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Objective: Activating transcription factor 3 (ATF3) has attracted recent scientific attention as a novel 
mediator of tumor suppression, particularly within the context of cervical cancer (CC). Our prior research 
demonstrated that ATF3 overexpression induces cell cycle arrest and apoptosis in human papillomavirus 
(HPV)16- and HPV18-positive CC cells. The present study aims to examine the impact of ATF3 
overexpression on the expression levels of p16 and NF-κB, two proteins with pro-tumorigenic roles in 
HPV-induced CC. Methods: Ca Ski and HeLa cells underwent transfection with pCMV6-AC-IRES-GFP 
plasmids containing the ATF3 gene. To establish the optimal plasmid DNA quantities for transfection, MTT 
assay was conducted. Furthermore, fluorescence microscopy and flow cytometric analysis were employed 
to assess the efficiency of transfection. The expression levels of p16 and NF-κB were evaluated by RT-
qPCR and western blotting prior and subsequent to ATF3 overexpression. Results: The overexpression 
of ATF3 induced a decrease in p16 mRNA levels in both Ca Ski and HeLa cells (p<0.04), along with the 
concomitant reduction of p16 protein expression within both cellular populations (p<0.005). Additionally, 
it led to a reduction in NF-κB p65 protein levels in both cell lines (p<0.005), with no discernible impact on 
its mRNA expression. Conclusion: Given ATF3’s demonstrated capability to downregulate p16 and NF-
κB, both of which play important pro-tumorigenic roles in HPV-related CC, ATF3 emerges as a promising 
therapeutic candidate with the potential for application in the treatment of CC.
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INTRODUCTION

The cyclin-dependent kinase inhibitor p16 (p16) is 
a well-studied tumor suppressor that exerts its function 
through the inhibition of cyclin dependent kinase 4 and 6 
(CDK4/6) [1]. CDK4/6 are responsible for the inactiva-
tion of the retinoblastoma tumor suppressor protein (pRb) 
by its phosphorylation [2]. As a result, the phosphorylat-
ed pRb can no longer perform its function of blocking 
G1/S transition. p16 transcription is usually repressed by 
epigenetic means in normal cells [3]; however, it can be 
induced by several oncogenes as a cell defense mecha-
nism [4,5]. Despite the tumor suppressor role of p16 in 
most cellular contexts, it appears that high expression of 
p16 induced by human papillomavirus (HPV) 16 E7 on-
coprotein exhibits an oncogenic role and is required for 
the survival of HPV-infected cells [6]. This is probably 
due to the ability of HPV16 E7 oncoprotein to target pRb 
for proteasomal degradation [7]. In the absence of pRb, 
a substrate of CDK4/6, cell tolerance for the activity of 
CDK4/6 is compromised since there are other CDK4/
CDK6 substrates that should stay in an unphosphorylated 
state when pRb is inactivated in order for the cell to sur-
vive [8-10]. Accordingly, the continued expression of p16 
induced by HPV16 E7 oncoprotein is essential to inacti-
vate the CDK4/6 to prevent the phosphorylation of such 
CDK4/6 substrates in HPV E7-expressing cells [6]. In 
greater detail, in HPV-infected cervical cancer (CC) cells 
with inactivated pRb, CDK6 can potentially phosphor-
ylate and inactivate HuR, a pivotal factor that functions 
to stabilize interleukin-1A (IL1A) mRNA and prolong its 
half-life and, as a result, promote the proliferation of CC 
cells. Elevated p16 levels in these cells serve to inactivate 
CDK6, thereby impeding the inactivation of HuR and 
promoting IL1A stabilization, ultimately favoring prolif-
eration in CC cells [11].

Nuclear factor kappa B (NF-κB) is a transcription 
factor that plays a crucial role in regulating the expres-
sion of numerous genes involved in cell survival, cell 
proliferation, immune response, and inflammation [12]. 
There are five members of the NF-κB protein family in 
mammals: p65 (RelA), RelB, c-Rel, p50 (NF-κB1), and 
p52 (NF-κB2) [13]. All of these members have to form 
homo- or heterodimers in order to become activated and 
translocated to the cell nucleus [14]. The most common 
form of activated NF-κB is the p50/p65 heterodimer [15]. 
The constitutive activation of NF-κB has been observed 
in several human malignancies including CC, resulting in 
increased cell survival and resistance to apoptosis which 
can contribute to tumor growth, progression, and resis-
tance to treatment [16-19]. Accordingly, inhibition of NF-
κB could be a promising focus for cancer treatment.

Activating transcription factor 3 (ATF3) belongs to 
the larger family of ATF/cAMP response element-bind-

ing (CREB) transcription factors and participates in var-
ious cellular and physiological processes including cell 
differentiation, apoptosis, stress responses, and the reg-
ulation of inflammatory responses [20]. The dual role 
of ATF3 in tumor suppression and cancer progression is 
complex and context-dependent, varying across different 
cancer types. In some cases, ATF3 functions as a tumor 
suppressor by inhibiting metastasis and regulating crit-
ical signaling pathways, while in other contexts, it can 
promote cancer progression, particularly through its in-
volvement in stress responses [21]. For instance, ATF3 
has been shown to suppress bladder cancer cell migration 
by upregulating gelsolin, which remodels the actin cyto-
skeleton and reduces metastatic potential [22]. In clear 
cell renal cell carcinoma (ccRCC), ATF3 inhibits tumor 
growth by deactivating the EGFR/AKT/GSK3β/β-caten-
in signaling pathway, which is crucial for cell prolifera-
tion and invasion [23]. Conversely, in colorectal cancer, 
ATF3 promotes resistance to ferroptosis by regulating 
cystathionine β-synthase (CBS) during cystine depriva-
tion, thereby facilitating cancer cell survival and progres-
sion [24]. Additionally, ATF3 plays a role in inflammatory 
responses and oxidative stress, both of which can con-
tribute to tumorigenesis when dysregulated [25]. While 
ATF3 exhibits tumor-suppressive properties, its ability 
to promote cancer progression underscores the complex-
ity of its functions, suggesting that its effects are highly 
dependent on the specific tumor microenvironment and 
cellular context. 

Our previous studies indicated that the overexpres-
sion of ATF3 in Ca Ski and HeLa CC cells resulted in 
cell cycle arrest and apoptosis [26,27]. Furthermore, we 
formerly demonstrated that ATF3 overexpression led to 
a significant reduction of NF-κB protein level in Ca Ski 
cells. Herein, we aim to examine whether the ectopic 
overexpression ATF3 can reduce the expression of p16 
and NF-κB mRNA and protein in HPV16/18-infected CC 
cells.

METHODS

Cell Culture and Transfection
HeLa and Ca Ski cells were purchased from the 

national cell bank of Iran (NCBI Code: C115, Pasteur 
Institute, Tehran, Iran) and the American Type Culture 
Collection (ATCC; Manassas, VA, USA), respective-
ly. For culturing the HeLa cells, RPMI-1640 medium, 
and for the Ca Ski cells, Dulbecco’s modified Eagle’s 
medium (DMEM) was used. Both cell lines were cul-
tured in complete growth media with 10% fetal bovine 
serum (FBS), and 1% penicillin-streptomycin (all Sig-
ma-Aldrich; USA) and incubated in 37°C with 5% CO2. 
Following 24 h of growth, HeLa and Ca Ski cells were 
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transfected with pCMV6-AC-IRES-GFP recombinant 
plasmids containing the ATF3 gene (pCMV6-ATF3) and 
pCMV6-AC-IRES-GFP without the ATF3 gene (mock), 
which were available from a previous study [28]. For this 
purpose, both cell lines were seeded in 6-well cell culture 
plates with the concentration of 8 × 105 cells per well. 
Once the cells had reached the density of 60-70%, they 
were transfected with pCMV6-ATF3 plasmids using li-
pofectamine 3000 (Thermo Fisher Scientific, Waltham, 
MA, USA) according to the manufacturer’s protocol. The 
cells were washed with PBS and cultured in fresh media 
4-6 h after transfection. Additionally, the untreated cell 
groups were maintained under the same conditions as the 
experimental groups but were not subjected to any spe-
cific treatment.

Fluorescence Microscopy and Flow Cytometry 
Analysis

Transfection efficiency was assessed using fluores-
cence microscopy and transmission light microscopy 
(Olympus, Japan). Transfected cells were directly ob-
served using an Olympus microscope with a 20-fold ob-
jective lens at 24, 48, and 72 h post-transfection. Fluores-
cent images were captured using the GFP filter cube. To 
measure the efficiency of transfection, the number of total 
cells and the cells expressing GFP was counted. At each 
time point, five images were captured and assessed indi-
vidually. Flow cytometric analysis was conducted 24, 48, 
and 72 h post-transfection. Briefly, the cells were washed 
with PBS and subsequently detached from the cell cul-
ture plate by trypsin-EDTA solution. Afterwards, the cells 
were centrifuged at 350 g for 5 min and resuspended in 
PBS for fluorescent intensity evaluation using a FACS-
Calibur flow cytometry instrument (BD Biosciences; San 
Jose, California, USA). A total of 10 000 cells underwent 
analysis in each experiment. The data were analyzed us-
ing FlowJo software version 10.0 (FlowJo LLC; USA).

Cytotoxicity Assay
MTT assay was employed to assess the cytotoxicity 

of ATF3. In brief, HeLa and Ca Ski cells were seeded 
into 96-well culture plates at the density of 8000 cells 
per well in 200 μL of their corresponding media and in-
cubated at 37°C and 5% CO2. Once the cells had reached 
the confluence of 70%, they underwent transfection with 
different amounts of pCMV6-ATF3 and mock plasmid 
ranging from 0.1 to 1 μg according to the previously 
mentioned transfection protocol. Cell viability was 
examined 24, 48, and 72 h post-transfection by adding 
fresh medium supplemented with 20 μL of MTT solution 
(5 mg/mL) (Sigma-Aldrich; USA), followed by a 4-hour 
incubation for crystal formation. Subsequently, 150 μL of 
DMSO (Sigma-Aldrich; USA) was introduced into each 

well and the absorbance was determined at the wave-
length of 570 nm using Sat Fax 2100 microplate reader 
(Stat Fax; USA). The MTT assay was conducted in trip-
licate.

Cell Lysis and Protein Assay
HeLa and Ca Ski cells were seeded into 6-well cul-

ture plates and incubated at 37°C and 5% CO2 overnight. 
Afterwards, the cells were transfected as described 
previously. After 72 h, the cells were harvested, washed 
with cold PBS, and sonicated (Amplitude: 80–100, 2 × 30 
s, with 30-s cooling intervals) in RIPA buffer (1% Triton 
X100, 0.1% SDS, 150 mM NaCl, 50 Mm Tris-HCl, 
pH 8.0) containing 25 μL of protease inhibitor cocktail 
(Sigma-Aldrich; USA). Then, the samples were centri-
fuged at 15 000 g and 4℃ for 20 min and the supernatants 
were collected. Finally, Bradford protein assay (Bio-Rad 
Bradford protein assay) was employed to determine the 
protein concentration of test and control cells by generat-
ing an absorbance standard curve.

ATF3, p16, and NF-kB Western Blotting Analysis
The cell lysate obtained from the previous step was 

mixed with a 5× sample buffer containing 0.25 M Tris-
HCl pH 6.8, 50% glycerol, 10% SDS, 0.1% bromophenol 
blue, and 5% β-mercaptoethanol, and subsequently boiled 
at 95°C for 10 min. Afterwards, equal amounts of protein 
from each sample were subjected to electrophoresis in 
a 12% SDS-polyacrylamide gel and transferred onto 
polyvinylidene fluoride (PVDF) membranes (Millipore, 
Feltham, UK) using Bio-Rad Mini Trans-Blot® electro-
phoretic transfer cell at 300 mA for 3 h. The membranes 
were incubated in a blocking solution containing 5% 
skim milk and 0.05% Tween 20 for 16 h and then washed 
for 15 min with TBST buffer (150 mMNaCl, 50 mM 
Tris-base, and 0.05% Tween 20). The quantities of ATF3, 
p16, and NF-κB protein were measured using monoclo-
nal anti-ATF3, anti-p16, and anti-NF-κB (p65) antibod-
ies (1:500, Santa Cruz Biotechnologies, Santa Cruz, CA, 
USA). β-actin (1:5000, Santa Cruz Biotechnologies, San-
ta Cruz, CA, USA) served as an internal control. After 
three rounds of washing with TBST, the membranes were 
incubated with a horseradish peroxidase-conjugated sec-
ondary antibody (1:10000, Sigma-Aldrich; USA) at room 
temperature for 2 h. Subsequently, they were washed with 
TBS buffer (50 mM Tris-base and 150 mM NaCl) twice. 
Then, 10 mL 3,3′-Diaminobenzidine (DAB) substrate 
(Sigma-Aldrich; USA) (5 mg of DAB in 10 mL DDW) 
supplemented with 5 μl H2O2 was added to the PVDF 
surface. Finally, the reaction was stopped using DDW.
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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)
p16-Forward ACCAGAGGCAGTAACCATG

128 58.5
p16-Reverse CCTGTAGGACCTTCGGTGAC
NF-κB-Forward TAGGAAAGGACTGCCGGGA

100 59
NF-κB-Reverse CCGCTTCTTCACACACTGGA
ATF3-Forward GAGTGCCTGCAGAAAGAGT

117 58
ATF3-Reverse CCGATGAAGGTTGAGCATG

Figure 1. Fluorescent intensity of pCMV6-ATF3-transfected, mock-transfected, and control groups using 
fluorescence microscopy and flow cytometry. The fluorescence microscope results showed that the percentage 
of transfected cells with pCMV6-ATF3 and pCMV6 was more than 85% for both HeLa (A) and Ca Ski (B) cells at 72 h 
post-transfection. (Zoom in: 20 µm). The flow cytometry analysis showed that the average transfection efficiency using 
7 µg pCMV6-ATF3 after 72 h was 87.83% for HeLa (C) and 85.12% for Ca Ski (D) cells. Mock: cells transfected with 
pCMV6 without ATF3; control: untransfected cells.
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Statistical Analysis
Statistical analysis was conducted using Statistical 

Package for the Social Sciences (SPSS) software version 
22 (IBM Corp. Released 2013. IBM SPSS Statistics for 
Windows, Version 22.0. Armonk, NY: IBM Corp.). The 
results were presented as mean ± SD. Given the non-nor-
mal distribution of the data, the Kruskal-Wallis test, a 
non-parametric method suitable for comparing multiple 
independent groups with non-normal data, was employed 
to assess the significance of mean differences between the 
groups. A p-value of less than 0.05 was considered statis-
tically significant.

RESULTS

Transfection of Recombinant Vectors into HeLa 
and Ca Ski Cells

Increasing the quantity of DNA for transfection re-
sulted in an elevation in the fluorescent intensity of the 
cells, reaching a plateau when 7 µg DNA was employed 
for the transfection of HeLa and Ca Ski cells. Beyond 
this point, there was no further alteration in the propor-

Reverse Transcription Quantitative PCR (RT‑qP-
CR)

The primer sequences employed in RT-qPCR were 
designed using Gene Runner 3.0 software (accessible at 
http://www.generunner.net/) and are listed in Table 1. To-
tal RNA extraction from the cultured cells was conduct-
ed using RiboEx TM kit (GeneAll, Korea), followed by 
cDNA synthesis at 37°C for 15 min using the PrimeScript 
RT reagent kit (TaKaRa, Japan). RT-qPCR was carried 
out using the ABI Prism 7000 Sequence Detection Sys-
tem (Applied Biosystems, Foster City, CA, USA) and the 
RealQ Plus 2x Master Mix Green (Ampliqon, Denmark). 
To assess primer efficiency, standard curves were estab-
lished for each primer set. The relative fold changes of 
the target genes were calculated by following the Pfaffl 
method [29], with GAPDH serving as the housekeeping 
gene (Forward: GGCCTCCAAGGAGTAAGACC, Re-
verse: AGGGGTCTACATGGCAACTG) [30]. The ther-
mocycling protocol consisted of an initial denaturation at 
95°C for 15 min, followed by 40 cycles of 95°C for 15 
sec, annealing temperature (58.5°C and 59°C for p16 and 
NF-κB, respectively) for 30 sec, and 72°C for 20 sec.

Figure 2. Viability assay of HeLa (A) and Ca Ski cells (B) transfected with pCMV6-ATF3 plasmids. In comparison 
with the untreated group, a statistically significant reduction in the viability of HeLa and Ca Ski cells was observed 24 
h post-transfection when the concentrations of 1 µg and 0.7 µg of pCMV6-ATF3 plasmid had been used, respectively 
(p<0.01). The initial concentrations of pCMV6-ATF3 plasmids eliciting significant reductions in the cell viability of both 
cell lines at 48 and 72 h post-transfection were 0.5 and 0.3 µg, respectively (p<0.01). No significant reduction in the 
viability of mock-transfected cells was observed (p>0.05).
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in Figure 4.

DISCUSSION

Despite the tumor suppressor role of p16 in most 
cells, it is well-established that p16 exhibits oncogenic 
activity in HPV-transformed CC cells, in which HPV 
oncoprotein E7 mediates the degradation of pRb pro-
tein [6,11]. This oncogenic activity of p16 depends on 
its ability to inhibit CDK4/CDK6 since in the absence of 
pRb, active CDK4/CDK6 can phosphorylate other sub-
strates that should stay in an unphosphorylated state in 
order for the cell to survive [6]. High-level p16 expres-
sion has been suggested not only as a valuable biomarker 
and prognostic factor in HPV-transformed cervical cells, 
but a promising target for cancer therapy since high p16 
expression is exclusively essential for the survival of CC 
cells, but not normal cells, making these cells favorably 
vulnerable to targeting treatments [11]. Downregulation 
of p16 in CC cells has been shown to induce cell cycle 
arrest in the G1 phase and inhibit cell proliferation [31]. 
Additionally, p16 silencing resulted in the upregulation 
of p53, pRb, and p21 in CC cells and a significantly high-
er rate of apoptosis when the cells were exposed to DNA 
damage stress, including cisplatin treatment and UV irra-
diation [32].

Previous investigations, including our own, have 
demonstrated that ectopic overexpression of ATF3, a ver-
satile transcription factor commonly exhibiting downreg-
ulation in CC, induces G1 cell cycle arrest and apoptosis 
in CC cell lines, Ca Ski, and HeLa [26,27,33]. It has been 
proposed that ATF3 might inhibit p53 ubiquitination me-
diated by the HPV-16 E6 oncoprotein, thereby preventing 
its subsequent proteasomal degradation. This potential 
inhibitory effect could result from ATF3 competing with 
E6-associated protein for binding to HPV-16 E6 [34]. 
Moreover, ATF3 has exhibited a direct interaction with 
p53, contributing to the stabilization of p53 and the pre-
vention of its ubiquitination [35]. However, a previous 
study of ours indicated that the tumor suppressor activity 
of ATF3 in HPV-18-infected CC cells was p53-indepen-
dent [26]. Herein, we investigated the impact of ATF3 
overexpression on the expression of p16 in Ca Ski and 
Hela cells. Our results demonstrated that the ectopic 
overexpression of ATF3 in HPV16- and HPV18-positive 
CC cells led to a significant decrease in both mRNA and 
protein expression of p16.

ATF3 binds to DNA in the form of either a homod-
imer or a heterodimer in conjunction with members of 
the Jun family of proteins, such as C-Jun and Jun-B [36]. 
These dimeric complexes, collectively recognized as the 
transcription factor activator protein 1 (AP1), can bind to 
AP1-binding DNA sequences [37]. Within the p16 pro-
moter, there exist three AP1-binding sites through which 

tion of transfected cells. Cellular analysis was conducted 
24, 48, and 72 h post-transfection. Thereafter, fluores-
cent microscope images of the transfected cells were ac-
quired and used to manually calculate the efficiency of 
transfection by counting both transfected and total cells, 
with the efficiency being determined as the ratio of the 
former to the latter. The percentage of cells successfully 
transfected with pCMV6-ATF3 exceeded 85% for both 
HeLa and Ca Ski cells at 72 h post-transfection. Addition-
ally, mock-transfected HeLa and Ca Ski cells exhibited 
transfection efficiencies exceeding 88%. Employing flow 
cytometry analysis, the mean transfection efficiency was 
determined to be 87.83% for HeLa and 85.12% for Ca 
Ski cells at 72 h post-transfection (Figure 1).

MTT Assay
The viability of HeLa and Ca Ski cells following 

transfection with pCMV6-ATF3 was assessed using MTT 
assay. Cells were treated with pCMV6-ATF3 at varying 
DNA concentrations ranging from 0.1 to 1 µg, and the 
mock plasmid at a 1 µg concentration for 24, 48, and 72 
h. The MTT assay demonstrated that the overexpression 
of ATF3 at the concentration of 1 µg led to the maximum 
inhibition of cell growth in both HeLa and Ca Ski cells 
(56% and 63%, respectively at 72 h) with significant dif-
ferences compared to untreated and mock-transfected 
counterparts (p<0.0005) (Figure 2).

Western Blotting
The overexpression of ATF3 in transfected HeLa and 

Ca Ski cells was verified through western blot analysis. 
The analysis demonstrated a significant increase in the 
expression of ATF3 protein in pCMV6-ATF3-transfected 
cells compared to untreated and mock-transfected coun-
terparts (p<0.001). Furthermore, the levels of ATF3, p16, 
NF-κB, and β-actin proteins were assessed in untreated, 
mock-transfected, and pCMV6-ATF3-transfected groups. 
As depicted in Figure 3, the results of western blot anal-
ysis also revealed a significant reduction in the levels of 
p16 and NF-κB proteins in HeLa and Ca Ski cells when 
compared to the control cell groups (p<0.005).

RT‑qPCR
At the mRNA level, RT‐qPCR analysis conducted 

72 h post-transfection demonstrated that elevated ATF3 
gene expression in transfected HeLa and Ca Ski cells re-
sulted in a significant reduction in p16 gene expression 
(p<0.04). However, the overexpression of ATF3 had no 
significant effect on NF-κB mRNA expression (p>0.05) in 
HeLa and Ca Ski cells when compared to the control and 
mock-transfected groups. The summarized results detail-
ing gene expression alterations in pCMV6-ATF3-trans-
fected, mock-transfected, and control cells are presented 
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Figure 3. ATF3, p16, and NF-κB protein levels in HeLa (A) and Ca Ski cells (B). Densitometry analysis of the 
relative levels of protein expression after 72 h in pCMV6-ATF3-transfected HeLa (C) and Ca Ski (D) cells exhibited 
higher expression of ATF3 compared to the untreated and mock-transfected groups (p<0.001). The results of western 
blotting also demonstrated that the overexpression of ATF3 had a significant effect on p16 and NF-κB protein levels in 
HeLa and Ca Ski cells when compared to the untreated and mock-transfected cells (p<0.005). The uncropped images 
are provided in Appendix A: Supplemental Figure 1.

Figure 4. The relative expression of ATF3, p16, and NF-κB mRNA in HeLa (A) and Ca Ski (B) cells by RT-
qPCR. ATF3 overexpression decreased p16 mRNA expression (p<0.04) but had no significant effect on NF-κB mRNA 
expression (p>0.05) in comparison with the mock-transfected and control groups.
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enhance NF-κB signaling. For example, ATF3 might pre-
vent E6 from promoting the ubiquitination and degrada-
tion of negative regulators of the NF-κB pathway, such 
as cylindromatosis lysine 63 deubiquitinase [45], or from 
inactivating the X-box binding protein [46]. However, 
further research is required to confirm the precise mech-
anism through which ATF3 regulates p65 protein levels.

Targeting ATF3 offers a promising approach to en-
hancing CC treatment, particularly when combined with 
existing chemotherapeutic strategies. ATF3 plays a crit-
ical role in mediating apoptosis and cellular stress re-
sponses, making it a valuable target for improving the ef-
fectiveness of current therapies. Research by St Germain 
et al. demonstrated that ATF3 enhances the cytotoxic 
effects of cisplatin when used alongside histone deacety-
lase (HDAC) inhibitors like M344. This combination 
not only increases ATF3 expression but also correlates 
with higher rates of tumor cell apoptosis. Interestingly, 
M344-induced ATF3 expression occurs independently 
of MAPK pathways, suggesting alternative regulatory 
mechanisms that could be therapeutically exploited [47]. 
Additionally, combining ATF3 modulation with agents 
such as IL6-type cytokines may further sensitize CC cells 
to chemotherapeutics like etoposide, potentially through 
the STAT3/IRF1 pathway [48]. ATF3 is also involved in 
regulating cancer stemness and epithelial-to-mesenchy-
mal transition (EMT), which could help overcome treat-
ment resistance in CC [49]. However, ATF3’s dual roles 
in inflammation and apoptosis introduce complexities 
that could affect treatment outcomes. Therefore, further 
preclinical and in vivo studies are essential to fully un-
derstand ATF3’s therapeutic potential and refine its appli-
cation in CC therapies. Given the significant role of NF-
κB in both inflammation and cancer, further exploration 
of how ATF3 modulates NF-κB could provide valuable 
insights into whether its effects are driven by oncogenic 
signaling or immune modulation. To investigate ATF3’s 
interactions with these pathways in greater detail, tech-
niques such as co-immunoprecipitation are needed to 
provide mechanistic insights into how ATF3 regulates 
protein stability and degradation. These insights could be 
crucial for developing therapeutic strategies that exploit 
the regulatory pathways of ATF3.

The findings of this study related to ATF3, p16, and 
NF-κB expression in HPV-positive CC cells may have 
implications for other HPV-associated cancers, such as 
head and neck squamous cell carcinomas (HNSCCs). 
For instance, high p16 overexpression strongly correlates 
with HPV DNA positivity in HPV-driven HNSCCs, 
particularly in oropharyngeal squamous cell carcinoma 
(OPSCC) [50]. Additionally, HPV-positive HNSCCs 
exhibit NF-κB overactivity [51]. Furthermore, Xu et al. 
reported that ATF3 exerts anti-tumor functions in tongue 
squamous cell carcinoma (TSCC), likely by negatively 

these dimers exert direct regulatory control over p16 ex-
pression [38]. A previous study has documented that a 
specific AP1 dimer consisting of C-Jun and Jun-B elicited 
a downregulation of both promoter activity and p16 ex-
pression in nasopharyngeal carcinoma cells [39]. In ac-
cordance with the observed data, it is plausible that ATF3 
could regulate p16 gene expression through its binding 
to the AP1-binding sites positioned within the gene’s 
promoter. Furthermore, the downregulation of p16 ex-
pression by ATF3 may contribute to the apoptotic and G1 
arrest effects observed in HPV-positive CC cells overex-
pressing ATF3. Additional investigation including elec-
trophoretic mobility shift assay (EMSA) and Super-EM-
SA is recommended to confirm the binding of ATF3 to 
AP1-binding sites within the p16 promoter.

NF-κB is known as a transcription factor with a bilat-
eral role within the context of cancer. On the one hand, the 
activation of NF-κB induces an inflammatory response 
intended to eliminate the cancerous cells [40]. On the oth-
er hand, the constitutive activation of NF-κB in various 
types of cancer generates a spectrum of pro-tumorigen-
ic functionalities [41]. Upon infection, HPV induces the 
downregulation of NF-κB, consequently dampening the 
immune response and facilitating the progression of HPV 
infection into a persistent phase [42]. However, NF-κB 
undergoes constitutive activation throughout the progres-
sion of CC [19], enabling it to induce the transcription 
of the genes involved in cell proliferation and those im-
plicated in metastasis, angiogenesis, and cell immortality 
[42]. Consequently, the inhibition of NF-κB may offer a 
therapeutic approach for the treatment of CC.

In our previous investigation, we demonstrated that 
the overexpression of ATF3 resulted in the downregula-
tion of NF-κB p65 protein in HPV16-positive CC cells 
[27]. Herein, we conducted RT‑qPCR in order to eluci-
date whether ATF3’s influence on NF-κB p65 downreg-
ulation occurs via a reduction in its gene expression. Our 
findings revealed no evidence of ATF3 impacting on the 
expression levels of NF-κB p65 mRNA in either of the 
cell lines. However, when ATF3 was overexpressed in 
HeLa cells, a consistent outcome was observed, marked 
by the downregulation of NF-κB p65 protein. Previous 
investigations have shown that ATF3 is capable of direct 
interaction with the p65 subunit of NF-κB, resulting in 
its negative regulation [43]. Furthermore, HPV oncop-
roteins E6 and E7 have been shown to upregulate p65 
protein levels, and knocking down these viral oncogenes 
is associated with the downregulation of p65 expression 
solely at the protein level, without altering mRNA levels 
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regulating the expression of interferon alpha inducible 
proteins 6 (IFI6) and 27 (IFI27) [52]. Collectively, these 
findings suggest that the functions of ATF3, p16, and NF-
κB in HPV-positive CC may extend to HPV-associated 
HNSCCs and potentially other HPV-driven cancers. In 
contrast, in HPV-negative tumors, the expression of these 
genes may not confer the same regulatory or protective 
effects, potentially contributing to the more aggressive 
behavior observed in HPV-negative HNSCCs. A deeper 
understanding of ATF3, p16, and NF-κB functions and 
their downstream signaling pathways could provide nov-
el therapeutic opportunities for HPV-positive tumors.

CONCLUSION

Our current investigation provides evidence for the 
role of ATF3 in modulating the transcription and protein 
expression of p16 in HPV-positive CC cells. Additional-
ly, ATF3 appears to influence the reduction of NF-κB p65 
protein levels. These findings suggest that ATF3 may play 
a role in regulating cell proliferation in CC, highlighting 
its potential as a therapeutic target. However, further in-
vestigation is required to fully elucidate its therapeutic 
potential and mechanism of action.
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Appendix A 
 

 
Supplemental Figure 1. HeLa and Ca Ski cells were transfected with pCMV6-ATF3 plasmid.  Mock-
transfected and untreated cells were employed as controls. After 72 h, ATF3, p16, and NF-κB protein levels 
were determined in HeLa and Ca Ski cells by western blotting. Whole cell lysates were subjected to western 
blotting with anti-ATF3, anti-p16, anti-NF-κB, and anti- β-actin antibodies. 

 


