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Gynecological malignancies, particularly cervical, ovarian, and endometrial
cancers, provide considerable worldwide health challenges due to the
increasing incidence of new cases and mortality. Iron-dependent lipid
peroxidation, a regulated process of cell death, has emerged as a highly
promising focus for cancer clinical treatment. This article presents a
thorough analysis of the many processes involved in ferroptosis, focusing
specifically on the influence of epigenetic control, which includes histone
modification, DNA methylation, non-coding RNAs (ncRNAs), and RNA
modifications such as N6-methylcytosine (m6C). Recent findings clarify the
complex interactions between epigenetic variables and the expression of
genes associated with ferroptosis, which in turn affect the survival,
proliferation, and response to treatment of gynecological cancers.
Ferroptosis is strongly influenced by epigenetic control, which may lead to
better management of gynecological malignancies. More effective
treatments for endometrial, ovarian, and cervical malignancies may result
from focusing on processes including histone modification, DNA
methylation, and non-coding RNAs. Applying these discoveries to improve
clinical outcomes and lower mortality should be the main goal of future
initiatives.
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1. Introduction In 2012, scientists identified ferroptosis as a distinct form

of programmed cell death that diverges from necrosis,

Female gynecological malignancies, including cervical,
ovarian, and endometrial cancers, constitute a significant
worldwide health concern. In 2020, research findings
showed that approximately 1.34 million women received
diagnoses for these malignancies, leading to
approximately 650,000 deaths [1,2]. Significantly, the
death incidence for endometrial cancer has increased by
an average of 1% per year. Despite the doubling of
ovarian cancer incidence in industrialized countries, the
overall mortality risk is similar in industrialized and
developing regions [3]. The main therapeutic approaches
for malignant malignancies currently include surgical
procedures, chemotherapy, radiation, and targeted or
immunobiological therapies. Nevertheless, the ongoing
existence of medication resistance is a huge challenge,
reducing the effectiveness of treatment, increasing the
possibility of recurrence, and placing substantial
financial burdens on healthcare systems [4,5]. As a result,
it is critical to investigate molecular mechanisms and
therapeutic ~ targets relevant to  gynecological
malignancies.
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apoptosis, and autophagy by depending on iron and
substantial lipid peroxidation [6]. In 2012, scientists
found that ferroptosis is a unique type of programmed
cell death that is different from necrosis, apoptosis, and
autophagy because it relies on iron and a lot of lipid
peroxidation [7,8]. Current studies frequently
demonstrate a correlation between tumor development
and the suppression of ferroptosis, suggesting the
involvement of many proto-oncogenes and tumor
suppressor pathways in its regulation [6,9]. Studies have
shown that ferroptosis plays a pivotal role in
gynecological cancers by influencing tumor growth,
chemotherapy resistance, and overall patient prognosis.
For example, the suppression of ferroptosis has been
directly linked to enhanced tumor aggressiveness and
reduced sensitivity to conventional therapies in cervical,
ovarian, and endometrial cancers [10-14].

Epigenetic regulation, which influences gene expression
or activity without altering the DNA sequence, plays a
significant role in gene expression through
transcriptional and posttranscriptional processes [15].
Key processes like histone changes, DNA methylation,
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specific noncoding RNAs (ncRNAs), and
posttranscriptional regulation by miRNAs mediate
transcriptional regulation [16]. Four distinct categories of

regulators enable the dynamic and reversible
characteristics of epigenetic alterations: "writers,"
"erasers," "readers," and "remodelers." These regulators

play a crucial role in the addition, removal, recognition,
and moderation of chromatin states, respectively [17].
Emerging research shows that both conventional
signaling pathways and epigenetic processes regulate the
expression of ferroptosis-related genes (FRGs) [18].

This article provides an overview of the recent
advancements in studying ferroptosis in gynecological
cancers. Changing histone proteins, DNA methylation,
ncRNAs, and RNA m6A modification are some of the
epigenetic control mechanisms that are being looked at
in detail. Furthermore, it emphasizes the significance of
these epigenetic regulators in biological processes and
their possible impact on the treatment of ferroptosis-
related diseases. The review's objective is to identify
novel therapy targets and improve gynecological cancer
management by elucidating these mechanisms. The
present investigation aims to explore the association
between epigenetic regulation and ferroptosis. This has
the potential to offer novel strategies for combating
cervical, ovarian, and endometrial malignancies. Given
the critical role of ferroptosis in modulating tumor
dynamics and therapy resistance in gynecological
cancers, further exploration of its regulatory mechanisms
could unveil novel therapeutic opportunities, offering
more effective and personalized treatment strategies for
patients.

2. Ferroptosis: An Overview

Regulated cell death (RCD) encompasses diverse
processes essential for preserving cellular equilibrium,
supporting development, and responding to infections.
Among these, apoptosis is a widely recognized non-lytic
form of cell death characterized by intact membrane
integrity, cellular shrinkage, and the activation of specific
caspase proteins [19]. In contrast, lytic forms of RCD,
such as pyroptosis, necroptosis, and ferroptosis, involve
cellular disintegration that leads to the release of
inflammatory molecules. Pyroptosis is mediated by
inflammasomes and gasdermin proteins, playing a key
role in immune activation [20]. Necroptosis, in turn, is
regulated by receptor-interacting protein kinases (RIPK1
and RIPK3) and mixed-lineage kinase domain-like
protein (MLKL), while ferroptosis is uniquely defined by
its dependence on lipid peroxidation driven by iron
accumulation and oxidative stress [21,22].

Additionally, emerging forms of RCD, including
cuproptosis and PANoptosis, have expanded our
understanding of these mechanisms. Cuproptosis is
triggered by the accumulation of copper that causes

mitochondrial protein aggregation, resulting in cell death.

Meanwhile, PANoptosis integrates features from
pyroptosis, apoptosis, and necroptosis under specific
stimuli [23]. These pathways collectively illustrate the
complexity of cell death mechanisms, especially in
cancer biology, where disruptions in RCD processes
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often contribute to resistance against therapies and tumor
progression.

Iron dependence and lipotoxicity are distinguishing
features of ferroptosis, a specific form of controlled cell
death that has been discovered in recent years [24]. This
mechanism impedes the function of the lipid repair
enzyme glutathione peroxidase 4 (GPX4), resulting in
the accumulation of lipid reactive oxygen species (ROS),
which are lipid hydroperoxides [25]. At the genetic level,
several genes are involved in the control of ferroptosis
[26]. In contrast to other forms of cell death that cause
noticeable changes in the physical structure of cells,
ferroptosis mostly affects the internal composition of
cells. This includes a reduction in mitochondrial size, an
increase in membrane density, the absence of cristae, and
the fragmentation of the outer mitochondrial membrane.
Meanwhile, the cell membrane remains intact, and there
are minimal changes in the nuclear structure without
chromatin condensation [25].

The main contributing factors to ferroptosis are the
enzyme GPX4's inability to repair peroxidation, the
accumulation of reactive iron, and the oxidation of
phospholipids containing polyunsaturated fatty acids
(PUFAS) [27]. As a result, the cells experience a decrease
in their antioxidant capacity and an increase in the
accumulation of lipid ROS, ultimately leading to cell
death [28]. Several pathways modulate the activity of
glutathione peroxidase, including the XC-/GSH/GPX4
system, the ACSL4/LPCAT3/15-LOX pathway, and the
FSP1/CoQ10/NAD(P)H pathway [29]. These pathways'
overall contribution to ferroptosis regulation highlights
their complex molecular features.

2.1 Ferroptosis: An Investigation of the Function of
the System XC—/GSH/GPX4 Axis

The System XC-/GSH/GPX4 axis is critical in regulating
ferroptosis as an essential antioxidant system. The
plasma membrane-bound system XC- acts as a reverse
transporter, facilitating the importation of cysteine into
the cytosol to assist in the synthesis of glutathione (GSH)
[30]. System XC- inhibition leads to a decrease in
intracellular cysteine levels, which is essential for GSH
synthesis [31]. Enzyme GPX4 is the primary catalyst for
reducing and detoxifying phospholipid hydroperoxides
(PLOOHS) in the cells of mammal [32]. Erastin and
RSL3 both increase ferroptosis, but they do so in
different ways. RSL3 stops GPX4 from working directly,
while erastin stops it indirectly by lowering the import of
cysteine. This lowers the amount of cysteine in cells,
which is needed to make GSH [33]. Aggregation of
PLOOHSs causes rapid and irreversible damage to the cell
membrane, eventually leading to cell death [34].

The mechanism of action of GPX4 involves the
conversion of reduced GSH into its oxidized state,
recognized as glutathione disulfide (GSSG) [35]. This
mechanism facilitates the reduction of lipid peroxide
(LPO) levels and the preservation of cellular redox
equilibrium. This enzyme is the only one that directly
catalyzes the reduction of hydrogen peroxide generated
by biofilm lipids [36]. The suppression of the System
XC-/GSH/GPX4 pathway leads to the accumulation of
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lipid peroxidation (LPO) and the subsequent initiation of
ferroptosis [37]. The molecule erastin functions as a
ferroptosis inducer through effectively blocking System
XC-, therefore disturbing the equilibrium of redox
processes and causing an elevation in the buildup of lipid
peroxidation [38]. In mammalian cells, the preservation
of GSH synthesis and the prevention of cell death are
dependent on the presence of both intracellular and
extracellular cysteine [39]. Iron sequestrants or
hydrophilic antioxidants can help to mitigate this process
by maintaining cysteine levels in equilibrium and
decreasing ferroptosis [29].

2.2 The Function of the ACSL4/LPCAT3/15-LOX
Axis in Ferroptosis

Lipopolyphosphatidylcholine acyltransferase 3 (LPCAT3)
and acyl-coenzyme A synthase long chain family
member 4 (ACSL4) are recognized as crucial catalysts
for ferroptosis [40]. These enzymes play a vital role in
activating  internally located iron chains by
reprogramming metabolic lipids. ACSL4 is a key
isoenzyme in the metabolism of PUFAs, and it plays a
major role in determining how susceptible cells are to
ferroptosis [41]. It accomplishes this by facilitating the
incorporation of PUFAs into phospholipids, an essential
step in ferroptosis [42]. By binding to coenzyme A,
ACSL4 acts as a catalyst for activating long-chain
PUFAs. LPCATS3 then transforms these activated PUFAs
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into phospholipids through transesterification, thereby
improving PUFA integration into cellular membranes
[43].

Higher levels of ACSL4 make cells more sensitive to
ferroptosis [40]. ACSL4 improves the metabolism of
PUFAs, particularly arachidonic acid (AA) and adrenic
acid (AdA), to achieve this. ACSL4 facilitates the
conversion of AA and AdA into their CoA derivatives,
which  LPCAT3  then  esterifies to  form
phosphatidylethanolamines (AA-PE and AdA-PE) [44].
he enzyme 15-LOX (ALOXI15) oxidizes these
derivatives, leading to the formation of Ilipid
hydroperoxides [45]. In turn, these hydroperoxides
function as signals for ferric ions, thereby promoting
ferroptosis. The ACSL4/LPCAT3/15-LOX axis greatly
influences the cellular lipid composition and plays a vital
role in the generation of lethal lipid peroxides during
ferroptosis [29].

The altered cellular lipid content by ACSL4 is
instrumental in determining susceptibility to ferroptosis.
By making lipid peroxides through ACSL4-mediated
lipid biosynthesis [46], the lipoxygenase enzyme, which
contains iron, helps cells die. In ovarian cancer, miR-
424-5P specifically targets ACSL4 expression, leading to
the inhibition of ferroptosis in cancer cells. Because of
this, stopping the expression of ACSL4 may be a key
way that cells become resistant to ferroptosis (Figure 1)
[47].
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Figure 1. Overview of Ferroptosis Mechanisms and Lipid Peroxidation Defense Pathways. This illustration details the process of
ferroptosis, driven by the oxidation of lipids dependent on polyunsaturated fatty acids (PUFAs) such as arachidonic acid (AA) and
adrenic acid (AdA), alongside ROS and iron. Transferrin and its receptor (TFR1) are essential for Fe** transport, while STEAP3 and
DMT!1 facilitate the reduction and transport of Fe?', leading to lipid peroxidation. Enzymes like ACSL4 and LPCAT3 are key in
forming AA-PE/AdA-PE, with PKCII detecting lipid peroxidation and enhancing it by phosphorylating ACSL4. GPX4 uses GSH to
convert toxic lipid peroxides (PL-OOH) into non-toxic forms (PL-OH), supported by the cystine/glutamate antiporter xCT. FSP1
mitigates lipid peroxidation by reducing oxidized CoQ to CoQH2 independently of GSH and activates a vitamin K cycle to inhibit
ferroptosis. Additionally, BH4 provides antioxidant protection independent of GPX4 and FSP1, while NRF2, a key regulator of
antioxidant responses, inhibits lipid peroxidation by upregulating multiple ferroptosis inhibitors.

2.3 Investigation of the FSP1/CoQ10/NAD(P)H axis in
Ferroptosis

AIFM2, a constituent of the apoptosis-inducing factor
(AIF) family, participates in the activity of
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oxidoreductases and has the ability to trigger
predetermined cell death Following its recognition as an
anti-iron porphyrin gene, AIFM2 has been dubbed
ferrocyte apoptosis suppressor protein 1 (FSP1) [29].
FSP1 functions to prevent iron-induced lipid
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peroxidation by interacting with ubiquinone (CoQ10), a
reductant that neutralizes lipid peroxyl radicals.
Researchers have demonstrated that combining
pharmacological targeting of FSP1 with GPX4 inhibitors
stimulates ferroptosis in various tumor types [48].

The activation of CoQ10 is essential in the mevalonate
(MVA) pathway, and modifying this pathway presents a
promising approach for controlling ferroptosis [49].
Cardamoylation transports FSP1 to the plasma
membrane, where it acts as an oxidoreductase, enabling
the synthesis of ubiquinone from CoQ10 via NADPH
[50,51]. NADPH reduces lipid peroxide levels by acting
as a lipophilic anti-radical agent. When working together
with GPX4 and GSH, the FSP1/CoQ10/NAD(P)H axis
protects against phospholipid peroxidation and stops
ferroptosis [50].

3. The Mechanisms Underlying Ferroptosis in Cancer

Multiple forms of regulated cell death, including
apoptosis, autophagy, necrosis, and ferroptosis, can occur
in cancer cells as tumors progress [52-54]. Ferroptosis,
an iron- and lipid-peroxidation-dependent type of cell
death, has garnered significant attention due to its dual
impact on tumor biology, functioning as both a potent
tumor suppressor in many contexts and, under certain
conditions, contributing to tumorigenesis or progression
[55]. Below, we integrate evidence for ferroptosis as a
tumor-suppressive mechanism and discuss how cancer
cells can adapt or exploit this pathway, thereby
promoting tumor advancement.

3.1 Induction of Ferroptosis for Tumor Suppression

Ferroptosis serves as a powerful tumor-suppressive
mechanism by inducing cell death through oxidative
damage. This process disrupts critical cellular functions
in cancer cells, curtailing their growth, migration, and
resistance to therapies. Silencing GPX4, an essential
regulator of ferroptosis, using small interfering siRNAs,
significantly depletes GPX4 protein levels and leads to
an accumulation of lipid ROS, resulting in ferroptotic
death in renal cell carcinoma cells. This effect can be
reversed by antioxidants or iron chelators, demonstrating
the pivotal role of GPX4 in maintaining redox balance
[56]. Inhibiting the cystine/glutamate transporter
SLC7A11 (System Xc—), either pharmacologically or
genetically, impairs cystine uptake and GSH synthesis,
triggering oxidative stress and ferroptotic death across
various cancer models [57,58]. Elevated levels of
SLC7A1l1 or GPX4 in tumors act as protective
mechanisms against ferroptosis, and their inhibition
significantly suppresses tumor cell proliferation and
metastatic potential [56,59].

Additional studies highlight the role of other molecular
players in enhancing ferroptosis. GOT!1 inhibition
increases GSSG and NADP+ levels, rendering cancer
cells more susceptible to ferroptosis, especially when
combined with butionine sulfoximine (BSO). This
synergy can be reversed by ferrostatin-1, demonstrating
the ferroptosis-specific nature of this cytotoxicity [60]. In
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clear cell renal cell carcinoma, KLF2 downregulates
GPX4, reducing cancer cell invasiveness [61].

Similarly, in hepatocellular carcinoma, miR-211-5p
suppresses ACSL4, a key ferroptosis regulator, leading to
decreased tumor proliferation, migration, and invasion
[62].

Ferroptosis also mitigates metastatic potential. Increased
expression of SLC7A11 correlates with higher rates of
lymph node metastases in esophageal squamous cell
carcinoma [63], while elevated GPX4 levels facilitate
renal cancer cell motility [64,65]. Combining ferroptosis
inducers with radiotherapy amplifies lipid ROS and
ACSL4  expression, significantly improving the
radiosensitivity of cervical cancer cells [66].

The tumor-suppressive function of ferroptosis is
supported by several key genes. TP53, for instance,
represses SLC7A11 in an ALOX12-dependent manner,
promoting ferroptosis and inhibiting tumor growth
[67,68]. Mutations in TP53 that abolish its ability to
regulate ferroptosis also compromise its tumor-
suppressive role [69,70]. BAP1, a tumor suppressor,
reduces histone H2A ubiquitination at the SLC7Al1
promoter, enhancing ferroptosis and restricting tumor
progression [71,72]. Additional tumor suppressors,
including FH, KEAPI, and MLL4, contribute to
ferroptosis-mediated cancer suppression by regulating
oxidative stress pathways and lipid metabolism [73-75].

3.2 Tumors Activating Role of Ferroptosis

Although ferroptosis is a well-documented tumor-
suppressive mechanism, under specific conditions, it
may paradoxically promote tumor progression. This dual
nature depends on the context, such as the tumor
microenvironment or the adaptive capabilities of cancer
and immune cells.

In a pancreatic ductal adenocarcinoma (PDAC) model,
reduced GPX4 expression or an iron-rich diet accelerated
the progression of pancreatic intraepithelial neoplasia,
heightened stromal activation, and worsened survival
outcomes. Mice with KrasG12D/+ and Gpx4 alterations
also exhibited increased rates of liver and lung
metastases. These findings suggest that partial ferroptotic
stress or iron overload can inadvertently support
malignancy by creating a microenvironment conducive
to tumor growth [76].

Immune evasion is another avenue through which
ferroptosis may facilitate tumor progression. CD36-
mediated fatty acid uptake induces ferroptosis in tumor-
infiltrating CD8+ T cells, weakening their antitumor
function. Blocking CD36 or ferroptosis in these immune
cells restores their cytotoxic capacity and limits tumor
expansion [77].

Tumors frequently evade ferroptosis by upregulating
antioxidant defenses and iron-regulatory systems.
Overexpression of SLC7A11, GPX4, and FSP1, along
with elevated GSH levels, equips cancer cells to
withstand oxidative damage [78-81]. Genetic and
metabolic adaptations further reinforce this resistance;
for instance, NFS1, Frataxin, CISD2, and prominin 2
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reduce the labile iron pool, limiting lipid peroxidation
and ferroptosis [82,83].

The tumor microenvironment also plays a crucial role in
ferroptosis evasion. Lymphatic tissues rich in oleic acid
promote MUFA-phospholipid synthesis via ACSLS3,
stabilizing membranes against oxidative damage [84].
Hormonal factors, including estrogen and androgen,
regulate enzymes such as MBOAT1 and MBOAT2,
further protecting hormone-sensitive tumors from
ferroptosis [85]. These adaptations illustrate how tumors
can co-opt ferroptosis-related pathways to ensure
survival and progression.

Table 1. Strategies for Ferroptosis Induction and Inhibition in Cancer
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The dual nature of ferroptosis highlights its context-
dependent role in cancer biology (Table 1). While robust
induction of ferroptosis effectively suppresses tumor
growth, metastasis, and therapy resistance, partial
ferroptotic  stress can  reshape the  tumor
microenvironment, enabling cancer cells or immune cells
to adapt and thrive. Understanding the genetic, metabolic,
and environmental factors influencing these outcomes is
essential for developing therapeutic strategies that
maximize the anti-tumor potential of ferroptosis while
minimizing unintended consequences.

Xc stress.

SLC7A11/System |GSH and inducing oxidative

Category Strategy Mechanism Perspective References
Inhibits the key enzyme A plvot_al apprgach for directly m_ducmg
. .. : ferroptosis, offering a potent mechanism to
. reducing lipid peroxides, | . . . .
Targeting GPX4 . . .| eliminate tumor cells resistant to conventional |[57]
leading to ferroptotic death in . . . .
cancer cells ther.aples. Requires precise dehvery systems to
) avoid collateral damage to healthy tissues.

A widely applicable strategy in ferroptosis
Inhibition of | Blocks cystine import, depleting | induction, particularly effective in tumors

overexpressing SLC7A11. Optimal outcomes |[58,59]
may depend on combinatorial regimens with
chemotherapy or radiotherapy.

Induction of | Enhancing

Combines ferroptosis inducers

A synergistic approach that leverages ferroptosis
to potentiate the cytotoxic effects of

Iron-Regulatory

Adaptations evade ferroptosis.

GPX4, and other pathways to

Ferroptosis |Radiation with radiotherapy to amplify|radiotherapy, particularly in radioresistant|[67]
for  Tumor |Sensitivity lipid ROS and tumor cell death. |cancers. Promises enhanced treatment efficacy
Suppression while reducing the required radiation dose.
Targets metabolic vulnerabilities specific to
Inducing Increases GSSG and NADP+, cancer cells, offer.lng  a_precise method to
A ) .”|enhance ferroptosis induction. Particularly
Oxidative  Stress | enhancing ferroptosis L - . 7 |[61]
e beneficial in combination with ferroptosis-
Through GOT1 sensitivity. ) . oL )
inducing agents for maximizing therapeutic
effects.
Exploits natural tumor-suppressive mechanisms
Activating Tumor- | Promotes ferroptosis by|to induce ferroptosis, providing a targeted
Suppressive regulating genes like TP53,|approach for therapy. Clinical applications may |[68-75]
Pathways BAPI, and KEAP1. require strategies to selectively activate these
pathways in tumor cells.
. . | Creates a pro-tumor | Highlights the dual role of ferroptosis in cancer,
Partial Ferroptosis| _. . . . .
from Iron microenvironment thro_ugh where partial activation  can 11_1advertently [76]
ferroptotic  stress and iron|promote tumor progression. Requires careful
Overload . . .
accumulation. modulation to avoid such outcomes.
CD36-mediated  fatty  acid A crltlca} challlenge. in 1mmun9therapy, where
Immune Cell . . . |ferroptosis  induction in immune cells
. . |uptake induces ferroptosis in . . . . .
Ferroptosis Via| cpe T cells.  weakening | COmPromises antitumor immunity. Targeting |[77]
Tumors CD36 . ’ £lcp36 may restore immune function and
o . immune defenses. .
Activating enhance therapeutic outcomes.
Role of .. Represents a significant barrier to ferroptosis-
Ferroptosis Antioxidant and| Tumors upregulate SLCTAIL, based therapies. Inhibiting these adaptive

mechanisms could improve treatment efficacy [78-81]

and counteract therapy resistance.

. . Tumor
Microenvironment

al Lipid

Modulation synthesis,

peroxidation.

reducing

microenvironment
stabilizes membranes via MUFA
lipid

Underscores the role of the tumor
microenvironment in  ferroptosis  evasion.
Targeting lipid metabolic pathways may |[82-85]
enhance ferroptosis susceptibility in resistant
tumors.

3.3 Ferroptosis as a Therapeutic Strategy for Drug-
Resistant Cancers and Its Broader Clinical Potential

Ferroptosis has emerged as a promising approach to

address the challenge of drug resistance in cancer therapy.

In hepatocellular carcinoma (HCC), for example,
YAP/TAZ co-regulates the expression of SLC7A11 with
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ATF4, enabling tumor cells to evade sorafenib-induced
ferroptosis and thereby fostering drug resistance [86].
Resistance mechanisms also involve NRF2, which
modulates genes such as GPX4 and SLC7A11 along the
SLC7A11-GPX4-GSH pathway [87,88]. Similarly,
ZEB1 has been shown to increase in chemotherapy-
resistant stromal cells, yet this upregulation renders them
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more vulnerable to ferroptosis triggered by statins or
GPX4 inhibitors [89]. Intriguingly, drug-resistant
neuroblastomas can also be targeted by ferritin A-
induced ferroptosis, suppressing cell proliferation in
high-risk cases [90].

One major part of ferroptosis induction is through
inhibition of System Xc-, which regulates cystine uptake.
Erastin exemplifies this strategy by depleting
intracellular GSH, triggering ferroptosis, particularly in
RAS-mutated cancers [91-93]. Despite erastin’s promise
in enhancing the efficacy of cisplatin and doxorubicin, its
poor solubility and stability have spurred the
development of variants such as Piperazine erastin (PE)
and ketone erastin [94]. Sulfasalazine (SAS),
traditionally an anti-inflammatory agent, also induces
ferroptosis via System Xc- blockade, albeit with lower
potency [95].

Sorafenib, a multikinase inhibitor frequently used against
advanced cancers, presents a unique paradox: although it
can induce ferroptosis in some settings, it may also
inhibit ferroptosis in HCC through NRF2 and Rb
activation [96]. Resistance to sorafenib has been tied to
MT-1G signaling, prompting efforts to block MT-1G and
enhance drug efficacy [97]. Additionally, certain cancer
cells can bypass System Xc- inhibition by activating the
transsulfuration pathway and synthesizing cysteine from
methionine, thus evading ferroptosis [30]. Beyond
System Xc-, targeting GPX4-a critical enzyme
preventing lipid peroxidation-can directly induce
ferroptosis. Compounds like RSL3 inactivate GPX4 by
modifying its functional residues [98], while FIN56 both
degrades GPX4 and depletes CoQ10 [99]. Other agents,
including withaferin A and BAY 87-2243, promote iron
accumulation or GPX4 inactivation, further sensitizing
cells to ferroptosis [100,101].

Recent advances extend to nanotechnology-based
ferroptosis inducers, such as aMSH-PEG-C’ dots, which
increase intracellular iron and ROS while depleting GSH
[101]. Iron-containing nanoparticles similarly release
reactive iron in acidic tumor microenvironments,
promoting  ferroptosis  [102,103]. For instance,
SRF@FelIIITA (SFT) nanoparticles inhibit GPX4 under
lysosomal conditions, and arginine-rich manganese
silicate nanobubbles effectively scavenge GSH,
enhancing ferroptotic cell death [104,105].

Complementary to these findings, mounting evidence
shows how ferroptosis-inducing compounds can reverse
cancer therapy resistance in a variety of malignancies.
Baicalin, for example, destabilizes NRF2 through
ubiquitin-mediated degradation, curbing NRF2 targets
such as GPX4 and xCT, and thereby eliciting ferroptosis
[106]. Wogonin increases iron levels, lipid peroxidation,
and superoxide production while reducing ferroptosis
suppressor proteins, effectively targeting pancreatic
cancers [107]. Another agent, ponicidin, blocks
pancreatic cancer cell proliferation by inhibiting the
gamma-glutamyl cycle and regulating polyunsaturated
fatty acid metabolism [108].

Lung cancer, a persistently prevalent malignancy, has
likewise been shown to respond to ferroptosis inducers.
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Bufotalin (BT), a GPX4 inhibitor, triggers ferroptosis via
GPX4 ubiquitination and degradation in non-small cell
lung cancer [109]. Similarly, Timosaponin AIIl (Tim-
AIIl) binds to heat shock protein 90 (HSP90), boosting
GPX4 ubiquitination and degradation [110]. In renal cell
carcinoma, salinomycin-induced ferroptosis is mediated
by the Disulfide Isomerase Family A Member 4 (PDIA4),
whose autophagic degradation enhances tumor cell
sensitivity to ferroptosis [111].

Notably, sorafenib continues to demonstrate potent
antitumor effects as a ferroptosis inducer across multiple
cancers [112]. An important study reported that sorafenib
upregulates activating transcription factor 2 (ATF2),
which in turn targets HSPH1. This protein interacts with
SLC7AL11, stabilizing it and influencing ferroptosis [113].
These diverse pro-ferroptotic agents-including wogonin,
ponicidin, sorafenib, and salinomycin-underscore the
broad potential of ferroptosis in cancer therapy [114,115].

Targeted interventions, including small molecules,
natural compounds, and nanotechnology-based agents,
offer significant translational potential. By integrating
ferroptosis-based  therapies with established and
emerging treatments, the oncology community may
unlock novel strategies to overcome resistance, enhance
patient survival, and usher in a new era of cancer care.

4. Epigenetic Regulation in Ferroptosis

Epigenetics is the study of heritable alterations in gene
function that result in phenotypic phenomena without
any modifications in the DNA sequence. Accumulating
data suggests that epigenetic control influences
ferroptosis through gene transcription, posttranscription,
or post-translation processes. Therefore, focusing on
epigenetic mechanisms in ferroptosis is anticipated to
offer a novel approach for treating disorders associated
with ferroptosis. The present study will concentrate on
the epigenetic control mechanisms encompassing histone
modifications, DNA methylation, ncRNAs, and RNA
modifications in the context of ferroptosis (Figure 2).

’ microRNAs | circular RNAs

long non-coding RNAs
Non-Coding RNAs

Gynecological Cancers

erroptosis

| Methylation histone modifications

SUMOylation RNA modifications

m6A Methylation

Acetylation

Phosphorylation

DNA methylation

Figure 2. Epigenetic control mechanisms involved in the
context of ferroptosis in gynecological cancers.
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4.1 DNA Methylation

Recent studies have shown how important epigenetic
inheritance is for keeping iron balance. This is done by
methylating DNA in CpG islands (CGlIs), which are key
for  controlling gene expression [116,117].
Approximately 80% of CpG dinucleotides in vertebrates
are methylated, with 5-methylcytosine (5mC) being a
hallmark of gene silence. However, CGIs commonly stay
hypomethylated [118]. However, CGIs commonly stay
hypomethylated. The distinctive characteristics of CGls,
such as their abundant CpG and GC content and binding
sites for transcription factors, promote gene activation.
Alterations in DNA methylation can have a substantial
effect on gene expression since higher levels of
methylation result in gene suppression, whereas lower
levels are associated with gene activation [119].
Increased quantities of free iron can impede the function
of DNA methyltransferase, as observed in HFE mutant
mice [120]. Iron chelators such as deferoxamine can be
administered to restore this function, indicating a clear
correlation between iron levels and epigenetic alterations
[121]. Furthermore, enzymes like 3-hydroxybutyrate
dehydrogenase 2 play a crucial role in regulating iron
equilibrium. Blocking these enzymes can lead to
excessive iron accumulation, particularly affecting the
growth of cancer cells and the translation of genes
related to iron metabolism [122].

In cancer biology, the process of methylation of certain
genes has become a crucial determinant of cell survival
and the advancement of the illness. Significantly, in
cervical squamous cell carcinoma (CESC), researchers
have linked the cancer cells' ability to avoid ferroptosis, a
type of iron-dependent cell death, to the reduction in
methylation of FRGs like AQP3, MGST1, and TFRC.
Researchers have shown that methylation alterations in
specific genes like AQP3, MGST1, and TFRC confer
resistance to ferroptosis. This resistance is linked to the
disease's behavior, which impedes immune responses
and patient outcomes. The results show that methylation
is important for keeping cervical cancer cells alive by
stopping ferroptosis. This shows how important it is for
both the progression of cancer and new ways to treat it
[123]. In endometrial cancer (EC), FAMS83H-ASI1
activates DNMT1-mediated hypermethylation of the
CDO1 promoter, hence enhancing resistance to
ferroptosis.  Epigenetic  silencing reduces CDOI1
expression, indicating that FAM83H-AS1 may be a
promising candidate for addressing ferroptosis resistance
in EC [124].

Simultaneously, the field of therapy has witnessed
impressive advancements with the advent of DNA
hypomethylating drugs such as NTX-301. This chemical
effectively  targets ovarian cancer cells by
downregulating DNA methyltransferases, leading to a
significant reprogramming of gene expression that
affects 15,000 genes. The reprogramming process
changes lipid metabolism by lowering unsaturated fatty
acids and raising oxidized lipids. This causes ferroptosis,
a type of cell death. Both in vitro and in vivo studies
have demonstrated the capacity of NTX-301 to cause
ferroptosis, resulting in a substantial inhibition of tumor
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development. What they found shows that NTX-301 is a
new way to treat ovarian cancer because it changes
epigenetics to cause ferroptosis [125].

4.2 Histone Modifications in Ferroptosis

A recent investigation has shown that chemical
alterations of the tails of the four main histone proteins,
namely H2A, H2B, H3, and H4, have a substantial
impact on the interactions between histones and other
nuclear proteins. Modifications of this nature are
essential for controlling target gene expression. For
instance, studies have demonstrated that histone changes
in non-Hodgkin lymphoma control genes related to
ferroptosis, such as GPX4 and SLC7A11 [126,127]. hus,
histone changes intricately control ferroptosis,
highlighting the significance of epigenetic mechanisms
in managing cellular processes related to this specific
type of controlled cell death. These modifications
encompass acetylation, methylation, phosphorylation,
adenylation, ubiquitination, and SUMOylation [128].

The hypoxic tumor microenvironment in cervical cancer
facilitates epigenetic remodeling, which is a key factor in
the development of ferroptosis resistance. Integral to this
mechanism is the increase in expression of KDM4A,
which enhances HIF1 transcription by altering the
H3K9me3 marker in the promoter region of HIF1a. This
increase in expression results in higher levels of
ferroptosis resistance indicators, including TfR1 and
DMT1, as well as increased iron concentration and MDA
levels. KDM4A and HIFla exhibit significant expression
and a strong positive correlation in cervical cancer
tissues. Suppressing KDM4A lowers HIFla expression,
raises H3K9me3 expression, and makes cells more
vulnerable to ferroptosis. This shows how important
epigenetic control is for protecting cells from ferroptosis
in low-oxygen environments [129]. An investigation has
revealed that the SUMOylation of KDM4A at the K471
locus is a crucial element in determining resistance to
ferroptosis in cervical cancer cells, particularly under
hypoxia-like conditions. The aforementioned conditions
enhance the protein levels of KDM4A, SUMOI, and
UbcY9 while decreasing the levels of SENPI1. The
enhanced interaction between KDM4A and SUMOI1
results in reduced H3K9me3 concentrations in the
promoter region of SLC7A11, thereby facilitating the
production of SLC7A11 and GPX4. Silencing KDM4A
or altering its K471 locus reduces SUMOylation levels,
increases H3K9me3, decreases SLC7A11 expression,
and reduces ferroptosis resistance in cervical cancer cells
[130].

Researchers have extensively explored the therapeutic
implications of histone alterations, particularly focusing
on the effect of histone deacetylase (HDAC) inhibitors.
Experimental demonstrations have demonstrated the
epigenically driven mechanism by which sodium
butyrate (NaBu), a well-characterized HDAC inhibitor,
induces ferroptosis in endometrial cancer cells. NaBu
triggers epigenetic modifications that increase RBM3
expression by inhibiting HDACs. Consequently, the
decreased expression of SLC7All, a crucial gene
implicated in resistance to ferroptosis, results in
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heightened ferroptosis in cancer cells. This study
suggests that NaBu exerts its anti-cancer effects by
modifying the RBM3/SLC7A11 axis at the epigenetic
level. This presents a new treatment strategy for
specifically targeting endometrial cancer through
epigenetic processes [131].

Furthermore, new research has revealed that the
Cdc25A/PKM2/ErbB2 axis plays a role in providing
resistance to ferroptosis in cervical cancer. Previous
studies have demonstrated that Cdc25A suppresses
ferroptosis in cervical cancer cells by removing
phosphate groups from PKM2, resulting in elevated
ErbB2 levels and decreased autophagy. This mechanism
contributes to the development of resistance against the
cancer medication sorafenib. Evidence indicates that
focusing on the Cdc25A/PKM2/ErbB2 pathway may be
a promising approach to augment ferroptosis and boost
therapy results in cervical cancer [132].

4.3 RNA Modifications in Ferroptosis

RNA methylation, which accounts for more than 60% of
all RNA modifications, has garnered considerable
interest in the field of epigenetics over the last decade.
Within this group, N6-methyladenosine (m6A) is the
most prevalent post-transcriptional alteration observed in
messenger RNAs [133]. The enzymes METTL3,
METTL14, WTAP, and KIAA1429 are responsible for
facilitating the incorporation of methyl groups into RNA,
hence establishing the m6A modification. In contrast,
"erasers" such as ALKBHS and FTO play a vital role in
eliminating these methyl marks through demethylation
[134]. Some well-known "readers" are the YTH domain
protein family and the heterogeneous nuclear
ribonucleoprotein (HNRNP) family, which are RNA-
binding proteins that only find m6A-modified mRNAs
[135]. These components collectively have a crucial
function in controlling the stability, splicing, translation,
and degradation of RNA, therefore exerting influence on
various cellular processes and biological parameters.

Studies have demonstrated that METTLI4 enhances
sorafenib-induced ferroptosis in cervical cancer by
decreasing the stability of FTH1I mRNA through m6A
methylation. There is a negative correlation between
decreased expression of METTL14 and m6A

methylation and the prognosis of cervical cancer patients.

Researchers have found that overexpressing METTL14
increases FTH1I mRNA methylation, which decreases
FTHI1 stability and expression. However, knocking down
METTL14 lowers ferroptosis. Inhibition of the PI3K/Akt
pathway or overexpression of FTHI counteracts
METTLI14's increase in sorafenib-induced ferroptosis,
indicating that METTL14 may be a promising target for
improving sorafenib's anticancer effectiveness [136].

Analysis of endometrial cancer reveals that PRMT3
plays a crucial role in enhancing resistance to therapy by
methylating METTL14. This, in turn, promotes m6A
methylation through a mechanism that depends on m6A-
YTHDF2. This mechanism stabilizes GPX4 mRNA,
thereby decreasing ferroptosis. PRMT3 inhibition
disrupts this process, leading to increased ferroptosis and
enhancing the effectiveness of treatments like anti-PD-1,
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cisplatin, and radiation. Targeting PRMT3 may improve
treatment outcomes in endometrial cancer by making
cancer cells more likely to undergo ferroptosis [137].
Further emphasizing the role of RNA methylation in
cancer, miR-30c-5p induce the m6A modification of
KRAS to decrease the growth and movement of cervical
cancer cells. This implies the existence of a wider
regulatory network in which non-coding RNAs impact
gene expression mediated by m6A transcription [138].

Additionally, m6A  methylation mediated by
HNRNPA2B1 has been shown to enhance FOXMI
expression in endometrial cancer, which in turn promotes
tumor progression and resistance to ferroptosis. The
stabilization of FOXMI1 mRNA by HNRNPA2BI
through m6A alteration leads to higher expression of
LCN2, which helps cells become resistant to ferroptosis.
In cisplatin-resistant endometrial cancer cells, decreasing
FOXM1 levels enhances ferroptosis. Overexpression of
LCN2, on the other hand, can reverse this effect. This
suggests that targeting the HNRNPA2B1/FOXM1/LCN2
axis may help overcome drug resistance [139].

The study demonstrates that HNRNPA2B1 methylation
of m6A promotes FOXM1 expression in endometrial
cancer, thereby facilitating tumor advancement and
increasing its resistance to ferroptosis. The stabilization
of FOXM1 mRNA by HNRNPA2B1 via m6A alteration
results in enhanced expression of LCN2, thus
contributing to the development of ferroptosis resistance.
Lowering the amount of FOXMI1 in cisplatin-resistant
EC cells caused more ferroptosis, but increasing the
amount of LCN2 had the opposite effect. These findings
indicate that focusing on the
HNRNPA2B1/FOXM1/LCN2 pathway may be effective
in overcoming medication resistance in endometrial
cancer [140]. Furthermore, ovarian cancer recognizes
IGF2BP3 as a crucial regulator that specifically targets
CACNAIA via m6A RNA modification, suppressing
ferroptosis and stimulating tumor development.
CACNAIA inhibition disrupts calcium equilibrium,
leading to elevated levels of ROS and ferroptosis. This
suggests that targeting the IGF2BP3-CACNAIA axis
may be a potentially effective therapeutic approach for
the treatment of ovarian cancer (Figure 3) [141].
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4.4 Non-Coding RNAs in Ferroptosis: Implications
for Gynecological Cancers

RNA, an essential macromolecule in cells, plays an
important role in gene control and information
transmission. From a functional perspective, it can be
classified into two distinct types: coding RNA and non-
coding RNA [142]. Although coding RNAs are primarily
responsible for creating proteins, non-coding RNAs
(ncRNAs) can have crucial functions in disease
processes, such as encoding peptides or proteins
associated with tumors. This part looks at how non-
coding RNAs, such as microRNAs (miRNAs), long non-
coding RNAs (IncRNAs), and circular RNAs (circRNAs),
work in the ferroptosis process that is connected to
gynecological cancers [143-146].

4.4.1 MiRNAs Related to Gynecological Cancers in
Ferroptosis

Among the most intensively researched non-coding
RNAs in tumor biology are microRNAs. These short,
single-stranded RNA molecules, which are usually 20-24
nucleotides long and are made by endogenous genes,
play key roles in controlling both translational and
transcriptional activity [147,148]. The involvement of
miRNAs in several biological processes encompasses the
regulation of metabolic pathways, facilitation of tumor
growth, modulation of cell migration and invasion, and
contribution to resistance against chemotherapeutic
regimens [149]. When target mRNAs are processed after
transcription, microRNAs bind to the 3’ untranslated
region of those mRNAs. This effectively controls gene
expression. This interaction has the ability to impede
protein translation by either repressing the translation
process or diminishing the ceRNA's stability [150,151].
Investigating microRNAs linked to ferroptosis as a
treatment approach shows enormous potential in the
therapeutic domain of cancer [152]. Only a small portion
of identified miRNAs, with either pro- or anti-ferroptosis
properties, have found direct therapeutic applications.
These findings emphasize the urgent requirement for
additional research to fully exploit their promise in the
field of cancer therapy. The intricate relationship among
miRNAs, ferroptosis, and cancer advancement makes it
highly promising to target these molecules for treatment,
especially in gynecological malignancies like cervical
and ovarian cancer.

MicroRNAs play a crucial role in cancer biology by
directly influencing the expression of genes essential for
ferroptosis, a type of programmed cell death. In ovarian
cancer, miR-424-5p assumes this function by specifically
targeting ACSL4, a crucial enzyme involved in lipid
metabolism, therefore diminishing the susceptibility to
ferroptosis inducers such as erastin and RSL3.
Amplification of ACSL4 expression can counteract miR-
424-5p-induced ferroptosis suppression. The suppression
of ACSL4 by miR-424-5p not only enhances the survival
of cancer cells but also is associated with a negative
prognosis, underscoring its potential as a viable target for
improving ferroptosis-based treatments [47].
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Similarly, in ovarian cancer, miR-93-5p exerts a
substantial effect by suppressing SLC7A11, an essential
constituent of the cystine/glutamate antiporter. Lowering
the levels of SLC7A11 through miR-93-5p leads to better
ferroptosis and slower tumor growth. Erastin, a selective
inhibitor of SLC7A11, stimulates ferroptosis and can
mitigate the consequences of miR-93-5p suppression.
This study indicates that miR-93-5p may serve as a
promising therapeutic target for ovarian cancer by
controlling the process of SLC7A11-mediated ferroptosis.
Highlighting the potential of directed treatment of this
miRNA to impede the progression of malignancy [153].
The involvement of miR-1-3p in ovarian cancer serves to
further demonstrate the influence of miRNAs on the
ferroptosis process. The biological activity of miR-1-3p
inhibitors is the opposite of that of miR-1-3p mimics,
which increase ferroptosis and decrease cell survival.
Inhibition of FZD7 by miR-1-3p can counterbalance the
reduced sensitivity to ferroptosis inducers caused by
overexpression of FZD7. These results indicate that miR-
1-3p may be a promising therapeutic target for
stimulating ferroptosis in ovarian cancer [154].

The regulation of ferroptosis is also evident in cervical
cancer, where miR-660-5p plays a crucial role.
Disseminated by tumor-associated macrophages (TAMs),
miR-660-5p reduces the expression of ALOXI15, a
crucial gene involved in lipid peroxidation, hence
preventing ferroptosis. The STAT6 pathway, which is
activated by IL4/IL13, slows down this process. This
shows how the tumor microenvironment and miRNA
control cell death are connected in a complex way [155].
Similarly, in ovarian cancer, the release of IL-6 from M2
macrophages further strengthens the mechanism by
enhancing GPX4 expression, which in turn augments
ferroptosis resistance. Bioinformatics analysis revealed a
dramatic upregulation of miR-1228-3p in ovarian cancer
patients. The upregulation of miR-1228-3p expression by
IL-6 leads to the subsequent stimulation of IL-6
production by M2 macrophages, thereby establishing a
feedback loop that amplifies the expression of GPX4 and
resistance to ferroptosis. In vivo studies demonstrated
that upregulation of GPX4 and miR-1228-3p leads to an
increase in tumor growth, whereas suppression
effectively decreases it. The results emphasize the miR-
1228-3p/GPX4 pathway as a promising therapeutic focus
for ovarian cancer [156]. Furthermore, researchers have
identified EPASI1, a gene strongly associated with
hypoxia and ferroptosis, as a crucial factor in promoting
malignant behavior in cervical cancer. When EPASI is
overproduced in cervical cancer tissues, it increases cell
proliferation, invasion, and migration while decreasing
apoptosis. The regulation in question pertains to the
MALAT1/miR-182-5p axis and super-enhancers, namely
elements E1 and E3. This observation implies that
EPASI1 has the potential to be a target for both the
diagnosis and therapy of cervical cancer [157].

A cervical cancer prognostic model, incorporating gene
expressions linked to ferroptosis, showcases the
predictive role of miRNAs in cancer progression. This
model revealed a substantial upregulation of CA9 mRNA
in cancer lesions, controlling a competitive endogenous
RNA (ceRNA) pair, CA9/ULBP2. The participation of
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hsa-miR-34a in this regulatory network provides a novel
understanding of cervical cancer development and
presents  opportunities for possible therapeutic
approaches aimed at this axis [158].

Studies that show medicines like lidocaine and zinc
oxide nanoparticles (ZON) can activate ferroptosis
through miRNA pathways highlight the therapeutic
potential of miRNA regulation even more. Lidocaine
stimulates ferroptosis in ovarian and breast malignancies
by increasing the expression of miR-382-5p, which in
turn reduces the expression of SLC7A11. This results in
a higher generation of ROS and increased iron buildup.
These effects not only increase cellular apoptosis but
also establish lidocaine as a highly promising therapeutic
choice [159,160]. Similarly, ZON exerts its anti-cancer
effects on cervical cancer by enhancing the expression of
miR-506-3p, thereby reducing the expression of CD164,
a protein associated with cancer cell proliferation and
resistance to ferroptosis. The utilization of nanoparticles
in this research presents a new and promising therapeutic
strategy, which may also be relevant to other forms of
cancer [161]. A comprehensive analysis of miRNA
studies in ferroptosis reveals the complex regulatory
functions these molecules have in cancer, providing
valuable understanding of novel therapeutic approaches
that utilize miRNA modification to overcome resistance
and induce cell death.

4.42 LncRNAs Associated with Gynecological
Cancers in Ferroptosis

Long non-coding RNAs are RNA molecules that exceed
200 nucleotides in length. These molecules have
considerable importance in regulating gene expression at
several levels, such as transcription and post-
transcriptional control. [162]. Research indicates that
numerous biological processes, including cellular
differentiation, cell cycle control, and the preservation of
stem cell pluripotency, are dependent on IncRNAs [162].
By downregulating membrane receptors and inhibiting
proteins linked with necroptosis, the overexpression of
specific long non-coding RNAs (IncRNAs) can impede
the extrinsic apoptotic pathway in cancer cells. Long
non-coding RNAs (IncRNAs) have also become
important regulators of ferroptosis, which changes how
cancer cells react to this type of controlled cell death
[163].

LncRNAs often change ferroptosis by attaching to
certain miRNAs. This changes the expression of
important genes connected to ferroptosis. In epithelial
ovarian cancer (EOC), ADAMTS9-AS1 controls
ferroptosis by specifically targeting the miR-
587/SLC7A11 axis. Increasing miR-587 and decreasing
SLC7A1l to lower ADAMTS9-AS1 improves
ferroptosis. This suggests that targeting this long non-
coding RNA (IncRNA) could be a new way to treat
essential oily cyst (EOC) [164]. EGFR-AS1 modulates
ferroptosis in cervical cancer by upregulating miR-133b,
which in turn downregulates EGFR. Therefore, the
increase in autophagy-mediated ferroptosis suggests that
targeting EGFR-AS1 has the potential to improve
treatment outcomes [165]. In endoplasmic reticulum,
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LINC02936 inhibits ferroptosis by targeting SIX1 to the
promoter of the CP gene, resulting in elevated CP
production. Given its function in promoter control, this
IncRNA is a crucial target for improving ferroptosis and
slowing down tumor development [166].

By suppressing ferroptosis, these long non-coding RNAs
(IncRNAs) directly contribute to the promotion of tumor
development and malignancy, making them promising
targets for cancer treatment. The FTHI1/IGF2BPI
pathway mediates the action of CACNAI1G-AS1 in
ovarian cancer, suppressing ferroptosis and promoting
cell proliferation and migration. Downregulation of this
long non-coding RNA reduces tumor proliferation,
establishing CACNA1G-AS1 as a major factor in
ovarian cancer development [167]. In cervical cancer, the
TMPO-AS1 protein interacts with lipocalin 2 (LCN2),
which lowers the levels of iron and lipid ROS inside
cells. This, in turn, increases resistance to ferroptosis and
promotes the development of tumors. Directly targeting
TMPO-AS1 may offer therapeutic advantages in
situations  characterized by elevated TMPO-ASI1
expression [168]. In ovarian cancer, TPT1-AS1 controls
ferroptosis by modulating GPX4 expression through the
transcription factor CREB1. By inhibiting ferroptosis,
TPT1-AS1 promotes cancer cell survival and
proliferation, making it a crucial therapeutic target [169].

Long non-coding RNAs exhibit involvement in both
tumor advancement and resistance to therapy.
Additionally, they serve as significant indicators for
predicting  outcomes, thus informing treatment
approaches and patient care. A prognostic model based
on ferroptosis-related long non-coding RNAs has
established the carcinogenic nature of CFAP58-DT in
endometrial cancer. The present model categorizes
patients into distinct risk groups, whereas CFAPS58-DT
shows promise as a prognostic indicator and a reference
for the administration of immunotherapy and
chemotherapy [170]. RNA sequencing analysis has
revealed that LINCO01833 and LINC02321 are genes
associated with cuproptosis (copper-induced cell death)
in cervical cancer. Their elevated expression is associated
with increased cell proliferation and migration,
indicating that they may serve as targets for treatment in
cervical cancer [171].

4.4.3 Circular RNAs and Gynecological Cancers in
Ferroptosis

Circular RNAs (circRNAs) are chiefly categorized into
three groups based on their structural features: exonic,
circular intronic, and exonic-intronic circRNAs
[172,173]. These molecules perform critical functions in
their roles as miRNA sponges and protein scaffolds.
Compared to miRNAs, circRNAs are more common,
stay the same over time, and are specific to tissues. This
makes them very appealing as biomarkers for a wide
range of diseases. A notable example is the discovery of
aberrant expression of circRNA-002178 in lung cancer,
which greatly facilitates its identification. The majority
of circular RNAs (circRNAs) exhibit exceptional
stability and specificity [174]. In cancer cells, aberrant
expression levels of circular RNAs are associated with
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cellular activities such as cell proliferation, autophagy,
and apoptosis, so they play a role in defined cell death
pathways [174]. Furthermore, circular RNAs exert an
impact on the stability of microRNAs (miRNAs) after
transcription by adjusting the expression of their target
genes. In cancer cells, circRNAs function as sponges to
control the process of ferroptosis [175].

Some circular RNAs promote cancer development by
suppressing ferroptosis, therefore enabling cancer cells to
avoid this type of cell death. In cervical cancer, the
expression of circEPSTI1 is increased, and it is involved
in the regulation of cell ferroptosis via the miR-375/409-
3P/515-5p-SLC7A11 pathway. CircumEPSTI1 inhibits
ferroptosis and enhances cancer cell growth. Both in vivo
and in vitro research, including studies using mice
xenografts, validate its substantial contribution to cancer
progression and support its potential as a biomarker and
therapeutic target [176]. circACAP2 is another circRNA
upregulated in cervical cancer, where it suppresses
ferroptosis via the miR-193a-5p/GPX4 axis. Acting as a
ceRNA, circACAP2 sponges miR-193a-5p, leading to
enhanced GPX4 expression, which is crucial for cancer
cell survival. Knockdown of circACAP2 reduces cell
viability and increases ferroptosis, indicating its role in
malignant progression and as a potential target for
therapy [177]. The expression of hsa circ_ 0007615 is
increased in epithelial ovarian cancer and is linked to a
negative prognostic outcome. Specifically targeting miR-
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874-3p and the TUBB3 gene, it changes ferroptosis to
help cancer cells grow, migrate, and invade. Inhibiting
hsa_circ_0007615 increases ferroptosis, suggesting its
potential as a prognostic indicator and a therapeutic
target in early EOC [178].

Certain circRNAs contribute to chemoresistance by
suppressing ferroptosis, which allows therapy-resistant
cancer cells to persist. CircSnx12 enhances ovarian
cancer's resistance to cisplatin by inhibiting ferroptosis
through the miR-194-5p/SLC7A11 pathway. This
circular  RNA inhibits ferroptosis by acting as a
molecular sponge for miR-194-5p, enabling cancer cells
to withstand cisplatin therapy. To address cisplatin
resistance in ovarian cancer, an effective therapeutic
approach may involve targeting circSnx12 [179].

Some circRNAs establish interactions with splicing
regulators, resulting in alternative splicing events that
enhance resistance to ferroptosis. In endometrial cancer,
circRAPGEFS5 enhances ferroptosis resistance through its
interaction with the splicing regulator RBFOX2,
resulting in alternative splicing of the TFRC gene.
During this splicing event, exon-4 is omitted, leading to a
decrease in iron availability and lipid peroxide
generation. Consequently, cancer cells become more
resistant to ferroptosis. The circRAPGEFS/RBFOX2 axis
offers a promising therapeutic avenue for addressing
ferroptosis resistance in endometrial cancer (Figure 4)
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Figure 4. The role of non-coding RNA and their direct targets in ferroptosis.

5. Conclusion

An exploration of ferroptosis and its complex control by
epigenetic processes offers a potential new area of
research in the management of gynecological
malignancies. It is possible to target these pathways for
therapeutic advantage due to the intricate interaction
between the expression of ferroptosis-related genes and
numerous epigenetic modifications, including DNA
methylation, histone alterations, RNA modifications
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including m6C, and the involvement of ncRNAs. These
approaches have the potential to alleviate the difficulties
presented by medication resistance, thereby enhancing
the therapeutic results for patients suffering from cervical,
ovarian, and endometrial cancers. Therefore, future
studies should give priority to translating these findings
into practical clinical applications, promoting a
fundamental change in the treatment of gynecological
malignancies and improving the effectiveness of current
therapeutic approaches.
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Abbreviations

GPX4: Glutathione Peroxidase 4

ROS: Reactive Oxygen Species

ncRNAs: Non-coding RNAs

m6C: N6-methylcytosine

GSH: Glutathione

PLOOHSs: Phospholipid Hydroperoxides
PUFA: Polyunsaturated Fatty Acids

SLC7AT11: Solute Carrier Family 7 Member 11

ACSL4: Acyl-CoA Synthetase Long Chain Family
Member 4

LPCAT3: Lysophosphatidylcholine Acyltransferase 3
15-LOX: 15-Lipoxygenase

FSP1: Ferroptosis Suppressor Protein 1

CoQ10: Coenzyme Q10

NADPH: Nicotinamide Adenine Dinucleotide Phosphate

AIFM2: Apoptosis-Inducing  Factor
Associated 2

FTH1: Ferritin Heavy Chain 1
GSSG: Glutathione Disulfide

Mitochondria-

DFO: Deferoxamine

HDAC: Histone Deacetylase
KDM4A: Lysine Demethylase 4A
HIF1: Hypoxia-Inducible Factor 1
MVA: Mevalonate

miRNAs: MicroRNAs

siRNAs: Small Interfering RNAs
IncRNAs: Long Non-Coding RNAs
circRNAs: Circular RNAs

RBM3: RNA Binding Motif Protein 3
TMPO-AS1: Thymopoietin Antisense RNA 1

TPT1-AS1: Tumor Protein Translationally-Controlled 1
Antisense RNA 1

TFRC: Transferrin Receptor

CACNAI1G-AS1: CACNAIG Antisense RNA 1
LCN2: Lipocalin 2

GOT1: Glutamate Oxaloacetate Transaminase 1
SLC1A5: Solute Carrier Family 1 Member 5

ACADSB: Acyl-CoA Dehydrogenase Short/Branched
Chain

RBFOX2: RNA Binding Fox-1 Homolog 2
EPASI1: Endothelial PAS Domain Protein 1
mo6A: N6-Methyladenosine
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FZD7: Frizzled Class Receptor 7

IL-6: Interleukin 6

Cdc25A: Cell Division Cycle 25A

PKM2: Pyruvate Kinase M2

ErbB2: Erb-B2 Receptor Tyrosine Kinase 2
SENP1: SUMO1/Sentrin Specific Peptidase 1
SUMOL1: Small Ubiquitin-Like Modifier 1
ALOX15: Arachidonate 15-Lipoxygenase
FOXMI1: Forkhead Box M1

IGF2BP3: Insulin Like Growth Factor 2 MRNA Binding
Protein 3

CACNATI1A: Calcium Voltage-Gated Channel Subunit
Alphal A

CD164: CD164 Molecule Scaffold Attachment Factor 1
KRAS: KRAS Proto-Oncogene, GTPase
LC3: Microtubule Associated Protein 1 Light Chain 3
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