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Abstract

Background and Aims: The growing knowledge of fer-
roptosis has suggested the regulatory role of ferroptosis in
hepatocellular carcinoma (HCC), but the pertinent molecular
mechanisms remain unclear. Herein, this study investigated
the mechanistic basis of ferroptosis-related genes (ferrGenes)
in the growth of HCC. Methods: Differentially expressed hu-
man ferrGenes and tumor-related transcription factors (TFs)
were obtained from the The Cancer Genome Atlas (TCGA)
dataset and the GTEx dataset. Spearman method-based cor-
relation analysis were conducted to construct TF-ferrGene
coexpression regulatory network. Key genes associated with
prognosis were singled out with Lasso regression and multi-
variate Cox analysis to construct the prognostic risk model.
Then the accuracy and independent prognostic ability of the
model were evaluated. Expression of CENPA and STMN1 was
determined in clinical HCC tissues and HCC cells, and their
binding was analyzed with dual-luciferase and chromatin
immunoprecipitation (ChIP) assays. Furthermore, ectopic
expression and knockdown assays were performed in HCC
cells to assess the effect of CENPA and STMN1 on ferropto-
sis and malignant phenotypes. Results: The prognostic risk
model constructed based on the eight TF-ferrGene regulatory
network-related genes accurately predicted the prognosis of
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HCC patients. It was strongly related to the clinical charac-
teristics of HCC patients. Moreover, CENPA/STMN1 might be
a key TF-ferrGene regulatory network in ferroptosis of HCC.
CENPA and STMN1 were overexpressed in HCC tissues and
cells. Additionally, CENPA facilitated STMN1 transcription by
binding to STMN1 promoter, thus facilitating the malignant
phenotypes and suppressing the ferroptosis of HCC cells.
Conclusions: Taken together, CENPA curbs the ferroptosis
of HCC cells by upregulating STMN1 transcription, thereby
promoting HCC growth.
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Introduction

Hepatocellular carcinoma (HCC) is among the most frequent
neoplasm worldwide, with increasing incidence.l2 Moreover,
treatment responses vary in HCC patients with similar dis-
ease phenotypes because of different molecular etiologies,
so stratifying patients at the molecular level can contribute to
the development of the most effective treatment regimen.3
As a result, it is warranted to further the research of molecu-
lar mechanisms underlying HCC.

Ferroptosis, iron-dependent regulated cell death, is fea-
tured by redox imbalance and intracellular lipid peroxide ac-
cumulation and demonstrates distinguishable biological and
morphological features from other cell death patterns.* Fer-
roptosis refers to the result of membrane lipid peroxidation
(LPO) caused by loss or insufficiency of the selenoperoxidase
glutathione peroxidase 4 (GPX4).5 Ferroptosis has been ex-
tensively accepted as a pivotal anti-oncogenic mechanism,
and impeded ferroptosis has been confirmed to contribute
to tumor development.® Since the liver is a critical site of
iron metabolism, ferroptosis exhibits an essential effect in
the carcinogenesis of HCC and, moreover, may have the po-
tential to eradicate HCC.” Furthermore, Liang et al.8 estab-
lished a novel ferroptosis-related gene (ferrGene) signature
for the prognostic prediction of HCC, suggesting targeting
ferroptosis as a promising therapeutic alternative for HCC.
In addition, another research revealed that elevated ferrop-
tosis by COMMD10 facilitated radiosensitivity of HCC cells.®
Therefore, an in-depth understanding of ferrGenes in HCC
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may have important implications for the treatment of HCC.

Transcription factors (TFs) mediate multiple normal cell
processes, like cell proliferation, immune responses, me-
tabolism, differentiation, and apoptosis.1® TFs are a distinct
group of drug targets that orchestrate aberrant gene ex-
pression, such as blockade of differentiation and cell death
gene expression, and are altered in numerous cancers.!!
Importantly, multiple TFs have been implicated in the on-
set and progression of HCC. For instance, AP-4 facilitates
tumorigenesis in HCC.12 Likewise, c-Myb fosters the inva-
sion of HCC cells.13 Moreover, TFs can bind to DNA response
elements to modulate gene expression.!* Meanwhile, TFs
have been reported to regulate ferrGenes to control ferrop-
tosis. For example, the TF BACH1 facilitates ferroptosis by
depressing the transcription of a subset of erastin-induced
protective genes that participate in glutathione (GSH)
synthesis or intracellular labile iron metabolism, including
Gclm, Slc7all, Fthil, Ftl1, and Slc40al.1> Therefore, the
identification of TF-ferrGene regulatory networks increases
our understanding of the pathogenesis of HCC and the de-
velopment of novel treatments. In this context, we iden-
tified TF-ferrGene regulatory networks and constructed a
prognostic risk model associated with the networks with
bioinformatics analysis, and confirmed the predicted results
in cell culture experiments.

Methods

Ethics statement

The study was approved by the Ethics Committee of our Hos-
pital and conducted in strict accordance with the Declaration
of Helsinki. All participants signed informed consent docu-
mentation before sample collection.

Clinical sample collection

This study enrolled 32 patients 31 to 68 years of age who
were diagnosed with liver cancer by needle aspiration biopsy
and pathological diagnosis at Hepatobiliary Surgery of our
Hospital from September 2017 to February 2019. The inclu-
sion criteria were based on the standards of the World Health
Organization.!® Tissue samples were confirmed confirmed to
contain more than 80% tumor cells by pathological examina-
tion, and adjacent normal tissues were at least 5 cm from the
tumor edge. Patients had not received anticancer treatment
prior to surgery. Tumor nodules were completely resected,
as confirmed pathologically by the absence of tumor tissue
on the resected surface. Patients had complete clinicopatho-
logical and follow-up data. Patients who died from non-HCC
diseases or accidents were excluded.

Microarray data downloading

The HCC expression data in The Cancer Genome Atlas
(TCGA) and Genotype-Tissue Expression (GTEx) project were
downloaded from the UCSC Xena database. Meanwhile, the
phenotypic and clinical prognosis data of HCC tissue samples
were downloaded from TCGA. The TCGA dataset included 50
normal liver tissue samples, 374 HCC tissue samples, and
the clinical data of 365 HCC patients, and the GTEx dataset
included 110 normal liver tissue samples. The type of all data
types was Fragment Per Kilobase Million. Microarray annota-
tion information was obtained from the Gencode database.
The ID of TCGA and GTEx datasets was transformed with
the Perl language. Data in the two datasets were merged,
retaining only the genes annotated in both TCGA and GTEx
datasets, after which 160 normal liver tissue samples and
374 HCC tissue samples were attained.
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Differentially expressed gene (DEG) analysis

Data in TCGA and GTEx datasets were merged. Human fer-
rGene information was obtained with the online website
(http://www.zhounan.org/), and human tumor-related TF
information was collected with the online website (http://cis-
trome.org/). Subsequently, ferrGenes and tumor-associated
TFs were extracted from the merged data and subjected to
DEG analysis using the R language limma package with nor-
mal liver tissue samples as the control. The differential p-
values were corrected with the false discovery rate (FDR)
method, and |log (fold change)|>1 and FDR<0.05 was the
screening threshold for significantly differentially expressed
ferrGenes and tumor-related TFs.

TF-ferrGene coexpression regulatory network

Differentially expressed TFs and ferrGenes were subjected
to correlation analysis using the Spearman method, with the
correlation coefficient cor>0.4 and the relevance p<0.05 as
the screening criteria. The negative correlation between a
TF and a ferrGene suggested that this TF negatively regu-
lates the ferrGene, and vice versa, its positively regulates the
ferrGene. The TF-ferrGene coexpression regulation network
was constructed based on the results of the TF-ferrGene cor-
relation analysis with the cytoscape v3.7.1 software.

Prognostic risk model construction

The prognostic risk model was constructed after the Lasso
regression and multivariate Cox analysis of genes in the TF-
ferrGene regulatory network with the survival package and
the calculation of risk values for each HCC patient. The R lan-
guage survival and survminer packages were used to plot sur-
vival curves based on the prognostic risk model, followed by
the calculation of p-values. Patients were classified into high-
risk and low-risk groups based on the median value of the
risk score. Kaplan-Meier survival analysis were performed to
compare the overall survival (OS) between the high-risk and
low-risk groups, with p<0.05 as the cutoff value. The prog-
nostic risk model was subjected to receiver operating charac-
teristic (ROC) curve analysis with the survivalROC package,
and then the Area Under the ROC Curve (AUC) value was
calculated. The gene nomogram of the genes involved in the
construction of the prognostic risk model was drawn with the
rms package, and the calibration curve was plotted to assess
the consistency between the actual and predicted values.
Multivariate Cox regression analysis was used to analyze the
independent prognostic power of the prognostic risk model.

Clinical correlation analysis

The expression and high- and low-risk distribution of the
genes involved in the construction of the prognostic risk
model were integrated with clinical traits. Thereafter, the
clinical analysis of these genes was conducted with the R
language limma and pheatmap packages, followed by the
delineation of a heatmap.

Lentiviral vector construction

The lentiviral overexpression vector pCDH-CMV-MCS-EF1-
copGFP (CD511B-1; System Biosciences, Palo Alto, CA,
USA) and the lentiviral silencing vector pSIH1-H1-copGFP
(SI501A-1; System Biosciences) were purchased for con-
structing the overexpression vectors of CENPA and STMN1
and the silencing vectors of CENPA, as well as their negative
control (NC). The lentivirus particles were packaged into
HEK-293T cells (iCell-h237; iCell Bioscience, Shanghai, Chi-
na) with Lentivirus Packaging Kits (A35684CN; Invitrogen,
Carlsbad, CA, USA), and the cell supernatant was collected
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after 48 h as lentivirus with a titer of 1 x 108 TU/mL. The
used shRNA sequences were as follows: short hairpin (sh)-
NC, CTATGCCGATAAGTCATTAGC; sh-CENPA-1, GCCTATCTC-
CTCACCTTACAT; sh-CENPA-2, CCGAGTTACTCTCTTCCCAAA
(Supplementary Table 1).

Cell culture and transduction

Normal hepatocytes (THLE-2; MZ-4049) and HCC cell lines
Huh-7 (MZ-0095), JHH7 (MZz-2707), and SNU387 (MZ-
2671) were purchased from Ningbo Mingzhou Biotechnol-
ogy Co., Ltd. (Ningbo, China). THLE-2 cells were cultured
in 1,640 medium containing 10% fetal bovine serum (FBS;
Sigma-Aldrich, St Louis, MO, USA), and Huh-7, JHH7, and
SNU387 were cultured in Dulbecco's Modified Eagle Medium
with 10% FBS and 1% penicillin/streptomycin (MCM-0120;
Ningbo Mingzhou Biotechnology Co., Ltd.). Huh-7 cells were
arranged into overexpression (oe)-NC, oe-CENPA, sh-NC, sh-
CENPA, sh-NC + oe-NC, sh-CENPA + oe-NC, and sh-CENPA +
o0e-STMN1 groups. Specifically, 1 mL corresponding lentivirus
was added to Huh-7 cells, and the lentiviral infection effect
was detected subsequent to 48 h.

Western blot analysis

The cell or tumor tissue precipitate was lysed in lysis buffer.
The homogenates were put on ice for 10 m and centrifuged
(3,000 g, 4°C, 10 m). The supernatant was transferred to
a precooled Eppendorf tube. Following protein concentration
determination by BCA kits, the proteins were transferred
to a PVDF membrane and blocked with 5% BSA at room
temperature for 1 h and incubated with antibodies against
CENPA (ab45694, 1:1,000; Abcam, Cambridge, UK), STMN1
(ab52630, 1:10,000; Abcam), and ACTIN (ab8226, 1:1,000;
Abcam) overnight at 4°C. The next day, the proteins were
incubated with the secondary antibody at room temperature
for 1 h, followed by development on the gel imaging system.
The protein bands were subjected to grayscale scanning with
AlphaView SA software (Version: 3.4.0).

Immunofluorescence

A total of 1 x 105 HCC cells were seeded on a coverslip and
cultured for 24 h. After being fixed with 4% formaldehyde
for 20 m, the cells were permeated with 0.5% Triton X-100
in phosphate buffer saline (PBS) for 10 m at room tempera-
ture. After 10 m of blockade with 2% BSA in PBS-0.1% Triton
X-100, the cells were incubated with alpha-fetoprotein (AFP)
antibody (ab284388, 1:100; Abcam) overnight at 4°C. The
cells were then incubated with fluorescence-labeled second-
ary antibody and 4',6-diamidino-2-phenylindole (DAPI) at
room temperature for 2 h, followed by recording of cell im-
ages under a confocal microscope.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)

Total RNA of cells was extracted with TRIzol (Thermo Fisher
Scientific, Waltham, MA, USA), followed by measurement of
RNA concentration and purity with a NanoDrop2000 trace ul-
traviolet spectrophotometer (Thermo Fisher Scientific). The
obtained RNA was reversely transcribed to generate cDNA as
instructed in the manuals of the PrimeScript RT reagent kit
(RR0O47A; TaKaRa, Tokyo, Japan). CENPA and STMN1 primers
were synthesized by TaKaRa (Supplementary Table 2). gRT-
PCR was performed on a 7500 Fast real-time PCR system
(4351106; Thermo Fisher Scientific). With glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as the housekeeping
gene, the relative transcription level of target genes was cal-
culated with the 2-0HCT method.

Dual-luciferase assay

oe-NC, oe-CENPA, sh-NC, and sh-CENPA were co-transfect-
ed with a luciferase reporter plasmid containing the STMN1
promoter sequence (CTCGTATAGCAAA) into human embry-
onic kidney HEK293T cells using the lipofectamine 2000 kit
(11668019; Thermo Fisher Scientific) for assessing the ef-
fect of CENPA on the transcription activity of STMN1 pro-
moter. Cells were lysed 48 h subsequent to transfection, and
luciferase activity was measured with a luciferase assay kit
(K801-200; BioVision, San Francisco, CA, USA) on a dual-
luciferase reporter assay system (Promega, Madison, WI,
USA). With Renilla luciferase employed as an internal refer-
ence, the activation degree of the target reporter gene was
compared according to the ratio of relative luciferase units
between firefly luciferase activity and Renilla luciferase activ-

ity.
ChIP assay

The enrichment of CENPA in STMN1 promoter was detected
with a ChIP kit (KT101-02, Saicheng Biotechnology Co., Ltd.,
Guangzhou, China). In detail, upon cell confluence of 70-
80%, cells were fixed with 1% formaldehyde at room tem-
perature for 10 m to crosslink intracellular DNA and protein.
After cross-linking, DNA was randomly broken by ultrasonic
treatment to fragments of appropriate size with 10 s each
time at the interval of 10 s for 15 cycles. After cell centrifu-
gation at 13,000 rpm at 4°C, the supernatant was collected
and divided into three tubes which were respectively sup-
plemented with RNA polymerase II rabbit antibodies (posi-
tive control; 1:100, ab238146; Abcam), rabbit anti-immu-
noglobulin G antibodies (NC; ab172730, 1:100; Abcam) and
the target protein-specific antibody, rabbit anti-CENPA (1:50,
H00001059-PW1; Novus Biological, Littleton, CO, USA) for
overnight incubation at 4°C. Endogenous DNA-protein com-
plexes were precipitated with Protein Agarose/Sepharose
and transiently centrifuged, followed by the removal of the
supernatant. The nonspecific complexes were washed before
overnight uncross-linking at 65°C. Phenol/chloroform extrac-
tion was utilized to purify and recover DNA fragments for the
gPCR detection of the promoter fragment of STMN1. Prim-
ers specific for STMN1 promoter were as follows: forward,
CTTGGGCACCCCTTAGTTGT and reverse, AATTGGTCTGACCG
TGCCTT.

Enzyme-linked immunosorbent assay (ELISA)

Cell lysates were tested strictly as per the protocols of ELISA
kits (glutathione [GSH]: JN20809, Jining Industrial Co., Ltd,
Shanghai, China; glutathione peroxidase 4 [GPX4]: JL46163,
Shanghai Jianglai Industrial Co., Ltd., Shanghai, China; re-
active oxygen species [ROS]: JL13783, Shanghai Jianglai
Industrial Co., Ltd., and malondialdehyde [MDA]: JL11466,
Shanghai Jianglai Industrial Co., Ltd.) to detect the levels of
GSH, GPX4, MDA, and ROS.

Fe2+ detection

The enrichment of Fe2* was detected with an iron content
detection kit (MAK025-1KT; Sigma-Aldrich). Specifically, cells
were detached with 0.25% trypsin, centrifuged, and precipi-
tated, followed by centrifugation with 4 times the volume of
iron assay buffer in a cold centrifuge and the collection of the
supernatants. Afterwards, 50 pL supernatants were added
to 96-well plates, and then 5 yL Fe2* analysis buffer was
added to each sample well and Fe2* standard sample well,
followed by 30 m of incubation at room temperature. Fe2+
probe reagents (100 pL) were added to each sample well and
Fe2+ standard sample well and incubated for 60 m at room
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Fig. 1. Differentially expressed ferrGenes in HCC. (A) Volcano map of differentially expressed ferrGenes in datasets. Black dots represent genes that are not
differentially expressed, red dots represent the upregulated ferrGenes, and green dots indicate downregulated ferrGenes. (B) Heatmap of differentially expressed fer-
rGenes in the HCC-related TCGA dataset combined with the GTEx dataset. The left dendrogram indicates gene clustering based on gene expression, and the top right
histogram shows the color scale. Red indicates highly expressed genes, green represents poorly expressed genes, blue indicates HCC tissue samples (374 cases), and
pink indicates normal liver tissue samples (160 cases). ferrGene, ferroptosis-related gene; GTEx, Genotype-Tissue Expression; HCC, hepatocellular carcinoma; TCGA,

The Cancer Genome Atlas.

temperature in darkness for the full loading of probes. For
Fe2+ analysis, 50 pL samples were added to the sample wells
of the 96-well plates, and 5 pL analysis buffer was added to
each sample well for 30-min incubation of iron standards and
samples to be tested at 25°C. After that, 100 uL Fe2* probes
were added to each well containing the iron standards and
tested samples and mixed evenly, followed by 60 m of reac-
tion at 25°C in darkness. Optical density (OD) values at 593
nm were measured with a microplate reader.

Flow cytometry

Cell apoptosis was detected with an annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) double staining.
In detail, the treated cells were placed in a 37°C incubator
containing 5% CO, for 48 h culture. Next, cells were washed
twice with PBS, centrifuged, and resuspended in 200 pL
binding buffer. Cells were supplemented with 10 pL annexin
V-FITC (ab14085; Abcam) and 5 pL PI and gently mixed.
Thereafter, cells were reacted with 300 pL binding buffer for
15 m in the dark. Finally, apoptosis was assayed by flow cy-
tometry with an excitation wavelength of 488 nm.

Cell counting kit (CCK)-8

Cell viability was examined with a CCK-8 kit (CA1210; So-
larbio, Beijing, China). Briefly, logarithmically growing cells
were seeded into the 96-well plates at 1 x 104 cells per well
for 24 h of preculture, followed by transfection. Subsequent-
ly, 10 pL CCK-8 reagents were added at 0, 24, 48, and 72
h after transfection and cultured at 37°C for 3 h. OD values
were measured with a microplate reader at 450 nm.

Statistical analysis

Statistical analysis of the data was performed with SPSS
software (version 21.0; IBM Corp., Armonk, NY, USA). Meas-
urement data were reported as means + standard deviation.

Normally distributed data were compared with the unpaired
Student's t-test between two groups and with one-way anal-
ysis of variance among multiple groups, with Tukey's for post
hoc tests. A p-value<0.05 was considered a statistically sig-
nificant difference.

Results

Differentially expressed ferrGenes in HCC

We screened out ferrGenes in HCC with bioinformatics analy-
sis. Specifically, HCC-related expression data were obtained
from TCGA through the UCSC Xena database, including 50
normal liver tissue samples and 374 HCC tissue samples.
To further expand the sample size and increase the num-
ber of normal liver tissue samples, we obtained 110 normal
liver tissue samples from the GTEx database. The data of
TCGA and GTEx datasets were merged and corrected. After-
wards, human ferrGene information was harvested with the
online website (http://www.zhounan.org/). FerrGenes were
extracted from the merged data and subjected to differential
analysis, yielding 45 significantly differentially expressed fer-
rGenes including 24 upregulated ferrGenes and 21 downreg-
ulated ferrGenes (Fig. 1A, B). In conclusion, 45 differentially
expressed ferrGenes in HCC were successfully screened with
TCGA combined with the GTEx dataset.

Differentially expressed TFs co-expressed with fer-
rGenes in HCC

To screen TFs co-expressed with ferrGenes, the human tu-
mor-related TF information was attained through an online
website (http://cistrome.org/), and tumor-related TFs were
extracted from the datasets for differential analysis. A total
of 32 significantly differentially expressed TFs were obtained
in HCC patients (Fig. 2A). Next, the coexpression analysis
of these 32 TFs and 45 differentially expressed ferrGenes
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Fig. 2. Differential analysis of TFs and construction of the TF-ferrGene regulatory network. (A) Heatmap of differentially expressed TFs from the HCC-related
TCGA dataset combined with the GTEx dataset. The left dendrogram indicates gene clustering based on gene expression, and the top right histogram indicates the
color scale. Red indicates highly expressed genes, green indicates lowly expressed genes, blue indicates HCC tissue samples (374 cases), and pink indicates normal
liver tissue samples (160 cases). (B) Visualization of the TF-ferrGene regulatory network with Cytoscape. Red represents TFs, and green represents ferrGenes. HCC,
hepatocellular carcinoma; TF, transcription factor; ferrGene, ferroptosis-related gene; GTEx, Genotype-Tissue Expression; TCGA, The Cancer Genome Atlas.
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revealed that 23 TFs were co-expressed with 26 ferrGenes
(Fig. 2B). The above data illustrated that the TF-ferrGene
regulatory network might play an essential part in HCC pro-
gression.

TF-ferrGene regulatory network-related genes are
closely related to the prognosis of HCC patients

The investigation further moved to assess the relationship
between the related genes in the TF-ferrGene regulatory
network and the prognosis of HCC patients. We integrated
the clinical survival data of HCC patients in the TCGA data-
set with the expression data of the related genes in the TF-
ferrGene regulatory network. Thereafter, eight genes were
obtained with Lasso regression and multivariate Cox analysis
(Fig. 3A-C). Among them, CENPA, G6PD, NQO1, NRAS, and
STMN1 were high-risk genes, which indicated that their high

expression was associated with poor prognosis. Whereas,
CBS, EGLN2, and PHKG2 were low-risk genes, which indicat-
ed that their low expression was associated with poor prog-
nosis. In summary, a prognostic risk model of HCC patients
was constructed based on the expression of eight genes.

A prognostic risk model based on the eight genes ac-
curately predicts prognosis of HCC patients

The risk value for each sample was calculated with the prog-
nostic risk model. With the median risk value as the distin-
guishing boundary, the HCC patients in the TCGA dataset
were assigned to high-risk (182 patients) and low-risk (183
patients) groups (Fig. 4A). Statistical analysis of the clinical
survival data of HCC patients in the high-risk and low-risk
groups (Fig. 4B) found that deaths in the high-risk group
were significantly increased relative to those in the low-risk
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Fig. 4. Construction of a prognostic risk model for HCC patients. (A) HCC patients were assigned to high-risk and low-risk groups based on the multivariate Cox
analysis results. Green indicates the low-risk group, and red indicates the high-risk group. The abscissa represents the distribution of risk values from low-risk to high-
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tients with the ROC curve. Green, blue, and red curves represent the ROC curve analysis of 1-, 3-, and 5-year survival, respectively. (E) Independent prognostic ability
of the prognostic risk model. The left side indicates the risk values of each clinical trait and the prognostic model, and the middle shows p-value. p<0.05 suggests that
the factor may be an independent prognostic factor. The hazard ratio (HR) represents the risk rate. Values >1 indicate high-risk genes and values <1 indicate low-risk
genes. The right side shows the hazard ratio distribution of the gene. The distribution on the left side indicates low risk and the distribution on the right side represents
high risk. (F) Construction of a nomogram based on eight prognosis-related genes. (G) Predictive power of the nomogram shown by the calibration curve. There are
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group. Survival analysis (Fig. 4C) found that the OS rate of
HCC patients was substantially lower in the high-risk group
than in the low-risk group. As reflected by the results of ROC
curve analysis (Fig. 4D), the AUC value of the prognostic risk
model predicting 1-3 years of prognosis of HCC patients was
>0.6. Moreover, multivariate Cox regression analysis (Fig.
4E) confirmed that the prognostic risk model served as an
independent prognostic factor independent of other clinical
traits. The gene nomogram was plotted based on the eight
prognostic-related genes in the TF-ferrGene regulatory net-
work (Fig. 4F, G), which could predict the 1-, 3-, and 5-year
survival rates of patients according to the control nomogram
of related gene expression in HCC patients. The above results
indicated that the prognostic risk model constructed from the
eight TF-ferrGene regulatory network-related genes accu-
rately predicted the prognosis of HCC patients.

A prognostic risk model constructed based on the
eight genes is tightly related to clinicopathological
features of HCC patients

Further correlation analysis between the prognostic risk
model and the clinicopathological characteristics of HCC
patients in the TCGA dataset (Fig. 5) found that high-risk
patients were significantly associated with the pathological
stage and tumor spread of HCC patients, that is, high-risk
patients had higher pathological stages, larger tumors, and
more spreading. To sum up, the eight genes for construct-
ing the prognostic risk model might exert pivotal regulatory

functions in the occurrence and development of HCC.

CENPA/STMN1 may be a key TF-ferrGene regulatory
network involved in the ferroptosis of HCC

Next, this study further probed the key TF-ferrGene regu-
latory network involved in ferroptosis of HCC. We analyzed
the expression of CENPA and STMN1 in collected HCC tis-
sues (tumor group) and adjacent normal tissues (normal
group) by RT-gPCR and western blot analysis. The results
found that the expression of CENPA and STMN1 was signifi-
cantly upregulated in HCC tissues (Fig. 6A). Moreover, AFP
protein was only highly expressed in HCC cell lines Huh-7,
JHH7, and SNU387 (Fig. 6B). The expression of genes re-
lated to the prognostic risk model for HCC was tested in Huh-
7, JHH7, and SNU387 cells with RT-gPCR. It was found that
CENPA and STMN1 were most upregulated in Huh-7, JHH7,
and SNU387 cells as compared to THLE-2 cells (Fig. 6C),
with the highest expression in Huh-7 cells. Subsequent ex-
periments were conducted with Huh-7 cells. According to the
results of TF and ferrGene coexpression analysis (Fig. 6D),
CENPA as a TF was positively correlated with the ferrGene
STMN1. Therefore, it was speculated that CENPA elevated
STMN1 transcription, promoted ferroptosis, and facilitated
the growth of HCC.

To confirm the above speculation, CENPA was silenced
or overexpressed in Huh-7 cells. RT-qPCR and western blot
results (Fig. 6E, F) showed that mRNA and protein expres-
sion of CENPA and STMN1 was downregulated significantly
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after treatment with sh-CENPA, with the optimal silencing
efficiency for the sh-CENPA-1 sequence. As a result, that
sequence was selected for subsequent experiments. In
addition, the mRNA and protein expression of CENPA and
STMN1 was enhanced in response to oe-CENPA treatment.
Moreover, the dual-luciferase assay (Fig. 6G) suggested that
in the wild-type group, STMN1 promoter activity was sig-
nificantly decreased after silencing CENPA and prominently
increased after overexpressing CENPA. However, in the mu-
tant group, neither silencing of CENPA nor overexpression
of CENPA changed the STMN1 promoter activity. The ChIP
assay results (Fig. 6H) demonstrated that CENPA enrichment
at STMN1 promoter was diminished strikingly by CENPA si-
lencing but augmented substantially by CENPA overexpres-
sion. These data illustrated that CENPA promoted STMN1
transcription by binding to the STMN1 promoter. Collectively,
CENPA/STMN1 may be a key TF-ferrGene regulatory network
participating in ferroptosis of HCC.

CENPA silencing facilitates HCC cell ferroptosis by re-
stricting STMN1 transcription, thus curtailing HCC cell
growth

Huh-7 cells were transfected with sh-NC + oe-NC, sh-CEN-
PA + oe-NC, or sh-CENPA + oe-STMN1 to further clarify the
effect of CENPA on HCC cell ferroptosis through regulating
STMN1. As reflected by the RT-gPCR and western blot re-
sults (Fig. 7A), CENPA and STMN1 expression was decreased
in Huh-7 cells treated with sh-CENPA. Furthermore, CENPA
expression was unchanged and STMN1 expression was en-
hanced in Huh-7 cells after oe-STMN1 transfection in the
presence of sh-CENPA.

For ELISA results (Fig. 7B, C), both GSH and GPX4 lev-
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els were notably diminished and both MDA and ROS levels
were prominently augmented in Huh-7 cells by CENPA silenc-
ing, which was reversed by further overexpressing STMN1.
Meanwhile, Fe2* content in Huh-7 cells was enhanced sub-
sequent to CENPA silencing, which was abrogated by further
overexpression of STMN1 (Fig. 7D). Flow cytometry (Fig. 7E)
and CCK-8 (Fig. 7F) results documented that CENPA silencing
resulted in an obvious elevation in the apoptosis and a sub-
stantial decline in the viability of Huh-7 cells, which was neu-
tralized by further STMN1 overexpression. These results sug-
gested that CENPA silencing augmented the ferroptosis of HCC
cells by downregulating STMN1, thus curbing HCC cell growth.

Discussion

Currently, the available treatment options of HCC are limited
with unsatisfactory clinical efficacy,1” and molecular-targeted
therapies have been clinically applied for the treatment of
multiple cancers, like HCC.18 Intriguingly, ferroptosis induc-
tion emerges as a therapeutic strategy against HCC.1® On
this basis, it is of significance to probe ferroptosis-related
molecular mechanisms in HCC. Herein, the findings revealed
that the TF CENPA might suppress HCC cell ferroptosis by
promoting STMN1 transcription, thereby facilitating HCC cell
growth.

As an extensively utilized and powerful research method
for gene expression analysis, bioinformatics analysis simul-
taneously measures changes in the expression of humerous
genes that have allowed identification of multiple DEGs im-
plicated in HCC initiation and progression.20 In previous stud-
ies, the ferrGenes have been analyzed with bioinformatics
analysis in multiple cancers, including HCC.2! In our study,
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we also used bioinformatics analysis, TCGA, and GTEX, to
predict differentially expressed ferrGenes in HCC, yielding 24
upregulated genes and 21 downregulated genes. Moreover,
the transcription of many genes is modulated by TFs.22 More-
over, a previous study used the TCGA database to predict
a TF-ferrGene regulatory network in liver cancer and found
that ferrGenes were controlled by TFs, HIC1, and HNF4A.23
Similarly, we used the TCGA database combined with GTEx
database to retrieve 32 differentially expressed TFs in HCC.
Then, these TFs and 45 differentially expressed ferrGenes
were subjected to coexpression analysis to construct TF-fer-
rGene regulatory networks in HCC.

Subsequently, the clinical survival data of HCC patients
in TCGA database were integrated with the gene expression
data in the obtained TF-ferrGene regulatory networks. Eight
genes closely related to the prognosis of HCC patients were
obtained with Lasso regression and multivariate Cox analysis,

including high-risk (CENPA, G6PD, NQO1, NRAS, and STMN1)
and low-risk (CBS, EGLN2, and PHKG2) genes, and were
used to construct a prognostic risk model for HCC patients.
Importantly, this prognostic risk model accurately predicted
the prognosis of HCC patients and was tightly related to the
clinicopathological characteristics of patients. Consistently, an
earlier study elucidated that CENPA was a hazardous TF in
HCC with a strong relation to the clinicopathological charac-
teristics and prognoses of patients.2* G6PD and NRAS, fer-
rGenes, were identified as a deleterious effectors linked to the
prognosis of HCC.25:26 Lin et al.2’ observed that NQO1 might
be an independent biomarker for prognostic evaluation of HCC
as its overexpression was associated with tumor size, venous
infiltration, tumor-node-metastasis stage, and low disease-
free survival, and 5-year survival rates. In addition, STMN1
is upregulated in HCC, which is linked to clinicopathological
parameters and influences prognosis in HCC patients.28 The
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sh-CENPA + oe-NC, and sh-CENPA + oe-STMN1. (A) CENPA and STMN1 expression in Huh-7 cells tested with RT-qPCR and western blot analysis. (B) ELISA to evalu-
ate GSH and GPX4 expression. (C) ELISA to determine MDA and ROS levels in Huh-7 cells. (D) Fe2* enrichment in Huh-7 cells measured with a kit. (E) Apoptosis of
Huh-7 cells examined with flow cytometry. (F) CCK-8 to detect the viability of Huh-7 cells. *p<0.05, **p<0.01, and ***p<0.001. all cell experiments were repeated
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poor expression of CBS has been reported in HCC, which pre-
dicts the poor prognosis of HCC patients.?° Likewise, the inac-
tivation of the angiogenesis inhibitor EGLN2 is correlated with
the poor prognosis of HCC.3? Although the role of PHKG2 in
HCC is rarely reported, it has been implicated in the prognosis
of other cancers, such as lung adenocarcinoma.3!

Moreover, our data shows that the CENPA/STMN1 axis may
be a key TF-ferrGene regulatory network in HCC. Moreover,
CENPA silencing augmented ferroptosis and apoptosis and
depressed viability in HCC cells by downregulating STMN1,
accompanied by downregulated GSH and GPX4 and upregu-
lated MDA and ROS. Iron metabolism plays an important role
in the process of ferroptosis, and accumulation of iron might
induce ferroptosis.32 A previous study has shown that the
iron content is decreased in liver tumor tissues, accompa-
nied by the changes in the expression of iron metabolism
molecules; the silencing or overexpression of SLC46A1 can
affect the intracellular iron content in HCC cells and tissues to
control the iron homeostasis in HCC.33 The accumulation of
ROS, the consumption of GSH, the inhibition of GPX4 activity
and the increase of MDA are considered to be the biologi-
cal characteristics of ferroptosis.32-35 System xc~/GSH/GPX4
is a potential molecular mechanism that induces ferroptosis
in HCC.3% Intriguingly, ROS, MDA and GSH can be used to
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measure and evaluate the role and molecular mechanism of
TEA domain transcription factor 1 (TEAD1) in HCC and its
effect on sorafenib-induced ferroptosis.3” Therefore, assays
of ROS, MDA, GSH, and GPX4 comprehensively evaluate the
occurrence of ferroptosis in HCC cells.

As reported, CENPA functions as an oncogenic and is over-
expressed in numerous cancers, including clear cell renal cell
carcinoma, ovarian cancer, and breast cancer.38-40 Further-
more, CENPA is abundantly expressed in HCC tissues and
CENPA silencing diminishes proliferation and enhances apop-
tosis in HCC cells.#! In addition, a former study unveiled the
implication of CENPA downregulation in Sig-1R deficiency-
caused elevations in ROS levels in beta cells, partially con-
current with our result.42 Importantly, CENPA has been con-
firmed as a transcription activator.43 Intriguingly, both STMN1
and CENPA has been observed to be upregulated in HCC.44
Therefore, CENPA might transcriptionally activate STMN1 to
induce the development of HCC. Of note, our dual-luciferase
and ChIP assays demonstrated that CENPA bound to STMN1
promoter to induce STMN1 transcription. Further rescue ex-
periments unraveled that overexpression of STMN1 nullified
the effects of CENPA silencing on the growth and ferroptosis
of HCC cells. It should be noted that the role of CENPA in
ferroptosis has been rarely reported. However, STMN1 has
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been reported to as an important ferrGene in coronary artery
disease,*> soft tissue sarcoma,*® adrenocortical carcinoma.*’
Similarly, the research of Wang et al.*8 exhibited that STMN1
was a ferrGene that correlated to the poor survival of HCC.
Moreover, STMN1 was identified as a prognostically relevant
methylation-driven ferrGene in HCC, with diminished meth-
ylation level of STMN1 found in HCC tissues.4® Nevertheless,
the specific regulatory mechanism of STMN1 in ferroptosis
still remains elusive.

In conclusion, our findings elucidated that CENPA attenu-
ated the ferroptosis of HCC cells by transcriptionally activat-
ing STMN1, thus inducing HCC cell growth (Fig. 8). This study
provides novel mechanistic understanding and molecular tar-
gets for the treatment of HCC. However, the data for the con-
struction of the present prognostic risk model were obtained
from public databases. Transcriptome sequencing may obtain
more representative results if they are available for analy-
sis in subsequent studies. Moreover, in vivo experiments are
needed to further substantiate the findings.
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