tagged SQSTM1 adenovirus vectors (3×108 plaque-forming units) was a 

generous gift from M. Komatsu (Niigata University Graduate School of Medical and 

Dental Sciences, Japan). Recombinant adenovirus (2× 109 plaque-forming units) was 

delivered by tail vein injection to mice. Other mice were fed a chow diet or high-fat diet 

(HFD; Research Diets, D12492) for 12 wks. These animals were randomly assigned to 1 

to 4 groups (3-9 mice in each group). All mice had free access to water and food in rooms 

maintained at 23 ± 2 °C with a 12 hrs light/12 hrs dark cycle and 50-70% humidity. After 

12 hrs of refeeding, mice were sacrificed. GPT/ALT (glutamic pyruvic transaminase, 

soluble) levels were quantified by colorimetric determination using an activity assay kit 

(FUJIFILM, 3250). All animal experiments were approved by the Animal Care and Use 

Committee of the Yonsei University College of Medicine. 

 

14.  Histological analysis 

Liver tissues of mice were fixed in 10% neutral-buffered formalin solution, 

embedded in paraffin, and sectioned (5 μm thickness). Liver sections were subjected to 

hematoxylin and eosin (H&E) staining and TUNEL analysis. 

 

15.  Antibodies and reagents 

The following antibodies were used in this study: anti-KEAP1 (Proteintech, 10503-

2-AP); anti-ACTB (Santa Cruz Biotechnology, sc-47778); anti-FLAG (Merk Millipore, 
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F1804); anti-p-ULK1 (S317) (Cell Signaling Technology, 12753S); anti-ULK1 (Sigma 

Aldrich, A7481); anti-p-SQSTM1 (S351) (gift from Drs. Rhee SG and Komatsu); anti-

SQSTM1 (Abnova, H00008878-M01); anti-LC3B (Novus, NB100-2220); anti-MYC 

(Merk Millipore, 05-419); anti-TOMM20 (Santa Cruz Biotechnology; sc-17764); anti-

MFN1 (Santa Cruz Biotechnology, sc-50330); anti-p-AMPK (T172) (Cell Signaling 

Technology, 2535); anti-AMPK (Cell Signaling Technology, 2603); anti-TUBA (Bio 

Legend, 627901); anti-PINK1 (Novus, BC100-494); anti-cleaved CASP3 (Cell Signaling 

Technology, 9661S); anti-cleaved PARP (Cell Signaling Technology, 9544S); anti-NRF2 

(Santa Cruz Biotechnology, sc-13032); anti-LMNB1 (Proteintech, 12987-1-AP); anti-HA 

(Bethyl Laboratory, A190-108A); anti-GFP (Santa Cruz Biotechnology, sc-9996); anti-

PERK (Santa Cruz Biotechnology; sc-377400); anti-p-PERK (T980) (Cell Signaling 

Technology, 3179S), anti-p-IRE1 alpha (S724) (PA1-16927); anti-IRE1 alpha (Novus 

biologicals, NB100-2324); anti-Grp78 (BD biosciences, BD 610979); anti-ATF6 (Abcam, 

AB11909); anti-GST (abm, G018). PA (Sigma Aldrich, 57-10-36), DMSO (Sigma Aldrich, 

67-68-5), Bafilomycin A1 (BafA1; Sigma Aldrich, B1793), chloroquine (CQ; Sigma 

Aldrich, C6628), MG132 (Sigma Aldrich, C8699), and Compound C (C.C; Sigma Aldrich, 

866405-64-3) were used. LysoTracker™ Green DND-26 (Thermo Fisher Scientific, 

L7526), MitoSOX Red (Invitrogen, M36008), MitoTracker Green (Invitrogen, M7514), 

ER Tracker Red (Invitrogen, E34250), tetramethylrhodamine, ethyl ester, perchlorate 

(TMRE; Invitrogen, T669) were used.  
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16.  Quantitative RT-PCR analysis 

  Total RNA was prepared from cultured cells using TRIzol® reagent (MRC, TR 118) 

and was treated with RNase. Some of the RNA (1 μg) was then subjected to reverse 

transcription using random-hexamer primers and a cDNA synthesis kit (TaKaRa, RR036A-

1). The resulting cDNA was subjected to quantitative PCR analysis with SYBR® Green 

(ABI, 467659) and mouse-specific primer pairs (forward and reverse). The sequences of 

the primers for mouse cDNA were as follows: Keap1, 5′-

GGCAGGACCAGTTGAACAGT-3′ and 5′-GGGTCACCTCACTCCAGGTA-3′; Sqstm1, 

5’-CCGCCGCTTCAGCTTCTGCT-3′ and 5’-GTTCCCGCCGGCACTCCTTC-3′; 

Hmox1, 5′-GAGCAGAACCAGCCTGAACTA-3′ and 5′-

GGTACAAGGAAGCCATCACCA-3; Gsta1, 5′-TGCCCAATCATTTCAGTCAG-3′ and 

5′-CCAGAGCCATTCTCAACTA-3′; Ulk1, 5′-TCGAGTTCTCCCGCAAGG-3′ and 5′-

CGTCTGAGACTTGGCGAGGT-3′; Srxn1, 5′-GGAAGGAAGAAAGGAGATGG-3′ and 

5′-AGAGTTCAGGCTATGGGGAT-3′; Nqo1, 5′-TTCTCTGGCCGATTCAGAG-3′, and 

5′-GGCTGCTTGGAGCAAAATAG-3′; Fasn, 5′-GCTGCGGAAACTTCAGGAAAT-3’; 

5’-AGAGACGTGTCACTCCTGGACTT-3’; Srebf1, 5′-GGAGCCATGGATTGCACATT-

3’; 5ʹ-GGCCCGGGAAGTCACTGT-3’; Acaca, 5′-

TGGACAGACTGATCGCAGAGAAAG-3′ and 5′-TGGAGAGCCCCACACACA-3′; 

PERK, 5’-CAGCACCTTATTGGGAAGGA-3’ 5’- GCGATGATTTCAGTTGGACAC-3’; 

Grp78, 5’-GAAAGGATGGTTAATGATGCTGAG-3’ and 5’- 

GTCTTCAATGTCCGCATCCTG-3’; ATF4, 5’-ACACAGCCCTTCCACCTC-3’ and 5’-
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CACGGGAACCACCTGGAG-3’; TRB3/TRIB3, 5’-CTCTGAGGCTCCAGGACAAG-3’ 

and 5’-GGCTCAGGCTCATCTCTCAC-3’; ATF6, 5’-TGGCTCACTATCACGCTTTG-3’ 

and 5’-CATTTCTTCCCGAGTGGTCT-3’; IRE1α, 5’-

GCAAGTCAACTCAGCAGGAAA-3’ and 5’-CGTCCGAAGAGAAGACAAACA-3’; 

Rn18s: 5′-CGCTCCCAAGATCCAACTAC-3′ and 5ʹ-CTGAGAAACGGCTACCACATC-

3ʹ. Rn18s ribosomal RNA was used as an internal control.  

The sequences of the primers for human cDNA were as follows: KEAP1, 5′- 

TGGCCAAGCAAGAGGAGTTC-3′ and 5′-GGCTGATGAGGGT CACCAGTT-3′; 

HMOX1, 5′- GCCAGGTGCTCAAAAAGATT-3′ and 5′-

CCTGCAACTCCTCAAAAGAGC-3; GSTA1, 5′-GATTTGTTTTCATTAGGATCTGA-3′ 

and 5′- CATGGAGAAGATTGGAAATCTGAAT-3′; NQO1, 5’-

GGGCAAGTCCATCCCAACTG-3’ and 5’-GCAAGTCAGGGAAGCCTGGA-3’; 

SQSTM1, 5′- CAGAGAAGCCCATGGACAG-3′ and 5′- 

AGCTGCCTTGTACCCACATC-3′; SREBF1, 5′-AAACTCAAGCAGGAGAACCT-3′ 

and 5′-GTCAGTGTGTCCTCCACCTC-3′; FASN, 5′-TCGTGGGCTACAGCATGGT-3′ 

and 5′-GCCCTCTGAAGTCGAAGAAG-3′; PERK, 5’- 

ACGATGAGACAGAGTTGCGAC-3’ and 5'-AATCCCACTGCTTTTTACCATGA-3'; 

ATF4, 5’-GGGACAGATTGGATGTTGGAGA-3’; TRB3, 5’-

TGGTACCCAGCTCCTCTACG-3’ and 5’-GACAAAGCGACACAGCTTGA-3’; 

GAPDH, 5′-CGACCACTTTGTCAAGCTCA-3′ and 5ʹ-

AGGGGAGATTCAGTGTGGTG-3ʹ; GAPDH ribosomal RNA was used as an internal 
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control. 

 

17.  Fatty acid profiling 

  Liver tissue (10 mg) from each aliquot was added to 1 mL of 7% methanolic HCl 

(Sigma-Aldrich) with 5 µg of nonadecanoic acid (C19:0, Sigma-Aldrich) as an internal 

standard 35. Tissue samples were put on dry-ice and then homogenized by ultrasonication 

(30% amplitude; 4 s pulse/1 s pause) for 30 mins using a Vibra-cell ultrasonic liquid 

processor (VCX130, Sonics & Materials, Inc.) 36. Lipid hydrolysis and acidic 

transmethylation of fatty acids in homogenates were carried out at 100°C for 2 hrs. After 

cooling to room temperature, methylated fatty acids were extracted with 1 mL of hexane 

(3 repeats). The collected organic layer was evaporated under nitrogen and reconstituted in 

100 µL of hexane. The fatty acids were then quantified using GC-MS (GCMS-QP2010, 

Shimadzu) equipped with a DB-5 ms capillary column (30 m × 0.25 mm, 0.25 µm, Agilent). 

The injection volume was 1 µL at 1:2 split mode and helium gas at a constant rate of 1 

mL/min was used as a carrier gas. Injection temperature was 270°C and the column 

temperature program for separation was as follows: an initial temperature at 70°C for 1 min, 

an increase to 150°C at 20°C/min, an increase to 180°C at 6°C/min, an increase to 220°C 

at 20°C/min, a hold for 1 min, an increase to 240°C at 4°C/min, and a hold for 17 mins, for 

a total of 35 mins. Electron impact with 70 eV and a 200°C source temperature was used 

for compound ionization. The mass detection range was 40 to 500 m/z, with a scan rate of 

2,500/s. For identification, the retention index was measured using an alkane mixture (C7-
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C40, Sigma-Aldrich) and the NIST mass spectral library (NIST08) was compared to the 

spectrum of each peak. The peak area of fatty acids was integrated using a total ion 

chromatogram and normalized based on that of the internal standard.  

 

18.  Protein purification and in vitro kinase assay  

 Glutathione S-transferase (GST)-tagged recombinant SQSTM1 and ULK1 proteins 

were purified from bacteria using GST Sepharose beads according to the manufacturer’s 

protocol (GE Healthcare). HEK293 cells transfected with MYC-PERK (WT), MYC-PERK 

kinase dead (K618A), MYC-AMPK (WT), and MYC-AMPK kinase dead (D157A) were 

subjected to immunoprecipitation with mouse MYC antibody for 4 hrs followed by 

overnight incubation with G-Sepharose beads for overnight at 4°C. Next day, kinase 

reaction was started by the beads with adding 200uM ATP and recombinant (GST-SQSTM1 

or GST-ULK1) proteins for 40 mins at 37°C. Kinase reaction buffer was composed of 

20mM Tris-HCl, 10mM MgCl2, 5mM DTT, 0.4mM NaF at pH7.2-7.5. The reaction was 

stopped by adding SDS sample buffer and boiling for 10 mins at 100°C. Samples were 

subjected to immunoblot analysis using p-SQSTM1 (S351) and p-ULK1 (S317) antibodies. 

 

19.  In vitro pull‐down assay 

  MYC-PERK and MYC-AMPK was prepared by in vitro translation using a TNT-

coupled SP6 Reticulocyte Lysate System (Promega, L4600). In vitro pull-down assays 
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were performed by incubating equal amounts of GST and GST‐SQSTM1 or GST-ULK1 

fusion proteins immobilized onto glutathione‐Sepharose beads (GE Healthcare Bio‐

sciences) 37,38. The mixtures added in vitro translated MYC-PERK and MYC-AMPK was 

placed onto a rocking platform for 1 hr at 4°C, washed three times with washing buffer (20 

mM Tris–HCl, pH 8.0, 150 mM NaCl, 0.5% Nonidet P‐40), and bound proteins were eluted 

and separated by 8% SDS-polyacrylamide gel electrophoresis. Then, MYC-PERK and 

MYC-AMPK were detected by immunoblotting using MYC antibody. 

 

20.  Human NAFLD samples 

 Liver specimens were collected from 6 samples (3 histologically normal and 3 simple 

NAFLD) from patients who underwent hepatomy due to metastatic lesions in the liver. 

Only remnant non-tumor areas were isolated and used for further analysis. Inclusion criteria 

for patients with NAFLD were based on pathologic diagnosis 33,39. The protocol for this 

study was approved by the Institutional Review Board at Severance Hospital (IRB No 4-

2014-0674), and all patients provided informed consent for participation in the study.  

 

21.  Statistical analysis 

  Data were analyzed by performing a two-tailed student’s t-test for comparisons 

between two groups, or a one-way analysis of variance (ANOVA) with the Tukey honestly 

significant difference post-hoc test for multiple comparisons (SPSS 21.0K for Windows, 
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SPSS, Chicago, IL, USA) to determine statistical significance. A value of P < 0.05 was 

considered significant. 
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III. RESULTS  

 

Part 1. Dual roles of ULK1 (unc-51 like autophagy activating kinase 

1) in cytoprotection against lipotoxicity 

 

1. ULK1 protects cells from lipotoxicity 

The saturated fatty acid (SFA), palmitic acid (PA) is the most abundant fatty acid in 

human plasma 40, and leads to oxidative stress-mediated cell death 41,42, which is known as 

lipotoxicity. To examine whether ULK1 protects cells against lipotoxicity, I treated Ulk1 

WT or ulk1 KO mouse embryonic fibroblast cells (MEFs) with PA for the indicated times. 

The ablation of Ulk1 resulted in a greater increase in PA-induced cell death, as measured 

by MTT assays (Fig. 1A) and TUNEL analysis (Fig. 1D and 1F). To determine whether 

PA-mediated cell death occurs through the apoptotic pathway, I measured the expression 

levels of cleaved forms of PARP and CASP3 by immunoblot analysis. Levels of these 

proteins were markedly increased in ulk1 KO MEFs (Fig. 1B). In addition, CASP3 activity 

was higher in the same cells (Fig. 1C). I found that reactive oxygen species (ROS) levels 

were increased by approximately 3-folds in ulk1 KO MEFs with PA treatment compared 

with Ulk1 WT MEFs (Fig. 1E and 1G). Taken together, these results demonstrate that 

ULK1 protects cells against lipotoxicity through the elimination of ROS.  
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Figure 1. ULK1 protects cells against PA-induced cell death. (A) Ulk1 WT or ulk1 KO 

MEFs were incubated with PA (500 μM) for the indicated times. Cell viability was 

estimated using a Cell titer-Glo assay kit. Live cell numbers were expressed as absorbance 

at luminescence. (B) Immunoblot analysis with antibodies against cleaved PARP, cleaved 

CASP3, and ACTB (loading control) in cells treated as described in (A). (C) Ulk1 WT or 

ulk1 KO MEFs treated with PA was detected by FACS analysis for CASP3 activity. (D) 

TUNEL analysis of cells treated as in (A). Scale bar: 200 μm. (E) Ulk1 WT or ulk1 KO 

MEFs were treated as described in (A) and ROS levels were determined using CM-

H2DCFH-DA. Representative images are shown. Scale bar: 200 μm. (F) Quantification of 

TUNEL analysis. (G) Quantitative analysis of cells treated as in (A). Relative 

dichlorofluorescein fluorescence was calculated by averaging fluorescence levels from 80 

to 100 cells, after subtracting background fluorescence, from images obtained using a 

fluorescence microscope. Data are presented as mean ± SD from three independent 

experiments. *p < 0.05 and **p < 0.01.  

 

 

 

 

 

 

 



  26 

2. ULK1 is required for KEAP1 degradation and NRF2 activation 

NRF2 is a master transcription factor that regulates antioxidant target genes including 

Nqo1, Hmox1, Gsta1, and Srxn1 5,13. To examine whether ULK1 induces NRF2 activation, 

we treated Ulk1 WT or ulk1 KO MEFs with PA. I found that ULK1 activated NRF2 target 

genes by increasing nuclear NRF2 levels (Fig. 2A to 2D). KEAP1 is known to suppress 

NRF2 activity 5. To investigate whether ULK1 regulates the NRF2-KEAP1 pathway, and I 

found that ULK1 ablation blocked KEAP1 degradation, whereas the Keap1 mRNA levels 

remained unaffected (Fig. 2E to 2G). Recent studies have reported that the phosphorylation 

of ULK1 at S317 is involved in the initiation of autophagy 43,44. Consistent with these 

reports, I observed that PA-mediated phosphorylation of ULK1 at S317 elicited autophagic 

KEAP1 degradation. However, levels of ULK1 were decreased with no alterations in Ulk1 

mRNA expression (Fig. 2E to 2G). Collectively, these results suggest that ULK1 promotes 

KEAP1 degradation by activating autophagy, thereby leading to NRF2 activation in 

response to lipotoxicity. 
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Figure 2. ULK1 is required for KEAP1 degradation and NRF2 activation in PA-

treated cells. (A) Ulk1 WT or ulk1 KO MEFs expressing MYC-NRF2 were treated with 

BSA or PA (500 μM) for 18 hrs and subjected to immunofluorescence analysis using an 

antibody specific for MYC. Nuclei were also stained with DAPI. Scale bars: 10 μm. (B) 

Nuclear fractions of Ulk1 WT or ulk1 KO MEFs treated with PA for indicated times were 

subjected to immunoblot analysis with antibodies specific for NRF2 and LMNB1. Total 

mRNA isolated from cells were treated as described in (B) and subjected to qRT-PCR 

analysis for Gsta1, Hmox1 (C), Nqo1, Srxn1 (D), Keap1, and Ulk1 (G) mRNA. (E) 

Immunoblot analysis of KEAP1, p-ULK1 (S317), ULK1, and ACTB (loading control) in 

Ulk1 WT or ulk1 KO MEFs after treatment with PA for the indicated times. (F) 

Densitometric analysis of KEAP1 and ULK1 immunoblots. Data are mean ± SD from three 

independent experiments. *p < 0.05, **p < 0.01, and N.S, not significant.  

 

 

 

 

 

 

 

 

 



  29 

3. PA-mediated ULK1 phosphorylation is dependent on AMPK and required 

for KEAP1 degradation 

  It is reported that AMP-activated protein kinase (AMPK)-dependent phosphorylation 

of ULK1 at S317 is required for ULK1 activation, resulting in autophagy activation 45. To 

understand the underlying mechanism of ULK1 activation by AMPK in response to PA, I 

treated Ampk WT or ampk KO MEFs with PA for the indicated times. I showed that the PA-

induced phosphorylation of ULK1 at S317 was partially inhibited in ampk KO MEFs (Fig. 

3A to 3C) and in cells treated with compound C (C.C), a pan inhibitor of AMPK (Fig. 3D 

to 3F). These results showed that the phosphorylation of ULK1, in response to PA, was 

dependent on AMPK. To further verify whether phosphorylation of ULK1 at S317 might 

regulate autophagic KEAP1 degradation, I transfected cultured cells with expression 

vectors encoding HA-tagged ULK1 wild type (H-ULK1) or the phosphorylation defective 

ULK1S317A together with both MYC-tagged SQSTM1 (M-SQSTM1) and FLAG-tagged 

KEAP1 (F-KEAP1). Ectopic expression of H-ULK1 induced degradation of F-KEAP1 in 

a concentration-dependent manner in HEK293 cells, whereas KEAP1 degradation was 

predominantly blocked with the cells transfected with the phosphorylation-defective 

ULK1S317A (Fig. 3G to 3I). Together, these results show that AMPK-mediated 

phosphorylation of ULK1 is required for autophagic KEAP1 degradation.   
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Figure 3. PA-mediated ULK1 phosphorylation is partially mediated by AMPK and 

required for KEAP1 degradation in PA-treated cells. (A) Immunoblot analysis of p-

AMPK (T172), AMPK, p-ULK1(S317), ULK1, and ACTB (loading control) in Ampk WT 

or ampk MEFs after treatment with PA (500 μM) for the indicated times. (B-C) 

Densitometric analysis of immunoblots were also performed. (D) Immunoblot analysis of 

p-AMPK, AMPK, p-ULK1, ULK1, and ACTB (loading control) in Hepa1c1c7 cells after 

treatment with PA (500 μM) and compound C (C.C; 10 μM) for 18 hrs. (E-F) Densitometric 

analysis of immunoblots were also performed. (G) HEK293 cells were co-transfected with 

vectors encoding HA-ULK1 and either HA-ULK1S317A and MYC-SQSTM1, FLAG-

KEAP1 and were subjected to immunoblot analysis using antibodies specific for the 

indicated proteins. (H-I) Densitometric analysis of immunoblots were also performed. Data 

are presented as the mean ± SD from three independent experiments. *p < 0.05 and **p < 

0.01.  
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4. PA-induced ULK1 degradation is mediated by SQSTM1-dependent 

autophagy 

 Based on a previous report, ULK1 can be degraded in response to starvation 46; 

consistently, I observed that ULK1 was degraded in the presence of PA (Fig. 2E). To 

examine if PA-induced ULK1 downregulation is mediated by either proteasomal or 

autophagic degradation, Hepa1c1c7 cells were treated with the proteasome inhibitor 

MG132 or the autophagy inhibitor chloroquine (CQ). PA-induced ULK1 degradation was 

partially inhibited by CQ (Fig. 4A to 4D). These results suggested that ULK1 was degraded 

by autophagic mechanisms in response to PA. I further examined whether degradation of 

ULK1 is dependent on autophagy; for this, autophagy-defective cells including atg5 KO 

or sqstm1 KO MEFs were treated with PA. I showed that PA-induced ULK1 degradation 

was inhibited with atg5 KO (Fig. 4E and F) and sqstm1 KO (Fig. 4G and 4H) MEFs, 

whereas Ulk1 mRNA levels were not altered (Fig. 4F and 4H). Consistent with previous 

report 47, I also observed that expression of SQSTM1 was increased in autophagic deficient 

cells (Fig. 4E). Taken together, these results suggest that ULK1 is degraded by SQSTM1-

dependent autophagic mechanisms.  
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Figure 4. PA-induced ULK1 degradation is mediated by SQSTM1-dependent 

autophagy. (A) Hepa1c1c7 cells were incubated with PA (500 μM) for 18 hrs and 

incubated with or without MG132. Lysates of Hepa1c1cl7 cells were subjected to 

immunoblot analysis with antibodies against ULK1 and ACTB (loading control). (B) 

Densitometric analysis of ULK1 immunoblots obtained as described in (A). (C) Hepa1c1c7 

cells were incubated with PA for 18 hrs and incubated with or without CQ. Lysates of 

Hepa1c1c7 cells were subjected to immunoblot analysis with antibodies against ULK1 and 

ACTB (loading control). (D) Densitometric analysis of ULK1 immunoblots obtained as 

described in (C). (E) Immunoblot analysis of ULK1, SQSTM1, LC3B, and ACTB (loading 

control) in Atg5 WT or atg5 KO MEFs after treatment with PA for the indicated times. (F) 

Densitometric analysis of ULK1 immunoblots was also performed. Total mRNA isolated 

from cells was treated as described in (E) and subjected to qRT-PCR analysis for Ulk1 

mRNA. (G) Immunoblot analysis of ULK1, SQSTM1, and ACTB (loading control) in 

Sqstm1 WT or sqstm1 KO MEFs after treatment with PA for the indicated times. (H) 

Densitometric analysis of ULK1 immunoblots was also performed. Total mRNA isolated 

from cells was treated as described in (G) and subjected to qRT-PCR analysis for Ulk1 

mRNA. Data are provided as the mean ± SD from three independent experiments. *p < 

0.05, **p < 0.01 and N.S, not significant. 
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5. ULK1 enhances the interaction between SQSTM1 and KEAP1 

To investigate how ULK1 induces autophagic KEAP1 degradation, I transfected 

HEK293 cells with M-SQSTM1 and F-KEAP1 expression vectors, together with F-ULK1- 

or H-ULK1-encoding plasmids, and then subjected cell lysates to co-immunoprecipitation 

analysis. I found that M-SQSTM1 was efficiently co-immunoprecipitated with F-ULK1 

(Fig. 5A) and that H-ULK1 was pulled down with F-KEAP1 (Fig. 5B), whereas ULK1 was 

found to bind SQSTM1 and KEAP1 without a specific domain (Fig. 5E and 5F). To 

elucidate cellular localization, HEK293 cells expressing F-ULK1 and either M-SQSTM1 

or H-KEAP1 were subjected to immunofluorescent analysis, and results showed that F-

ULK1 was colocalized with H-KEAP1 (Fig. 5C) and H-SQSTM1 (Fig. 5D). To explore 

whether ULK1 interacts with SQSTM1 and KEAP1, I transfected HEK293 cells with H-

KEAP1 or M- SQSTM1 expression vectors together with F-ULK1 and then subjected cell 

lysates to co-immunoprecipitation analysis. Results showed that interactions between H-

KEAP1 and M-SQSTM1 were significantly enhanced by F-ULK1 (Fig. 5G). To further 

evaluate the association between ULK1 and the SQSTM1-KEAP1 complex, I examined 

these interactions in Ulk1 WT or ulk1 KO MEFs. I showed that the interactions between 

KEAP1 and SQSTM1 were significantly diminished in ulk1 KO cells (Fig. 5H). These 

results indicated that ULK1 had an essential role in enhancing KEAP1-SQSTM1 binding.   
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Figure 5. ULK1 enhances the interaction between SQSTM1 and KEAP1. Lysates from 

HEK293 cells transfected with vectors encoding FLAG-ULK1 (A) or HA-ULK1 (B) 

together with those expressing MYC-SQSTM1 (A) or FLAG-KEAP1 (B) were subjected 

to immunoprecipitation with antibodies against FLAG or HA, and the resulting precipitates 

(IPs) as well as whole cell lysates (WCLs) were subjected to immunoblot analysis using 

antibodies specific for the indicated proteins. Confocal microscopy analysis of co-

localization of F-ULK1 and either H-KEAP1 (C) or H-SQSTM1 (D). Nuclei were stained 

with DAPI, and representative single optical sections and merge images are shown. Scale 

bars: 10 μm. Lysates from HEK293 cells transfected with F-ULK1 and deletion constructs 

of M-SQSTM1 (E) or KEAP1 (F) were subjected to immunoprecipitation with antibodies 

specific for FLAG, and the resulting IPs and WCLs were subjected to immunoblot analysis 

using antibodies specific for the indicated proteins. (G) Lysates from HEK293 cells 

transfected with F-ULK1, H-KEAP1, and M-SQSTM1 were subjected to 

immunoprecipitation with antibodies to HA, and the resulting IPs and WCLs were 

subjected to immunoblot analysis using antibodies specific for the indicated proteins. (H) 

Lysates from Ulk1 WT or ulk1 KO MEFs were subjected to immunoprecipitation with 

antibodies to SQSTM1, and the resulting IPs and WCLs were subjected to immunoblot 

analysis using antibodies specific for the indicated proteins.  
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6. ULK1 overexpression alleviates PA-induced cell death in ulk1 KO cells 

 Based on my observations, I hypothesized that ULK1 prevented cells from 

lipotoxicity through NRF2 activation. To further verify its antioxidant role, ulk1 KO MEFs 

were transfected with F-ULK1 and treated with PA. Overexpression of ULK1 restored cell 

viability following PA exposure, compared to that in ulk1 KO MEFs (Fig. 6A). Consistently, 

I observed that levels of apoptotic cell death markers (Fig. 6B) and TUNEL-positive cell 

numbers were slightly decreased in the presence of ULK1 (Fig. 6C and 6E). This 

cytoprotective effect of ULK1 was also shown to be mediated by ROS elimination (Fig. 

6D and 6F). I next examined whether ULK1-induced KEAP1 degradation and NRF2 

activation occur in the same cellular context; I observed that ectopic expression of ULK1 

induced NRF2 activation (Fig. 6G and 6H) with further KEAP1 degradation (Fig. 6B). To 

test whether the reinforcement of ULK1 prevents cell death against lipotoxicity through 

enhancing of autophagy, I examined that the expression of LC3B-II and its level was 

increased in ULK1 overexpressed cells compared to that in ulk1 KO MEFs (Fig. 6B). Taken 

together, these results suggest that ULK1 defends against lipotoxicity-induced cell death 

through activation of autophagy-mediated KEAP1-NRF2 pathway. 
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Figure 6. Overexpression of ULK1 alleviates PA-induced cell death in ulk1 KO cells. 

ulk1 KO MEFs were transfected with vectors encoding FLAG-ULK1 and treated with PA 

(500 μM) for 18 hrs. (A) Cell viability was estimated using a Cell titer-Glo assay kit. Live 

cell numbers were expressed as absorbance at luminescence. (B) Immunoblot analysis of 

ULK1, cleaved CASP3, cleaved PARP, KEAP1, LC3B, and ACTB (loading control) in 

ulk1 KO MEFs transfected with vectors encoding F-ULK1 and treated with PA for 18 hrs. 

(C) TUNEL analysis of cells treated as in (A). (D) ROS levels were determined using CM-

H2DCFH-DA. Representative images are shown. Scale bar: 200 μm. Quantification of 

TUNEL analysis (E) and DCF fluorescence (F). Total mRNA was isolated from cells 

treated as described in (A) and subjected to qRT-PCR analysis for Gsta1, Srxn1 (G) and 

Hmox1, Nqo1 (H) mRNA expression. Data are shown as mean ± SD from three independent 

experiments. *p < 0.05 and **p < 0.01.  
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7. ULK1 protects cells from PA-mediated mitochondrial damage 

It has previously reported that mitochondrial dysfunction is closely associated with 

NASH progression 1. To examine whether ULK1 removes lipotoxicity-induced damaged 

mitochondria, I treated Ulk1 WT or ulk1 KO MEFs with PA, and examined levels of 

mitochondrial damage. I observed that Ulk1 ablation resulted in greater increase in PA-

induced damaged mitochondria (Fig. 7A and 7B). Consistently, PA-induced mitochondrial 

dysfunction was increased in ulk1 KO cells, which was demonstrated by a decrease in 

membrane potential (Fig. 7C and 7D). In addition, I investigated whether ULK1 affects 

PA-mediated mitochondrial ROS accumulation; results showed that levels of mitochondrial 

ROS were increased in ulk1 KO cells (Fig. 7E and 7F). These results suggest that ULK1 

ameliorates lipotoxicity-induced mitochondrial damage and attenuates mitochondrial ROS 

accumulation. 
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Figure 7. ULK1 protects cells form PA-induced mitochondrial damage. (A) 

Mitochondrial detection by electron microscopy (EM) in Ulk1 WT or ulk1 KO MEFs after 

treatment with PA (500 μM). Scale bar: 2 μm. (B) Quantitative analysis of damaged 

mitochondria. (C) TMRE fluorescence analysis of Ulk1 WT or ulk1 KO MEFs after 

treatment with PA for the indicated times, and (D) Quantitative analysis of damaged 

mitochondria based on TMRE fluorescence. (E) MitoSOX Red fluorescence analysis of 

confocal microscopy analysis of Ulk1 WT or ulk1 KO MEFs after treatment with PA or 

MitoTempo. (F) Quantitative analysis of MitoSOX Red fluorescence. Scale bar: 20 μm. 

Data are mean ± SD from three independent experiments. *p < 0.05 and **p < 0.01.  
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8. ULK1 is required for the PA-induced activation of mitophagy 

Mitophagy is an essential process for the degradation of damaged mitochondria 16. I 

investigated whether ULK1 regulates mitochondrial quality control by activating 

mitophagy under lipotoxic conditions. To examine whether PA activates mitophagy, I 

treated cells with PA, and observed that the formation of mitophagosomes, a marker of 

mitophagy, was increased in PA-treated cells (Fig. 8A). I further measured mitochondrial 

proteins. Results showed that mitochondrial proteins including MFN1 (mitofusin 1) and 

TOMM20 (translocase of outer mitochondrial membrane 20) were degraded with this 

treatment (Fig. 8B). In addition, colocalization of TOMM20 and LC3B was increased in 

response to PA (Fig. 8C). Next, I examined whether ULK1 is involved in PA-induced 

mitophagy in Ulk1 WT or ulk1 KO MEFs after PA treatment. I showed that degradation of 

mitochondrial proteins was significantly blocked (Fig. 8D) and that colocalization of 

TOMM20 and LC3B was largely reduced in ulk1 KO MEFs (Fig. 8E and 8F). Furthermore, 

I examined whether phosphorylation of ULK1 at S317 activates PA-induced mitophagy. 

For this, I transfected HEK293 cells with vectors encoding WT ULK1 or a phosphorylation 

defective mutant of ULK1S317A. Results showed that mitophagy was significantly blocked 

in ULK1S317A transfected cells (Fig. 8G to 8I). Collectively, these results suggest that ULK1 

removes damaged mitochondria by activating mitophagy under lipotoxic conditions. 
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Figure 8. ULK1 is required for PA-induced mitophagy. (A) Mitochondrial detection by 

electron microscopy (EM) in Hepa1c1c7 cells after treatment with PA (500 μM) for 18 hrs. 

Scale bar: 2 μm. (B) Immunoblot analysis of MFN1, TOMM20, and ACTB (loading control) 

in Hepa1c1c7 cells after treatment with PA for the indicated times. (C) Confocal 

microscopy analysis of colocalization of TOMM20, and LC3B. (D) Immunoblot analysis 

of MFN1, TOMM20, and ACTB (loading control) in Ulk1 WT or ulk1 KO MEFs after 

treatment with PA for the indicated times. (E) Confocal microscopic analysis of 

colocalization of TOMM20 and LC3B in Ulk1 WT or ulk1 KO MEFs after treatment with 

PA for 18 hrs. Nuclei were also stained with DAPI, and representative single optical 

sections and merge images are shown. Scale bars: 5 μm. (F) Quantitative analysis of 

colocalization of TOMM20 and LC3B. (G) HEK293 cells co-transfected with vectors 

encoding HA-WT ULK1 or the HA-ULK1S317A mutant were subjected to immunoblot 

analysis using antibodies specific for the indicated proteins. (H) Confocal microscopy 

analysis of colocalization of TOMM20 and LC3B proteins in HEK293 cells co-transfected 

with vectors encoding H-ULK1 or the H-ULK1S317A mutant, after treatment with PA for 18 

hrs. (I) Quantitative analysis of colocalization of TOMM20 and LC3B. Nuclei were also 

stained with DAPI, and representative single optical sections and merge images are shown. 

Scale bars: 10 μm. Data are presented as mean ± SD from three independent experiments. 

**p < 0.01. 
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9. ULK1 interacts with the PINK-SQSTM1 complex 

Several studies have reported that mitophagy is dependent on the PRKN/PARK2 

(parkin RBR E3 ubiquitin protein ligase)-PINK1 pathway in mammalian cells 48,49. Recent 

studies have reported that ULK1 is translocated into mitochondria for the activation of 

mitophagy 50. Consistently, my results showed that ULK1 translocated to mitochondria in 

response to PA (Fig. 9A and 9B). Further, I observed that ULK1 interacted with both PINK1 

and LC3B (Fig. 9C and 9D) and enhanced the formation of a PINK1-SQSTM1 complex 

(Fig. 9E). Moreover, I found that the endogenous SQSTM1-PINK1-ULK1 interaction was 

slightly inhibited in ulk1 KO MEFs (Fig. 9F). Supporting these results, I observed that 

ULK1 was colocalized with SQSTM1 (Fig. 9G) and LC3B (Fig. 9H) under lipotoxic 

conditions. Taken together, my results indicate that ULK1 acts as a positive regulator of 

PA-mediated mitophagy by facilitating the formation of a PINK1-SQSTM1 complex. 
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Figure 9. ULK1 enhances the interaction between SQSTM1 and PINK1. (A) 

Mitochondrial fractionation analysis of Hepa1c1c7 cells after treatment with PA (500 μM) 

for the indicated times; samples were subjected to immunoblot analysis using antibodies 

specific for ULK1, MFN1, and TUBA (loading control). (B) Confocal microscopy analysis 

of Mito Red and ULK1 staining in Hepa1c1c7 cells after treatment with PA for 18 hr. Nuclei 

were also stained with DAPI, and representative single optical sections and merge images 

are shown. Scale bars: 10 μm. (C) Lysates of HEK293 cells transfected with MYC-PINK1 

and FLAG-ULK1 were subjected to immunoprecipitation using MYC antibodies, and the 

resulting immunoprecipitation (IPs), as well as the whole cell lysates (WCLs), were 

subjected to immunoblot analysis with antibodies specific for the indicated proteins. (D) 

Lysates of HEK293 cells transfected with F-ULK1 and M-LC3B was subjected to IPs with 

MYC antibodies, and the resulting IPs and WCLs were subjected to immunoblot analysis. 

(E) Lysates from HEK293 cells transfected with F-PINK, M-SQSTM1, and H-ULK1 were 

subjected to IPs using MYC antibodies, and the resulting IPs and WCLs were subjected to 

immunoblot analysis. (F) Lysates from Ulk1 WT or ulk1 KO MEFs were subjected to IPs 

with antibodies for SQSTM1, and the resulting IPs and WCLs were subjected to 

immunoblot analysis using antibodies specific for the indicated proteins. (G) Confocal 

microscopy analysis of SQSTM1 and ULK1 colocalization. Scale bar: 5 μm. (H) Confocal 

microscopy analysis of colocalization of LC3B and ULK1. Scale bar: 5 μm. Data are 

presented as the mean ± SD from three independent experiments. 
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10. Overexpression of ULK1 alleviates PA-induced mitophagy in ulk1 KO cells 

I showed that ULK1 positively regulated mitophagy in response to lipotoxicity. To 

verify this role for ULK1, I transfected ulk1 KO cells with F-ULK1 and performed PA 

treatment. I observed that ectopic expression of ULK1 enhanced mitophagy stimulation in 

PA-treated cells compared to that in control ulk1 KO MEFs (Fig. 10A to 10D). Furthermore, 

to elucidate whether ULK1 inhibits lipotoxicity-induced mitochondrial ROS accumulation, 

ulk1 KO cells were transfected with F-ULK1 and treated with PA. I observed that ULK1 

restored mitochondrial dysfunction (Fig. 10E) and attenuated lipotoxicity-mediated 

mitochondrial ROS accumulation (Fig. 10F). Furthermore, I observed that the number of 

PA-induced damaged mitochondria was reduced in ULK1-transfected cells (Fig. 10G). 

Taken together, my results indicate that ULK1 contributes to mitochondrial quality control 

by activating mitophagy. 
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Figure 10. Overexpression of ULK1 increases PA-induced mitophagy and alleviates 

mitochondrial damage. (A) Immunoblot analysis of MFN1, TOMM20, ULK1, LC3B and 

ACTB (loading control) in ulk1 KO MEFs transfected with vectors encoding FLAG-ULK1 

and treated with PA (500 μM) for 18 hrs. (B-C) Densitometric analysis of immunoblots was 

performed. (D) Confocal microscopy analysis of TOMM20 and LC3B colocalization in 

ulk1 KO MEFs transfected with vectors encoding F-ULK1 after treatment with PA for 18 

hrs. Nuclei were also stained with DAPI, and representative single optical sections and 

merge images are shown. Scale bars: 10 μm. (E) TMRE fluorescence analysis of ulk1 KO 

MEF cells transfected with vectors encoding F-ULK1 after treatment with PA. Scale bars: 

20 μm. (F) Fluorescence analysis of mitochondrial ROS in ulk1 KO MEFs transfected with 

vectors encoding F-ULK1 after treatment with PA, using MitoTracker Green (MitoGreen) 

and MitoSOX Red staining. Scale bar: 10 μm. (G) Mitochondrial detection using electron 

microscopy (EM) in ulk1 KO MEFs transfected with vectors encoding F-ULK1 and treated 

with PA for 18 hrs. Scale bar: 2 μm. Data are shown as mean ± SD from three independent 

experiments. *p < 0.05 and **p < 0.01. 

 

 

 

 

 

 



  53 

11. ULK1 has a hepatoprotective role against physiological lipotoxic 

conditions 

I examined whether ULK1 mediates the induction of SQSTM1-dependent 

autophagic KEAP1 degradation and mitophagy in physiological lipotoxic stress model 

including high-fat diet (HFD) model as chronic model and fasting followed by refeeding 

with high-carbohydrate, fat free diet (R) as acute model 13,51. In only R model, I observed 

the induction of autophagic KEAP1 degradation and mitophagy (Fig. 11).  

To examine whether ULK1 has a hepatoprotective role via activation of SQSTM1-

KEAP1-NRF2 axis and mitophagy under physiological lipotoxic conditions, I used tail 

vein injections with Ulk1 siRNA in B6 mice and subjected mice to physiological 

lipotoxicity. The depletion of Ulk1 level was verified in mouse liver (Fig. 12A and 12B). 

Results showed that ULK1-mediated degradation of KEAP1, MFN1, and TOMM20 were 

markedly blocked in Ulk1-depleted mice (Fig. 12A to 12C). Also I observed that liver injury 

was exaggerated in Ulk1-depleted liver under lipotoxic conditions, as determined by H&E 

staining (Fig. 12D), serum ALT levels (Fig. 12E), and TUNEL assays (Fig. 12F and 12G). 

This increase of liver injury might be resulted from downregulation of NRF2 target genes 

in Ulk1-depleted liver (Fig. 12H to 12K). Taken together, these results support that ULK1 

protects liver from lipotoxicity through activation of SQSTM1-KEAP1-NRF2 axis and 

mitophagy in mice.   
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Figure 11. ULK1-mediated SQSTM1-NRF2-KEAP1 pathway and mitophagy in acute 

lipogenesis. (A) C57BL/6J mice were maintained in a non-fasted state (NF) or fasted 

overnight and then refed a high-carbohydrate, fat-free diet (R). (B) Other mice were fed 

with chow diet or high fat diet (HFD) for 12 wks. Immunoblot analysis of liver tissues with 

antibodies against KEAP1, p-ULK1(S317), ULK1, MFN1, TOMM20 and ACTB (loading 

control). qRT-PCR analysis of Srebf1 (C), Fasn (D), Gsta1 (E) and Hmox1 (F) mRNA. (G) 

Liver sections of mice were stained using H&E. CV, central vein. Scale bar: 200 μm. (H) 

Serum alanine aminotransferase (ALT) levels were measured in R mice. (I) Images from 

TUNEL analysis of liver sections from mice. Scale bar: 200 μm. (J) Quantitative analysis 

of TUNEL-positive cells. Data are means ± standard errors for eight or nine mice per group. 

*p < 0.05 and **p < 0.01. Data are presented relative to the corresponding values for non-

fasted mice and are means ± standard errors for 8 or 9 mice per group. 
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Figure 12. ULK1 is required for hepatoprotection against lipotoxicity via activation 

of the SQSTM1-NRF2-KEAP1 pathway and mitophagy. C57BL/6J mice were 

maintained in a non-fasted state (NF) or fasted overnight and then refed a high-

carbohydrate, fat-free diet (R). (A) Immunoblot analysis of liver tissues with antibodies 

against KEAP1, p-ULK1(S317), ULK1, MFN1, TOMM20 and ACTB (loading control). 

(B) qRT-PCR analysis of Ulk1 mRNA and densitometric analysis of MFN1 immunoblot 

were performed. (C) Densitometric analysis of KEAP1 and TOMM20 immunoblots were 

performed. (D) Liver sections of mice were stained using H&E. CV, central vein. Scale bar: 

200 μm. (E) ALT levels were measured in mice. (F) Images from TUNEL analysis of liver 

sections from mice. Scale bar: 200 μm. (G) Quantitative analysis of TUNEL-positive cells. 

qRT-PCR analysis of Keap1 (H), Nqo1 (I), Hmox1 (J), and Gsta1 (K) mRNA. Data are 

means ± standard errors for eight or nine mice per group. *p < 0.05, **p < 0.01, and N.S, 

not significant. Data are presented relative to the corresponding values for non-fasted mice 

and are means ± standard errors for 8 or 9 mice per group. 
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Part 2. SQSTM1/p62 activates NRF2/NRF2 via ULK1-mediated 

autophagic KEAP1 degradation and protects mouse liver from 

lipotoxicity 

 

1. SQSTM1 activates autophagy in response to lipotoxicity 

 To examine whether the activation of noncanonical KEAP1-NRF2 pathway is 

dependent on SQSTM1 in response to lipotoxicity, I treated Sqstm1 wild-type (Sqstm1 WT) 

and sqstm1-deficient (sqstm1 KO) mouse embryonic fibroblast cells (MEFs) with saturated 

fatty acid (SFA), palmitic acid (PA). I observed that PA increased the levels of SQSTM1 

and autophagic KEAP1 degradation, followed by NRF2 activation. Accordingly, I 

identified that the activation of the noncanonical KEAP1-NRF2 pathway in response to 

lipotoxicity requires the induction of SQSTM1 (Fig. 1A to 1C). To further determine 

whether SQSTM1-mediated autophagy activation induces KEAP1 degradation in response 

to lipotoxicity, I co-treated Sqstm1 WT and sqstm1 KO MEFs with PA and bafilomycin A1 

(BafA1). Results showed that autophagic KEAP1 degradation was blocked in BafA1-

treated sqstm1 KO MEFs. Furthermore, I found a further increase in the levels of LC3B-II 

in BafA1-treated Sqstm1 WT MEFs compared with those in sqstm1 KO MEFs (Fig. 1D 

and 1E). Based on these results, I suggest that two possible mechanisms can explain this 

SQSTM1-dependent autophagic KEAP1 degradation. SQSTM1 is well-established as an 

autophagy receptor protein, and bind KEAP1 via a domain designated the KEAP1 
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interaction region 11,52,53. Consistently, the KEAP1 interaction region can undergo 

degradation in association with SQSTM1.  

A recent study reported that SQSTM1-mediated autophagy activation could improve 

Alzheimer disease-like pathology 54. Consistent with these reports, SQSTM1 activates 

autophagy, followed by autophagic KEAP1 degradation and NRF2 activation. Together, 

the results suggest that this aforementioned SQSTM1-dependent noncanonical KEAP1-

NRF2 pathway is active in response to lipotoxicity. 

 To further examine whether autophagy activation in response to lipotoxicity 

requires SQSTM1, I transfected HeLa cells stably expressing GFP-LC3B (GFP-LC3B 

HeLa) with SQSTM1 siRNA and treated them with PA. I observed that the number of GFP-

LC3B puncta decreased in SQSTM1 knockdown cells in response to lipotoxicity (Fig. 1F 

and 1G). Furthermore, I infected GFP-LC3B HeLa cells with FLAG-tagged SQSTM1 

using adenovirus vector (Ad-SQSTM1) to determine whether SQSTM1 induced autophagy 

activation. I showed that GFP-LC3B puncta and GFP-LC3B-II levels increased in Ad-

SQSTM1-infected cells, resulting in degradation of KEAP1 (Fig. 1H to 1K). I further 

observed that the co-localization of lysotracker and LC3B partly increased in Ad-SQSTM1-

infected cells (Fig. 1L and 1M). Indeed, to determine whether SQSTM1 induces autophagy 

flux, I transfected cells with GFP-RFP-LC3B-expressing vectors and infected them with 

Ad-SQSTM1, which served to increase autophagic flux (Fig. 1N and 1O). Together, the 

results suggest that SQSTM1 is possible to activate autophagy in response to lipotoxicity.  
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Figure 1. SQSTM1 activates autophagy in response to lipotoxicity. (A) Sqstm1 WT or 

sqstm1 KO MEFs were incubated with PA (500 μM) for indicated times and subjected to 

immunoblot analysis with antibodies against SQSTM1, KEAP1, ACTB (loading control), 

nuclear NRF2, and LMNB1 (nuclear marker). (B) The densitometric analysis of 

immunoblot. qRT-PCR analysis for relative mRNA expression of Keap1 (B), Gsta1, 

Hmox1, and Nqo1 (C). (D) Sqstm1 WT or sqstm1 KO MEFs were incubated with PA and 

BafA1 (10 nM), and subjected to immunoblot analysis with antibodies against SQSTM1, 

KEAP1, LC3B, and ACTB. (E) Densitometric analysis of immunoblot. (F) GFP-LC3B 

fluorescence analysis of puncta by confocal microscopy using GFP-LC3B HeLa cells 

transfected with control siRNA (siCON) or SQSTM1 siRNA (siSQSTM1) and treated with 

PA for 18 hrs. The representative single optical sections and merge images are shown. Scale 

bar: 10 μm. (G) Quantitative analysis of GFP-LC3B puncta. (H) GFP-LC3B fluorescence 

analysis of puncta by confocal microscopy using GFP-LC3B HeLa cells infected with Ad-

SQSTM1 for 18 hrs. Scale bar: 20 μm. (I) Quantitative analysis of GFP-LC3B puncta. (J) 

Immunoblot analysis with antibodies against GFP, SQSTM1, KEAP1 and ACTB. (K) 

Densitometric analysis of immunoblot. (L) The colocalization of Lysotracker and LC3B by 

confocal microscopy using Ad-SQSTM1-infected cells. Scale bar: 10 μm. (M) Quantitative 

analysis of colocalization. (N) Hepa1c1c7 cells were transfected with mRFP-GFP-LC3B 

plasmids and infected with Ad-SQSTM1. Scale bar: 10 μm. (O) Quantitative analysis of 

RFP-LC3B and YFP-LC3B. Data are presented as the mean ± SD from three independent 

experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, and N.S., not significant. 
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2. SQSTM1-mediated autophagy activation is dependent on ULK1 

 To examine how SQSTM1 activates autophagy in response to lipotoxicity, I treated 

Sqstm1 WT and sqstm1 KO MEFs with PA. Interestingly, I found marked inhibition of the 

phosphorylation of ULK1 at S317 in sqstm1 KO in response to lipotoxicity (Fig. 2A to 2D). 

It is known that various phosphorylation sites of ULK1 regulate autophagy, including S317, 

S555 (autophagy activation) and S757 (autophagy inhibition) 45,55,56. Recent studies 

reported that AMP-activated protein kinase (AMPK)-ULK1 axis can induce autophagy 

through ULK1 phosphorylation at S317 by AMPK in response to nutrient starvation 45,55. 

Furthermore, I found that ulk1 KO MEFs mainly block autophagic KEAP1 degradation in 

response to lipotoxicity in part 1 29.  

Based on these results, I transfected GFP-LC3B HeLa cells with ULK1 siRNA and 

overproduced Ad-SQSTM1 to investigate if SQSTM1-induced autophagic KEAP1 

degradation required ULK1. I showed that SQSTM1-mediated autophagy activation was 

mainly blocked, thereby led to inhibit autophagic KEAP1 degradation in ULK1-

knockdown cells (Fig. 2E to 2I). To confirm that SQSTM1-mediated autophagy activation 

is dependent on ULK1, I infected Ulk1 WT and ulk1 KO MEFs with Ad-SQSTM1. I found 

that autolysosome formation caused by SQSTM1 was diminished in ulk1 KO MEFs (Fig. 

2J and 2K). I further examined whether SQSTM1 induces autophagy activation in response 

to lipotoxicity. I showed significant blockage of GFP-LC3B-II and ULK1 phosphorylation 

in SQSTM1-knockdown cells (Fig. 2L and 2M). Moreover, results showed a partial 

decrease in the autolysosome formation in sqstm1 KO MEFs in response to lipotoxicity 
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(Fig. 2N and 2O). Together, these findings suggest that SQSTM1 facilitates autophagy 

activation, thereby leading to ULK1-mediated autophagic KEAP1 degradation in response 

to lipotoxicity.  
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Figure 2. SQSTM1-mediated autophagy activation is dependent on ULK1. (A) Sqstm1 

WT or sqstm1 KO MEFs were incubated with PA (500 μM) for indicated times and 

subjected to immunoblot analysis with antibodies against SQSTM1, KEAP1, p-

ULK1(S317), ULK1, p-AMPK(T172), AMPK, and ACTB (loading control). (B, D) 

Densitometric analysis of immunoblots. (C) qRT-PCR analysis for relative mRNA 

expression of Keap1. (E) GFP-LC3B HeLa cells transfected with control siRNA (siCON) 

or ULK1 siRNA (siULK1) and infected with Ad-SQSTM1 for 18 hrs and subjected to 

immunoblot analysis with antibodies against GFP, SQSTM1, KEAP1, p-ULK1, ULK1, and 

ACTB. (F-G) Densitometric analysis of immunoblots. (H-I) GFP-LC3B fluorescence 

analysis of puncta by confocal microscopy as described in (E), and quantitative analysis of 

GFP-LC3B puncta. The representative single optical sections and merge images are shown. 

Scale bar: 10 μm. (J) Ulk1 WT or ulk1 KO MEFs were infected with Ad-SQSTM1 for 18 

hrs, and confocal microscopy analysis of colocalization of Lysotracker and LC3B. Scale 

bar: 5 μm. (K) Quantitative analysis of colocalization. (L) GFP-LC3B HeLa cells were 

transfected with SQSTM1 siRNA and treated with PA for 18 hrs. Immunoblot analysis with 

antibodies against GFP, SQSTM1, KEAP1, p-ULK1, ULK1, and ACTB (loading control). 

(M) Densitometric analysis of immunoblot. (N) Sqstm1 WT or sqstm1 KO MEFs were 

treated with PA for 18 hrs, and confocal microscopy analysis of colocalization of 

Lysotracker and LC3B. Scale bar: 5 μm. (O) Quantitative analysis of colocalization. Data 

are presented as the mean ± SD from three independent experiments. *p < 0.05, **p < 0.01, 

***p < 0.001, and N.S., not significant. 
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3. SQSTM1-mediated phosphorylation of ULK1 protects cells from 

lipotoxicity 

To further examine whether the phosphorylation of ULK1 at S317 protects cells against 

lipotoxicity, we transfected ulk1 KO MEFs with expressing vector of the phosphorylation-

defective mutant of ULK1 (ULK1S317A) and WT ULK1 (ULK1WT) in response to 

lipotoxicity. We observed partial inhibition in the ULK1-mediated autophagic KEAP1 

degradation and NRF2 activation in ULK1S317A-transfected cells under lipotoxic conditions 

(Fig. 3A to 3D), and partial diminishment in PA-mediated autolysosome formation in 

ULK1S317A-transfected cells (Fig. 3E and 3F). Accordingly, we found that ROS-mediated 

cell death was further increased in ULK1S317A-transfected cells compared with ULK1WT in 

response to lipotoxicity (Fig. 3G to 3K).  

In addition, to verify whether SQSTM1-mediated phosphorylation of ULK1 positively 

regulates autophagy activation, we transfected ulk1 KO MEFs with HA-tagged ULK1S317A 

and ULK1WT and infected them with Ad-SQSTM1. We observed that the SQSTM1-

mediated autophagy activation, as measured by the levels of LC3B-II and autolysosome 

formation, was increased in ULK1WT -transfected cells compared with ULK1S317A-

transfected cells (Fig. 3L to 3O), thereby it led to autophagic KEAP1 degradation and 

NRF2 activation (Fig. 3L and 3M, 3P to 3S). Together, these results demonstrate that 

SQSTM1-mediated phosphorylation of ULK1 at S317 has an essential cytoprotective role 

against lipotoxicity. 
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Figure 3. The phosphorylation of ULK1 is required for autophagy activation in 

response to lipotoxicity. (A) ulk1 KO MEFs co-transfected with vectors encoding HA-

ULK1WT or the HA-ULK1S317A mutants were incubated with PA (500 μM) for 18 hrs and 

subjected to immunoblot analysis with antibodies against p-ULK1(S317), HA-ULK1, 

KEAP1, SQSTM1, LC3B, C.PARP, C.CASP3, and ACTB (loading control). (B) 

Densitometric analysis of immunoblots. qRT-PCR analysis for relative mRNA expression 

of Gsta1, Hmox1 (C), Nqo1 (D). (E) Confocal microscopy analysis of colocalization of 

Lysotracker and LC3B. The representative single optical sections and merge images are 

shown. Scale bar: 10 μm. (F) Quantitative analysis of colocalization. (G) TUNEL analysis 

of cells treated as in (A). Scale bar: 100 μm. (H) Quantification of TUNEL-positive cells. 

(I) Cell viability was estimated using a Cell titer-Glo assay kit. Live cell numbers were 

expressed as absorbance at luminescence. (J) ROS were determined using CM-H2DCFH-

DA. Scale bar: 100 μm. (K) Quantification of relative DCF fluorescence. (L) ulk1 KO 

MEFs co-transfected with vectors encoding HA-ULK1WT or the HA-ULK1S317A mutants 

were infected with Ad-SQSTM1 for 18 hrs and subjected to immunoblot analysis with 

antibodies against p-ULK1, H-ULK1, SQSTM1, F-SQSTM1, LC3B, KEAP1, and ACTB. 

(M) Densitometric analysis of immunoblots. (N) Confocal microscopy analysis of 

colocalization of Lysotracker and LC3B. Scale bar: 10 μm. (O) Quantitative analysis of 

colocalization. qRT-PCR analysis for relative mRNA expression of sqstm1 (P), Gsta1 (Q), 

Hmox1 (R), and Nqo1 (S). Data are presented as the mean ± SD from 3 independent 

experiments. *p < 0.05, **p < 0.01. 
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4. SQSTM1 mediates the ULK1 phosphorylation by regulation of the AMPK-

ULK1 axis 

To understand whether SQSTM1 mediates phosphorylation of ULK1, I transfected 

HEK-293 cells with HA-SQSTM1, MYC-AMPK, and FLAG-ULK1 expression vectors. 

FLAG-ULK1 was co-immunoprecipitation (IP) analysis, and I examined its 

phosphorylation with phospho-specific antibodies. The ectopic expression of SQSTM1 

dramatically increased the phosphorylation of ULK1 at S317 (Fig. 4A and 4B). 

Furthermore, I showed a strong block in the phosphorylation of ULK1 in sqstm1 KO MEFs 

(Fig. 4C and 4D). Previously, I reported SQSTM1 interacts with AMPK via its PB1 domain 

39. Also, I found that SQSTM1 binds ULK1 without a specific domain in part 1 57. To 

explore whether SQSTM1 could enhance the interacts with AMPK-ULK1 complex, I 

transfected HEK293 cells with MYC-AMPK or FLAG-ULK1 expression vectors together 

with HA-SQSTM1 and then subjected cell lysates to co-IP analysis. Results showed 

significant enhancement in the interactions by HA-SQSTM1 (Fig. 4E and 4F). To further 

evaluate the association between SQSTM1 and the AMPK-ULK1 complex, I examined 

these interactions in Sqstm1 WT or sqstm1 KO MEFs. Results demonstrated that the 

interaction was significantly diminished in sqstm1 KO MEFs (Fig. 4G to 4J). I further 

observed that the endogenous SQSTM1-AMPK-ULK1 complex strongly interacted in 

response to lipotoxicity (Fig. 4K to 4M). These results indicate that SQSTM1 has an 

essential role in facilitating enhanced interactions between AMPK and ULK1.  
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Figure 4. SQSTM1-mediated phosphorylation of ULK1 via enhanced interactions 

between AMPK and ULK1. (A) Lysates from HEK293 cells transfected with vectors 

encoding M-AMPK and F-ULK1 together with those expressing H-SQSTM1 were 

subjected to immunoprecipitation with antibodies against FLAG, and the resulting 

precipitates (IPs) as well as whole cell lysates (WCLs) were subjected to immunoblot 

analysis. (B) Densitometric analysis of immunoblot. (C) Sqstm1 WT or sqstm1 KO MEFs 

transfected with vectors encoding FLAG-ULK1 together with those expressing M-AMPK, 

and subjected to IP with antibodies to FLAG, and the resulting IPs and WCLs were 

subjected to immunoblot analysis. (D) Densitometric analysis of immunoblot. (E) Lysates 

from HEK293 cells transfected with vectors encoding M-AMPK, F-ULK1, and H-

SQSTM1 were subjected to IP with antibodies against MYC, and IPs and WCLs were 

subjected to immunoblot analysis. (F) Densitometric analysis of immunoblot. (G) Sqstm1 

WT or sqstm1 KO MEFs transfected with vectors encoding M-AMPK and F-ULK1 were 

subjected to IP with antibodies against MYC, and the resulting IPs and WCLs were 

subjected to immunoblot analysis. (H) Densitometric analysis of immunoblot. (I) Lysates 

from Sqstm1 WT or sqstm1 KO MEFs were subjected to IP with antibodies against AMPK, 

and the resulting IPs and WCLs were subjected to immunoblot analysis. (J) Densitometric 

analysis of immunoblot. (K) Lysates from Hepa1c1c7 cells were treated with PA (500 μM) 

and subjected to IP with antibodies against AMPK, and the resulting IPs and WCLs were 

subjected to immunoblot analysis. (L-M) Densitometric analysis of immunoblots. Data are 

presented as the mean ± SD from three independent experiments. *p < 0.05, **p < 0.01. 



  73 

5. SQSTM1-mediated noncanonical activation of the KEAP1-NRF2 pathway 

is required for cytoprotection against lipotoxicity 

To further verify the cytoprotective roles of SQSTM1 in response to lipotoxicity, I 

transfected sqstm1 KO MEFs with MYC-SQSTM1 and treated them with PA. Results 

showed that overexpression of SQSTM1 could prevents the cells against lipotoxicity 

through activation of the SQSTM1-mediated noncanonical KEAP1-NRF2 pathway, which 

was associated with ULK1-dependent autophagic KEAP1 degradation (Fig. 5A to 5C). As 

a result, this pathway could protect cells against lipotoxicity (Fig. 5D to 5F) through the 

elimination of ROS (Fig. 5G and 5H). Collectively, my results show that SQSTM1-

mediated noncanonical activation of the KEAP1-NRF2 pathway has an anti-lipotoxic 

function in hepatocytes. 
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Figure 5. SQSTM1-mediated noncanonical activation of the KEAP1-NRF2 pathway 

is required for cytoprotection against lipotoxicity. (A) sqstm1 KO MEFs were 

transfected with MYC-SQSTM1 and treated with PA (500 μM) for 18 hrs, and subjected to 

immunoblot analysis of SQSTM1, MYC, KEAP1, p-ULK1(S317), ULK1, C.CASP3, 

C.PARP, ACTB (loading control), nuclear NRF2, and LMNB1 (nuclear marker). (B) 

Densitometric analysis of immunoblots. qRT-PCR analysis for relative mRNA expression 

of Keap1 (B), Gsta1, Hmox1, Nqo1 (C). (D) TUNEL analysis of cells treated as in (A). 

Scale bar: 100 μm. (E) Quantification of TUNEL-positive cells. (F) Cell viability was 

estimated using a Cell titer-Glo assay kit. Live cell numbers were expressed as absorbance 

at luminescence. (G) ROS were determined using CM-H2DCFH-DA. The representative 

images are shown. Scale bar: 100 μm. (H) Quantification of relative DCF fluorescence. 

Data are presented as the mean ± SD from three independent experiments. *p < 0.05, **p 

< 0.01, and N.S., not significant. 
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6. SQSTM1 activates autophagy in mouse livers in response to physiological 

lipotoxicity 

Regarding its physiological relevance concerning lipotoxicity, I first examined 

physiological settings. I fasted mice overnight, followed by refeeding with a high-

carbohydrate, fat-free diet (R) as an acute lipotoxicity model 13,58. This physiological 

lipotoxic conditions increased triglyceride synthesis, which was accompanied by an 

increase in lipogenesis 13. Consistently, I observed that the livers of re-fed mice was 

indicated by marked increases in the expression of lipogenic genes including Srebf1 (sterol 

regulatory element binding transcription factor 1), Fasn (fatty acid synthase), and Acaca 

(acetyl-CoA carboxylase alpha) (Fig. 6A to 6C). Moreover, I profiled fatty acids from 

mouse livers by performing gas chromatography-mass spectrometry or liquid 

chromatography-mass spectrometry (Fig. 6D). After refeeding, mouse livers showed a 

marked increase in PA (Fig. 6E). In addition, to investigate whether SQSTM1 could induce 

autophagy via this mechanism in a physiological setting, I used GFP-LC3B transgenic mice 

with refeeding. I observed increases the level of GFP-LC3B-II and GFP-LC3B puncta in 

the livers of re-fed GFP-LC3B transgenic mice accompanied by SQSTM1-mediated ULK1 

phosphorylation and KEAP1 degradation (Fig. 7A to 7D). To further study whether 

SQSTM1 itself induced autophagy activation in physiological conditions, I injected GFP-

LC3B transgenic mice with Ad-SQSTM1 via the tail vein to transduce their livers. I found 

that SQSTM1-induced autophagy activation led to phosphorylation of ULK1-mediated 

autophagic KEAP1 degradation (Fig. 7E to 7H). Together, results suggested that SQSTM1-
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induced autophagy activation could contribute to ULK1-mediated noncanonical KEAP1-

NRF2 activation.  

 

 

Figure 6. The increase of palmitic acid under lipotoxic stress in mouse liver. C57BL/6J 

mice were maintained in a non-fasted state (NF) or fasted overnight and then re-fed a high-

carbohydrate, fat-free diet (R). These animals were randomly assigned to 2 groups (8-9 

mice in each group). qRT-PCR analysis for relative mRNA expression of mRNAs of Srebf1 

(A), Fasn (B), and Acaca (C). (D) Retention index (RI) was measured using alkane mixture 

(C7-C40, Sigma-Aldrich) and NIST mass spectral library (NIST08) was compared with the 

spectrum of each peak. Peak area of fatty acids was integrated using total ion chromatogram 

and normalized based on that of the internal standard. (E) The livers of 8 or 9 mice of each 

group were homogenized, respectively. Lipid of the homogenates were subjected to 
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hydrolysis and acidic transmethylation, and then detected by GC-MS. The Amount of fatty 

acids containing palmitic acid is expressed per mg of liver. Data are presented relative to 

corresponding values in non-fasted mice and are means ± standard errors for 8-9 mice per 

group. *p < 0.05 and **p < 0.01. 
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Figure 7. SQSTM1 activates autophagy in mouse liver under lipotoxic stress. GFP-

LC3B transgenic mice were maintained in a non-fasted state (NF) or fasted overnight and 

then re-fed a high-carbohydrate, fat-free diet (R). These animals were randomly assigned 

to 2 groups (3-4 mice in each group). (A) Immunoblot analysis of SQSTM1, GFP, KEAP1, 

p-ULK1(S317), ULK1, and ACTB (loading control). (B) Densitometric analysis of GFP-

LC3B-II immunoblot. (C) GFP-LC3B fluorescence analysis of puncta by confocal 

microscopy. Scale bar: 10 μm. (D) Quantitative analysis of GFP-LC3B puncta. GFP-LC3B 

transgenic mice were injected with empty vector (Ad-CON)- or SQSTM1 (Ad-SQSTM1)-

expressing adenovirus. (E) Immunoblot analysis of SQSTM1, GFP, KEAP1, p-ULK1 

(S317), ULK1, and ACTB (loading control). (F) Densitometric analysis of GFP-LC3B-II 

immunoblot. (G) GFP-LC3B fluorescence analysis of puncta by confocal microscopy. 

Scale bar: 10 μm. (H) Quantitative analysis of GFP-LC3B puncta. Data are presented 

relative to corresponding values in non-fasted mice and are means ± standard errors for 3-

4 mice per group. *p < 0.05 and **p < 0.01. 
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7. SQSTM1 has a hepatoprotective role against lipotoxicity in the mouse liver 

To further examine whether SQSTM1 has a hepatoprotective role via noncanonical 

KEAP1-NRF2 activation under physiological lipotoxicity, I subjected Sqstm1 WT or 

sqstm1 KO mice to fasting, followed by refeeding (R). I observed a decrease in the 

SQSTM1-mediated phosphorylation of ULK1 in sqstm1 KO MEFs, and I found a marked 

inhibition in ULK1 phosphorylation in sqstm1 KO mice, thereby inhibiting activation of 

the SQSTM1-dependent noncanonical KEAP1-NRF2 pathway under physiological 

lipotoxic conditions (Fig. 8A to 8G). Furthermore, liver injury was exaggerated in sqstm1 

KO mice under lipotoxic conditions, as determined by hematoxylin and eosin (H&E) 

staining (Fig. 8H), serum ALT levels (Fig. 8I), and TUNEL assays (Fig. 8J and 8K). 

Consequently, this mechanism is critical for the protection of the liver against physiological 

lipotoxicity. To test whether SQSTM1 overexpression could rescue the damaging effects 

of SQSTM1 ablation, I performed tail vein injection using sqstm1 KO mice to transduce 

their livers with SQSTM1-expressing adenovirus and then subjected to refeeding. Results 

showed that the overexpression of SQSTM1 induced ULK1-mediated autophagic KEAP1 

degradation, thereby leading to NRF2 activation (Fig. 9A to 9G). I also observed that the 

overexpression of SQSTM1 alleviated liver damage in sqstm1 KO mice, as determined by 

H&E staining (Fig. 9H), serum ALT levels (Fig. 9I), and TUNEL assays (Fig. 9J and 9K) 

in response to physiological lipotoxicity. Collectively, results show that hepatoprotection 

against physiological lipotoxic stress requires SQSTM1 via activating noncanonical NRF2 

activation by facilitating enhanced ULK1-mediated autophagic KEAP1 degradation. 
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Figure 8. SQSTM1 has a hepatoprotective role against lipotoxicity in the mouse liver. 

Sqstm1 WT or sqstm1 KO mice were maintained in a non-fasted state (NF) or fasted 

overnight and then re-fed a high-carbohydrate, fat-free diet (R). These animals were 

randomly assigned to 4 groups (5-6 mice in each group). (A) Immunoblot analysis of 

SQSTM1, KEAP1, p-ULK1(S317), ULK1, ACTB (loading control), nuclear NRF2, and 

LMNB1 (nuclear marker). (B, D) Densitometric analysis of immunoblots. qRT-PCR 

analysis for relative mRNA expression of Keap1 (C), Gsta1 (E), Hmox1 (F) and Nqo1 (G). 

(H) Liver sections of mice were stained with H&E. CV, central vein. Scale bar: 200 μm. (I) 

Serum GPT/ALT levels in mice. (J) Images from TUNEL analysis of liver sections. Scale 

bar: 200 μm. (K) Quantification of TUNEL-positive cells in liver sections. Data are 

presented relative to corresponding values in non-fasted mice and are means ± standard 

errors for 5-6 mice per group. *p < 0.05, **p < 0.01, and N.S., not significant. 
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Figure 9. Reinforcement of SQSTM1 ameliorates lipotoxicity-induced liver injury in 

sqstm1 KO mice. sqstm1 KO mice were injected with control vector (Ad-CON)- or 

SQSTM1 (Ad-SQSTM1)-expressing adenovirus and maintained in a non-fasted state (NF) 

or fasted overnight and then re-fed a high-carbohydrate, fat-free diet (R). These animals 

were randomly assigned to 3 groups (5-6 mice in each group). (A) Immunoblot analysis of 

SQSTM1, KEAP1, p-ULK1(S317), ULK1, ACTB (loading control), nuclear NRF2, and 

LMNB1 (nuclear marker). (B, D) Densitometric analysis of immunoblots. qRT-PCR 

analysis for relative mRNA expression of Keap1 (C), Gsta1 (E), Hmox1 (F), and Nqo1 (G). 

(H) Liver sections from mice were stained with H&E. CV, central vein. Scale bar: 200 μm. 

(I) Serum GPT/ALT levels in mice. (J) Images from TUNEL analysis of liver sections. 

Scale bar: 200 μm. (K) Quantitative analysis of TUNEL-positive cells in liver sections. 

Data are presented relative to the corresponding value for non-fasted mice and are means 

± standard errors for 5-6 mice per group. *p < 0.05, **p < 0.01, and N.S., not significant. 
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8. Hepatic SQSTM1 protects against lipotoxicity in the mouse liver 

To further investigate whether hepatic SQSTM1 protects the mouse liver in response 

to physiological lipotoxicity, I generated liver-specific sqstm1 KO mice, hereafter referred 

to as sqstm1 Alb mice (sqstm1Alb) by crossing Sqstm1-floxed mice (Sqstm1f/f) with Alb-Cre 

transgenic mice. I validated SQSTM1 expression in various organs except for the liver (Fig. 

10). Next, I subjected Sqstm1f/f or sqstm1Alb mice to fasting, followed by refeeding. I found 

a marked inhibition in ULK1 phosphorylation in sqstm1Alb mice, thereby inhibiting 

activation of the SQSTM1-dependent noncanonical KEAP1-NRF2 pathway under 

physiological lipotoxic conditions (Fig. 11A to 11G). As a result, liver injury was 

exaggerated in sqstm1Alb mice under lipotoxic conditions, as determined by H&E staining 

(Fig. 11H), serum ALT levels (Fig. 11I), and TUNEL assays (Fig. 11J and 11K). Together, 

my results showed that hepatic SQSTM1 promotes ULK1-mediated autophagic KEAP1 

degradation under physiological lipotoxic conditions, and thereby protecting the liver from 

lipotoxicity-induced oxidative damage. These findings are consistent with my suggested 

mechanism. To determine if hepatic SQSTM1 could rescue the damaging effects in 

sqstm1Alb mice, I performed the mice tail vein injection with Ad-SQSTM1, then refeeding. 

I found that the overexpression of SQSTM1 induced ULK1 phosphorylation-mediated 

autophagic KEAP1 degradation, and thereby activating NRF2 (Fig. 12A to 12G). I also 

observed that the overexpression of SQSTM1 alleviated liver damage in sqstm1Alb mice, as 

determined by H&E staining (Fig. 12H), serum ALT levels (Fig. 12I), and TUNEL assays 

(Fig. 12J and 12K) in response to physiological lipotoxicity. Collectively, I demonstrated 
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that hepatic SQSTM1 is essential for protection against lipotoxicity through activation of 

the ULK1-KEAP1-NRF2 axis. 

 

 

Figure 10. Generation of liver-specific sqstm1 KO mice. Liver-specific sqstm1 KO mice 

(sqstm1Alb mice) were generated by crossing Sqstm1-floxed mice (Sqstm1f/f mice) with Alb-

Cre transgenic mice. (A) Immunoblot analysis of SQSTM1 and ACTB (loading control) 

from various organs. qRT-PCR analysis for relative mRNA expression of Sqstm1 in liver 
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(B), lung (C), heart (D), kidney (E), spleen (F), brown adipose tissue (BAT) (G), adipose 

tissue (AT) (H), and muscle (I). Data are presented relative to the corresponding value for 

non-fasted mice and are means ± standard errors for 2 mice per group. *p < 0.05, **p < 

0.01, and N.S., not significant. 
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Figure 11. Hepatic SQSTM1 protects against lipotoxicity in the mouse liver. Sqstm1f/f 

or sqstm1Alb mice were maintained in a non-fasted state (NF) or fasted overnight and then 

re-fed a high-carbohydrate, fat-free diet (R). These animals were randomly assigned to 4 

groups (5-6 mice in each group). (A) Immunoblot analysis of SQSTM1, KEAP1, p-

ULK1(S317), ULK1, ACTB (loading control), nuclear NRF2, and LMNB1 (nuclear 

marker). (B, D) Densitometric analysis of immunoblots. qRT-PCR analysis for relative 

mRNA expression of Keap1 (C), Gsta1 (E), Hmox1 (F), and Nqo1 (G). (H) Liver sections 

of mice were stained with H&E. CV, central vein. Scale bar: 200 μm. (I) Serum GPT/ALT 

levels in mice. (J) Images from TUNEL analysis of liver sections. Scale bar: 200 μm. (K) 

Quantitative analysis of TUNEL-positive cells in liver sections. Data are presented relative 

to corresponding values in non-fasted mice and are means ± standard errors for 5-6 mice 

per group. *p < 0.05, **p < 0.01, and N.S., not significant. 
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Figure 12. Reinforcement of SQSTM1 ameliorates lipotoxicity in liver-specific sqstm1 

KO mouse livers. sqstm1Alb mice were injected with control vector (Ad-CON)- or 

SQSTM1 (Ad-SQSTM1)-expressing adenovirus and maintained in a non-fasted state (NF) 

or fasted overnight and then re-fed a high-carbohydrate, fat-free diet (R). These animals 

were randomly assigned to 3 groups (5-6 mice in each group). (A) Immunoblot analysis of 

SQSTM1, KEAP1, p-ULK1(S317), ULK1, ACTB (loading control), nuclear NRF2, and 

LMNB1 (nuclear marker). (B, D) Densitometric analysis of immunoblots. qRT-PCR 

analysis for relative mRNA expression of Keap1 (C), Gsta1 (E), Hmox1 (F), and Nqo1 (G). 

(H) Liver sections from mice were stained with H&E. CV, central vein. Scale bar: 200 μm. 

(I) Serum GPT/ALT levels in mice. (J) Images from TUNEL analysis of liver sections. 

Scale bar: 200 μm. (K) Quantitative analysis of TUNEL-positive cells in liver sections. 

Data are presented relative to the corresponding value for non-fasted mice and are means 

± standard errors for 5-6 mice per group. *p < 0.05, **p < 0.01, and N.S., not significant. 
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Part 3. PERK prevents hepatic lipotoxicity by activating ULK1-

SQSTM1 axis-mediated noncanonical KEAP1-NRF2 pathway 

 

1. ER stress-dependent activation of SQSTM1-mediated noncanonical 

KEAP1-NRF2 pathway in response to lipotoxic stress 

Saturated fatty acids (SFAs) induce endoplasmic reticulum (ER) stress and oxidative 

stress-mediated cell death in a process known as lipotoxicity 4,41,42,59. Previously, I showed 

the activation of SQSTM1-mediated noncanonical KEAP1 (kelch like ECH associated 

protein 1)-NRF2 (nuclear factor, erythroid 2 like 2) pathway upon lipotoxic stress. To verify 

whether the activation of this pathway is regulated by SFA-mediated ER stress, I treated 

cells with the ER stress inhibitor, 4-Phenylbutyric Acid (4-PBA) 60, under lipotoxic 

conditions. I found that inhibition of ER stress blocked the accumulation of SQSTM1 and 

its phosphorylated form (S351) and KEAP1 degradation, thereby suppressing NRF2 

activation in Hepa1c1c7 cells (Fig. 1A to 1G). Furthermore, SFA-induced cell death was 

restored by inhibiting ER stress, as measured by TUNEL analysis (Fig. 1H to 1I) and MTT 

assays (Fig. 1J). I also found that SFA-induced ROS accumulation was partly blocked after 

4-PBA treatment under lipotoxic conditions (Fig. 1K to 1L) and following NRF2 activation 

(Fig. 1E to 1G).  
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ER stress activates the unfolded protein response (UPR) pathway, which has 

cytoprotective effects against ER stress 61. Activation of the UPR pathway depends on three 

ER transmembrane proteins including PERK (pancreatic endoplasmic reticulum kinase), 

ATF6 (activating transcription factor 6), and IRE1α (inositol-requiring enzyme 1α) 62.  

To determine whether the SQSTM1-mediated noncanonical KEAP1-NRF2 pathway is 

associated with the UPR pathway, I observed the level of three UPR sensors in cells treated 

with 4-PBA under lipotoxic conditions. I observed that the phosphorylation of PERK is 

significantly increased in PA treated cells and then downregulated in ER stress inhibited 

conditions (Fig. 1M and 1N). Consistent with other reports 63-68, I observed that the levels 

of IRE1α and cleaved ATF6 are not significantly different in treated 4-PBA under 

lipotoxicity (Fig. 1M). Also, we confirmed ER stress markers including glucose regulatory 

protein 78 (GRP78), Trib3 and Atf4 are increased in PA treated cells, and downregulated in 

4-PBA treated cells (Fig. 1M, 1O and 1P). Taken together, these results suggested that 

SQSTM1-mediated noncanonical KEAP1-NRF2 pathway could dependent on ER stress in 

response to lipotoxicity. 
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Figure 1. ER stress-dependent activation of SQSTM1-mediated noncanonical 

KEAP1-NRF2 pathway in response to lipotoxic stress. Hepa1c1c7 cells were incubated 

with palmitic acid (PA; 500 μM) and 4-phenylbutyric acid (PBA; 1 mM) for 18 hrs. (A) 

Immunoblot analysis with antibodies against p-SQSTM1(S351), SQSTM1, KEAP1, 

ACTB (loading control), nuclear NRF2, and LMNB1 (nuclear marker). (B, D) 

Densitometric analysis of immunoblots. qRT-PCR analysis of Keap1 (C), Gsta1 (E), 

Hmox1 (F), and Nqo1 (G) mRNA. (H) TUNEL analysis of cells treated as in (A). Scale bar: 

100 μm. (I) Quantification of TUNEL-positive cells. (J) Cell viability was estimated using 

a Cell titer-Glo assay kit. Live cell numbers were expressed as absorbance at luminescence. 

(K) Reactive oxygen species (ROS) were determined using CM-H2DCFH-DA. The 

representative images are shown. Scale bar: 100 μm. (L) Quantification of relative DCF 

fluorescence. (M) Immunoblot analysis from cells were treated as described in (A) with 

antibodies against GRP78, p-PERK(T980), PERK, cleaved ATF6, p-IRE1α(S724), IRE1α, 

and ACTB (loading control). (N-O) Densitometric analysis of immunoblots. qRT-PCR 

analysis of Grp78 (O), Trib3, and Atf4 (P) mRNA. Data are presented as means ± SDs from 

three independent experiments. *p < 0.05, **p < 0.01, and N.S., not significant. 
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2. PERK protects cells against PA-induced cell death through activation of 

SQSTM1-mediated noncanonical KEAP1-NRF2 pathway 

To determine whether the SQSTM1-dependent noncanonical KEAP1-NRF2 pathway 

is associated with the UPR pathway, I treated Perk WT or perk KO mouse embryonic 

fibroblast cells (MEFs) with PA. I showed that activation of PERK-induced SQSTM1 and 

its phosphorylation at S351 was mainly blocked in perk KO MEFs, thereby led to inhibit 

autophagic KEAP1 degradation and NRF2 activation in response to lipotoxic conditions 

(Fig. 2A to 2G).  

Ablation of PERK was also found to result in a greater increase in oxidative stress-

mediated cell death, as measured by MTT assays and TUNEL analysis, in response to 

lipotoxicity (Fig. 2H and 2I). Furthermore, the expression levels of cleaved forms of poly 

(ADP-ribose) polymerase (PARP) and caspase-3 (CASP3) were markedly increased in 

perk-deficient MEFs under lipotoxic conditions (Fig. 2A). I also showed that the PERK-

induced activation of SQSTM1-dependent noncanonical KEAP1-NRF2 pathway 

attenuated SFA-mediated ROS accumulation (Fig. 2J and 2K). Accordingly, I found that 

PERK prevents lipotoxicity through activation of SQSTM1-mediated noncanonical 

KEAP1-NRF2 pathway. 
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Figure 2. PERK protects cells against PA-induced cell death through activation of 

SQSTM1-mediated noncanonical KEAP1-NRF2 pathway. (A) Perk WT or perk KO 

MEFs were incubated with palmitic acid (PA; 500 μM) for indicated times. Immunoblot 

analysis with antibodies against p-PERK(T980), PERK, p-SQSTM1(S351), SQSTM1, 

KEAP1, cleaved PARP, cleaved CASP3, ACTB (loading control), nuclear NRF2, and 

LMNB1 (nuclear marker). (B, D) Densitometric analysis of immunoblots. qRT-PCR 

analysis of Keap1 (C), Gsta1 (E), Hmox1 (F), and Nqo1 (G) mRNA. (H) TUNEL analysis 

of cells treated as in (A). Scale bar: 100 μm. (I) Quantification of TUNEL-positive cells 

and Cell viability was estimated using a Cell titer-Glo assay kit. (J) ROS were determined 

using CM-H2DCFH-DA. The representative images are shown. Scale bar: 100 μm. (K) 

Quantification of relative DCF fluorescence. Data are presented as means ± SDs from three 

independent experiments. **p < 0.01 and N.S., not significant. 
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3. PERK enhances interactions between SQSTM1 and AMPK, followed by 

AMPK-mediated SQSTM1 phosphorylation 

In previous study, I have reported that AMP-activated protein kinase (AMPK) binds to 

SQSTM1, and directly phosphorylates SQSTM1 39. To investigate whether PERK induces 

phosphorylation of SQSTM1 through AMPK-SQSTM1 axis, I transfected HEK293 cells 

with HA-SQSTM1 and MYC-AMPK expression vectors. Consistent my previous results, 

I showed the ectopic expression of AMPK dramatically increased the phosphorylation of 

SQSTM1 (Fig. 3A). I found that AMPK-mediated SQSTM1 phosphorylation is 

significantly blocked in perk KO MEFs (Fig. 3B). Furthermore, I found that MYC-PERK 

binds to HA-AMPK (Fig. 3C), and co-localized on ER (Fig. 3F). I found that MYC-PERK 

interacted with FLAG-SQSTM1 (Fig. 3D) even in the absence of a specific binding domain 

(Fig. 3E). Both HA-AMPK (Fig. 3F) and HA-SQSTM1 (Fig. 3G) were co-localized with 

MYC-PERK on the ER surface, as measured by confocal analysis using ER tracker. I also 

investigated the spatial proximity of PERK to SQSTM1 and PERK to AMPK on the ER 

following stimulation using an in situ proximity-ligation assay (PLA), that is a method 

which permits visualization of the spatial proximity of two proteins. Interestingly, I 

observed that each complex of PERK-AMPK and PERK-SQSTM1 were co-localized on 

the perinuclear-aggregated ER (Fig. 3H to 3J).  

To explore whether PERK is involved in the interaction between SQSTM1 and AMPK, 

I transfected HEK293 cells with FLAG-SQSTM1 and HA-AMPK expression vectors 
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together with MYC-PERK and subjected cell lysates to co-immunoprecipitation analysis. 

Results showed that PERK enhanced the interactions between SQSTM1 and AMPK (Fig. 

3K).  

  Since AMPK was identified as the protein kinase that phosphorylates SQSTM1 and 

found to physically interact with SQSTM1, I explored the effects of SQSTM1 

phosphorylation by AMPK. Consistent previous study, I confirmed that AMPK interacted 

with SQSTM1 through in vitro glutathione S-transferase (GST) pull-down assay (Fig. 3L). 

I further confirmed that affinity-purified GST-SQSTM1 was strongly phosphorylated at 

S351 by AMPK by in vitro kinase assay (Fig. 3M).  

  To evaluate the association between PERK and the SQSTM1-AMPK complex, I 

examined these interactions in Perk WT or perk KO MEFs. Data demonstrated that the 

binding was significantly diminished in perk KO MEFs (Fig. 3N). I observed that the 

endogenous PERK-SQSTM1-AMPK complex strongly interacted in response to SFA (Fig. 

3O). These results indicate that PERK has an essential role in enhancing interactions 

between SQSTM1 and AMPK, followed by AMPK-mediated phosphorylation of SQSTM1.  
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Figure 3. PERK enhances interactions between SQSTM1 and AMPK, followed by 

AMPK-mediated SQSTM1 phosphorylation. (A) HEK293 cells transfected with vectors 

encoding MYC-AMPK (M-AMPK) and HA-SQSTM1 (H-SQSTM1) were subjected to 

immunoblot analysis with antibodies against p-SQSTM1(S351), H-SQSTM1, M-AMPK, 

and ACTB (loading control). (B) Perk WT or perk KO MEFs were transfected with vectors 

encoding H-SQSTM1 together with those expressing M-AMPK, and subjected to 

immunoblot analysis with antibodies against p-SQSTM1, H-SQSTM1, M-AMPK, and 

ACTB. (C) Lysates from HEK293 cells transfected with vectors encoding M-PERK and 

H-AMPK were subjected to immunoprecipitation (IP) with antibodies against HA, and the 

resulting IPs and WCLs were subjected to immunoblot analysis with antibodies against 

MYC and HA. (D) Lysates from HEK293 cells transfected with vectors encoding M-PERK 

and F-SQSTM1 were subjected to IP with antibodies against MYC, and the resulting IPs 

and WCLs were subjected to immunoblot analysis with antibodies against FLAG and MYC. 

(E) Lysates from HEK293 cells transfected with M-PERK and deletion constructs of M-

SQSTM1 were subjected to IP with antibodies specific for PERK, and the resulting IPs and 

WCLs were subjected to immunoblot analysis using antibodies specific for the indicated 

proteins. (F-G) Representative confocal images of the Hepa1c1c7 cells transfected with 

vectors encoding M-PERK and H-AMPK or H-SQSTM1, and their colocalization using 

ER Tracker Red staining. Scale bars: 10 μm. (H-I) Representative confocal images of the 

PLA (proximityligation assay) using PERK and AMPK or SQSTM1, and their 

colocalization with ER Tracker Red. Scale bars: 10 μm. (J) Quantification of the percentage 
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of PLA dots that colocalize with ER tracker. (K) Lysates from HEK293 cells transfected 

with H-AMPK, F-SQSTM1, and M-PERK were subjected to IP with antibodies to HA, and 

the resulting IPs and WCLs were subjected to immunoblot analysis using antibodies 

specific for the indicated proteins. (L) In vitro translated M-AMPK was subjected to GST 

pull-down assays using affinity-purified GST or GST-SQSTM1. The protein bound to GST-

SQSTM1 was analyzed by immunoblotting using anti-MYC antibody. (M) In vitro kinase 

assay for SQSTM1 phosphorylation at S351. GST or GST-SQSTM1 were used as 

substrates for M-AMPK WT or D157A (kinase dead mutant) immunoprecipitated from 

HEK293 cells. Immunoblot analysis was performed with S351 phospho-specific antibodies, 

GST, SQSTM1, and MYC antibodies. (N) Lysates from Perk WT or perk KO MEFs were 

subjected to IP with antibodies against AMPK, and the resulting IPs and WCLs were 

subjected to immunoblot analysis with antibodies against SQSTM1, AMPK, and PERK. 

(O) Lysates from Hepa1c1c7 cells were treated with PA (500 μM) for 18 hrs and subjected 

to IP with antibodies against AMPK, and the resulting IPs and WCLs were subjected to 

immunoblot analysis with antibodies against PERK, SQSTM1, and AMPK. Data are 

presented as the mean ± SD from three independent experiments. **p < 0.01. 
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4. PERK directly mediates the phosphorylation of SQSTM1 

To examine whether the PERK directly induced SQSTM1 phosphorylation, first, 

I explored in vitro GST pull‐down assay, and provided support that SQSMT1 directly binds 

to PERK (Fig. 4A and 4B). To verify whether PERK directly phosphorylates SQSMT1 at 

S351 in vitro, I purified GST-SQSMT1 and subjected to in vitro kinase assay with use of 

either M-PERK wild type (WT) or M-PERK kinase-dead mutant (K618A). I transfected 

M-PERK in HEK293 cells and subjected cell lysates to co-IP analysis with an MYC 

antibody. Recombinant protein of GST-SQSTM1 was purified from Escherichia coli using 

glutathione-agarose beads and incubated with the PERK immune complex in the presence 

of ATP (Fig. 4C and 4D). The result showed that wild type PERK phosphorylated GST-

SQSTM1, whereas kinase dead mutant of PERK did not mediate phosphorylation of GST-

SQSTM1 at S351. To further verify whether PERK-mediated direct phosphorylation of 

SQSTM1 in response to lipotoxicity, I transfected perk-deficient MEFs with M-PERK WT 

and M-PERK K618A, then treated these cells with SFAs. Results show that overexpression 

of M-PERK WT dramatically induce SQSTM1 phosphorylation at S351, compared to 

kinase dead mutant of PERK under lipotoxic stress (Fig. 4E and 4F). Collectively, these 

findings demonstrate that PERK can directly phosphorylate SQSTM1.  
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Figure 4. PERK directly mediates the phosphorylation of SQSTM1. (A) In vitro 

translated MYC-PERK (M-PERK) was subjected to GST pull-down assays using affinity-

purified GST or GST-SQSTM1. The protein bound to GST-SQSTM1 was analyzed by 

immunoblotting using anti-MYC antibody. The acrylamide gel stained with Coomassie 

Brilliant Blue (CBB) is presented to show GST and GST-SQSTM1 utilized in the pull-

down assay. (B) Densitometric analysis of immunoblot. (C) In vitro kinase assay for 

SQSTM1 phosphorylation at S351. GST or GST-SQSTM1 were used as substrates for M-

PERK WT or K618A (kinase dead mutant) immunoprecipitated from HEK293 cells. 

Immunoblot analysis was performed with S351 phospho-specific antibodies, MYC, GST, 

and SQSTM1 antibodies. (D) Densitometric analysis of immunoblot. (E) perk KO MEFs 

were transfected with M-PERK WT or K618A, and treated with PA (500 μM) for 18 hrs, 

and subjected to immunoblot analysis of MYC, p-SQSTM1, SQSTM1, and ACTB (loading 

control). (F) Densitometric analysis of immunoblot. Data are presented as means ± SDs 

from three independent experiments. *p < 0.05 and **p < 0.01. 
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5. PERK is required for autophagy activation in response to lipotoxicity 

To investigate whether PERK induces autophagy activation in response to lipotoxicity, 

I treated Perk WT or perk KO MEFs with PA, then examined co-localization of LC3B and 

lysotracker for detect the formation of autolysosomes. Results showed a partial decrease in 

the autolysosome formation in perk KO MEFs in response to lipotoxic stress (Fig. 5A and 

5B). To further determine whether PERK-mediated autophagy activation induces KEAP1 

degradation in response to lipotoxicity, I co-treated Perk WT or perk KO MEFs with PA 

and bafilomycin A1 (BafA1). I found that autophagic KEAP1 degradation was blocked in 

BafA1-treated perk KO MEFs. In addition, I observed a further increase in the levels of 

LC3B-II in BafA1-treated Perk WT MEFs compared with those in perk KO MEFs (Fig. 

5C and 5D). Indeed, to determine whether PERK is required for inducing autophagy flux 

under lipotoxic stress, I transfected cells with GFP-RFP-LC3B expressing vector and 

treated them with PA, which served to increase autophagy flux in Perk WT MEFs compared 

with perk KO MEFs (Fig. 5E and 5F).  

Moreover, I examined whether PERK induces autophagy activation in response to SFA. 

I transfected GFP-LC3B HeLa cells with PERK siRNA and treated them with PA. Results 

showed significant blockage in the levels of GFP-LC3B-II and LC3B-II, resulting in 

inhibition of KEAP1 degradation in PERK knockdown cells (Fig. 5G to 5I). I further 

observed that the number of GFP-LC3B puncta decreased in PERK knockdown cells under 

lipotoxic conditions (Fig. 5J and 5K). Together, these results suggest that PERK is possible 

to activate autophagy in response to lipotoxicity.  



  110 

 

 

 



  111 

Figure 5. PERK is required for autophagy activation in response to lipotoxicity. (A) 

Confocal microscopy analysis of colocalization of Lysotracker and LC3B in Perk WT or 

perk KO MEFs incubated with PA (500 μM) for 18 hrs. The representative single optical 

sections and merge images are shown. Scale bar: 10 μm. (B) Quantitative analysis of 

colocalization. (C) Perk WT or perk KO MEFs were incubated with PA and BafA1 (10 nM) 

and subjected to immunoblot analysis with antibodies against PERK, KEAP1, LC3B, and 

ACTB (loading control). (D) Densitometric analysis of LC3B-II immunoblot. (E) Perk WT 

or perk KO MEFs were transfected with mRFP-GFP-LC3B plasmids and treated with PA. 

The representative single optical sections and merge images are shown. Scale bar: 10 μm. 

(F) Quantitative analysis of RFP-LC3B and YFP-LC3B. (G) GFP-LC3B HeLa cells 

transfected with control siRNA (siCON) or PERK siRNA (siPERK) and treated with PA for 

indicated times. Immunoblot analysis with antibodies against p-PERK(T980), PERK, GFP, 

LC3B, KEAP1 and ACTB (loading control). (H) qRT-PCR analysis of Perk mRNA. (I) 

Densitometric analysis of GFP-LC3B-II immunoblot. (J) GFP-LC3B fluorescence analysis 

of puncta by confocal microscopy using GFP-LC3B HeLa cells transfected as in (G). The 

representative single optical sections and merge images are shown. Scale bar: 10 μm. (K) 

Quantitative analysis of GFP-LC3B puncta/cells. Data are presented as means ± SDs from 

three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001. 
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6. PERK is required for ULK1 phosphorylation-induced autophagic KEAP1 

degradation under lipotoxic conditions 

To verify how PERK activates autophagy in response to lipotoxicity, I treated Perk WT 

or perk KO MEFs and PERK knockdown cells with PA. Interestingly, I found marked 

blockage of the phosphorylation of ULK1 at S317 in both perk KO MEFs and PERK 

knockdown cells in response to lipotoxicity (Fig. 6A to 6D). Rcent studies have reported 

that AMPK-ULK1 axis can induce autophagy activation under nutrient starvation, 

especially induced by ULK1 phosphorylation sites located at S317 45,55. Also, my previous 

study (in part 2) found that ULK1-SQSTM1 axis can activate autophagy, resulting in 

KEAP1 degradation in response to lipotoxicity 28. Based on these notions, to investigate 

whether PERK mediates phosphorylation of ULK1-induced autophagic KEAP1 

degradation, I transfected Perk WT or perk KO MEFs and PERK knockdown cells with F-

ULK1 and H-KEAP1 expression vectors. I observe that the ectopic expression of F-ULK1 

induces its phosphorylation with phospho-specific antibodies, resulting in autophagic 

KEAP1 degradation. And, results show that ULK1-mediated autopagic KEAP1 

degradation is blocked in perk KO MEFs and PERK knockdown cells (Fig. 6E to 6H). 

These findings suggest that PERK mediates ULK1 phosphorylation-induced autophagic 

KEAP1 degradation under lipotoxic conditions.   
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Figure 6. PERK mediates ULK1 phosphorylation-induced autophagic KEAP1 

degradation under lipotoxic conditions. (A) Perk WT or perk KO MEFs were incubated 

with PA (500 μM) for indicated times. Immunoblot analysis with antibodies against p-

ULK1(S317), ULK1, PERK, and ACTB (loading control). (B) Densitometric analysis of 

immunoblot. (C) Hepa1c1c7 cells were transfected with PERK siRNA, then incubated with 

PA for indicated times. Immunoblot analysis with antibodies against p-ULK1, ULK1, 

PERK, ACTB. (D) Densitometric analysis of immunoblot. (E) Perk WT or perk KO 

MEFs were transfected with FLAG-ULK1 and HA-KEAP1, and subjected to immunoblot 

analysis with antibodies against p-ULK1, F-ULK1, H-KEAP1, PERK, and ACTB. (F) 

Densitometric analysis of immunoblot. (G) Hepa1c1c7 cells were transfected with PERK 

siRNA, then transfected with FLAG-ULK1 and HA-KEAP1, and subjected to immunoblot 

analysis with antibodies against p-ULK1, F-ULK1, H-KEAP1, PERK, and ACTB. (H) 

Densitometric analysis of immunoblot. Data are presented as means ± SDs from three 

independent experiments. **p < 0.01. 
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7. PERK facilitates interactions between ULK1 and AMPK, thereby AMPK-

mediated ULK1 phosphorylation  

To determine whether ULK1 phosphorylation at S317 is dependent on PERK, I 

transfected HEK293 cells and perk KO MEFs with MYC-AMPK and HA-ULK1 

expression vectors. It was well known that AMPK positively regulates ULK1-mediated 

autophagy 45,55. Coincide these notions, I showed the ectopic expression of AMPK 

significantly increased the phosphorylation of ULK1 (Fig. 7A). Furthermore, I observed a 

clearly blockage of ULK1 phosphorylation in perk KO MEFs (Fig. 7B). These data indicate 

that PERK is required for phosphorylation of ULK1 occurred in AMPK-dependent manner. 

To verify the underlying mechanism of PERK-induced AMPK-mediated ULK1 

phosphorylation, I transfected HEK293 cells with MYC-PERK and HA-ULK1 expression 

vectors, then subjected the cell lysates to co-IP analysis. I found that MYC-PERK 

interacted with HA-ULK1 (Fig. 7C) even in the absence of a specific binding domain (Fig. 

7D), and that PERK and ULK1 were co-localized on the ER (Fig. 7E). Moreover, I 

investigated the interaction of two proteins (PERK to ULK1) on the ER following 

stimulation using an in situ proximity-ligation assay (Fig. 7F). 

To explore whether PERK is involved in the interaction between ULK1 and AMPK, I 

transfected HEK293 cells with HA-ULK1 and FLAG-AMPK expression vectors together 

with MYC-PERK and subjected cell lysates to co-IP analysis. Results showed that PERK 

facilitated enhanced interactions between ULK1 and AMPK (Fig. 7G).  
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It is known that AMPK is a direct kinase of ULK1 for phosphorylation at S317 45,69. 

Based on these notions, my results showed that AMPK directly interacted with ULK1 in 

GST pull down assay (Fig. 7H). Next, I confirmed the GST-ULK1 was significantly 

phosphorylated at S317 by AMPK in vitro kinase assay (Fig. 7I). To evaluate the 

correlation both PERK and the ULK1-AMPK complex, I examined these bindings in Perk 

WT or perk KO MEFs. I found that ULK1-AMPK interaction was dramatically attenuated 

in perk KO MEFs (Fig. 7J). I further investigate that the endogenous PERK-SQSTM1-

AMPK complex is strongly bound in response to lipotoxicity (Fig. 7K). Thus, I demonstrate 

that PERK has an essential role in facilitating interactions between ULK1 and AMPK, 

followed by AMPK-mediated ULK1 phosphorylation, that can promote autophagy 

pathway.  
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Figure 7. PERK facilitates interactions between ULK1 and AMPK, resulting in 

AMPK-mediated ULK1 phosphorylation. (A) HEK293 cells transfected with vectors 

encoding MYC-AMPK (M-AMPK) and HA-ULK1 (H-ULK1) were subjected to 

immunoblot analysis with antibodies against p-ULK1(S317), H-ULK1, M-AMPK, and 

ACTB (loading control). (B) Perk WT or perk KO MEFs were transfected with vectors 

encoding H-ULK1 together with those expressing M-AMPK, and subjected to immunoblot 

analysis with antibodies against p-ULK1, H-ULK1, M-AMPK, and ACTB (loading 

control). (C) Lysates from HEK293 cells transfected with vectors encoding M-PERK and 

H-ULK1 were subjected to immunoprecipitation (IP) with antibodies against MYC, and 

the resulting IPs and WCLs were subjected to immunoblot analysis with antibodies against 

HA and MYC. (D) Lysates from HEK293 cells transfected with deletion constructs of H-

ULK1 were subjected to IP with antibodies specific for HA, and the resulting IPs and WCLs 

were subjected to immunoblot analysis using antibodies specific for the indicated proteins. 

(E) Representative confocal images of the Hepa1c1c7 cells transfected with vectors 

encoding M-PERK and H-ULK1, and their colocalization using ER Tracker Red staining. 

Scale bars: 10 μm. (F) Representative confocal images of the PLA (proximityligation assay) 

using PERK and SQSTM1 or AMPK, and their colocalization with ER Tracker Red. Scale 

bars: 10 μm. Quantification of the percentage of PLA dots that colocalize with ER tracker. 

(G) Lysates from HEK293 cells transfected with H-ULK1, F-AMPK and M-PERK were 

subjected to IP with antibodies to Flag, and the resulting IPs and WCLs were subjected to 

immunoblot analysis using antibodies specific for the indicated proteins. (H) In vitro 
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translated M-AMPK was subjected to GST pull-down assays using affinity-purified GST 

or GST-ULK1. The protein bound to GST-ULK1 was analyzed by immunoblotting using 

anti-MYC antibody. (I) In vitro kinase assay for ULK1 phosphorylation at S317. GST or 

GST-ULK1 were used as substrates for M-AMPK WT or D157A (kinase dead mutant) 

immunoprecipitated from HEK293 cells. Immunoblot analysis was performed with S317 

phospho-specific antibodies, GST, and MYC antibodies. (J) Lysates from Perk WT or perk 

KO MEFs were subjected to IP with antibodies against AMPK, and the resulting IPs and 

WCLs were subjected to immunoblot analysis with antibodies against ULK1, AMPK, and 

PERK. (K) Lysates from Hepa1c1c7 cells were treated with PA (500 μM) for 18 hrs and 

subjected to IP with antibodies against AMPK, and the resulting IPs and WCLs were 

subjected to immunoblot analysis with antibodies against PERK, ULK1, and AMPK. Data 

are presented as the mean ± SD from three independent experiments. **p < 0.01. 
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8. PERK is a direct kinase of ULK1 for phosphorylation 

To examine whether the PERK directly phosphorylates ULK1, I performed in 

vitro GST pull‐down assay, and provided support which ULK1 directly binds to PERK (Fig. 

8A and 8B). To demonstrate that S317 are directly phosphorylated by PERK, I performed 

in vitro kinase assay with purified GST-tagged ULK1 and immunoprecipitated M-PERK 

WT and M-PERK K618A. I expressed M-PERK in HEK293 cells and subjected to IP with 

an MYC antibody. GST-ULK1 recombinant protein was purified from Escherichia coli 

using glutathione-agarose beads and incubated with the PERK immune complex in the 

presence of ATP. As expected, the PERK WT-complex cells phosphorylated ULK1 at S317, 

but not in K618A mutant (Fig. 8C and 8D). Next, to further demonstrate PERK-induced 

ULK1 phosphorylation is facilitated in response to lipotoxicity, I transfected perk KO 

MEFs with M-PERK WT and M-PERK K618A mutant expressing vectors. I observed that 

M-PERK WT-mediated phosphorylation of ULK1 at S317 was significantly diminished in 

M-PERK K618A mutant-expressed cells under lipotoxic conditions (Fig.8E and 8F). 

Collectively, these findings suggest that PERK is direct kinase of ULK1 for 

phosphorylation at S317, that can accelerate the ULK1-SQSTM1 axis-mediated 

noncanonical KEAP1-NRF2 pathway in response to lipotoxicity. 
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Figure 8. PERK is a direct kinase of ULK1 for phosphorylation. (A) In vitro translated 

M-PERK was subjected to GST pull-down assays using affinity-purified GST or GST-

ULK1. The protein bound to GST-ULK1 was analyzed by immunoblotting using anti-MYC 

antibody. The acrylamide gel stained with Coomassie Brilliant Blue (CBB) is presented to 

show GST and GST-ULK1 utilized in the pull-down assay. (B) Densitometric analysis of 

immunoblot. (C) In vitro kinase assay for ULK1 phosphorylation at S317. GST or GST-

ULK1 were used as substrates for M-PERK WT or K618A (kinase dead mutant) 

immunoprecipitated from HEK293 cells. Immunoblot analysis was performed with S317 

phospho-specific antibodies, GST, ULK1, and MYC antibodies. (D) Densitometric 

analysis of immunoblot. (E) perk KO MEFs were transfected with M-PERK WT and 

K618A, and treated with PA (500 μM) for 18 hrs, and subjected to immunoblot analysis of 

M-PERK, p-ULK1(S317), ULK1, and ACTB (loading control). (F) Densitometric analysis 

of immunoblot. Data are presented as the mean ± SD from three independent experiments. 

**p < 0.01. 
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9. Reintroduction of PERK attenuates PA-induced cell death in perk KO cells 

To further verify the cytoprotective roles of PERK in response to lipotoxicity, I 

transfected perk KO MEFs with MYC-PERK WT and treated them with PA. Results 

showed that overexpression of PERK could attenuated PA-induced cell death through 

activation of the ULK1-SQSTM1 axis-mediated noncanonical KEAP1-NRF2 pathway 

(Fig. 9A to 9I). As a result, this mechanism could protect cells against lipotoxicity (Fig. 9J 

to 9L) through the elimination of ROS (Fig. 9M and 9N). Collectively, my results show 

that PERK-mediated noncanonical activation of the ULK1-SQSTM1 axis has an anti-

lipotoxic function in hepatocytes.  
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Figure 9. Reinforcement of PERK attenuates PA-induced cell death in perk KO cells. 

(A) perk KO MEFs were transfected with MYC-PERK WT and treated with PA (500 μM) 

for 18 hrs, and subjected to immunoblot analysis of p-ULK1(S317), ULK1, p-

SQSTM1(S351), SQSTM1, KEAP1, M-PERK, C.CASP3, C.PARP, LC3B, ACTB (loading 

control), nuclear NRF2, and LMNB1 (nuclear marker). (B,D,E) Densitometric analysis of 

immunoblots. qRT-PCR analysis for relative mRNA expression of Keap1 (C), Sqstm1 (F), 

Gsta1 (G), Hmox1 (H), Nqo1 (I). (J) TUNEL analysis of cells treated as in (A). Scale bar: 

100 μm. (K) Quantification of TUNEL-positive cells. (L) Cell viability was estimated using 

a Cell titer-Glo assay kit. Live cell numbers were expressed as absorbance at luminescence. 

(M) Reactive oxygen species (ROS) were determined using CM-H2DCFH-DA. The 

representative images are shown. Scale bar: 100 μm. (N) Quantification of relative DCF 

fluorescence. Data are presented as the mean ± SD from three independent experiments. *p 

< 0.05, **p < 0.01, and N.S., not significant. 
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10. ER stress-dependent activation of noncanonical KEAP1-NRF2 pathway 

protects mouse liver against lipotoxicity  

Lipogenesis-induced ER stress and SFA accumulation are increased in patients 

with  NASH 19,42. To induce physiological lipotoxic stress, I subjected mice to overnight 

fasting followed by refeeding with a high-carbohydrate, fat-free diet (R) 13,28. To investigate 

whether ER stress can activate the SQSTM1-dependent noncanonical KEAP1-NRF2 

pathway in this context, I subjected mice to fasting or 4-PBA (ER stress inhibitor) treatment 

before refeeding. I found that activation of SQSTM1-mediated noncanonical KEAP1-

NRF2 pathway was dependent on ER stress in mouse livers (Fig. 10A to 10G). Furthermore, 

the results showed that oxidative liver damage was decreased to a greater extent in 4-PBA-

treated mice compared to untreated mice, as measured by H&E staining (Fig. 10H), 

analysis of TUNEL assays and serum ALT levels (Fig. 10I and 10J). Moreover, 

physiological lipotoxic conditions increased triglyceride synthesis, which was 

accompanied by an increase in lipogenesis 28, followed by accumulation of ER stress 13,28. 

I found that ER stress was markedly inhibited in the livers of 4-PBA-treated mice (Fig. 

10K to 10N). I also observed that the phosphorylation of PERK is significantly increased 

in refed mice and downregulated in ER stress inhibited mice (Fig. 10K to 10L), compared 

with the levels of other UPR sensor including IRE1α and C.ATF6 (Fig. 10K). Taken 

together, these results suggested that SQSTM1-mediated noncanonical KEAP1-NRF2 

pathway was dependent on ER stress in response to physiological lipotoxic conditions, 

especially, PERK could be markedly involved in activation of this pathway.   
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Figure 10. ER stress-dependent activation of noncanonical KEAP1-NRF2 pathway 

protects mouse liver against lipotoxicity. C57BL/6J mice were maintained in a non-fasted 

state (NF) or fasted overnight and then refed a high-carbohydrate, fat-free diet (R) with 

vehicle or 4-phenylbutyric acid (PBA; 20 mg/kg). (A) Immunoblot analysis of liver tissues 

for p-SQSTM1(S351), SQSTM1, KEAP1, ACTB (loading control), nuclear NRF2, and 

LMNB1 (nuclear marker). (B, D) Densitometric analysis of immunoblots. qRT-PCR 

analysis of Keap1 (C), Gsta1 (E), Hmox1 (F), and Nqo1 (G) mRNA. (H) Liver sections 

from mice were stained using H&E. CV, central vein. Scale bar, 200 μm. (I) Images from 

TUNEL analysis of liver sections. Scale bar, 100 μm. (J) Serum alanine aminotransferase 

(ALT) levels were measured in the three groups of mice. Quantification of TUNEL-positive 

cells. (K) Immunoblot analysis of liver tissues for GRP78, p-PERK(T980), PERK, C.ATF6, 

p-IRE1α(S724), IRE1α, and ACTB (loading control). (L, M) Densitometric analysis of 

immunoblots. qRT-PCR analysis of Perk (L), Grp78 (M), Trib3, and Atf4 (N) mRNA. Data 

are presented relative to the corresponding value for non-fasted mice and are means ± 

standard errors for 5-6 mice per group. *p < 0.05, **p < 0.01, and N.S., not significant. 
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11. PERK prevents lipotoxicity through activation of ULK1-SQSTM1 axis-

mediated noncanonical KEAP1-NRF2 pathway in mouse liver 

To determine whether PERK has a hepatoprotective role via activation of ULK1-

SQSTM1 axis-mediated noncanonical KEAP1-NRF2 pathway under physiological 

lipotoxic conditions, I used tail vein injections with PERK siRNA in mice and subjected 

mice to fasting followed by refeeding with a high-carbohydrate, fat-free diet (R) which 

could cause physiological lipotoxic stress 13,28. I observed that SQSTM1 phosphorylation 

and ULK1 phosphorylation-mediated autophagic KEAP1 degradation was markedly 

blocked in PERK-depleted mice, resulting in inhibition of NRF2 activation in physiological 

lipotoxic conditions (Fig. 11A to 11I). Regarding physiological relevance of this pathway 

concerning lipotoxicity, I examined the PERK-SQSTM1-AMPK complex from subjected 

liver lysates to co-IP analysis. Consistent with in vitro findings, PERK-SQSTM1-AMPK 

complex were strongly interacted in response to physiological lipotoxic stress, and these 

bindings are markedly decreased in PERK knockdown mice (Fig. 11J and 11K). These 

results identify that PERK has a crucial role in facilitating interactions between ULK1 and 

SQSTM1 in vivo. Moreover, I observed that liver injury was exaggerated in PERK-depleted 

mice under lipotoxic conditions, as determined by H&E staining (Fig. 11L), serum ALT 

levels (Fig. 11M), and TUNEL assays (Fig. 11N and 11O). Taken together, these results 

demonstrate that PERK protects the mouse liver against lipotoxicity through activation of 

ULK1-SQSTM1 axis-mediated noncanonical KEAP1-NRF2 pathway. 
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Figure 11. PERK prevents lipotoxicity through activation of ULK1-SQSTM1 axis-

mediated noncanonical KEAP1-NRF2 pathway in mouse liver. C57BL/6J mice 

administered PERK siRNA through tail vein injection were maintained in a non-fasted state 

(NF) or fasted overnight and then refed a high-carbohydrate, fat-free diet (R). (A) 

Immunoblot analysis of liver tissues with antibodies against p-PERK(T980), PERK, p-

SQSTM1(S351), SQSTM1, p-ULK1(S317), ULK1, KEAP1, LC3B, ACTB (loading 

control), nuclear NRF2, and LMNB1 (nuclear marker). (B, D-F) Densitometric analysis of 

immunoblots. qRT-PCR analysis of Keap1 (C), Gsta1 (G), Hmox1 (H), Nqo1 (I) mRNA. 

(J) Lysates from liver tissues were subjected to immunoprecipitation with antibodies 

against AMPK, and the resulting IPs and WCLs were subjected to immunoblot analysis 

with antibodies against SQSTM1, ULK1, AMPK, and PERK. (K) Densitometric analysis 

of immunoblots. (L) Liver sections of mice were stained using H&E. CV, central vein. 

Scale bar: 200 μm. (M) Serum alanine aminotransferase (ALT) levels were measured in 

mice. (N) Images from TUNEL analysis of liver sections from mice. Scale bar: 200 μm. 

(O) Quantitative analysis of TUNEL-positive cells. Data are presented relative to the 

corresponding value for non-fasted mice and are means ± standard errors for 3-4 mice per 

group. *p < 0.05, **p < 0.01, and N.S., not significant. 
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12. Activation of PERK-ULK1-SQSTM1 axis-mediated noncanonical KEAP1-

NRF2 pathway in human patients with nonalcoholic fatty liver disease 

To identify the clinical significance of my proposed mechanism, I performed a series 

of experiments using the livers of NAFLD patients. I examined whether the PERK-ULK1-

SQSTM1 axis-mediated noncanonical KEAP1-NRF2 pathway is activated in patients with 

NAFLD. In the livers of NAFLD patients, increased PERK phosphorylation can induce 

SQSTM1 and its phosphorylation compared to that in normal individuals. Also, that can 

phosphorylate ULK1, followed by inducing autophagic KEAP1 degradation and NRF2 

activation, with the increase of LC3B-II levels. Indeed, I investigated whether oxidative 

liver injury was increased in patients with NAFLD. Results showed that oxidative stress-

induced liver injury accompanied by an increase in lipogenesis- and ER stress-target genes 

were upregulated in patients with NAFLD, as compared to that in normal patients (Fig. 12I 

and 12J, and 12M to 12P), based on H&E staining (Fig. 12K) and TUNEL analysis (Fig. 

12L). Collectively, these findings provide important insights into the clinical significance 

of PERK-ULK1-SQSTM1 axis mediated KEAP1-NRF2 pathway in the livers of patients 

with NAFLD for preventing hepatic lipotoxicity.  
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Figure 12. Activation of PERK-ULK1-SQSTM1 axis-mediated noncanonical KEAP1-

NRF2 pathway in human patients with nonalcoholic fatty liver disease. (A) 

Immunoblotting for p-PERK(T980), PERK, p-SQSTM1(S351), SQSTM1, p-ULK1(S317), 

ULK1, KEAP1, LC3B, ACTB (loading control), nuclear NRF2, and LMNB1 (nuclear 

marker) from human liver samples. (B-E) Densitometric analysis of immunoblots. qRT-

PCR analysis for relative mRNA expression of SQSTM1 (B), KEAP1 (C), GSTA1 (F), 

HMOX1 (G), NQO1 (H), SREBF1 (I), and FASN (J). (K) Representative images of H&E 

staining. Scale bar: 200 μm. (L) TUNEL analysis of liver sections from patients with 

NAFLD. Scale bar: 200 μm. (M) Immunoblotting for GRP78 and ACTB (loading control) 

from human liver samples. (N) Densitometric analysis of immunoblot. qRT-PCR analysis 

for relative mRNA expression of ATF4 (O) and TRB3 (P). Data are means ± standard errors 

for 3 per group. *p < 0.05, **p < 0.01, #p = 0.1, and N.S., not significant. 
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IV. DISCUSSION 

 Nonalcoholic steatohepatitis (NASH) is the most common global chronic liver 

disease that is associated with metabolic syndrome. However, there is no effective 

pharmacological target for NASH. To uncover novel effective therapeutic strategies, 

studies have focused on cellular metabolism, lipotoxicity, the inflammatory response, and 

modulation of autophagic activity 10,15. Lipotoxicity, caused by saturated fatty acid (SFA)-

mediated cell death, represents a crucial aspect in NASH pathogenesis 3,4. Excessive SFA 

can interrupt triacylglycerol synthesis towards the induction of endoplasmic reticulum (ER) 

stress, which is further associated with generation of reactive oxygen species (ROS) 1, 

increased cytochrome P450 2E1 (CYP2E1) levels and impairment of mitochondrial 

membrane potential, thereby perturbation of Ca2+ homeostasis leads to oxidative stress-

mediated cell death 19.  

NRF2 (nuclear factor, erythroid 2 like 2) is a master transcription factor that 

mediates the induction of several cytoprotective genes in response to oxidative stress 5,8. 

KEAP1 (kelch like ECH associated protein 1), a cysteine-rich protein, inhibits NRF2 

activity through the ubiquitination of NRF2 by the CUL3-RBX1 E3 ligase complex 8. 

Under normal conditions, the kelch domains of the KEAP1 homodimer interact with NRF2 

through a low-affinity DLG motif (latch) or a high-affinity ETGE motif (hinge) located in 

the Neh2 domain of NRF2, which subsequently leads to its proteasomal degradation. Upon 

exposure to oxidative stress, KEAP1 is modified at one or more cysteine residues, thereby 

promoting its conformational change. KEAP1 impairs the structural integrity of the 
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interaction with the low-affinity DLG motif (latch) of NRF2, which can increase nuclear 

NRF2 for activation of antioxidant target genes; this represents the canonical pathway 6. 

However, this canonical NRF2 activation is unspecific activity, as different cysteine 

residues in many proteins could be also oxidized by canonical NRF2 activators, that 

produce to side effects which limit their utility 9. 

On the other hand, several recent studies have reported that NRF2 activation can 

be mediated by the noncanonical pathway. Previous study have reported that the p21 

cyclin-dependent kinase inhibitor competes with KEAP1 for binding to the DLG motif of 

NRF2, thereby suppressing NRF2 degradation 70. Other studies have shown that 

SQSTM1/p62, an autophagy receptor protein, can act as an endogenous NRF2 activator 

through competitively disrupting the KEAP1-NRF2 interaction 11-13. Furthermore, the 

phosphorylation of SQSTM1 at S351 regulates the noncanonical KEAP1-NFE2L2 

pathway positively 12,39,53. Recently, SQSTM1-dependent autophagic KEAP1 degradation 

was found to be important for the elimination of SFA-induced ROS accumulation through 

NRF2 activation 18.  

In part 1, I found that ULK1, known as an autophagy initiating kinase, protected 

cells from lipotoxicity through NRF2 activation. The underlying mechanism is that ULK1 

enhances the interaction between SQSTM1 and KEAP1, thereby activating NRF2, which 

leads to autophagic KEAP1 degradation.  

The accumulation of damaged mitochondria might contribute to the development 

of NASH 71,72. Mitophagy is the selective engulfment of damaged mitochondria by 
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autophagosomes 47, which leads to their degradation through mitochondrial quality control 

16. The PINK1-PRKN-mediated pathway is known as an essential mechanism that regulates 

mitophagy. When mitochondria are damaged by cellular stress, PINK1 accumulates on the 

outer membrane through a loss in mitochondrial potential and recruits cytosolic PRKN 73. 

 Several studies reported that ULK1 plays a more specific role in mitophagy. 

ULK1 ablation have results in defects in the autophagic removal of damaged mitochondria 

in vivo during erythroid maturation 17. It has been found that phosphorylation of ULK1 by 

AMPK is associated with cellular energy sensing mitophagy 55. More recently, ULK1 was 

found to directly interact with FUNDC1 (FUN14 domain containing 1), a receptor of 

mitophagy, which leads to the activation of mitophagy in response to hypoxia 50.   

My results showed that ULK1 activated mitophagy and eliminated damaged 

mitochondria by facilitating the formation of a PINK1-SQSTM1 complex in response to 

lipotoxicity, dependent on PINK-PRKN-mediated pathway. Furthermore, several studies 

have reported that AMPK-ULK1 axis induces autophagy under nutrient starvation and 

hypoxia 44,74,75. Consistent with these reports, I found that PA-mediated AMPK activation 

induced ULK1 phosphorylation, thereby leading to autophagic KEAP1 degradation-

mediated NFE2L2 activation and mitophagy. These results imply that ULK1 might be 

represent a potential therapeutic target for NASH 29. 

In part 2, I demonstrated that induction of SQSTM1 facilitates autophagy 

activation through the phosphorylation of ULK1, which is followed by KEAP1 degradation 

in response to lipotoxic stress. Consistent with my observation, a recent study reported that 
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increased SQSTM1 expression could activate autophagy 54. Moreover, the formation of 

autophagosomes via self-oligomerization required SQSTM1 mediated by its PB1 domain 

76. Furthermore, my results showed that SQSTM1 increases the formation of 

autophagosomes (AP) and autolysosomes (AL) through activation of the AMPK-ULK1 

axis by facilitating the enhancement of interaction between AMPK and ULK1 in response 

to lipotoxicity.  

However, SQSTM1 could negatively regulate autophagy through activation of 

MTORC1 (mammalian target of rapamycin complex 1) under nutrient starvation 77,78. 

Conversely, autophagy activation caused by SFA is independent of MTORC1 79. 

Accordingly, I suggest that the induction of SQSTM1 activates MTORC1-independent 

autophagy in response to lipotoxicity. Collectively, SQSTM1 inhibits the activation of 

autophagy under nutrient starvation conditions. 

On the other hand, it could facilitate the activation of autophagy under lipotoxic 

stress. These phenomena reveal that multiple mechanisms regulate SQSTM1-mediated 

autophagy under various conditions. Based on these findings, I suggest the implication of 

SQSTM1-mediated autophagy activation in pathophysiological lipotoxicity. Therefore, 

SQSTM1 is an effective target for the treatment of NASH, which may be accompanied 

by the suppression of autophagy. Here, I found that SQSTM1 acts as an autophagy 

receptor protein and can activate the initiation of this process. These findings suggest that 

the SQSTM1 has dual hepatoprotective roles against NASH progression. 

Moreover, I found that the upregulation of SQSTM1 is accompanied by KEAP1 
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degradation, resulting in NRF2 activation in physiological lipotoxic conditions, subjected 

mice to fasting and refeeding with a high-carbohydrate diet. Additionally, I found that 

hepatic SQSTM1 activates autophagy through the activation of ULK1 in the livers of GFP-

LC3B transgenic mice. Furthermore, I demonstrate that SQSTM1 has a hepatoprotective 

role against physiological lipotoxic stress through activation of the ULK1-KEAP1-NRF2 

pathway in mouse livers. Indeed, I observed that the SQSTM1-dependent noncanonical 

KEAP1-NRF2 pathway is activated and can rescue Sqstm1 deletions, which protect mouse 

livers from lipotoxic stress in both conventional sqstm1- and liver-specific sqstm1-

knockout mice. Together, SQSTM1 promotes activation of the noncanonical KEAP1-

NRF2 pathway and autophagy, therefore, a promising target for the treatment of NASH. 

 In part 3, I found that ULK1-SQSTM1 axis-mediated noncanonical KEAP1-

NRF2 pathway is activated by PERK in response to lipotoxicity. Recent studies have 

reported that autophagy is impaired in livers from both patients and mouse models of 

NAFLD, and is linked to elevated ER stress. 80,81. ER stress is one manifestation of SFA-

induced lipotoxicity and contributes to the pathogenesis of NASH 71,72,80. Recent study 

showed that ER stress inhibitor, chemical chaperone 4-phenyl butyric acid (4-PBA), 

reduced hepatocellular lipid accumulation and lipotoxicity in SFA-exposed Huh7 cells 

through induction of autophagy 82. 

ER stress activates the cellular adaptive unfolded protein response (UPR) 

pathway by activating the UPR transmembrane sensors including PERK (pancreatic 

endoplasmic reticulum kinase), ATF6 (activating transcription factor 6) and IRE1α 
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(inositol-requiring enzyme 1α) 62. Especially, PERK-mediated induction of ATF4, which 

can promote the expression level of autophagy-related genes, that needed for the 

formation of autophagosome, results in autophagy activation 83-86. Furthermore, PERK 

can directly phosphorylate NRF2, thereby has essential function for cell survival 

following exposure of cells to ER stress 87. Recent study suggested that autophagy related 

protein ATG5 (autophagy related 5) enhanced autophagy and inhibited ER stress in 

chondrocyte through activating PERK-NRF2 signaling 84. However, the precise 

mechanism of autophagy regulation involvement with UPR in response to lipotoxicity 

has not been elucidated.  

Here, I identified that PERK, a vital UPR sensor, activates autophagy pathway 

through direct phosphorylation of ULK1 at S317, which is involved in the initiation of 

autophagy 43,44. This PERK-mediated ULK1 phosphorylation can induce autophagic 

KEAP1 degradation and NRF2 activation, that can ameliorate SFA-induced cell death in 

response to lipotoxicity. Also, I found that PERK enhance autophagic flux through 

activation of ULK1 by direct its phosphorylation at S317 in response to lipotoxicity.  

Previously, I reported that AMPK-mediated phosphorylation of SQSTM1 at 

S351 protected liver cells from SFA-induced lipotoxicity through SQSTM1-dependent 

NRF2 activation 39. There are several protein kinases including Transforming growth 

factor β‐activated kinase 1 (TAK1) and MTORC1 that can phosphorylate SQSTM1 

(S351) and this enhances the KIR‐mediated binding of SQSTM1 to KEAP1, thereby 

augmenting strongly NRF2 activation 12,88. In this study, I found that PERK mediates 
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phosphorylation (S351) of SQSTM1 as a direct kinase protein, resulting in activation of 

the SQSTM1-mediated noncanonical KEAP1-NRF2 pathway in response to lipotoxicity. 

Altogether, I completely clarified the underlying molecular mechanism on activation of 

SQSTM1-KEAP1-NFE2L2 pathway in response to lipotoxicity via demonstration of 

direct activation of the SQSTM1-ULK1 axis by PERK.  

Furthermore, I provided important insights into the clinical significance of the 

activation of PERK-ULK1-SQSTM1 axis-mediated noncanonical KEAP1-NRF2 

pathway in the livers of human patients with NAFLD (Figure 12 in part 3). Therefore, 

this mechanism might represent promising therapeutic strategy for the treatment of 

NASH.  
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V. CONCLUSION  

 

 Here, I demonstrate the role of novel target proteins, ULK1 in part 1, SQSTM1 

in part 2, PERK in part 3, for preventing hepatic lipotoxicity with its underlying 

molecular mechanism and is, therefore, promising therapeutic target for the treatment of 

NASH (summarized in Figure 13 indicated below). Since there are no approved drugs 

for NASH treatment, warranting urgent efforts toward the development of effective 

therapeutic strategies against lipotoxicity through the modulation of autophagy activation 

and nuclear transcription factors 10,15. Accordingly, there are my studies focus on drug 

repositioning which has advantages for drug developments, as well as offering safer 

alternative medicines for patients 89.  

I revealed that Ezetimibe, a drug approved by the Food and Drug Administration 

(FDA) for the treatment of hypercholesterolemia 90,91, is a promising drug candidate for 

the treatment of NASH. I found that Ezetimibe promotes phosphorylation of SQSTM1 

(S351) through AMPK, thereby upregulates NRF2 activity, leading to induction of 

antioxidant genes in response to lipotoxicity. Further, I identified a role for Ezetimibe as 

a potent activator of KEAP1-NRF2 pathway, by used NASH model to demonstrate that 

Ezetimibe is important for protecting mice from oxidative liver injury 39. In addition, I 

found that the calcium antagonist Verapamil, FDA-approved drug prescribed for the 

treatment of hypertension 92,93, acts as a potent NRF2 activator through SQSTM1-

dependent autophagic KEAP1 degradation. I revealed that Verapamil protects cells from 

acetaminophen-induced hepatotoxicity through activation of KEAP1-NRF2 pathway 94.  
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  Taken together, these findings provide promising FDA-approved drug 

candidates for the treatment of NASH via positively regulate my proposed underlying 

molecular mechanisms for preventing hepatic lipotoxicity.   

 

 

Figure 13. Underlying molecular mechanisms in PERK-ULK1-SQSTM1 axis-

mediated noncanonical KEAP1-NRF2 pathway for preventing hepatic lipotoxicity. 

The newly revealed pathways are marked with red arrows. See the Discussion for details. 
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ABSTRACT (IN KOREAN) 

 

간 내 지방 독성을 억제하는 새로운 표적 단백질 발굴 및 작용 기전 연구   

 

 

< 지도교수 배수한 > 

 

 

연세대학교 대학원 의과학과 

 

 

이 다 현 

 

 

과량의 지방 축적으로부터 유발되는 활성산소에 의한 간세포 사멸은 

비알코올성 지방간염의 주요 발병 원인이다. 비알코올성 지방간염은 염증 

반응이 지속될 경우 간 경변증이나 간암으로 진행될 수 있기 때문에 예방 및 

치료가 필요하다. 하지만, 현재까지 비알코올성 지방간염 특이적인 치료제가 

없기 때문에, 비알코올성 지방간염의 치료를 위한 새로운 표적 단백질 및 

치료제 개발 연구가 중요하다. 

정상간에서 비알코올성 지방간염으로의 진행과정은 ‘2-Hit model’로 설명 

할 수 있다. 먼저 과량의 지방이 축적되어 비알코올성 지방간이 형성된다 

(1st Hit). 이로 인해 손상된 미토콘드리아가 축적되고, 활성산소의 발생과 

소포체 스트레스 (ER Stress) 및 염증 반응을 유도하여 비알코올성 

지방간염으로의 진행을 촉진시키는 것으로 알려져 있다 (2nd Hit). 또한, 

비알코올성 지방간염에서는 오토파지 (Autophagy) 활성이 저해되어 있는 

특징을 갖고 있다. 
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오토파지는 축적되는 지방과 손상된 미토콘드리아의 제거를 위해 

중요하고, 세포 내에서 축적된 활성산소는 KEAP1-NRF2 pathway가 

활성화되어 항산화 유전자들의 발현을 증가시켜 억제한다고 알려져 있다. 

특히, NRF2의 활성제는 비알코올성 지방간염 치료제 개발 연구에 이용되고 

있다. 따라서, NRF2를 활성화시켜서 세포 내에서 축적된 활성산소를 억제할 

수 있고, 지방의 축적과 손상된 미토콘드리아를 제거하기 위해 오토파지를 

활성화시킬 수 있는 단백질이 있다면 비알코올성 지방간염 치료에 효과적인 

표적 단백질이 될 것이라 예상하여 연구하였다.  

본 연구 1부에서, 오토파지 개시 단백질로 알려진 ULK1이 선택적 

오토파지 수용체로 알려진 SQSTM1과 결합을 통해서, KEAP1 단백질을 분해 

시킴을 밝혔다. 그 결과로 증가된 NRF2의 활성이 간세포내 산화적 

스트레스를 감소시켰다. 또한 ULK1이 손상된 미토콘드리아를 선택적으로 

제거할 수 있는 마이토파지 (Mitophagy) 를 활성화시킴으로써 손상된 

미토콘드리아로부터 과다 생산되는 활성산소를 제거한다는 사실을 발견하였다. 

이는 ULK1이 손상된 미토콘드리아의 제거 반응에 관여하는 PINK1단백질과 

SQSTM1의 결합을 강화하여 가능했다. 이러한 ULK1의 두 가지 역할을 

통해서 비알코올성 지방간염 형성 과정에서 생기게 되는 산화적 간 손상을 

억제할 수 있음을 분자적 조절 기전과 함께 규명하였다.  

본 연구 2부에서, 비알코올성 지방간염에 특이적으로 증가되어 있어 

병리학적인 진단 마커로 알려진 SQSTM1이 비알코올성 지방간염을 완화시킬 

수 있는 작용 기전에 대해 규명하였다. 이는 SQSTM1이 AMPK-ULK1의 

결합을 더 강화 시킴으로써, ULK1의 인산화를 증가시켜서 오토파지를 

활성화를 가능하게 했다. 결과적으로 오토파지를 통한 KEAP1 분해와 NRF2 

활성을 증가시켜서 비알코올성 지방간염 발생과정에서 축적되어 있는 
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활성산소를 제거시키는 것에 대한 구체적인 분자적 조절 기전을 규명하였다. 

또한, 오토파지의 관여를 판단할 수 있는 녹색 형광 (GFP) 마우스, SQSTM1 

유전자 결핍 마우스와, 간 특이적으로 SQSTM1 유전자가 결핍된 마우스를 

이용한 다양한 동물실험을 통해 타당성을 함께 제시하였다.  

본 연구 3부에서, 소포체 스트레스 상황에서 미접힘단백질 반응 

(Unfolded Protein Response, UPR)의 센서로 알려진 PERK가 ULK1-

SQSTM1 axis를 직접적으로 조절하여 KEAP1-NRF2 pathway를 

활성화시킴으로써 산화적 스트레스에 의한 간세포사멸로부터 세포를 보호할 

수 있음을 규명하였다. 이에 대한 분자적 기전으로, PERK가 인산화효소로써 

직접적으로 SQSTM1을 인산화 할 뿐 아니라, SQSTM1과 AMPK의 결합을 

강화하여 간접적으로도 SQSTM1을 인산화 시키는 것을 밝혔다. 게다가, 

PERK가 ULK1의 인산화를 직간접적으로 증가시켜서 이를 통해 오토파지를 

활성화 시킬 수 있음을 규명하였다.  

위의 결과들을 통해 밝힌 PERK-ULK1-SQSTM1 axis에 의해 매개되는 

KEAP1-NRF2 pathway가 실제 비알코올성 지방간 질환 환자의 간에서도 

활성화되어 있음을 관찰하였다. 이는 제시한 위 기전이 비알코올성 

지방간염에서 발생하는 지방 독성에 의한 간세포사멸을 완화 시킬 수 있는 

기전으로서 임상적으로도 중요하게 작용하고 있음을 보여준다. 종합적으로 

ULK1, SQSTM1, 그리고 PERK 단백질이 비알코올성 지방간염 치료를 위한 

효과적인 표적 단백질이 될 수 있다는 것을 밝혔다.  

 

 

핵심되는 말: 비알코올성 지방간염, 지방 독성, 오토파지, 활성산소, KEAP1-

NRF2 pathway, ULK1, SQSTM1/p62, PERK 
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