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Background: Perturbed endoplasmic reticulum (ER) homeostasis and increased levels of G0/G1 Switch Gene 2
(G0S2) have been documented in animal models with fatty liver disease. In this study, we investigated whether
G0S2 is regulated by branch of the unfolded protein response (UPR) and contributes to ER stress-induced hepatic
steatosis.
Methods:We first analyzed G0S2 expression and the state of the three canonical UPR branches in several hepatic
steatosismodels, tunicamycin-treated C57BL/6Jmice and HepG2 cells, where ER homeostasiswas perturbed.We
pretreated HepG2 cells with tauroursodeoxycholic acid (TUDCA) to validate whether G0S2was the downstream
target of ER stress. Loss or gain function analysis was conducted to identify which UPR branch specifically linked
to G0S2 transcription. The transcription mechanism was estimated by luciferase reporter assay and ChIP assay.
Results:Herewe showed that the activation of ER stress was accompanied by elevation of G0S2 expression in the
occurrence of fatty liver disease. Furthermore, G0S2 was found to be a novel target gene of activating transcrip-
tion factor 4(ATF4). We also localized one conserved ATF4-binding sequence in the 5′ regulatory region of G0S2,
which was responsible for transcriptional activating G0S2 by ATF4.
Conclusion:G0S2 is regulated by the PERK-eIF2α-ATF4 branch of the UPR andmediates ER stress-induced hepatic
steatosis.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD), as the hepatic manifesta-
tion of metabolic syndrome, is the most common chronic liver disease
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and parallels the frequency of central obesity, insulin resistance, meta-
bolic syndrome and type 2 diabetes [1]. An imbalance between lipogen-
esis and lipid oxidation contributes to thepathogenesis of NAFLD,which
is characterized by increased intracellular accumulation of triglycerides
in hepatocytes (steatosis) [2]. Although NAFLD is strongly associated
with obesity and insulin resistance, its underlying pathogenic mecha-
nisms remains to be further illustrated and therapeutic options are
limited.

Recent evidence suggests that endoplasmic reticulum (ER) stress
plays a key role in the development of hepatic steatosis [3]. In eukary-
otes, ER is the major site of protein folding and maturation as well as
lipidmetabolism. However, ER homeostasis can be disrupted by inflam-
mation and hyperlipidemia under obese condition. Consequently, the
adaptive signaling pathway unfolded protein response (UPR) is trig-
gered to compensate for the ER dysregulation. Chronic activation of
UPR is detrimental, which causes inflammation, accelerates progression
of NALFD and promotes liver tumor development. The UPR is character-
ized by the activation of three distinct signal transduction pathways: the
PERK-eIF2α-ATF4 pathway, the IRE1α-XBP1 pathway and the
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activating transcription factor 6(ATF6) pathway [4]. X-box binding pro-
tein 1 (XBP1) and activating transcription factor 4 (ATF4) are down-
stream of inositol-requiring enzyme 1α (IRE1α) and PKR-like
endoplasmic reticulum kinase (PERK). XBP1 and ATF4 have been re-
ported to regulate hepatic lipogenesis by directly binding to the pro-
moters of a subset of lipogenic genes and activating their expression,
such as fatty acid synthase (FAS), and stearoyl-CoA desaturase-1
(SCD1) [4–7]. Nuclear ATF6 interacts and antagonizes sterol regulatory
element binding protein-2 (SREBP2) to restrain the transcription of
lipogenic genes and lipid accumulation [8]. Although there is evidence
to support that all three UPR pathways could induce steatosis by stimu-
lating lipogenesis, it remains uncertain whether a stressed UPR plays a
role in regulating hepatic lipolysis. This is an important issue to be
addressed.

Lipolysis is mainly controlled by adipose triglyceride lipase (ATGL),
which is regulated by comparative gene identification-58 (CGI-58)
and G0/G1 switch gene 2 (G0S2). G0S2 inhibits and CGI-58 activates
ATGL activity [9]. G0S2, which is highly expressed in the liver, is origi-
nally found to be expressed in cultured mononuclear cells during the
drug-induced cell cycle transition from G0 to G1 phase [10]. G0S2 is re-
quired for rapid metabolic adaptations as its level changes according to
the nutritional status. G0S2 level in the liver is elevated in response to
fasting, which favors hepatic fat deposition and reduces fatty acid oxida-
tion. The reverse is true during re-feeding [11]. The relationship be-
tween G0S2 expression and hepatic steatosis has been established in
liver-specific genetic mouse models with deletions or over expression
of G0S2. G0S2 knockoutmice displayed a drastic decrease in hepatic tri-
glyceride (TG) content and were resistant to HFD-induced liver
steatosis [11,12]. Overexpression of G0S2 induced TG accumulation in
themouse liver by reducing lipolysis rate to accelerate the development
of hepatic steatosis [13]. Considering the important role of G0S2 as a
regulator of TG content in the liver, down-regulation of G0S2 could rep-
resent one potential therapeutic strategy for the treatment of hepatic
steatosis.

Base on the concept of G0S2 as a “master regulator” of lipolytic rates
and the role of ER stress in lipid metabolism [14], we sought to answer
the following questions: 1) How the disrupted ER homeostasis contrib-
utes to the development of NAFLD? 2)Whether G0S2 is a UPRmediator
linked to the progression of NAFLD? Here, we used various ER stress
mousemodels and cell systems to study the interplay between ER stress
and G0S2 during the development of hepatic steatosis. In addition, we
conducted loss-of-function analysis to prove which branch of UPR is re-
sponsible for G0S2 regulation.
2. Materials and methods

2.1. Animal experiments

Male C57BL/6J mice were purchased from Shanghai Laboratory Ani-
mal Center, CAS (SLACCAS). Male leptin-deficient ob/ob mice (ob/ob)
with C57BL/6J genetic background were generously provided by Dr.
Jia Li of the Shanghai Institute of Materia-Medica, Chinese Academy of
Sciences. Mice were housed in laboratory cages under controlled tem-
perature(23 ± 3 °C) and humidity conditions (35 ± 5%) in an artificial
12-hour light/dark cycle (7:00–19:00) with free access to water and
food. For the diet-induced obesity model, 8-week-old C57BL/6J mice
were fed a standard diet containing 10% kcal of fat (Chowdiet, Shanghai
Laboratory Animal Co. Ltd) or a high fat diet containing 60% kcal of fat
(HFD) (Catalog number D12492, Research Diets Inc.) for 16 weeks. For
the diet-induced non-alcoholic steatohepatitis (NASH) model, 8-
week-old C57BL/6J mice were fed methionine and choline-deficient
diet (MCD) (Catalog numberA02082002B, Research Diets Inc.) or MCD
control diets (Chow diet) (Catalog numberA02082003B, Research
Diets Inc.) for 8 weeks. For the tunicamycin-induced ER stress model,
male C57BL/6J mice at 10th week were randomly assigned to different
groups and administered with Dimethyl Sulfoxide (DMSO) or
tunicamycin (1 mg/kg body weight, Sigma) intraperitoneally. Mice
were sacrificed after the indicated times (2 h, 4 h, 8 h and 12 h) under
anesthetic conditions. Livers, hearts, skeletal muscles were harvested
and snap-frozen in liquid nitrogen and subsequently stored at −80 °C.
All animal experimental protocols were approved by the Animal Care
Committee of Shanghai Jiao Tong University Affiliated Six People's Hos-
pital in accordance with the Guidelines for the Care and Use of Labora-
tory Animals.

2.2. Human liver samples

Human liver tissue samples were collected from patients of benign
focal hepatic lesions undergoing liver surgery at the Department of
Liver Surgery (Zhongshan Hospital, Fudan University, Shanghai,
China), including tissues from patients with NAFLD as described previ-
ously [15]. Diagnosis of NAFLD was according to the guidelines pro-
posed by the Asia-Pacific Working Party [16]. Tissues were
immediately snap frozen in liquid nitrogen and stored at −80 °C. Five
patients with NAFLD whose hepatic steatosis scored as grade 1 to 2
and NAFLD activity score (NAS) was graded as 1 to 4 were enrolled in
this study. Five samples with 0 degree of steatosis were referred to as
normal control in this study whose NAFLD activity score (NAS) graded
0 to 1 [17]. Relevant donor information was listed in Supplemental
Table 2. Local ethics committee approved the study procedures as it
followed the principles of the Declaration of Helsinki. Before their par-
ticipation all subjects provided written informed consents.

2.3. Cell culture and treatment

Human hepatoma cell line HepG2, HEK-293T cells used in this study
was from American Type Culture Collection (ATCC). IRE1−/− MEF cells
and their wild-type counterparts were the generous gifts from Dr.
Yong Liu (WuhanUniversity). All of themwere grown inDMEMsupple-
mented with 10% fetal bovine serum, 2 mM glutamine, 100 units/ml
penicillin and 100 mg/ml streptomycin (Pierce Thermo Fisher Scien-
tific). For ER stress experiments, HepG2 cells were incubated in DMEM
containing DMSO or tunicamycin (10 μg/ml, Sigma) for indicated
times prior to protein extraction or total RNA isolation. HepG2 cells
were treated with 5mMTUDCA (Sigma) to suppress ER stress signaling
0.5 h prior to and during tunicamycin (10 μg/ml) treatment.

2.4. Isolation of primary hepatocytes and treatment

Primary hepatocytes were isolated frommalemice at 8–10weeks of
age. Briefly,washing buffer (Calcium-free Kreb-Ringer buffer containing
0.1% glucose and 1 mM EGTA) was perfused through the portal vein to
flush out the blood before switching to perfusion buffer (Kreb-Ringer
Buffer containing 0.1% glucose and 5 mM CaCl2) with collagenase.
When perfusion is completed, carefully excise the liver and filter the
cells through a 70 μmcell strainer (BD Falcon).Wash cellswith cold per-
fusion buffer three times and resuspend cells in cold HepatoZYME-SFM
medium (Invitrogen) supplementedwith 2 mM glutamine, 20 units/ml
penicillin, and 20 μg/ml streptomycin. Cells were plated at 2 × 105 cells/
well in 12-well dishes. Eight hours later, primary mouse hepatocytes
were incubated with 10 μg/ml tunicamycin for 2 h, 6 h and 10 h or ex-
posed to TUDCA 0.5 h prior to and during tunicamycin treatment.

2.5. Lipid extraction and measurement

To determine hepatic/cardiac/skeletal muscle TG level, tissues were
homogenized in phosphate-buffered saline (PBS), followed by mixing
sufficiently with CHCl3/CH3OH (2:1, volume/volume). The lower or-
ganic phase after centrifugation was dried with nitrogen. The organic
phase was dissolved in absolute ethanol with 1% Triton X-100 for TG
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measurement using a commercial triglyceride determination kit (Bioas-
say Systems).

2.6. Quantitative real-time PCR analysis

Total RNAs were isolated from cells or liver tissues by TRIzol reagent
(Pierce Thermo Fisher Scientific) and were reverse transcribed into
cDNA using a High-Capacity cDNA Reverse Transcription Kit (Pierce
Thermo Fisher Scientific). Quantitative real-time PCR was conducted
with an ABI Prism 7500 sequence detection system, using the SYBR
Green PCR Master Mix (Applied Biosystems). 18s rRNA was used as an
internal control for normalization. Primer pairs used were listed in Sup-
plementary Table 1, which were designed using Primer Express soft-
ware (Applied Bio-systems) based on GenBank sequence data. The
experiments themselves were repeated 3 times independently. Each
sample testing was repeated twice in each independently experiment.
The sequences of primer pairs (forward and reverse) were same in
three independent experiments.
2.7. Western blot analysis

For immunoblotting analysis, total proteins were extracted using
RIPA lysis buffer. The proteins were transferred onto a polyvinylidene
difluoride membrane filters after sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE). The blocked membranes were
incubated with primary antibodies overnight at 4 °C and secondary an-
tibodies for 2 h at room temperature. Proteins were visualized with ECL
Western blotting detection reagents (Pierce Thermo Fisher Scientific).
The following antibodies were used in this study: BIP (Cell Signaling
Technology, Inc.CAT #3177), p-IRE1α(Ser724) (Novus Biologicals, Inc.
CAT #NB 100-2323), t-IRE1α (Cell Signaling Technology, Inc. CAT
#3294), p-eIF2α (Ser51) (Cell Signaling Technology, Inc. CAT #9721),
t-eIF2α (Cell Signaling Technology, Inc. CAT #9722), ATF4 (Cell Signal-
ing Technology, Inc. CAT #11815), ATF6 (Cell Signaling Technology,
Inc. CAT #65880), XBP1 (Abcam, CAT ab37152), G0S2 (Santa Cruz Bio-
technology, Inc. CAT Sc-518067), β-tubulin (Sigma, CAT 05-661).
2.8. Transient transfection with small interfering RNA (siRNA)

siRNAs against human genes including ATF4, ATF6 and XBP1 were
synthesized by Gene Pharma Co. Ltd. (Shanghai, China). ATF4 siRNA:
5′-CUGCUUACGUUGCCAUGAUTT-3′, ATF6 siRNA: 5′-GGGCTCATAC
AGATGCCACTA-3′. XBP1 siRNA: 5′- UCGGUAUGGAAUUUGUUUC-3′.
HepG2 cells were grown to 70–80% confluence and then transfected
with siRNAs for ATF4, ATF6, XBP1 and scramble siRNA as control respec-
tively using RNAiMAX Transfection Reagent (Pierce Thermo Fisher Sci-
entific) according to the manufacturer's instructions. After 48 h the
transfected cells were treated with tunicamycin for 6 h.

2.9. Overexpression of ATF4

The pcDNA3.1-ATF4 plasmid was kindly provided by Dr. Xu Shen
from Shanghai Institute of Materia-Medica, Chinese Academy of Sci-
ences. For transient overexpression in HepG2 cells, transfection was
performed using Lipofectamine 2000 (Invitrogen) according to the
manufacturer's instructions.

2.10. Oil-red O staining

HepG2 cells were transfected with pcDNA3.1-ATF4 plasmid for 6 h
and then infected with lentivirus encoding siRNA targeting G0S2
which was synthesized by Gene Pharma Co. Ltd. (Shanghai, China).
After 24h, HepG2 cells were exposed to palmitic acid (PA) (Sigma) for
12 h. Subsequently, cells were fixed in formalin and incubated in Oil-
red O solution for 10 min before hematoxylin staining. Each sample
was analyzed by inverted microscope. Oil-red O dye was eluted by iso-
propyl alcohol and the absorbance was measured at 520 nm.
2.11. Luciferase reporter assays

The 3000 bp promoter sequence in upstream regulatory region of
G0S2 was amplified from HepG2 cells genomic DNA using the forward
primer 5′-CGGGGTACCTCAAAAAAAGGAACTGAGCTGGTGATGTG-3′
and reverse primer 5′-GGAAGATCTCTTCCTCCCTAGTGCAAAATGGTA
GACGC-3′. After excising with KpnI and BglII, the amplified fragment
was cloned into pGL3-basic vector to form the luciferase reporter plas-
mids of the human G0S2 promoter. For luciferase activity assays, the
G0S2 promoter luciferase reporter plasmid and the pcDNA3.1-ATF4
was co-transfected into 293T cells alongwith a Renilla-expressing plas-
mid for normalization. In tunicamycin-induced luciferase activity assay,
293T cells were added fresh culture medium supplemented with
tunicamycin (10 μg/ml) after overnight transfection of G0S2 promoter
luciferase reporter plasmids and a Renilla-expressing plasmid. Lucifer-
ase activity was measured using Dual-Luciferase™ reporter assay sys-
tem (Promega) following the manufacturer's Instructions, and results
were calculated as the relative light units (RLUs) of the firefly luciferase
to the Renilla luciferase. Deletion TTGCAT in the wild-type G0S2 re-
porter construct was generated with primer: forward primer 5′-
CTGCAAAGGCTGTTGCAAGACACTGACCTTTGCAATTTTC-3′ and reverse
primer 5′-TCAAGTATGGAAGGGGCTGTTGGTAGAAGT-3′. G0S2 pro-
moter deletion mutation was confirmed by DNA sequence. Promoter
activities of deletion mutation were measured as above.
2.12. Chromatin immunoprecipitation (ChIP)

ChIP assays was carried out in liver from C57BL/6J treated with ei-
ther DMSO or tunicamycin in accordance with the manufacturer's pro-
tocol. DNA-protein crosslinking was performed by incubating
powdered liver tissuewith 1% formaldehyde in PBS containing 1mMdi-
thiothreitol and 1 mM phenylmethylsulfonyl fluoride for 15 mins. After
incubation chromatin extract overnight with antibody against ATF4
(Cell Signaling) or control IgG (Santa Cruz Biotechnology), DNAwas pu-
rified and used in quantitative real-time PCR with specific primers. The
sequence of the primers used: forward primer 5′-ATGCCTTTA
TAGCCCCTCT-3′, and reverse primer 5′-GTCATGAGCAGCAATCCACA-3′
for ATF4-binding element; and forward primer 5′-GGACTGTGG
GTTTCTGTGCT-3′ and reverse primer 5′-ATCTCCAGGTGGGCTTCTGT-3′
for the unrelated control.
2.13. Statistical analysis

All statistical analyses were performed with the statistical package
for social sciences (SPSS) version 22.0 software or Prism 6 (GraphPad
Software). Normality was assessed by a Shapiro-Wilks test and all vari-
ables were normally distributed. Levene's test was used to assess the
homogeneity of variance and all variables in our study had homoge-
neous variances. Results were presented as themean± SEM. Statistical
analysis was assessed using a two-tailed Student's t-test to compare
values between two groups. The significance of the difference between
multiple groups was evaluated using one-way or two-way analysis of
variance followed by Bonferroni's post hoc test. * P b 0.05was identified
statistically significant; ** P b 0.01, very significant; *** P b 0.001, ex-
tremely significant. P N 0.05 was considered not significant (NS). The
number of animals used for each experimentwas indicated in the figure
captions. Data were representative of at least three independent
experiments.
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3. Results

3.1. G0S2 expression increased along with activated ER stress in liver sam-
ples from NAFLD patients

We examined whether ER stress accompanied change of G0S2 level
in liver tissue of patients with or without NAFLD. we observed elevated
mRNA abundance of ATF4 and C/EBP homologous protein (CHOP)
(Fig. 1A and B) and higher expression levels of the UPR markers in
liver samples of NAFLD patients, including p-IRE1α, p-eIF2α, ATF6 and
ATF4 (Fig. 1D). We also detected increased G0S2 in liver from patients
with NAFLD (Fig. 1C and D). These results demonstrated that the up-
regulation of hepatic G0S2 expression and activation of ER stress co-
existed in human fatty liver.

3.2. G0S2 expression increased in parallel with activated ER stress in liver
tissue from HFD-fed mice

To investigate a putative link between G0S2 and ER stress in hepatic
steatosis, we examined the expression of ER stressmarkers and G0S2 in
Fig. 1.Hepatic UPR activation and G0S2 expression in NAFLD. Human hepatic tissue samples w
abundance of ATF4, CHOP and G0S2 in human fatty liver disease. (D) The phosphorylation of IR
analyzed by immunoblotting. Tubulin was used as the loading control. All the results were sho
NAFLD group relative to the control group determined by two-tailed Student t-test.
hepatic steatosis mouse model. Consistent with the development of
obesity, HFD-fed mice showed an increase in hepatic TG levels
(Fig. 2A) and exhibited much higher body weight (Supplementary
Fig. 1A) when compared with chow diet-fed mice (Chow). In parallel
with up-regulated mRNA expression of Atf4 and Chop (Fig. 2B and C),
the mRNA abundance of G0s2 was significantly increased in livers of
HFD-fed mice (Fig. 2D). The phosphorylation of IRE1α and eIF2α in-
creased significantly along with up-regulation of ATF4 and ATF6,
which were accompanied by increased G0S2 protein levels in livers of
HFD-fed mice (Fig. 2E). In addition, we also observed elevated abun-
dance of G0S2 in hearts of HFD-fed mice along with up-regulation of
ATF4 and increased phosphorylation of IRE1α (Supplementary
Fig. 5B). In skeletal muscles of HFD-fed mice, G0S2 protein was also
prominently up-regulated, in parallel with significantly increased TG
content. However there were no significant differences in the content
of various ER stress indicators in skeletal muscles between chow diet-
fed and high-fat diet-fed mice (Supplementary Fig. 6B). The results im-
plied that the elevated expression of G0S2 was in parallel with the oc-
currence of metabolic ER stress in liver and other organs that was
sensitive to ER stress such as the heart.
ere prepared from patients with or without NAFLD (n=5/group). (A, B and C) ThemRNA
E1α and eIF2α and ATF4, ATF6 and G0S2 protein abundance in whole liver lysates were
wn as the mean ± SEM. Error bars represent the SEM. Statistical significance *p b 0.05 of



Fig. 2. Effect of HFD on hepatic UPR activation and G0S2 expression. Male C57BL/6 J were
fed a low-fat diet (Chow, n= 5) or a high-fat diet (HFD, n= 5) for 16 weeks. (A) Hepatic
levels of TG. (B, C andD) ThemRNA abundance of Atf4, Chop andG0 s2. (E) UPRmarkers p-
IRE1α, p-eIF2α, ATF4, ATF6 and G0S2 protein abundance in whole liver lysates were
analyzed by immunoblotting. Tubulin was taken as the loading control. All the results
are shown as the mean ± SEM. Error bars represent the SEM. Statistical significance * p
b 0.05, ** p b 0.01, ***p b 0.001 represented HFD subjects relative to the Chow subjects
and was determined by two-tailed Student t-test.

Fig. 3. Hepatic UPR activation and G0S2 expression in ob/ob mice. Male ob/ob mice
compared to WT mice at three months of age (n = 6/group). (A) Hepatic levels of TG.
(B, C and D) The mRNA abundance of Atf4, Chop and G0 s2. (E) Expression of UPR
markers: BIP, p-IRE1, p-eIF2α, ATF4 and G0S2 protein were analyzed by
immunoblotting in mice liver tissue lysates. Tubulin was taken as the loading control. All
the results were shown as the mean ± SEM. Error bars represented the SEM. Statistical
significance *p b 0.05, **p b 0.01 represented ob/ob subjects relative to the WT subjects
and was determined by two-tailed Student t-test.
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Fig. 4. ATF4 induces the expression of G0S2 in vivo and in vitro. HepG2 cells were treatedwith tunicamycin (Tm, 10 μg/ml) or DMSO for different times (0, 2 h, 4 h, 6 h, 8 h and 12 h) and
DMSO (vehicle) as control. (A, B, and C) Time course of mRNA abundance of ATF4, CHOP and G0S2 in HepG2 cells incubated with Tm at different time points (n= 3 for each time point)
were determined byquantitative real-time PCR (n=3 for each time point). (D) The protein abundance changes of BIP, ATF4, ATF6, G0S2 and thephosphorylation of IRE1α and eIF2αwere
analyzedby immunoblotting (n=3).Male C57BL/6Jmicewere treatedwith Tm (1mg/kg bodyweight) at different time intervals (0, 2 h, 4 h, 8 h and 12h) and PBS (vehicle) as control. (E,
F and G) Atf4, Chop and G0s2 mRNA abundance in liver tissues after injection of Tm were determined by quantitative real-time PCR (n = 3–4 for each time point). (H) The protein
abundance of BIP, ATF4, G0S2 and the phosphorylation of IRE1α and eIF2α were analyzed by immunoblotting (n = 3–4). All the results were shown as the mean ± SEM. Error bars
represent the SEM. Statistical significance * p b 0.05, ** p b 0.01, ***p b 0.001 represented Tm group at different times compared to initial control group (vehicle), which was
determined by one-way ANOVA.
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Fig. 5.TUDCAprevents ER stress-induced G0S2 increase in vitro.We exposedHepG2 cells to chemical chaperones TUDCA (5mM)0.5 h prior to incubatingwith Tm (10 μg/ml). (A, B, C, D, E
and F) ATF4, ATF6, BIP, CHOP, ERDJ4 andG0S2mRNAabundancewere determined by quantitative real-time PCR after co-incubationwith Tm and TUDCA inHepG2 cells(n=3 for each time
point). (G) Theprotein abundance of ATF4, G0S2 and thephosphorylation of IRE1α and eIF2α inHepG2 cells treatedwith Tm(10 μg/ml) and/or TUDCA(5mM). All the resultswere shown
as the mean ± SEM. Error bars represented the SEM. Statistical significance * p b 0.05, ** p b 0.01, ***p b 0.001 was determined by two-way ANOVA.

Fig. 6. PERK-eIF2α-ATF4 Pathway is responsible for the regulation of G0S2. HepG2 cells were transfectedwith siRNA for ATF6, ATF4, XBP1 and scramble siRNA (control) respectively. After
transfection 48 h, Quantitative real-time PCR and immunoblotting were used to determine the silencing efficiency of siRNAs and related genes changes (n = 3). (A, B, C and D) ATF4，
ATF6，XBP1 and G0S2 mRNA was analyzed by quantitative real-time PCR using 18S rRNA quantitation for normalizing. *p b 0.05; **p b 0.01 determined by one-way ANOVA.
(E) Expression of ATF4，ATF6，XBP1 and G0S2 protein were analyzed by immunoblotting in lysates from HepG2 cells. Tubulin was taken as the loading control. IRE1−/− MEF cells
(KO) and IRE1+/+ MEF cells (WT) were treated with DMSO or Tm (10 μg/ml) for 6 h. (F, G and H) Quantitative real-time PCR was used to analyze Xbp1, Chop and G0s2 mRNA in MEF
cells. HepG2 cells were transfected with ATF6 siRNA or control. After 48 h the transfected cells were then treated with DMSO or Tm (10 μg/ml) for 6 h (n = 3). (I, J and
K) Quantitative real-time PCR was used to analyze ATF6, CHOP and G0S2 mRNA. Results were shown as the mean ± SEM. NS, no significance;* p b 0.05; ** p b 0.01, ***p b 0.001
determined by two-way ANOVA.
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3.3. G0S2 expression was associated with activated ER stress and hepatic
steatosis in liver tissue from ob/ob mice

Both the above NAFLDmodel and the HFDmodel exhibited a similar
trend in the expression of G0S2 and ER stress markers. To further inves-
tigate the link between ER stress and G0S2, we employed ob/ob mice
model, a genetic murine steatosis model to verify the relationship be-
tween UPR branches and G0S2. Fatty liver was confirmed by hepatic
TG test (Fig. 3A). Interestingly, we noted a striking increase in the ex-
pression of binding immunoglobulin protein (BIP), ATF4 and the phos-
phorylation of IRE1α and eIF2α in ob/ob mice (Fig. 3E). Furthermore,
mRNA expression and protein abundance of G0S2 was also increased
in ob/ob mice compared to WT mice (Fig. 3D and E). These results fur-
ther indicated the link between ER stress and G0S2. Furthermore, we
also found a similar link in micemodel of NASH (Supplementary Fig. 2).

3.4. Expression of G0S2 was induced under experimental ER stress

To determine whether the increased hepatic G0S2 expression is
linked to changes of ER stress, we challenged C57BL/6J mice or HepG2
cells with the chemical ER stress-inducing agent tunicamycin andmon-
itored the changes at different time points. The response of ER stress
markers and G0S2 in HepG2 cells increased in parallel, and their maxi-
mum levelswere reached after 8 h (Fig. 4A–D). In C57BL/6Jmice treated
with tunicamycin, mRNA abundance of Atf4, Chop and G0s2 reached the
peak level after 8 h (Fig. 4E–G). The protein levels of ATF4, ATF6 surged
at 6 h and kept at a high level until 12 h. G0S2 protein increased during
tunicamycin-induced ER stress in a time-dependent manner (Fig. 4H).
In addition, we observed significantly elevated expression of ER stress
markers in isolated primary mouse hepatocytes incubated with
tunicamycin (Supplementary Fig. 3A–C). Taken together, the above ex-
perimental ER stress models both in vitro and in vivo exhibited similar
response patterns of G0S2.

3.5. TUDCA prevented ER stress-induced G0S2 in vitro

To further validate if the modulation of G0S2 proteins is a direct ef-
fect of ER stress in the liver, we exposed HepG2 cells to chemical chap-
erones TUDCA to relieve ER stress. TUDCA marginally inhibited the
marked activation of ATF4, ATF6, BIP, CHOP and ER-localized DnaJ 4
(ERDJ4) triggered by tunicamycin (Fig. 5A–E). Importantly, TUDCA
also significantly diminished ER stress-induced G0S2 expression
(Fig. 5F–G). We also noted a similar change of G0S2 in TUDCA-treated
primary mouse hepatocytes (Supplementary Fig. 3D).

3.6. PERK-eIF2α-ATF4 pathway was responsible for the regulation of G0S2

To testwhether G0S2was a common downstream target of multiple
UPR pathway(s), loss-of-function analysis was conducted by
transfecting HepG2 cells with siRNA against ATF4, ATF6 and XBP1. Im-
munoblotting analysis revealed that siRNA-mediated knockdown of
ATF4, ATF6 and XBP1 was successful (Fig. 6A-C). siRNA knockdown of
ATF6 or XBP1 expression had no influence on G0S2 expression
(Fig. 6D–E). Tunicamycin could also cause an appreciable elevation of
G0S2 when ATF6 knockdown (Fig. 6I-K). As for IRE1α-XBP1 branch,
IRE1α deficiency completely abolished tunicamycin-induced Xbp1
Fig. 7. G0S2 is a direct transcriptional target of ATF4. HepG2 cells were transfected with ATF4 siR
ml) for 6 h (n=3). (A, B)Quantitative real-time PCRwas used to analyze ATF4 andG0S2mRNA.
HepG2 cells transfectedwith ATF4 siRNA or control. HepG2 cells were transfectedwith ATF4 pla
or Tm (10 μg/ml) for 6 h (n=3). (D, E)Quantitative real-time PCRwas used to analyze ATF4 and
two-way ANOVA. (F) Expression of ATF4 and G0S2 protein were analyzed by immunoblotting i
transfectedwith ATF4 plasmid and/or G0S2-siRNA. Expression of ATF4 andG0S2 proteinwere a
ATF4 plasmid and/orG0S2-siRNA. The transfected cellswere treatedwith PAor BSA (control) fo
HepG2 cells. (H) The absorbance of Oil-red O dye at 520nm. Results were shown as the mean±
expression but had no effect on G0s2 and Chop in IRE1−/− MEF cells
(Fig. 6F–H).

Knockdown of ATF4 in HepG2 cells resulted in significant reduction
of CHOP (Supplementary Fig. 4A) as ATF4 directly binds to the compos-
ite site in CHOP promoter to induce its expression [18]. Interestingly,
G0S2 level was significantly decreased in cells transfected with ATF4-
siRNA (Fig. 6D–E), which could not be further enhanced by tunicamycin
(Fig. 7B–C). To further verify whether the G0S2 transcription was ATF4
dependent, we conducted gain-of-function analysis in HepG2 cells with
ATF4 plasmid. Overexpression of ATF4 in HepG2 cells greatly increased
G0S2 (Fig. 7E) and CHOP expression (Supplementary Fig. 4B). Taken to-
gether, these results demonstrated that ATF4 might be responsible for
ER stress-driven G0S2 expression.

To illustrate whether G0S2 mediated ATF4-induced lipid accumula-
tion, we exposed HepG2 cells to palmitate acid (PA) after co-expression
of ATF4 with G0S2 siRNA. Oil-red O staining results revealed that lipid
accumulation was increased in HepG2 cells with ATF4 overexpression,
while G0S2 knockdownweakened the effect of ATF4 on lipid accumula-
tion (Fig. 7I–H). These results clearly demonstrated the critical role of
G0S2 in mediating the lipid metabolic effects of ATF4.

3.7. G0S2 was a direct ATF4 target gene

We further validated whether G0S2 is a direct transcriptional target
of ATF4 with luciferase reporter assays. The G0S2 promoter was acti-
vated under experimental ER stress conditions induced by tunicamycin
(Fig. 8B). When ATF4 was co-expressed, the G0S2 promoter luciferase
activity was remarkably increased (Fig. 8C). Bioinformatics analysis
identified a putative ATF4 binding core sequence in the promoter of
G0S2 genes of different species including mouse, rat and human. To
identify whether the regulation of ATF4 on G0S2 was dependent on
the core sequence(CCGATA), a deletion mutant of G0S2 promoter with-
out the core sequencewas constructed (Fig. 8D). The potentiating effect
of ATF4 on G0S2 promoter was lost in the deletion mutant (Fig. 8E). Fi-
nally, ChIP assay was performed to investigate whether ATF4 is bound
to the G0S2 promoter. Higher detectable amplification was observed
in mice treated with tunicamycin compared to vehicle treated mice
(Fig. 8F). Thus, G0S2 could be formally classified as a direct ATF4 target
gene.

4. Discussion

ER is notable for its central roles in lipid biosynthesis and the activa-
tion of UPR involves in obesity and obesity-related disorders [19]. In he-
patocytes, ER stress is evident in several liver diseases, including obesity
associated fatty liver disease [20], viral hepatitis [21] and alcohol-
induced liver injury [22]. One of the key features of these liver disease
is steatosis, raising the possibility that activation of ER stress contributes
to development of metabolic syndrome [3]. Studies in animal models
with genetic disruption of the IRE1α, ATF4, or ATF6 pathway indicates
that all three UPR branches act in concert in regulating hepatic lipid ho-
meostasis [23–25]. Treatment of obese and diabetic mice with chemical
chaperones 4-PBA or TUDCA resulted in normalization of hyperglyce-
mia, restoration of systemic insulin sensitivity, resolution of fatty liver
disease [26]. Hence, abnormal lipid and glucose metabolism are impor-
tant contributors to hepatic ER stress, and ER stress also plays an
NA or control. After 48 h the transfected cells were then treatedwith DMSO or Tm (10 μg/
(C) Expression of ATF4 andG0S2proteinwere analyzedby immunoblotting in lysates from
smid or control. After 24 h the transfected cells were then treatedwith treatedwith DMSO
G0S2mRNA. Resultswere shownas themean±SEM. *p b 0.05; ** p b 0.01; ***p b 0.001 by
n lysates fromHepG2 cells transfectedwith ATF4 plasmid or control. (G) HepG2 cells were
nalyzed by immunoblotting in lysates fromHepG2 cells. HepG2 cellswere transfectedwith
r 12 h (n=3). (I)Oil-redO stainingwas used tomeasure intracellular lipid accumulation in
SEM. * p b 0.05; ***p b 0.001 by one-way ANOVA.
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important role in insulin resistance or fatty liver disease. Our study
demonstrates that hepatic expression of the lipase inhibitor G0S2 is es-
sentially dependent on hepatic ER stress. In our study, ER stressmarkers
and G0S2 expression increased in all steatosis models. We observed an
increase in G0S2 expression in tunicamycin-treated C57BL/6J mice and
HepG2 cells where ER homeostasis was perturbed. Our findings suggest
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that changes in G0S2 expression might be reflecting the ER stress. To
further validate whether G0S2 was the downstream target of ER stress,
we employed chemical chaperones TUDCA to test if TUDCA could rescue
elevatedG0S2 expression during ER stress. As a result, suppression of ER
stress significantly blunted tunicamycin-induced G0S2 expression. If
G0S2 expression was directly linked to ER stress, which UPR pathway
presumably contributed to the elevated G0S2 expression? Loss or gain
function analysis found that PERK-eIF2α-ATF4 signaling pathway
might specifically link to G0S2 transcription. Furthermore, our evidence
identified a core segment CCGATA inG0S2 promoter, whose deletion di-
minished the occupancy of ATF4 on G0S2 promoter.

Accumulated evidence suggests that ATF4, a basic leucine zipper
transcription factor, plays a key role in controlling intracellular lipid ac-
cumulation by regulating genes involved in lipid metabolism, including
both anabolism and catabolism [27]. For example, ATF4 increases intra-
cellular lipid accumulation via activating expression such as sterol reg-
ulatory element-binding protein 1 (SREBP-1c), carbohydrate-
responsive element-binding protein (ChREBP), FAS and SCD-1 [28,29]
or being a negative regulator of PGC1α expression [30]. Similarly, our
results revealed that G0S2 was a new target gene of ATF4, which is
most consistent with the phenotype that both ATF4-knockout mice
and G0S2-knockout mice are protected from diet-induced hepatic
steatosis [11,25].The above results indicate that G0S2 is a direct tran-
scriptional target of ATF4. It is unknown whether G0S2 is linked to ER
stress-induced progression of steatosis. Therefore, we examined the
lipid droplet content in vitro by Oil-red O staining and found that sup-
pression of G0S2 expression by G0S2 siRNA alleviated the effect of
ATF4 on lipid accumulation. Collectively, these results suggested that
ER stress-induced liver steatosis could be mediated, at least in part, via
modulation of G0S2 expression in an ATF4 dependent fashion.

Metabolic disorders such as obesity, inflammation, insulin resis-
tance, and type 2 diabetes have similar featureswith NAFLD, the hepatic
component of metabolic syndrome. However it remains to be assessed
whether ATF4-G0S2 axis is also involved in insulin resistance/
hyperinsulinemia and type 2 diabetes. It was also found that G0S2 ex-
pression was significantly reduced in white adipose tissue of db/db
mice and high-fat-fed wild-type mice [31]. They speculated that im-
paired insulin sensitivity of adipocytes may lead to the decreased ex-
pression of G0S2. However, when G0S2 level diminished, elevated
basal lipolytic capacity of adipocytes is known to contribute to increased
plasma FFA levels in human obesity [32]. The decreased G0S2 has the
potential to increase lipolysis and circulating FFA concentrations as
part of the pathogenesis of diabetic ketoacidosis and insulin resistance
inmetabolic syndrome and type 2 diabetes. Accordingly, further studies
will be undertaken to investigate the relationship between the reduced
level of G0S2 and insulin resistance associated with obesity.

Our results highlight the crucial role of ATF4-G0S2 axis in regulating
hepatic TGdeposition under ER stress. The identification of G0S2 as a di-
rect transcriptional target of ATF4 links the PERK-eIF2α-ATF4 branch of
the UPR to lipolysis, which provides a unique approach to treat NAFLD.
However, our main findings of G0S2 expression and its lipid-regulating
functions were obtained from studies in HepG2 cells. To further assess
these results under physiologic conditions, more studies in vivo are
Fig. 8.ATF4 trans-activatesG0S2 promoter by binding its conserved core site. (A) The luciferase
constructed in pGL3-basic vector. (B) For luciferase activity assays, 293T cells were co-transf
expressing plasmid before treatment with Tm (10 μg/ml) for 3 h or 6 h. Results of luciferase
fluorescence intensity. ***p b 0.001 by two-wayANOVA. (C) 293 T cells were co-transfectedwith
ofG0S2 promoter luciferase activity were shown as themean± S.E.M and normalized to renilla
potential ATF4 binding core site TTGCATwas identifiedwhichwas conserved in the promoter of
the human G0S2 promoter (−3000 to 0) that was short of the TTGCAT core sequence (ΔG0S2-
pro-Luc or ΔG0S2-pro-Luc, pcDNA3.1-ATF4 and renilla-expressing plasmid. Results of luciferas
fluorescence intensity. *p b 0.05, ***p b 0.001 by two-wayANOVA. (F)Male C57BL/6Jmicewere
nuclear extractswas carried outwith control IgG or anti-ATF4 antibody. Resultswere shownas t
tailed Student t-test. (G) Schematic model. Excessive ER stress is associated with obesity-relate
tunicamycin. PERK-eIF2α-ATF4 branch of the UPR plays a key role in the regulation of G0S2. As
inhibiting ATGL activity.
needed to validate these observations. Hence, as a unique regulator of
lipid metabolism, the intriguing role of G0S2 needs to be further ex-
plored. It is worth noting that ER stress is not the sole way regulating
G0S2 expression. Upon fasting, enhanced exogenous FAs flow to the
liver and hepatic TG levels sharply increase. LXRα-G0S2 axis has been
found to be important inmediating fasting-induced hepatic TG accumu-
lation [33]. Interestingly, recent reported studies also suggested that the
increased abundance of hepatic G0S2 essentially depends on fatty acids
when fasting [34]. Given that fasting-induced FAs can be sensed by he-
patocyte ER thereby activating ER stress [5], ER stress-induced G0S2 ex-
pressionmay account for, at least partially, the increased level of hepatic
TG accumulation when fasting. However, it has yet to be further inves-
tigatedwhether ATF4-G0S2 axis plays an essential role in hepatic TG ac-
cumulation during fasting. Moreover, given the role of ATF4 in hepatic
lipid metabolism [35,36], it remains to be fully understood whether its
downstream target G0S2 contributes mostly in ATF4-associated
hepatosteatosis progression.

In summary, our evidence strongly demonstrated that G0S2 gene is a
direct target gene of ATF4 pathway,which plays a crucial role in the pro-
gression of hepatic steatosis by inhibiting ATGL activity. Furthermore,
we identified a conserved ATF4-binding sequence in the 5′ regulatory
region of G0S2. Thus, modulation of ER stress or inhibition hepatic
G0S2 expression may represent an effective way to enhance hepatic
TG catabolism, thereby alleviating hepatic lipid accumulation and
NAFLD progress.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2019.06.015.
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