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Background: Oncoprotein-Induced Transcript 3 Protein (OIT3) was identified
as a liver-specific gene with abnormal expression in hepatocellular carcinoma
(HCC). Herein, we aimed to examine the function and specific mechanism of
OIT3 in HCC.

Methods: Bioinformatic analyses and tissue microarray via immunohistochemistry
were used to validate the expression of OIT3 in HCC. The biofunctions of OIT3 in
HCC were determined in vitro and in vivo. The mechanism was confirmed by RNA-
Sequence and Western blotting. The uni- and multivariate analyses were used to
identify the independent predictors for HCC.

Results: Low expression of OIT3 was observed in HCC and predicted a poor
clinical outcome. Ectopic expression of OIT3 could inhibit the proliferation,
migration, and invasion abilities of HCC cells. Mechanistically, OIT3
upregulated the expression of ALOX15 and CYP4F3, thus inducing
arachidonic acid increase, ROS accumulation, and lipid peroxidation, and
eventually causing ferroptosis. OIT3 was validated as a prognostic predictor
for HCC patients.

Conclusions: Our findings revealed a novel role of OIT3 in the process of
tumorigenesis of HCC. OIT3 inhibited reproliferation, migration, and invasion
of HCC cells by triggering ferroptosis, which indicates that OIT3 could serve as
a potential biomarker in HCC.
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Introduction

HCC is the sixth most common malignant tumor and the
third cause of cancer-related death worldwide (1). A variety of
factors can induce HCC; however, most HCCs are associated
with hepatitis B virus infection, especially in China (2). Surgery
is the first-line treatment for HCC (3). Yet, due to the lack of
early specific symptoms, most patients are diagnosed at the
middle or advanced stage, thus missing the opportunity for
surgical treatment (4). As a general understanding of HCC
gradually improved and technology evolved, it was found that
targeted therapy, chemotherapy, interventional therapy,
radiotherapy, and immunotherapy could provide some clinical
benefits; nonetheless, the overall survival still remains
unsatisfactory. In order to further improve the efficacy and
diagnostic accuracy of HCC, it is important to thoroughly
investigate the mechanisms involved in HCC and discover
new biomarkers.

Ferroptosis is an iron-dependent form of cell death that
catalyzes the liposome peroxidation of unsaturated fatty acids of
the cell membrane, eventually leading to cell death (5). It has
been associated with a variety of physiological and pathological
processes. Previous studies have found that ferroptosis is
important in treating cancer, including HCC (6). Sorafenib
treatment in hepatocellular carcinoma causes ferroptosis in
tumor cells by accumulating mitochondrial ROS and lipid
peroxidation (7, 8). In addition, ferroptosis was found to be
correlated with chemotherapy resistance and radiotherapy
response in lung cancer (9). In ovarian cancer, ferroptosis was
found to be related to aberrant ROS production and
mitochondrial alterations (10).

Ferroptosis is a programmed cell death that is strictly
regulated by various factors, such as the expression of GPX4
(11, 12), the import of iron (13), and the system of xCT (14).
Since lipid peroxidation accumulation ultimately determines
ferroptosis, lipid metabolism has an essential role in
ferroptosis. Polyunsaturated fatty acids (PUFAs) are straight-
chain fatty acids possessing 18 ~ 22 carbon atoms and two or
more double bonds, rendering them more vulnerable to the
attack by reactive oxygen species (ROS) for the production of
lipid ROS (15). PUFAs usually include two series of fatty acids:
omega-6 and omega-3 series. Arachidonic acid (AA) (C20:4) is a
typical kind of omega-6 fatty acid (16). The lipid peroxidation
can be triggered by ROS and the lipoxygenases, such as
Arachidonate-15-Lipoxygenase (ALOX15) (17). ALOXI15 is
considered to be related to lipid-ROS production and to act as
the mediator of ferroptosis in gastric cancer (18). It has been
reported that CYP4F3, which is the main catalyst in the

Abbreviations: Hepatocellular carcinoma, HCC; Polyunsaturated fatty acids,
PUFAs; Reactive oxygen species, ROS; Arachidonic acid, AA; Arachidonate-
15-Lipoxygenase, ALOX15; Leukotriene B4, LTB4; OIT3-overexpressed
lentivirus vector, OIT3-OE.
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oxidation of fatty acid epoxides, is involved in the oxidation of
important cellular mediators, including leukotriene B4 (LTB4)
(19). The formation of leukotriene is detrimental to the cell
proliferation of rat basophilic leukemia cells via ferroptosis-
induced effects (20). Previous studies have also revealed that
genes such as NRF2, P53, and Rbl can regulate the process of
ferroptosis in HCC (21-23). However, other factors may be
involved in regulating ferroptosis in HCC.

Oncoprotein-Induced Transcript 3 Protein (OIT3) has been
found to be downregulated in HCC patients and HCC cell lines.
It was also identified as a liver-specific gene encoding the liver-
specific Zona pellucida domain-containing protein (LZP) being
mainly located on the nuclear membrane (24). The ZP domain
has been recognized in many receptor-like eukaryotic
glycoproteins with the regulation function of some important
biological processes, including differentiation and signal
transduction (25). OIT3 was found to be correlated with
calcium ion binding to maintain the homeostasis of cellular
Ca®" and to be regulated by several transcription factors,
including STAT, SOX9, and NF-Ka. OIT3 was reported to
have copy number losses and low expression in colorectal
cancer with uncertain biological function (26). OIT3 deficiency
can promote the degradation of apoB and the accumulation of
triacylglycerol in the liver, thus suggesting that OIT3 has an
important role in lipid metabolism regulation (27).

Although OIT3 expression is decreased in HCC, its role in
HCC and the corresponding molecular mechanisms have not
been well investigated. In the present study, OIT3 significantly
inhibited the growth of tumor cells in vitro and in vivo. We
investigated the mechanism and found that OIT3 enhanced the
ferroptosis by upregulating ALOX15 and CYP4F3 to mediate
arachidonic acid increase, ROS accumulation, and lipid
peroxidation. Our results revealed that OIT3 could act as a
new regulator of ferroptosis and a potential therapeutic target
in HCC.

Methods
Bioinformatics analysis

To determine the genes with obvious expression differences
between HCC tissues and adjacent normal tissues, we
downloaded the various datasets with the gene expression
patterns, including GSE121248, GSE45050, GSE33006,
GSE45267-young patients, and GSE45267-old patients. The
genes with |logFC| > 1 and p-value < 0.05 were considered as
the significantly differentially expressed genes (DEGs). The TOP
20 DEGs in each GSE dataset were selected as candidates
according to the [logFC| values, after which the overlapping
genes were further confirmed via Venn analysis. The OIT3
expression level in HCC tissues and normal tissues was
verified through several online databases, including the GEPTA
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database (28) (http://gepia.cancer-pku.cn/index.html), GEO
database (29) (https://www.ncbi.nlm.nih.gov/gds), and Ualcan
database (30)(http://ualcan.path.uab.edu/). The associations
between OIT3 expression and prognosis of HCC patients were
validated using the following cancer databases: Kaplan-Meier
plotter database (31) (http://kmplot.com/analysis/),
Linkedomics database (32) (http://www.linkedomics.org/login.
php) and HCCDB database (33) (http://lifeome.net/database/
hcedb/home.html). The more detailed information is shown in
Table S2 in the additional file.

Immunohistochemistry

Tumor tissue samples were removed from the nude mice
and fixed with 4% paraformaldehyde for 24 hours, after which
they were dehydrated and embedded to make 5um thick
sections. The sections were further deparaffinized, hydrated,
and subjected to antigen retrieval in the sodium citrate buffer
(10 mmol/L, pH 6.0) at 95°C for 15 minutes. Next, the sections
were incubated with H,O, solution (5%) at room temperature
for 10 minutes, washed with phosphate buffer saline three times,
and incubated with the 10% goat serum at room temperature for
15-20 minutes to block the unspecific binding sites.
Subsequently, sections were incubated with primary
antibodies, including OIT3, GPX4, Ki-67, ALOX15, and
CYP4F3 at 4°C overnight and then analyzed by the PV-9000
2-step plus Poly-HRP anti-Mouse/Rabbit IgG Detection system
(Zhong Shan Jin Qiao, China), after which the sections were
developed with DAB solution and counter-stained with
hematoxylin. The images were captured with Kfbio Slide
Viewer (KONFOONG BIOTECH INTERNATIONAL CO.,
LTD). The detailed information on antibodies is listed in
Table S1 in the additional file.

The quantitation of histological scores was performed by
three independent researchers who were blind to the detailed
information of the studies. Scores representing the proportion of
positive staining cells were divided into five grades as follows: 0
points (<10%); 1 point (11%-25%); 2 points (26%-50%); 3 points
(51%-75%) and 4 points (>75%). The intensity of staining was
scored as: 0 points (no staining); 1 point (weak staining); 2
points (moderate staining); and 3 points (strong staining). The
total score was calculated as the result of the staining intensity
score x positive cells score, including 0, 1, 2, 3, 4, 6, 8, 9, and
12 points.

Tissue microarray

A tissue microarray containing 89 pairs of HCC tissues and
the corresponding adjacent normal tissues collected by Outdo
Biotech Co, Ltd (Shanghai, China) was used to validate the
OIT3 expression levels in human HCC samples. Also, the
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detailed clinical characteristics of the 89 patients are listed in
Table S3. Next, immunohistochemistry (IHC) was used to
detect the expression of OIT3, after which the microarray
slide was scanned with the PANNORAMIC slice scanner
(BDHISTECH, PANNORAMIC DESK/MIDI/250/1000) to
obtain the images for further analysis of the average optical
density (AOD) via Indica labs system (U.S.A, Halo
v3.0.311.314). According to the results shown in Table S4,
the AOD of the HCC tissues ranged from 0.066586 to
0.103224; however, the AOD of adjacent normal tissues
ranged from 0.08 to 0.18. The expression of OIT3 in HCC
was divided into low expression (AOD < 0.077457) and high
expression (AOD>0.077457) groups.

Cell culture

The human HCC cell lines HepG2 and Huh7 were kindly
provided by professor Audureyimujiang Aili. Cells were cultured
in Dulbecco Modified Eagle Medium (DMEM, Corning)
supplemented with 10% fetal bovine serum (FBS, Excell Bio,
FSP500) and 1% antibiotic-antimycotic at 37°C in a humidified
atmosphere of 5% CO,.

Extraction of total RNA and
RT-gPCR assay

The TRIzol reagent (Invitrogen, Cat. No0.10296-010) was
applied to get total RNA from HCC cells with the guidance of the
product manual. In brief, the total RNA was obtained, and the
FastKing gDNA Dispelling RT SuperMix (TTANGEN, China)
was used to synthesize the cDNA for mRNA. The Talent gPCR
PreMix (SYBR Green)(TIANGEN, China) was used to detect the
mRNA expression of OIT3, ALOX15, and CYP4F3; GAPDH
was used as an internal control. The mRNA ¢DNA synthesis
program was as follows: 42 °C for 15 min followed by 95 *C for
3 min. The mRNA detection program was as follows: 95 °C
(15 min) for one cycle, followed by 40 cycles (10 s at 95°C, 32 s at
66°C), 10 s at 95 °C. The 2 “**“T mean was carried out to
calculate the value of mRNA expression level. The qRT-PCR
analysis was performed with QuantStudio 5. The detailed
information on the primers is listed below.

OIT3 forward primer (5" to 3’): GCGCCATTGAAGTGAG
TGTC

OIT3 reverse primer (5 to 3’): CAGGTTGGGCACGTATC
CTT

ALOX15 forward primer (5’ to 3’): GTGGAAAACAGTG
TGGCCAT

ALOX15 reverse primer (5 to 3’): AGTAAGGTCCCA
GGTGATGC

03 frontiersin.org


http://gepia.cancer-pku.cn/index.html
https://www.ncbi.nlm.nih.gov/gds
http://ualcan.path.uab.edu/
http://kmplot.com/analysis/
http://www.linkedomics.org/login.php
http://www.linkedomics.org/login.php
http://lifeome.net/database/hccdb/home.html
http://lifeome.net/database/hccdb/home.html
https://doi.org/10.3389/fonc.2022.977348
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wen et al.

CYP4F3 forward primer (5 to 3’): CAACCCCCGAAAC
GGAATTG

CYP4F3 reverse primer (5 to 3’): TTCCCCGAGCTGTG
AATCAG

GAPDH forward primer (5 to 3’): GGAGCGAGATCCC
TCCAAAAT

GAPDH reverse primer (5 to 3’): GGCTGTTGTCATAC
TTCTCATGG

Western blotting

The RIPA lysis buffer was used to extract the total protein of
HCC cells. BCA assay was applied to detect the concentration of
the protein of samples. Next, 30lg protein was loaded into the
sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) for
electrophoretic separation, after which the protein in the gel
was transferred to the polyvinylidene fluoride membrane
(PVDF, Millipore 0.22um #IPVH 000 10), and the electric
transferring time was dependent on the weight of the target
proteins. Then, the PVDF membrane was blocked with the 3%
blocking buffer and rocked gently at room temperature for 2
hours. The blocking buffer was then poured off, and the
membrane was briefly rinsed with TBS buffer three times, 5
minutes each time. Then, samples were incubated with the first
antibodies, including OIT3 (abbexa company, Catalogue No:
abx103361, application concentration:1:1000), GPX4 (Cell
Signaling Technology company, Catalogue No: #52455,
application concentration:1:1000), ALOX15 (Bioss company,
Catalogue No: bs-34007R, application concentration:1:1000),
and CYP4F3 (Bioss company, Catalogue No: bs-14160R,
application concentration:1:500) at 4°C overnight. The
membrane was then gently washed with TBS buffer three
times and incubated with second antibodies, including Anti-
rabbit/mouse IgG, and HRP-linked antibody (1:2000, Beyotime
Company) at room temperature for 2 hours. Finally, the
membranes were exposed to get the blot images with the 1X
SignalFireTM ECL Reagent (Millipore Company). The detailed
information on antibodies is listed in Table SI.

Establishment of the OIT3 stable
overexpression HCC cell line

The OIT3-overexpressed lentivirus vector (OIT3-OE) and
the corresponding control group (OIT3-OE ctrl) vector were
purchased from Beijing Syngentech Co., LTD. The lentivirus
vectors were transfected into HepG2 and Huh?7 cells following
an appropriate ratio of HCC cell number to lentivirus number
described in the manufacturer’s instruction. After transfection
for 48 h, the cells were placed in a medium containing
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puromycin of 3ug/ml for 72 hours. The cells that survived had
stable overexpression of OIT3, after which the overexpression
efficiency was validated by Western blotting. The gain-of-
function analyses were performed in the HepG2 and Huh7
cells with OIT3 overexpression of the second to tenth passages.

CCK8 assay

The transfected HCC cells were seeded in the 96-well plates
with a density of 4000 cells/well, after which the CCK8 kit
(Dojindo Laboratories, Japan) was applied to detect the cell
proliferation ability. Briefly, 100uL DMEM containing 10uL
CCK8 reagent was added into each well at 0 h, 24 h, 48 h, and
72 h after transfection. The optical density (OD) at 450 nm was
tested with a multilabel plate reader (Thermo Fisher Scientific)
after 2 hours of incubation.

Colony formation assay

The transfected HCC cells were seeded in the 6-well plates
with a density of 150 cells/well. Next, the cells were cultured for
14 days to form colonies. The methanol was used to fix the
colonies at room temperature for 20 minutes, after which the
methylene blue was used to stain the colonies. The colonies
containing more than 50 cells were counted under a microscope.

Migration and invasion assay

The transwell chamber inserts (8 mm, Corning) were used to
measure the migration and invasion ability of HCC cells. For
detection of invasion ability, matrigel (200 mL) was coated onto
the upper compartment at 37°C for 4 hours. For migration
ability detection, 5000 cells were resuspended in 200uL DMEM
containing 1% FBS and seeded into the upper chamber. As for
the invasion assay, 15000 cells were seeded into the upper
chamber, and 1 mL DMEM containing 10% FBS was placed in
the bottom chamber. After 24 hours, the non-migrated or
invaded cells in the top chambers were removed, and the
migrated or invaded cells at the lower chambers were fixed
with 4% paraformaldehyde at room temperature for 20 minutes,
after which they were stained with methylene blue at room
temperature for 30 min. Next, the images of the cells were
photographed using a microscope (Nikon, Japan,
L300N/300ND).

Wound healing assay

A wound healing assay was used to study the regulation of
OIT3 expression on cell migration ability. The HepG2 and Huh7
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cells with or without OIT3 overexpression were seeded in the 6-
well plates, and the linear scratch wounds were made with a
200ul pipette tip when the confluence of cells>90%. Each well
was then gently rinsed with PBS to clear those floating cells, after
which DMEM containing 3% fetal bovine serum and 1%
antibiotic-antimycotic were applied to culture these cells for 48
hours. The scratch regions were photographed and measured at
0 and 48 hours. The ratio of wound closure (%) = the migrated
area/the baseline area x 100%.

ROS measurement

A ROS detection kit (Beyotime Biotechnology) was applied
to measure the level of ROS in HCC cells. DCFH-DA was diluted
with serum-free medium to 1:1000 so that the final
concentration was 10pmol/L. Next, the medium was removed,
and an appropriate volume of diluted DCFH-DA was added into
the cell culture medium. The added volume was sufficient to
cover the cells. Then, the cell was incubated at 37°C for 20
minutes and washed three times with a serum-free cell culture
medium to fully remove the non-stained cells. Finally, a
fluorescence microscope was used to observe and capture the
image with the Ex/Em=488/525 nm.

Lipid ROS measurement

A Lipid ROS kit (ABclonal, Catalog No.: RM02821) was used
to detect the level of Lipid ROS in HCC cells. Briefly, 1mg of this
product was dissolved in 198.2 uL DMSO to make the storage
solution (10 mm). The storage was further diluted to the
concentration of 10 UM and was then added to the cell culture
medium for 1 hour of incubation. Next, the cells were washed
twice with PBS to remove excess dye. They were harvested with
trypsin and resuspended in a cell medium. The flow cytometry
was used to detect the level of Lipid ROS. The mean of
fluorescence signal + SEM was used to quantify the level of the
Lipid ROS in HCC.

Malondialdehyde measurement

The levels of MDA in HCC cells were measured by an MDA
detection kit (Solarbio life sciences company, BC0020). The
HCC cells were harvested with trypsin into a centrifuge tube,
after which 1 mL extract solution and the ultrasonic wave were
used for crushing the cells at the following conditions: power
20%, ultrasonic 3s, interval 10s, repeated for 30 times. Next, the
samples were centrifuged at 4°C, 8000g for 10 minutes, and the
supernatant was collected. According to the product manual,
200uL mixed detection liquid and 100uL sample were added to
the 96-well plates. The OD values of 450nm, 532nm, and 600nm

Frontiers in Oncology

05

10.3389/fonc.2022.977348

were measured with a multilabel plate reader (Thermo Fisher
Scientific). The blank group contained no samples in the wells.
The calculation method was as follows:

AA450=A450 (sample)-A450 (blank)

AA532=A532 (sample)-A532 (blank)

AA600=A600 (sample)-A600 (blank)

MDA (nmol/mgprot) =5x(12.9x(AA532-AA600)-
2.58xA=+Spr (sample protein concentration, mg/mL).

ELISA assay

The ELISA kit for arachidonic acid (AA, Catalog No.:
RX100059H) was purchased from Ruixin Biotech company. The
ELISA kits for LTB4 (Catalog No.: MM-1932H2), LTC4 (Catalog
No.: MM-2107H2), LTD4 (Catalog No.: MM-0971H2), and LTE4
(Catalog No.: MM-0964H2) were bought from Meimian company.
Following the manufacturer’s protocol, the procedure of the ELISA
assay included standard sample dilution, sample addition,
incubation, wash, enzyme addition, visualization, and detection.

Mouse xenograft model

Balb/c male nude mice, 6-8 weeks old, weighing 20-25 g,
were obtained from Vital River Laboratories, China. All the
animals were housed in an environment with a temperature of
22 + 1 °C, relative humidity of 50 + 1%, and a light/dark cycle of
12/12 hr. All animal studies, including the mice euthanasia
procedure were done in compliance with Peking University
Third Medical School institutional animal care regulations and
conducted according to the AAALAC and the IACUC guidelines
(SA2022001). All animal experiments complied with the
ARRIVE guidelines U.K. Animals (Scientific Procedures) Act,
1986 and associated guidelines and EU Directive 2010/63/EU for
animal experiments.

For an exploration of the effect of OIT3 expression on the
growth of HCC cells in vivo, the OIT3 overexpressed (OIT3-OE)
and matching (OIT3-OE ctrl) HepG2 cells were subcutaneously
injected. After 4 weeks, the mice were sacrificed, and the tumors
were harvested. During this period, the size and weight of these
tumors were recorded every four days. The cancer volume was
calculated with the following formula: cancer volume (mm3) =
(L x W?)/2, where L = long axis and W = short axis. The mice
weight was measured during the experiment.and the mice
weight change was calculated by the following formula: the
mice weight change= the final weight-the original weight.

RNA-sequence

Total RNA was harvested from the HepG2 cells in the OIT3-
OE ctrl and OIT3-OE groups. The DEGseq V1.18.0 was used to
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analyze the DEGs between two groups. Genes with q < 0.05 and |
log2_ratio| = 1 were considered as DEGs. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis served to identify
significantly enriched pathways with the help of the
clusterProfiler (R package). The specific gene network of one
pathway was generated based on the pathway topology analysis,
and the study gene network was generated after mapping to the
generated reference KEGG gene network. The Gene Ontology
(GO) enrichment analysis, including Molecular Function (MF),
Biological Process (BP), and Cellular Component (CC), was used
for annotating genes and gene products by using GOseq
(R package).

Transmission electron microscopy

HepG2 and Huh7 cells of OIT3 overexpression and the
corresponding control groups were harvested with trypsin,
centrifuged at 250 x g for 10 min, and then fixed with 1%
osmium tetroxide at 4°C for 12 h. Subsequently, the cells were
dehydrated with alcohol and acetone, embedded in epoxy
resin, sectioned by an ultramicrotome, and stained with
uranyl acetate and lead citrate. TEM images were captured
with a transmission electron microscope (Japan, JEOL
JEM-2100 Plus).

Chelate iron detection

The FerroOrange kit (Dojindo, F347) was used for detecting
intracellular Fe** levels in HCC cells. HepG2 and Huh?7 cells of
OIT3 overexpression and the corresponding control groups
were seeded into the bottom of a black 96-well plate with a
cell number of 10000 cells/well and incubated overnight. Next,
the cells were washed with 100uL DMEM without FBS three
times. 100uL FerroOrange Working Solution (1 pmol) was
added to the wells and incubated for 30 min at 37°C, after
which the fluorescence intensity of each sample was detected
with a multifunctional enzyme labeling instrument.

Statistical analysis

Data were generally shown as mean + s.d. values. Statistical
significance was determined using a two-tailed student’s t-test
with GraphPad Prism 5. The 5 Prism 5aphPad Prism analyzed
the associations between OIT3 expression and clinical
characteristics. A p-value < 0.05 was considered statistically
significant. The Kaplan-Meier method was carried out for
survival analysis. The univariate and multivariable Cox
proportional hazards regression were performed to identify the
independent prognostic factors. The hazard ratio (HR) and 95%
confidence interval (95% CI) were measured. HR > 1 indicated
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that gene expression was negatively associated with prognosis,
while HR < 1 indicated a positive correlation.

Results

OIT3 is downregulated in HCC tumor
tissues and positively associated with
clinical outcomes

The gene expression characteristics of HCC tumor tissues
and paracancerous tissues were analyzed. After analyzing the
tumor and paracancerous tissue, 20 genes with the most
significant differences were selected. Next, the overlapped
mRNAs were screened, revealing OIT3 as the only potential
target (Figure 1A and Table S2). Meanwhile, we checked the
expression level of OIT3 in various GSE datasets of HCC
(Figure 1B), finding that OIT3 had a generally lower
expression level in HCC tissues than that in the normal
tissues, except for GSE33006 (Figure 1B). We also verified the
downregulated expression level of OIT3 in TCGA HCC samples
via the GEPIA database (Figure 1C) and the UALCAN database
(Figure 1D), finding that compared with early HCC, advanced
tumors had lower expression of OIT3 (Figure 1E), indicating
that OIT3 had a significant clinical relevance.

To investigate whether OIT3 could act as a biomarker in the
prognosis of HCC patients, Kaplan-Meier analysis was carried
out in the Kaplan-Meier plotter database (Figure 2A),
Linkdomeci database (Figure 2B), and HCCDB database
(Figure 2C). Patients with higher OIT3 expression levels were
found to have a better probability of OS (overall survival), DFS
(disease-free survival), PFS (progression-free survival), and RFS
(relapse-free survival) (Figure 2A). Besides, the data in the
Linkdomeci database (Figure 2B) and HCCDB database
(Figure 2C) showed the same trend.

Our findings indicated that OIT3 was downregulated in
HCC patients, and its expression level was positively associated
with clinical outcomes.

OIT3 is an independent prognostic factor
of HCC patients

In order to assess the clinical correlation of OIT3 expression
in HCC, we measured the OIT3 protein expression level through
THC examination using a tissue microarray, which contained
HCC tissues and the corresponding paracancer tissues of 89
patients. As shown in Figures 3A, B, IHC analysis validated the
downregulated OIT3 expression in HCC tissues, revealing the
lower proportion score and staining intensity score of positive
cells (Figures 3A, B). In addition, HCC patients with higher
OIT3 expression levels had better overall survival rates (OS, 8-
year survival rates, OIT3-high group: 60.3% vs. OIT3-low group:
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OIT3 expression was positively associated with the prognosis of HCC patients. (A—C) The clinical outcomes were markedly decreased in HCC
patients with low OIT3 expression according to the Kaplan-Meier plotter database (A), Linkedomics database (B), and HCCDB database (C). HR,

hazard ratio

35.5%) and disease-free survival rates (DFS, 4-year survival rates,
OIT3-high group: 64.9% vs. OIT3-low group: 33.4%)
(Figures 3C, D). Table S3 contains the clinical characteristics
of the 89 HCC patients, including sex, diagnosis age, T stage,
OIT3 expression status, and so on. As shown in Table S5, T
stage, AJCC stage, and recurrence status were significantly
correlated with OIT3 expression status. Those HCC patients at
the T1 stage (P=0.021), AJCC I stage (P=0.042), and with free
recurrence (P=0.018) had higher OIT3 levels.
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Uni- and multivariate analyses were performed to further
dissect the independent predictors for OS and DFS of the HCC. As
shown in Table S6, T stage, AJCC stage, recurrence status, and
OIT3 expression level were markedly correlated with OS and DFS.
Moreover, tumor size had an obvious association with DFS. The
HCC patients with higher OIT3 expression levels at the T1 stage
and AJCC T stage had longer OS and DFS time. However, the
OIT3 expression level only had a significant positive effect on the
DFS time of recurrence-free patients (Figures 4A-C). In order to
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FIGURE 3

OIT3 was lowly expressed in HCC tissues and significantly correlated with clinical outcomes. (A—B) OIT3 was downregulated in HCC tissues, as
validated using ISH with a tissue microarray. As shown, HCC tissues with richer cytoplasms and larger nuclei had weaker OIT3 staining than that
in the paracancerous tissues (A), accompanied by the statistical result (B) (n= 89, ***P < 0.001). (C) The clinical outcomes of HCC patients with
the different expression levels of OIT3. The 3-, 5-, and 8-year overall survival rates of the OIT3 high group were 77.6%, 72.4%, and 60.3% vs.
48.4%, 41.9%, and 35.3% of the OIT3 low group, respectively. (D) The 1-, 3-, and 4-year disease-free survival rates of the OIT3 high group were
84.1%, 69.3%, and 64.9% vs. 60.1%, 41.7%, and 33.4% of the OIT3 low group, respectively.

determine the independent prognostic factors, multivariate cox
proportional analysis models of OS and DES were carried out
(Table S7), revealing the recurrence status as the independent
predictor of OS and DFS. Compared to the patients without
recurrence, those with recurrence had a higher risk of death (OS:
HR=7.825, 95%CI=3.404-17.992; DFS: HR =166.575, 95%
CI=19.834-1399.009). Also, compared to HCC patients with low
OIT3 expression, those with high OIT3 levels had a better DFS
(HR=0.493, 95%CI=0.257-0.946), suggesting that OIT3
expression level was independently associated with the DFS of
HCC patients.

Taken together, we concluded that OIT3 was downregulated
in HCC patients, and the higher OIT3 expression level predicted
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a better clinical outcome. Moreover, OIT3 was an independent
prognostic factor for HCC patients.

OIT3 inhibits the proliferation, clone
formation, migration, and invasion
abilities of HCC cells in vitro

Next, the biological functions of OIT3 in HCC cells were
studied to further investigate the role of OIT3 in HCC. Since OIT3
was lowly expressed in tumor cells, we overexpressed OIT3 with a
lentivirus vector in various HCC cell lines. As shown in Figure 5A,
OIT3 was remarkably upregulated by the OIT3-overexpressed
lentivirus vector (OIT3-OE) compared with the control group
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OIT3 was positively associated with HCC outcome at T1 and AJCC | stage. (A) The effect of OIT3 expression on the clinical outcomes of HCC
patients at T1 and T2 stage. As shown, HCC patients at the T1 stage with a higher level of OIT3 had a better prognosis (3-year OS rates: OIT3
high group vs. OIT3 low group, 81.0% vs. 50.0%; 3-year DFS rates: OIT3 high group vs. OIT3 low group, 72.8% vs. 38.1%). (B) The effects of OIT3
expression on the clinical outcomes of HCC patients at AJCC | and AJCC Il stage. As shown, HCC patients at AJCC | stage with a higher level of
OIT3 had a better prognosis (3-year OS rates: OIT3 high group vs. OIT3 low group, 81.0% vs. 50.0%; 3-year DFS rates: OIT3 high group vs. OIT3
low group, 72.8% vs. 38.1%). (C) As shown, HCC patients with free recurrence and a higher level of OIT3 had a better prognosis (4-year DFS
rates: OIT3 high group vs. OIT3 low group, 100.0% vs. 88.9%). OS, overall survival; DFS, disease-free survival; Re, recurrence

(OIT3-OE ctrl) in HepG2 and Huh7 cell lines. Moreover, the
overexpression of OIT3 significantly decreased cell proliferation
(Figures 5B, C), clone formation (Figures 5D, E), migration, and
invasion abilities (Figures 5F, G) in HepG2 and Huh7 cell lines.
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The scratch wound-healing assay in Figures 5H, I showed that
HepG2 and Huh7 cells with OIT3 overexpression migrated slower
than the corresponding control group cells, thus implying that
OIT3 acted as a tumor suppressor gene in HCC.
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HepG2 and Huh7 cells. (*P < 0.05, ***P < 0.001). (D, E) OIT3 upregulation could decrease the clone formation abilities of HepG2 and Huh7 cells. (*P
< 0.05, **P < 0.01). (F, G) OIT3 upregulation could suppress the migration and invasion abilities of HepG2 and Huh7 cells. (***P < 0.001). (H, I) The
effects of OIT3 expression on migration abilities of HepG2 and Huh7 cells were detected with a scratch wound-healing assay. OIT3's overexpression
showed inhibited wound closure levels of 10.3 + 2.5% in HepG2 cells and 7.7 + 2.1% in Huh7 cells compared with the control groups respectively
(49.7 + 4.5% in HepG2 cells and 22.7 + 2.5% in Huh7 cells) for 48 h. Experiments were repeated three times, and the data are expressed as the
mean + SEM. OIT3-OE, OIT3-overexpressed lentivirus vector; OIT3-OE ctrl, OIT3-overexpressed lentivirus vector control.

Frontiers in Oncology 11 frontiersin.org


https://doi.org/10.3389/fonc.2022.977348
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wen et al.

OIT3 promotes the ferroptosis of HCC
cells by increasing the expression of
ALOX15 and CYP4F3 to mediated ROS,
lipid-ROS accumulation, and arachidonic
acid metabolism activation

In order to explore the regulatory mechanism of OIT3 in
HCC, an RNA sequence was performed to discover the gene
expression profile induced by OIT3. As shown in Figures S1A, B,
the RNA sequencing data reported that 146 genes were
overexpressed and 208 genes were downregulated in HepG2
cells after OIT3 upregulation, respectively. Thereafter, we
conducted the Gene Ontology (GO) analysis, which revealed
that the leukotriene metabolic process and the lipoxygenase

leukotriene metabolic process
» lipoxygenase pathway

positiy ottt E
cellular amino acid biosynthetic process
negative regulation of inner ear receptor cell
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. multi-organism cellular process
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cellular response to interleukin—13
regulation of peroxisome proliferator activated

m i
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pathway ranked in the top 2 in the biological process (BP)
categories. Meanwhile, phagolysosome and iron ion binding
ranked first in the cellular component (CC) and molecular
function (MF) categories, respectively (Figure 6A). Consistent
with GO analysis results, KEGG pathway analysis showed that
these upregulated mRNAs were enriched in 15 signaling
pathways, and the arachidonic acid metabolism and the
phenylalanine, tyrosine, and tryptophan biosynthesis ranked as
the top 2 pathways (Figure 6B).

According to various previous studies, leukotriene
metabolism, lipoxygenase, phagolysosome, iron ion,
arachidonic acid metabolism, and tryptophan could regulate
ferroptosis (34-38). Therefore, we reasoned that OIT3 might be
involved in the process of ferroptosis in HCC cell lines. As
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ferroptosis results from the catastrophic accumulation of ROS, to the control group. Moreover, OIT3 overexpression caused a

we measured the potential changes of ROS in HCC cells after a marked increase in intracellular Fe** levels, which was one of the

change in OIT3 expression. As shown in Figures 7A, B, OIT3 key factors to induce ferroptosis (Figure 7C). We further verified

upregulation significantly enhanced ROS production compared that OIT3 overexpression mediated the sharp increase of lipid-
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FIGURE 7

OIT3 promoted the ferroptosis of HCC cells in vitro. (A, B) The ROS level in HepG2 and Huh? cells with different OIT3 expression. (*P < 0.05, **P <
0.01). (C) The intracellular Fe?* level of HepG2 and Huh7 cells with different OIT3 expression. (***P < 0.001). (D) The lipid ROS level in HepG2 and Huh7
cells with different OIT3 expressions. (*P < 0.05, ***P < 0.001). (E) The effect of OIT3 expression on the production of MDA in HepG2 and Huh7 cells
(*P < 0.05, **P < 0.01). (F, G) Transmission electron microscopy revealed mitochondrial alterations in HepG2 and Huh7 cells with or without OIT3
overexpression (bar=0.5 um). (H) OIT3 enhanced the level of AA, LTB4, LTC4, LTD4, and LTE4 in HepG2 and Huh? cells. (*P < 0.05, **P < 0.01, ***P <
0.001). (1) OIT3 upregulated the expression of ALOX15 and CYP4F3 at mRNA level (**P < 0.01, ***P < 0.001). (3) The protein level of ALOX15, CYP4F3,
and GPX4 in HepG2 and Huh7 cells with the different expression levels of OIT3. Experiments were repeated three times, and the data are expressed as
the mean + SEM. OIT3-OE, OIT3-overexpressed lentivirus vector; OIT3-OE ctrl, OIT3-overexpressed lentivirus vector control; AA, arachidonic acid;
LTB4, leukotriene B4; LTC4, leukotriene C4; LTD4, leukotriene D4; LTE4, leukotriene E4.
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ROS and MDA, which were the key factors and reactive products
of ferroptosis, and indicated that OIT3 induced ferroptosis of
HCC cells (Figures 7D, E). The effects of OIT3 on HepG2 and
Huh?7 cells were observed with electron microscopy. Moreover,
our results indicated that in the OIT3 upregulation group, the
small and atrophied mitochondria were seen, and the
mitochondrial crista was reduced or even disappeared,
producing a lot of empty bubbles. The mitochondrial rupture
also happened, in line with the morphological characteristics of
ferroptosis (Figures 7F, G). Considering that arachidonic acid
(AA) is a 20-carbon unsaturated fatty acid, it can be metabolized
in the body and converted into a series of active substances,
including leukotrienes (LTs). Arachidonic acid and leukotrienes
can be used as the reaction substrate of ferroptosis, and the level
of AA, LTB4, LTC4, LTD4 as well as LTE4 could be markedly
increased by OIT3 (Figure 7H). According to the RNA sequence
results, the differentially expressed genes involved in the
arachidonic acid metabolism pathway included ALOX15 and
CYP4F3. Next, we confirmed that OIT3 indeed upregulated the
expression of ALOX15 and CYP4F3 at both mRNA and protein
levels (Figures 71, J). Moreover, OIT3 overexpression led to the
obvious reduction of the GPX4 protein level, suggesting that
OIT3 could boost ferroptosis in HCC cells (Figure 77]).

Furthermore, desferrioxamine (DFO), an iron chelator that
inhibits the ferroptosis process, rescued OIT3 overexpression
mediating the suppression of the phenotypic function of cells,
including clone formation and invasion in HepG2 and Huh?7 cell
lines (Figures 8A, B). These results indicated that OIT3
upregulation restrains cell growth and motility abilities of
HCC cells via ferroptosis.

OIT3 suppresses the growth of HCC cells
by inducing the ferroptosis process
in vivo

To investigate the effects of OIT3 on HCC growth in vivo,
the HepG2 cells with the overexpression of OIT3 were implanted
into the backpack of nude mice. Consistent with the results of in
vitro experiments, OIT3 upregulation markedly inhibited the
growth of HepG2 cells in vivo (Figures 9A-C). Compared to
control mice, the body weight of mice was significantly
improved by OIT3 upregulation (Figure 9D). Meanwhile,
fewer Ki-67-positive cells were observed in tumor tissues from
the OIT3 overexpression group compared to the control group
(Figure 9E). Besides, OIT3 overexpression decreased the level of
GPX4, indicating the activated ferroptosis process (Figure 9E).
The expression levels of ALOX15 and CYP4F3 were also
elevated by OIT3 (Figure 9E). In summary, as shown in the
idiogram in Figure 10, OIT3 could upregulate the level of
ALOX15 and CYP4F3, thus activating the arachidonic acid
metabolism pathway to boost the production of arachidonic
acid, leukotrienes (LTB4, LTC4, LTD4, and LTE4), and ROS.
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Arachidonic acid and leukotrienes are substances with high
activity that can be used as reaction substrates for the ROS
peroxidation process, eventually mediating the lipid ROS
accumulation for ferroptosis.

Discussion

Currently, there are several studies on the OIT3 gene in
HCC. OIT3, also known as LZP, has been identified due to its
downregulation in HCC tissues (39) and high expression in liver
tissues (27). However, the physiological functions and molecular
mechanisms of LZP in the HCC remained unclear. In the
present study, we revealed that OIT3 might function as a
tumor suppressor gene that inhibits the proliferation,
migration, and invasion abilities of HCC cell lines in vitro and
in vivo. Furthermore, OIT3 promotes the ferroptosis of HCC
cells by regulating the arachidonic acid metabolism and ROS
accumulation, which is consistent with the previous observation
suggesting that OIT3 is involved in lipid metabolism in the liver,
including the triacylglycerol (TG) and very-low-density
lipoproteins (VLDLs) (27). Yet, our results also showed that
OIT3 mainly regulates the metabolism of arachidonic acid (AA),
a classical type of PUFAs, thus adding a novel insight into the
complicated lipid metabolism regulation mechanism of OIT3.
Moreover, although the aberrant expression of OIT3 in HCC has
been previously reported, the present study is the first to report
its effect on ferroptosis induction. However, our findings are not
consistent with data suggesting that LZP did not affect the cell
growth in SMMC-7721 and L02 (24). This may be because
SMMC-7721 was not considered an HCC cell line for the cross-
contamination with other cells according to the HEPATOLOGY
author guidelines, and the L02 was not an HCC cell line.

Previous studies reported that AA was a kind of n-6 long-
chain PUFASs, anchoring in the phosphatidylethanolamine. As AA
is the foremost target of LOXs, AA acts as an essential reaction
substrate for ferroptosis (27, 34, 40, 41). AA can result in lipid
peroxidation when residing in the high ROS tumor environment,
which decreases the glutathione (GSH) level, acting as the “deadly
sign” of ferroptosis (42). AA also composes a highly organized
oxygenation center that might undergo severe peroxidation with
the iron-dependent mechanism and formation of ROS, thus
navigating cells to ferroptosis in gastric cancer cells (43). The
auto-oxidation of AA could even contribute to lipid peroxidation
in the acetaminophen-induced ferroptosis process in liver tissue
(44). Accordingly, inhibiting the synthesis of AA could have a
protective effect on ferroptosis (45). AA has been identified as the
direct precursor of various types of bioactive mediators, including
leukotrienes (LTs), such as LTB4, LTC4, and so on. The
ferroptosis augmented by AA could be facilitated to reverse
the drug resistance of cancer cells (42). It is noteworthy that the
enzymatic oxidation of PUFAs could be selectively and specifically
mediated by lipoxygenases (LOXs), including ALOX15, which
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FIGURE 8

The OIT3 mediated-inhibition of clone formation and invasion abilities could be reversed by DFO. (A) The effect of DFO (100 umol/L) on the clone
formation ability of HepG2 and Huh7 cells. (***P < 0.001). (B) The effect of DFO (100 umol/L) on the clone invasion ability of HepG2 and Huh7 cells.
(***P < 0.001). Experiments were repeated three times, and the data are expressed as the mean + SEM. OIT3-OE, OIT3-overexpressed lentivirus vector;
OIT3-OE ctrl, OIT3-overexpressed lentivirus vector control; DFO, desferrioxamine; DMSO, dimethyl sulfoxide.
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FIGURE 9

OIT3 promoted the ferroptosis of HCC cells in vivo. (A—C) The volume and weight of HCC tumors with different levels of OIT3 expression (n =
5, ***P < 0.001). (D) The weight change of mice in different groups.(n = 5, ***P < 0.001). (E) Compared to the control group, lower levels of
GPX4 and Ki-67 with higher levels of ALOX15 and CYP4F3 could be observed in the mice from the OIT3 upregulating group. OIT3-OE, OIT3-
overexpressed lentivirus vector; OIT3-OE ctrl, OIT3-overexpressed lentivirus vector control.

contains iron in the catalytic region to stimulate the
deoxygenation of PUFAs (46). ALOX15 can induce
enzymatic production of a5-HOO-AA-PE (arachidonic acid-
phosphatidylethanolamine), then mediate the oxidative cleavage
of these initial HOO derivatives to proximate electrophiles, which
in turn interact with the proteins, creating the plasma membranes’
pores (47, 48). ALOX15 has an important role in ferroptosis (49),
as it promotes the generation of hydroperoxides in
cellular membranes to induce ferroptosis in HT1080 cells (50).
The oxidation of AA could be catalyzed by ALOX15 to
produce 13-hydroperoxyoctadecadienoic acid and 15-
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hydroperoxyeicosatetraenoic acid, both of which were
recognized as the intermediates for the formation of 4-HNE, a
product of ferroptosis (51).

ALOX15 can metabolize AA in order to boost the generation
of ROS and trigger ferroptosis (49). In this study, we found that
upregulation of OIT3 increases the level of ALOX5 and
promotes the arachidonic acid metabolism pathway, which
was evidenced by the increased level of AA, TB4, LTC4, and
LTD4, as well as LTE4 and is consistent with previous reports.
Our results suggested that OIT3 functions as a tumor suppressor
gene by mediating ferroptosis in HCC cells, thus providing a
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FIGURE 10

The schematic representation of OIT3 signaling in HCC. AA, arachidonic acid; LTB4, leukotriene B4; LTC4, leukotriene C4; LTD4, leukotriene

D4; LTE4, leukotriene E4.

novel mechanism for the OIT3’s regulation in cancer
progression. Nonetheless, the interaction between OIT3 and
ALOX15 should be further investigated.

Moreover, besides the ALOX family, including ALOX15, AA
could be metabolized by the CYP450 family (52). The
cytochrome P450 was identified as pivotal for ferroptosis
execution (53). CYP4F3, an enzyme of the CYP50 superfamily,
generated ROS when metabolizing their substrates (54). The
high level of intracellular ROS was identified as a key factor
triggering ferroptosis. The association between cytochrome P450
activity and ROS production has been reported in various
situations (55, 56). NADPH-cytochrome P450 reductase
(POR) and NADH-cytochrome b5 reductase (CYB5R1)
transfer electrons from NAD(P)H to oxygen, thus generating
hydrogen peroxide, followed by reacting with iron to generate
reactive hydroxyl radicals for PUFAs’ peroxidation and
ferroptosis (57). Under the transcriptional modulation of the
aryl hydrocarbon receptor (AhR), certain CYP450 superfamily
members can be upregulated to increase the ROS level, and
promote lipid peroxidation, thus finally inducing ferroptosis
(58). CYP450 metabolizes the AA to produce 20
—hydroxyeicosatetraenoic acid and increase NADPH oxidase
activity, resulting in ROS elevation (58). Consistent with
previous studies, our data revealed that OIT3 caused the
increased expression of CYP4F3, the enhancement of AA’s
metabolism, as well as striking accumulation of ROS in the
HCC cells, following the interaction between the excessive ROS
and AA to boost ferroptosis. Our findings provide further
support for the premise that CYP4F3 epitomized a
promotional effect of ferroptosis; however, the exact regulation
mode of CYP4F3 on the AA metabolism is still not fully
understood. Besides, future studies should further investigate
how OIT3 upregulates the expression of CYP4F3.
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Conclusions

We found that OIT3 was downregulated in HCC tissues, and
its expression level was significantly associated with clinical
outcomes, suggesting it is a potential novel biomarker for the
diagnosis and prognosis of HCC patients. Furthermore, OIT3
suppressed cell growth, migration, and invasion abilities in HCC
cells in vitro and in vivo. This is the first study that demonstrated
how OIT3 could upregulate the expression level of ALOX15 and
CYP4F3 and then mediate the ROS accumulation and AA
metabolism pathway activation, the key factors in triggering
ferroptosis. To sum up, our data elucidated the regulation
function of OIT3 in HCC and the corresponding mechanism.
Given the pro-ferroptosis effect of OIT3 in HCC, targeting OIT3
could have therapeutic potential in clinical application.

Data availability statement
The original contributions presented in the study are

included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by Peking
University Third Hospital.

Author contributions

JW: conceptualization, data curation, formal analysis, funding
acquisition, investigation, writing-original draft, and writing-review

frontiersin.org


https://doi.org/10.3389/fonc.2022.977348
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wen et al.

and editing; AA: conceptualization, writing-review and editing, and
funding acquisition; XY: conceptualization and writing-review and
editing; YL, XZ, and GZ: formal analysis; SN and SH: funding
acquisition; JL: conceptualization, writing-review and editing, and
funding acquisition. All authors contributed to the article and
approved the submitted version.

Funding

This work was Funded by China Postdoctoral Science
Foundation to JW (2020M683115), the National Natural
Science Foundation of China (No. 81971719 to JL, 81903037
to SH, 81902909 to AA and 82102818 to JW), the Guangdong
Medical Research Foundation (No. A2022121 to SN), the Major
Science and Technology Program of Guangdong Province (No.
2020B0101130016 to JL) and the Guangzhou Key research and
development Projects (No. 202103000021 to JL).

Acknowledgments

We thank professor AA from Peking University Third
Hospital for providing HepG2 and Huh?7 cell lines.

References

1. Forner A, Reig M, Bruix J. Hepatocellular carcinoma. Lancet (2018)
391:1301-14. doi: 10.1016/S0140-6736(18)30010-2

2. Fitzmaurice C, Abate D, Abbasi N, Abbastabar H, Abd-Allah F, Abdel-
Rahman O, et al. Global, regional, and national cancer incidence, mortality, years of
life lost, years lived with disability, and disability-adjusted life-years for 29 cancer
groups, 1990 to 2017: A systematic analysis for the global burden of disease study.
JAMA Oncol (2019) 5:1749-68. doi: 10.1001/jamaoncol.2019.2996

3. SuY, Zhao D, Jin C, Li Z, Sun S, Xia S, et al. Dihydroartemisinin induces
ferroptosis in HCC by promoting the formation of PEBP1/15-LO. Oxid Med Cell
Longev (2021) 2021:3456725. doi: 10.1155/2021/3456725

4. Llovet JM, Kelley RK, Villanueva A, Singal AG, Pikarsky E, Roayaie S, et al.
Hepatocellular carcinoma. Nat Rev Dis Primers (2021) 7:6. doi: 10.1038/s41572-
020-00240-3

5. Zou Y, Henry WS, Ricq EL, Graham ET, Phadnis VV, Maretich P, et al.
Plasticity of ether lipids promotes ferroptosis susceptibility and evasion. Nature
(2020) 585:603-8. doi: 10.1038/s41586-020-2732-8

6. Xia X, Fan X, Zhao M, Zhu P. The relationship between ferroptosis and
tumors: A novel landscape for therapeutic approach. Curr Gene Ther (2019)
19:117-24. doi: 10.2174/1566523219666190628152137

7. Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of ferroptosis
in cancer. Nat Rev Clin Oncol (2021) 18:280-96. doi: 10.1038/s41571-020-00462-0

8. Liao H, ShiJ, Wen K, Lin J, Liu Q, Shi B, et al. Molecular targets of ferroptosis
in hepatocellular carcinoma. ] Hepatocell Carcinoma (2021) 8:985-96. doi: 10.2147/
JHC.$325593

9. Tabnak P, HajiEsmailPoor Z, Soraneh S. Ferroptosis in lung cancer: From
molecular mechanisms to prognostic and therapeutic opportunities. Front Oncol
(2021) 11:792827. doi: 10.3389/fonc.2021.792827

10. Li L, Qiu C, Hou M, Wang X, Huang C, Zou J, et al. Ferroptosis in ovarian
cancer: A novel therapeutic strategy. Front Oncol (2021) 11:665945. doi: 10.3389/
fonc.2021.665945

Frontiers in Oncology

18

10.3389/fonc.2022.977348

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fonc.2022.977348/full#supplementary-material

11. Ingold I, Berndt C, Schmitt S, Doll S, Poschmann G, Buday K, et al
Selenium utilization by GPX4 is required to prevent hydroperoxide-induced
ferroptosis. Cell (2018) 172:409-22.e421. doi: 10.1016/j.cell.2017.11.048

12. Alim I, Caulfield JT, Chen Y, Swarup V, Geschwind DH, Ivanova E, et al.
Selenium drives a transcriptional adaptive program to block ferroptosis and treat
stroke. Cell (2019) 177:1262-79.e1225. doi: 10.1016/j.cell.2019.03.032

13. Clemente LP, Rabenau M, Tang S, Stanka J, Cors E, Stroh J, et al. Dynasore
blocks ferroptosis through combined modulation of iron uptake and inhibition of
mitochondrial respiration. Cells (2020) 9(10). doi: 10.3390/cells9102259

14. Procaccini C, Garavelli S, Carbone F, Di Silvestre D, La Rocca C, Greco D,
et al. Signals of pseudo-starvation unveil the amino acid transporter SLC7A11 as
key determinant in the control of treg cell proliferative potential. Immunity (2021)
54:1543-60.e1546. doi: 10.1016/j.immuni.2021.04.014

15. Kim M]J, Yun GJ, Kim SE. Metabolic regulation of ferroptosis in cancer. Biol
(Basel) (2021) 10(2):83. doi: 10.3390/biology10020083

16. Wiktorowska-Owczarek A, Berezinska M, Nowak JZ. PUFAs: Structures,
metabolism and functions. Adv Clin Exp Med (2015) 24:931-41. doi: 10.17219/
acem/31243

17. Wenzel SE, Tyurina YY, Zhao J, St Croix CM, Dar HH, Mao G, et al. PEBP1
wardens ferroptosis by enabling lipoxygenase generation of lipid death signals. Cell
(2017) 171:628-41.e626. doi: 10.1016/j.cell.2017.09.044

18. Zhang H, Deng T, Liu R, Ning T, Yang H, Liu D, et al. CAF secreted miR-
522 suppresses ferroptosis and promotes acquired chemo-resistance in gastric
cancer. Mol Cancer (2020) 19:43. doi: 10.1186/s12943-020-01168-8

19. Le Quéré V, Plée-Gautier E, Potin P, Madec S, Salaiin JP. Human CYP4F3s
are the main catalysts in the oxidation of fatty acid epoxides. J Lipid Res (2004)
45:1446-58. doi: 10.1194/jlr.M300463-JLR200

20. Brigelius-Flohé R, Flohé L. Regulatory phenomena in the glutathione
peroxidase superfamily. Antioxid Redox Signal (2020) 33:498-516. doi: 10.1089/
ars.2019.7905

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.977348/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.977348/full#supplementary-material
https://doi.org/10.1016/S0140-6736(18)30010-2
https://doi.org/10.1001/jamaoncol.2019.2996
https://doi.org/10.1155/2021/3456725
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1038/s41586-020-2732-8
https://doi.org/10.2174/1566523219666190628152137
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.2147/JHC.S325593
https://doi.org/10.2147/JHC.S325593
https://doi.org/10.3389/fonc.2021.792827
https://doi.org/10.3389/fonc.2021.665945
https://doi.org/10.3389/fonc.2021.665945
https://doi.org/10.1016/j.cell.2017.11.048
https://doi.org/10.1016/j.cell.2019.03.032
https://doi.org/10.3390/cells9102259
https://doi.org/10.1016/j.immuni.2021.04.014
https://doi.org/10.3390/biology10020083
https://doi.org/10.17219/acem/31243
https://doi.org/10.17219/acem/31243
https://doi.org/10.1016/j.cell.2017.09.044
https://doi.org/10.1186/s12943-020-01168-8
https://doi.org/10.1194/jlr.M300463-JLR200
https://doi.org/10.1089/ars.2019.7905
https://doi.org/10.1089/ars.2019.7905
https://doi.org/10.3389/fonc.2022.977348
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wen et al.

21. Ren X, Li Y, Zhou Y, Hu W, Yang C, Jing Q, et al. Overcoming the
compensatory elevation of NRF2 renders hepatocellular carcinoma cells more
vulnerable to disulfiram/copper-induced ferroptosis. Redox Biol (2021) 46:102122.
doi: 10.1016/j.redox.2021.102122

22. Werth EG, Rajbhandari P, Stockwell BR, Brown LM. Time course of
changes in sorafenib-treated hepatocellular carcinoma cells suggests involvement
of phospho-regulated signaling in ferroptosis induction. Proteomics (2020) 20:
€2000006. doi: 10.1002/pmic.202000006

23. Louandre C, Marcq I, Bouhlal H, Lachaier E, Godin C, Saidak Z, et al. The
retinoblastoma (Rb) protein regulates ferroptosis induced by sorafenib in human
hepatocellular carcinoma cells. Cancer Lett (2015) 356:971-7. doi: 10.1016/
j.canlet.2014.11.014

24. Xu ZG, Du J], Zhang X, Cheng ZH, Ma ZZ, Xiao HS, et al. A novel liver-
specific zona pellucida domain containing protein that is expressed rarely in
hepatocellular carcinoma. Hepatology (2003) 38:735-44. doi: 10.1053/
jhep.2003.50340

25. Xu ZG, DuJJ, Cui SJ, Wang ZQ, Huo KK, Li YY, et al. Identification of LZP
gene from mus musculus and rattus norvegicus coding for a novel liver-specific ZP
domain-containing secretory protein. DNA Seq (2004) 15:81-7. doi: 10.1080/
10425170310001652200

26. Yoshida T, Kobayashi T, Itoda M, Muto T, Miyaguchi K, Mogushi K,
et al. Clinical omics analysis of colorectal cancer incorporating copy number
aberrations and gene expression data. Cancer Inform (2010) 9:147-61. doi:
10.4137/CIN.S3851

27. Wu JX, He KY, Zhang ZZ, Qu YL, Su XB, Shi Y, et al. LZP is required for
hepatic triacylglycerol transportation through maintaining apolipoprotein b
stability. PLoS Genet (2021) 17:¢1009357. doi: 10.1371/journal.pgen.1009357

28. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for cancer
and normal gene expression profiling and interactive analyses. Nucleic Acids Res
(2017) 45:W98-w102. doi: 10.1093/nar/gkx247

29. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M,
et al. NCBI GEO: archive for functional genomics data sets—update. Nucleic Acids
Res (2013) 41:D991-995. doi: 10.1093/nar/gks1193

30. Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Ponce-
Rodriguez I, Chakravarthi B, et al. UALCAN: A portal for facilitating tumor
subgroup gene expression and survival analyses. Neoplasia (2017) 19:649-58. doi:
10.1016/j.ne0.2017.05.002

31. Gyorffy B, Lanczky A, Szallasi Z. Implementing an online tool for genome-
wide validation of survival-associated biomarkers in ovarian-cancer using
microarray data from 1287 patients. Endocr Relat Cancer (2012) 19:197-208.
doi: 10.1530/ERC-11-0329

32. Vasaikar SV, Straub P, Wang J, Zhang B. LinkedOmics: analyzing multi-
omics data within and across 32 cancer types. Nucleic Acids Res (2018) 46:D956-
d963. doi: 10.1093/nar/gkx1090

33. Lian Q, Wang S, Zhang G, Wang D, Luo G, Tang J, et al. HCCDB: A
database of hepatocellular carcinoma expression atlas. Genomics Proteomics Bioinf
(2018) 16:269-75. doi: 10.1016/j.gpb.2018.07.003

34. Mao XY. Lipoxygenases as targets for drug development. Methods Mol Biol
(2020) 2089:251-6. doi: 10.1007/978-1-0716-0163-1_17

35. Chen X, Li J, Kang R, Klionsky DJ, Tang D. Ferroptosis: machinery and
regulation. Autophagy (2021) 17:2054-81. doi: 10.1080/15548627.2020.1810918

36. Zhou Y, Shen Y, Chen C, Sui X, Yang J, Wang L, et al. The crosstalk between
autophagy and ferroptosis: what can we learn to target drug resistance in cancer?
Cancer Biol Med (2019) 16:630-46. doi: 10.20892/j.issn.2095-3941.2019.0158

37. Zhao R, LvY, Feng T, Zhang R, Ge L, Pan J, et al. ATF60. promotes prostate
cancer progression by enhancing PLA2G4A-mediated arachidonic acid
metabolism and protecting tumor cells against ferroptosis. Prostate (2022)
82:617-29. doi: 10.1002/pros.24308

38. Zeitler L, Fiore A, Meyer C, Russier M, Zanella G, Suppmann S, et al. Anti-
ferroptotic mechanism of IL4il-mediated amino acid metabolism. Elife (2021) 10:
€64806. doi: 10.7554/eLife.64806.sa2

39. Long J, Zhang ZB, Liu Z, Xu YH, Ge CL. Loss of heterozygosity at the
calcium regulation gene locus on chromosome 10q in human pancreatic cancer.
Asian Pac ] Cancer Prev (2015) 16:2489-93. doi: 10.7314/APJCP.2015.16.6.2489

Frontiers in Oncology

19

10.3389/fonc.2022.977348

40. Lee JY, Nam M, Son HY, Hyun K, Jang SY, Kim JW, et al. Polyunsaturated
fatty acid biosynthesis pathway determines ferroptosis sensitivity in gastric cancer.
Proc Natl Acad Sci U.S.A. (2020) 117:32433-42. doi: 10.1073/pnas.2006828117

41. SunY, Chen P, Zhai B, Zhang M, Xiang Y, FangJ, et al. The emerging role of
ferroptosis in inflammation. BioMed Pharmacother (2020) 127:110108. doi:
10.1016/j.biopha.2020.110108

42. Gao M, Deng J, Liu F, Fan A, Wang Y, Wu H, et al. Triggered ferroptotic
polymer micelles for reversing multidrug resistance to chemotherapy. Biomaterials
(2019) 223:119486. doi: 10.1016/j.biomaterials.2019.119486

43. Kagan VE, Mao G, Qu F, Angeli JP, Doll S, Croix CS, et al. Oxidized
arachidonic and adrenic PEs navigate cells to ferroptosis. Nat Chem Biol (2017)
13:81-90. doi: 10.1038/nchembio.2238

44. Yamada N, Karasawa T, Kimura H, Watanabe S, Komada T, Kamata R, et al.
Ferroptosis driven by radical oxidation of n-6 polyunsaturated fatty acids mediates
acetaminophen-induced acute liver failure. Cell Death Dis (2020) 11:144. doi:
10.1038/s41419-020-2334-2

45. Han R, Wan J, Han X, Ren H, Falck JR, Munnuri S, et al. 20-HETE
participates in intracerebral hemorrhage-induced acute injury by promoting cell
ferroptosis. Front Neurol (2021) 12:763419. doi: 10.3389/fneur.2021.763419

46. Reichert CO, de Freitas FA, Sampaio-Silva J, Rokita-Rosa L, Barros PL, Levy
D, et al. Ferroptosis mechanisms involved in neurodegenerative diseases. Int ] Mol
Sci (2020) 21(22):8765. doi: 10.3390/ijms21228765

47. Stoyanovsky DA, Tyurina YY, Shrivastava I, Bahar I, Tyurin VA,
Protchenko O, et al. Iron catalysis of lipid peroxidation in ferroptosis: Regulated
enzymatic or random free radical reaction? Free Radic Biol Med (2019) 133:153-61.
doi: 10.1016/j.freeradbiomed.2018.09.008

48. Gomes RN, Felipe da Costa S, Colquhoun A. Eicosanoids and cancer. Clinics
(2018) 73:e530s. doi: 10.6061/clinics/2018/e530s

49. Zhao J, Piao X, Wu Y, Liang S, Han F, Liang Q, et al. Cepharanthine attenuates
cerebral ischemia/reperfusion injury by reducing NLRP3 inflammasome-induced
inflammation and oxidative stress via inhibiting 12/15-LOX signaling. BioMed
Pharmacother (2020) 127:110151. doi: 10.1016/j.biopha.2020.110151

50. Shintoku R, Takigawa Y, Yamada K, Kubota C, Yoshimoto Y, Takeuchi T,
et al. Lipoxygenase-mediated generation of lipid peroxides enhances ferroptosis
induced by erastin and RSL3. Cancer Sci (2017) 108:2187-94. doi: 10.1111/
cas.13380

51. Luczaj W, Gegotek A, Skrzydlewska E. Antioxidants and HNE in redox
homeostasis. Free Radic Biol Med (2017) 111:87-101. doi: 10.1016/j.freeradbiomed.
2016.11.033

52. Sun QY, Zhou HH, Mao XY. Emerging roles of 5-lipoxygenase
phosphorylation in inflammation and cell death. Oxid Med Cell Longev (2019)
2019:2749173. doi: 10.1155/2019/2749173

53. Zou Y, Li H, Graham ET, Deik AA, Eaton JK, Wang W, et al. Cytochrome
P450 oxidoreductase contributes to phospholipid peroxidation in ferroptosis. Nat
Chem Biol (2020) 16:302-9. doi: 10.1038/s41589-020-0472-6

54. Hrycay EG, Bandiera SM. Monooxygenase, peroxidase and peroxygenase
properties and reaction mechanisms of cytochrome P450 enzymes. Adv Exp Med
Biol (2015) 851:1-61. doi: 10.1007/978-3-319-16009-2_1

55. Granville DJ, Tashakkor B, Takeuchi C, Gustafsson AB, Huang C, Sayen
MR, et al. Reduction of ischemia and reperfusion-induced myocardial damage by
cytochrome P450 inhibitors. Proc Natl Acad Sci U S A (2004) 101:1321-6.
doi: 10.1073/pnas.0308185100

56. Ishihara Y, Sekine M, Hamaguchi A, Kobayashi Y, Harayama T, Nakazawa
M, et al. Effects of sulfaphenazole derivatives on cardiac ischemia-reperfusion
injury: association of cytochrome P450 activity and infarct size. ] Pharmacol Sci
(2010) 113:335-42. doi: 10.1254/jphs.10103FP

57. Yan B, Ai Y, Sun Q, Ma Y, Cao Y, Wang J, et al. Membrane damage during
ferroptosis is caused by oxidation of phospholipids catalyzed by the
oxidoreductases POR and CYB5R1. Mol Cell (2021) 81:355-69.e310. doi:
10.1016/j.molcel.2020.11.024

58. Eleftheriadis T, Pissas G, Filippidis G, Liakopoulos V, Stefanidis I.
Reoxygenation induces reactive oxygen species production and ferroptosis in
renal tubular epithelial&nbsp;cells by activating aryl hydrocarbon receptor. Mol
Med Rep (2021) 23(1):41. doi: 10.3892/mmr.2020.11679

frontiersin.org


https://doi.org/10.1016/j.redox.2021.102122
https://doi.org/10.1002/pmic.202000006
https://doi.org/10.1016/j.canlet.2014.11.014
https://doi.org/10.1016/j.canlet.2014.11.014
https://doi.org/10.1053/jhep.2003.50340
https://doi.org/10.1053/jhep.2003.50340
https://doi.org/10.1080/10425170310001652200
https://doi.org/10.1080/10425170310001652200
https://doi.org/10.4137/CIN.S3851
https://doi.org/10.1371/journal.pgen.1009357
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1530/ERC-11-0329
https://doi.org/10.1093/nar/gkx1090
https://doi.org/10.1016/j.gpb.2018.07.003
https://doi.org/10.1007/978-1-0716-0163-1_17
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.20892/j.issn.2095-3941.2019.0158
https://doi.org/10.1002/pros.24308
https://doi.org/10.7554/eLife.64806.sa2
https://doi.org/10.7314/APJCP.2015.16.6.2489
https://doi.org/10.1073/pnas.2006828117
https://doi.org/10.1016/j.biopha.2020.110108
https://doi.org/10.1016/j.biomaterials.2019.119486
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1038/s41419-020-2334-2
https://doi.org/10.3389/fneur.2021.763419
https://doi.org/10.3390/ijms21228765
https://doi.org/10.1016/j.freeradbiomed.2018.09.008
https://doi.org/10.6061/clinics/2018/e530s
https://doi.org/10.1016/j.biopha.2020.110151
https://doi.org/10.1111/cas.13380
https://doi.org/10.1111/cas.13380
https://doi.org/10.1016/j.freeradbiomed.2016.11.033
https://doi.org/10.1016/j.freeradbiomed.2016.11.033
https://doi.org/10.1155/2019/2749173
https://doi.org/10.1038/s41589-020-0472-6
https://doi.org/10.1007/978-3-319-16009-2_1
https://doi.org/10.1073/pnas.0308185100
https://doi.org/10.1254/jphs.10103FP
https://doi.org/10.1016/j.molcel.2020.11.024
https://doi.org/10.3892/mmr.2020.11679
https://doi.org/10.3389/fonc.2022.977348
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	OIT3 serves as a novel biomarker of hepatocellular carcinoma by mediating ferroptosis via regulating the arachidonic acid metabolism
	Introduction
	Methods
	Bioinformatics analysis
	Immunohistochemistry
	Tissue microarray
	Cell culture
	Extraction of total RNA and RT-qPCR assay
	Western blotting
	Establishment of the OIT3 stable overexpression HCC cell line
	CCK8 assay
	Colony formation assay
	Migration and invasion assay
	Wound healing assay
	ROS measurement
	Lipid ROS measurement
	Malondialdehyde measurement
	ELISA assay
	Mouse xenograft model
	RNA-sequence
	Transmission electron microscopy
	Chelate iron detection
	Statistical analysis

	Results
	OIT3 is downregulated in HCC tumor tissues and positively associated with clinical outcomes
	OIT3 is an independent prognostic factor of HCC patients
	OIT3 inhibits the proliferation, clone formation, migration, and invasion abilities of HCC cells in vitro
	OIT3 promotes the ferroptosis of HCC cells by increasing the expression of ALOX15 and CYP4F3 to mediated ROS, lipid-ROS accumulation, and arachidonic acid metabolism activation
	OIT3 suppresses the growth of HCC cells by inducing the ferroptosis process in vivo

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


