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Cervical cancer is one of the leading causes of tumor-related deaths among
women. Chemotherapy in cervical cancer is mainly based on cisplatin, but
this drug has limited efficacy; therefore, alternative treatment options are
needed. Ferroptosis represents a novel form of cell death. In cervical epi-
thelium, ferroptosis occurs in the early neoplastic stages of papillomavirus
infection but shifts to evasion in carcinoma. Combination therapy has the
potential to enhance cancer cell death and overcome resistance develop-
ment. Herein we demonstrate that dimethyl fumarate (DMF), a Food and
Drug Administration (FDA)-approved anti-inflammatory drug, induces fer-
roptosis in cervical cancer cells in a dose-dependent manner and inhibits
growth in spheroid models. Cotreatment with DMF and cisplatin signifi-
cantly decreases cell viability compared to either drug alone. Under
DMF/cisplatin combination, cervical cancer cells underwent to glutathione
depletion and p53 (re)activation, leading to cell death by both ferroptosis
and apoptosis. We found a p53-mediated downregulation of the Solute
Carrier Family 7 Member 11 (SLC7A11)/Cystine/Glutamate Transporter
(xCT) expression and glutathione levels. Our results suggest that combined
administration of DMF and cisplatin, by targeting the dependency of cervi-
cal cancer cells on glutathione and (re)activating p53, represents a promis-
ing anticancer therapeutic strategy.
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DMF plus CDDP induces ferroptosis and apoptosis

1. Introduction

Cervical cancer represents one of the leading causes of
tumor-related deaths among women, worldwide [1,2].
The primary etiological factor in cervical cancer devel-
opment is persistent infection with high-risk human
papillomaviruses (HR-HPVs) [3,4]. Although preven-
tive vaccinations against HPV infection are available,
an increase in the rate of cervical carcinoma has been
reported in the last decades [5]. Studies conducted over
the past 30years have shown that the viral proteins
E5, E6, and E7 are crucial drivers of HPV-mediated
transformation [6]. They interact with and inactivate
several proteins of the host cells involved in signaling
cascades essential for proper cycle regulation and
tumor suppression [6-9]. In addition, E6 and E7 pro-
teins act in concert to induce tumors in transgenic
mice [10-13]. The oncoprotein E6 enhances p53 degra-
dation via the ubiquitin-proteasome pathway by inter-
acting with the cellular ubiquitin ligase ECAP/UBE3A
(E6-associated protein) [14]. Consequently, abrogation
of p53 tumor suppressor function causes genomic
instability and impairs apoptosis in response to DNA
damage. Furthermore, the E6 oncoprotein fosters
human telomerase reverse transcriptase (hTERT)
expression in a p53-independent axis [15-17]. The
major function of the E7 oncoprotein is the negative
control of the retinoblastoma protein (pRb) [18], lead-
ing to the release of E2F transcription factors which
promote cell cycle progression [7]. E7 can also interact
with other cell cycle regulatory proteins, such as
cyclin-dependent kinase inhibitors (e.g., CDKNIA/p21
and CDKNIB/p27), thereby accelerating cell cycle
progression and contributing to malignant transforma-
tion [9].

Ferroptosis is a programmed cell death distinct from
apoptosis and other forms of death [19]. It is charac-
terized by the accumulation of toxic lipid peroxides,
produced through dioxygenation, due to dysfunction
in antioxidant systems such as glutathione (GSH),
increased reactive oxygen species (ROS), and iron
accumulation. These changes cause irreversible damage
to the cell membrane and ultimately cell death [20].

Data over the past 20 years indicate that ferroptosis
can contribute to the progression of various diseases
or even prevent certain pathophysiological processes
[21-23]. In fact, on one hand, ferroptosis has been
causally linked to neurodegenerative disorders [24],
blood diseases [25], senescence/aging [26], as well as to
kidney- and ischemia-reperfusion injuries [27,28]; on
the other hand, ferroptosis is considered a tumor sup-
pressor mechanism, and its induction represents a
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novel therapeutic option to inhibit the growth of dif-
ferent tumor types [23,29,30]. Unlike other types of
cell death, ferroptosis holds significant potential in
translational medicine, particularly in overcoming ther-
apy resistance in cancer. Pharmacological activators of
ferroptosis have been proposed as potential therapeutic
agents to promote cancer cell death [31].

Several studies have demonstrated that ferroptosis is
a key mechanism in cervical carcinogenesis and treat-
ment response, as reviewed in Refs [32,33]. Specifically,
it has been reported that in HPV-infected cervical can-
cer cells, ferroptosis occurs during the transition from
normal to squamous intraepithelial lesion (SIL) [34].
However, during the transformation from SIL to squa-
mous carcinoma, some cells acquire anti-ferroptosis
mechanisms mainly driven by KRAS signaling that
facilitate both survival and cervical cancer progression.
Under ferroptosis-inducing stimuli, HPV-positive cer-
vical cancer cells can increase activities of Glutamate—
Cysteine Ligase Modifier Subunit (GCLM) and Gluta-
thione Peroxidase 4 (GPX4) to activate lipid peroxida-
tion clearance, which correlates with in vivo expression
data [34]. Therefore, it is essential to identify novel
drugs, treatments, or synergistic therapies that sensitize
cervical cancer cells to ferroptosis, thereby enhancing
responses to conventional treatments and preventing
tumor recurrence.

GSH is an endogenous antioxidant molecule and
essential component of defenses against ferroptosis,
being a cofactor of the GPX4 enzyme that repairs lipid
peroxides [19,35,36]. Accordingly, a metabolomic anal-
ysis revealed that cysteine and glutathione increase in
cervical cell lines [37]. Preservation of intracellular
GSH consequently improves cell survival, whereas its
loss predisposes cells to death. GSH levels are sus-
tained by the activity of the trans-membrane Xx.- sys-
tem composed of the Solute Carrier Family 7 Member
11 (SLC7A11)/Cystine/Glutamate Transporter (xCT)
and the Solute Carrier Family 3 Member 2
(SLC3A2)/4F2 Cell-Surface Antigen Heavy Chain
(4F2hc) subunits, that exchanges cystine (the precursor
of cysteine) into cells with glutamate export [19,38,39].
Concerning SLC7AL11, it has been demonstrated that
following its inhibition, cancer cells become more sen-
sitive to radiotherapy [40].

Cisplatin-based first-line chemotherapy shows limited
efficacy in cervical cancer [41]. Additionally, its clinical
use is often restricted by adverse effects and toxicities
affecting the gastrointestinal, renal, neurological, and
hematological systems [42]. Therefore, there is a need to
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identify new treatment options for cervical cancer. Com-
bination therapies, which employ drugs with different
mechanisms of action, have the potential to eliminate a
greater number of cancer cells and overcome resistance,
provided effective drug combinations are identified
(reviewed in Ref. [43]). Dimethyl fumarate (DMF) is an
FDA-approved anti-inflammatory drug, and emerging
studies suggest that DMF also exerts an antitumor
activity in some types of cancers, including glioblas-
toma, melanoma, and colon cancer [44-46].

In the present study, we aimed to evaluate the anti-
tumor efficacy of DMF in cervical cancer. Specifically,
we investigated whether high doses of DMF (200 um)
can induce ferroptosis in 2D cervical cancer cell
models and reduce growth in 3D spheroid systems. We
also explored whether subcytotoxic DMF, in combina-
tion with cisplatin doses below the IC50, enhances
cancer cell death by promoting both ferroptosis and
apoptosis pathways. Finally, we examined the involve-
ment of glutathione-dependent mechanisms, including
the Nrf2-SLC7A11 axis and p53 signaling, in mediat-
ing the cellular response to DMF and cisplatin.

2. Materials and methods

2.1. Cell cultures and reagents

SiHa (RRID: CVCL_0032), C4I (RRID: CVCL_2253),
HeLa (RRID: CVCL_0030), and Caski (RRID:
CVCL_1100) cervical cancer cell lines were purchased
from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cell lines used in this research
were authenticated by short tandem repeat (STR) pro-
filing within the past 3 years (July 2025). All experi-
ments were conducted using mycoplasma-free cells,
confirmed through PCR testing. SiHa, C4I, and HeLa
cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM, #PMSTVMSYV; Microgem, Naples,
Italy), Caski cells in Roswell Park Memorial Institute
1640 (RPMI, #31870-025; Thermo Fisher Scientific,
Monza, Italy) Medium, all supplemented with 10%
fetal bovine serum (FBS, Low Endotoxin South Amer-
ican Origin # RM10432; Microgem) and 1% of an
antibiotic’s mixture (penicillin and streptomycin #
PBSAVSMYV; Microgem) at 37°C and 5% CO,. All
the treatments were performed on cells at 70% conflu-
ence, seeded 24 h prior to start treatments. Dimethyl
fumarate (#242926; Sigma-Aldrich, St. Louis, MO,
USA), sulfasalazine (#S0883; Sigma-Aldrich), dimethyl
sulfoxide (DMSO) (#A3672; Applichem, Darmstadt,
Germany), cisplatin was provided by clinicians at
1 mgmL™" (Accord Healthcare, Harrow, UK) proto-
cols of Policlinico Federico IT (Naples, Italy).
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2.2. Cell viability assay

Cell viability was evaluated using the Cell Counting Kit-8
(E-CK-A362; Elabscience Hustion, Texas, USA), accord-
ing to the manufacturer’s protocol. Briefly, cells were
seeded in 96-well plates at a density of 5.5 x 107 cells the
day before treatments. After treatments, the cells were
incubated with fresh complete medium containing 10%
(v/v) of CCK-8 buffer provided in the kit for 1 h. The
absorbance was measured at 450 nm using a Synergy H1
Hybrid multiplate reader (Agilent Bio Tek, Santa Clara,
CA, USA). The relative cell viability was calculated by
normalizing the absorbance of treated cells to that of con-
trol cells treated with vehicle.

2.3. Generation of 3D models

3D models from SiHa and C4I cells were generated by
combining Hanging drop method and the use of methyl-
cellulose (MC) (#M0512; Sigma-Aldrich) in the media,
as described by Ware et al. [47] to limit their disaggrega-
tion. Briefly, cells were counted and resuspended into an
adequate volume of complete culture medium contain-
ing 10% of MC to achieve a final concentration of
500 cells-uL~". Drops of 20 uL were pipetted onto the lid
of 100 mm dishes that were then inverted over dishes
containing 10mL phosphate buffer solution (PBS,
#TL1006; Microgem) to maintain humidity. Hanging
drops were cultured at 37°C and 5% CO, for 4days.
The resultant cell aggregates (spheroids) were trans-
ferred into 96-well plates with round bottom (#MS-
9096UZ; S-BIO, Tokyo, Japan) containing 100 puL of
complete culture medium. Subsequently, spheroids were
treated as specified, and the images were acquired using
an inverted light microscope (Leica, Wetzlar, Germany).
To analyze the size of spheroids, the IMAGEJ software
(NIH, Bethesda, MD, USA) was used. The area of each
spheroid was determined by manually drawing a line
around its perimeter.

2.4. Cell growth assay

To assess cell proliferation over time, cell growth
assays were performed by manual cell counting. SiHa
and C4I cells were seeded at a density of 7.5x10*
cells/well in 24-well plates containing complete DMEM
medium. Twenty four hours after seeding, cells were
treated with DMF (100, 150 and 200 pm) or vehicle.
At 24, 48, and 72-h post-treatment, cells were collected
by trypsinization and resuspended in PBS. The number
of cells was counted using a Biirker hemocytometer
under a light microscope (Leica). Data are expressed
as cell number per milliliter.
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2.5. Malondialdehyde (MDA) assay

The MDA amounts were measured using a colorimet-
ric assay kit (E-BC-K028-M; Elabscience Biotechnol-
ogy). After treatments, 3 x 10° cells were washed with
PBS and lysed in 500 pL of the supplied extraction
solution using ultrasonic cell disruptor. To remove
insoluble material, a centrifugation at 10000g for
10 min at 4°C was performed. Subsequently, 0.1 mL
of lysate samples were mixed with 1 mL of working
solution (supplied by kit) and incubate at 100 °C for
40 min. After incubation, the materials were centri-
fuged at 1078 g for 10 min at 4 °C. Finally, 250 pL of
the supernatant were transferred into 96-well plate and
the OD in each well was measured at 532 nm using
Synergy H1 Hybrid multiplate reader (Agilent Bio
Tek).

2.6. Glutathione colorimetric detection assay

To determine the GSH amounts, a glutathione colori-
metric detection kit (# EIAGSHC; Invitrogen, Carls-
bad, CA, USA) was used. Briefly, upon treatments,
5.5x10* SiHa and C4I cells (5x10°) were lysed in
75 pL of 5% salicylic acid provided in the kit and then
centrifugated at 21953 g for 10 min at 4 °C. The super-
natants were collected for the assays. For the quantiza-
tion, samples (50 pL) were mixed with equal volumes
of supplied colorimetric detection reagent and reaction
mixture (25pL each) in a supplied half-area 96-well
plate and incubated for 20 min at room temperature.
Then, the absorbance at 405 nm was measured using
Synergy H1 Hybrid multiplate reader (Agilent Bio
Tek).

2.7. Lipid peroxidation assay

Lipid peroxidation was measured using the Image-iT
Lipid Peroxidation Kit (# C10445; Invitrogen), based
on the BODIPY 581/591 C11 fluorescent probe, which
shifts emission from red to green upon oxidation.
Briefly, SiHa and C4I cells were seeded in plated on
p-Slide 8 wells (#80826; ibidi GmnH, Grafelfing,
Germany) 24 h prior to treatments. According to the
manufacturer’s instructions, treated and untreated cells
were washed twice in PBS and incubated into the com-
plete growth medium with 10 pm Image-iT Lipid Per-
oxidation Sensor for 30 min at 37 °C. Hoechst 33342
(Bio-Rad, Hercules, CA, USA) was added during the
remaining 15min incubation to stain the nucleus of
live cells. Pictures were captured by using the Leica
Thunder Imaging System (Leica Microsystems,
Wetzlar, Germany) incorporating a Lumencor
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fluorescence LED light source and a LEICA DFC9000
GTC camera. Images were captured with LAs X soft-
ware (Leica Microsystems). Z-slice images were
acquired using 63x oil immersion objectives.

2.8. Click-iT™ EdU Alexa Fluor™ 488 flow
cytometry assay

Proliferation of SiHa and C4I cells was assessed using
the Click-iIT™ EdU Alexa Fluor™ 488 Flow Cytome-
try Assay Kit (Thermo Fisher Scientific), according to
the manufacturer’s instructions. Briefly, 7.5 x 10* cells
were incubated with 15um 5-ethynyl-2’-deoxyuridine
(EdU) for 2h. After incubation, cells were harvested,
washed with phosphate-buffered saline (PBS) fixed and
permeabilized using the fixative and saponin-based
buffers provided in the kit. Finally, bulk DNA was
stained using propidium iodide (PI) dye. Samples were
analyzed by flow cytometry by using a MACSQuant
Analyzer 10 (Miltenyi Biotec, Gladbach, NWR, Ger-
many), and data were analyzed using FLowJO software
(Pharmingen/Becton Dickinson, Ashland, OR, USA).

2.9. Analysis of cell death

Cell death was measured using propidium iodide (PI)
in double staining with annexin V-FITC. Briefly,
7.5% 10* SiHa and C4I cells were treated with DMF
(100 or 200pum) in absence or in presence of
Ferrostatin-1 (10 pm) and harvested at 48 or at 72 h.
Cell pellets were resuspended in 100 pL of binding
buffer (10 um Hepes/NaOH pH 7.5, 140 pm NaCl, and
2.5pm CaCly) containing 1pL of annexin-V-FITC (-
Pharmingen/Becton Dickinson, San Diego, CA, USA)
and 10 pL of PI (Pharmingen/Becton Dickinson) and
incubated for 15 min at room temperature in the dark.
Flow cytometry acquisition was performed using a
MACSQuant Analyzer 10 (Miltenyi Biotec), and data
were analyzed using FLowlo software (Pharmingen/
Becton Dickinson).

2.10. RNA extraction and real-time quantitative
PCR

Total RNAs were extracted using the TRIzol reagent
(#15596018; Ambion, Life Technologies, Carlsbad,
CA, USA). SiHa and C4I cells (1 x10° were resus-
pended in 500 pL of TRIzol reagent and incubated for
5min at room temperature. Then, 100 pL of chloro-
form was added to the lysates, which were centrifuged
at 21.953 ¢ for 20min at 4°C. The upper aqueous
phase containing RNAs was transferred into new
tubes, and RNAs were precipitated adding 250 pL of
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isopropanol and incubated at room temperature for
10 min. To recover RNAs, samples were centrifuged at
21.953 g for 20 min at 4°C. The resulting RNA pellet
was washed with 75% ethanol and then resuspended
into RNase-free water and incubated at 60°C for
10 min. For real-time quantitative PCR (RT-qPCR),
the synthesis of cDNAs was performed using the Sen-
siFAST cDNA Synthesis Kit (#B10-65054; Bio-Line-
Aurogene, Italy) following the manufacturer’s instruc-
tions on the T100 Thermal Cycler (Bio-Rad). Reac-
tions occurred in a final volume of 20 pL, and aliquots
of cDNAs were used in quantitative PCRs. The ana-
lyses were conducted on the CFX96 real-time system
instrument (Bio-Rad) using SensiFAST SYBR
No-ROX (#BI0-98020; Bio-Line-Aurogene, Rome,
Italy). Beta 2-microglobulin was used for internal nor-
malization; primers used for RT-qPCR analyses are
reported in Table S1. Relative fold variations were cal-
culated using the 2724 method [48].

2.11. Proteins extraction and western blotting
assay

2.11.1. Total protein preparation

SiHa and C4I cells (5 x 10°) were lysed using the RIPA
buffer (NaCl 150 mm, NP40 1%, sodium deoxycholate
0.5%, SDS 0.1%, Tris 50 mm, pH 7.5) supplemented
with protease and phosphatase inhibitors (Sigma-
Aldrich). The lysates were centrifuged at 21.953 ¢ for
30 min at 4 °C and supernatants were used for protein
quantification by Bio-Rad protein assay (Bio-Rad).

2.11.2. Nucleus/cytoplasm fractionation

SiHa and C4I cells (1 x 10°) were resuspended in 500 pL
of hypotonic solution (10mm Hepes, 1.5mm MgCl,,
10mm KCI 0.1% NP-40) supplemented with protease
and phosphatase inhibitors and homogenized using a
27-gauge needle, next incubated on ice for 30 min. The
suspension was then centrifuged at 1000 g for 10 min at
4 °C to pellet the nuclei, while the supernatant was col-
lected as the cytoplasmic fraction. The pellet of nuclei
was lysed utilizing 100 pL of nuclear lysis buffer (5 mm
HEPES, 1.5mm MgCl,, 300 mm NaCl, 0.1 mm EDTA,
52% glycerol) supplemented with protease and phos-
phatase inhibitors for 20 min on ice and then centrifu-
gate at 18000g for 10 min. Protein quantification of
nucleus and cytoplasm fractionations was obtained with
Bio-Rad protein assay (Bio-Rad). Western blotting:
Protein aliquots (usually 30/40 pg) were denatured at
95°C for Smin in a Laemmli sample buffer (200 mm
Tris/HCL pH 6.8, 8% SDS, 40% glycerol and 0.005%
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Bromophenol Blue) containing 0.1mm of DTT
(#A2948,0005;  Applichem) and separated on
SDS/PAGE gels. Then, proteins were transferred to
nitrocellulose membrane (#GE10600117; Amersham,
Cytiva, Milan, Italy) at 100V for 90 min. The mem-
branes were first stained with Ponceau S (0.1% (w/v) in
5% acetic acid, #P3504; Sigma-Aldrich) and then
blocked with 5% nonfat dry milk in TBS (20 mm
Tris/HCL pH 7.5 and 150 mm NaCl) containing 0.1%
Tween 20% at room temperature for 45 min. ATF4 (sc-
390063, 1:500; Santa Cruz Biotechnology, Dallas, TX,
USA) Caspase-3 (E-AB-60646, 1:500; Elabscience),
LAP2 (sc-81610, 1:1000; Santa Cruz Biotechnology),
Nrf2 (sc-13032; 1:300; Santa Cruz Biotechnology) p53
(sc-126, 1:1000; Santa Cruz Biotechnology), PARP-1
(sc-8007, 1:1000; Santa Cruz Biotechnology), Phospho-
p53 (SerlS) (#9284, 1:500; Cell Signaling, USA),
Phospho-STAT3 (#D3A7, 1:500; Cell Signaling),
STAT3 (sc-8019, 1:1000; Santa Cruz Biotechnology),
and xCT/SLC7A11 (#D2M7A, 1:1000; Cell Signaling
Technology, Danvers, MA, USA) antibodies were
appropriately diluted in TBS-tween and used for mem-
brane incubation at 4 °C for overnight. After incubation
with rabbit/mouse horseradish peroxidase-conjugated
secondary antibodies at room temperature for 45 min;
the antigen—antibody complexes visualized using ECL
chemiluminescence reagent kit (#EMP011005 LiteA-
blot® PLUS; Euroclone, Milan, Italy) and the Chemidoc
instrument (Chemidoc; Bio-Rad).

2.12. Caspase-3/7 activity assay

Caspase-3/7 activity was measured using the Caspase-
3/7 Activity Assay Kit (E-CK-A383; Elabscience)
according to the manufacturer’s instructions. Briefly,
after treatments, cells were washed twice with cold
PBS, lysed on ice using the supplied Cell Lysis Buff
and centrifuged at 12000 g for 10 min at 4 °C. For the
enzymatic reaction, 50 pL of each sample, normalized
for protein concentration using Bradford method assay
(Bio-Rad), was added to 96-well plates, with 50 pL of
2x Reaction Buffer. The mixtures were incubated at
37°C for 1h, and absorbance was read at 405nm
using a Synergy H1 Hybrid multiplate reader (Agilent
Bio Tek).

2.13. Statistical analyses

Statistical analyses were performed using GraphPad
Prism (version 10.3.1 GraphPad Software LLC, San
Diego, CA, USA). Statistical significance is denoted as
follows: ns: P-value of >0.05, *P < 0.05, **P <0.01,
#xx P < (0.001, ***%P < 0.0001.
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3. Results

3.1. Effects of ferroptosis inducer compounds on
cervical cancer cells

We evaluated the inhibitory effect of canonical
inducers of ferroptosis on the proliferation of human
cervical cancer-derived cell lines SiHa and C4I, which
contain HPV16 and HPV18 DNA, respectively. Spe-
cifically, we selected Buthionine sulfoximine (BSO),
Erastin (ER), RAS-selective lethal 3 (RSL3), and Sul-
fasalazine (SAS), known to induce ferroptosis in vari-
ous tumor types [34,49-52]. Using Cell Counting Kit-
8 (CCK-8) assays, we found that treatments with
Erastin at 5 and 10 pm and RSL3 at 2.5 and 5 pwm for
24 h caused a relatively modest but statistically signif-
icant decrease in viability of SiHa cells, compared to
control groups; however, no differences in viability
were observed at these drug concentrations (Fig. 1A).
Viability of C4I cells was statistically unaffected by
the above treatments, also at maximum drug concen-
trations (Fig. 1A). The other compounds BSO and
SAS showed no effects on the viability of both cell
types compared to control groups. In addition, we
evaluated the effectiveness of these compounds in
two other cervical cell lines, the Caski (harboring
HPV16) and HeLa (infected with HPV18), using
equal doses and treatment time. Data obtained by
CCK-8 assays show that all tested compounds do not
affect cell viability of both Caski and HeLa cells
(Fig. S1). These results suggested that the HPV-
positive cervical cancer cell models analyzed in this
study are strongly resistant to diverse types of drugs
inducing ferroptosis.

Considering that three-dimensional (3D) cell cultures
possess more similarity to the native in vivo tumor
state [53], we generated tumor spheroids from SiHa
and C4I cells and evaluated the effects of the above
ferroptosis inducer compounds on the cervical cancer
cells 3D model. To determine the effective inhibitory
concentrations of drugs, we tested increasing doses of
each compound, starting from the highest concentra-
tion used for the 2D models of BSO and SAS, and
from Spm for ER and from 2.5pum for RSL3
(Fig. 1B). Spheroid size and integrity were visualized

C. Punziano et al.

using phase contrast microscopy. The results showed
that none of the drugs tested were able to inhibit the
growth of SiHa and C41 3D spheroids after 96 h of
exposure to the various doses of the indicated com-
pound (Fig. 1B).

3.2. DMF inhibits proliferation and promotes cell
death of cervical cancer cells

DMF exhibits cytotoxic effects towards several kinds
of cancer cells [44—46] and demonstrates antitumor
activity by reducing tumor growth and metastasis
[45,54-56]. Therefore, we assessed the inhibitory effect
of DMF on the growth of SiHa and C4I cells. As
shown in Fig. 2A, single-dose administrations of DMF
at various concentrations (100, 150, and 200 pm) inhib-
ited cell proliferation in a time- and dose-dependent
manner, compared with the dimethyl sulfoxide
(DMSO) control group. To further confirm the inhibi-
tory effect of DMF on cell proliferation, EAU incorpo-
ration assays were performed following treatments
with DMF at 100 and 200 pm for 48h. As shown in
Fig. 2B, the proportion of actively proliferating cells,
as determined by positive EdU staining, was signifi-
cantly reduced in a dose-dependent manner in both
SiHa and C4I cells. Specifically, DMF 100 pm reduced
cells undergoing S phase by 3.2-fold in SiHa and 3.7-
fold in C4I, while DMF at a doubled dose of 200 pm
impaired S phase by 7.3-fold in SiHa and 39-fold in
C4l, compared to vehicle-treated cells. These EdU
staining results were consistent with the reduction in
cell numbers observed in the cell-counting assay
(Fig. 2A). Notably, the inhibition of proliferation was
accompanied by a marked decrease in cell number fol-
lowing DMF treatment, suggesting the induction of
cell death. Supporting this observation, cell viability
analysis using the CCK-8 assay revealed that DMF at
200 um exerted a pronounced cytotoxic effect in a
time-dependent manner relative to vehicle-treated cells
(Fig. 2C).

As control of DMF treatments, we analyzed the
STATS3 survival signaling pathway, which is known to
be crucial for cervical cancer cell survival [57]. Consis-
tent with previous studies [55,56,58] we observed a
marked decrease in STAT3  phosphorylation,

Fig. 1. Effect of ferroptosis inducers on the growth of SiHa and C4l cells (2D and 3D models). (A) SiHa and C4l cells were treated with the
indicated concentrations of drugs [Buthionine Sulfoximine (BSO), Erastin (ER), RAS-selective lethal 3 (RSL3), or sulfasalazine (SAS)] for 24 h.
Cell viability was assessed by CCK-8 assay. Data are reported as relative percentages of optical density obtained in treated cells compared
to cells treated with vehicle (control). Data represents means + SD from three independent experiments (n=3). Statistical significance was
assessed by one-way ANOVA: #P<0.01; ns, not statistically significant. (B) 3D spheroids obtained from SiHa and C4l cells (see Section 2)
were exposed for 96 h to vehicle (control) or single doses of drugs as indicated. Representative images of 3D cultures were captured by

inverted microscopy (scale bar: SiHa, 750 pm or C4l, 250 pm).
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demonstrating that DMF negatively affects STAT3-
mediated survival signaling (Fig. S2).

To evaluate whether DMF can suppress the growth
of multicellular tumor spheroids derived from SiHa

SiHa

C. Punziano et al.

and C41 cells, we treated 3D cultures with single doses
of 100, 150, and 200 pm DMF for 4 days. Data analy-
sis revealed that spheroids treated with DMF (200 pm)
showed a significant reduction in size, consisting of
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Fig. 2. Dimethyl fumarate (DMF) reduces the growth and the viability of cervical cancer cells in 2D and 3D models. (A) 0.75 x 10° SiHa and
C4l cells were plated and cultured overnight before starting treatments with increasing doses of DMF (100, 150, 200 pm) for 24, 48, and
72 h or with vehicle alone (control). Control and treated cells were trypsinized and counted at indicated time to evaluate the growth. Data
are expressed as cell number-mL™" and presented as mean+ SD from independent experiments (n=3). Statistical significance was
assessed by two-way ANOVA: **P <0.001. (B) SiHa and C4l cells were treated with DMF (100 or 200 pm) or vehicle control for 48 h. 5-
ethynyl-2’-deoxyuridine (EdU) incorporation was used to quantify actively proliferating cells (S phase), and propidium iodide (Pl) staining was
used to assess total DNA content and cell cycle distribution. Data are shown as representative dot plots (left) and histograms of EdU-
positive cells (%) with mean 4 SD (right). Statistical significance was determined by one-way ANOVA: ###P <0.001, *##+P <0.0001 (n=23).
(C) SiHa and C4l cell viability was assessed upon exposure of cells to vehicle (control) or to DMF at 100, 150, and 200 pm for 24, 48, and
72h by using CCK-8 assay. Results are reported as relative percentages of optical density obtained in treated cells compared to cells
treated with vehicle (control). Data are presented as mean + SD from independent experiments (n = 4). Statistical significance was assessed
by two-way ANOVA: *P<0.05; ****P<0.0001; ns, not statistically significant. (D) 3D spheroids from SiHa and C4l cells (see Section 2)
were exposed for 96 h to vehicle (control) or various doses of DMF (100, 150, 200 pm). Representative images of 3D cultures were captured
by inverted microscopy and quantification of spheroid area was performed as described in Section 2. All the values are reported as the
mean relative area from three independent experiments, each performed in triplicate, setting as 1 the values obtained in the spheroids
treated with vehicle. Data are presented as mean 4 SD from independent experiments (n = 3). Statistical significance was assessed by one-

way ANOVA: *#P<0.01; *#*#*P <0.0001; ns, not statistically significant (Scale bar: SiHa, 750 um or C4l, 250 pm).

approximately 30% reduction compared to the
DMSO-treated control group (Fig. 2D). These findings
confirm that DMF at 200 um is effective in inhibiting
growth in 3D cervical cancer cell models.

3.3. DMF at 200 um induces ferroptosis in cervical
cancer cells

DMF has previously been shown to induce ferroptosis
in diffuse large B-cell lymphoma (DLBCL) [58]. Based
on these results, we investigated whether treatment
with DMF (200 um) can activate this type of cell death
in cervical cancer. To this end, SiHa and C4I cells
were treated with DMF at 100 and 200 pm for 48 h,
and DMF-induced cell death was assessed by
Annexin-V/PI assay in flow cytometry. Results of
Fig. 3A clearly show a dose-dependent PI incorpora-
tion upon DMF treatment, with a statistically signifi-
cant effect at 200 pm. Interestingly, annexin-V binding
was not observed, suggesting that DMF-induced cell
death does not resemble apoptosis. The co-treatment
with 10 pm Ferrostatin-1 (FER-1), a well-known fer-
roptosis inhibitor, significantly rescued cell viability in
both cell lines upon DMF treatments, at 48h
(Fig. 3A) and at 72 h (Fig. S3A), hence suggesting that
DMF-induced cell death likely occurs through the
mechanism of ferroptosis. The effect of Ferrostatin-1
on the cell viability improvement was also observed by
CCK-8 assays (Fig. S3B). Such results indicate that
the dose of DMF at 200 pm induces ferroptosis in cer-
vical cancer cells.

Given that ferroptosis is typically associated with
depletion of GSH and increase of malondialdehyde
(MDA), a product of polyunsaturated fatty acid per-
oxidation, we measured the GSH and MDA Ilevels
upon treatments with DMF (100 and 200 pm for 6h)

in both cell lines. The results indicate that GSH level
strongly declines in SiHa and C41 cells treated with
DMF at 200 pm and this correlates with a significant
increase of MDA in both cell lines (Fig. 3B), whereas
their levels were not affected by DMF at 100 pm. It is
well established that GSH depletion inhibited GPX4, a
key enzyme catalyzing the conversion of phospholipid
hydroperoxides into corresponding phospholipid alco-
hols [35,36], consequently favoring accumulation of
lipid peroxides. Therefore, the Image-iT Lipid Peroxi-
dation Sensor BODY* 581/591 C11 probe was used to
test if DMF provoked lipid peroxides in live cells. The
results reported in Fig. 3C showed that in SiHa cells
treated with vehicle fluorescence signals are present in
the red channel that shift to green upon DMF treat-
ments at 200 um for 6 h, hence suggesting presence of
lipid peroxides. Similar results were obtained in C4I
cells, albeit 100 pv DMF treatment provokes a slight
increase of green signal that was not accompanied by
subsequent death (see Fig. 2B). These results con-
firmed that DMF at 200 pM can induce lipid peroxida-
tion in SiHa and C4I cells following GSH depletion.
To confirm ferroptosis pathway activation at the
molecular levels, we evaluated the expression of typical
ferroptosis-associated genes like glutathione-specific
gamma-glutamylcyclotransferase 1 (CHACI),
prostaglandin-endoperoxide synthase 2 (PTGS2), and
spermidine/spermine Nl-acetyltransferase 1 (SAT1) by
assessing the relative mRNA levels at 14 h post-DMF
treatments. The results reported in Fig. 3D demon-
strate that 200 pm DMF strongly induces CHACI,
PTGS2, and SATI transcripts at in SiHa and C4I
cells. The DMF dose of 100 um also induced significant
increases of these mRNAs in both cell lines; however,
the downstream outcomes of DMF at 100 and 200 pm
are markedly different, as shown in the CCK-8
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Fig. 3. Treatment with dimethyl fumarate (DMF) at 200 um induces ferroptosis in cervical cancer cell lines. (A) SiHa and C4l cells were
treated with indicated doses of DMF in presence or absence of ferrostatin (FER-1) at 10 pm for 48 h. Cell death was assessed by Annexin V/
propidium iodide (PI) staining and flow cytometry that are shown as representative dot plots (left) and quantification of Pl-positive cells (%)
presented as histograms with mean + SD (right). Statistical significance was determined by one-way ANOVA: **P<0.01; ***P < 0.001;
%P < (0.0001; ns, not statistically significant (n=3). (B) Glutathione (GSH) (left panels) and malondialdehyde (MDA) (right panels) changes
in SiHa and C4l cells upon exposure to DMF (100 or 200 uwm) or vehicle (control) for 6 h, were measured as described in Section 2. The data
are expressed as a change relative to control that was set equal to 1 and presented as mean 4+ SD from independent experiments (n=3).
Statistical significance was assessed by one-way ANOVA: #***P<0.001; **##P<0.0001; ns, not statistically significant. (C) Live lipid
peroxidation assays on SiHa and C4l cells exposed to DMF (100 or 200 pum) or to vehicle (control) for 6 h. Representative images of
fluorescence stained using the BODIPY* 581/5691 C11 probe for lipid peroxides, and the Hoechst 33342 for nuclei (see Section 2).
Maximum projection of Z slices is shown. Scale bar: 100 pm. (D) Expression of ferroptosis-linked CHAC1, PTGS2, SAT-1 genes in SiHa and
C4l cells exposed to DMF (100 or 200 pm) or vehicle control for 14 h. Relative mRNA changes were assessed by using RT-gPCR, as
described in Section 2. Data are presented as mean +SD from independent experiments (n=3). Statistical significance was calculated
using Student ttest. *P < 0.05; **P < 0.01; ***P < 0.001. (E) mRNA and protein levels of SLC7A11 in SiHa and C4l cells treated with DMF
(100 or 200 pm) or vehicle control for 24 h. Relative mRNA changes of SLC7A11 were assessed by RT-qPCR, as described in Section 2.
Data are presented as mean+SD from independent experiments (n=3). Statistical significance was calculated using Student t test.
*P < 0.05; **P<0.01; ***P<0.001; ns, not statistically significant. SLC7A11 protein levels were assessed by western blotting, Ponceau S
was used for loading control (n=3). (F) Protein levels of Nrf2 were assessed by western blotting in SiHa and C4l cells treated with 100 or

200 um DMF or vehicle control for 24 h (n=3).

experiments (see Fig. 2C). This suggests that HPV-
positive cervical cells under DMF at 100 um retain the
ability to activate molecular pathways counteracting
ferroptosis, whereas at 200 pm these protective mecha-
nisms are impaired. Thus, DMF at 100 pm elicits an
adaptive antioxidant response that limits the execution
of ferroptosis, whereas at 200 pm this protective pro-
gram fails, resulting in GSH collapse, lipid peroxida-
tion, and ferroptotic cell death.

Since it is known that DMF reacts with and depletes
GSH [46] and that cells can subsequently recover
GSH via de novo synthesis mainly through SLC7A11-
mediated cystine import [19,38,59-61], we analyzed the
expression levels of this gene after DMF treatments.
Real-time PCR and western blot analyses demon-
strated that treatments with DMF (100 pm) of SiHa
and C4I cells provoked a marked increase of SLC7AI11
expression compared to that treated with vehicle con-
trol. In contrast, cells treated with DMF (200 pm)
showed a slight induction of SLC7A11 mRNAs with-
out protein increase (Fig. 3E). To better understand
the molecular pathway/s mediating such transcrip-
tional regulation, we examined the levels of Nrf2, a
positive regulator of SLC7A11, under both concentra-
tions of DMF. As shown in Fig. 3F, Nrf2 strongly
accumulates under DMF (100 pm) treatments; how-
ever, its levels are poorly induced/not increased upon
treatments with 200 pm DMF.

These molecular findings indicate that, in cervical
cancer cells, DMF at 100 pm is associated with activa-
tion of the Nrf2 pathway and induction of SLC7AI11
transcription.

Consistent with increased SLC7A11 expression, cells
exposed to 100pum DMF efficiently maintain

intracellular GSH levels, thereby preventing execution
of ferroptosis. In contrast, treatment with DMF at
200 pm results in weak Nrf2-dependent induction of
SLC7A11 mRNA and absence of the corresponding
protein, leading to impaired cystine import, progres-
sive GSH depletion, and ferroptotic cell death in 2D
cultures, together with inhibition of 3D tumor growth
(Fig. 20).

3.4. Subcytotoxic concentrations of DMF
enhance the sensitivity of cervical cancer cells to
low doses of cisplatin

Cisplatin (CDDP) represents the most common drug
used for cervical cancer treatment [62]. CDDP reacts
with DNA forming adducts that inhibit DNA replica-
tion, hence fostering apoptosis. Despite its potency,
cisplatin treatments are associated with adverse effects
including nephro- and oto-toxicity, as well as resis-
tance development, hence limiting its clinical use. To
achieve a better clinical outcome, cisplatin often is
combined with other therapies [63]. For this reason,
we explored whether the co-administration of DMF
plus cisplatin, both used at subcytotoxic doses, shows
effects on viability of cervical cancer cell models.

We evaluated CDDP cytotoxicity at escalating doses
(20, 40, and 80 pm) using CCK-8 assays and determined
that the ICs, values for SiHa and C41 cells are approxi-
mately 40 um following 72h of treatment (Fig. S4A).
Western blot analysis at 24h revealed cleavage of
PARP-1, a DNA repair enzyme, in both cell lines trea-
ted with 80 pm CDDP (Fig. S4B). In addition, we
observed a dose-dependent increase in caspase 3/7 activ-
ity, at 24h, starting at 40pm CDDP in C4I cells
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Fig. 4. Treatment with dimethyl fumarate (DMF) at 100 pm significantly increases the susceptibility of cervical cancer cell models to low-
dose cisplatin. (A) SiHa and C4l cells were exposed to vehicle (control), DMF (100 pm) or Cisplatin (CDDP, 20 pm) as well as the combination
of both drugs for various times (24, 48, or 72h). Cell viability was determined by using CCK-8 assay. Data are expressed as relative
percentages of optical density obtained in treated cells compared to control. Data represent means &+ SD from independent experiments
(n="5). Statistical significance was assessed by two-way ANOVA: **P<0.01; ***P<0.001; ****P<0.0001; ns, not statistically significant.
(B) 3D spheroids derived from SiHa and C4l cells were treated for 96 h with vehicle (control) or DMF (100 pm) or CDDP (20 pm) as well as
with DMF plus CDDP. Representative images of 3D cultures were captured by inverted microscopy and quantification of spheroid area was
performed as described in Section 2. All the values are reported as the mean relative area from three independent experiments, each
performed in triplicate, setting as 1 the values obtained in the spheroids treated with vehicle (control). Data represent means &+ SD from
independent experiments (n=3). Statistical significance was assessed by one-way ANOVA: ***P<(0.001; ns, not statistically significant
(Scale bar: SiHa, 750 pm or C4l, 250 pm).

(Fig. S4B). Overall, the data indicate that in cervical experiments. SiHa and C4I cells were treated with vehi-
squamous cell carcinoma cells, CDDP promotes the cle, DMF, or CDDP alone or with both drugs, and their

induction of apoptotic pathways, as reported before for impact on cell viability was examined through CCK-8

adenocarcinoma HeLa cervical cells [64]. assays. As demonstrated in Fig. 4A, both cell lines
Given that DMF sensitizes cervical cancer cells to fer- exhibit a strong significant reduction in viability under

roptosis and CDDP to apoptosis, we aimed to evaluate combination of DMF (100 pm) with 20 pv CDDP in a

whether the combination of these drugs acting with dif- time-dependent manner, whereas single drugs have no

ferent cell death mechanisms improves the vulnerability effects, as expected by the above results.

of cervical cancer cells. With the aim to test combination Furthermore, we assessed if this combination pro-

of drugs at subcytotoxic concentrations, we chose duces similar effects also in cervical cancer 3D models.
CDDP 20pm (below the ICsp), and DMF at 100 um Results shown in Fig. 4B indicate that a single co-
unaffecting cell viability for the cotreatment administration for 96 h of DMF (100 pm) and CDDP
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(20 pm) significantly reduced the size of SiHa and C41
spheroids compared to the control groups, indicating
that also in more physiologically relevant cell models
the combination of these drugs renders cells less prone
to growth.

3.5. Combination of subcytotoxic doses of DMF
and cisplatin drives death pathways of
ferroptosis and/or apoptosis

Next, we asked whether cell death observed under
simultaneous administration of subcytotoxic doses of
DMF (100 pm) and CDDP (20 pm) derives from acti-
vated ferroptosis and/or apoptosis. Therefore, we eval-
uated specific markers of both ferroptosis and
apoptosis in SiHa and C4I cells. As shown in Fig. 5A,
DMF alone induces mRNA levels of ferroptosis-
associated genes CHACI, PTGS2, and SATI but with-
out cell death (see also Figs 2C and 3D). DMF plus
CDDP administration produces significant increases of
the same mRNAs compared to control cells. Of note,
while CHAC1 and SATI1 transcripts were potentiated
by DMF plus CDDP, the PTGS2 mRNA was less
induced with respect to DMF alone. The specific rea-
son for this PTGS2 down-modulation was not
investigated.

It has been reported that DMF as well as CDDP
can directly react with GSH [46,65], therefore we
assessed whether combination of subcytotoxic DMF
and CDDP can reduce cellular GSH amount. Results
of GSH assays demonstrated that in both SiHa and
C4I cells, the GSH levels strongly declined upon DMF
plus CDDP treatments for 6 h compared to control
groups (Fig. 5B). Further analysis on MDA content
and lipid peroxide production revealed a statistically
significant increase in MDA (Fig. 5B) and presence of
lipid peroxides (Fig. 5C) in both cell lines treated with
DMF plus CDDP compared to control groups. Taking
together these data indicate that DMF in combination
with CDDP led to strong GSH depletion and conse-
quently to ferroptosis, as demonstrated by the presence
of specific markers.

Regarding apoptosis, we found that caspase-3/7
activity was significantly increased in cells (both
types, SiHa and C4I) treated with DMF plus CDDP
(Fig. 5D) compared to control. In parallel, we
observed a reduction of the full-length PARP-1 pro-
tein, associated with an increase in its inactive
cleaved form (Fig. SE) derived from caspase-3/7
activity during the execution phase of apoptosis, sug-
gesting that apoptosis is a concomitant mechanism
of cell death activated after DMF plus CDDP
treatments.

DMF plus CDDP induces ferroptosis and apoptosis

3.6. Cell death in cervical cancer induced by the
combination of subcytotoxic DMF and cisplatin
involves p53-mediated suppression of SLC7A11

SLC7A11 activity is necessary to preserve intracellular
GSH levels [19,38]. To ascertain if the decrease in
GSH amount revealed upon noncytotoxic DMF plus
CDDP treatments (Fig. 5B) could be related to the
GSH biosynthesis process, we analyzed SLC7All
expression using western blotting in SiHa and C4I cells
treated with DMF (100 pm), CDDP (20 pm) or both
for 24h (Fig. 6A). As expected, the results demon-
strated that DMF alone induces the expression of
SLC7A11 in cervical cancer cells compared to that
treated with vehicle control (see also Fig. 3E); how-
ever, in both cell types exposed to combination of
DMF and CDDP, we revealed a remarkable reduction
of SLC7AI1 protein levels, compared to those
observed in cells treated with DMF alone (Fig. 6A).
To investigate a possible transcriptional modulation in
SLC7A11 expression pattern, we measured the mRNA
levels of SLC7A11 across treatments (Fig. 6B). The
results demonstrate that SLC7A1I1 transcripts signifi-
cantly decreased in cells treated with DMF plus
CDDP compared with the control groups and with
DMF-treated groups (Fig. 6B).

As Nrf2 and ATF4 are known positive regulators of
SLC7A11 transcription, we investigated their involve-
ment under these conditions. Results showed that in
both SiHa and C4I cells, Nrf2 and ATF4 protein
levels are also increased upon treatments with DMF
(100 pm) alone compared with control groups and
remain elevated in DMF plus CDDP (Fig. 6C). Of
note, CDDP alone modestly increases Nrf2 and
induces ATF4. Remarkably, these uncoupling between
sustained Nrf2/ATF4 accumulation and SLC7AI11
repression represents a distinctive feature of the com-
bined DMF and CDDP treatments.

To shed light on the molecular basis underlying the
reduced SLC7A11 transcription observed in DMF plus
CDDP treatments, we investigated the levels of p53
protein, considering that SLC7A11 is a direct target
gene suppressed by p53 [66,67] and cervical cancer
cells possess wild-type p53 [68]. We checked nuclear
p53 accumulation by performing western blot analysis
on nuclear and cytosolic protein extracts from treated
cells. As demonstrated in Fig. 6D, in both SiHa and
C41 cervical cells, nuclear p53 levels were mildly
increased in single treatments, but they strongly ele-
vated after DMF plus CDDP administration, com-
pared with control cells. We hence tested the mRNA
levels of GADD45a and p21, two p53-dependent
genes, and results demonstrated that both mRNAs
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Fig.5. Cervical cancer cells treated with dimethyl fumarate (DMF) plus cisplatin (CDDP) undergo both ferroptosis and apoptosis. (A) SiHa
and C4l cells were exposed to the indicated concentrations of DMF, CDDP, or DMF plus CDDP as well as to vehicle (control) for 14 h.
Relative mRNA changes of ferroptosis-linked CHAC1, PTGS2, SAT-1 genes were evaluated by using RT-gPCR, as described in Section 2.
Data represent means = SD from independent experiments (n=3). Statistical significance was calculated using Student ttest. *P < 0.05;
*P<(0.01; *#P<0.001; ns, not statistically significant. (B) Glutathione (GSH) (left panels) and malondialdehyde (MDA) (right panels)
changes in SiHa and C4l cells treated with the indicated concentrations of DMF or CDDP or DMF plus CDDP as well as with vehicle
(control) for 6 h, were measured as described in Section 2. The data are expressed as a change relative to control that was set equal to 1.
Data represent means + SD from independent experiments (n=3). Statistical significance was assessed by one-way ANOVA: **P < 0.01;
#kP < 0.001; ns, not statistically significant. (C) Live lipid peroxidation assays on SiHa and C4l cells exposed to DMF, CDDP or DMF plus
CDDP as well as with vehicle (control) for 6 h. Representative fluorescence images stained using the BODIPY* 581/5691 C11 probe for lipid
peroxides, and the Hoechst 33342 for nuclei (see Section 2). Maximum projection of Z slices is shown. Scale bar: 100 um. (D) Caspase 3/7
activities in SiHa and C4l cells exposed to DMF or CDDP or DMF plus CDDP as well as to vehicle for 24 h were assessed as described in
Section 2. The data are expressed as a change relative to control that was set equal to 1. Data represent means & SD from independent
experiments (n=3). Statistical significance was assessed by one-way ANOVA: **P<0.01; ****P<0.0001; ns, not statistically significant.
(E) Western blot analysis of PARP1 and caspase-3 cleavage was performed upon exposure of SiHa and C4l cells to DMF or CDDP or DMF

plus CDDP as well as to vehicle (=) for 24 h. Ponceau S was used for loading control (n=3).

significantly accumulate over the treatments at differ-
ent degrees, with a stronger induction in the combina-
tion treatments of DMF plus CDDP confirming p53
activation (Fig. 6E).

Together, these data suggest that under DMF plus
CDDP, p53 activation acts as a dominant brake on
SLC7A11 expression, overreading sustained
Nrf2/ATF4 accumulation and thereby preventing the
cysteine-driven GSH replacement program.

3.7. GSH depletion and p53 (re)activation
contribute to cervical cancer cell death induced
by CDDP and DMF combined treatments

The obtained data suggest that under cotreatments cell
death can be activated by the coexistence of two inter-
related mechanisms: GSH depletion and p53 (re)
activation.

Sensitivity to ferroptosis in cervical cancer is modu-
lated throughout the various stages of cellular trans-
formation by increasing GCLM and GPX4 expression
[34], suggesting GSH-dependent protective mecha-
nisms. One of these mechanisms may be mediated by
SLC7A11, that primarily regulates cellular redox sta-
tus, thereby inhibiting ferroptosis signaling [19,38,69].

Therefore, we investigated whether DMF at 100 pm
can become cytotoxic in cervical cancer cells by specifi-
cally targeting SLC7All-mediated activity. Sulfasala-
zine (SAS) is a drug belonging to the sulfonamide
class, composed of 5-aminosalicylic acid and sulfapyri-
dine [70], which is used to treat inflammatory arthritis
and inflammatory bowel disease. In cancer cells, SAS
can produce cytotoxic effects by inhibiting the
cystine/glutamate antiporter activity [71] and has been
repurposed as an anticancer drug [72,73]. Our experi-
ments demonstrated that in cervical cancer cells, SAS

alone used at different concentrations (up to 500 pm)
has no cytotoxic effects (Fig. 1). Therefore, we
cotreated SiHa and C4l cells with sulfasalazine at
500 pM plus DMF at 100 pm for 48 h and measured cell
viability by CCK-8 assays. Results showed a signifi-
cant marked decrease in cell viability, compared to
vehicle (Fig. 7A). Moreover, because of SLC7AIll
inactivation, the GSH levels were strongly reduced in
DMF plus SAS treated cells compared to the control
(Fig. 7B). Overall, these results demonstrate that in
cervical cancer cells, the inhibition of SLC7A11 activ-
ity by SAS cannot replenish GSH, implicating an
essential role of the cystine import on the cervical can-
cer cell viability.

It has been demonstrated that phosphorylation at
Serl5 of p53 (p-p53 Serl5) is needed to recruit more
p53 on promoters after stimuli [74,75]. Since CDDP
provokes phosphorylation at Serl5 of p53 [76,77] that
can also be important for downregulation of
SLC7A11, as demonstrated in other contexts [78,79],
we also analyzed the contribution of this modification.
To this aim, SiHa and C4I cells were first treated with
20 pum CDDP for 24 h to induce Ser15 phosphorylation
and subsequently treated with DMF (100 pm for 6 h)
to increase SLC7AI11 transcription. As shown in
Fig. 7C, CDDP alone generates a mild p-p53Serl5,
whereas it was absent in DMF-treated cells, a condi-
tion in which SLC7A11 protein remarkably increases.
Notably, in both cell lines pretreated with CDDP and
then exposed to DMF, p-p53 Serl5 strongly increased,
and this coincides with a pronounced reduction of
SLC7AL1L1 level. Therefore, DMF plus CDDP act syn-
ergistically on p-p53Serl5 that can mediate suppres-
sion of SLC7A11. By repressing SLC7AI11, p53 can
provoke cysteine/GSH depletion, a condition that fur-
ther exacerbates pro-oxidant environment and DNA
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Fig. 6. p53-mediated suppression of SLC7A11 is implicated in cervical cancer cell death induced by subcytotoxic doses of dimethyl fumarate
(DMF) plus cisplatin (CDDP). (A) SiHa and C4l cells were exposed to vehicle (—) or to DMF (100 pm), CDDP (20 pm) or combined drugs.
Western blot analyses of SLC7A11 protein were performed at 24 h upon treatments. Ponceau S was used for loading control (n=3). (B)
RT-gPCR analysis was employed to measure mRNA levels of SLC7A11 in SiHa and C4l cells treated for 14 h with vehicle (control) and with
the indicated drugs. Data are presented as mean + SD from independent experiments (n=3). Statistical significance was calculated using
Student ttest. **#P < 0.001; #P < 0.01; ns, not statistically significant. (C) Western blot analyses of Nrf2 and ATF4 were performed upon
exposure of SiHa and C4l cells to DMF or CDDP or DMF plus CDDP as well as to vehicle (—) for 24 h. Ponceau S was used for loading
control (n=3). (D) Cytosolic (C) and nuclear (N) p53 levels were assessed by western blot analyses after 24 h of treatments with vehicle
(control), or DMF (100 pm), CDDP (20 pm), or with both drugs. LAP2 and GAPDH were used as loading controls for the nuclear and cytosolic
fractions, respectively. The blot is representative of three independent experiments. (E) SiHa and C4l cells were exposed to indicated drugs
as well as to vehicle (control) for 14 h. Relative mRNA changes of p53-linked GADD45a and p21 genes were evaluated by using RT-qPCR,
as described in Section 2. Data are presented as mean + SD from independent experiments (n=3). Statistical significance was calculated

using Student t-test. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not statistically significant.

damage leading to apoptosis, concurrently p53 by acti-
vating SAT-1 (Fig. 5A) reinforces ferroptosis.

In conclusion, taken together, our results suggest
that SLC7AI1l inhibition by combined CDDP and
DMF treatments increases vulnerability of cervical
cancer cells to ferroptosis and apoptosis mediated by
p53 (re)activation.

4. Discussion

Ferroptosis arises from the accumulation of lipid per-
oxides, primarily fostered by GSH depletion. In fact,
GSH, being an important cofactor of the GPX4
enzyme that repairs lipid peroxides into alcohols, acts
as a crucial modulator of ferroptosis [35,50]. Neverthe-
less, reduction in GSH levels may also lead to other
forms of cell death, including apoptosis and/or autop-
hagy [80]. For the synthesis of GSH, cells predomi-
nantly use cysteine derived from cystine (the precursor
of cysteine), imported into cells through the membrane
cystine/glutamate antiporter system xCT [81], that con-
sists of two subunits, SLC7A11 and SLC3A2. Among
these, SLC7A11 functions as a transporter and
exchanges glutamate with cystine whereas SLC3A2
controls the stability of xCT. SLC7A11 transcription
can be induced by the transcription factors Nrf2 and
activating transcription factor 4 (ATF4) that in some
conditions act synergistically [82,83]. Increased
SLC7A11 expression supports GSH synthesis, and this
can lead to the resistance of tumor cells to ferroptosis
and can also promote tumor development [69]. Inter-
estingly, SLC7A11 can be negatively regulated by
some transcription factors including p53 [67] and acti-
vating transcription factor 3 (ATF3) [84]. Therefore,
the absence or inactivation of p53 renders cells more
resistant to ferroptosis [66]. In some contexts, phos-
phorylation at Serl5 of p53 leads to downregulation
of SLC7AI11 transcription and upregulation of SATI1
[78,79].

Concerning HPV-positive cervical carcinoma cells,
ferroptosis was found dysregulated during the various
stages of transition from normal to cancerous squa-
mous cells [34]. In fact, during the development of
SIL, positive cells can adopt ferroptosis as a tumor
suppressor mechanism. However, during transforma-
tion its persistence in some cells causes activation of
ferroptosis defense mechanisms fostered by enhanced
RAS signaling thereby promoting transformation
towards carcinoma. Of interest, the authors found an
increase of antioxidant GCLM and GPX4 under
ferroptosis-inducing conditions in cervical cancer cells,
and these correlate with in vivo studies on tissue sec-
tions from patients at different transformation [34].
Since GCLM is an enzyme crucial for GSH biosynthe-
sis and GPX4 activities are dependent on GSH acting
as cofactor of GPX4, these results also suggest that
resistance mechanisms against ferroptosis require a
continuous supply of GSH. Additionally, the GSH-
mediated detoxification process is a well-established
mechanism of drug resistance, and innovative
approaches that limit GSH synthesis are being
researched for HPV-related cancer cells [85]. Accord-
ingly, previous metabolomic data by Pappa group
demonstrated enrichment in cysteine and GSH amount
in cervical cancer cells [37]. Furthermore, glutathione
reductase, an enzyme recovering GSH, was found
increased in CC tissues, and its inhibition disrupts
redox homeostasis leading to an increase of ROS that
elicits cell death [86]. Given that there is a dynamic
modulation of susceptibility to ferroptosis in HPV-
related cancers [31] and that HPV infection can induce
a state of chronic oxidative stress by increasing ROS
production [87], it could be theoretically possible to
activate ferroptosis in CC. In fact, ferroptosis depends
on oxidative stress and although HPV-positive cervical
cancer cells cope with redox stress to counteract cell
death, they can become more vulnerable to the oxida-
tive stress milieu itself, rendering HPV-positive cervical
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Fig. 7. Glutathione (GSH) depletion and p53 (re)activation jointly contribute to cervical cancer cell death induced by Dimethyl fumarate (DMF)
in combination with cisplatin (CDDP). (A) SiHa and C4l cells were exposed to vehicle (control) or to DMF at 100 pm, sulfasalazine (SAS) at
500 um as well as the combination of both drugs for 48h. Cell viability was assessed by using CCK-8 assay. Results are expressed as
relative percentages of optical density obtained in treated cells compared to control. Data are presented as mean + SD from independent
experiments (n=>5). Statistical significance was assessed by one-way ANOVA: #*##*P<(0.0001; ns, not statistically significant. (B) GSH
changes in SiHa and C4l cells exposed to vehicle (control) or DMF (100 pm), SAS (500 pm) or both for 6h, were measured as described in
Section 2. The data are expressed as a change relative to control that was set equal to 1. Data are presented as mean+SD from
independent experiments (n=3). Statistical significance was assessed by one-way ANOVA: **P<0.01; ****P<0.0001 (n=3); ns, not
statistically significant. (C) Western blot analysis of p53, p-p53 (ser-15) and SLC7A11 was performed upon exposure to vehicle (), CDDP

(20 puwv) for 24 h and then treated or not with DMF (100 pm) for 6 h. Ponceau S was used for loading control (n=3).

cancer cells vulnerable to redox-sensitive treatments
[88].

Our study revealed that DMF at 200 pm induces fer-
roptosis in two human cervical carcinoma cell lines
and arrests growth in 3D models, while it is not cyto-
toxic when used at a concentration of 100 pm. It is
known that DMF can exert multiple effects [89-91] on
various tissues and/or systems through different mech-
anisms likely caused by post-translational modifica-
tions, mainly succination on cysteine/s of various
targets [92]. One of the primary recognized targets of
DMF is GSH [92,93] along with other molecules
including Keapl, the negative regulator of Nrf2 tran-
scription factor [94-96], DJ-1/parkin7, a stabilizer of
Nrf2 [97], and metabolic enzymes like GAPDH [98]
and MTHFDI1 [99].

Cysteine modifications of Keapl abolish its interac-
tion with Nrf2, leading to accumulation of Nrf2 and
subsequent Nrf2-dependent cytoprotective and antioxi-
dant gene expression [100]. However, Saidu et al. [97]
demonstrated that DMF can exhibit dose-dependent
effects in OVCAR3 cancer cells, being protective at
low doses by inducing Nrf2 and cytotoxic at high
doses by depleting Nrf2 through DMF-triggered inac-
tivation of DJ-1. Of note, Faleti et al. recently
reported that DMF in hepatoma cells induces apopto-
sis by targeting the Nrf2/Bcl-xL axis, hence provoking
damage to mitochondria [56,91,97].

Since we found that cellular GSH amounts were
unchanged at 100 pm of DMF but strongly reduced at
200 pm (see Fig. 3B), we focused on SLC7AI11, a key
regulator of de novo GSH biosynthesis [19,38,59-61].
Our data demonstrated that cervical cancer cells trea-
ted with 100 pm DMF could activate transcription of
SLC7A11 via Nrf2 activation, consistent with previous
reports describing DMF-mediated modulation of
Keapl [94-96], leading to efficient recovery of GSH
content and prevention of ferroptosis. In contrast, cells
treated with DMF at 200 pm showed limited induction
of SLC7A1l mRNAs without detectable protein
increase and this coincides with poorly/absent Nrf2

induction. Therefore, cells cannot import cystine,
resulting in GSH depletion associated with ferroptosis
in 2D models and inhibiting 3D-tumor proliferation.
The impaired Nrf2-SLC7A11 activation upon DMF
(200 pm) featuring GSH depletion needs further inves-
tigation, but it nicely reflects the ability of cervical can-
cer to acquire/maintain sensitivity to ferroptosis by
means of SLC7A11/GSH axis targeting. These results
are consistent with literature data showing that in can-
cer cells, DMF could downregulate Nrf2 if used at
cytotoxic dose [56,91,97].

DMEF is a therapeutic drug currently used to treat
patients  with  psoriasis or multiple sclerosis
[90,101,102]. It has been reported that DMF can exert
pleiotropic effects, depending on the dose and context
used. Generally, low (specific) doses of DMF have
anti-inflammatory and immunoregulatory effects
through modulation of nuclear factor kappa B and the
STAT3 pathway and are cytoprotective in neurodegen-
erative conditions by increasing Nrf2 activity [103,104].
High/specific doses of DMF can produce harmful
effects by depleting GSH hence making cancer cells
more vulnerable to oxidative damage [105] including
KRAS mutated cancer cells [81], melanoma [106],
colon carcinoma [107], and oral squamous cell carci-
noma [108]. Hence, DMF may be a valuable drug to
repropose for arresting tumor growth and metastasis
(recently reviewed by Zhang et al. [109]), and we dem-
onstrate its effectiveness in HPV-positive cervical can-
cer cells and derived-3D models.

By killing tumor cells with different mechanisms,
combined therapy brings advantages over single-drug
treatments [63,110,111]. Specifically, under combined
therapy a greater quantity of cancer cells could be tar-
geted, the risk of resistance can be reduced, and by
using lower doses of drugs, toxicity as well as side
effects can be minimized [63,112]. DMF has proven an
ideal combination therapy partner of oxaliplatin in
colorectal cancer [107], vemurafenib in melanoma
[113], and venetoclax in acute myeloid leukemia
(AML) cell lines [114].
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A limitation of this study is the absence of an ani-
mal model, which prevents full evaluation of DMF’s
efficacy and potential side effects in vivo. Although our
2D and 3D models provide valuable insights into its
effects on cervical cancer cells, in vivo experiments will
be necessary to confirm these findings and assess phar-
macokinetics, toxicity, and systemic responses.

Our data demonstrated that HPV-positive cervical
cancer cells become vulnerable when treated with a
combination of DMF (100 pm) and cisplatin (20 um),
concentrations that are not cytotoxic when adminis-
tered individually. This appears to depend on p53
levels that may promote or inhibit both ferroptosis
(reviewed in Refs [115,116]) and apoptosis (reviewed in
Ref. [117]). Our experiments demonstrate that DMF
(100 um) alone induces only limited nuclear p53 accu-
mulation, which may elicit antioxidant effects, impact
positively on cell cycle arrest/DNA repair and be
unable to repress SLC7AI1l transcription that is acti-
vated via Nrf2 accumulation; in fact, literature data
support that relatively low levels of p53 decrease oxi-
dative stress [118]. About 20 um CDDP alone also pro-
vokes a nuclear modest p53 induction that can favor
cell cycle arrest and repair of DNA damage primed by
CDDP. The experiments on combined DMF plus
CDDP prove that the mechanism implicated in death
involves a synergistic activation of p53 by DMF and
CDDP (Fig. 6); consistently, nuclear p53 levels are
more increased upon exposure to DMF plus CDDP,
therefore promoting both ferroptosis and apoptosis.
Under combined DMF and CDDP treatment, p53
activation acts as a dominant brake on SLC7AII
expression, overriding Nrf2/ATF4-associated pro-
survival signaling and preventing cystine-dependent
GSH replenishment. Indeed, DNA damage-dependent
p53 activation also produces oxidative stress, essential
in p53-dependent apoptosis [119,120]. Therefore, we
propose that the combination of CDDP and DMF
establishes a positive feedback loop that amplifies both
oxidative stress and DNA damage. At molecular
levels, activated high p53 suppresses SLC7A11 expres-
sion, therefore cells cannot import cystine to synthesize
GSH. In turn, GSH depletion favors a more pro-
oxidant milieu and further DNA damage that jointly
reinforce activation of p53 inducing both ferroptosis
[66] and apoptosis [119,120]. Accordingly, we found
that p-p53 Serl5 was absent in cells treated with DMF
alone, mild increased in CDDP alone, but strongly
enhanced in cells pretreated with CDDP and then
exposed to DMF, suggesting a synergistic p53 activa-
tion by drug combination. This late event coincides
with decreased SLC7A11. On this basis, we propose
that DMF plus CDDP induces cell death in HPV-

C. Punziano et al.

positive cervical cancer cells through convergent mech-
anisms centered on GSH depletion triggered by pS53
(re)activation/SLC7AT11 axis.

Collectively, our data demonstrated that in this can-
cer context, GSH depletion achieved either by
impaired Nrf2-SLC7A11 activation (with DMF at
200 pm  alone) or by SLC7AIll repression caused
by (re)activated p53 (under combined DMF plus
CDDP treatments) may have relevant therapeutic
implications.

5. Conclusions

This work reported that GSH depletion either induced
by DMF at 200 um or by the combination of DMF
plus CDDP drives cell death in cervical cancer cells
and inhibits growth in spheroid models. At the molec-
ular level, we showed that DMF (200 um) impairs
Nrf2-SLC7A11-dependent de novo GSH synthesis,
therefore promoting ferroptosis in 2D models and
inhibiting 3D-tumor proliferation. DMF plus CDDP
promotes p53 (re)activation that suppresses SLC7A11
expression thereby triggering both ferroptosis and apo-
ptosis. In conclusion, we provide a molecular basis for
considering DMF alone or DMF plus cisplatin admin-
istration a new avenue to be explored in cervical can-
cer treatment.

Acknowledgements

This work was supported by the Italian Association
for Cancer Research (AIRC-1G-2021-ID-26111) to
MLT and partially supported by AIRC-1IG 2024 - ID-
30926 to KA. We thank Dr. Marialuisa Alessandra
Vecchione and the Flow Cytometry Facility (facsility.
dmmbm @ gmail.com), funded by ‘Progetto
Dipartimento di Eccellenza 2018-2022, Legge 11
dicembre 2016, n. 232’ to the Department of
Molecular Medicine and Medical Biotechnology,
University of Naples Federico II, Naples, Italy, for
supporting flow cytometry experiments for the current
study.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

RF and MLT contributed to conceptualization; CP,
GM, MLT, and RF contributed to methodology; CP,
SR, LM, and RF contributed to formal analysis;
CP and GM contributed to investigation; RF and

20 Molecular Oncology (2026) © 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde 8Ly Aq peueob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1|Bu 1 [UO//:SANy) SUORIPUOD PUe SWie | 8U18eS *[9202/c0/82] Uo ArigiTauliuo A(IM elfeleuelyood Aq 9120/ T920-8.8T/Z00T OT/I0p/W0D A8 im Aleiqijeuluo'sge)//Sdiy wolj pepeojumod ‘0 ‘T9Z0828T


mailto:facsility.dmmbm@gmail.com
mailto:facsility.dmmbm@gmail.com

C. Punziano et al.

MLT contributed to resources; CP and GM contrib-
uted to data curation; CP, GM, MLT, and RF con-
tributed to writing-original draft preparation; CP,

DMF plus CDDP induces ferroptosis and apoptosis

prevalence in cancer biopsy samples from different
geographic regions. Proc Natl Acad Sci USA.
1983;80:3812-5. https://doi.org/10.1073/pnas.80.12.3812

GM, SR, KA, MLT, and RF contributed to writing- 9 Bhattacharjee R, Das SS, Biswal SS, Nath A, Das D,
review and editing; RF and MLT contributed to Basu A, et al. Mechanistic role of HPV-associated
supervision; KA and MLT contributed to funding early proteins in cervical cancer: molecular pathways
acquisition. All authors have read and agreed to the and targeted therapeutic strategies. Crit Rey Oncol )
published version of the manuscript. H.ematol. 2022;174:103675. https://doi.org/10.1016/;.
critrevonc.2022.103675
10 Arbeit JM, Miinger K, Howley PM, Hanahan D.
Data accessibility Neuroepithelial carcinomas in mice transgenic with
human papillomavirus type 16 E6/E7 ORFs. Am J
All data reported in this study are available in this Pathol. 1993:142:1187-97.
published article and in its Supporting Information. 11 Griep AE, Herber R, Jeon S, Lohse JK, Dubielzig
RR, Lambert PF. Tumorigenicity by human
References papillomavirus type 1§ E6 'and E7 ir.1 transgenic mice
correlates with alterations in epithelial cell growth and
1 Singh D, Vignat J, Lorenzoni V, Eslahi M, Ginsburg differentiation. J Virol. 1993;67:1373-84. https://doi.
O, Lauby-Secretan B, et al. Global estimates of org/10.1128/JVI.67.3.1373-1384.1993
incidence and mortality of cervical cancer in 2020: a 12 Dust K, Carpenter M, Chen JC-Y, Grant C,
baseline analysis of the WHO global cervical cancer McCorrister S, Westmacott GR, et al. Human
elimination initiative. Lancet Glob Health. 2023;11: papillomavirus 16 E6 and E7 oncoproteins alter the
€197-206. https://doi.org/10.1016/S2214-109X(22) abundance of proteins associated with DNA damage
00501-0 response, immune signaling and epidermal
2 Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, differentiation. Viruses. 2022;14:1764. https://doi.
Soerjomataram I, et al. Global cancer statistics 2022: org/10.3390/v14081764
GLOBOCAN estimates of incidence and mortality 13 Arbeit JM, Miinger K, Howley PM, Hanahan D.
worldwide for 36 cancers in 185 countries. CA Cancer J Progressive squamous epithelial neoplasia in K14-
Clin. 2024;74:229-63. https://doi.org/10.3322/caac.21834 human papillomavirus type 16 transgenic mice. J Virol.
3 Burd EM. Human papillomavirus and cervical cancer. 1994;68:4358—-68. https://doi.org/10.1128/JVI1.68.7.4358-
Clin Microbiol Rev. 2003;16:1-17. https://doi.org/10. 4368.1994
1128/CMR.16.1.1-17.2003 14 Scheffner M, Huibregtse JM, Vierstra RD, Howley
4 Bouvard V, Baan R, Straif K, Grosse Y, Secretan B, PM. The HPV-16 E6 and E6-AP complex functions as
Ghissassi FE, et al. A review of human carcinogens— a ubiquitin-protein ligase in the ubiquitination of P53.
part B: biological agents. Lancet Oncol. 2009;10:321-2. Cell. 1993;75:495-505. https://doi.org/10.1016/0092-
https://doi.org/10.1016/S1470-2045(09)70096-8 8674(93)90384-3
5 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre 15 Kiyono T, Foster SA, Koop JI, McDougall JK,
LA, Jemal A. Global cancer statistics 2018: Galloway DA, Klingelhutz AJ. Both Rb/pl16INK4a
GLOBOCAN estimates of incidence and mortality inactivation and telomerase activity are required to
worldwide for 36 cancers in 185 countries. CA Cancer immortalize human epithelial cells. Nature.
J Clin. 2018;68:394-424. https://doi.org/10.3322/caac. 1998;396:84-8. https://doi.org/10.1038/23962
21492 16 Liu X, Dakic A, Zhang Y, Dai Y, Chen R, Schlegel
6 Scarth JA, Patterson MR, Morgan EL, Macdonald A. R. HPV E6 protein interacts physically and
The human papillomavirus oncoproteins: a review of functionally with the cellular telomerase complex. Proc
the host pathways targeted on the road to Natl Acad Sci USA. 2009;106:18780-5. https://doi.
transformation. J Gen Virol. 2021;102:001540. org/10.1073/pnas.0906357106
https://doi.org/10.1099/jgv.0.001540 17 McMurray HR, McCance DJ. Human papillomavirus
7 Todorovic B, Hung K, Massimi P, Avvakumov N, type 16 E6 activates TERT gene transcription through
Dick FA, Shaw GS, et al. Conserved region 3 of induction of C-Myc and release of USF-mediated
human papillomavirus 16 E7 contributes to repression. J Virol. 2003;77:9852-61. https://doi.org/10.
deregulation of the retinoblastoma tumor suppressor. J 1128/jvi.77.18.9852-9861.2003
Virol. 2012;86:13313-23. https://doi.org/10.1128/JVI. 18 Yim E-K, Park J-S. The role of HPV E6 and E7
01637-12 oncoproteins in HPV-associated cervical
8 Diirst M, Gissmann L, Ikenberg H, Zur Hausen H. A carcinogenesis. Cancer Res Treat. 2005;37:319-24.
papillomavirus DNA from a cervical carcinoma and its https://doi.org/10.4143/crt.2005.37.6.319
Molecular Oncology (2026) © 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 21

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde 8Ly Aq peueob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1|Bu 1 [UO//:SANy) SUORIPUOD PUe SWie | 8U18eS *[9202/c0/82] Uo ArigiTauliuo A(IM elfeleuelyood Aq 9120/ T920-8.8T/Z00T OT/I0p/W0D A8 im Aleiqijeuluo'sge)//Sdiy wolj pepeojumod ‘0 ‘T9Z0828T


https://doi.org/10.1016/S2214-109X(22)00501-0
https://doi.org/10.1016/S2214-109X(22)00501-0
https://doi.org/10.1016/S2214-109X(22)00501-0
https://doi.org/10.1016/S2214-109X(22)00501-0
https://doi.org/10.1016/S2214-109X(22)00501-0
https://doi.org/10.1016/S2214-109X(22)00501-0
https://doi.org/10.3322/caac.21834
https://doi.org/10.1128/CMR.16.1.1-17.2003
https://doi.org/10.1128/CMR.16.1.1-17.2003
https://doi.org/10.1128/CMR.16.1.1-17.2003
https://doi.org/10.1128/CMR.16.1.1-17.2003
https://doi.org/10.1016/S1470-2045(09)70096-8
https://doi.org/10.1016/S1470-2045(09)70096-8
https://doi.org/10.1016/S1470-2045(09)70096-8
https://doi.org/10.1016/S1470-2045(09)70096-8
https://doi.org/10.1016/S1470-2045(09)70096-8
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21492
https://doi.org/10.1099/jgv.0.001540
https://doi.org/10.1128/JVI.01637-12
https://doi.org/10.1128/JVI.01637-12
https://doi.org/10.1128/JVI.01637-12
https://doi.org/10.1128/JVI.01637-12
https://doi.org/10.1073/pnas.80.12.3812
https://doi.org/10.1016/j.critrevonc.2022.103675
https://doi.org/10.1016/j.critrevonc.2022.103675
https://doi.org/10.1128/JVI.67.3.1373-1384.1993
https://doi.org/10.1128/JVI.67.3.1373-1384.1993
https://doi.org/10.1128/JVI.67.3.1373-1384.1993
https://doi.org/10.1128/JVI.67.3.1373-1384.1993
https://doi.org/10.3390/v14081764
https://doi.org/10.3390/v14081764
https://doi.org/10.1128/JVI.68.7.4358-4368.1994
https://doi.org/10.1128/JVI.68.7.4358-4368.1994
https://doi.org/10.1128/JVI.68.7.4358-4368.1994
https://doi.org/10.1128/JVI.68.7.4358-4368.1994
https://doi.org/10.1016/0092-8674(93)90384-3
https://doi.org/10.1016/0092-8674(93)90384-3
https://doi.org/10.1016/0092-8674(93)90384-3
https://doi.org/10.1016/0092-8674(93)90384-3
https://doi.org/10.1016/0092-8674(93)90384-3
https://doi.org/10.1016/0092-8674(93)90384-3
https://doi.org/10.1038/23962
https://doi.org/10.1073/pnas.0906357106
https://doi.org/10.1073/pnas.0906357106
https://doi.org/10.1128/jvi.77.18.9852-9861.2003
https://doi.org/10.1128/jvi.77.18.9852-9861.2003
https://doi.org/10.1128/jvi.77.18.9852-9861.2003
https://doi.org/10.1128/jvi.77.18.9852-9861.2003
https://doi.org/10.4143/crt.2005.37.6.319

DMF plus CDDP induces ferroptosis and apoptosis

19

20

21

22

23

24

25

26

27

28

29

30

31

32

22

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R,
Zaitsev EM, Gleason CE, et al. Ferroptosis: an iron-
dependent form of nonapoptotic cell death. Cell.

2012;149:1060-72. https://doi.org/10.1016/j.cell.2012.03.

042

Punziano C, Trombetti S, Cesaro E, Grosso M,
Faraonio R. Antioxidant systems as modulators of
ferroptosis: focus on transcription factors.
Antioxidants. 2024;13:298. https://doi.org/10.
3390/antiox 13030298

Sun S, Shen J, Jiang J, Wang F, Min J. Targeting
ferroptosis opens new avenues for the development of
novel therapeutics. Signal Transduct Target Ther.
2023;8:372. https://doi.org/10.1038/s41392-023-01606-1
Wang X, Zhou Y, Min J, Wang F. Zooming in and
out of ferroptosis in human disease. Front Med.
2023;17:173-206. https://doi.org/10.1007/s11684-023-
0992-z

Jiang X, Stockwell BR, Conrad M. Ferroptosis:
mechanisms, biology and role in disease. Nat Rev Mol
Cell Biol. 2021;22:266-82. https://doi.org/10.
1038/s41580-020-00324-8

Xu Y, Zhao J, Zhao Y, Zhou L, Qiao H, Xu Q, et al.
The role of ferroptosis in neurodegenerative diseases.
Mol Biol Rep. 2023;50:1655-61. https://doi.org/10.
1007/s11033-022-08048-y

Chen Z, Jiang J, Fu N, Chen L. Targetting ferroptosis
for blood cell-related diseases. J Drug Target.
2022;30:244-58. https://doi.org/10.1080/1061186X.
2021.1971237

Coradduzza D, Congiargiu A, Chen Z, Zinellu A,
Carru C, Medici S. Ferroptosis and senescence: a
systematic review. Int J Mol Sci. 2023;24:3658.
https://doi.org/10.3390/ijms24043658

Yang L, Liu Y, Zhou S, Feng Q, Lu Y, Liu D, et al.
Novel insight into ferroptosis in kidney diseases. Am J
Nephrol. 2023;54:184-99. https://doi.org/10.
1159/000530882

Fang X, Ardehali H, Min J, Wang F. The molecular
and metabolic landscape of iron and ferroptosis in
cardiovascular disease. Nat Rev Cardiol. 2023;20:7-23.
https://doi.org/10.1038/s41569-022-00735-4

Lei G, Zhuang L, Gan B. Targeting ferroptosis as a
vulnerability in cancer. Nat Rev Cancer. 2022;22:381—
96. https://doi.org/10.1038/s41568-022-00459-0

Chen Z, Wang W, Abdul Razak SR, Han T, Ahmad
NH, Li X. Ferroptosis as a potential target for cancer
therapy. Cell Death Dis. 2023;14:460. https://doi.
org/10.1038/s41419-023-05930-w

Zhou Q, Meng Y, Li D, Yao L, Le J, Liu Y, et al.
Ferroptosis in cancer: from molecular mechanisms to
therapeutic strategies. Sig Transduct Target Ther.
2024;9:55. https://doi.org/10.1038/s41392-024-01769-5
Samare-Najaf M, Samareh A, Savardashtaki A,
Khajehyar N, Tajbakhsh A, Vakili S, et al. Non-

Molecular Oncology (2026) © 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

33

34

35

36

37

38

39

40

41

42

43

C. Punziano et al.

apoptotic cell death programs in cervical cancer with
an emphasis on ferroptosis. Crit Rev Oncol Hematol.
2024;194:104249. https://doi.org/10.1016/j.critrevonc.
2023.104249

Wang Z, Xiao Y, Chen R, Tang E, Tang S. From
mechanisms to therapy: exploring the role of
ferroptosis in cervical cancer transformation and
treatment. Traffic. 2025;26:¢70018. https://doi.org/10.
1111/tra.70018

Wang T, Gong M, Cao Y, Zhao C, Lu Y, Zhou Y,

et al. Persistent ferroptosis promotes cervical
squamous intraepithelial lesion development and
oncogenesis by regulating KRAS expression in patients
with high risk-HPV infection. Cell Death Discov.
2022;8:201. https://doi.org/10.1038/s41420-022-01013-5
Ursini F, Maiorino M. Lipid peroxidation and
ferroptosis: the role of GSH and GPx4. Free Radic
Biol Med. 2020;152:175-85. https://doi.org/10.1016/j.
freeradbiomed.2020.02.027

Kennedy L, Sandhu JK, Harper M-E, Cuperlovic-Culf
M. Role of glutathione in cancer: from mechanisms to
therapies. Biomolecules. 2020;10:1429. https://doi.
org/10.3390/biom10101429

Pappa KI, Daskalakis G, Anagnou NP. Metabolic
rewiring is associated with HPV-specific profiles in
cervical cancer cell lines. Sci Rep. 2021;11:17718.
https://doi.org/10.1038/s41598-021-96038-8

Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED,
Hayano M, et al. Pharmacological inhibition of
cystine-glutamate exchange induces endoplasmic
reticulum stress and ferroptosis. Elife. 2014;3:e02523.
https://doi.org/10.7554/eLife.02523

Zhang Y, Shi J, Liu X, Feng L, Gong Z, Koppula P,
et al. BAPI links metabolic regulation of ferroptosis to
tumour suppression. Nat Cell Biol. 2018;20:1181-92.
https://doi.org/10.1038/s41556-018-0178-0

Lei G, Zhang Y, Koppula P, Liu X, Zhang J, Lin SH,

et al. The role of ferroptosis in ionizing radiation-induced
cell death and tumor suppression. Cell Res. 2020;30:146—
62. https://doi.org/10.1038/s41422-019-0263-3

Monk BJ, Sill MW, McMeekin DS, Cohn DE,
Ramondetta LM, Boardman CH, et al. Phase III trial
of four cisplatin-containing doublet combinations in
stage VB, recurrent, or persistent cervical carcinoma:
a Gynecologic Oncology Group study. J Clin Oncol.
2009;27:4649-55. https://doi.org/10.1200/JC0O.2009.21.
8909

Barabas K, Milner R, Lurie D, Adin C. Cisplatin: a
review of toxicities and therapeutic applications. Vet
Comp Oncol. 2008;6:1-18. https://doi.org/10.1111/j.
1476-5829.2007.00142.x

Jin H, Wang L, Bernards R. Rational combinations of
targeted cancer therapies: background, advances and
challenges. Nat Rev Drug Discov. 2023;22:213-34.
https://doi.org/10.1038/s41573-022-00615-z

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde 8Ly Aq peueob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1|Bu 1 [UO//:SANy) SUORIPUOD PUe SWie | 8U18eS *[9202/c0/82] Uo ArigiTauliuo A(IM elfeleuelyood Aq 9120/ T920-8.8T/Z00T OT/I0p/W0D A8 im Aleiqijeuluo'sge)//Sdiy wolj pepeojumod ‘0 ‘T9Z0828T


https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.3390/antiox13030298
https://doi.org/10.3390/antiox13030298
https://doi.org/10.1038/s41392-023-01606-1
https://doi.org/10.1038/s41392-023-01606-1
https://doi.org/10.1038/s41392-023-01606-1
https://doi.org/10.1038/s41392-023-01606-1
https://doi.org/10.1038/s41392-023-01606-1
https://doi.org/10.1038/s41392-023-01606-1
https://doi.org/10.1038/s41392-023-01606-1
https://doi.org/10.1007/s11684-023-0992-z
https://doi.org/10.1007/s11684-023-0992-z
https://doi.org/10.1007/s11684-023-0992-z
https://doi.org/10.1007/s11684-023-0992-z
https://doi.org/10.1007/s11684-023-0992-z
https://doi.org/10.1007/s11684-023-0992-z
https://doi.org/10.1007/s11684-023-0992-z
https://doi.org/10.1007/s11684-023-0992-z
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1007/s11033-022-08048-y
https://doi.org/10.1007/s11033-022-08048-y
https://doi.org/10.1007/s11033-022-08048-y
https://doi.org/10.1007/s11033-022-08048-y
https://doi.org/10.1007/s11033-022-08048-y
https://doi.org/10.1007/s11033-022-08048-y
https://doi.org/10.1007/s11033-022-08048-y
https://doi.org/10.1007/s11033-022-08048-y
https://doi.org/10.1080/1061186X.2021.1971237
https://doi.org/10.1080/1061186X.2021.1971237
https://doi.org/10.3390/ijms24043658
https://doi.org/10.1159/000530882
https://doi.org/10.1159/000530882
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1038/s41419-023-05930-w
https://doi.org/10.1038/s41419-023-05930-w
https://doi.org/10.1038/s41419-023-05930-w
https://doi.org/10.1038/s41419-023-05930-w
https://doi.org/10.1038/s41419-023-05930-w
https://doi.org/10.1038/s41419-023-05930-w
https://doi.org/10.1038/s41419-023-05930-w
https://doi.org/10.1038/s41419-023-05930-w
https://doi.org/10.1038/s41392-024-01769-5
https://doi.org/10.1038/s41392-024-01769-5
https://doi.org/10.1038/s41392-024-01769-5
https://doi.org/10.1038/s41392-024-01769-5
https://doi.org/10.1038/s41392-024-01769-5
https://doi.org/10.1038/s41392-024-01769-5
https://doi.org/10.1038/s41392-024-01769-5
https://doi.org/10.1016/j.critrevonc.2023.104249
https://doi.org/10.1016/j.critrevonc.2023.104249
https://doi.org/10.1111/tra.70018
https://doi.org/10.1111/tra.70018
https://doi.org/10.1038/s41420-022-01013-5
https://doi.org/10.1038/s41420-022-01013-5
https://doi.org/10.1038/s41420-022-01013-5
https://doi.org/10.1038/s41420-022-01013-5
https://doi.org/10.1038/s41420-022-01013-5
https://doi.org/10.1038/s41420-022-01013-5
https://doi.org/10.1038/s41420-022-01013-5
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.3390/biom10101429
https://doi.org/10.3390/biom10101429
https://doi.org/10.1038/s41598-021-96038-8
https://doi.org/10.1038/s41598-021-96038-8
https://doi.org/10.1038/s41598-021-96038-8
https://doi.org/10.1038/s41598-021-96038-8
https://doi.org/10.1038/s41598-021-96038-8
https://doi.org/10.1038/s41598-021-96038-8
https://doi.org/10.1038/s41598-021-96038-8
https://doi.org/10.7554/eLife.02523
https://doi.org/10.1038/s41556-018-0178-0
https://doi.org/10.1038/s41556-018-0178-0
https://doi.org/10.1038/s41556-018-0178-0
https://doi.org/10.1038/s41556-018-0178-0
https://doi.org/10.1038/s41556-018-0178-0
https://doi.org/10.1038/s41556-018-0178-0
https://doi.org/10.1038/s41556-018-0178-0
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1200/JCO.2009.21.8909
https://doi.org/10.1200/JCO.2009.21.8909
https://doi.org/10.1111/j.1476-5829.2007.00142.x
https://doi.org/10.1111/j.1476-5829.2007.00142.x
https://doi.org/10.1111/j.1476-5829.2007.00142.x
https://doi.org/10.1111/j.1476-5829.2007.00142.x
https://doi.org/10.1038/s41573-022-00615-z
https://doi.org/10.1038/s41573-022-00615-z
https://doi.org/10.1038/s41573-022-00615-z
https://doi.org/10.1038/s41573-022-00615-z
https://doi.org/10.1038/s41573-022-00615-z
https://doi.org/10.1038/s41573-022-00615-z
https://doi.org/10.1038/s41573-022-00615-z

C. Punziano et al.

44

Gu B, DeAngelis LM. Enhanced cytotoxicity of
bioreductive antitumor agents with dimethyl fumarate
in human glioblastoma cells. Anticancer Drugs.

DMF plus CDDP induces ferroptosis and apoptosis

reduces melanoma lymph node metastasis. J Invest
Dermatol. 2010;130:1087-94. https://doi.org/10.
1038/id.2009.368

2005;16:167-74. https://doi.org/10.1097/00001813- 55 Nicolay JP, Miiller-Decker K, Schroeder A,
200502000-00008 Brechmann M, M6bs M, Géraud C, et al. Dimethyl

45 Loewe R, Valero T, Kremling S, Pratscher B, fumarate restores apoptosis sensitivity and inhibits
Kunstfeld R, Pehamberger H, et al. Dimethylfumarate tumor growth and metastasis in CTCL by targeting
impairs melanoma growth and metastasis. Cancer Res. NF-kB. Blood. 2016;128:805-15. https://doi.org/10.
2006;66:11888-96. https://doi.org/10.1158/0008-5472. 1182/blood-2016-01-694117
CAN-06-2397 56 Faleti OD, Alsaadawe M, Long J, Luo Q, Hu L,

46 Xie X, Zhao Y, Ma C, Xu X, Zhang Y, Wang C, Zhang Y, et al. Dimethyl fumarate abrogates
et al. Dimethyl fumarate induces necroptosis in colon hepatocellular carcinoma growth by inhibiting
cancer cells through GSH depletion/ROS Nrf2/Bcl-xL axis and enhances sorafenib’s efficacy. Sci
increase/MAPKs activation pathway. Br J Pharmacol. Rep. 2025;15:16724. https://doi.org/10.1038/s41598-
2015;172:3929-43. https://doi.org/10.1111/bph.13184 025-00832-7

47 Ware MJ, Colbert K, Keshishian V, Ho J, Corr SJ, 57 Janjua D, Thakur K, Aggarwal N, Chaudhary A,
Curley SA, et al. Generation of homogenous three- Yadav J, Chhokar A, et al. Prognostic and therapeutic
dimensional pancreatic cancer cell spheroids using an potential of STAT3: opportunities and challenges in
improved hanging drop technique. Tissue Eng Part C targeting HPV-mediated cervical carcinogenesis. Crit
Methods. 2016;22:312-21. https://doi.org/10.1089/ten. Rev Oncol Hematol. 2024;197:104346. https://doi.
TEC.2015.0280 org/10.1016/j.critrevonc.2024.104346

48 Livak KIJ, Schmittgen TD. Analysis of relative gene 58 Schmitt A, Xu W, Bucher P, Grimm M, Konantz M,
expression data using real-time quantitative PCR and Horn H, et al. Dimethyl fumarate induces ferroptosis
the 2(-Delta Delta C(T)) method. Methods. and impairs NF-kB/STAT3 signaling in DLBCL.
2001;25:402-8. https://doi.org/10.1006/meth.2001.1262 Blood. 2021;138:871-84. https://doi.org/10.1182/blood.

49 Shibata Y, Yasui H, Higashikawa K, Miyamoto N, 2020009404
Kuge Y. Erastin, a ferroptosis-inducing agent, 59 Nelson KC, Carlson JL, Newman ML, Sternberg P,
sensitized cancer cells to X-ray irradiation via Jones DP, Kavanagh TJ, et al. Effect of dietary
glutathione starvation in vitro and in vivo. PLoS One. inducer dimethylfumarate on glutathione in cultured
2019;14:¢0225931. https://doi.org/10.1371/journal.pone. human retinal pigment epithelial cells. Invest
0225931 Ophthalmol Vis Sci. 1999;40:1927-35.

50 Sui X, Zhang R, Liu S, Duan T, Zhai L, Zhang M, 60 Brennan MS, Matos MF, Li B, Hronowski X, Gao B,
et al. RSL3 drives ferroptosis through GPX4 Juhasz P, et al. Dimethyl fumarate and monoethyl
inactivation and ROS production in colorectal cancer. fumarate exhibit differential effects on KEAP1, NRF2
Front Pharmacol. 2018;9:1371. https://doi.org/10. activation, and glutathione depletion in vitro. PLoS
3389/fphar.2018.01371 One. 2015;10:¢0120254. https://doi.org/10.1371/journal.

51 Yu H, Yang C, Jian L, Guo S, Chen R, Li K, et al. pone.0120254
Sulfasalazine-induced ferroptosis in breast cancer cells 61 Lehmann JCU, Listopad JJ, Rentzsch CU, Igney FH,
is reduced by the inhibitory effect of estrogen receptor von Bonin A, Hennekes HH, et al. Dimethylfumarate
on the transferrin receptor. Oncol Rep. 2019;42:826-38. induces immunosuppression via glutathione depletion
https://doi.org/10.3892/0r.2019.7189 and subsequent induction of heme oxygenase 1. J

52 Kim EH, Shin D, Lee J, Jung AR, Roh J-L. CISD2 Invest Dermatol. 2007;127:835-45. https://doi.org/10.
inhibition overcomes resistance to sulfasalazine- 1038/sj.jid.5700686
induced ferroptotic cell death in head and neck cancer. 62 Zhu H, Luo H, Zhang W, Shen Z, Hu X, Zhu X.
Cancer Lett. 2018;432:180-90. https://doi.org/10.1016/j. Molecular mechanisms of cisplatin resistance in
canlet.2018.06.018 cervical cancer. Drug Des Devel Ther. 2016;10:1885-95.

53 Castro F, Leite Pereira C, Helena Macedo M, Almeida https://doi.org/10.2147/DDDT.S106412
A, José Silveira M, Dias S, et al. Advances on 63 Li Q, Chen S, Wang X, Cai J, Huang H, Tang S,
colorectal cancer 3D models: the needed translational et al. Cisplatin-based combination therapy for
technology for nanomedicine screening. Adv Drug enhanced cancer treatment. Curr Drug Targets.

Deliv Rev. 2021;175:113824. https://doi.org/10.1016/j. 2024;25:473-91. https://doi.org/10.
addr.2021.06.001 2174/0113894501294182240401060343

54 Valero T, Steele S, Neumiiller K, Bracher A, 64 Liu Y, Xing H, Han X, Shi X, Liang F, Cheng G,
Niederleithner H, Pehamberger H, et al. Combination et al. Apoptosis of HeLa cells induced by cisplatin and
of dacarbazine and dimethylfumarate efficiently its mechanism. J Huazhong Univ Sci Technolog Med

Molecular Oncology (2026) © 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 23

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde 8Ly Aq peueob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1|Bu 1 [UO//:SANy) SUORIPUOD PUe SWie | 8U18eS *[9202/c0/82] Uo ArigiTauliuo A(IM elfeleuelyood Aq 9120/ T920-8.8T/Z00T OT/I0p/W0D A8 im Aleiqijeuluo'sge)//Sdiy wolj pepeojumod ‘0 ‘T9Z0828T


https://doi.org/10.1097/00001813-200502000-00008
https://doi.org/10.1097/00001813-200502000-00008
https://doi.org/10.1097/00001813-200502000-00008
https://doi.org/10.1097/00001813-200502000-00008
https://doi.org/10.1097/00001813-200502000-00008
https://doi.org/10.1097/00001813-200502000-00008
https://doi.org/10.1158/0008-5472.CAN-06-2397
https://doi.org/10.1158/0008-5472.CAN-06-2397
https://doi.org/10.1158/0008-5472.CAN-06-2397
https://doi.org/10.1158/0008-5472.CAN-06-2397
https://doi.org/10.1158/0008-5472.CAN-06-2397
https://doi.org/10.1158/0008-5472.CAN-06-2397
https://doi.org/10.1158/0008-5472.CAN-06-2397
https://doi.org/10.1158/0008-5472.CAN-06-2397
https://doi.org/10.1111/bph.13184
https://doi.org/10.1089/ten.TEC.2015.0280
https://doi.org/10.1089/ten.TEC.2015.0280
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1371/journal.pone.0225931
https://doi.org/10.1371/journal.pone.0225931
https://doi.org/10.3389/fphar.2018.01371
https://doi.org/10.3389/fphar.2018.01371
https://doi.org/10.3892/or.2019.7189
https://doi.org/10.1016/j.canlet.2018.06.018
https://doi.org/10.1016/j.canlet.2018.06.018
https://doi.org/10.1016/j.addr.2021.06.001
https://doi.org/10.1016/j.addr.2021.06.001
https://doi.org/10.1038/jid.2009.368
https://doi.org/10.1038/jid.2009.368
https://doi.org/10.1182/blood-2016-01-694117
https://doi.org/10.1182/blood-2016-01-694117
https://doi.org/10.1182/blood-2016-01-694117
https://doi.org/10.1182/blood-2016-01-694117
https://doi.org/10.1182/blood-2016-01-694117
https://doi.org/10.1182/blood-2016-01-694117
https://doi.org/10.1182/blood-2016-01-694117
https://doi.org/10.1182/blood-2016-01-694117
https://doi.org/10.1038/s41598-025-00832-7
https://doi.org/10.1038/s41598-025-00832-7
https://doi.org/10.1038/s41598-025-00832-7
https://doi.org/10.1038/s41598-025-00832-7
https://doi.org/10.1038/s41598-025-00832-7
https://doi.org/10.1038/s41598-025-00832-7
https://doi.org/10.1038/s41598-025-00832-7
https://doi.org/10.1038/s41598-025-00832-7
https://doi.org/10.1016/j.critrevonc.2024.104346
https://doi.org/10.1016/j.critrevonc.2024.104346
https://doi.org/10.1182/blood.2020009404
https://doi.org/10.1182/blood.2020009404
https://doi.org/10.1371/journal.pone.0120254
https://doi.org/10.1371/journal.pone.0120254
https://doi.org/10.1038/sj.jid.5700686
https://doi.org/10.1038/sj.jid.5700686
https://doi.org/10.2147/DDDT.S106412
https://doi.org/10.2174/0113894501294182240401060343
https://doi.org/10.2174/0113894501294182240401060343

DMF plus CDDP induces ferroptosis and apoptosis

65

66

67

68

69

70

71

72

73

74

75

76

24

Sci. 2008;28:197-9. https://doi.org/10.1007/s11596-008-
0221-7

Chen M, Xie Y, Luo Q, Xu J, Ren Y, Liu R, et al.
Switchable nanoparticles complexing cisplatin for
circumventing glutathione depletion in breast cancer
chemotherapy. Chin Chem Lett. 2023;34:107744.
https://doi.org/10.1016/j.cclet.2022.107744

Jiang L, Kon N, Li T, Wang S-J, Su T, Hibshoosh H,
et al. Ferroptosis as a P53-mediated activity during
tumour suppression. Nature. 2015;520:57-62.
https://doi.org/10.1038/nature14344

Faraonio R, Vergara P, Di Marzo D, Pierantoni MG,
Napolitano M, Russo T, et al. P53 suppresses the
Nrf2-dependent transcription of antioxidant response
genes. J Biol Chem. 2006;281:39776-84. https://doi.
org/10.1074/jbc.M 605707200

Tommasino M, Accardi R, Caldeira S, Dong W,
Malanchi I, Smet A, et al. The role of TP53 in cervical
carcinogenesis. Hum Mutat. 2003;21:307-12.
https://doi.org/10.1002/humu.10178

Lin W, Wang C, Liu G, Bi C, Wang X, Zhou Q, et al.
SLC7A11/xCT in cancer: biological functions and
therapeutic implications. Am J Cancer Res.
2020;10:3106-26.

Nielsen ST, Beninati L, Buonato CB. Sulfasalazine
and S-aminosalicylic acid inhibit contractile leukotriene
formation. Scand J Gastroenterol. 1988;23:272-6.
https://doi.org/10.3109/00365528809093864

Sehm T, Fan Z, Ghoochani A, Rauh M, Engelhorn T,
Minakaki G, et al. Sulfasalazine impacts on ferroptotic
cell death and alleviates the tumor microenvironment and
glioma-induced brain edema. Oncotarget. 2016;7:36021—
33. https://doi.org/10.18632/oncotarget.8651

Haryu S, Saito R, Jia W, Shoji T, Mano Y, Sato A,
et al. Convection-enhanced delivery of sulfasalazine
prolongs survival in a glioma stem cell brain tumor
model. J Neurooncol. 2018;136:23-31. https://doi.
org/10.1007/s11060-017-2621-7

Ogihara K, Kikuchi E, Okazaki S, Hagiwara M,
Takeda T, Matsumoto K, et al. Sulfasalazine could
modulate the CD44v9-xCT system and enhance
cisplatin-induced cytotoxic effects in metastatic bladder
cancer. Cancer Sci. 2019;110:1431-41. https://doi.
org/10.1111/cas.13960

Shieh SY, Ikeda M, Taya Y, Prives C. DNA damage-
induced phosphorylation of P53 alleviates inhibition by
MDM2. Cell. 1997;91:325-34. https://doi.org/10.
1016/s0092-8674(00)80416-x

Loughery J, Cox M, Smith LM, Meek DW. Critical
role for P53-serine 15 phosphorylation in stimulating
transactivation at P53-responsive promoters. Nucleic
Acids Res. 2014;42:7666-80. https://doi.org/10.

1093 /nar/gku501

Damia G, Filiberti L, Vikhanskaya F, Carrassa L,
Taya Y, D’incalci M, et al. Cisplatinum and taxol

77

78

79

80

81

82

83

84

85

86

87

C. Punziano et al.

induce different patterns of P53 phosphorylation.
Neoplasia. 2001;3:10-6. https://doi.org/10.1038/sj.neo.
7900122

Han CY, Patten DA, Kim SI, Lim JJ, Chan DW, Siu
MKY, et al. Nuclear HKII-P-P53 (Serl5) interaction is
a prognostic biomarker for chemoresponsiveness and
glycolytic regulation in epithelial ovarian cancer.
Cancers (Basel). 2021;13:3399. https://doi.org/10.
3390/cancers13143399

Saint-Germain E, Mignacca L, Vernier M, Bobbala D,
Ilangumaran S, Ferbeyre G. SOCSI1 regulates
senescence and ferroptosis by modulating the
expression of P53 target genes. Aging. 2017;9:2137-62.
https://doi.org/10.18632/aging.101306

Mallette FA, Calabrese V, Ilangumaran S, Ferbeyre G.
SOCSI, a novel interaction partner of P53 controlling
oncogene-induced senescence. Aging. 2010;2:445-52.
https://doi.org/10.18632/aging.100163

Ortega AL, Mena S, Estrela JM. Glutathione in cancer
cell death. Cancers (Basel). 2011;3:1285-310.
https://doi.org/10.3390/cancers3011285

Koppula P, Zhang Y, Zhuang L, Gan B. Amino acid
transporter SLC7A11/xCT at the crossroads of
regulating redox homeostasis and nutrient dependency
of cancer. Cancer Commun (Lond). 2018;38:12.
https://doi.org/10.1186/s40880-018-0288-x

Ye P, Mimura J, Okada T, Sato H, Liu T, Maruyama
A, et al. Nrf2- and ATF4-dependent upregulation of
xCT modulates the sensitivity of T24 bladder
carcinoma cells to proteasome inhibition. Mol Cell
Biol. 2014;34:3421-34. https://doi.org/10.1128/MCB.
00221-14

Chen D, Fan Z, Rauh M, Buchfelder M, Eyupoglu
1Y, Savaskan N. ATF4 promotes angiogenesis and
neuronal cell death and confers ferroptosis in a xCT-
dependent manner. Oncogene. 2017;36:5593-608.
https://doi.org/10.1038/onc.2017.146

Wang L, Liu Y, Du T, Yang H, Lei L, Guo M, et al.
ATF3 promotes erastin-induced ferroptosis by
suppressing system Xc. Cell Death Differ. 2020;27:662—
75. https://doi.org/10.1038/s41418-019-0380-z

Silva GAF, Nunes RAL, Morale MG, Boccardo E,
Aguayo F, Termini L. Oxidative stress: therapeutic
approaches for cervical cancer treatment. Clinics.
2018;73:e548s. https://doi.org/10.

6061 /clinics/2018/e548s

Xia Y, Wang G, Jiang M, Liu X, Zhao Y, Song Y,

et al. A novel biological activity of the STAT3
inhibitor stattic in inhibiting glutathione reductase and
suppressing the tumorigenicity of human cervical
cancer cells via a ROS-dependent pathway. Onco
Targets Ther. 2021;14:4047-60. https://doi.org/10.
2147/OTT.S313507

Williams VM, Filippova M, Filippov V, Payne KJ,
Duerksen-Hughes P. Human papillomavirus type 16

Molecular Oncology (2026) © 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde 8Ly Aq peueob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1|Bu 1 [UO//:SANy) SUORIPUOD PUe SWie | 8U18eS *[9202/c0/82] Uo ArigiTauliuo A(IM elfeleuelyood Aq 9120/ T920-8.8T/Z00T OT/I0p/W0D A8 im Aleiqijeuluo'sge)//Sdiy wolj pepeojumod ‘0 ‘T9Z0828T


https://doi.org/10.1007/s11596-008-0221-7
https://doi.org/10.1007/s11596-008-0221-7
https://doi.org/10.1007/s11596-008-0221-7
https://doi.org/10.1007/s11596-008-0221-7
https://doi.org/10.1007/s11596-008-0221-7
https://doi.org/10.1007/s11596-008-0221-7
https://doi.org/10.1007/s11596-008-0221-7
https://doi.org/10.1007/s11596-008-0221-7
https://doi.org/10.1016/j.cclet.2022.107744
https://doi.org/10.1038/nature14344
https://doi.org/10.1074/jbc.M605707200
https://doi.org/10.1074/jbc.M605707200
https://doi.org/10.1002/humu.10178
https://doi.org/10.3109/00365528809093864
https://doi.org/10.18632/oncotarget.8651
https://doi.org/10.1007/s11060-017-2621-7
https://doi.org/10.1007/s11060-017-2621-7
https://doi.org/10.1007/s11060-017-2621-7
https://doi.org/10.1007/s11060-017-2621-7
https://doi.org/10.1007/s11060-017-2621-7
https://doi.org/10.1007/s11060-017-2621-7
https://doi.org/10.1007/s11060-017-2621-7
https://doi.org/10.1007/s11060-017-2621-7
https://doi.org/10.1111/cas.13960
https://doi.org/10.1111/cas.13960
https://doi.org/10.1016/s0092-8674(00)80416-x
https://doi.org/10.1016/s0092-8674(00)80416-x
https://doi.org/10.1016/s0092-8674(00)80416-x
https://doi.org/10.1016/s0092-8674(00)80416-x
https://doi.org/10.1016/s0092-8674(00)80416-x
https://doi.org/10.1016/s0092-8674(00)80416-x
https://doi.org/10.1093/nar/gku501
https://doi.org/10.1093/nar/gku501
https://doi.org/10.1038/sj.neo.7900122
https://doi.org/10.1038/sj.neo.7900122
https://doi.org/10.3390/cancers13143399
https://doi.org/10.3390/cancers13143399
https://doi.org/10.18632/aging.101306
https://doi.org/10.18632/aging.100163
https://doi.org/10.3390/cancers3011285
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.1128/MCB.00221-14
https://doi.org/10.1128/MCB.00221-14
https://doi.org/10.1128/MCB.00221-14
https://doi.org/10.1128/MCB.00221-14
https://doi.org/10.1038/onc.2017.146
https://doi.org/10.1038/s41418-019-0380-z
https://doi.org/10.1038/s41418-019-0380-z
https://doi.org/10.1038/s41418-019-0380-z
https://doi.org/10.1038/s41418-019-0380-z
https://doi.org/10.1038/s41418-019-0380-z
https://doi.org/10.1038/s41418-019-0380-z
https://doi.org/10.1038/s41418-019-0380-z
https://doi.org/10.6061/clinics/2018/e548s
https://doi.org/10.6061/clinics/2018/e548s
https://doi.org/10.2147/OTT.S313507
https://doi.org/10.2147/OTT.S313507

C. Punziano et al.

88

89

E6* induces oxidative stress and DNA damage. J
Virol. 2014;88:6751-61. https://doi.org/10.1128/JVI.
03355-13

Cruz-Gregorio A, Aranda-Rivera AK, Ortega-Lozano
AlJ, Pedraza-Chaverri J, Mendoza-Hoffmann F. Lipid
metabolism and oxidative stress in HPV-related
cancers. Free Radic Biol Med. 2021;172:226-36.
https://doi.org/10.1016/j.freeradbiomed.2021.06.009
Bennett Saidu NE, Bretagne M, Mansuet AL, Just P-
A, Leroy K, Cerles O, et al. Dimethyl fumarate is
highly cytotoxic in KRAS mutated cancer cells but
spares non-tumorigenic cells. Oncotarget. 2018;9:9088—
99. https://doi.org/10.18632/oncotarget.24144

99

100

DMF plus CDDP induces ferroptosis and apoptosis

targets GAPDH and aerobic glycolysis to modulate
immunity. Science. 2018;360:449-53. https://doi.org/10.
1126/science.aan4665

Chen K, Wu S, Ye S, Huang H, Zhou Y, Zhou H,

et al. Dimethyl fumarate induces metabolic crisie to
suppress pancreatic carcinoma. Front Pharmacol.
2021;12:617714. https://doi.org/10.3389/fphar.2021.
617714

Komatsu M, Kurokawa H, Waguri S, Taguchi K,
Kobayashi A, Ichimura Y, et al. The selective
autophagy substrate P62 activates the stress responsive
transcription factor Nrf2 through inactivation of
Keapl. Nat Cell Biol. 2010;12:213-23. https://doi.

90 Saidu NEB, Kavian N, Leroy K, Jacob C, Nicco C, org/10.1038/ncb2021
Batteux F, et al. Dimethyl fumarate, a two-edged 101 Matteo P, Federico D, Emanuela M, Giulia R,
drug: current status and future directions. Med Res Tommaso B, Alfredo G, et al. New and old horizons
Rev. 2019;39:1923-52. https://doi.org/10.1002/med. for an ancient drug: pharmacokinetics,

21567 pharmacodynamics, and clinical perspectives of

91 Qi D, Chen P, Bao H, Zhang L, Sun K, Song S, et al. dimethyl fumarate. Pharmaceutics. 2022;14:2732.
Dimethyl fumarate protects against hepatic ischemia- https://doi.org/10.3390/pharmaceutics14122732
reperfusion injury by alleviating ferroptosis via the 102 Majkutewicz 1. Dimethyl fumarate: a review of
NRF2/SLC7A11/HO-1 axis. Cell Cycle. 2023;22:818— preclinical efficacy in models of neurodegenerative
28. https://doi.org/10.1080/15384101.2022.2155016 diseases. Eur J Pharmacol. 2022;926:175025.

92 Kopincova J, Bernatova I. Dimethyl fumarate vs. https://doi.org/10.1016/j.ejphar.2022.175025
monomethyl fumarate: unresolved pharmacologic 103 Albrecht P, Bouchachia I, Goebels N, Henke N,
issues. Pharmaceutics. 2025;17:1506. https://doi.org/10. Hofstetter HH, Issberner A, et al. Effects of dimethyl
3390/pharmaceutics17121506 fumarate on neuroprotection and immunomodulation.

93 Schmidt TJ, Ak M, Mrowietz U. Reactivity of J Neuroinflammation. 2012;9:163. https://doi.org/10.
dimethyl fumarate and methylhydrogen fumarate 1186/1742-2094-9-163
towards glutathione and N-acetyl-L-cysteine— 104 Jing X, Shi H, Zhang C, Ren M, Han M, Wei X,
preparation of S-substituted thiosuccinic acid esters. et al. Dimethyl fumarate attenuates 6-OHDA-induced
Bioorg Med Chem. 2007;15:333-42. https://doi.org/10. neurotoxicity in SH-SYSY cells and in animal model
1016/j.bmc.2006.09.053 of Parkinson’s disease by enhancing Nrf2 activity.

94 Linker RA, Lee D-H, Ryan S, van Dam AM, Conrad Neuroscience. 2015;286:131-40. https://doi.org/10.

R, Bista P, et al. Fumaric acid esters exert 1016/j.neuroscience.2014.11.047

neuroprotective effects in neuroinflammation via 105 Han G, Zhou Q. Dimethylfumarate induces cell cycle
activation of the Nrf2 antioxidant pathway. Brain. arrest and apoptosis via regulating intracellular redox
2011;134:678-92. https://doi.org/10.1093/brain/awq386 systems in HeLa cells. In Vitro Cell Dev Biol Anim.

95 Scannevin RH, Chollate S, Jung M, Shackett M, Patel 2016;52:1034-41. https://doi.org/10.1007/s11626-016-
H, Bista P, et al. Fumarates promote cytoprotection of 0069-2
central nervous system cells against oxidative stress via 106 Kaluzki I, Hrgovic I, Hailemariam-Jahn T, Doll M,
the nuclear factor (erythroid-derived 2)-like 2 pathway. Kleemann J, Valesky EM, et al. Dimethylfumarate
J Pharmacol Exp Ther. 2012;341:274-84. https://doi. inhibits melanoma cell proliferation via P21 and P53
org/10.1124/jpet.111.190132 induction and Bcl-2 and cyclin BI downregulation.

96 Camelo S. Repurposing dimethyl fumarate targeting Tumour Biol. 2016;37:13627-35. https://doi.org/10.
Nrf2 to slow down the growth of areas of geographic 1007/s13277-016-5285-6
atrophy. Int J Mol Sci. 2025;26:6112. https://doi. 107 Kaluzki I, Hailemariam-Jahn T, Doll M, Kaufmann
org/10.3390/ijms26136112 R, Balermpas P, Zoller N, et al. Dimethylfumarate

97 Saidu NEB, Noé G, Cerles O, Cabel L, Kavian-Tessler inhibits colorectal carcinoma cell proliferation:

N, Chouzenoux S, et al. Dimethyl fumarate controls evidence for cell cycle arrest, apoptosis and autophagy.
the NRF2/DJ-1 axis in cancer cells: therapeutic Cells. 2019;8:1329. https://doi.org/10.3390/cells8111329
applications. Mol Cancer Ther. 2017;16:529-39. 108 Basilotta R, Lanza M, Filippone A, Casili G,
https://doi.org/10.1158/1535-7163.MCT-16-0405 Mannino D, De Gaetano F, et al. Therapeutic

98 Kornberg MD, Bhargava P, Kim PM, Putluri V, potential of dimethyl fumarate in counteract oral
Snowman AM, Putluri N, et al. Dimethyl fumarate squamous cell carcinoma progression by modulating

Molecular Oncology (2026) © 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies. 25

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde 8Ly Aq peueob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1|Bu 1 [UO//:SANy) SUORIPUOD PUe SWie | 8U18eS *[9202/c0/82] Uo ArigiTauliuo A(IM elfeleuelyood Aq 9120/ T920-8.8T/Z00T OT/I0p/W0D A8 im Aleiqijeuluo'sge)//Sdiy wolj pepeojumod ‘0 ‘T9Z0828T


https://doi.org/10.1128/JVI.03355-13
https://doi.org/10.1128/JVI.03355-13
https://doi.org/10.1128/JVI.03355-13
https://doi.org/10.1128/JVI.03355-13
https://doi.org/10.1016/j.freeradbiomed.2021.06.009
https://doi.org/10.18632/oncotarget.24144
https://doi.org/10.1002/med.21567
https://doi.org/10.1002/med.21567
https://doi.org/10.1080/15384101.2022.2155016
https://doi.org/10.3390/pharmaceutics17121506
https://doi.org/10.3390/pharmaceutics17121506
https://doi.org/10.1016/j.bmc.2006.09.053
https://doi.org/10.1016/j.bmc.2006.09.053
https://doi.org/10.1093/brain/awq386
https://doi.org/10.1124/jpet.111.190132
https://doi.org/10.1124/jpet.111.190132
https://doi.org/10.3390/ijms26136112
https://doi.org/10.3390/ijms26136112
https://doi.org/10.1158/1535-7163.MCT-16-0405
https://doi.org/10.1158/1535-7163.MCT-16-0405
https://doi.org/10.1158/1535-7163.MCT-16-0405
https://doi.org/10.1158/1535-7163.MCT-16-0405
https://doi.org/10.1158/1535-7163.MCT-16-0405
https://doi.org/10.1158/1535-7163.MCT-16-0405
https://doi.org/10.1158/1535-7163.MCT-16-0405
https://doi.org/10.1126/science.aan4665
https://doi.org/10.1126/science.aan4665
https://doi.org/10.3389/fphar.2021.617714
https://doi.org/10.3389/fphar.2021.617714
https://doi.org/10.1038/ncb2021
https://doi.org/10.1038/ncb2021
https://doi.org/10.3390/pharmaceutics14122732
https://doi.org/10.1016/j.ejphar.2022.175025
https://doi.org/10.1186/1742-2094-9-163
https://doi.org/10.1186/1742-2094-9-163
https://doi.org/10.1186/1742-2094-9-163
https://doi.org/10.1186/1742-2094-9-163
https://doi.org/10.1186/1742-2094-9-163
https://doi.org/10.1186/1742-2094-9-163
https://doi.org/10.1186/1742-2094-9-163
https://doi.org/10.1186/1742-2094-9-163
https://doi.org/10.1016/j.neuroscience.2014.11.047
https://doi.org/10.1016/j.neuroscience.2014.11.047
https://doi.org/10.1007/s11626-016-0069-2
https://doi.org/10.1007/s11626-016-0069-2
https://doi.org/10.1007/s11626-016-0069-2
https://doi.org/10.1007/s11626-016-0069-2
https://doi.org/10.1007/s11626-016-0069-2
https://doi.org/10.1007/s11626-016-0069-2
https://doi.org/10.1007/s11626-016-0069-2
https://doi.org/10.1007/s11626-016-0069-2
https://doi.org/10.1007/s13277-016-5285-6
https://doi.org/10.1007/s13277-016-5285-6
https://doi.org/10.1007/s13277-016-5285-6
https://doi.org/10.1007/s13277-016-5285-6
https://doi.org/10.1007/s13277-016-5285-6
https://doi.org/10.1007/s13277-016-5285-6
https://doi.org/10.1007/s13277-016-5285-6
https://doi.org/10.1007/s13277-016-5285-6
https://doi.org/10.3390/cells8111329

DMF plus CDDP induces ferroptosis and apoptosis

apoptosis, oxidative stress and epithelial-mesenchymal
transition. Int J Mol Sci. 2023;24:2777. https://doi.
org/10.3390/ijms24032777

109 Zhang M, Jing Y, Cui Q. Repurposing dimethyl
fumarate for cancer therapy: current evidence and
future directions. Front Pharmacol. 2025;16:1721876.
https://doi.org/10.3389/fphar.2025.1721876

110 Wang T, Narayanaswamy R, Ren H, Torchilin VP.
Combination therapy targeting both cancer stem-like
cells and bulk tumor cells for improved efficacy of
breast cancer treatment. Cancer Biol Ther.
2016;17:698-707. https://doi.org/10.1080/15384047.
2016.1190488

111 Mokhtari RB, Homayouni TS, Baluch N,
Morgatskaya E, Kumar S, Das B, et al. Combination
therapy in combating cancer. Oncotarget.
2017;8:38022—43. https://doi.org/10.18632/oncotarget.
16723

112 Singh SK, Mohammed A, Alghamdi OA, Husain SM.
New approaches for targeting drug resistance through
drug combination. Combination therapy against
multidrug resistance. Amsterdam: Elsevier; 2020. p.
221-46.

113 Li H, Wang Y, Su R, Jia Y, Lai X, Su H, et al.
Dimethyl fumarate combined with vemurafenib
enhances anti-melanoma efficacy via inhibiting the
hippo/YAP, NRF2-ARE, and AKT/mTOR/ERK
pathways in A375 melanoma cells. Front Oncol.
2022;12:794216. https://doi.org/10.3389/fonc.2022.
794216

114 Kawaguchi S, Sato K, Izawa J, Takayama N,
Hayakawa H, Tominaga K, et al. The combination of
Venetoclax with dimethyl fumarate synergistically
induces apoptosis in AML cells by disrupting
mitochondrial integrity through ROS accumulation.
Cell Death Dis. 2025;16:750. https://doi.org/10.
1038/s41419-025-08040-x

115 Tarangelo A, Magtanong L, Bieging-Rolett KT, Li Y,
Ye J, Attardi LD, et al. P53 suppresses metabolic
stress-induced ferroptosis in cancer cells. Cell Rep.

C. Punziano et al.

2018;22:569-75. https://doi.org/10.1016/j.celrep.2017.
12.077

116 Zhang L, Hou N, Chen B, Kan C, Han F, Zhang J,
et al. Post-translational modifications of P53 in
ferroptosis: novel pharmacological targets for cancer
therapy. Front Pharmacol. 2022;13:908772. https://doi.
org/10.3389/fphar.2022.908772

117 Kracikova M, Akiri G, George A, Sachidanandam R,
Aaronson SA. A threshold mechanism mediates P53
cell fate decision between growth arrest and apoptosis.
Cell Death Differ. 2013;20:576-88. https://doi.org/10.
1038/cdd.2012.155

118 Sablina AA, Budanov AV, llyinskaya GV, Agapova
LS, Kravchenko JE, Chumakov PM. The antioxidant
function of the P53 tumor suppressor. Nat Med.
2005;11:1306-13. https://doi.org/10.1038/nm1320

119 Polyak K, Xia Y, Zweier JL, Kinzler KW, Vogelstein
B. A model for P53-induced apoptosis. Nature.
1997;389:300-5. https://doi.org/10.1038/38525

120 Macip S, Igarashi M, Berggren P, Yu J, Lee SW,
Aaronson SA. Influence of induced reactive oxygen
species in P53-mediated cell fate decisions. Mol Cell
Biol. 2003;23:8576-85. https://doi.org/10.1128/ MCB.
23.23.8576-8585.2003

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Effect of ferroptosis inducers on cell viability
of Caski and HeLa cells.

Fig. S2. Effect of dimethyl fumarate (DMF) on
STATS3 signaling.

Fig. S3. Dimethyl fumarate (DMF) at 200 pm induces
ferroptosis in SiHa and C41 cells.

Fig. S4. Dose-dependent effects of cisplatin (CDDP)
on SiHa and C4I cells.

Table S1. Primers used for RT-qPCR analyses.

26 Molecular Oncology (2026) © 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde 8Ly Aq peueob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1|Bu 1 [UO//:SANy) SUORIPUOD PUe SWie | 8U18eS *[9202/c0/82] Uo ArigiTauliuo A(IM elfeleuelyood Aq 9120/ T920-8.8T/Z00T OT/I0p/W0D A8 im Aleiqijeuluo'sge)//Sdiy wolj pepeojumod ‘0 ‘T9Z0828T


https://doi.org/10.3390/ijms24032777
https://doi.org/10.3390/ijms24032777
https://doi.org/10.3389/fphar.2025.1721876
https://doi.org/10.1080/15384047.2016.1190488
https://doi.org/10.1080/15384047.2016.1190488
https://doi.org/10.18632/oncotarget.16723
https://doi.org/10.18632/oncotarget.16723
https://doi.org/10.3389/fonc.2022.794216
https://doi.org/10.3389/fonc.2022.794216
https://doi.org/10.1038/s41419-025-08040-x
https://doi.org/10.1038/s41419-025-08040-x
https://doi.org/10.1038/s41419-025-08040-x
https://doi.org/10.1038/s41419-025-08040-x
https://doi.org/10.1038/s41419-025-08040-x
https://doi.org/10.1038/s41419-025-08040-x
https://doi.org/10.1038/s41419-025-08040-x
https://doi.org/10.1038/s41419-025-08040-x
https://doi.org/10.1016/j.celrep.2017.12.077
https://doi.org/10.1016/j.celrep.2017.12.077
https://doi.org/10.3389/fphar.2022.908772
https://doi.org/10.3389/fphar.2022.908772
https://doi.org/10.1038/cdd.2012.155
https://doi.org/10.1038/cdd.2012.155
https://doi.org/10.1038/nm1320
https://doi.org/10.1038/38525
https://doi.org/10.1128/MCB.23.23.8576-8585.2003
https://doi.org/10.1128/MCB.23.23.8576-8585.2003
https://doi.org/10.1128/MCB.23.23.8576-8585.2003
https://doi.org/10.1128/MCB.23.23.8576-8585.2003

	Dimethyl fumarate combined with cisplatin at subcytotoxic doses sensitizes cervical cancer toward ferroptosis and apoptosis through GSH restriction and p53 (re)activation
	1. Introduction
	2. Materials and methods
	2.1. Cell cultures and reagents
	2.2. Cell viability assay
	2.3. Generation of 3D models
	2.4. Cell growth assay
	2.5. Malondialdehyde (MDA) assay
	2.6. Glutathione colorimetric detection assay
	2.7. Lipid peroxidation assay
	2.8. Click-iT EdU Alexa Fluor 488 flow cytometry assay
	2.9. Analysis of cell death
	2.10. RNA extraction and real-time quantitative PCR
	2.11. Proteins extraction and western blotting assay
	2.11.1. Total protein preparation
	2.11.2. Nucleus/cytoplasm fractionation

	2.12. Caspase-3/7 activity assay
	2.13. Statistical analyses

	3. Results
	3.1. Effects of ferroptosis inducer compounds on cervical cancer cells
	3.2. DMF inhibits proliferation and promotes cell death of cervical cancer cells
	3.3. DMF at 200 μm induces ferroptosis in cervical cancer cells
	3.4. Subcytotoxic concentrations of DMF enhance the sensitivity of cervical cancer cells to low doses of cisplatin
	3.5. Combination of subcytotoxic doses of DMF and cisplatin drives death pathways of ferroptosis and/or apoptosis
	3.6. Cell death in cervical cancer induced by the combination of subcytotoxic DMF and cisplatin involves p53-mediated suppression of SLC7A11
	3.7. GSH depletion and p53 (re)activation contribute to cervical cancer cell death induced by CDDP and DMF combined treatments

	4. Discussion
	5. Conclusions
	 Acknowledgements
	 Conflict of interest
	 Author contributions
	 Data accessibility
	 References
	Supporting Information


