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Abstract

Background & Aims: Hepatocellular carcinoma (HCC), a leading cause of cancer-related
death, is associated with viral hepatitis, non-alcoholic steatohepatitis (NASH), and alcohol-
related steatohepatitis, all of which trigger endoplasmic reticulum (ER) stress, hepatocyte

death, inflammation, and compensatory proliferation. Using ER stress-prone MUP-uPA mice,

we established that ER stress and hypernutrition cooperate to cause NASH and HCC, but the
contribution of individual stress effectors, such as activating transcription factor 4 (ATF4), to HCC
and their underlying mechanisms of action remained unknown.

Methods: Hepatocyte-specific ATF4-deficient MUP-uPA mice (MUP-uPA/Atf4P) and control
MUP-uPA/Atf4#F mice were fed a high-fat diet to induce NASH-related HCC, and Atf4#/F
and At4"eP mice were injected with diethylnitrosamine to model carcinogen-induced HCC.
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Histological, biochemical, and RNA-sequencing analyses were performed to identify and define
the role of ATF4-induced solute carrier family 7a member 11 (SLC7A11) expression in
hepatocarcinogenesis. Reconstitution of SLC7A11 in ATF4-deficient primary hepatocytes and
mouse livers was used to study its effects on ferroptosis and HCC development.

Results: Hepatocyte ATF4 ablation inhibited hepatic steatosis, but increased susceptibility

to ferroptosis, resulting in accelerated HCC development. Although ATF4 activates numerous
genes, ferroptosis susceptibility and hepatocarcinogenesis were reversed by ectopic expression
of a single ATF4 target, S/c7a11, coding for a subunit of the cystine/glutamate antiporter XCT,
which is needed for glutathione synthesis. A ferroptosis inhibitor also reduced liver damage and
inflammation. ATF4and SLC7A11 amounts were positively correlated in human HCC and livers
of patients with NASH.

Conclusions: Despite ATF4 being upregulated in established HCC, it serves an important
protective function in normal hepatocytes. By maintaining glutathione production, ATF4 inhibits
ferroptosis-dependent inflammatory cell death, which is known to promote compensatory
proliferation and hepatocarcinogenesis. Ferroptosis inhibitors or ATF4 activators may also blunt
HCC onset.
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Introduction

Liver cancer is the third leading cause of cancer death and the sixth most common cancer
type worldwide,! whose prevalence constantly increases, paralleling the global rise in
obesity, type 2 diabetes, metabolic syndrome, and excessive alcohol intake.2-3 Hepatocellular
carcinoma (HCC), the main primary liver cancer, is associated with multiple aetiologies,
including HBV and HCV infections, non-alcoholic (NAFLD), alcoholic (AFLD), and
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toxicant-associated (TAFLD) fatty liver diseases, which cause endoplasmic reticulum

(ER) stress, liver damage, hepatocyte death, and inflammation. The spectrum of fatty

liver disease ranges from simple steatosis without liver damage to steatohepatitis (non-
alcoholic steatohepatitis [NASH], alcoholic steatohepatitis [ASH], or toxicant-associated
steatohepatitis [TASH] according to their main cause), fibrosis, cirrhosis, and eventually
HCC. Despite tight associations with well-defined risk factors, HCC is often diagnosed at
an advanced stage, when the main therapeutic options are surgical and radiological ablations
and localised chemotherapy. Currently, there are no curative treatments for late-stage HCC,
whose median overall survival remains at about 1 year.# Despite advances in NAFLD/
NASH, AFLD/ASH, and TAFLD/TASH diagnosis and aetio-logical understanding, the
mechanisms that govern progression from steatohepatitis to HCC remain elusive. Oxidative
stress, ER stress, cell death, mitochondrial dysfunction, insulin resistance, inflammation, and
gut dysbiosis were shown to be involved in steatohepatitis and its progression to HCC.2:3:5~
7 We established the importance of excessive hepatocyte death, necroinflammation, and
compensatory proliferation in HCC development.>:”8 Nonetheless, the type of cell death
promoting inflammation and HCC is contentious, with different studies suggesting it could
be necrosis, apoptosis, or necroptosis.®11 Ferroptosis is an iron-dependent cell death

type that is often accompanied by lipid peroxidation caused by depletion of reduced
glutathione (GSH), decreased glutathione peroxidase 4 (GPX4) activity, or increased lipid
peroxidation.12 Ferroptosis is negatively regulated by solute carrier family 7a member

11 (SLC7A11), GPX4, and GSH. In previous studies conducted with hepatocyte-specific
IKKB knockout mice (/kkt~"eP), which are highly susceptible to diethylnitrosamine (DEN)-
induced hepatocarcinogenesis, we observed increased lipid peroxidation and hepatocyte
death, which were reversed by feeding the mice with N-acetyl cysteine (NAC), a precursor
for GSH synthesis.8 A key regulator of ferroptosis is transcription factor nuclear factor
erythroid 2-related factor 2 (NRF2), whose activation in HCC and elsewhere is promoted

by SQSTM1/p62,> which is encoded by an IKKB/NF-xB-inducible gene.13 NRF2 induces
SLC7A11 transcription, which is often elevated in human cancers and accompanied by
decreased ferroptosis, increased tumour growth, and drug resistance.141% Ferroptosis may
also be involved in liver injury and inflammation, 6 but its role in hepatocarcinogenesis is
unknown. Here we explored the role of the ER stress mediator activating transcription factor
4 (ATF4) in DEN- and high-fat diet (HFD)-induced HCC in major urinary protein (MUP)-
urokinase-type plasminogen activator (uPA) mice, which express the secreted protein uPA
from the MUP promoter. MUP-uPA mice undergo transient hepatic ER stress early in life
owing to elevated uPA expression, which is sustained by HFD feeding.’ Using chemical
chaperones, we demonstrated that NASH development in these mice depends on ER stress.

Protein misfolding after overexpression of a secreted protein triggers the unfolded
protein response (UPR), which promotes stress adaptation.1” There are three primary
UPR effectors: inositol-requiring enzyme 1 (IRE1), which controls expression of X-box-
binding protein 1 (XBP1); activating transcription factor 6 (ATF6); and pancreatic ER-
regulating kinase (PERK), which phosphorylates eukaryotic translation initiation factor 2
subunit a (elF2a) to induce ATF4 translation. ATF4 activates numerous target genes,
whose products mitigate stress or induce cell death if the stress cannot be resolved.1’
UPR activation is often observed in cancer cells and thought to provide them with

J Hepatol. Author manuscript; available in PMC 2024 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heetal.

Page 4

a survival advantage.1”-18 Hepatocyte-specific IRE1a ablation decreases DEN-induced
HCC and blunts acceleration of HCC progression by HFD,19 although it increases acute
liver injury and hepatic steatosis.2921 In contrast, XBP1 loss promotes tumorigenesis in
mouse models of intestinal cancer,22 and hepatocyte-specific XBP1 ablation enhanced

liver injury and fibrosis but attenuated steatosis in a high-fat/sugar diet-induced NASH
model.23 ATF6 activates transformation-associated genes during hepatocarcinogenesis,24
whereas PERK promotes MY C-driven cell transformation and autophagy.?®> ATF4 activates
genes involved in redox homoeostasis, amino acid (AA) metabolism, protein synthesis,
apoptosis, and autophagy,1”-26 and was extensively studied for its roles in glucose, lipid, and
cholesterol metabolism.27-29 Systemic ATF4 ablation attenuates fructose-induced hyper-
triglyceridaemia and hepatic steatosis,30-31 in part through regulation of fibroblast growth
factor 21 (FGF21) expression.32 In other studies, ATF4 ablation inhibited hepatic steatosis
through different mechanisms, including expression of N-nicotinamide methyltransferase
(NNMT)33, tribbles homologue 3 (TRB3),34 or nuclear respiratory factor 1 (NRF1)-
mitochondrial transcription factor A (TFAM) signalling.3®> ATF4 expression is low in
healthy cells but is often elevated in cancer, where it promotes cell survival and tumour
growth by inducing genes involved in AA metabolism and oxidant defenses.28:36:37 To

test the role of ATF4 in hepatocarcinogenesis, we generated Aff#"P mice lacking
hepatocyte ATF4. Despite its documented ability to support hepatic steatosis, ATF4
ablation enhanced DEN-induced tumorigenesis and NASH to HCC progression in HFD-fed
MUP-uFA mice. Notably, the HCC suppressive activity of ATF4 was mainly caused by
expression of a single target, SLC7A11, the small subunit of the cystine/glutamate antiporter
(XCT), which is needed for GSH synthesis. Ectopic SLC7A11 expression suppressed

HCC development in A##"¢P mice and provided protection from ferroptosis, suggesting
that ferroptosis contributes to the HCC-promoting necroinflammatory response and that
ferroptosis inhibitors may prevent NASH to HCC progression.

Materials and methods

Mouse models

Atf#/F mice, a generous gift from Dr Christopher Adams (University of lowa, lowa City,
IA, USA),38 were intercrossed with Alb-Cre mice (C57BL/6, Jackson Laboratory, Ellsworth,
ME, USA\) to generate Atf#/F- Alb-Cre (Atf#2"eP) mice. Atf£"eP mice were crossbred with
MUP-uPA mice’ to obtain MUP-uPA/Atf4'F and MUP-uPA/Atf42"eP mice. B6.129X1-
Nfe2I2tm1Ywk/J (Nrf2'~) mice were described.3° All mouse lines were either on a pure
C57BL/6 genetic background or crossed into it for at least 10 generations. The NASH and
HCC model: 6-week-old (wo) MUP-uPA/At4F and MUP-uPA/AfAMEP mice were fed
with low-fat diet (LFD) (composed of 12% fat, 23% protein, and 65% carbohydrates based
on caloric content) or HFD (consisting of 59% fat, 15% protein, and 26% carbohydrates
based on caloric content; Bio-Serv, Flemington, NJ, USA) and sacrificed when 4, 6, and

10 months old (mo) for the pathological analysis. The LFD-fed DEN-induced HCC model:
DEN (25 mg/kg, Millipore Sigma N0258, Saint Louis, MO, USA) was injected i.p. into
14-day-old mice, and samples were collected from the LFD-fed mice when 5 and 10 mo.
The HFD-fed DEN-induced HCC model: mice were placed on HFD when 3 mo, followed
by DEN (80 mg/kg) administration when 4 mo, and water with 0.05% phenobarbital (PB;
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Sigma, P5178) when 5 mo. The mice were sacrificed and analysed when 10 mo. Animal
experiments were performed in accordance with NIH guidelines for the use and care of
live animals and approved by the University of California San Diego Institutional Animal
Care and Use Committee, S00218. Experiments done at Shanghai University of Traditional
Chinese Medicine were performed in accordance with the guidelines of the Ministry of
Science and Research of China and approved by the Animal Experimental Ethics Committee
of Shanghai University of Traditional Chinese Medicine.

RNA-seq data processing and analysis

Total liver RNAs were extracted from overnight fasted 6-wo Atf#/F, AtfAeP, pUP-uRA/
AR and MUP-uPA/AfAMP mice using TRIzol® (Life Technologies, 15596-018,
Carlsbad, CA, USA) according to the manufacturer’s instructions and was sequenced

on the Illumina NovaSeq 6000 sequencer (2x150 bp read length, San Diego, CA,

USA). Raw paired-end reads were trimmed and quality controlled by SeqPrep (https://
github.com/jstjohn/SeqgPrep) and Sickle (https://github.com/najoshi/sickle) with default
parameters. Then the clean reads were separately aligned to a reference genome with
orientation mode using HISAT2 (http://ccb.jhu.edu/software/hisat2/index.shtml) software.
The mapped reads for each sample were assembled by StringTie (https://ccb.jhu.edu/
software/stringtie/index.shtml?t=example) in a reference-based approach. RSEM (http://
deweylab.biostat.wisc.edu/rsem/) was used to quantify gene abundance, and differential
gene expression analysis was performed using DESeq2/DEGseq/EdgeR. Gene ontology
(GO) functional enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis were carried out using DAVID Bioinformatics Resources 6.8 (https://
david.ncifcrf.gov/). For gene set enrichment analysis (GSEA), the gene expression matrix
was pooled from gene expression estimates from StringTie output and processed with
mouse-ENSEMBL-gene IDs with 1,000 permutations using a #test metric for gene ranking
(https://www.gsea-msigdb.org/gsea/index.jsp). Enrichment was tested using default v5.2
MSigDb gene sets. Mouse RNA sequencing (RNA-seq) data have been deposited into the
NCBI Gene Expression Omnibus (accession GSE191115).

Quantification and statistical analysis

Results

Data are shown as mean + SD as indicated. Statistical significance was determined using
the two-tailed Student’s ftest, and o values lower than 0.05 were considered statistically
significant (*p <0.05, **p <0.01, ***p <0.001). GraphPad Prism (Boston, MA, USA) was
used for statistical analysis and graphing.

Other details can be found in the Supplementary CTAT table and Supplementary
information.

ATF4 ablation increases uPA-induced liver injury without an effect on UPR activation

As previously found,” 5-6-wo MUP-uPA mice, whose liver uPA expression had peaked,
exhibited elevated expression of ER stress markers, including endoplasmic reticulum protein
5 (ERP5), 78-kDa glucose-regulated protein (GRP78/BIP), C/EBP-homologous protein
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(CHOP), ATF4, and phosphorylated elF2a. (P-elF2a) (Fig. 1A and Fig. SLA). To study the
role of ATF4 in NASH and HCC development, we generated A2 mice and crossbred
them with MUP-uPA mice to obtain MUP-uPA/Atf#A"¢P mice. Compared with livers of
MUP-uPA/AFF mice, MUP-uPA/At4eP livers had a rough appearance with surface
nodules (Fig. 1B) and elevated serum alanine aminotransferase (ALT) (Fig. 1C), suggesting
enhanced liver injury. By contrast, livers of A##2"¢P mice had normal appearance, and
serum ALT was normal, too (Fig. 1B and C). /n situ hybridisation analysis of Aff4 mRNA
showed elevated expression in MUP-uPA/Atf4F hepatocytes, and efficient loss of the Atf4
mRNA signal was observed in both A£2"P and MUP-uPA/Atf4"eP mice (Fig. S1B and
C), consistent with absence of the floxed allele in isolated hepatocytes (Fig. S1D). Histology
revealed hepatocyte damage in 6-wo MUP-uPA/Atf4'F mice accompanied by immune
infiltration that was exacerbated in MUP-uPA/Atf#"eP mice (Fig. 1D). Sox9 and F4/80
antibody staining were higher in MUP-uRPA/Atf#~P livers, indicating injury-associated
ductular reaction and enhanced macrophage infiltration (Fig. 1D). Notably, immunoblotting
(1B) of liver lysates indicated that ATF4 ablation had little or no effect on the ER stress
markers, TRB3, GRP78, CHOP, and P-elF2a (Fig. 1E). The ATF6 and IRE1-Xbpl branches
of the UPR were not affected either based on expression of ATF6 target genes, ER
degradation-enhancing alpha-mannosidase-like protein 2 (EDEM2) and GRP78 (Fig. S1E),
and similar amounts of spliced X4pI (Xbp1s) MRNA in 6-wo MUP-uPA/AtFA!F and MUP-
UPA/AL4AeP mice (Fig. S1F), suggesting that the UPR in MUP-uPA mice is activated
independently of ATF4. Interestingly, 4-hydroxynonenal (4HNE) staining, a marker of lipid
peroxidation and ferroptosis, was elevated in the MUP-uPA/Atf#P liver (Fig. 1D) and the
reduced GSH to oxidised GSH (GSSG) ratio was decreased (Fig. 1F), suggesting oxidative
stress and liver injury. These findings resemble observations made in /kktA"eP mice, in
which HCC development was suppressed by NAC, a GSH precursor.8 Quantitative reverse-
transcription PCR (qRT-PCR) analysis of MUP-uPA/Atf4P livers showed increased
expression of F4/80, IL-1a, and C-X-C motif chemokine ligand 2 (CXCL2) mRNAs (Fig.
S1G), indicating that ATF4-deficient hepatocytes are more susceptible to ER stress-related
necroinflammatory injury, normally suppressed by ATF4, which plays an important role in
maintaining redox homoeostasis.

ATF4 ablation attenuates target gene expression

Young MUP-uPA hepatocytes are ER-stressed, undergoing cell death and self-renewal.”40
We used gRT-PCR to examine how ATF4 ablation affects target gene expression.
MUP-uPA/AL4'F livers exhibited elevated expression of phosphoglycerate dehydrogenase
(PHGDH), phosphoserine aminotransferase 1 (PSAT1), phosphoserine phosphatase
(PSPH), cystathionine gamma-lyase (CTH), and methenyltetrahydrofolate dehydrogenase
2 (MTHFD2) mRNAs relative to wild-type (WT) livers (Fig. 2A). The products of these
mRNAs catalyse serine and cysteine synthesis as well as one carbon metabolism/folate
cycle (Fig. 2B). ATF4 ablation reduced these mRNAs (Fig. 2A). MUP-uPA/Atf4F livers
also showed elevated expression of MRNAs for asparagine synthetase (ASNS), cysteinyl-
tRNA synthetase (CARS), mitochondrial phosphoenolpyruvate carboxykinase (PCK2), and
glutathione-specific gamma-glutamylcyclotransferase 1 (CHACL), enzymes involved in AA
metabolism, gluconoeogenesis, and GSH utilisation, all of which were reduced in MUP-
UPA/AFA®P livers (Fig. 2A). Decreased gene expression was not caused by reduced uPA
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expression or less ER stress in MUP-uPA/AtF#"eP livers (Fig. 2A). Atf4 mRNA was higher
in MUP-uPA/Atf4'F livers compared with WT livers.

GSH, whose amounts were reduced in MUP-uPA/Atf4"eP livers, is a key antioxidant and
redox regulator.*1:42 De novo GSH synthesis is mediated via a two-step biosynthetic process
catalysed by glutamate—cysteine ligase (GCL) and glutathione synthase (GSS). mRNAs
for enzymes involved in glycine, cysteine, and glutamate synthesis were reduced on ATF4
ablation (Fig. 2A), which did not significantly affect mRNAs for glutaminolysis enzymes,
glutaminase liver isoform (GSL2), and glutamate dehydrogenase 1 (GLUDL) (Fig. S2A).
ATF4 ablation reduced mRNA for serine hydroxymethyltransferase 2 (SHMT2), which
catalyses serine and glycine interconversion, but not for SHMT1 (Fig. 2A). Cysteine is
the limiting GSH precursor, and its uptake is mediated by xCT.1242 Liver-specific ATF4
ablation reduced expression of MRNAs for SLC7A11 and SLC1A5, which encodes the
neutral AA transporter B (ASCT2) for uptake of alanine, serine, cysteine, and threonine,
but had little effect on SLC1A4/ASCT1 mRNA amounts (Fig. 2A and Fig. S2A). ATF4
deletion also reduced the mRNAs for the large neutral AA transporter small subunit

1 (SLC7A5/4F2LC), but not for the heavy subunit of the large neutral AA transporter
(SLC3A2/4F2HC), and seryl-tRNA synthetase (SARS) (Fig. 2A and Fig. S2A).

KEGG pathway analysis of RNA-Seq data collected from overnight-fasted 6-wo MUP-
UPA/AFF and MUP-uPA/AtFAEP livers revealed that differentially expressed genes
involved in lipid metabolism, metabolism of cofactors and vitamins, carbohydrate
metabolism, and AA metabolism were the top four differentially expressed metabolic
groups (Fig. 2C). DAVID-based GO analysis showed that top four significant changes

in biological processes upon ATF4 ablation were oxidation—reduction process, lipid
metabolic process, metabolic process, and fatty acid metabolic process (Fig. 2D). GSEA
indicated that ATF4 ablation reduced expression of genes involved in AA metabolism

(Fig. S2B). Heat map depiction showed significantly downregulated ‘AA metabolism’-
related genes, including those encoding PHGDH, SLC7A11, MTHFD2, ASNS, glutathione-
specific gamma-glutamylcyclotransferase 1 (CHACL), alpha-aminoadipic semialdehyde
dehydrogenase (ALDH7A1), aminomethyltransferase (AMT), and CARS in MUP-uPA/
AtfAANeD relative to MUP-uPA/Atf#F livers (Fig. 2E). By contrast, the Atf#/F and Arfhep
liver transcriptomes were barely different (Fig. S2C and D), correlating with low ATF4
expression in non-stressed livers. These data explain how ATF4 ablation decreases the
GSH:GSSG ratio.

The major transcriptional regulator of redox homoeostasis is NRF2.4143 ER stress

and oxidative stress are closely linked,*3 and MUP-uPA/Atf4#'F mice showed elevated
expression of numerous NRF2 target genes encoding SLC7A11, SLC1A4, SLC7A5, haem
oxygenase 1 (HO1), NAD(P)H quinone dehydrogenase 1 (NQO1), and GSS (Fig. 2A, and
Fig. S2A and E). ATF4 ablation had no effect on HO1, NQO1, GSS, GCLC, and GCLM
mRNAs, while reducing SLC7A11, SLC7AD5, and superoxide dismutase 2 (SOD2) mRNA
amounts (Fig. 2A, and Fig. S2A and E), suggesting that some NRF2 targets also respond
to ATF4. By contrast, ATF4 ablation increased expression of the pro-apoptotic mRNAs for
Bcl-2-associated X protein (BAX) and death receptor 5 (DR5) but decreased expression of
p53 upregulated modulator of apoptosis (PUMA) and had no effect on expression of BH3-
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interacting domain death agonist (BID), tumour necrosis factor receptor 1 (TNFRZ1), tumour
necrosis factor receptor superfamily member 6 (TNFRSF6/FAS), and CHOP mRNAs (Fig.
S2F). These results suggest that ATF4 ablation may contribute to apoptosis under stress.

Reduced SLC7A11 expression increases susceptibility to ferroptosis

The MUP-uPA/Atf4"eP liver exhibited features of ferroptosis that could be attributed to
reduced expression of XCT, a key regulator of ferroptosis.1? To examine whether ATF4
ablation increased susceptibility to ferroptosis and other forms of cell death, we cultured
Atf#F and ATF4-deficient (A7) hepatocytes and treated them with different cell death
inducers, including palmitic acid (PA), tunicamycin (TM), DEN, the ferroptosis inducer
RAS-selective lethal 3 (RSL3), and the proteasome inhibitor MG132. Although At
hepatocytes grew as well as At##/F hepatocytes under basal conditions, they exhibited
higher cell death rates in response to drug treatment and had lower intracellular GSH

(Fig. 3A and B, and Fig. S3A). NRF2-deficient (Nfe2/27/7) hepatocytes were also more
susceptible to RSL3-induced cell death than WT hepatocytes (Fig. S3B). Although most
Atf# hepatocytes died after incubation with low RSL3 concentrations, most Atf4/F
hepatocytes remained viable, but when RSL3 amounts were high, both A###/F and

Atf# hepatocytes died (Fig. 3C—E and Fig. S3C). The ferroptosis inhibitor ferrostatin-1
(FER-1) completely inhibited RSL3-induced A##'F hepatocyte death, but the caspase
inhibitor Z-VVAD or the necroptosis inhibitor necrostatin-1 (NEC-1) were ineffective (Fig.
3D). Full protection of At hepatocytes was seen in cells incubated with a low RSL3
concentration (Fig. S3D). Transmission electron microscopy (TEM) showed a typical feature
of ferroptosis, smaller mitochondria, present in RSL3-treated hepatocytes, especially in the
absence of ATF4 (Fig. S3E), consistent with previous reports.12-16 RSL3-induced ferroptosis
of Atf4-deficient hepatocytes was also inhibited by the iron chelator deferoxamine (DFO)
(Fig. S3F). B-Mercaptoethanol (B-Me), however, had little effect on A4#/F hepatocytes,
consistent with previous reports, 1244 although it slightly inhibited ferroptosis in At#f£
hepatocytes (Fig. S3F). Furthermore, FER-1 partly inhibited the DEN-induced cell death of
At hepatocytes (Fig. S3G), suggesting that DEN triggers different forms of cell death,
including ferroptosis.

To determine whether elevated ferroptosis susceptibility of At hepatocytes is caused

by their SLC7AL11 deficiency, we used adenovirus (Adv)-mediated transduction to express
GFP, ATF4, or SLC7A11. Reconstitution of either ATF4 or SLC7A11 provided protection
against RSL3-mediated ferroptosis, with SLC7A11 being more efficient owing to its higher
expression from the Adv promoter than from the ATF4-activated endogenous promoter (Fig.
3F and Fig. S3H). RSL3-mediated oxidative stress led to NRF2 activation and induction

of the NRF2 target prostaglandin G/H synthase 2 (PTGS2), a ferroptosis marker.16:45
Accordingly, ATF4 ablation increased PTGS2 and decreased SLC7A11 mRNA expression
in RSL3-treated cells (Fig. 3G). These results suggest that ATF4 provides protection from
ferroptosis by inducing SLC7A11 expression. PA or TM treatment of At##/F and Arf#
hepatocytes resulted in strong induction of PHGDH, PSAT1, PSPH, CHAC1, MTHFD?2,
PCK2, ASNS, SLC7A11, FGF21, SLC7A5, and SLC1A4 mRNAs in Atf4/F hepatocytes,
although Atf# hepatocytes were barely or modestly responsive (Fig. 3H and Fig. S3l).
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These results are consistent with those observed in MUP-uPA/AtfF'F and MUP-uPA/
AP mice.

ATF4 and NRF2 coordinately control SLC7A11 expression

NRF2 activates the antioxidant response by binding to antioxidant response elements
(ARES) in its target promoters,*6 whereas ATF4 controls AA metabolism by binding to

AA response elements (AARES).36 Previous studies in cancer cells showed some overlap
between NRF2 and ATF4 target genes, including CHOP/Ddit3*"48 and HO1.4° The S/c7a1l
promoter contains one ARE and two AAREs.%0:51 To understand how ATF4 and NRF2
regulate SLC7A11 expression in non-transformed hepatocytes, we generated a series of
ARE and AARE deletion mutations in the S/c7a11 promoter fused to a luciferase reporter
and examined their response to cotransfected ATF4 and NRF2 expression vectors (Fig. 4A).
Either ATF4 or NRF2 stimulated luciferase expression, and the two combined gave the
highest luciferase expression (Fig. 4B—E). Deletion of either the ARE or AAREs decreased
luciferase expression to various degrees, and deletion of both elements completely blocked
luciferase expression (Fig. 4B-E).

We reconstituted WT, Atf4, and Nfe2/27'~ hepatocytes with Adv-GFP, Adv-ATF4, Adv-
NRF2, or Adv-ATF4 + NRF2 and analysed target gene expression (Fig. S4A). Relative

to Adv-GFP, either Adv-ATF4 or Adv-NRF2 induced S/c7aZ1 mRNA in WT and A2
hepatocytes, but the response to Adv-ATF4 was suppressed in Nfe2/27/~ hepatocytes, a
defect that was overcome by Adv-NRF2 infection (Fig. 4F). This suggests that although
NRF2 is a potent S/c7a11 inducer, maximal gene induction depends on ATF4, but without
NRF2, ATF4 does not induce S/c7a1l mRNA. By contrast, ATF4 was not needed for
induction of the typical NRF2 target genes Gclcand Prgs2 (Fig. 4G and Fig. S4B). The
typical ATF4 target gene Fgf21 was responsive to Adv-ATF4 but not to Adv-NRF2, which
attenuated the response to ATF4 (Fig. 4H). Congruently, NRF2 ablation had no effect on
Fgf21 induction by Adv-ATFA4.

ATF4 ablation increases NASH severity and HCC burden in MUP-uPA mice

MUP-uPA/AFF and MUP-uPA/Af4"eP mice were kept on either LFD or HFD to
examine NASH development and HCC progression. Livers of LFD-fed 4-mo MUP-uPA/
Atf#'F mice had a normal appearance, but those of MUP-uPA/Atf#"eP mice retained a
rough appearance, exhibited regenerative nodules, and had elevated serum ALT (Fig. 5A
and B), indicating more liver damage. Histological analysis revealed more liver fibrosis,
proliferating hepatocytes, lipid peroxidation, and cell death in MUP-uPA/Af4A"eP relative
to MUP-uPA/Atf#F mice (Fig. S5A). MUP-uPA/ALf4"eP livers showed higher expression
of //6, Ly6g, and Dr5 mRNAs, suggesting increased monocyte, granulocyte, and neutrophil
content (Fig. S5B). MUP-uPA/AtfAP livers showed large reduction in Aff4and Fgf2l
mRNAs, but no effect on 77fmRNA (Fig. S5B).

Similar to MUP-uPA mice,” HFD-fed 6-mo MUP-uPA/Atf4!F mice displayed typical
NASH signs, including immune infiltration and fibrosis, which were more pronounced in
MUP-uPA/AfA"P mice, that also presented with liver tumour nodules and high circulating
ALT (Fig. 5A-E). However, ATF4 ablation decreased serum triglyceride (TG) and total
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cholesterol (T-Chol), and liver TG, but not liver T-Chol (Fig. 5C and Fig. S5C). Notably,
lipid droplet accumulation in MUP-uPA/Atf42"eP livers was reduced relative to MUP-uPA/
Atf#F livers (Fig. 5E), a situation typical of advanced human NASH.3:52 ATF4 ablation
also accelerated and augmented HCC development, which was not apparent in MUP-uPA/
Atf#!F mice of a similar age (Fig. 5D), and increased lipid peroxidation (Fig. 5E). Prussian
blue staining showed the presence of liver ferric iron, which contributes to ferroptosis
induction, in both livers, which was not affected by ATF4 ablation. gqRT-PCR analysis
revealed increased expression of mMRNAs coding for the fibrogenic cytokine transforming
growth factor beta (TGFp) and several fibrosis markers as well as inflammatory cytokines
and chemokines, tumour necrosis factor (TNF), IL-1p, C—C motif chemokine ligand

2 (CCL2), CCL19, and IL-23A in the MUP-uPA/Atf4AeP livers (Fig. S5D and E).
Consistent with HCC development, MUP-uPA/AtfAP livers exhibited elevated expression
of mRNAs for HCC markers, epiregulin (EREG), epithelial cell adhesion molecule
(EPCAM), glypican-3 (GPC3), CD44, and protein delta homologue 1 (DLK1) (Fig. 5F).
ATF4 deficiency increased phosphorylation of extracellular signal-regulated kinase 1/2
(ERK1/2) at threonine 202 and tyrosine 204, Jun N-terminal kinase (JNK) at threonine

183 and tyrosine 185, and elF2a. at serine 51, as well as p62 expression (Fig. 5G), which
supports HCC development in MUP-uPA mice.® Expression and phosphorylation of signal
transducer and activator of transcription 3 (STAT3), AKT, and JNK, but not of ERK,

were also increased in MUP-uPA/Atf#"eP tumours isolated from 10-mo mice (Fig. S5F).
MUP-uPA/ALf4A"eP HCCs were all ATF4 deficient (Fig. S5G), indicating they originated
from ATF4-deficient hepatocytes. These data indicate that despite the reduction in hepatic
steatosis, ATF4 deletion accelerates NASH pathogenesis and NASH to HCC progression.

ATF4 ablation enhances DEN-induced liver injury and tumorigenesis

DEN is a hepatotoxin and carcinogen that activates liver UPR signalling and increases
ATF4 expression during HCC development.53 To examine the effect of ATF4 ablation

on chemical liver injury and carcinogenesis, we challenged 3-mo At4#/F and Atf4~hep
mice with high-dose DEN (100 mg/kg). DEN is metabolically activated by cytochrome
P450 2E1 (CYP2E1) in pericentral zone 3 hepatocytes.>>* Accordingly, 24 h after DEN
administration, Atf#/F livers exhibited pericentral damage, whereas Atf#2P [ivers showed
broader damage extending from zone 3 to zone 2; increased proliferating cell nuclear
antigen (PCNA), F4/80, TUNEL, phosphorylated (y) histone H2AX, and 4HNE staining;
and elevated serum ALT (Fig. S6A-C). ATF4 ablation, however, did not affect CYP2E1
expression (Fig. S6A, D and E), suggesting that enhanced liver damage in AP mice is
not caused by altered DEN metabolism.

To induce HCC development, 2-wo mice were given a lower DEN dose (25 mg/kg).> Atf#/F
mice exhibited macroscopic tumours only after 10 months, whereas 5-mo AP mice
showed small tumours, and when 10 mo, they showed higher tumour burden than Atf#/F
mice (Fig. 6A). Liver damage, tumour number, and size were higher in Af££2"P mice (Fig.
6B and C) and so was their liver to body weight ratio (Fig. S6F). The non-tumour portion

of Atf#AMeP livers showed elevated cyclin-D1 (CCND1), mouse double minute 2 homologue
(MDM2), connective tissue growth factor (CTGF), and DR5 mRNAs, but reduced FGF21
mRNA (Fig. 6D). Histological analysis showed that ATF4 ablation enhanced formation
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of nodular cancer foci positive for the HCC markers GPC3 and alpha-foetoprotein (AFP)
(Fig. S7TA). ATF4-deficient HCCs were stained more intensely for GPC3, AFP, and 4HNE
(Fig. 6E). p38, STAT3, ERK1/2, and JNK phosphorylation were generally higher in ATF4-
deficient tumours, which expressed more EREG but less FGF21 mRNA (Fig. 6F and G).

Restoration of Slc7all/xCT expression inhibits liver tumorigenesis

To investigate whether SLC7A11 reconstitution can prevent the enhancement of liver
damage and tumour formation in ATF4-deficient mice, we used adeno-associated virus

8 (AAVS8) to transduce SLC7A11, whose N-terminus was fused to mCherry (AAV8-

XCT), or mCherry (AAV8-mCherry), into livers of 8-wo MUP-uPA/Atf4#'F and MUP-
UPA/ALFAAP mice (Fig. S7B). We first checked liver damage in 3.5-mo LFD-fed MUP-
UPA/ALAMEP mice and found that AAVS-xCT-transduced MUP-uPA/AfAMP livers had
smooth appearances and fewer macroscopic regenerative nodules than AAV8-mCherry-
transduced livers (Fig. 7A). AAV8-mCherry and AAV8-xCT were both well expressed

in the MUP-uRA/AtFAP livers. Histological analysis revealed less inflammation and

lipid peroxidation in AAV-xCT-transduced livers compared with AAV8-mCherry-transduced
MUP-uPA/AAEP livers (Fig. 7A), as well as lower serum ALT (Fig. 7B). IB and qRT-
PCR confirmed exogenous xCT expression in the AAV8-xCT-transduced livers (Fig. 7C and
D) and lower expression of mMRNAs for the fibrosis markers collagen 1V al (COL4A1)

and tissue inhibitor of metalloproteinase 1 (TIMP1), and TNF (Fig. 7D). Administration

of a low dose of FER-1 every other day for 2 weeks to 6-wo MUP-uPA/AtfA"P mice
reduced liver inflammation (F4/80 staining) (Fig. 7E). AAV8-XCT transduction of MUP-
UPA/ALFAAP mice reduced liver tumour size relative to the effect of AAV8-mCherry
transduction, although its effect on tumour number was not significant (Fig. 7F and G). The
negligible effect on tumour initiation might be as a result of either a small sample size or
delayed xCT expression or action. To overcome this limitation, we used a model of delayed
HCC induction, combining DEN administration to adult mice with HFD feeding and PB
administration in the drinking water.5® AtfF/F and Atf#2"eP mice subjected to this mode

of HCC induction were first injected AAV8-mCherry or AAV8-xCT when 8 wo, followed
by HFD feeding when 3 mo, DEN (80 mg/kg) administration when 4 mo, and water with
0.05% PB when 5 mo, and analysed for tumour burden when 10 mo (Fig. S7B). As in
young DEN-challenged mice (Fig. 6A), ATF4 ablation enhanced HCC development, and
compared with AAV8-mCherry transduction, AAV8-xCT transduction significantly reduced
both tumour number and tumour size (Fig. S7C and D). These results indicate that the most
critical ATF4 target for suppression of liver damage, inflammation, and tumorigenesis is the
small xCT subunit.

Discussion

Normal hepatocytes barely turnover, with virtually no cell death or proliferation.>®
However, the liver retains the ability to quickly regenerate in response to extensive
hepatocellular death caused by viral, toxic, metabolic, or autoimmune insults. This so-
called compensatory proliferation contributes to oncogenic transformation, and elevated
circulating aminotransferases, markers for hepatocyte death, are highly predictive of
HCC development in patients.>”28 Different forms of hepatocyte death were suggested
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to contribute to the cancer-promoting necroinflammatory response, including apoptosis,
necrosis, and necroptosis.11:59.60 As shown above, a predominant driver of HCC-promoting
necroinflammation in NASH-afflicted MUP-uFA mice is ATF4-SLC7A11-suppressible
ferroptosis. Although DEN-induced liver injury is complex and involves several distinct
modes of cell death, ferroptosis also appears to be a predominant cause of liver injury

in mice challenged with DEN in combination with HFD and PB. SLC7A11/xCT, which
determines the intracellular concentration of GSH by importing cystine and exporting
glutamate at a 1:1 ratio in an ATP-dependent manner, is a key regulator of ferroptosis.12:42
We demonstrate that ATF4-deficient hepatocytes and livers are sensitised to ER stress-
induced cell death and exhibit a substantially lower GSH:GSSG ratio and elevated

lipid peroxidation, classical hallmarks of ferroptosis that can be attributed to SLC7A11
deficiency. Of note, despite being tumour suppressive in other cell types and tissues,
hepatocyte cell death, which is inhibited by NF-xB, is tumour-promoting in the liver.8

Even in this early study, published before the discovery of ferroptosis,!2 it was clear

that the liver-damaging and HCC-promoting effect of IKKp ablation was fully reversed

by an NAC-containing diet, which restored GSH levels and prevented oxidative stress

and lipid peroxidation.8 Likewise, in the present study, liver damage and HCC promotion
were suppressed by forced SLC7A11 expression, although the hepatocytes remained ATF4
deficient. Hepatocyte-specific ablation of the antiapoptotic proteins myeloid cell leukemia-1
and B-cell lymphoma-extra large also increased the rate of apoptosis and led to spontaneous
HCC development.51.62 |t will be interesting to determine whether ferroptosis inhibitors also
suppress liver damage and hepatocarcinogenesis in these mice.

Previous studies had shown that ferroptosis is mainly regulated by NRF2, which controls
expression of SLC7A11 and GPX4, as well as GSH-synthesising enzymes. Ferroptosis was
implicated in drug-induced liver injury (DILI), ischaemia—reperfusion injury, and chronic
liver disease with one or several features of GSH depletion, iron overload, and reduced
SLC7A11 and GPX4 expression.18 Although the role of ferroptosis in NAFLD progression
and carcinogen-induced HCC has not been established, 4-HNE staining was used as an
oxidative stress marker in patients with NASH.82 Ferroptosis, however, was shown to
trigger inflammation in a mouse steatohepatitis model induced by a choline-deficient,
ethionine-supplemented diet.%3 F-box and leucine-rich repeat protein 5 (FBXL5) regulates
iron homoeostasis, and FBXL5-deficient mice exhibit features of ferroptosis, including liver
iron overload, oxidative stress, liver injury, and steatohepatitis, and, similar to Atfz2hep
mice, are more susceptible to DEN-induced HCC.53 However, in all of these cases, it

is not clear whether all hepatocytes die by ferroptosis or whether other forms of cell

death, including necrosis, apoptosis, cuproptosis, and necroptosis, also take place.11:42.60.64
Despite these uncertainties, it is important to test whether FER-1 and other newly developed
ferroptosis inhibitors can reduce liver injury and HCC susceptibility in NASH, ASH,

DILI, a1 anti-trypsin deficiency, and iron overload diseases. Given that SLC7A11 is

often highly expressed in different cancers, its overexpression can inhibit reactive oxygen
species-induced ferroptosis, promote tumour growth, and confer drug resistance.14:15.65.66
ATF4 expression is also upregulated in different cancers to promote cell survival and
tumour growth.36:37 Of note, ATF4and SLC7A11 levels are positively correlated in human
HCC (Fig. 7H), and ATF4-deficient HCC cells are more sensitive to ferroptosis (Fig.
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S7E). In human NASH specimens, ATF4and SLC7A11 are also correlated (Fig. 71),
supporting our finding that inhibition of ferroptosis by the ATF4-SLC7AL axis suppresses
hepatocarcinogenesis in NASH-afflicted MUP-uPA mice (Fig. S7F). It is therefore plausible
that ferroptosis inhibitors may be effective in preventing the progression of chronic liver
diseases to HCC, although their effect on established HCC remains to be determined. The
timing and duration of ferroptosis inhibition are important and should be optimised for
achieving a maximal cancer preventive effect.

ATF4 is a key downstream effector of the ER and integrated stress responses, which are
triggered by nutrient deprivation, viral infection, and oxidative stress.8” However, under
persistent stress or when adaptation is insufficient, ATF4 promotes cell death.6® Of note,
liver-specific ATF4 ablation inhibits hepatic steatosis,30-31:33-35 which could be a protective
response that prevents further progression to steatohepatitis. Indeed, loss of ATF4 enhances
liver damage.2® Unlike HFD-fed BL6 mice, which develop simple or benign steatosis,
HFD-fed MUP-uPA mice progress to steatohepatitis, liver damage, and fibrosis owing to ER
stress-driven hepatocyte death.’” The results described above suggest that ATF4 attenuates
the progression from simple steatosis to NASH and HCC by suppressing ferroptosis, thereby
blocking liver damage and necroinflammation. Consistent with previous publications,30:31.34
hepatocyte ATF4 ablation inhibited hepatic steatosis, reinforcing the notion that hepatic
steatosis per se is not damaging and does not increase cancer risk unless it is accompanied
by liver damage.

Conclusions

Our study suggests that ferroptosis, which is inhibited by the ATF4-SLC7A11 axis, may
be the most relevant form of hepatocyte death that leads to HCC-accelerating inflammation
and compensatory proliferation. Ferroptosis inhibitors or ATF4 activators may be useful in
preventing NASH development and its progression to HCC.
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Fig. 1. Hepatocyte-specific ATF4 ablation disrupts redox homoeostasis and exacer bates liver
injury in MUP-uPA mice.

(A) Representative IB analysis of 6-wo BL6 (WT) and MUP-uPA mice. (B) Gross liver
morphology of 6-wo AtfF!F, AtfAANP, MUP-uPA/AtFF!F, and MUP-uPAI Atf4ANeP mice.
(C) Serum ALT in above mice. Mean £ SD (n = 4-10/group). Value of pindicates
significance level, Student’s ¢test. (D) H&E staining and IHC analysis of 6-wo WT,
MUP-uPA/AFF and MUP-uPA/Atf#"eP mice. Staining was quantitated as the number
of positive cells per HMF or positively stained area per field, as indicated. Mean +

SD (n = 4/group). *p <0.05; **p <0.01 (Student’s ztest). Scale bars, 100 Im. (E)

IB analysis of 6-wo MUP-uPA/AtAF and MUP-uPA/Af#AMeP mice. (F) GSH:GSSG

ratio in livers of indicated 6-wo mice. Mean + SD (n = 3-4/group). *p = 0.012

(Student’s rtest). 4HNE, 4-hydroxynonenal; ATF4, activating transcription factor 4; CHOP,
C/EBP-homologous protein; elF2a, eukaryotic translation initiation factor 2 subunit a;
ERP5, endoplasmic reticulum protein 5; GRP78, 78-kDa glucose-regulated protein; GSH,
glutathione; GSSG, oxidised glutathione; HDAC1, histone deacetylase 1; HMF, high
magnification field; 1B, immunoblotting; IHC, immunohistochemistry; MUP-uPA, major
urinary protein promoter—urokinase plasminogen activator; P-elF2a., phosphorylated elF2a.;
TRB3, tribbles homologue 3; wo, week old; WT, wild-type.
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Fig. 2. ATF4 ablation disrupts expression of genesinvolved in amino acid and one-carbon

metabolism.

(A) gRT-PCR analysis of liver mRNAs from 6-wo Atf#'F, MUP-uPA/Atf#'F, and MUP-
UPA/AFAAP mice. Mean + SD (n = 3-6/group). *p <0.05; **p <0.01 (Student’s ¢

test). (B) Diagram showing metabolic pathways with key enzymes involved in sering,
glycine, cysteine, and GSH metabolism as well as the folate and methionine cycles. (C)
KEGG pathway analysis of genes differentially represented in RNA-seq data from livers

of overnight fasted 6-wo MUP-uPA/AtfAAP and MUP-uPA/Atf4F mice (n = 3). (D)
DAVID-based GO analysis of differentially expressed genes in above RNA-seq data (n = 3).
(E) Heat map representation of significantly downregulated genes in MUP-uPA/Atf4hep
relative to MUP-uPA/Atf4F livers (n = 3) associated with ‘amino acid metabolism’
including Log,FC value. ATF4, activating transcription factor 4; CHAC1, glutathione
specific gamma-glutamylcyclotransferase 1; CTH, cystathionine gamma-lyase; GO, gene
ontology; GSH, glutathione; KEGG, Kyoto Encyclopedia of Genes and Genomes; Log,FC,
log, fold-change; MTHFD2, methenyltetrahydrofolate dehydrogenase 2; MUP-uPA, major
urinary protein promoter—urokinase plasminogen activator; NRF2, nuclear factor erythroid
2-related factor 2; PHGDH, phosphoglycerate dehydrogenase; PSAT1, phosphoserine
aminotransferase 1; PSPH, phosphoserine phosphatase; gRT-PCR, quantitative reverse-
transcription PCR; RNA-seq, RNA sequencing; SHMT, serine hydroxymethyltransferase;
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3-PG, 3-phosphoglycerate; 3-PP, 3-phosphohydroxypyruvate; 3-PS, 3-phosphoserine; wo,
week old.
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Fig. 3. ATF4-deficient hepatocytes are ferroptosis susceptible.
(A) Viability of Atf4/F and Atf# hepatocytes exposed to different cell death inducers.

*1<0.05; **p <0.01 (vs. Atf#F, Student’s rtest). (B) Relative GSH levels in above
hepatocytes. (C) Representative images showing morphology of At#/F and Arff
hepatocytes treated with vehicle control (NONE) or 0.5 uM RSL3 in the absence or presence
of 10 uM FER-1 for 10 h. Scale bars, 50 um. (D) Viability of above hepatocytes treated
without or with 5 UM RSL3 in the absence or presence of 50 pM Z-VAD, 10 pM FER-1,

or 10 uM NEC-1 for 10 h. (E) Viability of Atf#/F and At hepatocytes treated without

or with 2 pM RSL3 or 2 puM RSL3 plus 10 uM FER-1 for 10 h. (F) Viability of Atf#
hepatocytes transduced with Adv-GFP, Adv-ATF4, or Adv-xCT 24 h before culturing in the
presence of 2 UM RSL3, as indicated. **p <0.01 (Student’s ftest). (G) qRT-PCR analysis

of Ptgs2and Slc7a1l mRNAs in Atf#/F and Atf# hepatocytes treated with NONE, 0.5 pM
RSL3, 10 uM FER-1, or a 0.5 uM RSL3 plus 10 uM FER-1 combo for 8 h. **p <0.01 (vs.
Atf#F | Student’s rtest). #p<0.01 (vs. NONE of Atf4/F, Student’s ttest). (H) qRT-PCR
analysis of mRNA expression in Atf4/F and Atf#* hepatocytes treated with NONE, 300 uM
PA, or 4 pg/ml TM for 10 h. Mean + SD (n = 3/group). **p <0.01 (vs. Atf4/F, Student’s
ttest). #p<0.01 (vs. CT of Atf#/F, Student’s ttest). Adv, adenovirus; AFT4, activating
transcription factor 4; CT, Control; DEN, diethylnitrosamine; FER-1, ferrostatin-1; GSH,
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reduced glutathione; Lum, luminescence; NEC-1, necrostatin-1; PA, palmitic acid; RSL3,
RAS-selective lethal 3; TM, tunicamycin.
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Fig. 4. ATF4 and NRF2 coordinately regulate Sic7all expression.
(A) Schematic representation of the mouse S/c7all gene promoter with the upstream ARE

and the two AAREs (AARE-1 and AARE-2) indicated by open and solid rectangles,
respectively, fused to a luciferase reporter. (B—E) Luciferase assay measuring S/c7all
promoter activity before and after ARE and AARE deletion (AARE, AAAREs, and
AAREAAARES) in the absence (B) or presence of ATF4 (C), NRF2 (D), and ATF4 + NRF2
(E). HEK?293 cells were cotransfected with reporter plasmids (pGLBasic, pGL-Slc7all, and
its variants) in combination with pAd-track-NRF2 and/or ATF4 expression vectors, and a
control Renilla luciferase vector PRL-TK. After 24 h, luciferase activities were measured
and normalised to Renilla luciferase activity and presented as RLU (mean = SD from

three independent experiments). **p <0.01 (vs. pGL-Slc7all + ATF4); #p<0.01 (vs.
pGL-Slc7all + NRF2); $¥p<0.01 (vs. pGL-Slc7all + ATF4 + NRF2), Student’s £test.
(F-H) qRT-PCR analysis of Slc7a11 (F), Gele (G), and Fgr21 (H) mRNAs in WT, At
and Nfe2lz - hepatocytes transduced with Adv-GFP, Adv-ATF4, Adv-NRF2, or Adv-ATF4
+ NRF2. Mean £ SD (n = 3/group). **p <0.01 (vs. Adv-GFP of WT hepatocytes);
$8<0.01 (vs. Adv-GFP of At hepatocytes); #*#p <0.01 (vs. Adv-GFP of Nfe2l2™!
hepatocytes), Student’s ftest. AARE, amino acid response element; Adv, adenovirus; ARE,
antioxidant response element; ATF4, activating transcription factor 4; NRF2, nuclear factor
erythroid 2-related factor 2; qRT-PCR, quantitative reverse-transcription PCR; RLU, relative
luminescence unit; SLC7AL1, solute carrier family 7a member 11; WT, wild-type.
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Fig. 5. Hepatocyte-specific ATF4 ablation increases lipid peroxidation, liver damage,
inflammation, and HCC in HFD-fed M UP-uPA mice.

(A) Gross liver morphology of 4-mo LFD-fed and 6-mo HFD-fed MUP-uPA/Atf#!F and
MUP-uPA/AtfA"eP mice. Arrows indicate tumours. (B) Serum ALT in 4-mo LFD-fed and
6-mo HFD-fed Atf4/F, AtfAAheP, MUP-uPA/At#'F, and MUP-uPA/Atf4"eP mice. Mean +
SD (n = 4-6/group). Value of pindicates significance level, Student’s ¢test. (C) Serum and
liver TG in 6-mo HFD-fed Atf4/F, Atf#AeP, MUP-uPA/At4!F, and MUP-uPA/Atf4Nep
mice. Mean + SD (n = 4-6/group). *p <0.05 (Student’s ttest). (D) Tumour numbers and
maximal tumour sizes in livers of 6-mo HFD-fed MUP-uPA/AtF4!F and MUP-uPA/Atf4AeP
mice. Mean + SD (n = 6/group). **p <0.01; ***p <0.001 (Student’s ftest). (E) H&E, Qil

red O, Sirius Red, F4/80, 4HNE, DHE, and Prussian blue staining of liver sections from
above mice. Staining was quantitated as the number of positive cells per HMF or positively
stained area per field, as indicated. Scale bars, 100 pm for H&E, IHC, DHE, and Prussian
blue staining; 200 um for Oil Red O and Sirius Red staining. Mean + SD (n = 6/group). *p
<0.05 (Student’s ftest). (F) gRT-PCR analysis of HCC markers in above mice. Mean + SD
(n = 6-8/group). *p <0.05; **p <0.01 (Student’s ftest). (G) Representative 1B analysis of
Non-Tu liver tissues of above mice (n = 3-4/group). 4HNE, 4-hydroxynonenal; ALT, alanine
aminotransferase; ATF4, activating transcription factor 4; DHE, dihydroethidium; elF2a.,
eukaryotic translation initiation factor 2 subunit a; ERK1/2, extracellular signal-regulated
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kinase 1/2; HCC, hepatocellular carcinoma; HFD, high fat diet; HMF, high magnification
field; IHC, immunohistochemistry; JNK, Jun N-terminal kinase; LFD, low-fat diet; mo,
month old; MUP-uPA, major urinary protein promoter—urokinase plasminogen activator;
Non-Tu, non-tumours; PB*, Prussian blue positive; P-ERK1/2, phosphorylated ERK1/2; P-
elF2a, phosphorylated elF2a.; P-JNK, phosphorylated JNK; gRT-PCR, quantitative reverse-
transcription PCR; TG, triglycerides.
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Fig. 6. ATF4 ablation accelerates DEN-induced HCC onset and burden.
(A) Gross liver morphology of DEN-treated 5- and 10-mo LFD-fed At /F and Atf4hep

mice. (B) Serum ALT in DEN-treated 5-mo (top) and 10-mo (bottom) A##/F and Arf#Aer
mice. Mean * SD (n = 3-6/group). *p <0.05; **p <0.01 (Student’s ¢test). (C) Liver tumour
number (top) and maximal tumour size (bottom) in above 10-mo mice. Mean + SD (n = 4-6/
group). **p <0.01 (Student’s ftest). (D) gRT-PCR analysis of mRNAs in the Non-Tu region
of above 5-mo mice. Mean + SD (n = 5-6/group). *p <0.05; **p <0.01 (Student’s ftest).

(E) H&E, GPC3, AFP, and 4HNE staining of liver sections from above 10-mo mice (n =
6/group). Scale bars, 200 um for H&E, GPC3, and AFP staining; 100 um for 4HNE staining.
(F) 1B analysis of tumours from above 10-mo mice (n = 3-5/group). (G) gRT-PCR analysis
of tumour mRNAs from livers of above mice. Mean + SD (n = 5-6/group). *p <0.05;

**p <0.01 (Student’s ftest). 4HNE, 4-hydroxynonenal; ALT, alanine aminotransferase;
ATF4, activating transcription factor 4; AFP, alpha-foetoprotein; DEN, diethylnitrosamine;
ERKZ1/2, extracellular signal-regulated kinase 1/2; GPC3, glypican 3; IB, immunoblotting;
JNK, Jun N-terminal kinase; LFD, low-fat diet; mo, month old; Non-Tu, non-tumour;
P-AKT, phosphorylated AKT; P-ERK1/2, phosphorylated ERK1/2; P-JNK, phosphorylated
INK; P-STAT3, phosphorylated STAT3; qRT-PCR, quantitative reverse-transcription PCR;
STATS, signal transducer and activator of transcription 3; Tu, tumour.
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Fig. 7. XCT reconstitution attenuatesliver injury and reduces HCC burden.
(A) Gross liver morphology, H&E staining, and IHC analysis of 3.5-mo LFD-fed MUP-

UPA/ALAP mice injected with AAV8-mCherry or AAV8-xCT at 8 wo (n = 4/group).
Scale bars, 100 pm. (B) Serum ALT in above mice. Mean + SD (n = 4/group). *p <0.05
(Student’s ztest). (C) IB analysis of liver lysates from above mice. Exo indicates exogenous
mCherry-xCT fusion protein. (D) gRT-PCR analysis of liver mRNAs in above mice. Mean
+ SD (h = 4/group). *p <0.05; **p <0.01 (Student’s ftest). (E) H&E and F4/80 staining

of 2-mo LFD-fed MUP-uPA/Atf4"eP mice i.p. injected with vehicle (DMSO) or 1 mg/kg
FER-1 every other day for 2 weeks (n = 3/group). Scale bars, 100 um. (F and G) Gross

liver morphology (F) and tumour burden (G) in 10-mo HFD-fed MUP-uPA/Atf4F and
MUP-uPA/AtFA"eP mice injected with AAV8-mCherry or AAV8-xCT when 8 wo. Mean

+ SD (n = 3-4/group). *p <0.05; **p <0.01 (Student’s ¢test). (H and 1) Correlation

analysis of ATF4and SLC7A11 expression. Spearman’s analysis of A7TF4and SLC7A11
MRNA amounts in human TCGA HCC datasets (H) and in patients with NASH (I) (data
extracted from GSE61260). 4HNE, 4-hydroxynonenal; AAV8, adeno-associated virus 8;
ALT, alanine aminotransferase; ATF4, activating transcription factor 4; FER-1, ferrostatin-1;
GRP78, 78-kDa glucose-regulated protein; HCC, hepatocellular carcinoma; HFD, high-fat
diet; 1B, immunoblotting; IHC, immunochistochemistry; LFD, low-fat diet; MUP-uPA, major
urinary protein promoter—urokinase plasminogen activator; gqRT-PCR, quantitative reverse-
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transcription PCR; SLC7A11, solute carrier family 7a member 11; TCGA, The Cancer
Genome Atlas; TPM, transcripts per million; wo, week old.
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