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KEYWORDS Abstract All-trans retinoic acid (ATRA) can reverse the malignant behaviors of hepatocellular
All-trans retinoic carcinoma (HCC) cells, thereby exerting anti-HCC effect; however, the underlying mechanism
acid; is yet to be understood. This study aimed to demonstrate that ATRA is vital to ferroptosis in
Ferroptosis; HCC. Ferroptosis-related genes exhibit different expression in patients with HCC compared
Hepatocarcinoma; to that in healthy individuals. A total of 20 amino acid products were detected in HepG2 cells,
Invasion; the expression level of 5 was decreased after ATRA treatment. ATRA improved the levels of
Migration lipid ROS, MDA, and NAPD*/NADPH, and reduced the mt-DNA copy number and changed the

structure of mitochondria, in HepG2 and Hep3B cells. We found the expression of genes posi-
tively correlated with ferroptosis to increase and those negatively correlated to decrease with
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ATRA treatment. Inhibition of ferroptosis by Ferrostatin-1 reversed ATRA-inhibited prolifera-
tion of HCC cells, along with cell migration and invasion. GSH synthesis was blocked by ATRA,
accompanied by decreased cystine content and increased glutamate content, and downregu-
lation of the expression of GSH synthesis-related genes. Our findings suggested that ATRA in-
hibited the malignancy of HCC cells by improving ferroptosis, and that inhibition of GSH
synthesis contributed to ATRA-induced ferroptosis.

Copyright © 2022, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors, with third highest mortality rate in the
world. It is an important health issue in China, the number
of patients with HCC in China accounts for approximately
45% of cases across the world.'™ Although partial hepa-
tectomy or liver transplantation can significantly improve
the survival rate of patients with HCC, most patients are
diagnosed at middle-late stage, when the opportunity of
surgery is already lost. The prognosis of HCC still remains
poor, and is inextricably linked to its high recurrence and
frequent metastases.*> Therefore, recent studies on HCC
have mainly focused on how to effectively control its rapid
growth and prevent its metastasis.®’

All-trans retinoic acid (ATRA) is an active form of reti-
noic acid, which can regulate the growth and differentia-
tion of normal and malignant cells by binding to retinoic
acid receptors (RARs/RXRs).® We had previously shown that
ATRA inhibits the proliferation, migration, and metastasis
of HCC cells by reversing epithelial—mesenchymal transi-
tion (EMT), thereby implying its potential clinical applica-
tion in HCC treatment. However, the molecular mechanism
of ATRA in HCC is not completely clear.”°

Ferroptosis is a new type of cell death, characterized by
lipid peroxidation. Under the action of divalent iron or
ester oxygenase, unsaturated fatty acids express largely on
the cell membrane to produce lipid peroxidation and
induce cell death."" Ferroptosis has been associated with
many diseases, such as neurotoxicity/neurodegenerative
diseases, ischemia reperfusion injury, and tumors.'?"?
Sorafenib is an effective chemotherapeutic drug against
HCC, and plays cytotoxic role by inducing ferroptosis;
therefore, ferroptosis may be a potentially effective goal
for the induction of cell death in HCC.' Ferroptosis has
been reported to occur during ATPR (a novel ATRA) treat-
ment of acute myeloid leukemia,'® suggesting the possible
relationship between ATRA and ferroptosis.

The current study aimed to explore whether the regu-
lation of malignancy of HCC cells by ATRA is related to
ferroptosis. We demonstrated that ATRA treatment could
improve the reactive oxygen species (ROS) level in HCC
cells. Ferrostatin-1 (Fer-1), a selective inhibitor of ferrop-
tosis, reversed ATRA-inhibited malignancy of HCC cells.
ATRA increased ferroptosis by regulating two subunits of
glutamate-cysteine ligase modifier subunit (GCL) and
cystine/glutamate transporter system xc-. Collectively, our

findings could provide a theoretical basis for understanding
the anti-HCC effect of ATRA and its potential clinical
application in HCC treatment.

Materials and methods
Patients and datasets

TCGA database (including 50 normal liver samples and 374
HCC samples) and GSE36376 database (including 193 normal
liver samples and 240 HCC samples) were used for identi-
fication of the differentially expressed genes (DEGs) and
further analysis. TCGA database was analyzed by DEseq2
and GSE36376 database was analyzed by limma package.
Padj< 0.05 and | log;FoldChange| > 0.5 were considered
to be significant. To explore the interactions between these
genes, Protein—Protein Interaction (PPI) network was con-
structed by using the STRING online platform (http://www.
cn.string-db.org) to explore the interactions between these
DEGs. Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG, http://www.genome.jp) analyses
were performed by using clusterProfilter package to
analyze the expression characteristics and biological func-
tion of DEGs.

Metabolites detection

HepG2 were treated with 10 umol/L of ATRA for 48 h. Me-
tabolites between control and ATRA groups were determined
by LC-MS/MS (MetWare, Wuhan, China). The difference of
amino acid metabolites was presented as heatmap. | log,.
FoldChange | > 1 was considered to be significant.

Cell culture and treatment

Two types of human hepatocarcinoma cell line HepG2 and
Hep3B were purchased from the ATCC (Manassas, USA).
Cells were cultured in DMEM (Gibco, Carlsbad, USA) sup-
plied with 10% FBS (Gibco, Carlsbad, USA), at 37 °C with 5%
CO,. Hepatocarcinoma cells were divided into three groups:
control group, ATRA group (treated with 10 pmol/L of
ATRA, Sigma Aldrich, St. Louis, USA), ATRA + Fer-1 (Sigma
Aldrich, St. Louis, USA) group (treated with 10 umol/L of
ATRA and 1 pmol/L of Fer-1).
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Detection of Fe?*

HCC cells were seeded in a 60-mm dish with different
treatments for 48 h. The cell supernatant was discarded
and the FerroOrange (1 pumol/L, Dojindo, Japan) solution
was added to the cells for 40 min at 37 °C. The content of
Fe?* was detected by flow cytometry (BD FACSCanto I,
New Jersey, USA) and the distribution of Fe?* was observed
under laser confocal microscope (Nikon, Tokyo, Japan).
Each experiment was repeated at least three times.

Detection of total ROS and lipid ROS

Cells were incubated with DCFH-DA (10 umol/L, Beyotime,
Shanghai, China) at 37 °C for 30 min. Cells were then sub-
jected to flow cytometry analysis for ROS detection. To
detect intracellular lipid ROS, cells were incubated with
C11-BODIPY (50 umol/L, Thermo Fisher Scientific, Inc., MA,
USA) at 37 °C for 1 h. Excess C11-BODIPY was removed by
washing cells twice with PBS. Lipid ROS is proportional to
the oxidation of polyunsaturated butadienyl portion of C11-
BODIPY. When cells are oxidized, the released lipid ROS
quench the originally red fluorescence and elicit green
fluorescence under confocal microscope.

GSH/GSSG, MDA, cystine and glutamate content
assay

HCC cells were seeded in a 100-mm dish with different
treatments for 48 h. Cell lysates were collected, the level
of reduced glutathione (GSH), oxidized glutathione disul-
fide (GSSG), malondialdehyde (MDA), cystine and glutamate
was detected according to the manufacturer’s instructions
(Solarbio, Beijing, China).

Transmission electron microscopy (TEM) detection

After 48 h of treatment, HCC cells were digested and cell
pellet was obtained with centrifuge at 1000 g for 10 min.
The pellet samples were subsequently fixed, rinsed, dehy-
drated, soaked and embedded. The ultrathin sections were
captured by TEM in the electron microscope laboratory of
the Institute of Life Sciences, Chongqging Medical University.

Real-time PCR analysis

Total RNA in all groups was extracted with RNA Extraction kit
(Bioteke, Beijing, China); the concentration and purity of
RNA samples were detected at an absorbance ratio of 260/
280 nm. A total of 1 ng RNAwas reverse transcribed into cDNA
by using Superscript Il reverse transcription kit (Takara,
Dalian, China). Primers (Table 1) were designed by using the
Primer 3.0 program. The gene expression was quantified by
using the SYBR Green gPCR Supermix kit (Invitrogen, Carls-
bad, CA, USA). The relative level of mRNA expression of a
gene was normalized with the expression of §-actin.

Table 1  List of real-time PCR Primer Sequences.

Gene Primer sequence (5'—3')

human ACTB Fwd: CCTGGCACCCAGCACAAT
(8-actin) Rev: GGGCCGGACTCGTCATAC

human ACSL4  Fwd: CCAAGTAGACCAACGCCTTCAGAC

Rev: TCGGTCCCAGTCCAGGTATTCTTTC

human FTH1 Fwd: CCATCAACCGCCAGATCAACCTG
Rev: GTTTCTCAGCATGTTCCCTCTCCTC
human GCLC Fwd: TTGATTGTCGCTGGGGAGTGATTTC
Rev: TTGTTCTTCAATGGCTCCAGTCCTC
human GCIM Fwd: GCCTGTTCAGTCCTTGGAGTTGC
Rev: CCTCCCAGTAAGGCTGTAAATGCTC
human GPX4 Fwd: CCGCTGTGGAAGTGGATGAAGATC
Rev: CTTGTCGATGAGGAACTGTGGAGAG
human Fwd: CGATTCCGCTACGACCAACTCATAC

mt—ND1 Rev: GCTGGAGATTGTAATGGGTATGGAGAC

human TFRC Fwd: GCTGGAGACTTTGGATCGGTTGG
Rev: TATACAACAGTGGGCTGGCAGAAAC
human Fwd: TGGGTTCCAGGTTCGGGACATAG

SLC3A2 Rev: TCTGCTGAAGGTCGGAGGAGTTAG
human Fwd: ACGGTGGTGTGTTTGCTGTCTC
SLC7A11 Rev: GCTGGTAGAGGAGTGTGCTTGC

Mitochondrial DNA copy number

The genomic DNA was extraction by gDNA Assay Kit (AG,
China), then conduct real-time PCR procedure. The mito-
chondrial DNA (mt—ND1) to nuclear DNA (3-actin) ratio was
calculated as the mt-DNA copy number.

Western blot analysis

Cells with different treatments were lysed in RIPA buffer to
collect proteins. 20 ug protein was separated on 10% SDS-
PAGE gel (Beyotime, Shanghai, China) and subsequently
transferred to polyvinylidene fluoride membranes (Milli-
pore, Billerica, MA, USA). Then the membranes were
blocked in the Quick-Block blocking buffer (Beyotime,
Shanghai, China) for 15 min, and then incubated overnight
at 4 °C with a primary antibody of heme oxygenase-1 (HO-1,
384541, ZEN-BIOSCIENCE, Chengdu, China), NAD(P)H
quinone oxidoreductase 1 (NQO-1, R27096, ZEN-BIOSCI-
ENCE, Chengdu, China), glutamate-cysteine ligase catalytic
subunit (GCLC, ET1704-38, HuaBio, Zhejiang, China),
glutamate-cysteine ligase modifier subunit (GCLM, ET1705-
87, HuaBio, Zhejiang, China), glutathione peroxidase 4
(GPX4, ET1706-45, HuaBio, Zhejiang, China), Catalase (CAT,
ET1703-31, HuaBio, Zhejiang, China), Superoxide dismut-
ase-1 (SOD-1,ET1706-49, HuaBio, Zhejiang, China), Trans-
ferrin receptor (TFRC, ET1702-06, HuaBio, Zhejiang,
China), Ferritin Heavy Chain (FTH1, ET1705-55, HuaBio,
Zhejiang, China), solute carrier family 3 member 2 (SLC3A2,
ER65634, HuaBio, Zhejiang, China), solute carrier family 7
member 11 (SLC7A11, 382036, ZEN-BIOSCIENCE, Chengdu,
China), nuclear factor E2-related factor 2 (NRF2, 16396-1-
AP, Proteintech, Wuhan, China) and B-actin (TA-09, ZSGB-
BIO, Beijing, China). After being washed by TBST, the
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membranes were incubated with appropriate second anti-
body (ZSGB-BIO, Beijing, China) at room temperature for
2 h and visualized by using enhanced chemiluminescent
substrate (Bio-Rad, CA, USA) under the ChemiDoc Touch
Imaging System (Bio-Rad, CA, USA).

Cell apoptosis assay

Cell apoptosis was determined by using Hoechst staining. In
Hoechst staining assay, cells were fixed in 4% para-
formaldehyde at room temperature for 30 min, and stained
with Hoechst 33258 (Solarbio, Shanghai, China) for 10 min
and observed under a fluorescence microscope (Nikon,
Tokyo, Japan).

Wound-healing assay

HCC cells were seeded into 6-well plates with different
treatments as above described. When cell confluence
reached to 100% confluent monolayer after 48 h, a consis-
tent linear wound in the surface of confluent cells was
scratched with a pipette tip. After washed with PBS, cells
were continuously incubated with different treatments.
Bright-field images of the same wound field were captured
at 0, 1, 2, 3 days to calculate the wound healing rate. The
assay was independently repeated three times in triplicate.

Transwell assay for cell invasion

After 48 h of different treatments, cells of each group were
resuspended in serum-free DMEM and then 200 uL cell
suspension (migration: 3 x 10*/well and invasion: 1 x 10°/
well) was replanted into the upper chamber of Transwell
insert (8.0 um, Corning, NY, USA). DMEM supplied with 10%
FBS was added into the lower chamber. After 48 h of in-
cubation with different treatments, cells were fixed for
30 min and stained with 0.1% crystal violet (Beyotime,
Shanghai, China) for 20 min. After wiped away cells at the
upper surface of chamber, Transwell insert was photo-
graphed, at least five independent fields of view were
quantified under a light microscope (Nikon, Tokyo, Japan).
The procedure was independently performed for three
times with triplicate.

Periodic Acid-Schiff (PAS) staining and Indocyanine
(ICG) uptake

HCC cells were seeded in 6-well plate with 10 days of
different treatments, and the medium was changed every 3
days. Glycogen storage and metabolism function of mature
hepatocyte were measured by PAS staining (Solarbio, Bei-
jing, China) and ICG uptake (Sigma, St. Louis, USA) as
previously described.'® Both of the procedures were per-
formed at least three times in triplicate.

Immunofluorescence assay

HCC cells were seeded in 24-well plate with 48 h of
different treatments, then fixed in 4% paraformaldehyde
for 30 min, followed by permeabilized with 0.3% Triton X-

100 (Solarbio, Beijing, China) for 15 min and blocked with
5% albumin from bovine serum (Solarbio, Beijing, China) for
20 min at room temperature, followed by incubating pri-
mary antibodies against nuclear location of nuclear factor
E2-related factor 2 (NRF2, 16396-1-AP, Proteintech, Wuhan,
China). After gently washing with PBS, cells were subse-
quently incubated with appropriate secondary fluorescent
antibodies (ZSGB-BIO, Beijing, China) for 1 h at room
temperature. The nucleus was stained with Hoechst 33324
(Solarbio, Beijing, China). The presences of the proteins
were ascertained under the laser confocal microscope
(Nikon, Tokyo, Japan).

Statistical analysis

All bioinformatics results were analyzed using the R language
package (version 3.62). All data were expressed as
mean + standard deviation and analyzed using GraphPad
Prism 8.0 software (GraphPad Software Inc., USA). Statistical
analysis was performed by using a two-tailed Student’s t-test
to determine significant differences between two groups,
while One-Way ANOVA and a post hoc SNK’s test were used to
measure significant differences among more than three
groups. The P < 0.05 was considered statistically significant.

Results

Identification and enrichment analysis of
ferroptosis-related DEGs

Well-defined ferroptosis-related genes were analyzed by
DEseq2; 122 of them were found to be differentially
expressed, as per TCGA database (https://xena.ucsc.edu/
), and 53 were significantly correlated with ferroptosis-
DEGs obtained from GSE36376 database, analyzed by limma
package (Padj < 0.05, | log,FoldChange | > 0.5, Fig. 1A).
The significantly upregulated or downregulated genes (Padj
< 0.05, | log,FoldChange | > 0.5) are marked in red or blue
in the volcano plot (Fig. 1B). Using the STRING online
platform, we established a PPl network based on the DEGs
(Fig. 1C), and found that the ferroptosis-DEGs could
distinguish between HCC and normal liver samples.

To further understand the biological functions of the 53
ferroptosis-DEGs, we used GO analysis to classify them.
Results (Fig. 2A) showed ferroptosis-DEGs to be primarily
enriched in “response to oxidative stress”. The top 8
significantly enriched KEGGs are presented in Figure 2B; the
53 ferroptosis-DEGs were found to be most related to amino
acid biosynthesis. We had previously reported that ATRA
inhibited proliferation, migration, and metastasis of HCC
cells by reversing EMT. However, the molecular mechanism
of ATRA in HCC has remained unclear. Here, we measured
the expression level of amino acid metabolites in the con-
trol group and ATRA group by LC-MS/MS (Fig. 2C). Quanti-
tative analysis showed that the content of L-alanine, L-
tyrosine, L-citrulline, L-cystine, and L-ornithine hydro-
chloride were decreased after ATRA treatment in HepG2
cells (Fig. 2D). Overall, the results indicated that ATRA
treatment affected the biosynthesis of amino acids in HCC
cells.
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Identification of DEGs based on TCGA database and GSE36376 database. (A) The heatmap showed the ferroptosis

related DEGs in TCGA database (374 HCC samples and 50 normal liver samples) and GSE36376 database (240 HCC samples and 193
normal liver samples), a Venn diagram was shown at below indicated that 53 DEGs were identified in the TCGA database and
GSE36376 database (Padj < 0.05, | log,FoldChange | > 0.5). (B) Volcano plot showed the significantly upregulated or down-
regulated genes (Padj < 0.05, | log;FoldChange | > 0.5) are marked in red or blue, respectively. (C) The PPI network downloaded
from the STRING database indicated the interactions among the candidate genes.

ATRA treatment induced ferroptosis of HCC cells in
vitro

To investigate whether ATRA can induce ferroptosis, we
examined the level of Fe*" by laser confocal microscopy and
flow cytometry. Approximately 10 umol/L ATRA has been
demonstrated to be appropriate for treating HCC cells.
Compared to that in untreated cells, the content of Fe?* in
both HepG2 and Hep3B cells was significantly increased after
10 umol/L ATRA treatment (Fig. 3A); the mean fluorescence
intensity of FerroOrange is shown in Figure 3B. The levels of
cellular ROS and lipid ROS were also higher in ATRA group
than in control group (Fig. 3C—E). The results of transmission
electron microscopy showed that the mitochondria in un-
treated HCC cells were oval or rod-shaped, surrounded by
double membrane, the inner membrane protruding inward
into a flat ridge. After treatment with ATRA, the number of
mitochondria decreased, they atrophied to smaller volume,
and the mitochondrial ridge decreased or even disappeared
(Fig. 4A). In addition, the mt-DNA copy number decreased
(Fig. 4B). The results, taken together, indicated that ATRA
treatment significantly increased ferroptosis in HCC cells.

ATRA treatment regulated the expression of
ferroptosis-related genes of HCC cells in vitro

We then measured the expression of ferroptosis-related
genes. Data showed that ATRA decreased the expression of
FTH1, GCLC, GCLM, SLC3A2, and SLC7A11 (suppressors that
prevent ferroptosis) and increased the expression of TFRC

and ACSL4 (drivers that promote ferroptosis) (Fig. 5). This
finding suggested the association between ATRA and fer-
roptosis in HCC cells.

ATRA-induced ferroptosis in HCC cells was reversed
by Fer-1

Fer-1, an inhibitor of ferroptosis, was used to verify whether
ferroptosis is involved in HCC. As shown in Figure 6A and B, the
high levels of cellular ROS and lipid ROS induced by ATRA were
reversed upon Fer-1 treatment. Compared to that in the ATRA
group, there was a significant increase in NADP*/NADPH after
Fer-1 treatment (Fig. 6C). Compared to that in the control
group, addition of ATRA resulted in a significant increase in
lipid hyper-oxidation MDA content, which was alleviated by
the addition of Fer-1 (Fig. 6D). Fer-1 also increased the mt-
DNA copy number of Hep3B and HepG2 cells compared to that
in ATRA group (Fig. 6E). ATRA downregulated the protein
expression of FHT1, GPX4, NQO-1, HO-1, CAT, and SOD-1, and
upregulated the expression of TFRC and NOX4 in HCC cells,
which were, however, reversed by Fer-1 treatment (Fig. 6F).
The above results indicated that Fer-1 could effectively inhibit
ATRA-induced ferroptosis.

ATRA-induced inhibition of HCC was reversed by
Fer-1

We investigated the malignancy of HCC cells. Proliferation,
migration, and invasion abilities of HepG2 and Hep3B cells
were inhibited by ATRA. Colony formation (Fig. 7A) and would
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healing rate (Fig. 7B) were partly reversed with ATRA + Fer-1
treatment. Transwell assay showed ATRA-inhibited cell inva-
sion (Fig. 7C) capability to be almost rescued by the inhibition
of Fer-1. However, inhibition of Fer-1 could not affect ATRA-
induced glycogen synthesis and ICG uptake (Fig. 7D) of HCC
cells (Fig. 7E). No significant difference in cell apoptosis was
seen between ATRA and ATRA + Fer-1 groups. Ferroptosis is a
new type of cell death that differs from apoptosis; the latter
was not different between ATRA and ATRA + Fer-1 groups,
indicating that Fer-1 did not affect ATRA-induced cell
apoptosis (Fig. 7F). The data collectively suggested that fer-
roptosis plays an important role in the anti-HCC effect of ATRA

by influencing the malignant behaviors of HCC cells but not

their differentiation.

ATRA increased ferroptosis by regulating the

synthesis of GSH

Expression and activity of system xc- and GCL are regulated
by NRF2, in most cells, in response to oxidative stress. Many
researches have demonstrated ATRA to be an effective NRF2
inhibitor."”'® As reported earlier, NRF2 plays a role in anti-
oxidative stress and anti-ferroptosis processes. Our data
showed that both of total protein and nuclear protein, the
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Figure 3  All-trans retinoic acid induced ferroptosis in HCC cells. HepG2 and Hepa3B cells were treated with 10 umol/L of ATRA
for 48 h. (A) The level of iron ion was measured by assay kit. (B) Mean fluorescence intensity was compared between control and
all-trans retinoic acid (ATRA) treated groups. (C, D) Total reactive oxygen species (ROS) was measured by fluorescence of DCFH-DA.
(E) Lipid ROS was measured by fluorescence of C11-BODIPY under confocal microscope. *P < 0.05, **P < 0.01, *P < 0.001.

active form of NRF2, were decreased after ATRA treatment,
and could be reversed by Fer-1 (Fig. 8A). Compared to that
in the control group, intracellular glutamate content
increased and cystine content and ratio of reduced GSH/
GSSG decreased in ATRA-treated groups, and the change of
above amino acid content could be reversed by Fer-1
treatment (Fig. 8B). Expression of several GSH synthesis-

related proteins (GCLC, GCLM), and two subunits of the
cystine-glutamate transport receptor (SLC3A2 and SLC7A11)
decreased with ATRA treatment (Fig. 8C). Expression of
these proteins could be reversed by Fer-1 treatment. The
mMRNA expression of GCLC, GCLM, SLC3A2, and SLC7A11 was
consistent with Western blot results (Fig. 8D). A working
mode of our research is shown in Figure S1. The results
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indicated that ATRA reduced the synthesis of GSH by the body, which is widely deposited in the parenchymal cells
downregulating the expression of GSH synthesis genes. of organs and tissues, often accompanied by significant pro-
liferation of fibrous tissue, resulting in damage to the function
of multiple organs.'®? Liver is the main organ of iron storage,
Discussion and is also the main target organ of iron overload. Excessive
iron can damage DNA of liver cells, cause liver fibrosis, and
Ferroptosis is a new mode of programmed cell death, driven  promote the development of liver cancer.”' More than 50% of
by iron overload. Iron overload causes excessive total ironin  patients with liver cancer have slight iron overload and more



1750

A -
F 1.5
[T
e
c —— .
<] A
‘» 1.0+
(7]
e
(=}
X
Q
< 0.5
=
o
E
g
& 0.0-
° Hep3B HepG2
(4
B
% 1.5
‘.6 *k
§ — —
2 1.0
o
Qo
x
[
= 0.5
4
£
(3
£ 0.0
= 0.0-
& Hep3B HepG2
=
3]
O 1.5+
‘.6 dedke
8 —— e
% 1.0+
3
S
x
4]
< 0.5+
o
E
[
£ 0.0-
E Hep3B HepG2
o
C =
S 1.5-
7]
k] * ok
c — —
2 1.0
8
S
3
= 0.5
=
X
£
£ 0.0-
& Hep3B HepG2
Q
4

Figure 5

Relative mRNA expression of GCLC Relative mRNA expression of ACSL4 Relative mRNA expression of TFRC

Relative mRNA expression of SLC7A11

Y. Sun et al.
I Control
3] .. HH ATRA
ok
2
1_
0._
Hep3B HepG2
I Control
. ws_, I ATRA
A
3_
2_
14
0_
Hep3B HepG2
I Control
5 Il ATRA
*kk l_i
1.0+
0.5+
0.0-
Hep3B HepG2
Il Control
1.5+ Il ATRA
*kk Fekk
1.0
0.54 I I
0.0-
Hep3B HepG2

All-trans retinoic acid regulated the expression of ferroptosis related genes in HCC cells. HepG2 and Hepa3B cells were

treated with 10 umol/L of all-trans retinoic acid (ATRA) for 48 h, the mRNA expression of ferroptosis related genes including FTH1,
TFRC, GPX4, ACSL4, GCLC, GCLM, SLC3A2, and SLC7A11 were analyzed by real-time PCR. *P < 0.05, **P < 0.01, ***P < 0.001.

than 80% of ferroptosis-related genes are different between
HCC and normal tissues; high expression of GPX4, G6PD, and
NQO-1 have been reported to be closely related to poor
prognosis.?2?* In this study, we identified the DEGs between
HCC samples and normal liver samples, from TCGA database
and GSE36376 database, and found 53 of them to berelated to
ferroptosis, further indicating the important role of ferrop-
tosis in HCC. Ferroptosis is closely regulated by intracellular
signaling pathways, including amino acid metabolism, lipid

metabolism, and iron ion metabolism. Further analysis by GO
categories and KEGGs showed that the 53 ferroptosis-DEGs
are mostly related to biosynthesis of amino acids. Thus, we
subsequently measured the change of metabolites in HCC
group and ATRA group by UPLC-MS/MS. Results showed that
the content of L-alanine, L-tyrosine, L-citrulline, L-cystine,
and L-ornithine hydrochloride decreased after ATRA treat-
ment, indicating that ATRA treatment affected the biosyn-
thesis of amino acids in HepG2 cells. As reported, L-cystine
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Figure 6
of Ferrostatin-1 (Fer-1) and 10 pmol/L of all-trans retinoic acid

Ferrostatin-1 reversed all-trans retinoic acid induced ferroptosis. HepG2 and Hepa3B cells were treated with 1 umol/L

(ATRA) for 48 h. (A) Total reactive oxygen species (ROS) was

measured by fluorescence of DCFH-DA. (B) Lipid ROS was measured by fluorescence of C11-BODIPY under confocal laser scanning
microscope. (C—E) The ratio of NADP*/NADPH, MDA and mitochondrial DNA (mt-DNA) copy number of differently treated HCC cells.
(F) Protein expression of iron metabolism related proteins were analyzed by Western blot. *P < 0.05, **P < 0.01, ***P < 0.001.

prevents damage to membrane lipids.2* System xc-is an amino
acid transporter widely distributed on the surface of the cell
membrane, and it transports cystine into the cell with glycine
and glutamate to form glutathione, a well-known antioxidant
that plays an important role in scavenging ROS. Inhibition of
glutamine catabolism has been reported in many literatures
to cause ferroptosis.?” Tyrosine is one of the amino acid res-
idues most susceptible to oxidative modification, and its
oxidation products, such as di-tyrosine (DT) and 3-

nitrotyrosine (3-NT), are biomarkers of cellular oxidative
damage.”® We speculate that the decrease in L-tyrosine is
likely to be due to the increase of oxidative modification, but
further studies are needed. Moreover, it has been reported
that L-arginine has a significant protective effect on T-2 toxin-
induced oxidative damage, L-arginine upregulates mRNA ex-
pressions of GSH-Px, SOD, and CAT, which are related to fer-
roptosis.”’ L-ornithine and L-citrulline are metabolites of
arginine with similar effects.?® Although there is no direct
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were treated with 10 pmol/L of all-trans retinoic acid (ATRA) and 1 umol/L of Ferrostatin-1 (Fer-1). (A) After 14 days of culture,
colony formation rater of HCC cells was measured. (B) Would healing assay was used to detect cell migration ability. (C) Cell
invasion ability was determined using a Transwell matrigel invasion assay. (D) PAS staining and (E) ICG uptake were used to detect
mature function of hepatocyte. (F) Cell apoptosis was detected by Hochest33342. **P < 0.01, ***P < 0.001.

documentation that L-ornithine and L-citrulline inhibit fer-
roptosis, it is reasonable to assume that L-ornithine and L-
citrulline are vital to anti-oxidative stress decrease and
related to ferroptosis. Since ATRA regulates the amino acids
associated with ferroptosis, the mechanism by which it reg-
ulates ferroptosis in HCC needs to be clarified.

Iron ions generate ROS and free radicals, and also
participate in the regulation of ROS/free radical defense
system. Therefore, excess ROS and free radicals generated
by iron ions in cells can be considered to be the factors
involved in cell reprogramming and carcinogenesis.?®° In
order to cope with the high concentration of ROS in cells,
tumor cells enhance their antioxidant capacity by increasing
the intracellular levels of reduced glutathione and

thioredoxin. With the adaptive evolution, tumor cells can
quickly repair ROS-induced oxidatively damaged macromol-
ecules, thereby avoiding tumor cell aging or death.?"3?
Sorafenib, a protein kinase inhibitor, has been approved
as the first drug for systematic treatment of advanced HCC
and can prolong the survival period of patients with HCC.
However, drug resistance to sorafenib frequently develops
during therapy of HCC.333* Sorafenib is known to affect
ferroptosis in two main ways. It inhibits system xc-, leading
to endoplasmic reticulum stress, GSH depletion, and iron-
dependent accumulation of lipid ROS.>>*¢ Increasing re-
ports of pathways and mechanisms related to ferroptosis in
HCC, such as TP53 and Rb, suggest the anti-HCC effect of
sorafenib.>”*®  However, sorafenib fails to trigger
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Figure 8 All-trans retinoic acid affected glutathione (GSH) synthesis by regulating nuclear factor E2-related factor 2 targets. (A)
Nuclear location of nuclear factor E2-related factor 2 (NRF2) was detected by immunofluorescence and observed by confocal
microscope, total protein and nuclear protein were extracted and detected by Western blot. (B) Relative cystine content,
glutamate content, and the ratio of reduced glutathione/oxidized glutathione disulfide (GSH/GSSG) in different treated HCC cells.
(C, D) The protein and mRNA expression of GSH synthesis related genes and proteins were detected by real-time PCR and Western
blot. *P < 0.05, **P < 0.01, ***P < 0.001.
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ferroptosis across a wide range of cancer cell lines,
implying that certain cell lines are resistant to system xc-
inhibition.*° In addition, sorafenib can activate p62-KEAP1-
NRF2 pathway to increase NRF2, leading to an increase in
reduced GSH levels, which attenuate the occurrence of
ferroptosis.*>*! Besides of sorafenib, studies have also
demonstrated the anti-HCC effect of other drugs, which
can induce ferroptosis, and of new targets, which can
regulate ferroptosis.”>~** Therefore, targeting ferroptosis
can provide a new strategy for the therapy and prognosis of
HCC.

ATRA could induce the cell differentiation of stem cell
and tumor cell, and is widely used in the clinical treatment
of acute promyelocytic leukemia. It can induce the differ-
entiation of glioma, small cell lung cancer, and other tumor
cells.”>*® We had previously found ATRA to inhibit the
growth, migration, and invasion of HCC cells, induce dif-
ferentiation and maturation in a concentration-dependent
manner, by reversing EMT. However, the molecular mech-
anism of ATRA in HCC is not completely clear yet. Recent
studies have demonstrated that ferroptosis is conducive to
the inhibition of migration and invasion in human tu-
mors.*”*® Our results showed that ATRA treatment resulted
in the increasement of intracellular iron content, lipid ROS
and MDA accumulation, mitochondrial structural disorder,
and the decreased number of mitochondria in HCC cells.
Most of ferroptosis related genes including negative regu-
lation genes GPX4, FTH1, GCLC, GCLM, SOD-1
decreased,*>>° which also indicated that ATRA promoted
ferroptosis of HCC cells. Therefore, we speculated that
ATRA is likely to affect the malignant biological behaviors
of HCC via the ferroptosis pathway.

Furthermore, we used a selective inhibitor, Ferrostatin-
1,°" to effectively inhibit ATRA-induced ferroptosis in HCC
cells, reverse the expression of ferroptosis-related genes
regulated by ATRA, and decrease the levels of lipid ROS and
MDA. ATRA increased the apoptosis of HCC cells; however,
as a new programmed cell death, ferroptosis is distinct
from apoptosis.'":>> We further demonstrated that Ferros-
tatin-1 did not affect cell apoptosis, in order to exclude the
effect of apoptosis. The malignancy of cell proliferation,
migration, and invasion of ATRA-induced HCC cells was
rescued with the inhibition of ferroptosis. These results
indicated that ATRA is likely to affect the malignant bio-
logical behaviors of HCC via the ferroptosis pathway.
Further, glycogen storage and ICG metabolism function
were not influenced by Fer-1, indicating that ferroptosis
might not contribute to ATRA-induced differentiation of
HCC cells.

NRF2 is a key transcription factor that regulates cellular
response to oxidative and electrophilic stress.”> NRF2
signaling pathway plays an important role in mediating lipid
peroxidation and ferroptosis by controlling its target genes
that prevent lipid peroxidation and free iron accumulation.
Inhibition of NRF2 signal is sufficient to make tumor cells
sensitive to ferroptosis.’*>> Most of critical glutathione
synthesis and metabolism-related enzymes, such as GCL (a
rate limiting enzyme for GSH synthesis),”® glutathione
synthetase (GSS), system xc-, and GPX4, all known as sup-
pressors of ferroptosis, act under the control of NRF2.%7-58
As an inhibitor of NRF2, ATRA down-regulates the expres-
sion of GPX4, both of the catalytic and modulatory subunits

of GCL (GCLC and GCLM), and two subunits of system xc-
(SLC3A2 and SLC7A11). ATRA inhibits the transport of
glutamate and cystine, resulting in the increase of gluta-
mate content and decrease of cysteine content. Lack of
raw material and reduction of glutamyl cysteine ligase in-
hibits the synthesis of GSH.>® This might explain how ATRA
treatment decreased the ratio of reduced GSH/GSSG, and
triggered ATRA-induced ferroptosis. The pharmacological
inhibition of NRF2, combined with ferroptosis inducer, can
be exploited for the treatment of HCC.

Taken together, we demonstrated that ATRA treatment
can promote ferroptosis in HCC cells to inhibit cell prolif-
eration, migration, and invasion. ATRA was shown to induce
ferroptosis by inhibiting GSH synthesis and strengthening
lipid peroxidation, supporting its application, in combina-
tion with ferroptosis inducers, for the treatment of HCC.
The opportunities and challenges of anti-HCC effect of
ATRA, based on ferroptosis, as discussed here, are expected
to open the way for novel strategies of HCC therapy.
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