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Abstract. - OBJECTIVE: Ferroptosis is a re-
cently identified form of controlled cell death
generally associated with the accumulation of
lipid-associated reactive oxygen species (ROS).
However, the molecular mechanisms underlying
ferroptosis have not been established.

MATERIALS AND METHODS: Microarray
expression data for three human gallbladder
carcinoma (GBC) and matched non-tumour
specimens were downloaded from the Gene
Expression Omnibus (GEO) repository. Can-
didate genes were filtered using bioinformat-
ic analysis. After cell transfection, candidate
gene impacts on cell proliferation, migration,
invasion and ferroptosis (ferrous iron (Fe?)
and malondialdehyde (MDA) levels) were as-
sessed.

RESULTS: We screened 626 differentially ex-
pressed genes (DEGs) including 465 that were
downregulated and 161 that were upregulat-
ed in the three tissue pairs. These DEGs were
used to construct a protein-protein interaction
(PPI) network. Functional enrichment analysis
revealed the top three modules in the network
and four hub genes. Transcription factor AP-
2 alpha (TFAP2A) was screened and showed
overexpression in The Cancer Genome Atlas
(TCGA) digestive system tumour data and a re-
lationship with clinical survival. In vitro, GBC
exhibited upregulated expression of TFAP2A,
whose inhibition reduced GBC cell prolifera-
tion, migration, and invasion. Fe?* and MDA lev-
els were elevated. Moreover, Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway
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analysis revealed TFAP2A enrichment in oxi-
dative stress. Subsequent experiments demon-
strated that TFAP2A silencing attenuated the
expression of key genes associated with oxi-
dative stress such as heme oxygenase 1 (HO-
1), nuclear factor erythroid 2 like 2 (Nrf2), ferri-
tin heavy chain 1 (FTH1) and NAD(P)H quinone
dehydrogenase 1 (NQO1).

CONCLUSIONS: Bioinformatic and experi-
mental analyses reveal that TFAP2A plays a vi-
tal role in ferroptosis and hence is a potential
therapeutic target for GBC treatment.

Key Words:
Gallbladder carcinoma, TFAP2A, Ferroptosis, Oxi-
dative stress.

Introduction

Gallbladder carcinoma (GBC) is a common
malignancy of the digestive tract'. Over the years,
the GBC incidence in China has steadily in-
creased?. Obesity, cholelithiasis, and chronic cho-
lecystitis are some of the important risk factors
for GBC**. Surgical resection is considered to be
the most effective treatment for GBC. However,
due to the lack of an effective early diagnostic
method, diagnosis occurs at an advanced stage,
and the majority of GBC cases are incidentally
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discovered following laparoscopic cholecystecto-
my. Late diagnosis combined with the anatomical
structure of the gallbladder results in a poor prog-
nosis®. Therefore, sensitive and specific biomark-
ers for use in the diagnosis and prognosis of GBC
are urgently needed to develop novel therapeutic
strategies’.

Microarray technology has recently been used
as a promising diagnostic and prognostic tool in
medical oncology due to its wide application in
molecular diagnosis and cancer classification,
identification of new drug targets, and prediction
of tumour response®®. Multiple studies™'’ have
identified a number of differentially expressed
genes (DEGs) in many cancer types through
microarray analysis. Compared with Sanger se-
quencing of cDNA libraries, microarrays are rel-
atively easy to perform and inexpensive. Bioin-
formatic analysis and microarray technology for
mRNA are often utilized to identify DEGs in
GBC. Using DNA microarray technology, Chen
et al'' determined that Beclin-1 plays an import-
ant role in GBC development. Therefore, crucial
genes and key pathways in GBC can be identified
with bioinformatic analysis and microarray tech-
nology.

Ferroptosis is an iron-dependent, oxidative,
non-apoptotic form of cell death that is differ-
ent from necrosis, apoptosis, and autophagy in
terms of cell morphology and function'. It is
characterized by the build-up of lipid reactive
oxygen species (ROS)". Ferroptosis induction
has been reported to promote selective killing
of multiple types of tumour cells; hence, it
is a promising strategy for cancer therapy'*'.
Recently, key ferroptosis regulators have been
identified in defined tumour cell populations.
The Nrf2 gene and its targets are involved in the
oxidative stress response and play a regulatory
role in ferroptosis'®. Glutathione peroxidase-4
(GPX4), a novel member of the selenium-de-
pendent glutathione peroxidases in mammals,
is reported to suppress lipid ROS accumulation
during ferroptotic tumour cell death'”. However,
the principal regulator and signalling pathways
of ferroptosis have not been established. In this
study, microarray technology was employed to
obtain gene expression profiles, while bioinfor-
matic analysis was used to investigate DEGs
to identify key biomarkers in GBC. The study
revealed that TFAP2A was associated with the
malignant phenotypes of GBC cells and ferro-
ptosis. Furthermore, we examined the molecular
mechanism utilizing TFAP2A inhibition.
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Materials and Methods

Microarray Data

The microarray expression profile dataset
GSE74048 was downloaded from the Gene Ex-
pression Omnibus (GEO) database (http:/www.
ncbi.nlm.nih.gov/geo/). This dataset contained six
samples, three GBC samples and three matched
non-tumour samples. Gene expression was eval-
uated using an Agilent GPL20115 platform (Ag-
ilent-067406 Human Genome Microarray, Santa
Clara, CA, USA).

DEG Identification

The raw data of GSE74048 in TXT files were
processed using GeneSpring software (version
14.8, Agilent, Santa Clara, CA, USA). Hierar-
chical clustering analysis was employed to sub-
categorize the dataset into two groups based on
shared similarities and the expression pattern
in the GBC and matched non-tumour samples.
Principal component analysis (PCA) was utilized
to assess the probe quality control in GeneSpring.
We then removed probes with intensity values
not exceeding the 20th percentile using the “fil-
ter ProbeSets by Expression” option. The DEGs
were compared using a z-test with a fold change
(FC) > 2 and a p-value <0.05 as the cut-offs for
statistical significance.

Functional Enrichment Analysis of DEGs
The Database for Annotation, Visualization
and Integrated Discovery (DAVID; https:/da-
vid.ncifcrf.gov/) was used for functional anno-
tation clustering!® of all up- or downregulated
genes identified with the three GBC and matched
non-tumour samples with a false discovery rate
(FDR) <0.05. Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway'? and Gene Ontology
(GO)? analyses were then performed.
ClusterOne is used to identify potentially
overlapping protein complexes in protein-protein
interaction (PPI) networks?. The DEGs were
mapped with ClusterOne to examine the inter-
actions among the DEGs, and a sweep for the
‘d’” (minimum cluster density) and ‘s’ (minimum
size) parameters in ClusterOne was performed.
The default parameters used were s=4 and d=0.1.

Cell Culture

Immortalized non-tumourigenic human intra-
hepatic bile duct cells (H69) and gallbladder cancer
cells (GBC-SD) were obtained from the Chinese
Academy of Sciences cell bank. These cells were
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grown in Roswell Park Memorial Institute-1640
(RPMI-1640) medium (Invitrogen, Carlsbad, CA,
USA) supplemented with 10% foetal bovine serum
(FBS; Invitrogen, Carlsbad, CA, USA) and 1%
streptomycin/penicillin at 37°C and 5% CO,.

RNA Isolation and Quantitative
Real Time-Polymerase Chain
Reaction (qRT-PCR) Assay

RNAiso Plus (TaKaRa, Beijing, China) was
used to isolate total cellular RNA according to the
kit protocol. Then, the isolated RNA was converted
into cDNA using the PrimeScriptTM RT Reagent
Kit with gDNA Eraser (TaKaRa, Beijing, China).
SYBR Premix Ex Taq II (TaKaRa, Beijing, China)
reagent was utilized for qRT-PCR. The following
primer sequences were used: B-actin (F: 5-CCA
CGA AAC TAC CTT CAA CTC C-3; R: 5°-GTG
ATC TCC TTC TGC ATC CTG T-3’); Nrf2 (F: 5’-
TCA GCG ACG GAA AGA GTA TGA-3’; R: 5-
CCA CTG GTT TCT GAC TGG ATG T-3%); and
TFAP24 (F: 5-CGA TGC GGC AGG AAC ACT
GGA GGT AGA TT-3; R: 5-TGC TGG TGG
TAG TGC TTG CTC AGT CGT T-3°). qRT-PCR
results were assessed using the 2-24°T method, and
the expression of B-actin was used as the reference.
This experiment was run in triplicate.

Cell Transfection

A total of three TFAP2A-siRNAs used for
TFAP2A silencing and a negative control (si-NC)
were obtained from RiboBio (Guangzhou, Guang-
dong, China). The following sequences were used:
si-TFAP2A #1 (sense: 5’-GAG GAA GAT CTT
TAA GAG A-3); si-TFAP2A #2 (sense: 5’-CAC
GGA CAA CAA CGC CAA A-3%); si-TFAP2A #3
(sense: 5-GTC TCC GCC ATC CCT ATT A-3).
We plated cells (10° cells/well) in 6-well plates
and grew them to 70-80% confluence. Cells were
prepared for transient transfection with sSiRNA/NC
(100 nM) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) and monitored for 48 hours.
These cells were utilized to conduct further exper-
imental tests.

Cell Proliferation

Prepared cells (4x10° cells/well) were seeded
in 96-well plates and incubated for 0, 24, 48,
or 72 hours. Afterwards, we added Cell Count-
ing Kit-8 (CCKS8) reagent (Dojindo Molecular
Technologies, Kumamoto, Japan) to the cells and
incubated them in the dark for 90 minutes. Cell
viability was assessed with a standard curve for
absorbance at 450 nm.

Wound-Healing Assay

The migratory potential of GBC-SD cells
was determined with a wound-healing assay.
Cells were seeded in 96-well plates and grown
to 100% confluence. Next, a sterile pipette tip
was utilized to create a scratch wound in the cell
monolayer. We then performed phosphate-buff-
ered saline (PBS) washing to remove detached
cells. Cell images were acquired imaged at 0
hours and after 24 hours of incubation in se-
rum-free medium.

Cell Migration/Invasion Assays

Transwell chamber assays were employed to
evaluate the invasion and migration of GBC-SD
cells. Briefly, untreated and treated GBC-SD
cells were suspended in FBS-free medium. One
hundred microliters of cell suspension were re-
moved from the upper chamber, and 600 pL of
complete medium was added to the lower cham-
ber. To assess invasion, Matrigel (BD Bioscienc-
es, Franklin Lakes, NJ, USA) was used to coat
the upper chamber prior to cell inoculation. In
the upper chambers, we added 4 x 10 cells and
allowed them to incubate for 24 hours. Then,
the cells were fixed in 4% paraformaldehyde
for 15 minutes and stained with a 0.1% crystal
violet solution for 10 minutes prior to removal
of the inner layer. The plates were imaged with
a microscope. For each group, we estimated the
number of cells in 3 randomly chosen micro-
scopic fields.

Western Blot Analysis

Western blotting was performed with isolated
cellular proteins. First, a bicinchoninic acid (BCA)
protein assay kit (Beyotime, Shanghai, China)
was utilized to quantify protein concentrations
in samples. Subsequently, the protein samples
were resolved by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) on
10% gels and electrotransferred to polyvinylidene
difluoride (PVDF) membranes. The membranes
were blocked in 5% fat-free milk for 10 minutes
and incubated overnight at 4°C with the appro-
priate primary antibodies. The membranes were
rinsed three times with Tris-Buffered Saline and
Tween-20 (TBST) and then incubated with sec-
ondary antibodies at room temperature for 1
hour. Next, we used a TBST solution to wash the
membranes twice. Visualization of the immuno-
blotted bands was performed using an enhanced
chemiluminescence (ECL) solution (Wanleibio,
Shenyang, China) in the dark.
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Iron Assay

The relative iron concentration in cell lysates
was determined using an iron assay kit (BioAs-
say Systems, Hayward, CA, USA) following the
manufacturer’s instructions.

Lipid Peroxidation Assay

The Lipid Peroxidation (MDA) Assay Kit (Nan-
jing Jiancheng Bioengineering Institute, Nanjing,
China) was used to determine the malondialde-
hyde (MDA) concentration in cell lysates follow-
ing the manufacturer’s instructions.

Statistical Analysis
GraphPad Prism analysis software was utilized
to perform statistical analyses. Data are presented as

the mean + standard deviation (SD). Means of dif-
ferent groups were compared with Student’s #-test,
whereas mean values of more than two groups were
compared using one-way ANOVA, followed by
post-hoc test with Bonferroni’s methods. A p-value
< 0.05 was considered statistically significant.

Results

Identification of DEGs

DEGs were defined as genes meeting the cut-
offs of p < 0.05 and FC > 2.0. Overall, 626 DEGs
were identified, of which 465 were downregulat-
ed and 161 were upregulated. Figure 1A shows
the DEG expression heat map.
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Figure 1. DEG identification and functional enrichment. A, The distributions of up- and downregulated DEGs between
three GBC and matched non-tumour tissue samples (fold change > 1 and FDR < 0.05). The rows represent the genes, while the
columns represent the samples. Red denotes genes that were suppressed in GBC; green denotes upregulated genes. B-D, Top
10 biological process, molecular function, and cellular component terms. E, Top enriched KEGG pathways.
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Enrichment Analysis of DEGs

Based on GO analysis, the DEGs were func-
tionally enriched in biological processes (BP)
related to a muscle system process, cell che-
motaxis and spindle assembly (Figure 1B).
DEGs were also highly enriched in molecular
functions (MF), such as an extracellular ma-
trix structural constituent, glycosaminoglycan
binding, and protein binding (Figure 1C). Ad-
ditionally, for cellular components (CC), DEGs
were enriched in the collagen-containing extra-
cellular matrix, cell-cell junctions, and sarco-
lemma (Figure 1D).

KEGG pathway analysis showed that the 626
DEGs were highly enriched in ‘cell adhesion
molecules (CAMs)’, ‘cytokine-cytokine receptor
interaction’, and the ‘p53 signalling pathway’
(Figure 1E).

The top 19 signalling pathways in the inter-
action network are shown in Figure 2A. The
results showed that oxidative stress could inter-
act between the PI3K-Akt and Rapl pathways.

Additionally, a more complex subnetwork con-
tained chemokines, cytokine-cytokine receptor
interactions, NF-kappa B, amoebiasis, rheuma-
toid arthritis, and legionellosis. Figure 2B shows
that TFAP2A was enriched in oxidative stress;
BCL2, CDK1, SFN, RRM2, SESN3, and SESNI1
were enriched in the p53 signalling pathway; and
SORBSI, CYP4All, CYP27A1, ADIPOQ, LPL,
and RXRG were enriched in the PPAR signalling
pathway.

PPl Network of DEGs

A PPI network for the 626 DEGs created
using ClusterOne identified the interactions
between genes at the protein level. The top
three significant modules were selected (Figure
2C) based on the High-quality INTeractomes
(HINT) database. Four DEGs including three
upregulated genes (PLK1, SFN, and TFAP2A)
and one downregulated gene (RUNXITI) were
identified. TFAP2A exhibited the most signif-
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Figure 2. Identification of hub genes. A, DEG-enriched interaction network. B, Interaction network for DEGs and pathways.
C, Top three modules in the protein-protein interaction network. Red denotes overexpressed DEGs; green denotes suppressed
DEGs. D-G, Levels of hub genes in GBC microarray expression profiles.
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icant differential expression between the three
non-tumour and GBC samples (p=1.1E-03) (Fig-
ure 2D-G), indicating that it plays a critical role
in GBC.

TFAP2A Knockdown Inhibits GBC Cell
Proliferation

To explore the relationship between TFAP2A
and clinical implications, we validated TFA-
P2A expression and associations with survival
with The Cancer Genome Atlas (TCGA) data.
Although GBC is not included in the TCGA,
TFAP2A was overexpressed in digestive system
tumours, and upregulated TFAP2A expression
was associated with poor survival in TCGA liver
cancer (LIHC), stomach adenocarcinoma (STAD)
and pancreatic adenocarcinoma (PAAD) datasets
(Figure 3A-D). In vitro, TFAP2A expression was

remarkably upregulated in GBC-SD cell lines
(Figure 3E-F). In addition, TFAP2A mRNA and
protein levels were markedly lower in GBC-SD
cells transfected with si-TFAP2A #1, si-TFAP2A
#2 or si-TFAP2A #3 than in GBC-SD cells in
the si-NC and control groups (Figure 3G-H).
This indicated successful TUGI knockout, and
si-TFAP2A #1 was used for subsequent experi-
ments. A CCKS assay revealed that the GBC-SD
cell proliferation rate was considerably lower in
the TFAP2A siRNA group than in the NC siRNA
group (Figure 31).

TFAPZ2A Knockdown Represses GBC Cell
Invasion and Migration

The migration of GBC cells was assessed
using a wound-healing assay. There were sig-
nificant reductions in invasive and migratory
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Figure 3. TFAP2A expression. A, TFAP2A mRNA expression in TCGA pan-cancer datasets. B-D, Clinical implications
of differential TFAP2A expression in TCGA liver cancer (LIHC, n=360), stomach adenocarcinoma (STAD, n=376) and
pancreatic adenocarcinoma (PAAD, n=172). E-F, qRT-PCR and Western blot analyses showing TFAP2A expression levels in
a GBC cell line. G-H, Expression levels of TFAP2A in GBC-SD cells after transfection with siRNAs against TFAP2A or si-
NC as determined by qRT-PCR and Western blotting. I, Cell viability of GBC-SD cells transfected with Si-NC or Si-TFAP2A
as assessed by CCK-8 assays. The tests were carried out in triplicate. Data are presented as the mean + SD (¥*: Si-NC vs. Si-

TFAP2A, **p<0.01).
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abilities in TFAP2A-knockdown cells compared those of the wound-healing assay. These find-
with NC-siRNA-transfected cells (Figure 4A ings suggest that TFAP2A may function in GBC
and B). These findings were consistent with cell metastasis.
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Figure 4. Migration and invasion assays. A, Evaluation of wound-healing ability (magnification 100x). B, The invasive and
migratory capacities of GBC-SD cells in various treatments as assessed by a transwell migration/invasion assay. All assays
were carried out in triplicate. Data are presented as the mean &= SD (*: Si-NC vs. Si-TFAP2A, **p<0.01, *p<0.05).
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Figure 5. TFAP2A-mediated regulation of ferroptosis. A-B, Fe** and MDA levels assayed after TFAP2A silencing.

TFAPZA Inhibition Promotes Ferroptosis

The two major features of ferroptosis are iron
dependency and lipid peroxide accumulation.
Therefore, since ferrous iron (Fe?') is a criti-
cal factor in ferroptosis, the effect of TFAP2A
on the Fe?* level was determined. TFAP2A
knockdown increased intracellular Fe?* levels
(Figure 5A). In addition, MDA is one of the
most important lipid peroxidation by-products;
hence, we assessed whether TFAP2A regulates
MDA accumulation in GBC cells. Figure 5B
shows that TFAP2A inhibition increased MDA
accumulation in GBC-SD cells. These findings
suggest that TFAP2A inhibition promotes ferro-
ptosis in GBC cells.

TFAPZ2A Silencing Suppresses the
Nrf2 Pathway

As shown in Figure 6A, TFAP2A was en-
riched in oxidative stress. Subsequently, the re-
lationships between TFAP2A and several typical
oxidative stress genes (Nrf2, HO-1, NQOI, and
FTH1) identified with the GBC microarray data
were examined (Figure 6B). TFAP2A was found
to be positively correlated with Nrf2, HO-1 and
FTHI. The GBC microarray data highlighted the
expression of TFAP2A and Nrf2 pathway mem-
bers (Figure 6C).

The Nrf2 gene was overexpressed in the
GBC-SD cell line at both the mRNA and pro-
tein levels, which was consistent with the GBC
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Figure 6. Functional enrichment related to TFAP2A. A, Signalling pathways and a heat map showing the relationships
between signalling pathways and related genes. B, Correlation between TFAP2A and the Nrf2 oxidative stress pathway. C,
Heat map showing the expression of TFAP2A and Nrf2 pathway genes in GBC microarray data.
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expression profile findings (Figure 7A and B).
TFAP2A knockdown decreased the expression
of Nrf2, HO-1, NQOI1 and FTH1 (Figure 7C
and D). These findings indicate that TFAP2A
may regulate ferroptosis through the Nrf2
pathway.

Discussion

GBC ranks fifth among the most prevalent
digestive tract cancers'. Despite extensive re-
search on the relationship between abnormal
expression of oncogenes and tumorigenesis, the
potential molecular mechanism of GBC remains
largely unclear. Therefore, the current study
employed bioinformatic analysis and microarray
tools to reveal the molecular mechanisms under-
lying GBC.

A total of 626 DEGs were identified and found
to be involved in cell chemotaxis, spindle as-
sembly, and glycosaminoglycan binding. Recent
studies have reported an evident difference in cell
chemotaxis between the diffuse and intestinal
types of gastric cancer?. Disruption of spindle
assembly induces cancer cell apoptosis®, while

inhibition of tumour microenvironment glycos-
aminoglycans enhances tumour cell metastatic
potential®*.

This study is the first to report TFAP2A over-
expression and its role as a candidate marker
in the regulation of malignant phenotypes and
ferroptosis in GBC. TFAP2A is a transcription
factor, and its abnormal expression is closely as-
sociated with progression in many malignant tu-
mours*, TFAP2A expression is reported to be
upregulated in hepatocellular carcinoma and gli-
oma?’*, In this study, TFAP2A expression was
upregulated in GBC-SD cells relative to a human
intrahepatic bile duct cell line. These findings
are consistent with those reported in previous
researches. Studies continue to demonstrate that
TFAP2A plays regulatory roles in cell biological
behaviours, such as cell proliferation, migration,
invasion, and differentiation®-3!. Schulte et al*
reported that TFAP2A overexpression is asso-
ciated with cell differentiation and proliferation
in neuroblastoma. In this study, we demonstrate
that TFAP2A inhibition decreases GBC cell
proliferation, migration, invasion and ferropto-
sis. Numerous ferroptosis regulators have been
reported in several tumours®3; however, this

Relative Nrf2 expression

Figure 7. TFAP2A modulates the Nrf2
pathway. A-B, Western blot and qRT-
PCR assays showing Nrf2 expression in
a GBC cell line. C, Nrf2 expression as
measured by qRT-PCR. D, Expression
of Nrf2 and its targets determined by
Western blot analysis.
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is the first report indicating that TFAP2A func-
tions as a ferroptosis regulator in GBC.

Nrf2 prevents damage caused by oxidative
stress. Indeed, activated Nrf2 promotes cancer
development and progression®. Furthermore, ab-
normal expression of genes associated with the
Nrf2 pathway is often detected in various ma-
lignancies, suggesting the involvement of this
pathway in tumour metastasis’**’. Compelling
evidence suggests that ferroptosis is regulated by
the Nrf2 pathway. Sun et al* reported that stimu-
lation of the Nrf2 pathway protected against fer-
roptosis in hepatocellular carcinoma. Shin et al®®
indicated that Nrf2 knockdown sensitized GPX4
inhibitor-induced ferroptosis in head and neck
cancer. Our findings revealed that TFAP2A was
enriched in oxidative stress and that TFAP2A
knockdown suppressed the expression of Nrf2
and its targets.

Conclusions

In summary, using bioinformatic analysis and
microarray technology, TFAP2A was identified
as a candidate marker for GBC from 626 DEGs.
In addition, TFAP2A silencing suppressed inva-
sion, proliferation, and migration and induced
ferroptosis by inactivating the Nrf2 pathway in
GBC cells. Therefore, this study describes the
regulatory mechanism involving TFAP2A in
GBC, which is also a potential therapeutic target
for GBC treatment.
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