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Purpose: The molecular mechanisms and signal pathways of ferroptosis in hepatoblastoma
(HB) have not yet been clarified. In previous studies, activating transcription factor 3 (ATF3)
was reported to be correlated with several tumors, but the clinical significance of ATF3 has
never been determined. Herein, we investigated the clinicopathological value and mechan-
isms of ATF3 in regulating ferroptosis in HB.

Methods: The mRNA microarray and RNA-sequencing data of 402 samples from our
hospital and public databases were used to estimate ATF3 expression and assess its clinical
role in HB. The standard mean difference (SMD) and summary receiver operating character-
istic curves were utilized to judge the discrimination ability of ATF3 between HB and non-
HB liver tissues. We examined the expression variation of ATF3 in HB cells after the
treatment with erastin. We also predicted the target genes of ATF3 as a transcriptional factor
from public Chromatin Immunoprecipitation-sequencing data and selected the ferroptosis-
related genes for a signaling pathway analysis.

Results: In ten series, the pooled SMD for ATF3 was —0.91, demonstrating that ATF3
expression was predominantly lower in HB than in non-HB liver tissues. ATF3 down-
regulation showed moderate potential to distinguish HB from non-HB liver tissues (area
under curves = 0.83, 95% confidence interval = 0.79-0.86). Altogether, 4855 putative targets
of ATF3 as a transcriptional factor were collected, among which, 60 genes were ferroptosis-
related.

Conclusion: The down-regulated ATF3 expression may play a vital role in the occurrence
of HB possible partially by regulating ferroptosis.
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Introduction

Hepatoblastoma (HB) is one of the most regularly seen malignant tumors of the
liver in children, accounting for about 1% of childhood malignant tumors.'”
Physicians avoid surgery as the primary treatment for HB because most patients
are diagnosed before the age of two.>* According to the statistics, about 40% of HB
patients could not undergo surgery immediately after being diagnosed.> In the past
decades, the United States-based children’s oncology group (COG) began promot-
ing chemotherapy as the main treatment for HB, while chemotherapy is normally
applied after surgery or tumor size reduction (in patients who cannot have
surgery).”® Most patients who received cytotoxic chemotherapy were suffering
strong adverse reactions that hinder the widespread use of chemotherapy due to
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different molecular mechanisms.”'® Therefore, molecular
targeted therapy has become the most chosen option for
patients.

Molecular targeted therapy is a revolutionary prescrip-
tion treatment with broad prospects for development; by
inducing the expression of specific molecules, targeted
medicines are able to regulate disease development.'''
Ferroptosis has been explored as a molecular targeted
therapy for various tumors since it was proposed in
2012. Ferroptosis is an apoptosis pathway that depends
on iron metabolism; by influencing the antioxidation of
glutathione peroxidase, ferroptosis inducers promote iron
accumulation in cells, leading to cell peroxidation.'
Ferroptosis has been found by some investigations to be
associated with liver tumors. Sun et al speculated that
overexpressed NRF2 transcription factors are regulated
by the autophagy adaptor protein p62 (one kind of an
autophagic proteins), while the Keapl protein has the
ability to reduce the probability of ferroptosis occurrence
and reproduction in hepatocellular carcinoma (HCC)
cells.'* In a HCC mouse model, Yu et al revealed that
the silencing of solute carrier family 39 member 14
(SLC39A14) could significantly curtail iron concentrations
in HCC cells and inhibit ferroptosis materialization.'”
Liang et al structured a Cox regression model and
screened 10 genes as ferroptosis-treated targets of
HCC.'® While HB is as important a childhood tumor as
HCC is in adulthood, to our knowledge, only one study
has reported the relationship between ferroptosis and HB
at present. Lippman et al found that down-regulated glu-
tathione peroxidase 4 (GPX4) boosted the development of
ferroptosis, and that the same results could be observed in
differential expressions of the enzymes NRF2 and HO-1."”
Nevertheless, there is still too little research on ferroptosis
in HB. The expression levels and potential molecular
mechanisms of ferroptosis-related genes in HB have not
been investigated.

Transcription factor activating transcription factor 3
(ATF3) is located on chromosome 1q32.3; as a member
of the activating transcription factor family, when induced
by stress, ATF3 is able to regulate processes of metabo-

18 Studies have

lism, immunity, and carcinogenesis.
reported the regulative function of ATF3 in the progress
of tumor ferroptosis. Wang et al found that up-regulated
ATF3 assisted the development of the amino acid reverse
transport system Xc-, and then promoted ferroptosis
induced by erastin. Wang et al also concurrently indicated

that, in the future, it might be possible to induce

ferroptosis through the
ATF3." By analyzing data from the Gene Expression
Omnibus (GEO), Fei et al indicated that ATF3 probably

could influenced the expression of HSPB1 and promoted

transcriptional activation of

in-process ferroptosis in HCC, thus inhibiting tumor pro-
liferation and metastasis.”® Furthermore, a study found that
quercetin played the role of a ferroptosis inhibitor when
ATF3-regulated kidney cell ferroptosis was triggered by
overexpression of SLC7A11 and GPX4.>' Moreover,
ATF3 was also correlated with ferroptosis and tumor inhi-

in breast 2,23

bition cancer and kidney cancer.
Unfortunately, we did not find articles about the commu-
nication between ATF3 and ferroptosis in HB. The exist-
ing papers on ATF3 in malignant tumor ferroptosis only
focused on the differential expressed target genes of ATF3;
they did not objectively evaluate the expression levels or
the potential molecular mechanisms of ATF3 in any
diseases.

To fill the gap in current research regarding ATF3
regulating ferroptosis in HB, we first analyzed the expres-
sion levels of ATF3 in pan-cancers of adults and children,
then highlighted the expression of ATF3 in HB and its
relationship with the development of ferroptosis. We also
identified target genes of ATF3 in HB through Chromatin
Immunoprecipitation-sequencing (ChIP-seq) data. In addi-
tion, correlation analysis between ATF3 and immune infil-
tration was performed to further reveal the clinical

significance of ATF3 within the signal pathways.

Methods

The research flow chart of the present study was shown on
Supplementary Material 1.

Clinical Significance of ATF3 in
Pan-Cancers of Adults and Children

Using Tumor Immune Estimation Resource, version 2
(TIMER 2.0), we plotted a box plot to show the expression
levels of ATF3 in 33 adult cancer types. We obtained the
clinical information, including survival of the cancer
patients from The Cancer Genome Atlas (TCGA) data-
base. Additionally, TISIDB, a database that includes
immune-related cells data in cancers, was also used to
observe the immune infiltration of ATF3 in a variety of
adult tumors.

There are far fewer databases on childhood cancers than
on adult cancers, so the Therapeutically Applicable Research
to Generate Effective Treatments (TARGET) database was
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applied to analyze the expression of ATF3 in pan-cancers of
children. Using sequencing and chip technologies, TARGET
has included seven types of cancer common in children. We
downloaded RNA-seq data from TARGET and analyzed
ATF3 expression levels in these seven types of cancer.

Expression Level and Discrimination
Potential of ATF3 in HB

Tumor and paratumor tissues of HB patients were col-
lected from the First Affiliated Hospital of Guangxi
Medical of Pathology. We
sequenced the obtained tissue samples and analyzed the

University Department

sequencing data to observe the expression of ATF3 in HB.

Prior to further analysis, we screened and downloaded
HB microarray and RNA-seq data from GEO, Sequence
Read Archive (SRA), and ArrayExpress database, the data
filtering flow chart is shown on Supplementary Material 2.

Including the in-house RNA-seq data, a total of ten datasets
were gathered by using “hepatoblastoma” as the search key-
word (Table 1). Log 2 (x + 1) conversion was performed and
diagnostic testing was applied to estimate the clinical signif-
icance of ATF3 in HB. The standard mean difference (SMD)
was calculated through Stata 14.0. The included studies were
considered to be heterogeneous if p < 0.05 or I* > 50%. If
heterogeneous, then a random-effect model would be
applied; otherwise, a fixed-effects model was adopted.
Receiver operating characteristic (ROC) curves were plotted
by IBM SPSS Statistics v23.0 and GraphPad Prism 8.0.
Additionally, in order to equitably evaluate the potential of
ATF3 to discriminate between HB and non-HB liver tissues,
a summary receiver operating characteristic (SROC) was

Table | The Included HB-Related Databases with ATF3

Expression
ID Country | Platform | Year Number of

Samples
HB Non-HB

E-MEXP-1851 - GPL571 2009 25 4
GSE75271 USA GPL570 2016 50 5
GSE81928 USA GPLI6791 | 2018 23 9
GSE89775 USA GPLI6791 2016 10 3
GSE104766 France GPLI16791 2017 30 30
GSE131329 Japan GPL6244 2019 53 14
GSE132037 Spain GPL17586 | 2020 34 18
GSEI33039 Spain GPL16791 2020 34 32
GSEI51347 Germany | GPLII154 | 2020 I I
In-house RNA-seq China 2020 3 3

Abbreviations: ATF3, activating transcription factor 3; HB, hepatoblastoma; RNA-
seq, RNA-sequencing data.

plotted. The area under curve (AUC) of sROC represents
the potential diagnostic value of ATF3.

The Relationship Between ATF3 and

Ferroptosis in HB

After searching the literature, we found that ATF3 was
reported to have a correlation with ferroptosis in many
types of cancers, including HCC, gastric cancer, and glioma.
Thus, we determined to explore the relationship between
ATF3 and ferroptosis in HB. GSE104462 contains HepG2
cells (a HB cell line) being treated with erastin; thus, it is
helpful for achieving our research about exploring the rela-
tionship between ATF3 and ferroptosis in HB. Limma pack-
age, supported by R v3.6.1, has algorithms to identify
whether genes are expressed differentially between cancer
and control tissues. According to eBayes theorem, limma can
be applied to screen for differentially expressed genes
(DEGS). In our study, DEGs of HepG2 cells treated with
ferroptosis inducers were identified. A Student’s s-test was
performed on the GSE104462 data to assess differential
ATF3 mRNA expression between the ferroptosis-induced
and non-ferroptosis-induced groups. We were interested in
whether ATF3 could regulate the functional phenotypes of
HB through influencing ferroptosis. Thus, we first obtained
ferroptosis-related genes from FerrDataBase, Then, we col-
lected the putative targets of ATF3 from public ChIP-seq data
from CistromeDB, and performed an interaction with the
above two groups of genes. Finally, some ferroptosis-
related targets of ATF3 were obtained and these genes were
sent for Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis.

Identification of ATF3 Differentially
Co-Expressed Genes (DCEGs)
Identification of ATF3 Co-Expressed Genes in HB
Co-expressed genes (CEGs) in this study are genes with
a close association with ATF3 that might be targeted or
influenced by ATF3 in HB. Gene expression data from ten
HB studies were extracted, and their Pearson’s coefficients
with ATF3 were evaluated. We considered the gene to be
a CEG when |r| > 0.3 and p < 0.05. Moreover, we identified
a gene as one of the CEGs for subsequent research when it
appeared more than four times within the ten studies.

Identification of ATF3 DEGs in HB

Based on the collected studies, we extracted and calculated
the SMD of all the included genes. If lower 95% confi-
dence interval (CI) > 0 and SMD > 0, the gene would be
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considered to be up-regulated in HB. In the same light, if
higher 95% CI < 0 and SMD < 0, the gene would be
considered to be down-regulated in HB. The above quali-
fied genes were chosen as ATF3 DEGs. Finally, the ATF3
DCEGs were screened out through making an interaction
with CEGs and DEGs of ATF3.

Functional Enrichment Analysis of ATF3
DCEGs

To further delve into the molecular mechanisms and poten-
tial functions of differentially expressed ATF3-regulated
ferroptosis in HB, we entered DCEGs of ATF3 into the
Database for Annotation, Visualization, and Integrated
Discovery (DAVID) v6.8. Gene ontology (GO) and
KEGG enrichment analyses were then used to explore
the potential signal pathways of ATF3 DCEGs in HB.
GO terms and KEGG signal pathways with p < 0.05
were identified. In addition, a protein-protein interaction
(PPI) network was constructed using the Search Tool for
the Retrieval of Interacting Genes (STRING).

The Identification of ATF3 Target Genes
in HB

Previous researches have demonstrated that ATF3 is
a transcription factor that regulates the expressions of immune
and tumor-associated proteins. We searched for potential
ATF3 target genes on CistromeDB. First, we downloaded
expression data of ATF3 in HepG2 cells and predicted the
potential target genes. The results were then intersected with

DCEGs. The SMDs of the target genes were also evaluated.

Correlations Between ATF3 and the

Immune Infiltration

We assessed the abundance of immune infiltrates of ATF3 in
various of tumors based on TISIDB, a database focusing on
tumor-immune analysis. We extracted the expression data of
ATF3 and 57 immune-related genes from nine public studies
and performed a correlation analysis to reveal the relationships
between ATF3 and immune-related genes in HB.

Results
Clinical Significance of ATF3 in

Pan-Cancers in Adults and Children

Figure 1A shows the mRNA expression levels of ATF3 in
various cancer types based on TIMER 2.0. We were sur-
prised to find that ATF3 was differentially expressed in

some cancers. The prognostic information was also used to
build a lasso model (see Figure 1B). After performing an
analysis of the overall survival time of patients, we found
that differentially expressed ATF3 would affect the survi-
val time of patients in uveal melanoma (UVM).
Furthermore, ATF3 expression was closely related to
immune infiltration scores of various immune cells in
adult cancers (Figure 1D-G).

To explore the expression of ATF3 in children’s
tumors, RNA-seq data from TARGET were downloaded
and analysed. After estimating the average expression
value of ATF3, we drew a complex box plot to show our
results (Figure 1C).

Down-Regulation and Discrimination
Potential of ATF3 mRNA in HB

In order to reveal the mRNA expression of ATF3 in HB, nine
studies from the GEO and ArrayExpress databases were
analyzed and combined with our in-house RNA-seq data.
We extracted the ATF3 expression data from the aforemen-
tioned series. Through the generated scatter plots and ROC
curves, we observed that ATF3 was generally down-
regulated in HB compared with non-HB liver tissues
(Table 2 and Figure 2). A SMD with a random-effect
model is shown in Figure 3A because I = 65.0% and p =
0.004, indicating that ATF3 was down-regulated in HB
(SMD = —-0091; 95% CI = —1.31 to —0.51). Although
a heterogeneity analysis was performed, we still could not
determine the heterogeneity (Figure 3B). No publication bias
was observed in the funnel plots (Figure 3C-E). In addition,
an area under the SROC curve of 0.83 (95% CI = 0.79 to
0.86) with a sensitivity of 0.71 (95% CI = 0.61 to 0.79) and
specificity of 0.82 (95% CI = 0.69 to 0.91) indicated that the
down-regulation of ATF3 had moderate sensitivity and spe-
cificity to discriminate HB from non-HB tissues (Figure 3F).
Furthermore, we also showed the diagnostic likelihood ratio
(DLR), which reflects the diagnostic potential of ATF3
(Figure 3G). The relationships between different clinical
parameters and ATF3 expression are displayed in Figure 4.

The Relationship Between ATF3 and

Ferroptosis in HB

In previous studies, ATF3 was reported to correlate with
ferroptosis in liver tumors such as HCC. Unfortunately, the
relationship between ATF3 and ferroptosis in HB has
never been revealed. To fill the gap, expression data
from GSE104462 were extracted; these data included HB

9404 "

Dove!

International Journal of General Medicine 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Li et al

>

L_I—
13
s G
= I

ATF3 Expression Level (log2 TPM)
ST
T

-0

i T

AT
T

T

R s = o
B o iy S
s
e, - Y o

i
RR R R R T 82889908
R ROHOOINNH TR TELITLLL
S s e s EEL oot isisdiossisisggs it
SeippesteriesepsereseiorcpecaierRieiels geieefes
§R3233550700508%253055 520 phs 050000050 Ex336a83
383533882942 3328998183008 g EH
ERER AR L E R S LB LR LR BRREEESS & owmum o v S
P
25§38 28
o oo Tz
C .
.
Cancer type
3 CCSK
6 . B
L4 . RT
b 8
2, . £+ os
z == g
et 2 B3 wr
2 NBL
B3 AML
0
CCSK RT ALL NBL AML
Cancer type
i |
- DI
a n
u
|
a
T N
| |
| ]
] 1 wRaoLt
cosebrght Py
cosédm ue
osc e . s b
NKT LGALS9
rabe] | rocon o
pOC POCOILG2_
ioc] ] VAL ]
Vacrophage ] || -
E N_ Emm L | i
| u TG
n et
AW R t\vﬁg&%‘&%&ﬁo&@v@}o ’ON‘it'vf\'\?b%‘gb‘%“:‘\“\ SRR & AR v@%@.\\@w RRRSHRRRRIS
o2m] |
HA-A™
- HAB
= Hac 0
- HLA-DMA ™
- ' HLA-DMB |
HUA-00A |
- LN HLA-DOB | TN
- - - - 4
L HLA-DPAT l
3 Huaoan
HuA-0Qa2
HLA-DQB1 1
- . HuaORA | 1 .
Huaoe1 | 1
- HAE
- HLACE |
- HAG
TAP1 )
ey
- - TAPBP
FEFTEHIRAAEREA S SHEFHUBERE R REVIFRRQQR

Figure | The clinicopathological role of mMRNA expression levels of ATF3 in pan-cancers. (A) The mRNA expression levels. (B) Overall survival risks of patients with
differential expressed ATF3. (C) The mRNA expression of ATF3 in common children tumors. (D-G) Associations of the ATF3 expression levels with lymphocytes,

immunoinhibitors, Immunostimulators and MHC molecules.
Notes: *p<0.05; **p<0.01; ***p<0.001.

Abbreviations: ATF3, activating transcription factor 3; MHC, major histocompatibility complex.

cells treated with erastin and relevant controls. First, we
calculated the DEGs of HepG2 cells treated with erastin
and drew a volcano plot to visualize the results
(Figure 5A). We took the intersection of down-regulated
genes in HB, up-regulated genes in HepG2 cells treated
with erastin, and ferroptosis-related genes; from this inter-
section, we obtained two genes, and interestingly, ATF3

was among the two (Figure 5B). Figure 5C shows that the
ATF3 expression level was up-regulated in HepG2 cells
after being treated with erastin.

Considering that ATF3 is down-regulated in HB and
up-regulated in HB cells treated with a ferroptosis
inducer, we have reason to think that ATF3 is asso-
ciated with the occurrence of ferroptosis. We then
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Table 2 The Means and Standard Deviations of ATF3 Expression Values for HB and Non-HB Based on 10 Studies

Study Sample Type HB Non-HB
N M SD N M SD

E-MEXP-1851 Tissue 25 8.584 1.376 4 9.858 0413
GSE75271 Tissue 50 5.224 0.275 5 5.825 0.342
GSE81928 Tissue 23 4.268 1.362 9 5.427 1.437
GSE89775 Tissue 10 9.792 1.612 3 9.380 0.602
GSE104766 Tissue 30 5.586 1.322 30 6.076 1.489
GSEI31329 Tissue 53 6.863 0.625 14 7971 0.480
GSE132037 Tissue 34 8.249 1.470 18 9.179 1.340
GSEI33039 Tissue 34 3.304 0.607 32 3.621 0.379
GSEI51347 Tissue Il 7.042 2.191 Il 8.592 1.138
In-house RNA-seq Tissue 3 3.338 0.996 3 4.590 0.998

Abbreviations: ATF3, activating transcription factor 3; HB, hepatoblastoma; N, the number of samples; M, mean values of ATF3 expression; SD, square difference of
per series; RNA-seq, RNA-sequencing data.

extracted ferroptosis-related genes and evaluated the related genes (n=187). Afterwards, we obtained 60
correlation coefficients between ATF3 and ferroptosis- genes from the above interaction. KEGG analysis indi-
related genes (Figure 5D). Altogether, 4855 putative cated that the afore-mentioned 60 genes were signifi-
targets of ATF3 as a transcriptional factor were listed cantly enriched in the pathways related to ferroptosis
and then they were interacted with the ferroptosis- (Figure 6).
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Figure 2 The expression levels and potential diagnostic ability of ATF3 in 10 datasets. (A—C) Data from E-MEXP-1851, GSE75271, GSE81928; (D-F) data from GSE89775,
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Figure 3 The mRNA expression level and discrimination potential of ATF3 in HB based on 9 studies. (A) Forest plot. (B) Heterogeneity analysis. (C—E) Begg’s, Egger’s and

Deek’s tests. (F) SROC curve. (G) DLR.

Abbreviations: ATF3, activating transcription factor 3; HB, hepatoblastoma; sSROC, summary receiver operating characteristic; DLR, diagnostic likelihood ratio.

Functional Enrichment Analysis of ATF3

DCEGs

Regarding 181 intersected DCEGs screened from the 10
series, a PPI network was formed to show the connected-
ness among DCEGs (Figure 7A). We plotted the interac-
tions among down-regulated genes in HB, up-regulated
genes in erastin-treated HepG2 cells, and ferroptosis-

related genes. Eight genes (F3, GEM, EMILIN1, FSTL3,
GLT8D2, GPR176, RRAS, and SERTAD3) were identified
as ATF3 target genes in HB (Figure 7B). To further
explore the potential signal pathways of ATF3 in HB,
enrichment analysis was carried out. Based on GO analy-
sis, ATF3 DCEGs were significantly enriched in the fol-
lowing GO terms: antigen processing and presentation,
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Figure 5 The relationship between ATF3 and ferroptosis. (A) Volcano plot of DEGs in HepG2 cells treated with erastin; (B) Venn plot showed that the intersection
between down-regulated genes in HB, up-regulated genes in HepG2 cells treated with erastin and ferroptosis related genes; (C) compared with the HB tissue treated with
DMSO, the HB tissue treated with erastin expressed higher levels of ATF3; (D) heat map of correlations between ATF3 and other ferroptosis related genes in 9 studies.
Abbreviations: ATF3, activating transcription factor 3; DEGs, differentially expressed genes; HB, hepatoblastoma.

extracellular matrix, and MHC class II receptor activity
(Figure 7C-E). The antigen processing and presentation
pathway was considered the most potential signal pathway,
according to KEGG enrichment analysis, due to ATF3
DCEGs being significantly enriched (Figure 7F).

The Target Genes of ATF3 in HB

As mentioned above, eight genes were identified as ATF3
target genes. To verify our results, we found the binding
peaks of ATF3 for the above genes on CistromeDB, which
were shown in Figure 7A and C. The respective SMDs

were also calculated (Figure 8B and D). Moreover, we
extracted the expression levels of the above target genes
from the nine datasets and performed correlation analysis.
The results showed that the eight target genes had con-
siderable correlations with ATF3 (Figure 9).

Correlation Analysis Between ATF3 and
Immune-Related Genes

According to enrichment analysis, ATF3 DCEGs were
significantly enriched in the antigen processing and pre-
sentation pathway, which is an immune-related signal
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Figure 6 The signaling pathways of ferroptosis-related genes targeted by ATF3. The circle plot was generated by Kyoto Encyclopedia of Genes and Genomes (KEGG)

analysis using DAVID V6.8.

pathway. We therefore sought to determine whether this
enrichment indicated that ATF3 and its DCEGs are also
related to the mRNA expression of immune-related genes.
We extracted 57 immune-related gene expression data
points from the nine studies and performed a correlation
analysis with ATF3. ATF3 was significantly associated
with the majority of immune-related genes (Table 3).

Discussion
The functions of ATF3 in HCC have been reported in
previous studies, but the expression level and molecular
mechanisms of ATF3 in HB are still unnoted. We revealed
the expression level of ATF3 in HB using large sample
sizes (n = 402) for the first time. According to reported
articles, ATF3 was associated with ferroptosis in many
types of cancers, so we showed the expression level of
ATF3 in HB cells treated with ferroptosis inducer. The
results indicated that differentially expressed ATF3 likely
affects ferroptosis progress. Moreover, the target genes
and signal pathways of ATF3 in HB were also predicted,
with immunocorrelation analysis as a supplement to the
predicted signal pathways.

In the existing literature, ATF3 was reported to express
differentially in breast cancer, nasopharyngeal cancer,

HCC, and lung cancer, but no studies have mentioned the
expression levels of ATF3 in pan-cancers.”* >’ Moreover,
studies about ATF3 were limited to malignant tumors in
adults, while the expression and functions of ATF3 in com-
mon malignant children’s tumors had never been clarified.
To fill the gap, we analyzed the expression levels of ATF3 in
33 types of adult tumors and 7 types of children tumors
from the RNA-seq data. Our results are a valuable reference
for future studies of ATF3. As mentioned above, the pre-
vious research of ATF3 in liver tumors focused on HCC;
ATF3 research for HB, the most common liver tumor in
children, is still an unexplored field. Therefore, we carried
out the current study by analyzing high-throughput data
concerning the clinical role of ATF3 in HB, as well as the
potential mechanism using in vitro and in silico tools. We
hypothesized that ATF3 was correlated with ferroptosis in
HB based on previous studies, and GSE104462 was utilized
to test our reasoning process. First, we found that ATF3 was
down-regulated in HB, which indicates that ATF3 could act
as a protective factor for HB development. Then, through
identifying the DEGs, we found that ATF3 was up-
regulated in HB cells treated with a ferroptosis inducer.
Finally, ATF3 was correlated with ferroptosis in other can-
cers. After the crossover of the above three steps, we found
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Figure 7 Enrichment analysis. (A) PPl network analysis of ATF3 DCEGs. (B) EMILIN| was identified as target gene of ATF3. (C) Enrichment terms of ATF3 DCEGs in
biological process. (D) Cellular component. (E) Molecular function. (F) Kyoto Encyclopedia of Genes and Genomes.
Abbreviations: PPl, protein-protein interaction; ATF3, activating transcription factor 3; DCEGs, differentially co-expressed genes.

two genes on the list: ATF3 and PCK2. Moreover, we
estimated the correlation between ATF3 and other ferrop-
tosis-related genes and found close correlations. Based on
the above results, we have a compelling reason to think that
ATF3 is related to ferroptosis in HB. To prove our hypoth-
esis, we carried out an interaction between ATF3 targets and
ferroptosis-related genes. The results indicated that a total

of 60 ferroptosis-related genes were targeted by ATF3,
KEGG analysis also showed these genes were significantly
enriched in the pathways of ferroptosis. Our results proved
that ATF3 might be correlated with ferroptosis in HB via
various evidences including its expression variation treated
by erastin in vitro and its signaling pathways assessed by in
silico methods.
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Figure 8 ATF3 regulates F3 and GEM. (A and C) There was an ATF3 binding peak (the red box) at the transcription initiation sites of GEM and F3. (B and D) Forest plot
showing combined SMDs of F3 and GEM. Additionally, the similar results could also be seen in the other 6 genes (EMILINI, FSTL3, GLT8D2, GPR176, RRAS and SERTAD3).
Abbreviations: ATF3, activating transcription factor 3; F3, coagulation factor Ill; GEM, GTP binding protein overexpressed in skeletal muscle; EMILINI, elastin microfibril
interfacer |; FSTL3, follistatin like 3; GLT8D?2, glycosyltransferase 8 domain containing 2; GPR176, G protein-coupled receptor 176; RRAS, RAS related; SERTAD3, SERTA
domain containing 3.

As a transcription factor, the biological role of ATF3  cancer samples and found that the expression of ATF3 had
cannot be discussed without its target genes. In the a positive correlation with ARL4C; ATF3 had a high bind-
researches about malignant tumors, many researchers ing peak at the transcriptional initiation of ARL4C, indi-
have defined the target genes and molecular mechanisms  cating that ARLAC was an inhibited target regulated by
of ATF3 in various cancer types. Li et al analyzed breast ~ATF3 in breast cancer.® Analyzing ATF3 binding sites in
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Figure 9 ATF3 had considerable correlations with HLA-DRA and HLA-DQBI. (A-C) Data from E-MEXP-1851, GSE75271, GSE81928; (D-F) data from GSE89775,
GSE104766, GSEI31329; (G-l) data from GSEI32037, GSE133039, GSEI51347. The pure number in bold represents Pearson correlation coefficient, and one or more

*Represent significant difference.
Notes: *p<0.05; **p<0.01; ***p<0.001.

Abbreviations: HLA-DRA, major histocompatibility complex, class Il, DR alpha; HLA-DQBI, major histocompatibility complex, class Il, DQ beta I.

gastric cancer, Asakawa et al screened out 96 ATF3 target
genes.”’ In a study focusing on bladder cancer, Yuan et al
proposed that overexpressed ATF3 was able to up-regulate
GSN, and high expression of GSN inhibited the metastasis
of bladder cancer by changing the structure of actin cells;
therefore, GSN might be one of the ATF3 target genes in
bladder cancer.*® We herein predicted eight target genes of
ATF3 in HB. To support our results, we found the binding

peaks of ATF3 at the transcription starting points of the
eight genes as presented by the tool of University of
California Santa Cruz (UCSC); these binding peaks sug-
gested that these genes were probably the target genes of
ATF3 in HB. However, our results should be verified by
in vivo and in vitro experimentation.

In previous studies, ATF3 was reported to be correlated
with ferroptosis in several cancers, and we also have
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reasons to think ATF3 is related to ferroptosis in HB. So,
what are the potential molecular mechanisms and signal
pathways of ATF3 in regulating ferroptosis in HB? The
results of enrichment analysis showed that ATF3 DCEGs
are significantly enriched in the antigen processing and
presentation pathway. This pathway is one of the specific
immune response pathways in multicellular organisms and
is also regulated by MHC I and II molecules.’' Since
DCEGs of ATF3 are enriched in various immune-related
pathways, does it mean that ATF3 also plays a regulatory
role in immune responses? Studies have shown that the
silencing of adenosine Al receptor (ADORA1) in mela-
noma cell lines can down-regulate programmed cell death
1 ligand 1 (PD-L1) by inhibiting the expression of ATF3,
which weakens immunotherapy’s effect on melanoma.*? In
an earlier published research, ATF3 was reported to play
a part in the expression of TGF in breast cancer.>®
Additionally, we found that the antigen processing and
presentation pathway is also related to ferroptosis.
Stockwell et al thought the blocking of immune check-
points might influence antigen processing and transporta-
tion, and then inhibit the secretion of interferon and
ferroptosis of tumors.*® Liu et al highlighted a new path-
way that could inhibit the development of tumors by
structuring a novel antigen and inducing ferroptosis in
tumor cells.>> To date, the study of ferroptosis and the
antigen processing and presentation pathway is in its
infancy, and the results presented by KEGG analysis are
of limited reference value. Thus, we extracted the expres-
sion levels of immune-related genes from nine studies and
analyzed the correlations between the expression levels of
immune-related genes and ATF3 to provide a theoretical
basis for follow-up research.

This research had some limitations. First, while we had
the largest sample size in the existing literature on ATF3 in
HB, long-term follow-up and larger sample sizes are
essential for more reliable data. Second, all the data were
collected from tumor and para-tumorous tissue in patients
with HB; thus, the expression of ATF3 in body fluid is still
unclear; this area needs further exploration with in vivo
and in vitro study. Thus, more in-depth researches are
required in the future.

Conclusions

In this first exploration of ATF3 expression in HB using
mRNA microarray and RNA-seq data from public data-
bases, ATF3 is found to be down-regulated in HB, and we
suggest that overexpression of ATF3 is associated with

ferroptosis. Furthermore, differential expression of ATF3
may regulate ferroptosis by participating in the antigen
processing and presentation pathway; this needs to be
further confirmed by future in vivo and in vitro
experimentation.
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