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KLF14 directly downregulates the expression D
of GPX4 to exert antitumor effects
by promoting ferroptosis in cervical cancer
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Abstract

Background Cervical cancer is the fourth leading cause of cancer-related death among women worldwide, and
effective therapeutic strategies for its treatment are limited. Recent studies have indicated that ferroptosis, a form of
regulated cell death, is a promising therapeutic strategy. KLF 14 has been shown to regulate both cell proliferation
and apoptosis in cervical cancer. However, its role in modulating lipid peroxidation and ferroptosis remains largely
unexplored and enigmatic.

Methods SiHa and Hel.a cells were transduced with lentiviral vectors to overexpress KLF14. Protein levels were
analyzed via western blotting and immunohistochemistry (IHC). LDH assays, calcein-AM/propidium iodide (PI)
staining, and generation of cell growth curves using a real-time cell analysis (RTCA) system were used to detect cell
damage and proliferation. Cellular ROS, lipid ROS, transmission electron microscopy (TEM), and Fet assays and a
xenograft mouse model were used to measure the level of ferroptosis. Proteomics combined with bioinformatics
methods was used to screen target genes regulated by KLF14, and CUT&Tag and dual-luciferase assays confirmed the
repression of GPX4 by KLF14 via direct binding to its promoter.

Results KLF14 is abnormally expressed in various tumors and downregulated in cervical cancer. Overexpression
of KLF14 induced ferroptosis and inhibited cell proliferation in vitro as well as xenograft tumorigenicity in vivo.
Mechanistic studies revealed that KLF14 binds to the promoter of GPX4, suppressing its transcriptional activity and
thereby decreasing its expression, which contributes to the induction of ferroptosis. Truncation and point mutation
analyses of the GPX4 promoter revealed multiple binding sites for KLF14 within the — 1000 bp to + 35 bp region,
which are responsible for its inhibitory effect on GPX4 transcription. Additionally, deletion of the zinc finger motif in
KLF14 abolished its inhibitory effect on GPX4 promoter activity and cell proliferation.

Conclusion Our data revealed a previously unidentified function of KLF14 in promoting ferroptosis, which results

in the suppression of cell proliferation. Mechanistically, we revealed a novel regulatory mechanism by which KLF14
targets GPX4. These findings suggest a novel strategy to induce ferroptosis through the targeting of KLF14 in human
cervical cancer cells.
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Introduction

Cervical cancer is the fourth most prevalent type of
cancer and the fourth leading cause of cancer-related
death in women worldwide [1]. Although human papil-
lomavirus (HPV) vaccination and screening strategies
are effective at reducing mortality and morbidity, the
mortality rate of cervical cancer remains relatively high,
especially in low-income and middle-income countries
[2]. Advanced or recurrent cervical cancer is generally
incurable and has an extremely poor prognosis and a
low survival rate [3]. Thus, it is necessary to explore the
detailed molecular pathogenesis of cervical cancer to
identify potential targets and new strategies for antitu-
mor therapy.

Ferroptosis is a novel type of regulated cell death that
is driven by excess accumulation of lipid peroxides in an
iron-dependent manner [4, 5]. It is distinct from apopto-
sis, autophagic cell death and necroptosis. In recent years,
numerous studies have revealed a tight link between fer-
roptosis and the progression and treatment of various
cancers [6, 7], including cervical cancer [8—10], lung can-
cer [11] and clear cell renal cell carcinoma [12]. GPX4, a
phospholipid hydroperoxide glutathione peroxidase, was
the first-discovered central repressor of ferroptosis, and it
contributes to tumor progression. GPX4 utilizes reduced
glutathione (GSH) to reduce lipid hydroperoxides to lipid
alcohols and protect the cell from ferroptosis [13]. Pre-
vious studies have shown that GPX4 is closely related to
tumorigenesis, progression and malignant behaviors [14,
15]. Recent studies have reported the complex mecha-
nisms of GPX4 in ferroptosis in cervical cancer. One
study revealed that a deficiency in MTCHI1 results in the
downregulation of GPX4, ultimately inducing ferropto-
sis [9]. Another study revealed that circACAP2 interacts
with miR-193a-5p, which targets GPX4, thereby repress-
ing ferroptosis [16]. Additionally, PIN1 has been shown
to influence ferroptosis through the NRF2/GPX4 axis,
which confers sensitivity to cisplatin [17]. These findings
demonstrated that ferroptosis has immense potential as
a therapeutic target. Despite these advances, a compre-
hensive understanding of the regulatory mechanisms of
ferroptosis in cervical cancer remains elusive and is not
yet fully understood.

KLF14, a newly discovered member of the family, has
zinc finger DNA-binding domains, similar to other mem-
bers of the KLFs family. It has biological roles in multiple
processes, including metabolism, immunity, and apopto-
sis [18]. In recent years, the role of KLF14 in tumors has
been increasingly recognized, with evidence indicating
that KLF14 regulates tumor cell proliferation, apopto-
sis, and metastasis [19]. Its inhibitory effects on various
types of tumors have gained widespread attention. For
example, survival analysis revealed that a low KLF14 level
is associated with poor prognosis in human patients with
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colorectal cancer [20]. Another study reported that the
long noncoding RNA (IncRNA) HAND2-AS1 inhibits
colorectal cancer cell proliferation by promoting KLF14
expression [21]. KLF14 has also been reported to mark-
edly suppress the growth and invasiveness of breast can-
cer cells [22, 23] and hepatocellular carcinoma cells [24,
25]. Our recent studies have shown that overexpression
of KLF14 suppressed the expression of its target ITGB1
to induce apoptosis, thereby promoting cell death in cer-
vical cancer [26]. In contrast, there are opposite reports
on the function of KLF14 in different cancers. Luo et al.
reported that KLF14 promoted cell growth by enhancing
oxidative stress resistance in castrate-resistant prostate
cancer [27]. Boot et al. reported that KLF14 was upregu-
lated in thyroid cancer and that the knockdown of KLF14
reduced cell proliferation and initiated apoptosis [28].
These seemingly contradictory findings suggest that the
function of KLF14 may be related to the type of tumor
and its microenvironment. Despite extensive research on
the role of KLF14 in tumor development, its involvement
in ferroptosis has not been reported.

In this study, we discovered that overexpression of
the transcription factor KLF14 triggered an increase in
reactive oxygen species (ROS) accumulation and lipid
peroxidation, which in turn promoted ferroptosis and
suppressed cell proliferation in cervical cancer models, as
observed both in vitro and in vivo. Interestingly, KLF14
was found to directly interact with the GPX4 promoter,
suppressing GPX4 expression and thereby modulat-
ing ferroptosis. Truncation of the zinc finger domain of
KLF14 abolished the ability of KLF14 to inhibit GPX4
expression, thereby preventing it from suppressing cervi-
cal cancer cell proliferation. Given its pivotal role in con-
trolling GPX4 expression and the progression of cervical
cancer, KLF14 may be a promising therapeutic target.
These findings could have significant implications for the
development of novel anticancer therapies.

Methods

Cell lines and cell culture

Two human cervical cancer cell lines, SiHa and HeLa,
were used in the present study. SiHa cells were purchased
from the Chinese Tissue Culture Collection (CTCC;
China). HeLa cells were obtained from the American
Type Culture Collection (ATCC; USA). These cells were
cultured in Dulbecco’s modified Eagle medium (DMEM;
Gibco, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco, USA) and 1% penicillin/streptomycin in a
constant-temperature incubator at 37 °C with 5% CO,.

Cell transfection

The human KLF14-overexpressing lentivirus and nega-
tive control lentivirus were synthesized by GeneChem
(Shanghai, China). The human GPX4-overexpressing
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lentivirus and negative control lentivirus were synthe-
sized by Beijing Syngenbio Co., Ltd. (Beijing, China). The
KLF14 truncation mutant lentivirus and negative control
lentivirus were provided by Beijing Syngenbio Co., Ltd.
(Beijing, China). Lentiviral transduction and the genera-
tion and preculture of stable cell lines were performed as
previously described [26].

Immunohistochemistry (IHC)

A human cervical cancer tissue microarray (OD-CT-
RpUtr-03-005) containing 31 cervical cancer tissues and
paired adjacent tissues was purchased from Shanghai
Xinchao Biotechnology Co., Ltd. The mean age of the
patients was 43.7 years. The participants in this study
were diagnosed with primary cervical cancer, all of which
were squamous cell carcinomas. Most of the cases were
pathologically graded as G2, and the clinical stage was
stage II. All participants provided informed consent to
participate in the study, in accordance with relevant ethi-
cal standards. The procedure for IHC analysis was con-
ducted as described in our previous study [26]. Mouse
tumor tissue samples were fixed with 4% paraformal-
dehyde, embedded in paraffin, and cut into 4 pm thick
sections for hematoxylin/eosin (HE) staining and IHC
staining. For the IHC analysis, antibodies against KLF14,
GPX4 and 4-hydroxynonenal (4-HNE) were used. HE
and IHC staining were performed using Leica ST5020
(Leica Biosystems) and Dako Autostainer Link 48 (Dako,
USA) slide stainers, respectively. The antibodies used in
this study were specific for KLF14 (Sigma, # HPA044729,
1:2000), GPX4 (Abcam, # ab125066, 1:5000) and 4-HNE
(Abcam, #ab48506, 1:500).

Animal model

Female 4—5-week-old BALB/c nude mice were purchased
from the Vital River Laboratory Animal Technology (Bei-
jing, China). To reduce potential variability inherent to
individual nude mice, equal quantities of SiHa/KLF14
control cells and SiHa/KLF14-overexpressing cells were
matched and respectively injected into symmetrical sub-
cutaneous sites of a single nude mouse. All the mice were
monitored for general health and tumor growth through-
out the experiment. Tumor volume was determined
using the formula V = (longest diameter) X (shortest
diameter)?/2. A growth curve for tumor volume was then
plotted. After approximately 38 days, the nude mice were
humanely euthanized while under anesthesia. Xeno-
graft tumors were harvested, and tumor tissues were
processed for protein extraction and IHC analysis. The
Ethics Committee of the First Affiliated Hospital of Shan-
dong First Medical University approved this study (SYD-
WLS2020016). The animal experiments were conducted
in strict accordance with national legislation, rules, and
standards pertaining to the use of experimental animals,
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including adherence to the Regulations on the Manage-
ment of Experimental Animals and the Guidelines for
Ethical Review of Experimental Animal Welfare. Addi-
tionally, the studies were guided by the widely accepted
standards for reporting animal research as outlined in
international biomedical publications, specifically the
Animal Research: Reporting of In Vivo Experiments
(ARRIVE) Guidelines.

Western blotting

Cell lysates were prepared in radioimmunoprecipitation
assay (RIPA) buffer containing a proteinase inhibitor.
Proteins in the samples were separated by SDS-PAGE and
then electroblotted onto PVDF membranes (Millipore,
USA). The membranes were then blocked in TBST con-
taining 5% nonfat milk for one hour, washed with TBST 3
times (5 min each), and then incubated overnight with a
primary antibody at 4 °C. After being washed with TBST
3 times (10 min each), the membranes were incubated
with the corresponding secondary antibody diluted with
blocking buffer at room temperature for 1 h. The mem-
branes were then washed three more times with TBST
(10 min each), and signals were visualized by enhanced
chemiluminescence (ECL) using Immobilon ECL Ultra
Western HRP Substrate (Millipore). The experiment was
independently replicated three times.

Primary antibodies against FLAG (CST, #14793S,
1:1000), KLF14 (Invitrogen, #PA5-23784, 1:1000), GPX4
(CST, #524558S, 1:1000), GAPDH (CST, #5174S, 1:1000),
and B-actin (Boster, # BM0627, 1:1000) and secondary
antibodies against rabbit IgG (CST, #7074, 1:10000) and
mouse IgG (CST, #7076, 1:10000) were used.

Cell counting kit-8 (CCK-8) assay

Cells from both the control and KLF14-overexpressing
groups were cultured in 96-well plates alongside a blank
well containing medium only. Once the cells had fully
adhered to the well surface (after 3 to 6 h), the optical
density (OD) at 450 nm was measured to establish the
baseline cellular state at time zero (0 days). The medium
was subsequently replaced with doxycycline (DOX)-sup-
plemented medium for incubation. On days 1, 2, 3, 4 and
5, the CCK-8 reagent (#CKO04, Dojindo) was added to the
wells to evaluate cell proliferation. The assays were per-
formed three times in triplicate.

Cytotoxicity LDH release assay

The release of LDH from cervical cancer cells was
assessed using the LDH assay kit (Dojindo, CK12). SiHa
cells, at a density of 8 X103 per well, were seeded into a
96-well microplate and cultured for 48 h in medium sup-
plemented with DOX. According to the manufacturer’s
protocol, 100 pl of working solution was added to each
well. After 30 min of incubation, stop solution was added,
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followed by detection using a microplate reader (BioTeck,
Synergy H1) at 490 nm, and the % of LDH released was
then calculated applying the formula: 100 X (experimen-
tal LDH release-culture medium background)/(maxi-
mum LDH release- culture medium background). The
experiment was performed three independent times.

Calcein-AM/propidium iodide (PI) staining

A Calcein-AM/PI cell viability/cytotoxicity assay kit
(Cat. No. C2015S) were purchased from Beyotime. Cells
from both the control and KLF14-overexpressing groups
were cultured in 35-mm confocal dishes (NEST). After
a 24-hours of exposure to DOX, the cells were stained
with calcein-AM /PI (each concentration was diluted
1000-fold) and incubated at 37 °C in the dark for 30 min.
Subsequently, fluorescence imaging was captured using
a confocal microscope (Zeiss Cell Discoverer 7). The
experiment was performed three independent times.

Proteome sequencing

KLF14-overexpressing SiHa cells and control SiHa cells
were separately seeded into 10 cm dishes, DOX was
added to induce the overexpression of KLF14 and the
cells were cultured for an additional 24 h. Most of the
culture medium was discarded from the dish, leaving a
thin layer of medium that covered the bottom of the dish.
The cells were collected using a cell scraper and centri-
fuged at 500 X g for 5 min, after which the supernatant
was discarded. KLF14-overexpressing SiHa cells and con-
trol SiHa cells were harvested, and three biological rep-
licates per condition were established. Tandem mass tag
(TMT)-based quantitative proteomics and subsequent
bioinformatics analysis of the sequencing data were con-
ducted by Shanghai Zhongke New Life Biotechnology
Co., Ltd.

Flow cytometry

Intracellular ROS and lipid ROS were quantified using
the DCFH-DA fluorescent dye (Beyotime, S0033S) and
the C11-BODIPY 581/591 fluorescent probe (Invitrogen,
D3861), respectively. DCFH-DA and BODIPY-C11 were
added to the cells at a concentration of 10 uM. Following
a 30-minute incubation at 37 °C, the cells were washed
with PBS, trypsinized to obtain a single-cell suspension,
and subsequently analyzed with an ACEA NovoCyte
Flow Cytometer (Agilent Technologies, Santa Clara). The
experiment was performed three independent times.

Measurement of the intracellular Fe** concentration

The intracellular Fe** concentration was quantified using
a FerroOrange assay kit (Dojindo, F374), following the
provided protocol. Cells were seeded into 35-mm confo-
cal dishes. After 48 h of culture in medium supplemented
DOX, the cells were treated with FerroOrange dye at 1
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pumol/L and incubated at 37 °C for 30 min. Fluorescence
images were acquired with a confocal laser scanning
microscope. The experiment was performed three inde-
pendent times.

Transmission electron microscopy

The cells and tissues were fixed with cold electron
microscopy fixative (Servicebio, G1102) for 2-3 h at
room temperature. The samples were subsequently
washed three times with PBS, fixed with 1% osmium
tetroxide for 1.5 h, and dehydrated in ethanol and ace-
tone. The samples were then embedded, sectioned, and
stained with uranyl acetate and lead citrate. Images were
acquired using a Hitachi HT-7800 transmission electron
microscope (80 kV).

Evaluation of proliferation by real-time cell analysis (RTCA)
RTCA was performed to assess cell proliferation using
the xCELLigence system (Agilent). Initially, 50 uL of cul-
ture medium was added to each well of an E-plate 16.
The E-plate was then connected to the device for baseline
impedance recording. After a confirmatory reading, 100
uL of a cell suspension was added, and the plate was incu-
bated at room temperature for 30 min to facilitate cell
adhesion. Subsequently, the E-plate was returned to the
xCELLigence system within the incubator for continuous
monitoring of cell growth. This study was performed in
triplicate, with each trial including two replicate wells.

Dual-luciferase reporter assay
The KLF14 plasmid was constructed by GeneChem
(Shanghai, China). The GPX4 wild-type (GPX4-WT)
promoter plasmid and various truncation plasmids were
constructed by Beijing Syngenbio Co., Ltd. (Beijing,
China). The GPX4 promoter point mutation plasmid was
constructed by Hanyin Biotechnology (Shanghai, China).
HEK-293T cells were cultured in 24-well plates and
transfected with varying concentrations of expression
plasmids and a Renilla luciferase control plasmid using
PolyJet Transfection Reagent (SignaGen). Forty-eight
hours post transfection, firefly and renilla luciferase
activities were measured with a dual luciferase assay
(Promega) following the manufacturer’s protocol, and the
relative luciferase activity was quantified. The experiment
was performed three independent times.

CUT&tag experiment and data analysis

SiHa cells were prepared as a suspension, and their via-
bility was assessed using trypan blue staining. The cells
were then processed in accordance with the standard
operating procedure provided with the HyperactiveR
Universal CUT&Tag Assay Kit for Illumina (Vazyme Bio-
tech, TD903, Nanjing, China) to isolate DNA fragments
bound to the KLF14 transcription factor. DNA library
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construction and amplification were subsequently per-
formed using the TruePrepR Index Kit V2 for Illumina
(Vazyme, TD202). The qualified DNA libraries were sub-
sequently submitted to Novogene (Novogene, Beijing,
China) for sequencing and data analysis.

The sequencing data were processed using Fastp soft-
ware to trim the raw reads and obtain clean reads. Sub-
sequently, the computeMatrix function in deepTools
software was used to quantify CUT&Tag signals within
a 3 kb region surrounding each transcription start site
(TSS). To pinpoint conserved sequence features at peak
enrichment locations, hypergeometric optimization of
motif enrichment (HOMER) software was applied to
analyze sequences spanning a region 250 bp upstream
and downstream of the peak summit, covering a total of
500 bp. ChIPseeker software was then utilized to evaluate
the distribution of these peaks across diverse functional
genomic regions. Differential binding analysis was con-
ducted based on the Fold Enrich values of the peaks from
distinct experimental groups. Peaks exhibiting a Fold
Enrich ratio of more than 2 were designated differen-
tially bound peaks, highlighting the variable binding sites
across the experiments. These differential binding sites
were mapped to their corresponding genes, which were
subsequently subjected to GO and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analyses to elucidate their
biological significance. The alignment was then visual-
ized using Integrative Genomics Viewer (IGV) software
(version 2.16.0).

Immunofluorescence assay

An immunofluorescence assay was used to detect the
protein of KLF14 and its zinc-finger structural mutants
in SiHa cells. Cells were seeded into 35-mm confocal
dishes. The cells were cultured for 48 h in medium con-
taining DOX. The cells were fixed with 4% paraformalde-
hyde for 10 min and then permeabilized with 0.1% Triton
X-100 for 10 min. After the samples were blocked with
5% BSA for 30 min at 37 °C, they were incubated with
a primary antibody against Flag (CST, #14793S, 1:500)
overnight at 4 °C. The cells were subsequently incubated
with an Alexa Fluor® 647 secondary antibody (Abcam,
#ab150083, 1:500) for 60 min, followed by DAPI (Beyo-
time, #C1006) staining for 10 min at room temperature.
Images were captured using a confocal microscope (Zeiss
Cell Discoverer 7).

Drugs and other reagents

Liproxstatin-1 (lip-1) (SJ]-MX0055) was purchased from
SparkJade. RSL3 (HY-100218 A) and DOX (HY-NO0565)
were purchase from MCE.

Page 5 of 21

Bioinformatics analysis

We analyzed the expression of KLF14 in normal and
tumor tissues using the UALCAN database (http://ual-
can.path.uab.edu/) [29]. We performed a Kaplan-Meier
survival analysis using the KM plotter online database
(http://kmplot.com) [30]. We identified genes associ-
ated with ferroptosis using the Gene Cards (https://www.
genecards.org/) and FerrDb (http://www.zhounan.org/
ferrdb) databases. A Venn diagram was generated to dis-
play the genes shared between the ferroptosis-related
gene sets and those identified via proteome sequencing
of the DEPs. Further analysis of these genes, including
KEGG and GO enrichment analyses, was conducted via
Metascape (http://metascape.org). The Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING)
database was used to construct a protein—protein inter-
action (PPI) network of the DEPs related to ferroptosis.
The results were then imported into Cytoscape (version
3.9.1) for further analysis using the CytoHubba plugin to
identify key hub genes. Heatmaps were constructed for
visualization using the heatmap package.

Statistical analysis

Data analysis was performed with GraphPad Prism 8.0.
All the statistical analyses were based on at least three
independent measurements. Unpaired Student’s t test,
one-way ANOVA and two-way ANOVA were used to
analyze the data. A p value less than 0.05 was considered
to indicate statistical significance.

Results

Expression and prognostic analysis of KLF14 in pan cancer
To investigate the expression patterns of KLFI4 in vari-
ous human cancers, we performed a pan cancer analy-
sis using publicly available datasets from The Cancer
Genome Atlas (TCGA) obtained via the UALCAN data-
base (Fig. 1A). KLFI4 is abnormally expressed in many
cancers. Specifically, compared with that in normal tis-
sues, KLF14 was notably downregulated in breast inva-
sive carcinoma (BRCA), kidney chromophobe (KICH),
kidney renal papillary cell carcinoma (KIRP), lung
squamous cell carcinoma (LUSC), pheochromocytoma
and paraganglioma (PCPG), stomach adenocarcinoma
(STAD), uterine corpus endometrial carcinoma (UCEC),
and it was notably upregulated in esophageal carcinoma
(ESCA), bladder urothelial carcinoma (BLCA) and chol-
angiocarcinoma (CHOL), head and neck squamous cell
carcinoma (HNSC). Next, we conducted a Kaplan-Meier
survival analysis via online tool (http://kmplot.com/
analysis/) and found that the level of KLF14 expression
was correlated with overall survival (OS) and relapse-free
survival (RFS) (Fig. 1B-]). Interestingly, the K-M curve
revealed that elevated KLF14 expression was correlated
with prolonged OS in liver hepatocellular carcinoma
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Fig. 1 The expression and prognostic analysis of KLF14 in pan cancer. (A) The expression of KLF14 mRNA in tumor and normal tissues was analyzed using
TCGA data obtained via UALCAN (A, the red box indicates that the expression of KLF14 in tumor tissue is significantly lower than in normal tissue, the blue
box indicates that the expression of KLF14 in tumor tissue is significantly higher than that in normal tissue). (B-J) Overall survival (OS) (B-F) and relapse-free
survival (RFS) (G-J) curves of cancers with different KLF14 expression levels in Kaplan-Meier plotter database. ***p < 0.001. ****p < 0.0001
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(LIHC), PCPG and thyroid carcinoma (THCA), but
decreased OS in lung adenocarcinoma (LUAD) and sar-
coma (Fig. 1B-F). Subsequent analyses for RFS indicated
that upregulated KLF14 was significantly associated with
better RES in testicular germ cell tumor (TGCT), but
poor RES in ovarian cancer and esophageal adenocarci-
noma (Fig. 1G-J). The data revealed that KLF14 expres-
sion was linked to variable prognostic results among
different cancers. Ultimately, the findings indicate that
KLF14 could serve as a prognostic biomarker for vari-
ous cancer types. However, the variable associations
observed among cancer types highlight the complex-
ity of its role and the need for further investigation to
understand these differences. Our subsequent research
explored the significance of KLF14 expression in cervical
cancer.

KLF14 is downregulated in cervical cancer and accelerates
cell death in cervical cancer cells

By searching the Human Protein Atlas (HPA) database,
we found that KLF14 was significantly downregulated in
cervical cancer tissues compared with normal cervical
tissues (Fig. 2A). Our analysis of tissue microarray data
revealed that KLF14 was also significantly downregu-
lated in cervical cancer tissue compared with adjacent
noncancerous tissue (Fig. 1S A-B). These results indicate
that KLF14 may act as a suppressor of tumorigenesis in
cervical cancer. We next established SiHa and HeLa cell
lines with stable overexpression of KLF14 in SiHa and
HeLa cells via lentiviral transduction, and KLF14 over-
expression was confirmed by western blotting, as shown
in Fig. 1S C-E. To assess the effect of KLF14 on cervi-
cal cancer cells, we conducted a LDH release assay and
discovered that overexpression of KLF14 markedly pro-
moted the LDH release in SiHa cells (Fig. 2B). Addition-
ally, we assessed the effect of KLF14 on cell viability using
Calcein AM/PI staining. The results revealed that over-
expression of KLF14 significantly promoted cell death
in SiHa and HeLa cells against control group (Fig. 2C).
Taken together, these findings suggest that KLF14 is
expressed at low levels in cervical cancer cells, potentially
acting as a pivotal tumor suppressor by promoting cell
death mechanisms.

Proteomic analysis identified differentially expressed
proteins (DEPs) in cervical cancer cells after KLF14
overexpression

Our previous study revealed that KLF14 overexpression
inhibited the proliferation and facilitated the apoptosis
of cervical carcinoma cells [26]. However, the detailed
molecular regulatory mechanism remains to be deter-
mined. Thus, we overexpressed KLF14 in SiHa cells and
performed TMT-based quantitative proteomic analysis
of three independent replicates. To investigate whether
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other types of antitumor mechanisms could be involved,
we performed bioinformatics analysis. A total of 3257
(1645 upregulated and 1612 downregulated) DEPs were
identified between the KLF14-overexpressing group (OE-
KLF14) and the control group (OE-NC) (Fig. 3A, Fig. 2S
A). Next, the DEPs were subjected to Gene Ontology
(GO) functional annotation analysis, which revealed
that they were strongly related to the GO terms biologi-
cal regulation, regulation of biological process and meta-
bolic process (Fig. 2S B), as well as iron ion binding and
protein kinase binding (Fig. 2S C). These findings suggest
that DEPs have the potential to be involved in diverse cel-
lular pathways for functional regulation. KEGG pathway
annotation of all the DEPs showed that pathways related
to the cell cycle, apoptosis, and cancer were strongly cor-
related with the DEPs (Fig. 2S D). To explore potential
interactions among the DEPs, we constructed a protein-
protein interaction (PPI) network (Fig. 2S E). Our analy-
sis revealed that most of the proteins selected for analysis
had mutual direct or indirect interactions. These findings
suggest that KLF14 may influence gene transcription and
cellular functions such as proliferation, apoptosis, and
metabolism by interacting with multiple molecules and
pathways.

KLF14 induces ferroptosis in cervical cancer cells
Ferroptosis is a type of iron dependent, nonapoptotic cell
death characterized by iron overload, elevated ROS lev-
els and lipid peroxidation. We identified several impor-
tant ferroptosis-related proteins among the 3257 DEPs.
To gain a more comprehensive understanding, we down-
loaded 484 and 635 ferroptosis-associated genes from
FerrDb and the GeneCards database, respectively. An
online Venn diagram tool was used to identify the over-
lapping DEGs, which comprised 66 genes, 28 of which
were upregulated and 38 of which were downregulated
(Fig. 3B-C; Table 1S). To identify the functions and
pathways related to the associated DEPs, enrichment
analysis was performed via the Metascape online tool.
GO enrichment analysis revealed enrichment of some
of the DEPs in the terms response to oxidative stress
(GO:0006979), oxidoreductase activity (GO:0016491),
monocarboxylic acid metabolic process (GO:0032787),
regulation of lipid biosynthetic process (GO:0046890),
regulation of generation of precursor metabolites and
energy (GO:0043467) and cellular transition metal ion
homeostasis (GO:0046916) (Fig. 3D). KEGG pathway
enrichment analysis indicated that the ferroptosis path-
way (hsa04216) was significantly enriched in the DEPs
(Fig. 3E).

To explore whether KLF14 triggers ferroptosis, we
added the ferroptosis inhibitor lip-1 to SiHa cells and
generated a cell proliferation curve with an RTCA
system. Lip-1 partly reversed the KLF14-mediated
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Fig. 2 KLF14 is downregulated in cervical cancer and accelerates cell death in cervical cancer cells. (A) Representative IHC images indicating KLF14 ex-
pression retrieved from the HPA database. (B) The LDH release rate of SiHa cells. The data are presented as the means+SDs. N=3 independent repeats. p
values were calculated via an unpaired t test. (C) Calcein AM/PI staining of SiHa and Hela cells. The green signal indicates live cells, whereas the red signal
indicates dead cells. The experiment was independently repeated three times, each yielding similar results. ****p <0.0001
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inhibition of SiHa cell proliferation (Fig. 3F). We also
measured the levels of intracellular ROS and lipid ROS by
flow cytometry using the ROS detection dye 2,7’-dichlo-
rodihydrofluorescein diacetate (DCFH-DA) and the lipid
ROS probe C11 BODIPY 581/591, respectively. Notably,
after KLF14 overexpression, both the ROS and lipid ROS
levels were significantly higher than those in the control
group (Fig. 4A-D). Moreover, the ability of KLF14 over-
expression to promote ROS and lipid ROS is comparable
to or even stronger than that of RSL3 in SiHa and HeLa
cells. Additionally, the additive or synergistic effect of
KLF14 with RSL3 was greater than that of KLF14 overex-
pression alone. Next, we estimated the intracellular level
of Fe* using the specific fluorescent probe FerroOrange
via confocal microscopy and found that the signal inten-
sity of FerroOrange was markedly increased in KLF14-
overexpressing SiHa cells, and similar to that in the
control group with added RSL3 (Fig. 4E). Mitochondrial
shrinkage and disruption of mitochondrial cristae are
typical features of ferroptosis. We thus examined these
characteristics by TEM. As expected, the TEM images
revealed morphological alterations typical of ferropto-
sis in the KLF14-overexpressing SiHa cells compared
with the control cells. The mitochondria became smaller,
and the number of mitochondrial cristae was reduced in
number or even absent (Fig. 4F). Taken together, these
data suggest that KLF14 indeed triggers ferroptotic death
in cervical cancer cells.

KLF14 induces ferroptosis and inhibits cell proliferation by

downregulating GPX4

To further explore the molecular mechanism related to
the KLF14-mediated ferroptosis phenotype in cervical
cancer cells, we performed a PPI network analysis on
the 66 ferroptosis-related DEGs using the STRING and
Cytoscape (Fig. 5A). The top ten hub genes were iden-
tified from the PPI network (Fig. 5B), and their expres-
sion patterns were visualized via a heatmap (Fig. 5C).
Among the hub genes, GPX4 is not only a marker of fer-
roptotic cell death but also an essential regulator [13]. It
utilizes reduced GSH to reduce the accumulation of lipid
peroxides to protect cells from ferroptosis. The cluster-
ing heatmap of the ten hub genes related to ferroptosis
revealed that after overexpression of KLF14, the expres-
sion of GPX4 significantly changed (Fig. 5C). We there-
fore focused our further analysis on the GPX4 gene. To
support our findings, we evaluated whether KLF14 reg-
ulates GPX4 protein expression. The protein expression
level of GPX4 in both SiHa and HeLa cells was mark-
edly decreased after KLF14 overexpression compared
with that in the corresponding control cells (Fig. 5D-F).
To evaluate whether the ferroptosis-promoting effect of
KLF14 is dependent on the downregulation of GPX4,
we performed rescue experiments. We generated a
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GPX4-overexpressing lentivirus and the corresponding
control lentivirus. These lentiviruses were used to infect
SiHa cells in the stable KLF14 overexpression and con-
trol groups. The overexpression efficiency was then veri-
fied by Western blot analysis (Fig. 5G-H). Transduction
of the KLF14 overexpression construct alone significantly
increased ROS and lipid ROS production, and these
effects were partially reversed by cotransfection with the
GPX4 overexpression construct (Fig. 5I-L). The results of
the RTCA (Fig. 5M) and CCK-8 assays (Fig. 5N) revealed
that GPX4 overexpression partly reversed the suppres-
sive effects of KLF14 overexpression on SiHa cells. These
results show that KLF14 regulates ferroptosis and inhib-
its cell proliferation partially by modulating the expres-
sion of GPX4 in cervical cancer.

KLF14 acts as a transcriptional repressor of GPX4 by
directly binding to its promoter

To explore the molecular mechanism of KLF14-mediated
ferroptosis and identify the direct transcriptional tar-
gets of KLF14, we performed CUT&Tag-seq for KLF14
to map the genome-wide binding of KLF14 in SiHa cells
overexpressing KLF14. CUT&Tag-seq analysis revealed
that a significant proportion of the identified KLF14
binding peaks were localized around TSSs (Fig. 6A).
As shown in Fig. 6B, KLF14 binding sites were identi-
fied in both promoter and nonpromoter regions, with
approximately 53.5% of the KLF14-bound sites located
within a 1-kb region upstream of the TSS. A total of
19048 genes with KLF14 binding sites were annotated.
As expected, the most enriched known motifs matched
the KLF14-binding motifs (Fig. 6C). Known motif enrich-
ment analysis and de novo motif analysis via HOMER
revealed that the KLF14, AZF1, SCL, STZ, KLF5, Maz,
ZNF711, RAP211, KLF6, TF3A, MUB and Elk4 genes
harbored the most significantly enriched DNA-binding
motifs within KLF14-bound regions, suggesting their
potential role as functional mediators of KLF14 activity
(Fig. 6C-D). Among the KLF14 peaks, 36,153 were found
in the KLF14-overexpressing group but not in the con-
trol group, as shown in Fig. 6E. In addition, GO enrich-
ment analysis of the genes associated with the differential
peaks revealed associations with the terms regulation
of binding, protein binding, cellular metabolic process,
positive regulation of cellular metabolic process and cell
differentiation (Fig. 6F). Moreover, KEGG pathway analy-
sis showed the possible associations of the target genes
with pathways related to Parkinson’s disease, the mTOR
signaling pathway, the HIF-1 signaling pathway, apop-
tosis, Alzheimer’s disease, oxidative phosphorylation,
and the wnt signaling cascade (Fig. 6G). Subsequently,
we examined the overlap between the CUT&Tag-seq
and proteomics datasets, revealing 1531 targets whose
expression was directly controlled by KLF14 deficiency
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Fig. 4 KLF14 induces ferroptosis in cervical cancer cells. (A-B) The intracellular ROS levels in SiHa and Hela cells were quantified via flow cytometry
using DCFH-DA staining. The data are presented as the means+SDs. N=3 independent repeats. p values were calculated using one-way ANOVA test.
(C-D) The accumulation of lipid ROS in SiHa and Hel a cells was evaluated via flow cytometry using the BODIPY C11 probe. The data are presented as the
means+SDs. N=3 independent repeats. p values were calculated using one-way ANOVA test. (E) Representative images of intracellular Fe’* acquired
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Fig. 5 KLF14 induces ferroptosis and inhibits cell proliferation by negatively regulating GPX4. (A) PPI network analysis of the 66 ferroptosis-related DEGs
using STRING and Cytoscape. (B) The top ten hub genes were identified by CytoHubba (bottleneck method). The red nodes represent genes with high
bottleneck scores, whereas the yellow nodes represent genes with low bottleneck scores. (C) Heatmap of the 10 hub genes. (D) Immunoblot analysis of
GPX4 expression in SiHa and Hela cells stably expressing KLF14 and the corresponding control cells. N=3 independent repeats. (E-F) Semiquantitative
analysis of GPX4 expression based on WB analysis. The data are presented as the means +SDs. p values were calculated via an unpaired t test. (G) Verifica-
tion of simultaneous and individual overexpression of KLF14 and GPX4 in SiHa cells via Western blotting. N= 3 independent repeats. (H) Semiquantitative
analysis of GPX4 expression based on WB analysis. The data are presented as the means+SDs. p values were calculated using one-way ANOVA test. (I-L)
The levels of ROS (I, J) and lipid ROS (K L) were determined in SiHa cells following simultaneous and individual overexpression of KLF14 and GPX4. The
data are presented as the means+SDs; N=3 independent repeats. p values were calculated via one-way ANOVA test. (M-N) The effects of GPX4 and
KLF14 on cell proliferation were evaluated via RTCA (M, each experiment was performed with 2 technical repeats and was independently repeated three
times. p values were calculated via the Kruskal-Wallis test) and the CCK-8 assay (N, each experiment was performed with 3 technical repeats and was
independently repeated three times. The data are presented as the means+SDs. p values were calculated by one-way ANOVA test). *p <0.05, **p <0.01,

00 20,001, #*p < 0,0001

(as shown in Fig. 6H). Furthermore, CUT&Tag-seq
analysis revealed significant enrichment of KLF14 in the
GPX4 gene promoter region (Fig. 7A); The enrichment of
KLF14 in the GPX4 promoter region was nearly 30-fold
greater than that in the control group. Compared with
that in the control IgG group, the GPX4 promoter was
significantly enriched by KLF14. Therefore, we investi-
gated whether KLF14 directly modulates GPX4 expres-
sion via a transcriptional mechanism.

We first analyzed the promoter region of the GPX4
gene to search for transcription factor-binding sites
in the JASPAR database and found that it contains six
highly conserved KLF14 binding sites (Fig. 3S A). To
further demonstrate that KLF14 represses GPX4 tran-
scription by binding to its promoter, we constructed a
dual-luciferase reporter vector containing the GPX4 pro-
moter. KLF14 effectively inhibited GPX4 promoter activ-
ity, as demonstrated in Fig. 7B. The result is consistent
with the CUT&Tag results mentioned earlier, indicating
KLF14 may bind to the promoter of GPX4 and repress
its expression. Next, we performed a promoter trunca-
tion analysis to identify the KLF14-responsive region in
the GPX4 promoter. The transcriptional repression of
GPX4 by KLF14 was maintained in cells transfected with
the promoter sequence containing —500 to 0 bp (Fig. 7C),
indicating the presence of functional binding sites for
KLF14 within this truncated promoter region. Three
potential binding sites for KLF14 (P1, P2 and P3) were
identified in the GPX4 promoter region (bp —350 bp to
+50) (Fig. 3S B). To investigate the KLF14 binding sites,
we mutated each site individually or all three sites simul-
taneously. Luciferase reporter assays revealed that point
mutations at specific sites within the GPX4 promoter did
not completely abrogate the inhibitory effect of KLF14 on
GPX4. Notably, mutations at sites P1 and P3 attenuated
the inhibitory activity of KLF14 on the GPX4 promoter
compared with the wild-type sequence (Fig. 7D). To fur-
ther verify that KLF14 binds to the promoter region of
GPX4, we constructed dual-luciferase reporter gene vec-
tors with sequential deletions of the GPX4 promoter at
-500 to 0 bp, -1000 to 0 bp, and —1500 to 0 bp. Follow-
ing a dual-luciferase reporter gene assay, we observed

that the inhibitory effect of KLF14 on GPX4 was disap-
peared after the deletion of the sequences from —1000 to
0 bp and —1500 to 0 bp (Fig. 7E). These results indicate
that KLF14 interacts with several specific sites within the
GPX4 promoter region, particularly between —1000 and
0 bp, to exert its suppressive effect.

In humans, the KLF14 gene is intronless, and the
KLF14 protein contains 3 Kruppel-like C2H2 zinc fin-
gers at the C-terminal DNA-binding domain. To assess
whether the integrity of the three zinc finger domains is
essential for KLF14 to exert its transcriptional repres-
sion function, we constructed three truncation mutants
and transfected them into SiHa cells (Fig. 3S C). West-
ern blot analysis shows no difference in the flag-tagged
protein expression levels between the wild-type and the
zinc-finger motif mutants of KLF14 (Fig. 7F-G). In con-
trast, immunofluorescence reveals a notably reduced
fluorescence intensity in the mutants, which may be
due to the mutation affecting certain characteristics of
the protein (Fig. 7H). Next, we performed a dual lucif-
erase reporter assay. Compared with full-length KLF14,
the KLF14 binding site truncation mutants Del-1, Del-2
and Del-3 strongly attenuated the repressive effect on the
GPX4-luciferase reporter (Fig. 7I). RTCA (Fig. 7J) and
CCK-8 (Fig. 7K) assays revealed that, compared with the
intact structure of KLF14, the deletion of any single zinc
finger domain in KLF14 resulted in the loss of its inhibi-
tory effect on the proliferation of SiHa cells. These results
showed that the ability of KLF14 to inhibit GPX4 and
suppress cell proliferation is dependent on its three zinc
finger domains.

KLF14 inhibits GPX4 expression and induces ferroptosis to
suppress cervical cancer proliferation in vivo

Next, we tested whether KLF14 overexpression can
induce ferroptosis in vivo in a xenograft mouse model.
SiHa cells stably expressing KLF14 or control cells gen-
erated via a lentiviral expression system were injected
subcutaneously into nude mice. Tumor growth in the
KLF14-overexpressing group was significantly slower
than that in the control group (Fig. 4S A). Moreover, the
xenograft tumors were smaller in the nude mice in the
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KLF14 overexpression group than in the control group
(Fig. 4S B), implying that KLF14 overexpression inhibited
tumor cell proliferation in vivo. We next investigated the
function of KLF14 in regulating GPX4 in vivo. Tumor tis-
sues were randomly collected and subjected to western
blotting and IHC staining to evaluate GPX4 expression.
The protein expression level of GPX4 was lower in the
KLF14-overexpressing group than in the control group
(Fig. 8A-B and D).

To further evaluate whether KLF14 facilitates ferrop-
tosis in cervical cancer xenografts in vivo, we isolated
tumor tissues and subsequently performed TEM and IHC
staining for 4-HNE, a hallmark of ferroptotic cell death.
We found that KLF14 overexpression resulted in smaller
mitochondria with fewer cristae (Fig. 8C). As expected,
the results of IHC staining of tumor tissues revealed that
overexpression of KLF14 led to the suppression of GPX4
expression and an increase in the 4-HNE level, suggest-
ing that KLF14 overexpression may facilitate ferroptosis
in vivo (Fig. 8D).

Together, these in vivo results were consistent with
those observed in vitro. Therefore, both in vivo and
in vitro experiments confirmed that KLF14 can effi-
ciently repress the expression of GPX4 and subsequently
increase ferroptosis, thereby inhibiting the proliferation
of cervical cancer cells.

Discussion
Most of the current literature on KLF14 emphasizes its
critical roles in regulating metabolism, cell proliferation
and apoptosis, with its other biological activities remain-
ing largely unexplored. Notably, a recent study revealed
that KLF14, primarily by regulating cellular iron metab-
olism, functions as a tumor suppressor that inhibits the
proliferation of hepatocellular carcinoma (HCC) cells
[24], suggesting that KLF14 may play other roles in can-
cer biology. Our study makes three significant contribu-
tions. First, we expanded the known biological functions
of KLF14 and elucidated a novel molecular pathway
through which KLF14 positively regulates ferroptosis in
cervical cancer cells. Second, for the first time, we dem-
onstrated that the transcription factor KLF14 can target
GPX4 and regulate its expression by binding to its pro-
moter. Third, we found that a truncation mutation in
the zinc finger domain of KLF14 not only significantly
reduced its expression levels but also appeared to dimin-
ish its repressive function on the GPX4 promoter. This
alteration may be associated with a potential reduction
in its tumor suppressive activity in cervical cancer cells.
Taken together, these findings suggest that KLF14 might
emerge as a promising therapeutic target for the treat-
ment of cervical cancer.

In fact, early work on KLF14 focused mainly on its par-
ticipation in lipid metabolism and glucose metabolism
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known as “conducting the metabolic syndrome orches-
tra” [31-33]. Since KLF14 was first identified as a tumor
suppressor gene, its potential role in tumorigenesis has
received increasing attention [22, 23, 25]. Programmed
cell death generally plays a crucial role in the develop-
ment and treatment of various cancers. The mechanisms
of cell death in cancer cells are particularly complex and
potentially involve multiple pathways. In our previous
study, we demonstrated that KLF14 significantly pro-
moted apoptosis in cervical cancer cells, thereby inhib-
iting their proliferation. In this study, LDH assays and
dead/live cell staining revealed that overexpression of
KLF14 resulted in an increased LDH release and a sig-
nificant increase in the number of dead cells, suggesting
that KLF14 may impair cell membrane integrity and con-
tribute to cell death. Ferroptosis, a newly described form
of regulated cell death, is an iron-dependent and lipid
peroxidation-driven form of programmed cell death that
has been relatively infrequently reported in the context of
cervical cancer. Ferroptosis was reported to disrupt the
cell membrane’s structural integrity [34]. Modulating fer-
roptosis has emerged as a promising strategy for cancer
treatment [35-37]. These findings suggest that KLF14
suppresses cell proliferation not only through apopto-
sis but also through other pathways, such as ferropto-
sis. However, to our knowledge, there are currently no
reports on the relationship between KLF14 and ferrop-
tosis. Here, we linked KLF14 to roles in regulating both
ferroptosis and cervical cancer growth and explored the
underlying mechanisms involved.

In the present study, we discovered that the ferroptosis
inhibitor lip-1 could partially reverse the suppressed pro-
liferation caused by the overexpression of KLF14. In addi-
tion, we found that KLF14 overexpression significantly
increased lipid ROS and ROS levels in SiHa and HeLa
cells. Consistent with our results, previous reports have
indicated that KLF14 transcriptionally activates PLKI,
thus inducing the accumulation of ROS [38]. Moreover,
the role of KLF14 in enhancing the accumulation of ROS
and lipid ROS was comparable to or even exceeded the
effects observed with RSL3. Previous reports have sug-
gested that mitochondria are a primary source of ROS in
cells, and that several mitochondrial defects trigger the
production of ROS [39]. Our electron microscopy results
indicated that overexpression of KLF14 leads to destruc-
tion of the mitochondrial structure. These findings sug-
gest that KLF14 may disrupt mitochondrial integrity,
resulting in increased ROS release into the cytoplasm,
or potentially impair the ROS clearance machinery. In
addition, an increase in the intracellular Fe** concentra-
tion and alterations in mitochondrial morphology were
detected in SiHa cells. In contrast to our observations,
the latest research has shown that KLF14 is highly corre-
lated with intracellular iron metabolism, and that KLF14
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Fig.7 KLF14 directly binds to the GPX4 promoter region to inhibit GPX4 transcription. (A) Integrative Genomics Viewer (IGV) visualization of the CUT&Tag
signals of KLF14 at the GPX4 promoter locus. (B) Luciferase reporter assay of GPX4 promoter activity in HEK293 cells with or without KLF 14 overexpression.
Each experiment was performed with 3 technical repeats and was independently repeated three times. The data are presented as the means=+SDs. p
values were calculated by an unpaired t test. (C) Promoter truncation assay to locate the KLF14 regulatory region in the GPX4 promoter. (Left) Schematic
representation of the truncated GPX4 promoter constructs. (Right) Luciferase values calculated in the reporter assays with the empty vector or KLF14
expression constructs. Each experiment was performed with at least two technical replicates and was independently repeated three times.The data are
presented as the means = SDs. p values were calculated by two-way ANOVA. (D) Dual luciferase assay with P1, the P2, P3 and P123 mutants. Each experi-
ment was performed with at least two technical replicates and was independently repeated three times. The data are presented as the means+SDs. p
values were calculated by two-way ANOVA. (E) Dual luciferase assay with Del 0-500 bp, 0-1000 bp and 0-1500 bp of GPX4 promoter. Each experiment
was performed with at least two technical replicates and was independently repeated three times. The data are presented as the means+ SDs. p values
were calculated by two-way ANOVA. (F) Western blotting using an anti-Flag antibody was performed to detect the expression of Flag-tagged wild-type
KLF14 and its various zinc-finger motif mutants. N=3 independent repeats. (G) Semiquantitative analysis of Flag expression based on WB analysis. The
data are presented as the means + SDs. p values were calculated using one-way ANOVA test. (H) Immunofluorescence images of truncated KLF 14 proteins
in SiHa cells (Red: KLF14; blue: nucleus). The data are presented as the means+SDs; N=3 repeats. (I) Luciferase reporter assay of GPX4 promoter activity
in HEK293 cells with the WT-KLF14 and mutated KLF14 constructs. Each experiment was performed with at least two technical replicates and was inde-
pendently repeated three times. The data are presented as the means+SDs. p values were calculated by two-way ANOVA.(J-K) The effects of truncated
KLF14 on cell proliferation were evaluated by RTCA (J, each experiment was performed with 2 technical repeats and was independently repeated three
times. p values were calculated by the Kruskal-Wallis test) and the CCK-8 assay (K, each experiment was performed with 3 technical repeats and was
independently repeated three times. The data are presented as the means+SDs. p values were calculated by one-way ANOVA test). *p <0.05, **p <0.01,

**¥p<0.001, ***p<0.0001

knockdown increases the internal iron concentration in
hepatocellular carcinoma cells [24]. This discrepancy may
stem from differences in the experimental methodology
and cell types used. The authors of the referenced study
measured the level of intracellular free iron, whereas we
quantified only intracellular Fe**. Therefore, inducing
ferroptosis may be a novel mechanism by which KLF14
inhibits the proliferation of cervical cancer cells.

GPX4, a central regulator of ferroptosis [13], is also
an essential regulator of ferroptotic cancer cell death
and has been reported to be involved in many patho-
logical processes [40]. Accumulating evidence indicates
that transcription factors or cofactors, by binding to the
promoter region of GPX4 and inhibiting or promoting
GPX4 transcription, play a role in regulating ferroptosis,
thereby influencing the development and progression of
various diseases [41-44]. Recently, GPX4 was linked to
therapeutic resistance in cancer and was found to exhibit
strong synergistic effects to induce the death of drug-
resistant cancer cells, suggesting that targeting GPX4
may be a strategy for overcoming or preventing acquired
drug resistance [45—49].

Here, our results indicated that KLF14 can suppress
the expression of GPX4. Moreover, the overexpression
of GPX4 partially reversed the increases in the ROS
and lipid ROS levels and the inhibition of cell prolifera-
tion induced by KLF14 overexpression. We speculated
that KLF14 triggered ferroptosis possibly by suppress-
ing GPX4 expression, thereby inhibiting cervical cancer
cell proliferation. This finding was further confirmed by a
dual luciferase reporter assay. We found for the first time
that overexpressing KLF14 downregulated the expres-
sion and activity of GPX4 by directly binding to the GPX4
promoter region. These results may explain why KLF14
had additive or synergistic promoting effects with RSL3
in increasing the levels of ROS and lipid ROS in cervical

cancer cells. RSL3 is identified as a potent ferroptosis
activator that binds directly to and inhibits the activity of
GPX4 [13], leading to a rapid accumulation of lipid ROS
and ferroptosis. It is likely due to their combined target-
ing of GPX4. KLF14 inhibits the transcription of GPX4,
whereas RSL3 inhibits the enzymatic activity of GPX4.
The dual inhibition effect results in a significant reduc-
tion in both the quantity and functionality of GPX4. The
combined effects of KLF14 and RSL3 on GPX4 offer a
novel avenue for therapeutic intervention, which specifi-
cally targets conditions that benefit from the induction
of ferroptosis. Although the introduced mutations in the
binding sites of KLF14 in the GPX4 promoter region did
not completely abolish the inhibition of GPX4 transcrip-
tion, our studies have confirmed that KLF14 indeed binds
within the region of GPX4 promoter from —1000 to the
TSS. The current study provides evidence that KLF14
may suppress GPX4 expression through interactions with
multiple sites within the promoter region and implies the
potential involvement of additional unidentified binding
sites or mechanisms in the repression of GPX4 by KLF14.
Furthermore, the differential impacts of various sites
on the repressive activity of KLF14 indicate their dis-
tinct roles in the transcriptional repression mediated by
KLF14. This finding suggests that modulating these sites
could be a therapeutic strategy for conditions sensitive
to GPX4 levels. Therefore, our data further imply that
KLF14, which inhibits tumor growth in cervical cancer
through targeted inhibition of GPX4, is a potential target
for cancer treatment.

Within the KLF family, KLF14 is the only gene with-
out introns. It possesses three DNA-binding zinc finger
domains through which it regulates the transcription
of various genes. Previous studies have shown that the
KLF14-M4 mutant, with a mutation of four amino acids
to alanine, exhibited a significantly reduced inhibitory
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effect on IRP2 promoter activity [24]. Here, we observed
that the KLF14 zinc finger truncation mutation resulted
in the loss of the ability to repress GPX4 promoter activ-
ity, likely because the absence of the zinc finger binding
site prevents KLF14 from binding to the DNA-binding
domain in the GPX4 promoter. Additionally, in parallel

with the observed decrease in GPX4 promoter repres-
sion, the KLF14 zinc finger truncation mutation also
resulted in the loss of its inhibitory effect on SiHa cell
proliferation. These findings suggest that the intact
zinc finger domain of KLF14 is crucial not only crucial
for its interaction with the GPX4 promoter but also for
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executing its tumor suppressive function in cervical can-
cer cells. The absence of the zinc finger binding site likely
disrupts KLF14’s DNA-binding ability, thereby attenu-
ating its regulatory effects on GPX4 and its subsequent
impact on cell proliferation.

Conclusions

In summary, these new mechanistic findings reveal the
role of KLF14 in the regulation of ferroptosis in cervical
cancer and identify novel approaches for the develop-
ment of anticancer therapeutics and strategies.
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