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Abstract
Background  Activating Transcription Factor 3 (ATF3) is known for its tumor-suppressive properties in cervical cancer, 
particularly through its role in stress response and interactions with human papillomavirus (HPV) oncogenes. This 
study investigates ATF3’s regulatory impact on metastasis-related genes, oxidative stress, and DNA damage in HPV-
positive cervical cancer cells.

Methods  HeLa and Ca Ski cell lines were transfected with ATF3-expressing vectors. Western blotting and quantitative 
reverse transcription polymerase chain reaction (RT-qPCR) were used to confirm ATF3 overexpression following 
transfection. ROS assays and Comet assays assessed the impact of ATF3 on oxidative stress and DNA damage, while 
RT-qPCR was used to evaluate changes in HPV E6/E7, SHARP1, and MMP1 gene expression.

Results  ATF3 overexpression led to elevated ROS levels (p < 0.02), resulting in oxidative DNA damage. These results 
demonstrate ATF3’s cytotoxic impact on cervical cancer cells through oxidative stress and DNA damage. Additionally, 
ATF3 overexpression significantly decreased MMP1 expression (p < 0.03), indicating a potential anti-metastatic effect, 
while SHARP1 and HPV E6/E7 expression levels were not significantly altered, indicating selective gene modulation by 
ATF3.

Conclusion  These findings reveal that ATF3 contributes to tumor suppression in cervical cancer by modulating 
oxidative stress and DNA damage, selectively targeting genes involved in metastasis. These findings supports ATF3’s 
role in regulating key pathways in HPV-positive cervical cancer cells, providing a basis for further exploration of ATF3 
as a target in therapeutic strategies aimed at improving outcomes in cervical cancer.
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Background
Activating Transcription Factor 3 (ATF3) is a crucial 
transcription factor implicated in various human cancers, 
particularly in response to cellular stress. It plays a sig-
nificant role in regulating adaptive responses, influencing 
processes such as cell survival, metabolism, and immune 
responses [1]. ATF3 is increasingly recognized as a tumor 
suppressor in cervical cancer, particularly in the context 
of human papillomavirus (HPV) infection. Research indi-
cates that ATF3 overexpression in HPV-positive cervical 
cancer cells, such as HeLa and Ca Ski cells [2, 3], leads 
to significant apoptosis and cell cycle arrest, primar-
ily through the inhibition of the NF-κB p65 signaling 
pathway [3]. The role of ATF3 in cervical cancer is fur-
ther emphasized by its interactions with other signaling 
pathways, such as the Wnt/β-catenin pathway, which is 
implicated in cancer progression [4]. Moreover, ATF3 
is crucial in activating p53 by preventing the binding of 
E6-associated protein (E6AP) to the E6 oncoprotein of 
HPV. The E6 protein, particularly from HPV-16, inter-
acts with E6AP to form a heterodimer that ubiquitinates 
p53, leading to its degradation and loss of function [5]. By 
inhibiting this interaction, ATF3 stabilizes p53, allowing 
it to exert its tumor suppressor functions [6]. Thus, the 
ability of ATF3 to disrupt the E6/E6AP complex not only 
prevents p53 degradation but also mitigates the feed-
back loop that would otherwise enhance the inhibitory 
effects of E6 on p53 [7]. While this mechanism highlights 
the intricate interplay between viral oncogenes and host 
tumor suppressor pathways in cervical carcinogenesis, 
the effect of the transcriptional activity of ATF3 on the 
expression levels of HPV16 and 18 E6/E7 oncotranscripts 
remains unclear.

SHARP1, a basic helix-loop-helix transcription 
repressor, has been implicated in regulating malignant 
behaviors in various cancers, including cervical cancer. 
Although specific studies on SHARP1 in cervical can-
cer are limited, its role in other malignancies suggests 
potential functions in this context. For example, SHARP1 
has been shown to suppress angiogenesis by decreasing 
hypoxia-inducible factor-1α (HIF-1α) levels, which is 
crucial for tumor growth and metastasis [8]. This mech-
anism may also be relevant in cervical cancer, where 
angiogenesis is a key factor in tumor progression. Addi-
tionally, the regulation of epithelial-mesenchymal transi-
tion (EMT) by transcription factors like Twist1 suggests 
that SHARP1 could similarly influence cellular migra-
tion and invasion in cervical cancer [9]. While it has been 
shown that ATF3 promotes the expression of the metas-
tasis suppressor SHARP1 in mutant p53-expressing cells 
by preventing p63 inactivation and suppressing cancer 
cell migration [2, 10], the direct relationship between 
SHARP1 and ATF3 in p53-null cervical cancer cells is 
still under investigation.

Matrix metalloproteinase-1 (MMP1) plays a signifi-
cant role in the progression of cervical cancer, primarily 
through its involvement in the degradation of the extra-
cellular matrix (ECM), which facilitates tumor invasion 
and metastasis. MMP1 is regulated by the tumor sup-
pressor p53, and its dysregulation can lead to enhanced 
tumor metastasis due to increased ECM degradation 
[11]. While specific studies on MMP1 in cervical cancer 
are limited, its overexpression has been linked to poor 
outcomes in other cancers, such as head and neck car-
cinoma, where it correlates with advanced tumor stages 
and lower survival rates [12]. Although the relationship 
between MMP1 and ATF3 in cervical cancer cells is not 
directly established in the provided studies, there are 
significant correlations between ATF3 overexpression 
and the expression and activation of MMPs in glioblas-
toma cells [13]. Therefore, further investigation is needed 
to clarify the specific relationship between MMP1 and 
ATF3 in cervical cancer cells.

Reactive oxygen species (ROS) are chemically reac-
tive molecules containing oxygen, can lead to oxidative 
stress, resulting in DNA damage and apoptosis in cervi-
cal cancer cells [14]. ATF3 plays a key role in mitigating 
mitochondrial oxidative stress, particularly in the context 
of cardiomyopathy, where its expression is upregulated 
in response to stressors like angiotensin II (Ang II) [15]. 
This regulation of oxidative stress is crucial, as excessive 
ROS can lead to cellular damage and inflammation, pro-
cesses in which ATF3 is also implicated [16]. Addition-
ally, ATF3 has been shown to influence ferroptosis and 
inflammatory responses in various cell types, including 
human periodontal stem cells, by modulating ROS lev-
els and related signaling pathways such as Nrf2/HO-1 
[17]. Although the direct interaction between ATF3 and 
ROS in cervical cancer is not explicitly detailed in the 
abstracts, the evidence suggests that ATF3 may influence 
cellular responses to oxidative stress, potentially affect-
ing cancer progression and treatment efficacy. Further-
more, ATF3 is involved in the DNA damage response, 
as demonstrated by its activation in response to the 
topoisomerase II inhibitor dexrazoxane, which induces 
DNA double-strand breaks (DSBs) through ATM sig-
naling [18]. This suggests that ATF3 plays a critical role 
in mediating cellular responses to DNA damage, poten-
tially influencing therapeutic outcomes in cervical can-
cer. Consequently, further investigation is required to 
elucidate the precise mechanisms by which ATF3 inter-
acts with ROS, its dual roles in different cellular contexts, 
and its implications in the DNA damage response. This 
study aims to investigate the role of ATF3 in cervical can-
cer, with a particular focus on its transcriptional effect on 
the expression levels of HPV16 and 18 E6/E7 oncotran-
scripts, the metastasis suppressor SHARP1 and MMP1. 
Additionally, the study will explore how ATF3 influences 



Page 3 of 11Naderzadeh et al. Virology Journal           (2025) 22:46 

ROS levels and the DNA damage response in cervi-
cal cancer cells. By elucidating these mechanisms, the 
research seeks to clarify the tumor suppressive functions 
of ATF3 and its potential therapeutic implications in cer-
vical carcinogenesis.

Methods
Cell culture and pCMV6-ATF3-GFP transfection
HeLa and Ca Ski cell lines were acquired from the 
National Cell Bank of Iran (NCBI Code: C115, Pasteur 
Institute, Tehran) and the American Type Culture Collec-
tion (ATCC; Manassas, VA), respectively. HeLa cells were 
maintained in RPMI-1640 medium, while Ca Ski cells 
were cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM). Both cell lines were grown in complete media 
containing 10% fetal bovine serum (FBS) and 1% Penicil-
lin/Streptomycin (all from Sigma-Aldrich), and were kept 
at 37 °C with 5% CO2. After 24 h of growth, the cells were 
transfected with pCMV6-AC-IRES-GFP plasmids carry-
ing the ATF3 gene (pCMV6-ATF3-GFP), obtained from 
a prior study [2]. For transfection, cells were plated at a 
density of 8 × 10^5 per well in 6-well plates. Once they 
reached 60–70% confluency, HeLa cells were treated 
with 2 μg of pCMV6-ATF3 plasmid, and Ca Ski cells with 
2.5  μg, based on the previously determined inhibitory 
concentration [2, 3]. Transfection was performed using 
Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, 
MA) according to the manufacturer’s protocol.

Quantitative and qualitative transfection efficiency assays
To evaluate transfection efficiency, both fluorescence and 
transmission light microscopy were used. Observations 
were made using an Olympus microscope (Olympus, 
Tokyo, Japan) with a 20x objective lens at 24, 48, and 72 h 
after transfection. Fluorescent images were captured with 
the GFP filter cube. Transfection efficiency was deter-
mined by counting the total number of cells and those 
expressing GFP. At each time point, five separate images 
were taken and analyzed. Additionally, flow cytometry 
was performed at 48 and 72  h post-transfection. Cells 
were first washed with PBS, then detached from the cul-
ture plates using trypsin-EDTA. Following detachment, 
cells were centrifuged at 350 g for 5 min, resuspended in 
PBS, and analyzed for fluorescent intensity using a FAC-
SCalibur flow cytometer (BD Biosciences, San Jose, CA). 
Each experiment analyzed 10,000 cells, and the results 
were processed using FlowJo software version 10.0 
(FlowJo LLC, USA).

SDS-PAGE and Western blotting analysis for ATF3 
expression
HeLa and Ca Ski cells were seeded into 6-well plates 
and incubated overnight at 37 °C with 5% CO2. The cells 
were then transfected following previously established 

protocols [2, 3]. After 72  h, the cells were collected, 
washed with cold PBS, and sonicated (Amplitude: 
80–100, two 30-second cycles with 30-second cooling 
intervals) in RIPA buffer (1% Triton X-100, 0.1% SDS, 150 
mM NaCl, 50 mM Tris-HCl, pH 8.0) containing 25 μL of 
a protease inhibitor cocktail (Sigma-Aldrich). The sam-
ples were centrifuged at 15,000 g for 20 min at 4 °C, and 
the supernatants were collected. Protein concentrations 
from the test and control cells were determined using the 
Bradford protein assay (Bio-Rad), creating an absorbance 
standard curve.

The cell lysates were then mixed with 5× sample buf-
fer (0.25  M Tris-HCl pH 6.8, 50% glycerol, 10% SDS, 
0.1% bromophenol blue, and 5% β-mercaptoethanol) 
and heated at 95  °C for 10  min. Equal protein amounts 
from each sample were separated on a 12% SDS-poly-
acrylamide gel and transferred to polyvinylidene fluo-
ride (PVDF) membranes (Millipore, UK) using a Bio-Rad 
Mini Trans-Blot® system at 300  mA for 3  h. The mem-
branes were blocked with a solution of 5% skim milk 
and 0.05% Tween 20 for 16  h, followed by a 15-minute 
wash with TBST buffer (150 mM NaCl, 50 mM Tris-base, 
and 0.05% Tween 20). ATF3 protein levels were detected 
using a monoclonal anti-ATF3 antibody (1:500, Santa 
Cruz Biotechnologies). β-actin (1:5000, Santa Cruz Bio-
technologies) was used as a loading control. After three 
washes with TBST, the membranes were incubated with 
a horseradish peroxidase-conjugated secondary antibody 
(1:10,000, Sigma-Aldrich) at room temperature for 2  h, 
followed by two washes with TBS buffer (50 mM Tris-
base and 150 mM NaCl). The membranes were then 
treated with 10 mL of 3,3′-Diaminobenzidine (DAB) 
substrate (5 mg DAB in 10 mL DDW) and 5 μL H2O2. 
The reaction was stopped by rinsing the membranes with 
DDW.

Reverse transcription quantitative PCR analysis
The primer sequences for RT-qPCR were designed using 
Gene Runner 3.0 software (available at ​h​t​t​p​:​/​/​w​w​w​.​g​e​n​e​
r​u​n​n​e​r​.​n​e​t​/​​​​​) and are detailed in Table 1. Total RNA was 
extracted from cultured cells using the RiboEx TM kit 
(GeneAll, Korea), and cDNA synthesis was performed 
at 37 °C for 15 min with the PrimeScript RT reagent kit 
(TaKaRa, Japan). RT-qPCR was conducted using the ABI 
Prism 7000 Sequence Detection System (Applied Biosys-
tems) and RealQ Plus 2x Master Mix Green (Ampliqon, 
Denmark). To validate the primers, standard curves were 
generated for each primer set. The relative expression 
levels of target genes were determined using the Pfaffl 
method [19], with GAPDH serving as the reference gene 
(Forward: ​G​G​C​C​T​C​C​A​A​G​G​A​G​T​A​A​G​A​C​C, Reverse: ​A​
G​G​G​G​T​C​T​A​C​A​T​G​G​C​A​A​C​T​G) [13]. The thermocy-
cling conditions included an initial denaturation step at 
95 °C for 15 min, followed by 40 cycles of 95 °C for 15 s, 

http://www.generunner.net/
http://www.generunner.net/
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primer-specific annealing for 30  s, and a final extension 
at 72 °C for 20 s.

Detection of reactive oxygen species (ROS)
To measure intracellular ROS levels, 2 × 10⁴ cells were 
plated in culture medium and incubated at 37°C for 24 
hours, followed by transfection as previously described. 
After 48 hours post-transfection, the culture medium 
was discarded, and the cells were washed twice with PBS. 
The cells were then detached using Trypsin/EDTA, col-
lected, and resuspended in PBS. Following this, the cells 
were incubated with 2’-7’dichlorofluorescin diacetate 
(DCFH-DA, SigmaAldrich) at 37  °C for 30  min. Upon 
cellular uptake, DCFH-DA is deacetylated, forming non-
fluorescent DCFH, which can be oxidized by ROS into 
a fluorescent compound. The fluorescence intensity, 
reflecting ROS levels, was measured using a FACSCali-
bur flow cytometer, and the results were analyzed with 
FlowJo software, version 10.0.

Comet assay
The comet assay was performed under alkaline condi-
tions, adapting the protocols by Singh et al. [20] and Tice 
et al. [21] with some modifications. Following transfec-
tion cells were harvested 48 h post-transfection. A 1 mL 
aliquot, containing 1 × 10⁵ cells, was centrifuged at 350 g 
for 5  min, and the resulting pellet was resuspended in 
50 μL of PBS. The cells were mixed with 100 μL of low-
melting-point agarose (0.5%, Cleaver Scientific Ltd, 
Rugby, UK) in PBS and spread onto microscope slides 
pre-coated with normal-melting-point agarose (1.5%). 
After covering with a coverslip, the slides were incubated 
at 4  °C for 20 min to solidify. Next, the slides were sub-
merged in a freshly prepared cold lysis solution (2.5  M 
NaCl, 100 mM EDTA, 1% Triton X-100, 10 mM Tris, pH 
10) and incubated at 4  °C in the dark for 60  min. After 
lysis, the slides were placed in a cold horizontal electro-
phoresis chamber filled with an alkaline electrophoresis 
buffer (300 mM NaOH, 1 mM EDTA, pH > 13) and sub-
jected to electrophoresis at 1  V/cm (25  V, 300  mA) for 
30 min to allow DNA unwinding and reveal alkali-labile 

sites. The slides were then washed with a neutralization 
buffer (0.4 M Tris-HCl, pH 7.5) for 20 min, rinsed with 
water, and dehydrated in 75% ethanol for 5  min. Once 
dried, the slides were stained with 50 μL of diluted SYBR® 
Green I (Fermentas, Vilnius, Lithuania) and immediately 
examined under a fluorescence microscope to visualize 
the DNA of individual cells. All procedures were per-
formed under dark or dim light conditions to minimize 
additional DNA damage.

Statistical analysis
The data analysis was performed using SPSS software 
version 22. Results were presented as mean ± standard 
deviation (SD). Due to the non-normal distribution of 
data, the Kruskal-Wallis test was utilized to determine 
significant differences between groups. Statistical signifi-
cance was set at a p-value of less than 0.05.

Results
Transfection of recombinant vectors into HeLa and Ca ski 
cells
Images captured by a fluorescence microscope confirmed 
that over 80% of HeLa and Ca Ski cells were successfully 
transfected with the pCMV6-ATF3 plasmid 72  h post-
transfection, as shown in Fig. 1A. Flow cytometry further 
quantified the transfection efficiency, showing an average 
of 86.41% in HeLa cells and 88.34% in Ca Ski cells at the 
same time point (Fig. 1B).

Western blot analysis confirmed the overexpression of 
ATF3 in the transfected cells. The results showed a sub-
stantial increase in ATF3 protein levels in the pCMV6-
ATF3-transfected cells compared to both untreated and 
mock-transfected controls, reaching statistical signifi-
cance (p < 0.001) (Fig. 1C and D).

Impact of ATF3 overexpression on HPV-16 and HPV-18 E6/
E7, MMP1, and SHARP1 gene expression
In addition to western blot analysis, the overexpression 
of ATF3 mRNA in transfected HeLa and Ca Ski cells was 
confirmed using RT-qPCR. The expression levels of HPV-
16-E6/E7, HPV-18-E6/E7, MMP1, SHARP1, and GAPDH 

Table 1  Oligonucleotide primer sequences used for reverse-transcription real-time PCR assay
Gene Sequence (5ʹ to 3ʹ) PCR product size (bp) Annealing temperature (˚C)
ATF3-Forward GAGTGCCTGCAGAAAGAGT 117 58
ATF3-Reverse CCGATGAAGGTTGAGCATG
HPV-16-E6/E7 Forward GAGAAACCCAGCTGTAATCATGC 174 55
HPV-16-E6/E7 Reverse GTAATGGGCTCTGTCCGGTTC
HPV-18-E6/E7 Forward GACATTGTATTGCATTTAGAGCC 155 56
HPV-18-E6/E7 Reverse CATTGTGTGACGTTGTGGTTC
MMP-1-Forward GAAAAGCGGAGAAATAGTG 153 51
MMP-1-Reverse GAGGACAAACTGAGCCAC
SHARP1-Forward GAGACGACACCAAGGATAC 140 56
SHARP1-Reverse CTCCAGATGTCCCAGAGTTG
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mRNAs were measured in untreated, mock-transfected, 
and pCMV6-ATF3-transfected groups. RT-qPCR analy-
sis conducted 72  h post-transfection indicated that ele-
vated ATF3 expression (p < 0.001) in HeLa cells led to a 
significant reduction in MMP1 expression (p < 0.02) com-
pared to the control and mock groups. Similarly, in Ca Ski 
cells, increased ATF3 expression (p < 0.001) resulted in a 
significant decrease in MMP1 expression (p < 0.03). How-
ever, ATF3 overexpression did not significantly affect 

SHARP1 or E6/E7 expression in HeLa cells (p > 0.05) nor 
in Ca Ski cells (p > 0.05), compared to the control and 
mock-transfected groups. Figure  2A and B summarizes 
the gene expression changes observed in the pCMV6-
ATF3-transfected, mock-transfected, and control groups 
for both HeLa and Ca Ski cells.

Fig. 1  Analysis of fluorescence intensity in HeLa and Ca Ski cells transfected with pCMV6-ATF3, a mock vector, or left untreated as controls, utilizing 
fluorescence microscopy and flow cytometry at 48 and 72 h post-transfection. (A) Fluorescent imaging of HeLa and Ca Ski cells was performed at 20x 
magnification, comparing cells transfected with pCMV6-ATF3 to mock and control groups. (B) Mean fluorescence intensity levels were measured across 
pCMV6-ATF3, mock, and control samples. Flow cytometry results showed transfection efficiencies of 89.41% in HeLa and 88.13% in Ca Ski cells at 72 h 
post-transfection, significantly higher than the mock and control groups (p < 0.0001). (C) Western blot analysis was conducted to assess ATF3 protein ex-
pression in HeLa and Ca Ski cell lysates, using anti-ATF3 and anti-β-actin antibodies. (D) Densitometry of ATF3 expression levels showed a marked increase 
in cells transfected with pCMV6-ATF3 compared to control and mock groups (p < 0.001). Results are presented as the mean ± SD from three independent 
experiments
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Effect of ATF3 overexpression on intracellular ROS levels
To further elucidate the mechanism behind the inhibi-
tion of cell proliferation, we assessed ROS levels in HeLa 
and Ca Ski cells using DCFDA staining followed by flow 
cytometric analysis (Fig. 3A and B). The results demon-
strated that ATF3 overexpression in HeLa cells signifi-
cantly increased ROS levels (p < 0.01) compared to the 
mock-transfected and control groups. Similarly, as shown 
in Fig.  3, ATF3 overexpression in Ca Ski cells led to a 
significant increase in basal ROS levels (p < 0.02). These 
findings suggest that the elevated ROS levels associated 
with ATF3 overexpression are correlated with its cyto-
toxic effects in cancer cells.

DNA damage lesions following ATF3 overexpression
Given that ROS can induce oxidative DNA damage, we 
investigated whether ATF3 overexpression increased 
the occurrence of DNA breaks in HeLa and Ca Ski cells. 
The Comet assay was employed to assess the presence 
of DSBs, which are indicative of oxidative DNA dam-
age. Figure 4A and B illustrate that cells transfected with 
pCMV6-ATF3 showed an increase in long-tail cells, indi-
cating a higher occurrence of DSBs (p < 0.05) compared 
to the mock-transfected and control groups. These data 
suggest that ATF3 overexpression in HeLa and Ca Ski 
cells, which increases ROS production and clusters oxi-
dative DNA damage, is associated with the formation of 
DNA DSBs in these cells.

Discussion
Although much is known about the effects of ATF3, the 
present study uniquely investigates its role in genotoxic-
ity, oxidative stress, and modulation of metastasis-related 
gene expression, specifically in the context of HeLa 
and Ca Ski cells. Matrix metalloproteinase-1 is closely 

associated with cervical cancer metastasis and progno-
sis [22], significantly influencing tumor progression and 
patient outcomes. Notably, MMP-1 is persistently over-
expressed in cervical cancer, especially in lymph node-
positive cases, suggesting its potential as a biomarker for 
metastasis [23]. This overexpression contributes to the 
degradation of the extracellular matrix (ECM), facilitat-
ing tumor invasion and metastasis. MMP-1 is regulated 
by the p53 tumor suppressor, and its dysregulation by the 
E6 oncoprotein of high-risk HPVs (hr-HPVs) enhances 
tumor aggressiveness in HPV-infected cervical cancer 
cells [11]. ATF3, a transcriptional repressor, significantly 
influences MMP-1 expression, particularly in inflamma-
tory and cancerous settings. Ho et al. demonstrated that 
IFN-γ increases ATF3 expression in human monocytes, 
leading to the suppression of MMP-1 by recruiting ATF3 
to the MMP-1 promoter and inhibiting AP-1 transcrip-
tion factors, which normally promote MMP expression 
[24]. while ATF3 generally suppresses MMP-1 in inflam-
matory contexts, its role in cancer may be more com-
plex, potentially promoting invasiveness through other 
MMPs, indicating a dual role depending on the cellu-
lar context. Zugowski et al. demonstrated that aberrant 
STAT3 activation, which can interact with AP-1, leads 
to increased MMP-1 expression. ATF3 may counter-
act this effect, although its specific role in this context 
requires further exploration [25]. Additionally, Ma et al. 
found that elevated ATF3 levels correlate with increased 
MMP-2 expression, which may promote tumor invasive-
ness, although the direct impact on MMP-1 remains less 
clear [26]. In the present study, we explored the impact of 
ATF3 overexpression on MMP-1 expression in HeLa and 
Ca Ski cells. Our results demonstrated that ectopic ATF3 
overexpression in HPV16- and HPV18-positive cervi-
cal cancer cells led to a significant reduction in MMP-1 

Fig. 2  Effect of ATF3 overexpression on the expression of HPV-16 and HPV-18 E6/E7, MMP1, and SHARP1 genes in HeLa (A) and Ca Ski (B) cells, analyzed 
by RT-qPCR. (A) In HeLa cells, overexpression of ATF3 resulted in a significant decrease in MMP1 gene expression (p < 0.01), while SHARP1 and HPV-18 E6/
E7 mRNA levels remained largely unaffected (p > 0.05) compared to mock and control groups. (B) Similarly, in Ca Ski cells, ATF3 overexpression significantly 
reduced MMP1 expression (p < 0.02), but SHARP1 and HPV-18 E6/E7 expression levels showed no significant difference (p > 0.05) relative to mock and 
control groups. Both HeLa and Ca Ski cells transfected with pCMV6-ATF3 demonstrated markedly higher ATF3 mRNA expression compared to mock and 
control groups (p < 0.001). Data are presented as the mean ± SD from three independent experiments
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mRNA levels. This suggests that ATF3 may modulate 
metastasis-related factors, underscoring its potential role 
as an anti-metastatic tumor suppressor in cervical cancer 
cells.

While the expression levels of SHARP1 in cervical 
cancer tissues have yet to be fully characterized, its role 
as a tumor suppressor in other cancers suggests it may 
similarly influence CC. SHARP1 expression is regulated 
through multiple cellular pathways, primarily involving 

Fig. 3  Evaluation of ROS levels in HeLa and Ca Ski cells following pCMV6-ATF3 transfection. (A) Flow cytometry histograms illustrating ROS levels in HeLa 
and Ca Ski cells, measured with the DCHF-DA assay. (B) Quantitative comparison shows a significant rise in ROS levels in pCMV6-ATF3-transfected cells 
relative to mock and control groups (p < 0.01). Results are shown as the mean ± SD from three separate experiments
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Fig. 4  DNA damage analysis by comet assay using alkaline single-cell gel electrophoresis. (A) Representative images from the comet assay display DNA 
migration patterns in HeLa and Ca Ski cells post-transfection with pCMV6-ATF3. In these images, intact DNA forms a distinct head, while fragmented DNA 
trails behind, forming a comet tail—longer tails signify greater DNA damage. (B) Quantification of comet assay results for HeLa and Ca Ski cells across 
pCMV6-ATF3-transfected, mock-transfected, and control groups. Minimal DNA damage was observed in both control and mock-transfected cells. Data 
are expressed as the mean ± SD from three independent replicates
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insulin signaling and the NOTCH1 pathway [27], where 
its overexpression suppresses EMT and metastasis in 
endometrial cancer [28]. ATF3 has been identified as a 
co-regulator that binds alongside p53 at cis-regulatory 
elements (CREs) and can either promote or inhibit the 
expression of target genes, including SHARP1 [29]. Our 
findings demonstrated that, although normalized fold 
change levels of SHARP1 expression were higher in 
ATF3-overexpressing cervical cancer cells compared to 
control and mock-transfected groups, the increase was 
not statistically significant. Since ATF3’s specific role in 
CC is not extensively documented, its involvement in 
regulating malignant behaviors in other cancers suggests 
potential implications for CC progression. However, the 
present study does not support a direct role for ATF3 in 
enhancing SHARP1 mRNA expression levels in cervical 
cancer cells. The impact of ATF3 on SHARP1 expres-
sion may vary across cell types, depending on the cellu-
lar environment and stimuli, as seen in its role in skeletal 
muscle stem cells, where it prevents premature activation 
[30]. While ATF3 is a critical regulator in many contexts, 
its influence on SHARP1 expression may not be univer-
sally applicable, as other transcription factors and regula-
tory mechanisms could also modulate SHARP1 levels in 
different biological scenarios.

The ability of ATF3 to interact with viral elements 
suggests it may serve as a transcriptional regulator that 
can either suppress or promote viral gene expression 
depending on the context [31]. Evidence shows that 
ATF3 binds to genomic regions rich in transcriptional 
coactivators, such as p300 and H3K27ac, supporting 
its involvement in transcriptional regulation [32]. For 
instance, in ZIKV-infected cells, ATF3 restricts viral gene 
expression by modulating innate immune responses and 
autophagy pathways [33]. Similarly, during herpes sim-
plex virus (HSV) infections, ATF3 promotes the buildup 
of latency-associated transcripts, which are essential for 
maintaining viral latency [34]. However, in HPV infec-
tions—especially within cervical cancer cells—ATF3’s 
role appears complex. While ATF3 seems to indirectly 
suppress HPV gene expression, likely through interac-
tions with the NF-κB signaling pathway [3] and other 
transcription factors involved in HPV regulation [35], 
its direct regulatory effect on the E6 and E7 oncotrans-
cripts remains unclear. In this study, ATF3 overexpres-
sion did not significantly alter HPV-18-E6/E7 expression 
in HeLa cells or HPV-16-E6/E7 in Ca Ski cells compared 
to control and mock-transfected groups. These findings 
suggest that ATF3 does not play a direct role in upregu-
lating HPV-E6/E7 mRNA expression in cervical cancer 
cells. The observed lack of direct impact of ATF3 over-
expression on HPV-E6/E7 mRNA expression in cervical 
cancer cells may rely on specific co-factors or chromatin 
states that are absent or inactive in HeLa and Ca Ski cells, 

limiting its direct influence on E6/E7 transcription. These 
findings could also indicate a cell-type-specific regula-
tory mechanism where ATF3’s role in viral gene expres-
sion varies depending on cellular context and epigenetic 
modifications.

Studies suggest that oxidative stress biomarkers can 
predict outcomes in cervical cancer, underscoring the 
critical role of ROS in disease prognosis [36]. Excessive 
ROS levels cause oxidative stress, leading to DNA dam-
age and apoptosis in cervical cancer cells [14], a phe-
nomenon also observed in the present study, suggesting 
ROS as potential therapeutic targets. Given the dual role 
of ROS in cancer biology, where moderate to high levels 
are essential for activating survival signaling pathways 
that may promote tumor progression, increased ROS 
levels can downregulate MMP-1 expression in cancer 
cells through several molecular mechanisms, inhibit-
ing metastasis [37]. These mechanisms primarily involve 
the activation of specific signaling pathways that modu-
late MMP-1 expression in response to oxidative stress. 
Elevated ROS levels, particularly hydrogen peroxide 
(H2O2), lead to sustained activation of c-Jun N-terminal 
kinase (JNK), which in turn recruits c-jun to the MMP-1 
promoter, influencing MMP-1 transcription [38]. Addi-
tionally, mitochondrial ROS (mtROS) play a role in regu-
lating MMP levels, including MMP-1, by affecting mRNA 
stability and expression. The molecular adaptor HIC-5 
and NADPH oxidase 4 (NOX4) are involved in this regu-
lation: HIC-5 suppresses NOX4, reducing mtROS and 
destabilizing MMP mRNA [39]. It is important to note 
that the redox state of the cell influences the expression 
of various MMPs, including MMP-1, through different 
redox mechanisms. Alterations in intracellular redox 
conditions can downregulate MMP-1 and other MMPs, 
suggesting that ROS levels critically determine MMP 
expression profiles in cancer cells [40]. The ROS-MMP-1 
pathway has significant therapeutic implications for can-
cer treatment, particularly in relation to oxidative stress 
and tumor progression. Conversely, ATF3 plays a dual 
role in regulating ROS production, depending on the 
context. It upregulates GPX4, a ferroptosis-responsive 
gene, reducing Fe²⁺ accumulation, ROS production, and 
malondialdehyde (MDA) release. Conversely, in erastin- 
and RSL3-treated cardiomyocytes, ATF3 overexpression 
decreases Fe²⁺ levels, ROS, and MDA associated with fer-
roptosis, ultimately reducing cell death [41]. These exam-
ples underscore the importance of examining the direct 
relationship between ATF3 and ROS in cervical cancer 
cells. However, the data presented in this study primar-
ily reflect gene expression levels, which may not fully 
represent changes in protein expression. While these 
results provide valuable insights, the lack of proteomic 
validation may limit the interpretation of protein-level 
alterations.
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In this study, we showed that ATF3 overexpression in 
cervical cancer cells significantly increases ROS levels. 
This accumulation of ROS leads to oxidative DNA dam-
age, contributing to the formation of DSBs in these cells. 
These DSBs can activate ataxia telangiectasia mutated 
(ATM) and Rad-3–related (ATR) kinases, triggering cel-
lular stress responses that lead to cell cycle arrest, apop-
tosis, and increased oxidative stress [42]. ROS production 
is also linked to the homologous recombination (HR) and 
non-homologous end joining (NHEJ) pathways [43]. Our 
previous findings have shown that ATF3 overexpression 
impairs cell growth by inducing significant apoptosis and 
cell cycle arrest in cervical cancer cells, particularly in 
HPV-infected HeLa and Ca Ski cells, through the down-
regulation of the NF-κB signaling pathway [2, 3]. Taken 
together, this suggests that the cell cycle arrest and apop-
tosis observed with ATF3 overexpression may be partly 
due to ROS accumulation caused by ATF3 expression—
an alternative pathway alongside the downregulation of 
the NF-κB signaling pathway. Studies have shown that 
combination therapies using ROS-inducing agents with 
other treatments, including polyphenolic compounds 
[44, 45], and biodegradable polymers, are being explored 
to modulate ROS levels specifically at tumor sites [46]. 
These strategies enhance chemotherapy efficacy while 
minimizing side effects and improve treatment outcomes 
by enhancing drug delivery.

Conclusions
ATF3 contributes to tumor suppression in cervical cancer 
by modulating oxidative stress and DNA damage, selec-
tively targeting genes involved in metastasis. Our results 
suggest that inducing ATF3 expression may be a poten-
tial therapeutic strategy to maintain excessive ROS levels, 
leading to oxidative stress, DNA damage, and apoptosis 
in cervical cancer cells. While ROS play a significant role 
in cervical cancer pathogenesis and treatment, their man-
agement remains complex. Future research should focus 
on optimizing ROS modulation strategies to enhance 
therapeutic efficacy while minimizing adverse effects.
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