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Introduction: Among the types of cancer affecting women, cervical cancer (CC)
is a public health problem with high global incidence and mortality rates. It is
currently classified into three main histological types: squamous cell carcinoma
(SCC), adenocarcinoma (AC), and adenosquamous (ASC) carcinoma. All of them
lack a targeted therapy. The primary risk factor for CC is Human Papilloma Virus
(HPV) infection, which is known to increase reactive oxygen species (ROS),
contributing to malignant transformation and tumor progression. At basal
levels, ROS can function as second messengers in signaling pathways, and
elevated concentrations have been linked to their overactivation. One of
these, the ERK pathway, is implicated in both cell proliferation and
differentiation and is often dysregulated in cancer, promoting malignant
transformation. Several studies have proposed antioxidant supplementation or
ERK inhibitors as potential therapies.

Methods: In vitro studies were performed using CC cell lines. ROS levels were
evaluated by flow cytometry; cellular proliferation, death and migration were
evaluated using real-time microscopy; cell viability was evaluated with crystal
violet staining, and phosphorylated ERK levels were evaluated by Western Blot. A
bioinformatic analysis was done in a cervical cancer database.

Results: We elucidate part of the complex interplay between ROS and ERK
pathway in CC pro-tumorigenic characteristics. Through bioinformatic
analysis, we found distinct ROS and ERK activation patterns across CC tumor
samples from different histological types. However, in vitro, ROS regulated
migration and viability in CC, with no discernible variance based on
histological classification. ERK activation, however, differed according to the
histological type with SCC displaying increased ERK activation compared to
AC and regulating cellular migration in SCC cells.

Discussion: Our study identifies a potential synergistic interaction between ROS
and ERK inhibitors, highlighting the therapeutic promise of combinatorial
targeting for CC treatment. These findings underscore the importance of
personalized approaches aimed at improving the outcomes of CC patients.
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1 Introduction

Globally, cervical cancer (CC) ranked fourth in both incidence
and mortality among cancers affecting women (Bray et al., 2024),
and according to the Global Cancer Observatory in Latin America
and the Caribbean, it ranked as the fourth leading cause of cancer-
related death and the third most diagnosed cancer (Cancer Today,
2024). Unfortunately, CC death rate is 18 times higher in low-
income and middle-income countries compared with wealthier
countries (Small et al., 2017), being the second leading cause of
cancer-related death and the second most commonly diagnosed in
women in these countries (Bray et al., 2024). CC is attributed to
diverse risk factors that include smoking, high number of
childbirths, and long-term use of oral contraceptives (Sung et al.,
2021), but its main etiological agent is the persistent infection by
HPV, which has been associated with approximately 95% of
malignant cervical lesions (Small et al., 2017). HPVs infecting the
genital area are classified as low or high-risk based on their
oncogenic potential. The 16 and 18 genotypes are high risk
HPVs associated with CC development and the most prevalent
worldwide (Senba and Mori, 2012). Most HPV infection cases are
transient and reach viral clearance in 90% of the cases (Toro-
Montoya and Tapia-Vela, 2021), but persistent infection and
integration of HPV into the host genome defines precancerous
lesions and CC development (Senba and Mori, 2012; Small et al.,
2017). CC diagnosis currently relies on histopathological analysis of
cervical biopsy. Additionally, staging according to the International
Federation of Gynecology and Obstetrics (FIGO) system plays a
critical role in determining patient outcomes (Cohen et al., 2019;
Yan et al., 2019). The FIGO system classifies CC tumors in stage I to
IV, with I referring to local disease without extension to the uterine
corpus, and stage IV, representing advanced disease extending to
pelvic or distant organs (Isla Ortiz et al., 2023; Bhatla et al., 2021).

CC is histologically classified into three main types: SCC, AC, and
adenosquamous (ASC) according to the epithelium where the tumor
originates (Small et al., 2017), being AC the CC type with the worst
prognosis (Yamauchi et al., 2014). Also, less frequent and rare types
such as neuroendocrine or small cell carcinoma can be found (Vora
and Gupta, 2018). An integrated genomic study showed that the
molecular profile between SCC and AC differs. Mutations inMAPK1/
ERK, EGFR, NFE2L2, HLA-B have been described in SCC, whereas
AC tumors have mutations in ELF3, CBFB, and HER2 (Cancer
Genome Atlas Research Network et al., 2017). Other studies have
reported mutations in the KRAS (Ojesina et al., 2014; Hodgson et al.,
2017) and RB1 (Hodgson et al., 2017) genes, specifically in AC tumor
samples. Besides, a sub-classification for SCC has been proposed,
dividing tumors in keratinizing SCC (kerat SCC) and non-
keratinizing SCC (non-kerat SCC) (Cancer Genome Atlas Research
Network et al., 2017). In some studies, kerat SCC has been associated
with a worse prognosis than non-kerat SCC (Kumar et al., 2009),
suggesting differences in tumor characteristics, although this
prognostic value has been questioned in other studies (Cancer
Genome Atlas Research Network et al., 2017). A subclassification
for AChas also been described, dividing it inmucinous, endometrioid,
and endocervical AC (Jhingran et al., 2003). Despite novel therapeutic
options, chemotherapy and radiotherapy remain as the main
therapeutic options for CC patients. While adoptive
immunotherapy, membrane receptor blockade, and antiangiogenic

agents have shown promise in the treatment of metastatic CC, only a
few are directed to specific molecular targets or histological types
(Vora and Gupta, 2018; Mauricio et al., 2021; Watkins et al., 2023).
Thus, similar therapies for all CC patients are used in the clinic
independent of their histological classification or the molecular
characteristics of the tumor (Small et al., 2017), highlighting the
need for novel, targeted therapies that could be beneficial to patient
outcome and to prevent metastasis development.

Several reports have shown that a consequence of HPV infection is
an increase in cellular ROS (Cruz-Gregorio et al., 2018b; 2018a), which
affect different cancer-related cellular processes (Cruz-Gregorio and
Aranda-Rivera, 2021). ROS are products of cellular oxidative
metabolism and play a significant role in carcinogenesis and tumor
progression by regulating processes like proliferation, differentiation,
and adaptive immunity (Sarmiento-Salinas et al., 2021). ROS balance is
maintained by cellular antioxidant systems. However, excessive ROS
levels can lead to oxidative stress and cellular damage (Chio and
Tuveson, 2017). Dysregulation of redox-sensitive signaling pathways,
including PI3K, NFκB, and MAPK/ERK, is also implicated in cancer
development and progression. The MAPK cascade is particularly
influential to cancer cells due to its involvement in proliferation,
migration, and oxidative stress response (Cruz-Gregorio and
Aranda-Rivera, 2021). Thus, overactivated signaling by ROS has
been associated with several pathologies including cancer (Cruz-
Gregorio and Aranda-Rivera, 2021; Sarmiento-Salinas et al., 2021),
but its association and the implication in tumorigenic characteristics in
CC remains unclear. Since oxidative stress is crucial in CCdevelopment,
and ROS have been related to ERK activation (Sarmiento-Salinas et al.,
2021), we investigated the role of ROS in CC cells, focusing on their
involvement in proliferation andmigration, and explored their potential
interaction with ERK activation.

2 Materials and methods

2.1 Bioinformatic analysis

Previously published ROS-related gene signatures (Sarmiento-
Salinas et al., 2019), consisting of a total of 370 genes, and an ERK
activation gene signature (Acosta-Casique et al., 2023), comprising a
total of 67 genes, were used. mRNA Expression Z scores for both
signatures were obtained from SCC and endocervical AC database
through cbioportal.org (TCGA, 2017). Samples were classified based
on histological criteria according to the WHO classification (Small
et al., 2017), a subclassification of CC by the TCGA research network
(Cancer Genome Atlas Research Network et al., 2017), and FIGO
staging classifications (Isla Ortiz et al., 2011). Gene expression levels
were used to construct heatmaps with unsupervised hierarchical
clustering and principal component analysis plots (PCA) using
Expander 8.0.

2.2 Cell culture

CC C33-A, SiHa and HeLa cell lines as well as HaCaT
keratinocytes were cultured as follows: HaCaT, C33-A, SiHa and
HeLa cells were cultured in Dulbecco`s Modified Eagle`s Medium
(DMEM, DMP15-10 Caisson), 10% fetal bovine serum (FBS),
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penicillin (100 U/mL), and streptomycin (1 mg/mL); CaSki cells
were cultured in RPMI (RPP12-10), 10% FBS, penicillin (100 U/
mL), and streptomycin (1 mg/mL). Cells were maintained in a 5%
CO2 atmosphere at 37°C. For ROS inhibition, N-acetylcysteine
(previously neutralized to pH 7.0 with NaOH) (NaC,
A7250 Sigma-Aldrich) and EUK-134 (SML0743-10 MG, Sigma-
Aldrich) were used, using water as vehicle. The maximum volume
used for drug treatment did not exceed 3.0%. For MEK inhibition,
PD0325901 (PD, PZ0162, Sigma-Aldrich) was utilized and diluted
in DMSO so that the final concentration of DMSO in culture did not
exceed 0.1%, which has been shown to have no effect on the
parameters evaluated in this study.

2.3 ROS determination

We seeded 95,000 cells in 12 well-plates. After 24 h, cells were
treated with 15 mM or 30 mM NaC, or 25–50 nM PD. After 24 h of
treatment, cells were washed and stained with 10 μM
dihydroethidium (DHE, 37,291, Sigma Aldrich) for 30 min at
37°C, protected from light. Cells were then washed, trypsinized
and centrifuged at 2,500 rpm. The pellet was resuspended in PBS
with 3% FBS, filtered and analyzed in a BD Facs Canto II flow
cytometer, using the PerCP-A channel (Ex: 488 nm, Em: 675 nm).
Data was analyzed using Flow Jo V 10.0 software. For ROShigh and
ROSlow populations, cells were analyzed as described by Sarmiento
et al.; we defined 95% of the cell population as ROShigh and 5% as
ROSlow (Sarmiento-Salinas et al., 2019).

2.4 Proliferation, death and migration assay

Proliferation, death and migration were assessed using the
Incucyte ZOOM real-time microscopy system (Essen Bioscience).
For proliferation assays, 5,000 cells (CaSki and HaCaT) or 4000 cells
(C33-A, SiHa, HeLa) were seeded in triplicate in 96 well-plates, and
after 24 h, treated with NaC at the indicated concentrations. Images
were captured every 4 h, for 48 h. Data was evaluated using the
Incucyte software and expressed as % cell confluence. Cell death was
assessed after 48 h with 10 μM propidium iodide (PI, Sigma P4170)
staining, which permeates dead cells with a compromised plasma
membrane. Data is expressed as % PI positive cells/% total confluence.
For migration experiments cells were plated at a density of 50,000
(C33-A, HeLa) or 60,000 (SiHa, CaSki) cells per well in triplicates in
96 well-plates. After 24 h, a scratch-wound was made using an Essen
wound maker. Cells were washed, treated with NaC or PD at the
indicated concentration and imaged every 4 h for 48 h. Wound
closure analysis was performed using Incucyte 96-well cell migration/
invasion software. This software measures and differentiates the
wounded from the non-wounded regions using the initial scratch
wound mask, which determinates % wound confluence. Data is
expressed as % wound healing confluence.

2.5 Western blot

Proteins (25 μg) were separated on a 10% acrylamide-
bisacrylamide gel and transferred to a PVDF membrane.

Membranes were blocked with 5% skim milk in TBS-Tween
buffer for 1 h, washed three times and incubated with the
following primary antibodies: pERK (4370, Cell Signalling
Technology, 1:1,000), ERK (4695, Cell Signalling Technology, 1:
1,000), β-Actin (A5441, Sigma Aldrich, 1:5,000) at 4°C overnight.
Following incubation, membranes were washed 3 times with 0.05%
TBS-Tween and incubated in with the following secondary
antibodies: anti-Rabbit (7,074, Cell Signalling Technology, 1:
10,000), or anti-Mouse (A2304, Sigma Aldrich, 1:10,000) for 1 h
at room temperature. Immunodetection was performed with HRP-
kit (Immobilon TM Western, Millipore WBKLS0500) and
quantified on a C-DiGit transfer scanner (LI-COR).
Densitometry analysis was performed using ImageJ software, and
relative intensity of the bands was obtained and graphed. Complete
membranes of the cropped images shown in the figures with their
corresponding molecular weight markers are shown on
Supplementary Figure S8.

2.6 Crystal violet staining

In 96 well-plates 5,000 cells per well were seeded in triplicates
and incubated overnight at 37°C. Cells were later treated with EUK,
NaC or PD at the indicated concentrations. After 48 h, the media
was aspirated, and cells were fixed (10% acetic acid, 10% methanol,
80% deionized water) for 20 min at room temperature. The cells
were then washed with PBS and stained with crystal violet solution
(0.4% Crystal violet, 20% ethanol) for 20 min at room temperature.
Cells were washed to remove excess stain and let to dry overnight.
Finally, stained colonies were solubilized in acetic acid (30%) and
absorbance at 540 nm was quantified on a Synergy4 (Biotek)
spectrophotometer.

2.7 Statistical analysis

Statistical analysis was performed using GraphPad Prism
v5 software. Graphs display data from three to five independent
experiments performed in replicates represented as the mean ±
standard deviation (SD). For migration assays, biological replicate
data from three independent experiments were included for the
statistical analysis, and the graphs represent the mean ± standard
deviation (SD) of each independent experiment. Data was analyzed
using one-way or two-way ANOVA as indicated in the figure legend,
followed by a post hoc Tukey-test. p-values <0.05 were considered
statistically significant, with *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.

3 Results

3.1 ROS levels in cervical cancer cells do not
differ between histological types

Recent studies have shown that CC patients have elevated
oxidative stress markers in serum when compared to healthy
controls (Zahra et al., 2021). To assess the oxidant-antioxidant
profile in CC, we analyzed a ROS related gene expression
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signature using a CC tumor sample database. PCA analysis and
hierarchical clustering of CC samples classified by histological types
are depicted on Figure 1A and Supplementary Figure S1
respectively. We found two major clusters. One cluster was
enriched with SCC samples, while the second cluster was
enriched with AC and ASC carcinoma. Importantly, some SCC
samples clustered with AC rather than with the SCC-enriched
cluster. A similar distribution was observed when using CC
subclassification, with differences between SCC and AC and no
separation between kerat SCC and non-kerat SCC subtypes. This
clustering revealed that the SCC samples that clustered with AC
were a subgroup of non-kerat SCC (Supplementary Figures S2A).

Additionally, we performed the same analysis with samples
categorized according to FIGO stage in both SCC
(Supplementary Figure S2B) or AC (Supplementary Figure S2C),
however, clusters were not observed according to these
classifications. Altogether, this analysis suggests that ROS
production and management differs between CC histological
types and also indicates a small subgroup of non-kerat SCC with
similar ROS production and management to AC.

To evaluate potential variations in ROS levels between
histological types, we measured ROS levels in CC cell lines from
the different histological types, HPV genotype, and number of
integrated viral genome copies (Figures 1B, C). For this purpose,

FIGURE 1
Oxidation on cervical cancer tumor samples and cell lines. (A) A ROS production and scavenging related gene signature was analyzed in a TCGA
cervical cancer sample database and Principal Component Analysis (PCA) analysis was performed showing twomajor clusters, one enriched in squamous
cervical carcinoma samples (pink), and the second one enriched in cervical adenocarcinoma and adenosquamous samples (green and blue, respectively);
PC1 and 2, principal component 1 and 2 respectively. (B, C) ROS basal levels were quantified by DHE staining in CC cell lines from different
histological classification (SCC, squamous cervical carcinoma; AC, adenocarcinoma), with different integrated viral genome copy numbers, or HPV
genotype (16, 18 or 18*, where hybridizationwith HPV18 sequences has been detected). Graph showsmean ± SD of four independent experiments. One-
way ANOVA; Tukey post hoc. p < 0.05. * vs. C33-A; # vs. SiHa. HPV, human papilloma virus.

Frontiers in Cell and Developmental Biology frontiersin.org04

Larrauri-Rodríguez et al. 10.3389/fcell.2024.1465729

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1465729


ROS levels were measured in each cell line using dihydroethidium
(DHE) staining, where increased fluorescence indicated higher ROS
levels due to oxidation by species like superoxide anion. C33-A cells
exhibited the lowest ROS levels, followed by SiHa, whereas CaSki
and HeLa displayed the highest ROS levels (Figures 1B, C).
Additionally, we assessed ROS levels in the HaCaT non-
tumorigenic cell line derived from human keratinocytes.
Surprisingly, HaCaT exhibited the highest ROS levels compared
to CC cell lines, similar to CaSki or HeLa cells. (Supplementary
Figure S3A). Although no differences were noted in ROS levels
across histological types represented by the CC cell lines, our
findings suggest a potential association between ROS levels and a
greater number of integrated viral genome copies since CaSki and
HeLa cells are known to have the highest number of integrated HPV
copies (Yee et al., 1985), and displayed the highest ROS levels. This is
an observation not previously reported and possibly linked to late
HPV infection stages or advanced stages of cancer progression.

3.2 Cell proliferation, survival and migration
are mediated by ROS in cervical cancer cells

ROS function as second messengers in different cellular
processes associated with tumor progression (Cruz-Gregorio
et al., 2018b). Given the heightened oxidative stress in CC
attributed to HPV infection (Cruz-Gregorio et al., 2018b), we
aimed to investigate the impact of ROS on the promotion of
cancer features like cellular proliferation (Sarmiento-Salinas et al.,
2021). We treated cells with NaC, a glutathione precursor, and ROS
levels were assessed with DHE staining after a 24 h NaC treatment.
NaC decreased the ROShigh and increased the ROSlow populations in
HPV-positive CC cell lines but not in C33A cells, probably due to its
low basal levels of ROS (Figure 2A).

NaC treatment decreased cell proliferation in HPV-positive
CC cells and increased cell death in all cell lines tested, as depicted
on Figure 2B, Supplementary Figure S4. The images captured
following 48 h of treatment revealed a decrease in cell
confluence compared to the control (Figure 2C), and
morphological changes induced by NaC treatment such as
rounded, smaller cells. In parallel with the assessment of high
ROS levels in the HaCaT non-tumorigenic cell line, we investigated
the impact of NaC on proliferation and survival in these cells.
Remarkably, and in agreement with its high ROS levels, HaCaT
demonstrated sensitivity to antioxidant treatment, resulting in
decreased proliferation and survival (Supplementary Figures
S3B, C, S4).We also examined the effect of a second
antioxidant, the superoxide dismutase and catalase mimetic
(EUK-134) (Shah et al., 2015), on cell survival. Similar to NaC
treatment, 25–100 mM EUK-134 decreased cell viability in CC cell
lines, as assessed by both real-time imaging and crystal violet
staining assay (Supplementary Figure S5).

Another process that could be regulated by ROS in cancer is
cell migration (Sarmiento-Salinas et al., 2021). NaC treatment led
to a significant decrease in cellular migration when measured by a
wound healing assay in all CC cell lines (Figure 3). Interestingly,
while the treatment with NaC affected migration and cell death in
C33-A, there was no significant reduction in ROS levels
(Figure 2A). The findings indicate that NaC has a different

effect on this specific cell line: it might reduce ROS levels at
time points that were not studied, it could lead to small
changes in ROS levels that were not detected by DHE staining
or the effect of NaC on this cell line is independent of its
antioxidant activity. On the other hand, NaC treatment reduced
the population of SiHa, CaSki, and HeLa cells with high ROS levels
and also affected their proliferation, survival, and migration. This
underscores the important role for ROS in controlling these
processes in CC cells.

3.3 ERK activation differs according to the
CC histological type

Several signaling pathways are sensitive to redox regulation, like
the MAPK cascade (Sarmiento-Salinas et al., 2021), which has been
reported as altered in CC (Ojesina et al., 2014; Zou et al., 2017; Cruz-
Gregorio and Aranda-Rivera, 2021). To dilucidated the ERK
activation profile in CC, we examined an ERK activation gene
signature using the same CC tumor sample database mentioned
previously. Hierarchical clustering and PCA analysis of samples
according to their histological classification are illustrated in
Figure 4A and Supplementary Figure S6 respectively. The
findings closely mirror those obtained with the ROS-related
signature, revealing two major clusters that stratify tumor
samples based on histological types (SCC and AC/
adenosquamous). Also, a small number of SCC clustered with
AC and adenosquamous samples rather than with the other SCC.
Additionally, we conducted an analysis of this ERK activation
signature with samples categorized according to their histological
sub-classification or FIGO stage (Supplementary Figure S7);
however, no distinct clusters emerged based on these
classifications. This suggests that ERK activation varies among
histological types but not among histological subclasses or
FIGO stages.

Given that ERK phosphorylation (pERK) serves as an indicator
of its activation (Acosta-Casique et al., 2023), we assessed basal levels
of pERK through Western blot analysis in CC cell lines. Our results
demonstrate differences in ERK activation between CC cell lines
from different histological classifications, regardless of HPV
genotype or integrated viral genome copy number. C33-A, SiHa,
and CaSki, classified as SCC, exhibited the highest pERK levels
compared to HeLa, classified as AC (Figure 4B; Supplementary
Figure S8A). We further investigated the phosphorylation levels of
ERK in the HaCaT cell line, as previously mentioned. We observed
elevated pERK levels in HaCaT cells, like those found in SCC cell
lines (Supplementary Figures S3D, S8A).

3.4 ERK modulates migration in SCC
cell lines

ERK activation has been implicated in tumor promotion (Luna
et al., 2021; Acosta-Casique et al., 2023); therefore, we investigated
whether ERK activation was promoting cellular migration in CC cell
lines. We treated CC cells with the specific MEK inhibitor (MEKi)
PD0325901. Given that MEK is a specific kinase for ERK (Acosta-
Casique et al., 2023), MEKi induced a decrease in ERK
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FIGURE 2
Antioxidant treatment decreased ROS levels, proliferation and survival of HPV positive cervical cancer cells. (A)Cervical cancer cell lineswere treated
with different N-acetylcysteine (NaC) concentrations as shown (15 or 30mM) and ROS levels were evaluated by flow cytometry after a 24 h treatment. (B)
Cell proliferation and death were evaluated using a real time imaging System, which show reduced cell proliferation and survival in HPV positive cells after
NaC treatment. (C) Representative photos following 48 h of NaC treatment, with morphological changes indicated with black arrows, where the
white scale bar represents 200 µm.Graph showsmean± SDof 3-4 independent experiments. Proliferation and death assayswere performed in triplicates
per experiment. One-way ANOVA (A, B) and two-way ANOVA (B, cell proliferation data) were performed; Tukey post hoc.; * vs. Control; p < 0.05. NaC, N
acetylcysteine.
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phosphorylation in CC cell lines when administered for 1 h at
concentrations of 25 or 50 nM (Figure 4C; Supplementary Figure
S8B). To evaluate the effects of ERK on cellular migration, we

performed a wound healing assay in CC cells treated with PD for
48 h and assessed migration using a real-time imaging system. Our
results revealed that the MEKi significantly reduced migration in

FIGURE 3
Antioxidant treatment decreased migration of cervical cancer cells. N-acetylcysteine (NaC) effect on migration was evaluated by a wound healing
assay, showing the antioxidant treatment decreased migration in all cervical cancer cells following 24 or 48 h treatment. Representative photos taken at
0 or 48 h post treatment are shown. The white scale bar represents 400 µm. Graph shows mean ± SD of three independent experiments performed in
triplicates. Two-way ANOVA; Tukey post hoc. * vs. Control; p < 0.05.
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FIGURE 4
ERK activation differs between cervical cancer histological types and MEKi treatment decreased cell migration in SCC. (A) ERK activation gene
signature was analyzed in a TCGA cervical cancer sample database, and principal component (PC) analysis was performed revealing two major clusters,
one enriched by squamous cervical carcinoma (pink) and a second one enriched in cervical adenocarcinoma and adenoesquamous samples (green and
blue, respectively). (B) Basal levels of ERK phosphorylation were evaluated by Western blot in cervical cancer cell lines and revealed differences
between histological types. (C) 1 h treatment with MEK inhibitor PD0325901 (PD) (25 or 50 nM) decreased ERK phosphorylation in cervical cancer cell
lines. (D) The effect of the MEK inhibitor on migration was evaluated by a wound healing assay, showing that MEKi treatment decreased migration in
squamous cell lines. Graph shows mean ± SD of 3-4 independent experiments. One-way ANOVA (B) or Two-way ANOVA (D); Tukey post hoc. * vs.
Control or C33A; # vs. SiHa; + vs. CaSki; p < 0.05. SCC, squamous cell carcinoma; AC, adenocarcinoma.
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SCC cell lines but not in the HeLa cell line, suggesting an important
role for ERK on the migration of SCC cells (Figure 4D;
Supplementary Figure S9). Importantly, decreased migration in
the C33-A cell line was only transient (24 h) and cells recovered
their migratory ability at 48 h.

3.5 Inhibition of ROS and ERK differentially
affect CC cell viability

Given the elevated levels of ROS in CC cells (Cruz-Gregorio
et al., 2018b), and the observed association of ERK activation with
the SCC classification (Ojesina et al., 2014; Zou et al., 2017), we
decided to evaluate any potential synergistic interaction between
ROS and ERK in regulating key cellular processes such as
proliferation and survival. We first evaluated whether ROS
influenced ERK phosphorylation by treating CC cells with the
antioxidant NaC for 24 h and examined pERK levels by Western
blot. The results are illustrated on Figure 5A, Supplementary Figures
S8C, S10. A tendency to increase pERK levels was observed in SCC,
particularly SiHa cells upon NaC treatment, suggesting a negative
regulation of basal ROS levels on pERK. AC (HeLa) cells decreased
ERK phosphorylation upon NaC treatment, suggesting ERK
activation could depend on ROS levels in this particular cell line.
Subsequently, we investigated whether ERK regulated ROS levels by
treating CC cells with the MEKi and evaluating ROS populations. As
illustrated on Figure 5B, our findings indicated a distinct effect of
ERK inhibition on ROS populations across the different cell lines.
MEKi increased ROS levels in C33-A, decreased ROS levels in SiHa
and CaSki and did not affect HeLa cells. These results imply a
regulatory role of ERK on ROS level maintenance specifically in
SCC, negatively regulating ROS levels in the C33-A cells and
contributing to ROS production in SiHa and CaSki. Since ROS
and ERK were not always related, we evaluated a possible synergistic
effect of ROS and ERK on cell survival. C33-A and SiHa cell lines
demonstrated no significant alterations in viability upon treatment
with PD or the combined treatment with NaC and were only
affected by NaC treatment. CaSki and HeLa showed decreased
viability with NaC or PD-only treatments, and a further
reduction with the combined treatment, indicative of a
synergistic interaction between ROS and ERK in these cell
lines (Figure 5C).

4 Discussion

Elevated levels of ROS have long been associated with the
development of tumors (Sarmiento-Salinas et al., 2021). Studies
consistently show that tumor cells from various cancer types, such as
breast cancer and gastric cancer, exhibit higher ROS levels compared
to their normal tissue counterparts (Chio and Tuveson, 2017). These
elevated ROS levels are often attributed to exposure to risk factors
such as smoking, radiation, viral agents, and inflammation, all of
which are associated with cancer development (Sarmiento-Salinas
et al., 2021). Interestingly, differences in ROS levels have been
proposed not only between cancerous and normal tissues (Chio
and Tuveson, 2017; Acosta-Casique et al., 2023) but also among
histological or molecular subtypes within the same cancer type

(Sarmiento-Salinas et al., 2019). For instance, recent studies in
breast cancer have demonstrated that the triple-negative subtype
displays higher ROS levels compared to hormone-positive-subtypes,

FIGURE 5
Inhibition of ROS and ERK differentially regulate viability in CC
cells. (A) Western blot for pERK was performed following
N-acetylcysteine (NaC) (15 or 30 mM) treatment for 24 h. (B) Cells
were treated with MEKi (PD) (25 or 50 nM), for 24 h, and ROS
levels were evaluated with DHE staining. (C) NaC (30 mM) or/and PD
(50 nM) effect on survival was evaluated at the indicated
concentrations. Survival was affected by NaC in all cell lines, but MEKi
or combined treatment only affected CaSki and HeLa cell survival,
suggesting a synergistic effect. Graph shows mean ± SD of 3-
5 independent experiments. Survival assays were performed in
triplicates per experiment. One-way ANOVA; Tukey post hoc. * vs.
Control; # vs. NaC; and vs. PD; p < 0.05. SCC, squamous cell
carcinoma; AC, adenocarcinoma.
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which could be related with a worse prognosis of the former subtype
(Sarmiento-Salinas et al., 2019). Recent investigations in CC patient
serum have revealed elevated levels of oxidative stress markers
during tumor progression, especially in advanced stages
(Shrivastava et al., 2021), suggesting an important role for ROS
in this cancer type. Besides, the presence of the HPV which is
particular to this cancer type, has also been associated with increased
oxidative stress in CC (Cruz-Gregorio et al., 2018b). However, no
significant differences in ROS levels have been reported between
histological types or histological subclassification of CC. Recent
efforts have proposed a detailed classification system based on
proteomic and genomic characteristics, categorizing CC samples
in kerat SCC, non-kerat SCC, and AC (Cancer Genome Atlas
Research Network et al., 2017). While some evidence has
associated kerat SCC tumors with lower survival rates,
keratinization itself does not hold prognostic value in the clinic
(Kumar et al., 2009; Cancer Genome Atlas Research Network
et al., 2017).

Our work delved into bioinformatic predictions using a ROS-
related gene signature, revealing CC tumor samples separated
primarily according to histological classification, with one group
enriched by SCC and the other enriched by AC and ASC samples
(Figure 1A; Supplementary Figure S1). However, when tumors were
classified according to their histological sub-classification, SCC
tumor samples did not segregate into kerat SCC and non-kerat
SCC groups (Supplementary Figure S2A). This suggests distinct
ROS production and scavenging profiles among histological types
but not among SCC subtypes, representing a significant finding.
Moreover, a small non-kerat SCC group of samples clustered with
AC and adenosquamous samples, suggesting a subset of non-kerat
SCC with similar ROS-management characteristics to AC.
Nonetheless, further studies in patient samples are warranted to
confirm differences in ROS levels between histological types.
Furthermore, no discernible differences in ROS production and
scavenging were observed when analyzing samples categorized by
FIGO staging (Supplementary Figures S2B, C). These findings
contrast with previous evidence that reported differences in
oxidative stress markers and antioxidant activity between early
and advanced stages (Shrivastava et al., 2021), but their
evaluation was based on serum levels, whereas ours utilized data
from tumor samples and encompassed the entire oxidant-
antioxidant profile. This disparity may suggest potential
differences between the tumor and circulating oxidant-
antioxidant states, underscoring the need for further investigations.

To test these findings in an in-vitro system, we assessed ROS
basal levels in four CC cell lines, finding C33-A with the lowest and
CaSki and HeLa with the highest ROS levels (Figures 1B, C).
Although no differences were observed across histological types,
a potential link between ROS levels and integrated viral genome
copies was noted (Figure 1C). This suggests that the increased levels
of ROS in CaSki and HeLa cells could result from an imbalance
between oxidants and antioxidants due to the expression of HPV
proteins and oncoproteins, as reported by Cruz-Gregorio et al.
(Cruz-Gregorio et al., 2018b). While the absence of evidence
comparing HPV protein expression complicates establishing a
direct association, high-risk HPV, E6 and E7 oncoproteins are
known to be involved in the transformation process (Senba and
Mori, 2012) and E6 alternative splicing products, such as E6*, has

been implicated in oxidative stress (Cruz-Gregorio et al., 2018b;
2018a). Williams et al. observed similar findings, with CaSki
exhibiting higher ROS levels and increased E6* expression
compared to SiHa (Williams et al., 2014). This suggests that the
expression of E6* HPV could mediate of ROS levels in CC. Further
studies are needed to confirm E6* effects on oxidative stress in CC
biopsy samples and its potential association with tumor progression.
Moreover, it should be noted that the CaSki cell line was isolated
from ametastatic site (DepMap CaSki Summary, 2024), which could
also explain its differences with C33-A and SiHa that also
correspond to a SCC but were isolated from a primary tumor
(DepMap C33-A Summary, 2024; DepMap SiHa Summary,
2024). Also, a recent study revealed that CaSki cells exhibit
higher levels of mesenchymal markers compared to C33-A and
SiHa, proposing a mesenchymal phenotype for CaSki cells (Zhang
et al., 2021). Since ROS have been shown to induce epithelial
mesenchymal transition (EMT) (Lee et al., 2019), it is possible
that CaSki cells need elevated ROS levels to maintain their EMT
and migratory phenotype. Additionally, variations in ROS markers
in tissue samples may be influenced by the stage of the disease, given
the fluctuating redox cellular environment during the viral HPV
cycle (Cruz-Gregorio et al., 2018b). Several studies have reported
elevated oxidation markers levels correlating with cancer
progression in various tissues such as colorectal (Sheridan et al.,
2009), breast (Curtis et al., 2010) and prostate cancers (Shukla et al.,
2020), which also happen to exhibit higher levels of oxidation
markers compared to non-cancerous tissue. Concerning CC, a
recent study in cervical non-cancerous tissue revealed variability
in ROS and oxidative stress (OS) markers between healthy subjects,
and demonstrated that the level of DNA damage mirrored the level
of ROS in cultured primary cells from the same samples (Katerji
et al., 2020). This evidence suggests that further analysis of oxidation
markers in tissue samples should reflect ROS and DNA damage
levels, but also acknowledges the potential for variation among
samples, which could be due to genetic or epigenetic
environmental influences (Katerji et al., 2020) or to the presence
of HPV in the CC samples. Moreover, possible differences in ROS
levels between CC tissue and CC cell lines may exist, as cancer cell
lines undergo the transformation necessary for immortalization and
culture, which comes along with high proliferation rates (Godbey,
2014). Furthermore, transformed cells have been associated with
higher ROS levels than normal cells, and the stimulation of
progression of the cell cycle by mutations needed for the cell to
be immortalized could involve signaling pathways associated with
increased ROS production (Schumacker, 2006). Since our data in
CC cell lines does not correlate to our findings in CC tumor samples,
which suggests differences in ROS management between different
histological types, further experiments need to be performed in
tumor samples to confirm this idea.

Given the association of ROS with tumor progression (Zahra
et al., 2021), particularly in CC linked to HPV infection, antioxidants
have emerged as potential therapies to attenuate tumor growth
(Cruz-Gregorio et al., 2018b; Glorieux et al., 2024). Our
assessment of the antioxidant NaC on CC cell lines revealed
effects consistent with this idea. While NaC treatment decreased
migration and increased cell death in the C33-A HPV-negative CC
cell line (Figures 2B, 3; Supplementary Figure S4; Table 1), it did not
significantly reduce ROS levels or proliferation (Figures 2A, B; Table 1),
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suggesting potential pleiotropic effects of NaC (Chio and Tuveson,
2017) or limitations in our detection methods. However, EUK also
decreased C33-A cell viability, suggesting that although with low
basal ROS levels, these cells use ROS for proliferation and migration
and plausibly suggesting that the decrease in ROS levels in C33-A
cells induced by NaC was not substantial enough to be detected by
the method used. NaC treatment in HPV-positive cell lines
decreased proliferation, survival, and migration (Figures 2B, C;
Supplementary Figure S4; Table 1). Furthermore, a second
antioxidant treatment (EUK-134) also decreased viability in all
CC cell lines (Supplementary Figure S5), highlighting the
necessity of increased ROS production in CC cells for sustaining
pro-tumorigenic features, which can be counteracted with
antioxidant treatment. The antioxidant NaC, a glutathione
precursor, has shown efficacy in various cancer cell types (Chio
and Tuveson, 2017) including breast cancer, where it reduces
proliferation and induces cell death (Sarmiento-Salinas et al.,
2019). Additionally, antioxidant supplementation in newly
diagnosed patients has been associated with lower mortality and
recurrence rates (Chio and Tuveson, 2017). However, conflicting
reports exist, with some lung cancer models suggesting that NaC
increases tumor growth, while others indicate a protective effect
against cancer development in healthy individuals (Chio and
Tuveson, 2017; Sarmiento-Salinas et al., 2021; An et al., 2024).
Our data suggests a promising role for antioxidant treatment in
the suppression of CC cell proliferation and migration and warrants
further testing of this method for CC treatment. Nevertheless, the
effects of NaC or other antioxidants should be carefully studied
when considering treatment for each type of cancer, as their effects
could depend on the tissue, stage or cancer subtype.

We also evaluated the HaCaT non-tumorigenic cell line which is
normally used as a non-tumorigenic control for CC cells since these
cells are immortalized human epithelial keratinocytes of easy
manipulation, genetic stability, and exhibit normal growth
pattern when transplanted into animal models (Breitkreutz et al.,
1991; Wilson, 2013). HaCaT cells have been used as a non-
tumorigenic control in different types of cancer such as
melanoma (George et al., 2013), colorectal cancer (Susan et al.,
2023), and cervical cancer (Artaza-Irigaray et al., 2019). In our
results, HaCaT cells exhibited ROS levels similar to those of CaSki
and HeLa, the CC cell lines with the highest ROS levels, and were
also susceptible to antioxidant treatment, leading to decreased
proliferation and survival (Supplementary Figures S3A, C, S4).
This observation contrasts with reports in other non-tumorigenic
cell lines for breast cancer, leukemia, or gastric cancer, where ROS
levels are typically lower in non-tumorigenic controls compared to
cancer cell lines (Sarmiento-Salinas et al., 2019; 2021). The high ROS
levels in HaCaT cells may be attributed to its intrinsic characteristics,
such as elevated expression of DUOX2 (The Human Protein Atlas,
2024), a member of the NADPH dual oxidases family, which is a
major source of cellular ROS (Zhang et al., 2016). Therefore, further
investigation is needed to understand the biological implications of
high ROS levels in this cell line, particularly in studies involving
oxidative markers. In addition, as mentioned previously, Katerji
et al. evaluated cervical biopsies from healthy subjects and observed
variations in ROS levels across samples, potentially linked to
exogenous, genetic, or epigenetic factors. They highlighted the
presence of basal oxidative stress in the cervix (Katerji et al.,

2020), which may predispose some women to HPV infection
progression and CC development, as oxidative stress has been
reported to facilitate HPV infection and persistence (Cruz-
Gregorio et al., 2018b). Thus, variations in oxidation markers
may be found when analyzed in normal cervical biopsy samples.

One of the redox-sensitive signaling cascades is the ERK/MAPK
pathway (Cruz-Gregorio and Aranda-Rivera, 2021), which has been
associated with tumorigenesis due to its triggering of processes such
as proliferation and invasion (Sarmiento-Salinas et al., 2021). ERK
overactivation has been reported in several cancer types, including
ovarian, colon, breast and lung cancer, making it an important target
in cancer (Guo et al., 2020). Particularly in CC, alterations in the
ERK pathway have been detected (Kang et al., 2007; Ojesina et al.,
2014; Zou et al., 2017), leading to clinical studies evaluating
inhibitors of MAPK pathway such as EGFR inhibitors, Raf
modulators, and MEK inhibitors to reduce tumor progression
(Manzo-Merino et al., 2014; Vora and Gupta, 2018). Our
bioinformatic analysis with an ERK activation gene signature
mirror those obtained with the ROS-related signature, suggesting
ERK activation differs according to the histological classification in
CC (Figure 4A; Supplementary Figure S6). Similar results were
found when using the histological subclassification of CC, with
no differences between kerat SCC and non-kerat SCC and a small
subgroup of non-kerat SCC clustering with AC (Supplementary
Figure S7A). This data is consistent with previous reports who noted
differential mutation patterns among histological types (Kang et al.,
2007; Kumar et al., 2009; Ojesina et al., 2014; Zou et al., 2017).
However, no differences were observed in ERK activation according
to FIGO staging. Since there is currently little evidence reporting
differences in ERK activation between histological types or targeted
therapies based on this pathway for CC, further evaluations on tissue
samples are needed (Supplementary Figures S7B, C). Furthermore,
when basal ERK activation levels were evaluated, we found results
resembling those from the ERK gene signature, suggesting that ERK
activation is a recurrent pro-tumorigenic characteristic in SCC, as
previously demonstrated by Ojesina et al. (Figure 4B) (Ojesina et al.,
2014). On the other hand, in AC, a higher prevalence of nonsense
mutations, possibly activating, in KRAS and PI3K have been
reported, compared to SCC (Kang et al., 2007; Ojesina et al.,
2014). In normal cervical tissue, recent reports indicate that the
levels of pERK are low. However, levels increase as cervical lesions
progress from low-grade to high-grade. This increase appears to
correlate with the expression levels of the oncoproteins E6 and E7
(Luna et al., 2021). The evidence and results provided in this work
suggest an oncogenic role for ERK in CC, which could be associated
with HPV infection. Moreover, in CC cells, we found significant
differences in ERK activation between SCC and AC, with SCC being
the most affected by the inhibition of this pathway, but this does not
exclude an important role for ERK oncogenic activity in AC.

We evaluated pERK levels in the HaCaT cell line, and found that
similar to the increased ROS levels, it showed high levels of ERK
activation compared to CC cells (Supplementary Figures S3D, S8A).
This contrasts with previous reports in other non-tumorigenic
control cells like MCF10A for breast cancer cell lines (Acosta-
Casique et al., 2023). In this regard, we have not found evidence
of whether this is due to intrinsic characteristics of the cell line, since
the high levels of ERK phosphorylation in this cell line, to our
knowledge, have not been reported until now.
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TABLE 1 Summary of ROS and ERK implication in cellular processes in CC cells.

Cell
line

Histological
classification

HPV
genotype

Integrated
viral

genome
copies

Increased
ROS

ROS affect
proliferation,

death,
migration and/
or viability?

Increased
pERK

ERK
affects
viability?

ERK affects
migration?

ERK
regulation
of ROS

Combined
inhibition of
ROS and ERK

affect
viability

Conclusion

C33-A SCC

-

0 No Yes Yes No Yes Yes No

ERK is elevated and
regulates ROS and
migration. ROS

regulate survival and
migration

SiHa SCC 16 1–2 Yes Yes Yes No Yes Yes No

ROS are increased
(vs. C33-A),

regulated by ERK.
ROS regulate survival
and migration. ERK
regulates migration

CaSki SCC 16, 18a 60–600 Yes Yes Yes Yes Yes Yes Yes

ERK is elevated and
regulates ROS to

regulate survival and
migration in a

synergistic event.
Both ROS and ERK
regulate survival, and

migration

HeLa AC 18 20–50 Yes Yes No Yes No No Yes

ROS regulate
proliferation,
survival and

migration. ROS and
ERK regulate

survival
synergistically

aHybridization with HPV18 sequences has been detected (Yee et al., 1985); SCC, squamous cell carcinoma; AC, adenocarcinoma.
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MAPKs haven been implicated in cellular processes such as
proliferation, senescence and migration (Sarmiento-Salinas et al.,
2021), and some reports have shown that MAPK/ERK inhibition
decreased tumor growth in vivo (Guo et al., 2020). To evaluate the
role of ERK in some pro-tumorigenic characteristics in CC cells, we
studied the effect of theMEKi, PD, on tumorigenic processes. PD is a
selective inhibitor of MEK (Acosta-Casique et al., 2023). This MAPK
kinase phosphorylates and activates ERK enabling it to translocate to
the nucleus and activate its targets (Guo et al., 2020). ERK
phosphorylation decreased due to PD treatment, indicating
effective MEK inhibition (Acosta-Casique et al., 2023)
(Figure 4C). We investigated the impact of PD treatment on the
migration of CC cells and found themost notable effect on SCC cells,
which also showed the highest level of pERK. In the AC HeLa cell
line, no significant effect on migration was observed (Figure 4D;
Supplementary Figure S9; Table 1). This data indicates that elevated
basal pERK levels influence cellular migration, potentially
depending on the histological type in CC. Furthermore, although
CaSki exhibited higher pERK levels than HeLa, PD treatment
affected the survival of both cell lines, suggesting that CaSki
needs high pERK levels to sustain migration and survival, while
HeLa uses low pERK levels to sustain survival, but not migration
(Figure 5C). This effect on migration has been seen in other types of
cancer such as breast cancer (Acosta-Casique et al., 2023);
importantly ERK/MEK pharmacological inhibition has been
implicated in the regulation of HPV oncoproteins allowing
malignant transformation and progression (Luna et al., 2021),
but no evidence on migration or proliferation has been reported
previously for CC. Furthermore, another redox-sensitive signaling
cascade that can also be activated byMAPKs is the PI3K/Akt/mTOR
pathway (Cruz-Gregorio and Aranda-Rivera, 2021). This pathway is
associated with crucial processes such as cell growth, proliferation,
survival, metabolism, differentiation (Li et al., 2010) and
metabolism, which is why sustained mTOR signaling has been
linked to tumorigenesis (Mossmann et al., 2018). However, dual
effects have been noted between ROS and mTOR. Reports indicate
that low ROS levels can activate mTOR, while high ROS levels may
inactivate mTOR signaling, a phenomenon that appears to be tissue-
dependent (Li et al., 2010; Cruz-Gregorio and Aranda-Rivera, 2021).
Little is known about the relationship between mTOR and ROS in
cervical cancer, but recent studies suggest that HPV oncoproteins
may be involved in the activation of the PI3K/Akt/mTOR pathway,
potentially promoting tumorigenesis (Cruz-Gregorio and Aranda-
Rivera, 2021). Therefore, redox-sensitive signaling pathways and
their role in various types of cancer should be taken into
consideration.

MAPK/ERK signaling involves several phosphorylation and
dephosphorylation processes in specific residues of Tyr, Ser and
Thr, conducted by kinases and phosphatases (Guo et al., 2020).
These kinases and phosphatases possess cysteine residues,
susceptible to oxidation in their thiol groups (Cruz-Gregorio and
Aranda-Rivera, 2021). ROS have been proposed as signaling entities
that regulate this cascade through oxidation reactions, modifying
protein activity. This leads to aberrant signaling that promotes pro-
tumorigenic characteristics (Chio and Tuveson, 2017). One of the
major proposals is that ROS inactivate phosphatases such as DUSP3,
SHP-2, PTP1B, leading to constant activation of MAPK signaling
(McCubrey et al., 2007; Sies and Jones, 2020; Sarmiento-Salinas

et al., 2021). In this work, antioxidant treatment induced a tendency
to decrease ERK phosphorylation in HeLa cells, while in the 3 cell
lines corresponding to SCC, antioxidant treatment induced a trend
to increase phosphorylated ERK levels, particularly in the SiHa cell
line (Figure 5A; Supplementary Figures S8C, S10), suggesting that
ERK could be differentially regulated by ROS, depending on the cell
type. The association between ROS and ERK and their regulatory
mechanisms in CC remain unclear, but recent studies have reported
that the use of a NOX inhibitor can downregulate the ERK pathway
in HeLa cells (Cruz-Gregorio and Aranda-Rivera, 2021), similar to
our findings. Other studies have shown that a decrease in ROS could
downregulate the p38/MAPK pathway. Thus the regulation of the
MAPK pathway under oxidative stress conditions needs further
study, particularly considering the presence of the HPV
oncoproteins which can also alter the redox state and hence,
redox-regulated signaling pathways (Muthuramalingam et al.,
2020; Cruz-Gregorio and Aranda-Rivera, 2021; Letafati et al.,
2024). Interestingly, despite high or low pERK levels in CC cells,
NaC treatment affected ERK phosphorylation, indicating an
important role for ROS in ERK regulation. Several studies have
proposed ROS as critical regulators of MAPK/ERK signaling in
pathologies such as cardiomyopathies (Ko et al., 2015) or some types
of cancer (Sarmiento-Salinas et al., 2021), since antioxidants could
decrease ERK phosphorylation, but just a few reports have shown
the opposite effect (Acosta-Casique et al., 2023). So, the mechanism
by which NaC treatment increased ERK phosphorylation remains to
be studied. We assessed if ROS levels were affected by ERK
inhibition, which revealed ERK negatively regulates ROS levels in
C33-A, while it positive regulates ROS in SiHa and CaSki and did
not affect ROS in HeLa cells (Figure 5B; Table 1), implying a cell-
specific regulatory role for ERK on ROS levels. Finally, when a
possible synergistic effect of ROS and ERK on cell survival was
assessed, we observed CaSki and HeLa cell survival was diminished
when treated with NaC and PD alone, and a further reduction was
observed with the combined treatment (Figure 5C; Table 1), which
suggests synergistic interaction between ROS and ERK and possibly
independent roles for each pathway in these cell lines.

In summary, our findings indicate that ROS play a crucial role in
regulating cell proliferation, survival and migration in CC cells
despite basal ROS levels, since antioxidant treatment decreased
these processes in all cell lines and strongly supporting a
therapeutic use for antioxidant treatment for CC treatment.
Furthermore, the presence of HPV and particularly the
expression of its oncoproteins, seems to be crucial for the
induction of ROS in this type of cancer (Figures 1–3). Regarding
the interplay between ROS and ERK activation, ROS inhibited ERK
activation in SCC cells with high pERK levels, while in AC cells with
low pERK, ROS contributed to ERK activation. This suggests a
delicate balance in pERK levels in CC cells (Figure 5). On the other
hand, ERK activation seems to be involved in the migration of SCC
cells, while its role in survival in SCC was only noted in CaSki cells
(Figures 4, 5; Supplementary Figure S9; Table 1). Furthermore, a
possible synergistic effect was observed on cell survival in 2 cell lines,
CaSki andHeLa, the ones with the highest ROS levels and affected by
ERK inhibition alone, suggesting tumors with high ROS levels could
benefit from ERK and ROS inhibition combined therapy. Thus, the
ERK and ROS interaction seems to be context and possibly cell-type
dependent and needs further clarification to understand which types
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of CC could be treated with a combination therapy. Several reports
have studied the inhibition of the MAPK pathway for the treatment
of cancer (Luna et al., 2021; Acosta-Casique et al., 2023). Besides,
other studies suggest that signaling pathways related to redox
control in HPV-related cancer are promising targets and have
reported the use of different antioxidants as a therapy for CC
(Silva et al., 2018), thus combined therapy comprising
antioxidants and other molecular targets could be an interesting
approach for CC treatment, as long as we elucidate the patients who
can benefit from this combined therapy.

Our findings underscore the heterogeneity within CC
histological types, particularly highlighting distinct patterns of
ERK activation between SCC and AC. While SCC cells exhibit
heightened basal levels of pERK, indicative of a pro-tumorigenic
phenotype, AC cells displayed sensitivity to ROS and/or ERK
inhibition. Furthermore, our study reveals potential synergistic
interactions between ROS and ERK signaling pathways,
suggesting combinatorial targeting of these pathways as a
promising therapeutic strategy. Although we include gene
expression data from patient samples in our bioinformatic
analysis, our study is limited to in vitro results. Thus, the
complexity of these interactions and their association with HPV
oncoproteins needs further investigation, particularly regarding
their impact on invasion and metastasis as well as validation in
CC tissue. This will be addressed in future studies. Overall, our work
contributes to a deeper understanding of the molecular mechanisms
driving CC progression and highlights the therapeutic potential of
targeting ROS and ERK signaling for personalized treatment
strategies. Future studies exploring these interactions in
preclinical models and clinical cohorts will be crucial for
translating these findings into clinical applications and improving
outcomes for CC patients.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines and public
databases were used. Ethical approval was not required for the
studies on animals in accordance with the local legislation and
institutional requirements because only commercially available
established cell lines were used.

Author contributions

KL-R: Conceptualization, Formal Analysis, Methodology,
Writing–original draft, Writing–review and editing, Data
curation, Investigation. BL-C: Conceptualization, Formal
Analysis, Writing–original draft, Writing–review and editing,
Supervision. VV-R: Conceptualization, Supervision,
Writing–original draft, Writing–review and editing, Methodology,
Resources. L-PP: Conceptualization, Methodology, Supervision,
Writing–original draft, Writing–review and editing. PM:
Conceptualization, Methodology, Supervision, Writing–original
draft, Writing–review and editing, Formal Analysis, Funding
acquisition, Project administration, Resources.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported with the following projects: CONACYT scholarship
to KL-R, CVU 1031375; Instituto Mexicano del Seguro Social Temas
Prioritarios de Salud, Población Vulnerable y Temas Emergentes
2023. R-2022-2106-002.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2024.1465729/
full#supplementary-material

References

Acosta-Casique, A., Montes-Alvarado, J. B., Barragán, M., Larrauri-Rodríguez, K. A.,
Perez-Gonzalez, A., Delgado-Magallón, A., Millán-Perez-Peña, L., et al. (2023). ERK
activation modulates invasiveness and Reactive Oxygen Species (ROS) production in
triple negative breast cancer cell lines. Cell Signal 101, 110487. doi:10.1016/j.cellsig.2022.
110487

An, X., Yu, W., Liu, J., Tang, D., Yang, L., and Chen, X. (2024). Oxidative cell death in
cancer: mechanisms and therapeutic opportunities. Cell Death Dis. 15, 1–20. doi:10.
1038/s41419-024-06939-5

Artaza-Irigaray, C., Molina-Pineda, A., Aguilar-Lemarroy, A., Ortiz-Lazareno, P.,
Limón-Toledo, L. P., Pereira-Suárez, A. L., et al. (2019). E6/E7 and E6* fromHPV16 and

Frontiers in Cell and Developmental Biology frontiersin.org14

Larrauri-Rodríguez et al. 10.3389/fcell.2024.1465729

https://www.frontiersin.org/articles/10.3389/fcell.2024.1465729/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2024.1465729/full#supplementary-material
https://doi.org/10.1016/j.cellsig.2022.110487
https://doi.org/10.1016/j.cellsig.2022.110487
https://doi.org/10.1038/s41419-024-06939-5
https://doi.org/10.1038/s41419-024-06939-5
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1465729


HPV18 upregulate IL-6 expression independently of p53 in keratinocytes. Front.
Immunol. 10, 1676. doi:10.3389/fimmu.2019.01676

Bhatla, N., Aoki, D., Sharma, D. N., and Sankaranarayanan, R. (2021). Cancer of the
cervix uteri: 2021 update. Int. J. Gynecol. and Obstetrics 155, 28–44. doi:10.1002/ijgo.
13865

Bray, F., Laversanne, M., Sung, H., Ferlay, J., Siegel, R. L., Soerjomataram, I., et al.
(2024). Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. n/a 74, 229–263. doi:10.
3322/caac.21834

Breitkreutz, D., Boukamp, P., Hülsen, A., Ryle, C., Stark, H.-J., Smola, H., et al. (1991).
“Human keratinocyte cell lines,” in Pharmaceutical applications of cell and tissue culture
to drug transport. Editors G. Wilson, S. S. Davis, L. Illum, and A. Zweibaum (Boston,
MA: Springer New York), 283–296. doi:10.1007/978-1-4757-0286-6_23

Cancer Genome Atlas Research NetworkAlbert Einstein College of
MedicineAnalytical Biological ServicesBarretos Cancer HospitalBaylor College of
MedicineBeckman Research Institute of City of Hope, et al. (2017). Integrated
genomic and molecular characterization of cervical cancer. Nature 543, 378–384.
doi:10.1038/nature21386

Cancer Today (2024). Available at: https://gco.iarc.who.int/today/ (Accessed July 4,
2024).

Chio, I. I. C., and Tuveson, D. A. (2017). ROS in cancer: the burning question. Trends
Mol. Med. 23, 411–429. doi:10.1016/j.molmed.2017.03.004

Cohen, P. A., Jhingran, A., Oaknin, A., and Denny, L. (2019). Cervical cancer. Lancet
393, 169–182. doi:10.1016/S0140-6736(18)32470-X

Cruz-Gregorio, A., and Aranda-Rivera, A. K. (2021). Redox-sensitive signalling
pathways regulated by human papillomavirus in HPV-related cancers. Rev. Med.
Virol. 31, e2230. doi:10.1002/rmv.2230

Cruz-Gregorio, A., Manzo-Merino, J., Gonzaléz-García, M. C., Pedraza-Chaverri, J.,
Medina-Campos, O. N., Valverde, M., et al. (2018a). Human papillomavirus types
16 and 18 early-expressed proteins differentially modulate the cellular redox state and
DNA damage. Int. J. Biol. Sci. 14, 21–35. doi:10.7150/ijbs.21547

Cruz-Gregorio, A., Manzo-Merino, J., and Lizano, M. (2018b). Cellular redox, cancer
and human papillomavirus. Virus Res. 246, 35–45. doi:10.1016/j.virusres.2018.01.003

Curtis, C. D., Thorngren, D. L., and Nardulli, A. M. (2010). Immunohistochemical
analysis of oxidative stress and DNA repair proteins in normal mammary and breast
cancer tissues. BMC Cancer 10, 9–13. doi:10.1186/1471-2407-10-9

DepMap C33-A Summary (2024). Available at: https://depmap.org/portal/cell_line/
ACH-001333?tab=overview (Accessed July 9, 2024).

DepMap CaSki Summary (2024). Available at: https://depmap.org/portal/cell_line/
ACH-001336?tab=overview (Accessed July 9, 2024).

DepMap SiHa Summary (2024). Available at: https://depmap.org/portal/cell_line/
ACH-000556?tab=overview (Accessed July 9, 2024).

George, V. C., Kumar, D. R. N., Suresh, P. K., Kumar, S., and Kumar, R. A. (2013).
Comparative studies to evaluate relative in vitro potency of luteolin in inducing cell cycle
arrest and apoptosis in HaCaT and A375 cells. Asian Pac. J. Cancer Prev. 14, 631–637.
doi:10.7314/APJCP.2013.14.2.631

Glorieux, C., Liu, S., Trachootham, D., and Huang, P. (2024). Targeting ROS in
cancer: rationale and strategies. Nat. Rev. Drug Discov. 23, 583–606. doi:10.1038/
s41573-024-00979-4

Godbey, W. T. (2014). “Chapter 7 - cell culture and the eukaryotic cells used in
biotechnology,” in An introduction to biotechnology. Editor W. T. Godbey (Cambridge,
United Kingdom: Woodhead Publishing), 165–172. doi:10.1016/B978-1-907568-28-2.
00007-1

Guo, Y.-J., Pan, W.-W., Liu, S.-B., Shen, Z.-F., Xu, Y., and Hu, L.-L. (2020). ERK/
MAPK signalling pathway and tumorigenesis. Exp. Ther. Med. 19, 1997–2007. doi:10.
3892/etm.2020.8454

Hodgson, A., Amemiya, Y., Seth, A., Cesari, M., Djordjevic, B., and Parra-Herran, C.
(2017). Genomic abnormalities in invasive endocervical adenocarcinoma correlate with
pattern of invasion: biologic and clinical implications. Mod. Pathol. 30, 1633–1641.
doi:10.1038/modpathol.2017.80

Isla Ortiz, D., Salcedo Hernández, R. A., Cantú De León, D., Barquet Muñoz, A. Z.,
González Rodríguez, J. C., and Cetina Pérez, L. (2023). Oncoguía de cáncer
cervicouterino 2023. LAJCSMT 5, 243–257. doi:10.34141/LJCS3077183

Jhingran, A., Eifel, P. J., Wharton, J. T., and Tortolero-Luna, G. (2003). “Histologic
classification of epithelial tumors,” in Holland-frei cancer medicine. 6th edition
(Hamilton, ON: BC Decker). Available at: https://www.ncbi.nlm.nih.gov/books/
NBK12450/ (Accessed July 3, 2024).

Kang, S., Kim, H.-S., Seo, S. S., Park, S.-Y., Sidransky, D., and Dong, S. M. (2007).
Inverse correlation between RASSF1A hypermethylation, KRAS and BRAF mutations
in cervical adenocarcinoma. Gynecol. Oncol. 105, 662–666. doi:10.1016/j.ygyno.2007.
01.045

Katerji, M., Filippova, M., Wongworawat, Y. C., Siddighi, S., Bashkirova, S., and
Duerksen-Hughes, P. J. (2020). Oxidative stress markers in patient-derived non-
cancerous cervical tissues and cells. Sci. Rep. 10, 19044. doi:10.1038/s41598-020-
76159-2

Ko, S.-Y., Chang, S.-S., Lin, I.-H., and Chen, H.-I. (2015). Suppression of antioxidant
Nrf-2 and downstream pathway in H9c2 cells by advanced glycation end products
(AGEs) via ERK phosphorylation. Biochimie 118, 8–14. doi:10.1016/j.biochi.2015.
07.019

Kumar, S., Shah, J. P., Bryant, C. S., Imudia, A. N., Ali-Fehmi, R., Malone, J. M., et al.
(2009). Prognostic significance of keratinization in squamous cell cancer of uterine
cervix: a population based study. Arch. Gynecol. Obstet. 280, 25–32. doi:10.1007/s00404-
008-0851-9

Lee, S. Y., Ju, M. K., Jeon, H. M., Lee, Y. J., Kim, C. H., Park, H. G., et al. (2019).
Reactive oxygen species induce epithelial-mesenchymal transition, glycolytic switch,
and mitochondrial repression through the Dlx-2/Snail signaling pathways in MCF-7
cells. Mol. Med. Rep. 20, 2339–2346. doi:10.3892/mmr.2019.10466

Letafati, A., Taghiabadi, Z., Zafarian, N., Tajdini, R., Mondeali, M., Aboofazeli, A.,
et al. (2024). Emerging paradigms: unmasking the role of oxidative stress in HPV-
induced carcinogenesis. Infect. Agents Cancer 19, 30–21. doi:10.1186/s13027-024-
00581-8

Li, M., Zhao, L., Liu, J., Liu, A., Jia, C., Ma, D., et al. (2010). Multi-mechanisms are
involved in reactive oxygen species regulation of mTORC1 signaling. Cell Signal 22,
1469–1476. doi:10.1016/j.cellsig.2010.05.015

Luna, A. J., Sterk, R. T., Griego-Fisher, A. M., Chung, J.-Y., Berggren, K. L., Bondu, V.,
et al. (2021). MEK/ERK signaling is a critical regulator of high-risk human
papillomavirus oncogene expression revealing therapeutic targets for HPV-induced
tumors. PLoS Pathog. 17, e1009216. doi:10.1371/journal.ppat.1009216

Manzo-Merino, J., Contreras-Paredes, A., Vázquez-Ulloa, E., Rocha-Zavaleta, L.,
Fuentes-Gonzalez, A. M., and Lizano, M. (2014). The role of signaling pathways in
cervical cancer and molecular therapeutic targets. Arch. Med. Res. 45, 525–539. doi:10.
1016/j.arcmed.2014.10.008

Mauricio, D., Zeybek, B., Tymon-Rosario, J., Harold, J., and Santin, A. D. (2021).
Immunotherapy in cervical cancer. Curr. Oncol. Rep. 23, 61. doi:10.1007/s11912-021-
01052-8

McCubrey, J. A., Steelman, L. S., Chappell, W. H., Abrams, S. L., Wong, E. W. T.,
Chang, F., et al. (2007). Roles of the Raf/MEK/ERK pathway in cell growth, malignant
transformation and drug resistance. Biochim. Biophys. Acta 1773, 1263–1284. doi:10.
1016/j.bbamcr.2006.10.001

Mossmann, D., Park, S., and Hall, M. N. (2018). mTOR signalling and cellular
metabolism are mutual determinants in cancer. Nat. Rev. Cancer 18, 744–757. doi:10.
1038/s41568-018-0074-8

Muthuramalingam, K., Cho, M., and Kim, Y. (2020). Role of NADPH oxidase and its
therapeutic intervention in TGF-β-mediated EMT progression: an in vitro analysis on
HeLa cervical cancer cells. Appl. Biol. Chem. 63, 4. doi:10.1186/s13765-019-0485-6

Ojesina, A. I., Lichtenstein, L., Freeman, S. S., Pedamallu, C. S., Imaz-Rosshandler, I.,
Pugh, T. J., et al. (2014). Landscape of genomic alterations in cervical carcinomas.
Nature 506, 371–375. doi:10.1038/nature12881

Sarmiento-Salinas, F. L., Delgado-Magallón, A., Montes-Alvarado, J. B., Ramírez-
Ramírez, D., Flores-Alonso, J. C., Cortés-Hernández, P., et al. (2019). Breast cancer
subtypes present a differential production of reactive oxygen species (ROS) and
susceptibility to antioxidant treatment. Front. Oncol. 9, 480. doi:10.3389/fonc.2019.
00480

Sarmiento-Salinas, F. L., Perez-Gonzalez, A., Acosta-Casique, A., Ix-Ballote, A., Diaz,
A., Treviño, S., et al. (2021). Reactive oxygen species: role in carcinogenesis, cancer cell
signaling and tumor progression. Life Sci. 284, 119942. doi:10.1016/j.lfs.2021.119942

Schumacker, P. T. (2006). Reactive oxygen species in cancer cells: live by the sword,
die by the sword. Cancer Cell 10, 175–176. doi:10.1016/j.ccr.2006.08.015

Senba, M., and Mori, N. (2012). Mechanisms of virus immune evasion lead to
development from chronic inflammation to cancer formation associated with human
papillomavirus infection. Oncol. Rev. 6, e17. doi:10.4081/oncol.2012.e17

Shah, M. H., Liu, G.-S., Thompson, E. W., Dusting, G. J., and Peshavariya, H. M.
(2015). Differential effects of superoxide dismutase and superoxide dismutase/catalase
mimetics on human breast cancer cells. Breast Cancer Res. Treat. 150, 523–534. doi:10.
1007/s10549-015-3329-z

Sheridan, J., Wang, L.-M., Tosetto, M., Sheahan, K., Hyland, J., Fennelly, D., et al.
(2009). Nuclear oxidative damage correlates with poor survival in colorectal cancer. Br.
J. Cancer 100, 381–388. doi:10.1038/sj.bjc.6604821

Shrivastava, A., Mishra, S. P., Pradhan, S., Choudhary, S., Singla, S., Zahra, K., et al.
(2021). An assessment of serum oxidative stress and antioxidant parameters in patients
undergoing treatment for cervical cancer. Free Radic. Biol. Med. 167, 29–35. doi:10.
1016/j.freeradbiomed.2021.02.037

Shukla, S., Srivastava, J. K., Shankar, E., Kanwal, R., Nawab, A., Sharma, H., et al.
(2020). Oxidative stress and antioxidant status in high-risk prostate cancer subjects.
Diagn. (Basel) 10, 126. doi:10.3390/diagnostics10030126

Sies, H., and Jones, D. P. (2020). Reactive oxygen species (ROS) as pleiotropic
physiological signalling agents. Nat. Rev. Mol. Cell Biol. 21, 363–383. doi:10.1038/
s41580-020-0230-3

Silva, G. Á. F., Nunes, R. A. L., Morale, M. G., Boccardo, E., Aguayo, F., and Termini,
L. (2018). Oxidative stress: therapeutic approaches for cervical cancer treatment. Clin.
(Sao Paulo) 73, e548s. doi:10.6061/clinics/2018/e548s

Frontiers in Cell and Developmental Biology frontiersin.org15

Larrauri-Rodríguez et al. 10.3389/fcell.2024.1465729

https://doi.org/10.3389/fimmu.2019.01676
https://doi.org/10.1002/ijgo.13865
https://doi.org/10.1002/ijgo.13865
https://doi.org/10.3322/caac.21834
https://doi.org/10.3322/caac.21834
https://doi.org/10.1007/978-1-4757-0286-6_23
https://doi.org/10.1038/nature21386
https://gco.iarc.who.int/today/
https://doi.org/10.1016/j.molmed.2017.03.004
https://doi.org/10.1016/S0140-6736(18)32470-X
https://doi.org/10.1002/rmv.2230
https://doi.org/10.7150/ijbs.21547
https://doi.org/10.1016/j.virusres.2018.01.003
https://doi.org/10.1186/1471-2407-10-9
https://depmap.org/portal/cell_line/ACH-001333?tab=overview
https://depmap.org/portal/cell_line/ACH-001333?tab=overview
https://depmap.org/portal/cell_line/ACH-001336?tab=overview
https://depmap.org/portal/cell_line/ACH-001336?tab=overview
https://depmap.org/portal/cell_line/ACH-000556?tab=overview
https://depmap.org/portal/cell_line/ACH-000556?tab=overview
https://doi.org/10.7314/APJCP.2013.14.2.631
https://doi.org/10.1038/s41573-024-00979-4
https://doi.org/10.1038/s41573-024-00979-4
https://doi.org/10.1016/B978-1-907568-28-2.00007-1
https://doi.org/10.1016/B978-1-907568-28-2.00007-1
https://doi.org/10.3892/etm.2020.8454
https://doi.org/10.3892/etm.2020.8454
https://doi.org/10.1038/modpathol.2017.80
https://doi.org/10.34141/LJCS3077183
https://www.ncbi.nlm.nih.gov/books/NBK12450/
https://www.ncbi.nlm.nih.gov/books/NBK12450/
https://doi.org/10.1016/j.ygyno.2007.01.045
https://doi.org/10.1016/j.ygyno.2007.01.045
https://doi.org/10.1038/s41598-020-76159-2
https://doi.org/10.1038/s41598-020-76159-2
https://doi.org/10.1016/j.biochi.2015.07.019
https://doi.org/10.1016/j.biochi.2015.07.019
https://doi.org/10.1007/s00404-008-0851-9
https://doi.org/10.1007/s00404-008-0851-9
https://doi.org/10.3892/mmr.2019.10466
https://doi.org/10.1186/s13027-024-00581-8
https://doi.org/10.1186/s13027-024-00581-8
https://doi.org/10.1016/j.cellsig.2010.05.015
https://doi.org/10.1371/journal.ppat.1009216
https://doi.org/10.1016/j.arcmed.2014.10.008
https://doi.org/10.1016/j.arcmed.2014.10.008
https://doi.org/10.1007/s11912-021-01052-8
https://doi.org/10.1007/s11912-021-01052-8
https://doi.org/10.1016/j.bbamcr.2006.10.001
https://doi.org/10.1016/j.bbamcr.2006.10.001
https://doi.org/10.1038/s41568-018-0074-8
https://doi.org/10.1038/s41568-018-0074-8
https://doi.org/10.1186/s13765-019-0485-6
https://doi.org/10.1038/nature12881
https://doi.org/10.3389/fonc.2019.00480
https://doi.org/10.3389/fonc.2019.00480
https://doi.org/10.1016/j.lfs.2021.119942
https://doi.org/10.1016/j.ccr.2006.08.015
https://doi.org/10.4081/oncol.2012.e17
https://doi.org/10.1007/s10549-015-3329-z
https://doi.org/10.1007/s10549-015-3329-z
https://doi.org/10.1038/sj.bjc.6604821
https://doi.org/10.1016/j.freeradbiomed.2021.02.037
https://doi.org/10.1016/j.freeradbiomed.2021.02.037
https://doi.org/10.3390/diagnostics10030126
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.6061/clinics/2018/e548s
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1465729


Small, W., Bacon, M. A., Bajaj, A., Chuang, L. T., Fisher, B. J., Harkenrider, M. M., et al.
(2017). Cervical cancer: a global health crisis.Cancer 123, 2404–2412. doi:10.1002/cncr.30667

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021).
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J. Clin. 71, 209–249. doi:10.3322/caac.21660

Susan, M., Macasoi, I., Pinzaru, I., Dehelean, C., Ilia, I., Susan, R., et al. (2023). In vitro
assessment of the synergistic effect of aspirin and 5-fluorouracil in colorectal
adenocarcinoma cells. Curr. Oncol. 30, 6197–6219. doi:10.3390/curroncol30070460

The Cancer Genome Atlas (TCGA), Firehose Legacy, F. L. (2017). Cervical squamous
cell carcinoma and endocervical adenocarcinoma. Bethesda, MA: National Cancer
Institute. Available at: https://portal.gdc.cancer.gov/projects/TCGA-CESC (Accessed
June 10, 2024).

The Human Protein Atlas (2022). DUOX2 protein expression summary - the Human
Protein Atlas. Available at: https://www.proteinatlas.org/ENSG00000140279-DUOX2
(Accessed May 12, 2022).

Toro-Montoya, A. I., and Tapia-Vela, L. J. T.-V. (2021). Virus del papiloma humano
(VPH) y cáncer. Med. Lab. 25, 467–483. doi:10.36384/01232576.431

Vora, C., and Gupta, S. (2018). Targeted therapy in cervical cancer. ESMO Open 3,
e000462. doi:10.1136/esmoopen-2018-000462

Watkins, D. E., Craig, D. J., Vellani, S. D., Hegazi, A., Fredrickson, K. J., Walter, A.,
et al. (2023). Advances in targeted therapy for the treatment of cervical cancer. J. Clin.
Med. 12, 5992. doi:10.3390/jcm12185992

Williams, V. M., Filippova, M., Filippov, V., Payne, K. J., and Duerksen-Hughes, P.
(2014). Human papillomavirus type 16 E6* induces oxidative stress and DNA damage.
J. Virol. 88, 6751–6761. doi:10.1128/JVI.03355-13

Wilson, V. G. (2013). “Growth and differentiation of HaCaT keratinocytes,” in
Epidermal cells. Editor K. Turksen (New York, NY: Springer), 33–41. doi:10.1007/7651_
2013_42

Yamauchi, M., Fukuda, T., Wada, T., Kawanishi, M., Imai, K., Hashiguchi, Y., et al.
(2014). Comparison of outcomes between squamous cell carcinoma and
adenocarcinoma in patients with surgically treated stage I-II cervical cancer. Mol.
Clin. Oncol. 2, 518–524. doi:10.3892/mco.2014.295

Yan, D.-D., Tang, Q., Chen, J.-H., Tu, Y.-Q., and Lv, X.-J. (2019). Prognostic value of
the 2018 FIGO staging system for cervical cancer patients with surgical risk factors.
Cancer Manag. Res. 11, 5473–5480. doi:10.2147/CMAR.S203059

Yee, C., Krishnan-Hewlett, I., Baker, C. C., Schlegel, R., and Howley, P. M. (1985).
Presence and expression of human papillomavirus sequences in human cervical
carcinoma cell lines. Am. J. Pathol. 119, 361–366.

Zahra, K., Patel, S., Dey, T., Pandey, U., and Mishra, S. P. (2021). A study of oxidative
stress in cervical cancer-an institutional study. Biochem. Biophys. Rep. 25, 100881.
doi:10.1016/j.bbrep.2020.100881

Zhang, J., Rashmi, R., Inkman, M., Jayachandran, K., Ruiz, F., Waters, M. R., et al.
(2021). Integrating imaging and RNA-seq improves outcome prediction in cervical
cancer. J. Clin. Invest. 131, e139232. doi:10.1172/JCI139232

Zhang, J., Wang, X., Vikash, V., Ye, Q., Wu, D., Liu, Y., et al. (2016). ROS and ROS-
mediated cellular signaling. Oxid. Med. Cell Longev. 2016, 4350965. doi:10.1155/2016/
4350965

Zou, Y., Liu, F.-Y., Wu, J., Wan, L., Fang, S.-F., Zhang, Z.-Y., et al. (2017). Mutational
analysis of the RAS/RAF/MEK/ERK signaling pathway in 260 Han Chinese patients
with cervical carcinoma. Oncol. Lett. 14, 2427–2431. doi:10.3892/ol.2017.6435

Frontiers in Cell and Developmental Biology frontiersin.org16

Larrauri-Rodríguez et al. 10.3389/fcell.2024.1465729

https://doi.org/10.1002/cncr.30667
https://doi.org/10.3322/caac.21660
https://doi.org/10.3390/curroncol30070460
https://portal.gdc.cancer.gov/projects/TCGA-CESC
https://www.proteinatlas.org/ENSG00000140279-DUOX2
https://doi.org/10.36384/01232576.431
https://doi.org/10.1136/esmoopen-2018-000462
https://doi.org/10.3390/jcm12185992
https://doi.org/10.1128/JVI.03355-13
https://doi.org/10.1007/7651_2013_42
https://doi.org/10.1007/7651_2013_42
https://doi.org/10.3892/mco.2014.295
https://doi.org/10.2147/CMAR.S203059
https://doi.org/10.1016/j.bbrep.2020.100881
https://doi.org/10.1172/JCI139232
https://doi.org/10.1155/2016/4350965
https://doi.org/10.1155/2016/4350965
https://doi.org/10.3892/ol.2017.6435
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1465729

	Interplay between reactive oxygen species and ERK activation in cervical cancer cells
	1 Introduction
	2 Materials and methods
	2.1 Bioinformatic analysis
	2.2 Cell culture
	2.3 ROS determination
	2.4 Proliferation, death and migration assay
	2.5 Western blot
	2.6 Crystal violet staining
	2.7 Statistical analysis

	3 Results
	3.1 ROS levels in cervical cancer cells do not differ between histological types
	3.2 Cell proliferation, survival and migration are mediated by ROS in cervical cancer cells
	3.3 ERK activation differs according to the CC histological type
	3.4 ERK modulates migration in SCC cell lines
	3.5 Inhibition of ROS and ERK differentially affect CC cell viability

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


