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ABSTRACT
Saturated fatty acid (SFA)-induced lipotoxicity is caused by the accumulation of reactive oxygen species
(ROS), which is associated with damagedmitochondria. Moreover, lipotoxicity is crucial for the progression
of nonalcoholic steatohepatitis (NASH). Autophagy is required for the clearance of protein aggregates or
damaged mitochondria to maintain cellular metabolic homeostasis. The NFE2L2/NRF2 (nuclear factor,
erythroid 2 like 2)-KEAP1 (kelch like ECH associated protein 1) pathway is essential for the elimination of
ROS. ULK1 (unc-51 like autophagy activating kinase 1; yeast Atg1) is involved in the initiation of autop-
hagy; however, its role in lipotoxicity-induced cell death in hepatocytes and mouse liver has not been
elucidated. We now show that ULK1 potentiates the interaction between KEAP1 and the autophagy
adaptor protein SQSTM1/p62, thereby mediating NFE2L2 activation in a manner requiring SQSTM1-
dependent autophagic KEAP1 degradation. Furthermore, ULK1 is required for the autophagic removal
of damaged mitochondria and to enhance binding between SQSTM1 and PINK1 (PTEN induced kinase 1).
This study demonstrates the molecular mechanisms underlying the cytoprotective role of ULK1 against
lipotoxicity. Thus, ULK1 could represent a potential therapeutic target for the treatment of NASH.

Abbreviations: ACTB: actin beta; CM-H2DCFDA:5-(and-6)-chloromethyl-2ʹ,7ʹ-dichlorodihydrofluorescein
diacetate; CQ: chloroquine; CUL3: cullin 3; DMSO: dimethyl sulfoxide; GSTA1: glutathione S-transferase
A1; HA: hemagglutinin; Hepa1c1c7: mouse hepatoma cells; HMOX1/HO-1: heme oxygenase 1; KEAP1:
kelch like ECH associated protein 1; LPS: lipopolysaccharides; MAP1LC3/LC3: microtubule-associated
protein 1 light chain 3; MAPK8/JNK: mitogen-activated protein kinase 8; MEF: mouse embryonic
fibroblast; MFN1: mitofusin 1; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NASH:
nonalcoholic steatohepatitis; NFE2L2/NRF2: nuclear factor, erythroid 2 like 2; NQO1: NAD(P)H quinone
dehydrogenase 1; PA: palmitic acid; PARP: poly (ADP-ribose) polymerase 1; PINK1: PTEN induced kinase
1; PRKAA1/2: protein kinase AMP-activated catalytic subunits alpha1/2; PRKN/PARK2: parkin RBR E3
ubiquitin protein ligase; PRKC/PKC: protein kinase C; RBX1: ring-box 1; ROS: reactive oxygen species;
SFA: saturated fatty acid; siRNA: small interfering RNA; SQSTM1/p62: sequestosome 1; TOMM20: translo-
case of outer mitochondrial membrane 20; TUBA: tubulin alpha; TUNEL: terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling; ULK1: unc-51 like autophagy activating kinase 1
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a global health
problem and an important risk factor for metabolic diseases
including hepatic- and cardio-metabolic [1]. NAFLD comprises
a spectrum of diseases ranging from simple steatosis to nonalco-
holic steatohepatitis (NASH) with inflammation and fibrosis [2].
The pathogenesis of NASH can be explained by the ‘two-hit’
theory [2,3], 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 apoptosis, which repre-
sents a key pathogenic feature of NASH [4,5].

The NFE2L2/NRF2 (nuclear factor, erythroid 2 like 2)-
KEAP1 (kelch like ECH associated protein 1) pathway is
essential for cytoprotection against oxidative stress [6–8].
Under normal conditions, KEAP1 acts as a suppressor of
NFE2L2 activation through direct binding to the NFE2L2-
CUL3-RBX1 complex, which leads to NFE2L2 degradation
[6,7,9,10]. However, oxidative stress modifies cysteine resi-
dues of KEAP1, which disrupts the interaction with
NFE2L2. Consequently, an increase in nuclear NFE2L2 acti-
vates the transcription of its target genes including NQO1
(NAD[P]H quinone dehydrogenase 1), HMOX1/HO-1
(heme oxygenase 1), and GSTA1 (glutathione S-transferase
alpha 1) [7]. SQSTM1/p62 is known as an autophagy receptor
protein that can activate the NFE2L2-KEAP1 pathway
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through specific binding to KEAP1, which results in the
stabilization of NFE2L2 [9,11]. Further, a previous study has
shown that the SQSTM1-NFE2L2-KEAP1 pathway can pro-
tect cells against lipotoxicity [12].

Autophagy is the process wherein the cytoplasmic com-
ponents within lysosomes are degraded to maintain essen-
tial metabolic activity and cell viability in response to
nutrient limitation [13]. It contributes to basic liver func-
tion through the quality control of organelles and cytosolic
proteins in hepatocytes [14]. Moreover, mitochondria are
multifunctional organelles that are essential for cellular
ATP production, cellular metabolic activities, reactive oxy-
gen species (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 [15].

ULK1 (unc-51 like autophagy activating kinase 1) is an
autophagy initiation factor that can regulate mitochondrial
homeostasis [16]. However, its role in lipotoxicity remains
unknown. Here, we now demonstrate that ULK1 protects
cells from palmitic acid (PA)-induced lipotoxicity through
autophagic KEAP1 degradation and resulting NFE2L2 activa-
tion, and through the removal of damaged mitochondria. We
also provide the molecular mechanism underlying the cyto-
protective role of ULK1 against lipotoxicity.

Results

ULK1 protects cells from lipotoxicity

The SFA, palmitic acid (PA) is the most abundant fatty acid in
human plasma [17], and leads to oxidative stress-mediated
cell death [18,19], which is known as lipotoxicity. To examine
whether ULK1 protects cells against lipotoxicity, we treated
Ulk1 WT or ulk1 KO mouse embryonic fibroblast (MEF) cells
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 (Figure 1(a)) and TUNEL analysis (Figure 1(d,f)).
To determine whether PA-mediated cell death occurs through
the apoptotic pathway, we measured the expression levels of
cleaved forms of PARP and CASP3 by immunoblot analysis.
Levels of these proteins were markedly increased in ulk1 KO
MEF cells (Figure 1(b)). In addition, CASP3 activity was
higher in the same cells (Figure 1(c)). We found that ROS
levels were increased by approximately 3-fold in ulk1 KO
MEF cells with PA treatment compared with Ulk1 WT MEF
cells (Figure 1(e,g)). We also examined whether ULK1 pro-
tects cells against cytokine-mediated cell death. Several studies
have reported that cytokines such as TNF, as well as lipopo-
lysaccharides (LPS) and TGFB1-mediated ROS generation
triggers cell death [20–22]. To examine the regulation of
ROS by ULK1, we treated Ulk1 WT or ulk1 KO cells with
TNF, LPS, and TGFB1. We observed that cytokine-mediated
ROS increased cell death in ulk1 KO cells. These results
indicated that ULK1 had cytoprotective roles against various
stimulants besides PA (Figure S1–S3). Taken together, these
results demonstrate that ULK1 protects cells against lipotoxi-
city through the elimination of ROS.

ULK1 is required for KEAP1 degradation and NFE2L2
activation

NFE2L2/NRF2 is a master transcription factor that regulates
antioxidant target genes including Nqo1, Hmox1, Gsta1, and
Srxn1 [6,9]. To examine whether ULK1 induces NFE2L2 acti-
vation, we treated Ulk1WT or ulk1 KOMEF cells with PA. We
found that ULK1 activated NFE2L2 target genes by increasing
nuclear NFE2L2 levels (Figure 2(a–d)). KEAP1 is known to
suppress NFE2L2 activity [6]. To investigate whether ULK1
regulates the NFE2L2-KEAP1 pathway, and we found that
ULK1 ablation blocked KEAP1 degradation, whereas the
Keap1 mRNA levels remained unaffected (Figure 2(e,f)).
Recent studies have reported that the phosphorylation of
ULK1 at S317 is involved in the initiation of autophagy
[23,24]. Consistent with these reports, we 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 (Figure 2(e,g)).
Collectively, these results suggest that ULK1 promotes KEAP1
degradation by activating autophagy, thereby leading to
NFE2L2 activation in response to lipotoxicity.

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 [25]. To
understand the underlying mechanism of ULK1 activation by
AMPK in response to PA, we treated Prkaa1/2WT or prkaa1/2
KO MEF cells with PA for the indicated times. We showed that
the PA-induced phosphorylation of ULK1 at S317 was partially
inhibited in prkaa1/2 KO MEF cells (Figure 3(a–c)) and in cells
treated with compound C, a pan inhibitor of AMPK (Figure 3
(d–f)). These results showed that the phosphorylation of ULK1,
in response to PA, was dependent on AMPK. To further verify
whether phosphorylation of ULK1 at S317might regulate autop-
hagic KEAP1 degradation, we 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 degrada-
tion was predominantly blocked with the cells transfected with
the phosphorylation-defective ULK1S317A (Figure 3(g–i)).
Together, these results show that AMPK-mediated phosphory-
lation of ULK1 is required for autophagic KEAP1 degradation.

PA-induced ULK1 degradation is mediated by
SQSTM1-dependent autophagy

Based on a previous report, ULK1 can be degraded in
response to starvation [26]; consistently, we observed that
ULK1 was degraded in the presence of PA (Figure 2(e)). To
examine if PA-induced ULK1 downregulation is mediated
by either proteasomal or autophagic degradation,
Hepa1c1c7 cells were treated with the proteasome inhibitor
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MG132 or the autophagy inhibitor chloroquine (CQ). PA-
induced ULK1 degradation was partially inhibited by CQ
(Figure S4). These results suggested that ULK1 was
degraded by autophagic mechanisms in response to PA.

We further examined whether degradation of ULK1 is
dependent on autophagy; for this, autophagy-defective
cells including atg5 KO or sqstm1 KO MEF cells were
treated with PA. We showed that PA-induced ULK1

Figure 1. ULK1 protects cells against PA-induced cell death. (a) Ulk1 WT or ulk1 KO MEF cells 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 MEF cells 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 MEF cells 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.
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degradation was inhibited with atg5 KO (Figure 4(a,b)) and
sqstm1 KO (Figure 4(c,d)) MEF cells, whereas Ulk1 mRNA
levels were not altered (Figure 4(b,d)). Furthermore, we
showed that exogenous ULK1 was degraded by PA in time-
dependent manner (Figure S5). Consistent with previous
report [27], we also observed that expression of SQSTM1
was increased in autophagic deficient cells (Figure 4(a)).

Taken together, these results suggest that ULK1 is degraded
by SQSTM1-dependent autophagic mechanisms.

To verify whether ULK1 protects cells against lipotoxicity
in SQSTM1- or autophagy-dependent manner, we treated
Atg5 WT or atg5 KO and Sqstm1 WT or sqstm1 KO MEF
cells with PA. Results showed that PA-induced cell death was
markedly increased in atg5 KO and sqstm1 KO MEF cells

Figure 2. ULK1 is required for KEAP1 degradation and NFE2L2 activation in PA-treated cells. (a) Ulk1 WT or ulk1 KO MEF cells expressing MYC-NFE2L2 were treated
with BSA or PA (500 μM) for 18 h 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 MEF cells were treated with PA (500 μM) for indicated times and subjected to immunoblot analysis with antibodies
specific for NFE2L2 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 (f) and Ulk1 (g) mRNA. (e) Immunoblot analysis of KEAP1, p-ULK1(S317), ULK1, and ACTB (loading control) in Ulk1 WT or ulk1 KO MEF cells after treatment
with PA (500 μM) for the indicated times. Densitometric analysis of KEAP1 (f) and ULK1 (g) immunoblots. Data are mean ± SD from three independent experiments.
*p < 0.05 and **p < 0.01. N.S, not significant.
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compared to that in wild-type cells. Furthermore, we trans-
fected Atg5 WT or atg5 KO and Sqstm1 WT or sqstm1 KO
MEF cells with F-ULK1 and treated them with PA. We also
observed that overexpression of ULK1 restored cell death in
wild-type cells, but was not altered in atg5 and sqstm1 KO
MEF cells (Figures S6 and S7). Collectively, ULK1 protected
cells against lipotoxicity in SQSTM1 and autophagy depen-
dent manner.

ULK1 interacts with SQSTM1 and KEAP1

To investigate how ULK1 induces autophagic KEAP1 degra-
dation, we 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. We found that
M-SQSTM1 was efficiently co-immunoprecipitated with
F-ULK1 (Figure 5(a)) and that H-ULK1 was pulled down

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, AMPK, p-ULK1(S317), ULK1, and ACTB (loading control) in Prkaa WT or prkaa KO MEF cells after treatment with PA (500 μM) for the indicated times.
Densitometric analysis of p-AMPK:AMPK (b) and p-ULK1:ULK1 (c) immunoblots were also performed. (d) Immunoblot analysis of p-AMPK, AMPK, p-ULK1(S317), ULK1,
and ACTB (loading control) in Hepa1c1c7 cells after treatment with PA (500 μM) and compound C (C.C; 10 μM) for 18 h. Densitometric analysis of p-AMPK:AMPK (e)
and p-ULK1:ULK1 (f) immunoblots were also performed. (g) HEK293 cells 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. Densitometric analysis of KEAP1 (h) and SQSTM1 (i)
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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with F- KEAP1 (Figure 5(b)), whereas ULK1 was found to
bind SQSTM1 and KEAP1 without a specific domain (Figures
S8, 5(e,f)). To elucidate cellular localization, HEK293T 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 (Figure 5(c))
and M-SQSTM1 (Figure 5(d)). To explore whether ULK1
interacts with SQSTM1 and KEAP1, we 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 interac-
tions between KEAP1 and SQSTM1 were significantly
enhanced by F-ULK1 (Figure 5(g)). To further evaluate the
association between ULK1 and the SQSTM1-KEAP1 complex,
we examined these interactions in Ulk1 WT or ulk1 KO MEF
cells. We showed that the interactions between KEAP1 and
SQSTM1 were significantly diminished in ulk1 KO cells
(Figure 5(h)). We further observed that the endogenous
ULK1-KEAP1-SQSTM1 complex was strongly interacted
under lipotoxic conditions (Figure S9). These results indicated

that ULK1 had an essential role in enhancing KEAP1-
SQSTM1 binding.

ULK1 overexpression alleviates PA-induced cell death in
ulk1 KO cells

Based on our observations, we hypothesized that ULK1
prevented cells from lipotoxicity through NFE2L2 activa-
tion. To further verify its antioxidant role, ulk1 KO MEF
cells were transfected with F-ULK1 and treated with PA.
Overexpression of ULK1 restored cell viability following PA
exposure, compared to that in ulk1 KO MEF cells
(Figure 6(a)). Consistently, we observed that levels of apop-
totic cell death markers (Figure 6(b)) and TUNEL-positive
cell numbers were slightly decreased in the presence of
ULK1 (Figure 6(c,e)). This cytoprotective effect of ULK1
was also shown to be mediated by ROS elimination (Figure
6(d,e)). We next examined whether ULK1-induced KEAP1
degradation and NFE2L2 activation occur in the same cel-
lular context; we observed that ectopic expression of ULK1

Figure 4. PA-induced ULK1 degradation is mediated by SQSTM1-dependent autophagy. (a) Immunoblot analysis of ULK1, SQSTM1, LC3B, and ACTB (loading control)
in Atg5 WT or atg5 KO MEF cells after treatment with PA (500 μM) for the indicated times. (b) Densitometric analysis of ULK1 immunoblots was also performed. Total
mRNA isolated from cells was treated as described in (a) and subjected to qRT-PCR analysis for Ulk1 mRNA. (c) Immunoblot analysis of ULK1, SQSTM1, and ACTB
(loading control) in Sqstm1 WT or sqstm1 KO MEF cells after treatment with PA (500 μM) for the indicated times. (d) Densitometric analysis of ULK1 immunoblots was
also performed. Total mRNA isolated from cells was treated as described in (c) and subjected to qRT-PCR analysis for Ulk1 mRNA. Data are provided as the mean ± SD
from three independent experiments. **p < 0.01. N.S, not significant.
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induced NFE2L2 activation (Figure 6(f,g)) with further
KEAP1 degradation (Figure 6(b)). To test whether the
reinforcement of ULK1 prevents cell death against lipotoxi-
city through enhancing of autophagy, we examined that the
expression of LC3B-II and its level was increased in ULK1

overexpressed cells compared to that in ulk1 KO MEF cells
(Figure 6(b)). Taken together, these results suggest that
ULK1 defends against lipotoxicity-induced cell death
through activation of autophagy-mediated NFE2L2-KEAP1
pathway.

Figure 5. ULK1 interacts with 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 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 MEF cells 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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Figure 6. Overexpression of ULK1 alleviates PA-induced cell death in ulk1 KO cells. ulk1 KO MEF cells were transfected with vectors encoding FLAG-ULK1 and treated
with PA (500 μM) for 18 h. (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 MEF cells transfected with vectors encoding F-ULK1
and treated with PA (500 μM) for 18 h. (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. (e) Quantification of TUNEL analysis and DCF fluorescence. Total mRNA was isolated from cells treated as described in (a) and subjected to
qRT-PCR analysis for Gsta1, Srxn1 (f) and Hmox1, Nqo1 (g) mRNA expression. Data are shown as mean ± SD from 3 independent experiments. *p < 0.05 and
**p < 0.01.
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ULK1 protects cells from PA-mediated mitochondrial
damage

It has previously reported that mitochondrial dysfunction is
closely associated with NASH progression [2]. To examine
whether ULK1 removes lipotoxicity-induced damaged mito-
chondria, we treated Ulk1 WT or ulk1 KO MEF cells with PA,
and examined levels of mitochondrial damage. We observed
that Ulk1 ablation resulted in greater increase in PA-induced
damaged mitochondria (Figure 7(a,b)). Consistently, PA-
induced mitochondrial dysfunction was increased in ulk1 KO
cells, which was demonstrated by a decrease in membrane
potential (Figure 7(c,d)). In addition, we investigated whether
ULK1 affects PA-mediated mitochondrial ROS accumulation;

results showed that levels of mitochondrial ROS were increased
in ulk1KO cells (Figure 7(e,f)). These results suggest that ULK1
ameliorates lipotoxicity-induced mitochondrial damage and
attenuates mitochondrial ROS accumulation.

ULK1 is required for the PA-induced activation of
mitophagy

Mitophagy is an essential process for the degradation of damaged
mitochondria [15]. We investigated whether ULK1 regulates
mitochondrial quality control by activating mitophagy under
lipotoxic conditions. To examine whether PA activates mito-
phagy, we treated cells with PA for the indicated times, and

Figure 7. ULK1 protects cells form PA-induced mitochondrial damage. (a) Mitochondrial detection by electron microscopy (EM) in Ulk1 WT or ulk1 KO MEF cells after
treatment with PA (500 μM). Scale bar: 2 μm. (b) Quantitative analysis of damaged mitochondria. (c) TMRE fluorescence analysis of Ulk1 WT or ulk1KO MEF cells after
treatment with PA (500 μM) 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 MEF cells after treatment with PA (500 μM) 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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measured mitochondrial proteins. Results showed that mitochon-
drial proteins including MFN1 (mitofusin 1) and TOMM20
(translocase of outer mitochondrial membrane 20) were degraded
with this treatment (Figure 8(a)). In addition, colocalization of
TOMM20 and LC3B was increased in response to PA
(Figures 8(b) and S10(b)).We further observed that the formation
of mitophagosomes, a marker of mitophagy, was increased in PA-
treated cells (Figure S10(a)). We next examined whether ULK1 is

involved in PA-induced mitophagy inUlk1WT or ulk1 KOMEF
cells after PA treatment. We showed that degradation of mito-
chondrial proteins was significantly blocked (Figures 8(c) and S10
(c)) and that colocalization of TOMM20 and LC3B was largely
reduced in ulk1 KO MEF cells (Figure 8(d,g)). Furthermore, we
examined whether phosphorylation of ULK1 at S317 activates
PA-induced mitophagy. For this, we transfected HEK293 cells
with vectors encoding WT ULK1 or a phosphorylation defective

Figure 8. ULK1 is required for PA-induced mitophagy. (a) Immunoblot analysis of MFN1, TOMM20, and ACTB (loading control) in Hepa1c1c7 cells after treatment with
PA (500 μM) for the indicated times. (b) Confocal microscopy analysis of colocalization of TOMM20, and LC3B. (c) Immunoblot analysis of MFN1, TOMM20, and ACTB
(loading control) in Ulk1 WT or ulk1 KO MEF cells after treatment with PA (500 μM) for the indicated times. (d) Confocal microscopic analysis of colocalization of
TOMM20, and LC3B in Ulk1 WT or ulk1 KO MEF cells after treatment with PA (500 μM) for 18 h. Nuclei were also stained with DAPI, and representative single optical
sections and merge images are shown. Scale bars: 5 μm. (e) 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. (f) 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 (500 μM) for 18 h. Nuclei were also stained
with DAPI, and representative single optical sections and merge images are shown. Scale bars: 10 μm. (g,h) Quantitative analysis of colocalization of TOMM20 and
LC3B. Data are presented as mean ± SD from three independent experiments.
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mutant of ULK1S317A. Results showed that mitophagy was sig-
nificantly blocked in ULK1S317A transfected cells (Figures 8(e,f,h)
and S10(d)).

To further test whether ULK1-mediated mitophagy is depen-
dent on NFE2L2, we transfected Nfe2l2 WT or nfe2l2 KO MEF
cells with F-ULK1 under lipotoxic conditions. We observed that
lipotoxicity-induced mitophagy was significantly mediated by
NFE2L2. We showed that expression of Sqtsm1 was reduced in
nfe2l2 KO MEF cells. The plausible explanation of this result is
that SQSTM1 is known as NFE2L2 target gene [28]. Therefore,
this insufficient level of SQSTM1 attenuated the activation of
mitophagy. We showed that PA induced SQSTM1 accumula-
tion, thereby leading to SQSTM1-dependent mitophagy in lipo-
toxic conditions (Figure S11). Collectively, these results suggest
that ULK1 removes damaged mitochondria by activating mito-
phagy under lipotoxic conditions.

PTEN-induced putative kinase 1 (PINK1) interacts with
SQSTM1 and LC3B

Several studies have reported that mitophagy is dependent on
the PRKN/PARK2 (parkin RBR E3 ubiquitin protein ligase)-
PINK1 pathway in mammalian cells [29,30]. To elucidate the
factors that are involved in lipotoxicity-induced mitophagy,
we examined if the PINK1-PRKN pathway mediates the
response to PA. Results showed that PINK1 was stabilized in
mitochondria upon PA treatment (Figures 9(a,b) and S12(a)),
and that PINK1 interacted with LC3B, indicating the general
activation of autophagy (Figure 9(c)).

SQSTM1 is required for mitophagy activation [31,32]. To
explore whether PA-induced mitophagy is dependent on
SQSTM1, we treated Sqstm1 WT or sqstm1 KO MEF cells with
PA.We found that PA-mediated mitophagy was mainly blocked
in sqstm1 KO MEF cells, based on immunofluorescent and
confocal microscopy analysis (Figure 9(d,e)), along with the
degradation of mitochondrial proteins (Figure 9(f–h)).
Consistently, PINK1 was found to bind SQSTM1, even without
a specific binding domain (Figures 9(i) and S12(b)). We
observed that PA-induced mitophagy was mainly dependent
on SQSTM1. Taken together, SQSTM1 was required for lipo-
toxicity-inducedmitophagy through direct binding with PINK1.

ULK1 interacts with the PINK- SQSTM1 complex

Recent studies have reported that ULK1 translocates to mito-
chondria for the activation of mitophagy [33]. Consistently,
our results showed that ULK1 translocated to mitochondria in
response to PA (Figures 10(a,b) and S13(a)). To verify
whether ULK1 is involved in PA-induced PRKN recruitment,
we transfected YFP-PRKN expressing HeLa cells with ULK1
siRNA and treated them with PA. We found that PA-induced
PRKN translocation was dependent on ULK1 (Figure S14).
Consistent with these results, we observed that ULK1 inter-
acted with both PINK1 and LC3B (Figure 10(c,d)) and
enhanced the formation of a PINK1-SQSTM1 complex
(Figure 10(e)). Moreover, we found that the endogenous
SQSTM1-PINK1-ULK1 interaction was slightly inhibited in
ulk1 KO MEF cells (Figure 10(f)). Supporting these results, we
observed that ULK1 was colocalized with SQSTM1 (Figures

10(g) and S13(b)) and LC3B (Figures 10(h) and S13(c)) under
lipotoxic conditions. Taken together, our results indicate that
ULK1 acts as a positive regulator of PA-mediated mitophagy
by facilitating the formation of a PINK1-SQSTM1 complex.

Overexpression of ULK1 alleviates PA-induced mitophagy
in ulk1 KO cells

Our results showed that ULK1 positively regulated mitophagy
in response to lipotoxicity. To verify this role for ULK1, we
transfected ulk1 KO cells with F-ULK1 and performed PA
treatment. We observed that ectopic expression of ULK1
enhanced mitophagy stimulation in PA-treated cells com-
pared to that in control ulk1 KO MEF cells (Figures 11(a–d)
and S15(a)). Furthermore, to elucidate whether ULK1 inhibits
lipotoxicity-induced mitochondrial ROS accumulation, ulk1
KO cells were transfected with F-ULK1 and treated with PA.
We observed that ULK1 attenuated lipotoxicity-mediated
mitochondrial ROS accumulation (Figures 11(f) and S15(c))
and restored mitochondrial dysfunction (Figures 11(e) and
S15(b)). Furthermore, we observed that the number of PA-
induced damaged mitochondria was reduced in ULK1-
transfected cells (Figures 11(g) and S15(d)). Taken together,
our results indicate that ULK1 contributes to mitochondrial
quality control by activating mitophagy.

ULK1 has a hepatoprotective role against physiological
lipotoxic conditions

We 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
(Fa/R) as acute model [9,34]. In only Fa/R model, we
observed the induction of autophagic KEAP1 degradation
and mitophagy (Figure S16). To examine whether ULK1 has
a hepatoprotective role via activation of SQSTM1-KEAP1-
NFE2L2 axis and mitophagy under physiological lipotoxic
conditions, we used tail vein injections with Ulk1 siRNA in
B6 mice and subjected mice to Fa/R model. The depletion of
Ulk1 level was verified in mouse liver (Figure 12(a,b)). Results
showed that ULK1-mediated degradation of KEAP1, MFN1,
and TOMM20 were markedly blocked in Ulk1-depleted mice
(Figure 12(a–c)). Also we observed that liver injury was exag-
gerated in Ulk1-depleted liver under lipotoxic conditions, as
determined by H&E staining (Figure 12(d)), serum ALT levels
(Figure 12(e)), and TUNEL assays (Figure 12(f,g)). This
increase of liver injury might be resulted from downregulation
of NFE2L2 target genes in Ulk1-depleted liver (Figures 12(h,i)
and S17). Taken together, these results support that ULK1
protects liver from lipotoxicity through activation of
SQSTM1-KEAP1-NFE2L2 axis and mitophagy in mice.

Discussion

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
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novel effective therapeutic strategies, studies have focused on
cellular metabolism, lipotoxicity, the inflammatory response,
and modulation of autophagic activity [14,35]. NASH

progression is known to be triggered by lipotoxicity, during
which lipid overload leads to cell death caused by the accu-
mulation of oxidative stress and damaged mitochondria [4].

Figure 9. PINK1 interacts with SQSTM1 and LC3B. (a) Mitochondrial fractionation analysis was performed using Hepa1c1c7 cells after treatment with PA (500 μM) for the
indicated times, and samples were subjected to immunoblot analysis using antibodies specific for PINK1, MFN1, and TUBA (loading control). (b) Confocal microscopy analysis of
MitoRED and PINK1 staining in Hepa1c1c7 cells after treatment with PA (500 μM) for 18 h. 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 vectors encoding FLAG-PINK1 and MYC-LC3B were subjected to immunoprecipitation
with MYC antibodies, and the resulting precipitates (IPs), as well as whole cell lysates (WCLs), were subjected to immunoblot analysis with antibodies specific for the indicated
proteins. (d) Confocal microscopy analysis of colocalization of TOMM20 and LC3B in Sqstm1WT or sqstm1 KOMEF cells after treatment with PA (500 μM) for 18 h. (e) Quantitative
analysis of colocalization of TOMM20 and LC3B. Scale bars: 5 μm. (f) Immunoblot analysis of MFN1, TOMM20, SQSTM1, and ACTB (loading control) in Sqstm1WT or sqstm1 KO
MEF cells after treatment with PA (500 μM) for the indicated times. Densitometric analysis of MFN1 (g) and TOMM20 (h) immunoblots were also performed. (i) Lysates of HEK293
cells transfected with deletion constructs of M-SQSTM1 and F-PINK1 were subjected to immunoprecipitation with FLAG antibodies, and the resulting IPs and WCLs were
subjected to immunoblot analysis using antibodies specific for the indicated proteins. Data are shown as mean ± SD from 3 independent experiments. *p < 0.05 and **p < 0.01.
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Figure 10. 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 MitoSOX Red and ULK1 staining in Hepa1c1c7 cells after treatment with PA (500 μM) for 18 h. 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 using antibodies specific for the indicated proteins. (e) Lysates from HEK293
cells transfected with F-PINK, M-SQSTM1, and H-ULK1 were subjected to immunoprecipitation using MYC antibodies, and the resulting IPs and WCLs were subjected
to immunoblot analysis with antibodies specific for the indicated proteins. (f) Lysates from Ulk1 WT or ulk1 KO MEF cells were subjected to immunoprecipitation 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 in Hepa1c1c7 cells co-
transfected with vectors encoding M-LC3B and H-ULK1. Scale bar: 5 μm. Data are presented as the mean ± SD from three independent experiments.
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NFE2L2/NRF2 is a master transcription factor that mediates
the induction of several cytoprotective genes in response to
oxidative stress [6,7]. KEAP1 (kelch like ECH associated protein

1), a cysteine-rich protein, inhibits NFE2L2 activity through the
ubiquitination of NFE2L2 by the CUL3-RBX1 E3 ligase complex
[7]. Under normal conditions, the kelch domains of the KEAP1

Figure 11. Overexpression of ULK1 increases PA-induced mitophagy and alleviates mitochondrial damage. (a) Immunoblot analysis of MFN1, TOMM20, ULK1, and ACTB
(loading control) in ulk1 KOMEF cells transfected with vectors encoding FLAG-ULK1 and treated with PA (500 μM) for 18 h. Densitometric analysis of MFN1 (b) and TOMM20
(c) immunoblots was performed. (d) Confocal microscopy analysis of TOMM20 and LC3B colocalization in ulk1 KO MEF cells transfected with vectors encoding F-ULK1 after
treatment with PA (500 μM) for 18 h. Nuclei were also stained with DAPI, and representative single optical sections andmerge 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 (500 μM). Scale bars: 20 μm. (f) Fluorescence analysis of
mitochondrial ROS in ulk1 KOMEF cells transfected with vectors encoding F-ULK1 after treatment with PA (500 μM), using MitoTracker Green (MitoGreen) and MitoSOX Red
staining. Scale bar: 10 μm. (g) Mitochondrial detection using electron microscopy (EM) in ulk1 KO MEF cells transfected with vectors encoding F-ULK1 and treated with PA
(500 μM) for 18 h. Scale bar: 2 μm. Data are shown as mean ± SD from three independent experiments. *p < 0.05.
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Figure 12. ULK1 is required for hepatoprotection against lipotoxicity via activation of the SQSTM1-NFE2L2-KEAP1 pathway and mitophagy. B6 mice were maintained
in a non-fasted state (NFa) or fasted overnight and then refed a high-carbohydrate, fat-free diet (Fa/R). (a) Immunoblot analysis of liver tissues with antibodies
against KEAP1, p-ULK1, 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) Serum alanine aminotransferase (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, Nqo1, (h) Hmox1, and Gsta1 (i) mRNA. Data are means ± standard errors for eight or nine
mice per group. *p < 0.05 and **p < 0.01. 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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homodimer interact with NFE2L2 through a low-affinity DLG
motif (latch) or a high-affinity ETGEmotif (hinge) located in the
Neh2 domain of NFE2L2, which subsequently leads to its pro-
teasomal degradation. Upon exposure to oxidative stress,
KEAP1 becomes modified at one or more cysteine residues,
thereby promoting its conformational change. KEAP1 impairs
the structural integrity of the interaction with the low-affinity
DLG motif (latch) of NFE2L2, which can increase nuclear
NFE2L2 for activation of antioxidant target genes; this repre-
sents the canonical pathway [8].

However, several recent studies have reported that NFE2L2
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 NFE2L2, thereby suppressing NFE2L2 degrada-
tion [36]. Other studies have shown that SQSTM1/p62, an
autophagy adaptor protein, can act as an endogenous NFE2L2
activator through competitively disrupting the KEAP1-NFE
2L2 interaction [9,11,37]. Recently, SQSTM1-dependent
autophagic KEAP1 degradation was found to be important
for the elimination of SFA-induced ROS accumulation
through NFE2L2 activation [12]. SQSTM1 acts as a scaffold
protein that has multiple domains such as PB1, UBA, and
TRAF6 binding domains. These domains can recruit proteins
to integrate kinase-activated and ubiquitin-mediated signaling
pathways. Furthermore, PB1 domains organize signaling plat-
forms through their ability to interact with other proteins
[38]. These facts explain how ULK1 is able to interact with
SQSTM1-KEAP1 under normal conditions.

In this study, we found that ULK1, known as an autophagy
initiating kinase, protected cells from lipotoxicity throughNFE2L2
activation. The underlying mechanism is that ULK1 enhances the
interaction between SQSTM1 and KEAP1, thereby activating
NFE2L2, which leads to autophagic KEAP1 degradation.

The accumulation of damaged mitochondria might contri-
bute to the development of NASH [39,40]. Mitophagy is the
selective engulfment of damaged mitochondria by autophago-
somes [27], which leads to their degradation through mitochon-
drial quality control [15]. 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 mito-
chondrial potential and recruits cytosolic PRKN [32].

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 [16]. It has been found that
phosphorylation of ULK1 by AMPK is associated with cellular
energy sensing mitophagy [41]. 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 [33].

Increasing evidence from recent studies indicates that
SQSTM1 has a controversial role in the regulation of mito-
phagy. It has been reported that SQSTM1 is involved in the
perinuclear clustering of mitochondria, but is not essential for
mitophagy [42]. In contrast, SQSTM1 was also found to be
required for the activation of mitophagy. SQSTM1 induces
the clearance of mitochondria by binding ubiquitinated sites

in damaged mitochondria [31,32]. Our results showed that
SQSTM1 was necessary for mitophagy through the direct
binding to PINK1. Furthermore, we identified that ULK1
activated mitophagy and eliminated damaged mitochondria
by facilitating the formation of a PINK1-SQSTM1 complex.

Furthermore, a recent study have reported that SESN2
(sestrin2), which is a stress-responsive protein, can activate
the KEAP1-SQSTM1-NFE2L2 pathway through its binding to
SQSTM1 and KEAP1 in lipotoxic conditions [9]. SESN2
interacts with ULK1, thereby leading to the activation of
mitophagy through the translocation of PRKN [43]. Based
on these notions, we suggest that ULK1 simultaneously inter-
acts with both KEAP1-SQSTM1 and PINK1-SQSTM1
through the SESN2-mediated binding of ULK1 to SQSTM1-
KEAP1 and SQSTM1-PINK1.

Several studies have reported that AMPK-ULK1 induces
autophagy activation in stress condition such as nutrient
starvation and hypoxia [24,44,45]. Consistent with these
reports, our results showed that PA-mediated AMPK activa-
tion induced ULK1 phosphorylation, thereby leading to
autophagic KEAP1 degradation-mediated NFE2L2 activation
and mitophagy (Figure S18). However, PA regulates autop-
hagy via multiple ways including activation of MTORC1 [46],
activation of MAPK8/JNK (mitogen-activated protein kinase
8), and PRKC (protein kinase C) [47,48]. Recently, ULK1
protects hepatocytes against lipotoxicity through increased
saturated fatty acid (SFA): monounsaturated fatty acids
(MUFA) ratio by SCD1 (stearoyl-CoA desaturase 1), which
is mediated by autophagy independent mechanism [49].
Based on these notions, ULK1 is able to protect cells from
lipotoxicity in autophagy-dependent or -independent manner.
Taken together, these results imply that ULK1 might be
represent a promising therapeutic target for NASH.

Materials and methods

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,
F1804); anti-p-ULK1 (S317) (Cell Signaling Technology,
12753S); anti-ULK1 (Sigma Aldrich, A7481); 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 (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-NFE2L2 (Santa Cruz Biotechnology, sc-13032),
anti-LMNB1 (Proteintech, 12987-1-AP); anti-HA (Bethyl
Laboratory, A190-108A). PA (Sigma Aldrich, 57-10-36),
DMSO (Sigma Aldrich, 67-68-5), and Compound C (Sigma
Aldrich, 866405-64-3) were used. MitoSOX Red (Invitrogen,
M36008), MitoTracker Green (Invitrogen, M7514), and tetra-
methylrhodamine, ethyl ester, perchlorate (TMRE; Invitrogen,
T669) were used.
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Cell culture

HEK293 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 (Hyclone, SV30087.02), 1%
penicillin, and 1% streptomycin. Hepa1c1c7 (mouse hepa-
toma 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.

Immunofluorescence staining and confocal microscopy

HEK293 cells, MEF cells, and GFP-conjugated LC3B (GFP-LC
3B) expressing HeLa cells cells were seeded on glass coverslips
and treated with BSA (MP Biomedicals, 160069) or PA
(500 µM) for 18 h or transfected with expression vectors,
and then fixed and permeabilized with 0.1% Triton X-100
(Sigma Aldrich, X100) in PBS (Biowest, X0515-500) for
15 min at room temperature. After PBS washes, cells were
blocked with 1% BSA for 1 h 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 h 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. 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-LC
3B (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).

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, as previously described, with minor
modifications [9] For immunoblot analysis, cell lysates or
immunoprecipitates were subjected to SDS-PAGE gel elec-
trophoresis; 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).

Mitochondrial transmembrane potential (ψm) assay using
TMRE

Mitochondrial transmembrane potential was assessed using
TMRE. Cells were plated on cultured dishes, and after 24 h, they
were treated with PA (500 µM) in phenol red-free media. TMRE
(250 nM)was added to the cells inmedia, which were incubated at
37°C for 30 min. They were then washed three times with PBS,
and fluorescence images were obtained with a fluorescencemicro-
scope (Carl Zeiss, Axiovert 200 Basic standard, Germany).

TUNEL analysis

DNA breaks in cells were measured using a TUNEL assay kit
(Promega Corporation, G3250) according to the manufac-
turer’s instructions. Fluorescence signals were detected with
a confocal microscope (Carl Zeiss, LSM700), and the fre-
quency of apoptotic cells was quantified by determining the
percentage of TUNEL-positive cells in 10 random micro-
scopic fields per specimen.

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 [12,50].

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′-GGGT
CACCTCACTCCAGGTA-3′; Hmox1, 5′-GAGCAGAACCAG
CCTGAACTA-3′ and 5′-GGTACAAGGAAGCCATCACCA
-3; Gsta1, 5′- TGCCCAATCATTTCAGTCAG-3′ and 5′-CCA
GAGCCATTCTCAACTA-3′; Ulk1, 5′- TCGAGTTCTCCCGC
AAGG-3′ and 5′-CGTCTGAGACTTGGCGAGGT-3′; Srxn1,
5′-GGAAGGAAGAAAGGAGATGG-3′ and 5′-AGAGTTCA
GGCTATGGGGAT-3′; Nqo1, 5′-TTCTCTGGCCGATTCAG
AG-3′, and 5′-GGCTGCTTGGAGCAAAATAG-3′; Fasn: 5′-
GCTGCGGAAACTTCAGGAAAT-3ʹ; 5ʹ-AGAGACGTGTCA
CTCCTGGACTT-3ʹ; Srebf1: 5′-GGAGCCATGGATTGCACA
TT-3ʹ; 5ʹ-GGCCCGGGAAGTCACTGT-3ʹ; Rn18s: 5′-CGCTC
CCAAGATCCAACTAC-3′ and 5ʹ-CTGAGAAACGGCTACC
ACATC-3ʹ. Rn18s ribosomal RNA was used as an internal
control.

Cell cytotoxicity assays

Cells were seeded at a density of 2 × 103 cells/well in a final
volume of 100 μL in 96-well plates. After 24 h, the cells were
treated with BSA or PA (500 µM) for 18 h. Cell viability was
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estimated using a CellTiter-Glo Luminescent cell viability
assay kit (Promega Corporation, G7570) according to the
manufacturer’s protocol.

Measurement of ROS

Intracellular ROS generation was assessed using 5,6-chloro-
methyl-2′,7′-ichlorodihydrofluorescein diacetate (CM-H2

DCFDA; Molecular Probes, C6827). The cells (3 × 105) were
plated in 35-mm dishes. After 24 h, they were treated with PA
in phenol red-free media. The cells were then rinsed once
with 2 mL of Hanks balanced salt solution and incubated for
5 min with CM-H2DCFDA. They were then washed again
with Hanks balanced salt solution, and fluorescence images
were obtained using a fluorescence microscope (Carl Zeiss,
Axiovert 200). The relative dichlorofluorescein fluorescence
was calculated by averaging the levels of fluorescence from
80–100 cells after subtracting background fluorescence.

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 MEF cells using
a flow cytometry according to the manufacturer’s protocol.
After treatment with PA (0.5 mM), 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).

Subcellular fractionation

For cytoplasmic extraction, Ulk1 WT or ulk1 KO MEF 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 min), 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 min), and the resulting supernatants
were subjected to immunoblot analysis. To isolate the mito-
chondrial fraction, Hepa1c1c7 cells were lysed in mitochon-
dria 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 min), and the supernatants were
also centrifuged (10,000 × g for 30 min). Supernatants com-
prised the cytosolic fraction, and the resulting pellet, con-
taining mitochondria, were washed with mitochondrial
fraction buffer, and centrifuged (10,000 × g for 5 min).
Supernatants were subjected to immunoblot analysis.
Protein concentration was quantitated using the Bradford
protein assay.

Electron microscopy

All samples were observed by scanning electron microscope
(SEM; Carl Zeiss, MERLIN) at the acceleration voltage of
80 kV.

Animals and in vivo transfection

Male C57BL/6J mice at 9–11 weeks of age were purchased
from Japan SLC, Inc. (Hamamatsu, Japan). Ulk1 siRNA
(AAGGACCGCAUGGACUUUGAU) was administered
through the tail vein together with Invivofectamine 3.0
reagent (Thermo Fisher Scientific, IVF3001) for 3 days
according to the manufacturer’s instruction. Mice were fed
a normal chow diet without fasting and a high-carbohydrate
diet after 24 h of fasting. All mice had free access to water and
food in rooms maintained at 23 ± 2°C with a 12 h light/12 h
dark cycle, and 50–70% humidity. After 12 h of refeeding,
mice were sacrificed. Serum alanine aminotransferase (ALT)
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.

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