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Purpose: Cervical cancer is the fourth leading cause of cancer-related death in women. Furthermore, owing to its significant risk of
recurrence or metastasis, the overall prognosis of patients with cervical cancer remains poor. Activating transcription factor 5 (ATFS5)
plays a crucial role in cell proliferation, survival, and apoptosis, and has been implicated in the progression of various types of cancer.
However, the biological function and precise mechanism of ATFS in cervical cancer remain unclear. This study, aimed to explore the
function of ATFS and its potential mechanisms in cervical cancer.

Patients and Methods: Quantitative real-time PCR, Western blot and immunohistochemistry were used to detect the expression of
ATFS5 in cervical cancer tissues and cell lines. Knockdown ATF5 expression in cervical cancer cell lines was constructed using
lentivirus-mediated shRNA to explore the role of ATFS5 in cervical cancer through cell viability, transwell, and wound healing
experiments. The expression of Wnt3a and B-catenin were investigated using quantitative real-time PCR and Western blot.

Results: ATF5 was overexpressed in cervical cancer, and upregulation of ATF5 expression was associated with a poor prognosis.
ATFS5 knockdown inhibited the proliferation, migration and invasion abilities of cervical cancer cells. Furthermore, the downregulation
of ATFS5 led to the suppression of Wnt3a and B-catenin expression, which are key molecules in the Wnt/B-catenin signaling pathway.
Conclusion: ATF5 promotes tumorigenic capability in cervical cancer through the Wnt/pB-catenin signaling pathway. ATFS5 may be
a potential prognostic biomarker and therapeutic target in the management of cervical cancer.
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Introduction

Cervical cancer is the fourth leading cause of cancer-related death in women, with approximately 604,000 new cases and
342,000 deaths worldwide in 2020.! Most new cases and deaths due to cervical cancer occur in low-income countries and
territories. Additionally, the disease also tends to occur in younger patients. In the USA, cervical cancer is the second
leading cause of cancer-related death among women aged 20-39 years.” In clinical practice, surgery, radiotherapy, and
chemotherapy are the main treatment modalities for cervical cancer. However, the overall prognosis of patients with
recurrent or metastatic disease remains poor.’ Despite advances in research, cervical cancer continues to pose
a substantial burden and remains a serious threat to female health. Therefore, comprehensive studies of the molecular
mechanism underlying cervical cancer tumorigenicity are imperative for the development of effective therapeutic
approaches against this disease.

The Wnt signaling pathway is one of the most studied signaling pathways and has been implicated in multiple
biological processes, including cell differentiation, proliferation, survival and migration.*> The Wnt signaling pathways
are broadly categorized into two types: canonical pathway and non-canonical pathways. The Wnt/B-catenin signaling is
classified as a canonical pathway,® and plays a crucial role in the development, tissue homeostasis, angiogenesis, and
development of cancer.” In recent studies, there is growing evidence that the Wnt//B-catenin signaling pathway affects the
tumorigenicity and metastasis in cervical cancer.® Excessive activation of the Wnt//B-catenin signaling pathway leads to
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cervical cancer progression and chemoresistance. Hyperactivated Wnt//B-catenin signaling induces EMT and
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angiogenesis in cervical cancer.'*'> The deregulation of Wnt/B-catenin signaling is associated with worse outcomes in
patients with cervical cancer.’

Activating transcription factor 5 (ATF5) also known as ATFx, is a member of the activating transcription factor/
cAMP response element binding protein (ATF/CREB) family.'* ATF5, which has a basic-region leucine zipper (bZIP),
binds the cAMP-responsive element (CRE) that forms homodimers.'> Based on the dimerization properties of its
leucine zipper, ATF5 is classified as a subfamily of ATF4.'® The human ATFS5 gene is located on band q13.33 of
chromosome 19, and the ATF5 protein consists of 282 amino acids.'” ATF5 plays important roles in cell proliferation,
survival, apoptosis and inhibition of neural differentiation.'® ' Its expression is highly upregulated in various types of
cancer, such as glioblastoma, lung cancer, breast cancer, rectal cancer, and ovarian cancer, among others.>? This
suggests that ATF5 may have an oncogenic role in these cancer types. Numerous studies have examined the
effectiveness of anti-ATF5 in cancer treatment.”?> ATF4 promotes the Wnt//B-catenin signaling in lung cancer and
bone disorder.”>** ATF5 activates the Wnt//p-catenin signaling in bladder cancer and gastric cancer.’>** However,
little is known about the role and biological function of ATFS in the treatment of cervical cancer. Furthermore, its
molecular mechanism is also largely unclear.

In this study, we investigated the biological function and underlying molecular mechanism of ATF5 against cervical
cancer in vitro. This research seeks to establish a theoretical foundation and identify a novel therapeutic target for the
treatment of cervical cancer.

Materials and Methods

Clinical Data and Specimens

A total of 83 paraffin-embedded cervical cancer tissues were obtained from Guangxi Medical University Cancer Hospital
and the Fifth Affiliated Hospital of Guangxi Medical University in Nanning, China. Clinical data were also collected,
including age, clinic stage, pathological types, tumor grades, tumor sizes, lymph node metastasis, and lymphovascular
space invasion. All patients were followed-up until death or until May 2024. Cancerous tissues and adjacent normal
tissues were obtained from 12 patients with cervical cancer who underwent radical hysterectomies. None of the patients
underwent any treatment preoperatively. The study was approved by the Ethics Committee of the Fifth Affiliated
Hospital of Guangxi Medical University.

Cell Culture

Cell lines, including SiHa, C-33A, HeLa and Ectl/E6E7, were purchased from the American Type Culture Collection
(ATCC, USA). The cells were cultured in Dulbecco’s modified Eagle medium (DMEM; VivaCell, Shanghai, China)
supplemented with 10% fetal bovine serum (FBS; HyCyte, Suzhou, China) and penicillin/streptomycin (100 U/mL). The
cells were incubated at 37 °C and 5% carbon dioxide (CO,) environment.

RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufac-
turer’s instructions. Afterwards, cDNA was synthesized using Hifair® III 1st Strand cDNA Synthesis SuperMix for gPCR
(gDNA digester plus) (Yeasen, Shanghai, China). RT-PCR was then performed using Hieff UNICON® Universal Blue
gPCR SYBR Green Master Mix (Yeasen, Shanghai, China) and primers to amplify the cDNA. To normalize the samples,
[f-actin was selected as an internal reference. Expressions were calculated using the 2" method, whereby Ct denotes
each transcript’s threshold cycles, ACt = Ct (target gene) —Ct (reference gene), AACt = ACt (test sample) —ACt (control
sample). The primer sequences were as follows:

ATFS5 Forward primer: 5'-AAGTCGGCGGCTCTGAGGTA- 3’

ATF5 Reverse primer: 5'-GGACTCTGCCCGTTCCTTCA- 3’

[S-actin Forward primer: 5- CCTGGCACCCAGCACAAT- 3’

f-actin Reverse primer: 5'- GGGCCGGACTCGTCATAC- 3’

Wnt3a Forward primer: 5'-CCCCACTCGGATACTTCTT- 3’
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Wnt3a Reverse primer: 5'-GCCAATCTTGATGCCCT- 3’
[S-catenin Forward primer: 5'-CAAGTGGGTGGTATAGAGGCT- 3’
p-catenin Reverse primer: 5-TGGGATGGTGGGTGTAAGAG- 3’

Western Blot (WB) Assay

Protein was extracted using RIPA buffer (Solarbio, Beijing, China) and plus 1% protease inhibitor (Solarbio, Beijing,
China). Protein concentration was quantified using the BCA assay kit (Solarbio, Beijing, China). Proteins from cell
lysates were denatured at 100 °C for 5-10 min. Afterwards, the proteins were separated by SDS-PAGE and then
transferred to a PVDF membrane. The membranes were incubated with identified primary antibodies at 4 °C overnight,
followed by incubation with HRP-conjugated secondary antibodies. Immunoreactive bands were imaged using ECL
reagents (Beyotime, Shanghai, China). The antibodies used were as follows: anti-ATF5 (ab184923, Abcam, UK, 1:2000),
anti-B-actin (A2228, Sigma-Aldrich, USA, 1:3000), anti-B-catenin (51067-2-AP, Proteintech, Wuhan, China, 1:5000) and
anti-Wnt-3a (822111, ZenBio, Chengdu, China, 1:500).

Immunohistochemistry (IHC)

The sections were deparaffinized by heating at 60 °C for 2 h, followed by incubation in xylene for 3 min each.
Subsequent incubations were performed in 95% and 85% ethanol for 2 min each. The specimens were then microwaved
in sodium citrate buffer (pH 9) for heat-mediated antigen retrieval. A 3% hydrogen peroxide in methanol solution was
used to block endogenous peroxidase activity. The sections were then transferred into phosphate-buffered saline. The
slides were incubated at 37 °C for 70 min with a primary antibody (anti-ATF5: R23549, ZenBio, Chengdu, China,
1:600), followed by six washes in phosphate-buffered saline (PBS). After 20 min of incubating the dilute secondary
antibody at 37 °C, visualization was achieved using DAB reagent according to the manufacturer’s protocol. Hematoxylin
was used for counterstaining.

ATF5 immunostaining was classified into high and low expression based on staining indices (SI). SI = staining
intensity score x staining cell proportions. The staining intensity score was assessed as follows: 0, negative; 1, weak; 2,
moderate; 3, strong. The staining cell proportions was assessed as follows: 0, < 5%; 1, 5-25%, 2, 25-50%; 3, > 50%.
Samples with SI >4 were defined as having high expression, while those with SI <4 were regarded as having low
expression. Two pathologists who had been blinded to the patients’ information independently evaluated the immunos-
taining results.

Retroviral Infection and Transfection
Lentiviruses expressing short hairpin RNA targeting ATF5 (shATFS5) and scrambled shRNA (shNC) were purchased from
GenePharma (Suzhou, China). SiHa and C-33A cells were infected with shATF5 and shNC lentiviral particles, mixed
with 1 pg/mL polybrene, to increase the infection efficiency. Stable cell lines were selected with 2 pg/mL puromycin and
confirmed using qRT-PCR and WB. The sequences of shRNA were as follows:

shNC: 5'-TTCTCCGAACGTGTCACGT- 3’

shATF5: 5'-GCTGGGATGGCTCGTAGACTA- 3’

Cell Viability Assay

Cell viability was investigated using Cell Count Kit-8 (CCK-8) analysis. Cells were seeded into 96-well plates (3 x 10°
cells/well). Afterwards, 10 pL of CCK-8 (Vazyme, Nanjing, China) solution was added to each well after the cells had
been grown for 0, 24, 48, and 72 h, then incubated at 37 °C and 5% CO, environment for 2 h. Finally, optical density
(OD) was measured using a microplate reader at a wavelength of 450 nm.

Transwell Assay

The cells were collected and resuspended in a serum-free media. Afterwards, 5x10% cells (migration), and 8x10* cells
(invasion) were seeded into the upper chamber. The lower chamber was filled with 500-uL medium containing 10% FBS.
After incubation at 37 °C in a 5% CO, environment for 12 h (SiHa cells) or 24 h (C-33A cells), cells were washed with
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PBS, and fixed with 4% formaldehyde for 20 min. The cells remaining on the upper membrane were then removed.
Afterwards, 0.1% crystal violet solution was used to stain cells remaining on the lower membrane. Colonies were
visualized using a microscope. The number of stained cells was counted using Image J 1.8.0 software (https://imagej.nih.

gov/ij/).

Wound Healing Assay

A linear wound was made using a 200-um sterile plastic pipette tip when the cells had grown to 95% confluence. The
cells were then washed three times with PBS. After adding serum-free media, the cells were placed in an incubator at 37
°C with 5% CO2 environment for 48 h. Images were then taken at time 0, 24, and 48 h. Scratch areas were measured
using Image J 1.8.0 software and presented as a percentage of scratch area at 0 h.

Bioinformatics Analysis
Cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC) RNA sequencing transcriptome was
downloaded from The Cancer Genome Atlas database (TCGA: https://portal.gdc.cancer.gov/). Cervix RNA sequencing

transcriptome was downloaded from Genotype-Tissue Expression databases (GTEx: http://commonfund.nih.gov/GTEx/).

The R DESeq2 package was used for differential analysis, and the clusterProfiler package was used for Gene set
enrichment analysis (GSEA). The median ATF5 gene expression was considered as the cut-off point to divide the
cervical cancer samples into the ATF5 high and low groups.

Statistical Analysis
All experiments were repeated three times. Data analyses were performed using GraphPad Prism 8.0.1 (GraphPad
Software, La Jolla, CA, USA) and R 4.3.2 (http://www.r-project.org/). Comparison of means between the two groups was

performed using unpaired Student’s #-test. One-way ANOVA was used to compare the differences between multiple
groups. The chi-square test was used to compare differences between the classification data groups. Survival curves were
generated using the Kaplan-Meier method and compared using the long-rank test. P-value < 0.05 was considered
statistically significant.

Results

ATF5 Is Overexpressed in Cervical Cancer

To investigate the expression of ATFS5 in cervical cancer, we obtained RNA sequence transcriptome data from TCGA and
GTEx databases, comprising 306 cases of cervical cancer and 13 cases of normal cervix. After performing data
normalization, we extracted the expression of matrix of ATF5. ATF5 mRNA expression was overexpressed in cervical
cancer (Figure 1A). Subsequently, we detected ATF'5 mRNA and ATFS5 protein levels in 12 cases of cervical cancer.
Compared to adjacent normal tissues, ATF5 mRNA and ATF5 protein expression in cancer tissues were significantly
increased (Figure 1B and C, Figure S1A). In cell lines, cervical cancer cell lines C-33A, HeLa, and SiHa showed higher
expression compared to normal cervix cell line Ectl/E6E7 (Figure 1D and E, Figure S1B). These data indicated that
ATF5 is overexpressed in cervical cancer compared to that in the normal cervix.

ATF5 Overexpression Correlates With Poor Prognosis in Cervical Cancer

To assess the correlation between ATF5 expression and clinicopathological characteristics of cervical cancer, 83 speci-
mens from patients with cervical cancer were stained using IHC. The samples were classified into low (n=43) and high
(n=40) groups based on their ATF5 expression levels (Figure 2A). Statistical analysis revealed that ATF5 expression was
associated with clinical stage, lymph node metastasis (LN) and lymphovascular space invasion (LVSI). However, ATF5
expression was not correlated with age, pathological types, tumor grade, or tumor size (Table 1). Survival analysis
demonstrated that patients with higher ATF5 expression had a lower overall survival time (Figure 2B). Additionally,
compared to other patients with cervical cancer, patients with high ATF5 expression and advanced stage, LN positive, or
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Figure | ATFS5 is overexpressed in cervical cancer. (A) The mRNA expression of ATF5 in cervical cancer tissues (n = 306) compared to normal tissues (n = |3) in the TCGA and
GTEx database. (B and C) QRT-PCR and WB were used to detect the expression of ATF5 in tissues from patients (C: cervical cancer, (N) adjacent normal tissues). (D and E)

QRT-PCR and WB were used to detect the expression of ATF5 in cell lines. *P < 0.05, **P < 0.01, ***P < 0.0001.
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Figure 2 ATF5 overexpression correlates with a poor prognosis in cervical cancer. (A) Representative immunohistochemical staining of the low and high ATF5 expression
groups (scale bar: 50um). (B) Kaplan-Meier survival analysis was performed to compare OS between the ATF5 low group and the high group (n = 83). OS based on ATF5
combined with the clinical stage (C), lymph node metastasis (D), and lymphovascular space invasion (E).
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Table | Correlation Analysis of ATF5 Expression With Clinicopathological
Features of Patients With Cervical Cancer

Characteristics Number ATFS5 protein level P-value
Low (n=43) | High (n=40)

Age (years)

<60 years 55 30 (54.5%) 25 (45.5%) 0.640

260 years 28 13 (46.4%) 15 (53.6%)

Clinic stage (FIGO 2018)

IA-IA 58 39 (67.2%) 19 (32.8%) <0.001

IIB and llIC 25 4 (16.0%) 21 (84.0%)

Pathological types

Squamous carcinoma 66 35 (53.0%) 31 (47.0%) 0.532

Adenocarcinoma 17 6 (47.1%) 9 (52.9%)

Tumor grade

Gl 10 6 (60.0%) 4 (40.0%) 0.132

G2 49 27 (55.1%) 22 (44.9%)

G3 24 10 (41.7%) 14 (58.3%)

Tumor size (cm)

<4 42 26 (61.9%) 16 (38.1%) 0.100

>4 41 17 (41.5%) 24 (58.5%)

Lymph node metastasis

Yes 36 8 (22.2%) 28 (77.8%) <0.001

No 47 35 (74.5%) 12 (25.5%)

Lymphovascular space invasion

Yes 42 8 (19.0%) 34 (81.0%) <0.001

No 41 35 (85.4%) 6 (14.6%)

LVSI positive had a worse prognosis (Figure 2C-E). These results indicated that ATFS overexpression was associated
with a poor prognosis in cervical cancer.

ATF5 Enhances the Proliferation of Cervical Cancer Cells

To further validate the biological function of ATF5, ATF5 expression was knocked down in SiHa and C-33A cells using
lentivirus-mediated shRNA and confirmed using qRT-PCR (Figure 3A) and WB (Figure 3B, Figure S2A). Afterwards,
we performed CCK-8 assays to analyze the influence of ATFS5 on cervical cancer cell growth. At each time point, the OD
values of the shATF5 group were lower than those of the shNC and NC groups in SiHa and C-33A cells (Figure 3C). The
results showed that ATF5 knockdown inhibited the proliferation of cervical cancer cells.

ATF5 Promotes the Migration and Invasion of Cervical Cancer Cells

Transwell and wound healing experiments were performed to investigate the migration and invasion abilities of cervical
cancer cells following ATF5 knockdown. The transwell migration assay indicated that the migration rates of the shATF5
group were lower than those of the shNC and NC groups in SiHa and C-33A cells (Figure 4A). The observation was
further confirmed by the wound healing assay (Figure 4B). In the transwell invasion assay, the shATF5 group exhibited
a reduced number of invasive cells compared to the shNC and NC groups in both cell lines (Figure 4C). Our findings
suggest that ATF5 enhanced the migration and invasion ability of cervical cancer cells.

ATF5 Activates the Wnt/B-Catenin Signaling Pathway in Cervical Cancer Cells

To explore the mechanisms of ATFS5 in cervical cancer, GSEA analysis was performed using the TCGA-CESC datasets.
We chose the median ATF5 gnen expression as the cut-off point to divide the samples into the ATF5 high group and low
group. The results showed that ATF'5 expression was positively correlated with Wnt-related gene signatures (Figure 5A),
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REACTOME_TCF_DEPENDENT_SIGNALING_IN_RESPONSE_TO_WNT, REACTOME_SIGNALING_BY_WNT). QRT-PCR and WB detected the expression of
Wht3a and B-catenin normalized to B-actin in different groups of SiHa cells (B and C) and C-33A cells (D and E). *P < 0.05, **P < 0.01, **P < 0.001.

Abbreviatons: ns, no significance; NC, SiHa/C-33A cells; shATF5, SiHa/C-33A cells transfected with shATF5; shNC, SiHa/C-33A cells transfected with shNC.
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implying that ATF5 stimulated the Wnt/B-catenin signaling pathway in cervical cancer. Furthermore, we detected the
expression of Wnt3a and B-catenin, which are key molecules in the Wnt/B-catenin signaling pathway. QRT-PCR and WB
analyses confirmed that the downregulation of ATFS5 reduced the expression of Wnt3a and B-catenin both in SiHa cells
(Figure 5B and C, Figure S2B) and C-33A cells (Figure 5D and E, Figure S2C). These data confirmed that the
upregulation of ATF5 could activate the Wnt/B-catenin signaling pathway.

Discussion

ATFS is a cellular pro-survival transcription factor that is well-known for its role in transcriptional activation of various
genes, which in turn promotes the progression of various types of cancer.”? Available evidence suggests that ATF5 is
upregulated in esophageal cancer and can facilitate the proliferation, migration, and invasion abilities of esophageal
cancer cell lines.>” ATF5 has also been found to be highly expressed in malignant glioma; moreover, the inhibition of
ATF5 expression induces apoptosis in rats and human malignant glioma cells.”®*° The role of ATF5 in breast cancer
involves enhancing mammary tumor cell proliferation, migration, and overall aggressiveness, thereby promoting
mammary tumor growth.>® Additionally, previous studies have shown that ATF5 enhanced the invasiveness of various

cancer cell lines, including HeLa cell.>!

However, its precise role in cervical cancer is unclear. In our study, we confirmed
that ATF5 was upregulated in cervical cancer tissues and cell lines compared to normal cervix. The expression of ATF5
was positively related to clinical stage, LN, and LVSI. High expression of ATF5 was associated with poor prognosis in
patients with cervical cancer. The combination of ATFS with clinical stage, LN, and LVSI, may enhance the accuracy of
prognostic evaluation in cervical cancer. These findings suggest that ATF5 could be a potential prognostic biomarker of
cervical cancer. Furthermore, we investigated the role of ATFS5 in cervical cancer. Functional studies have shown that
ATF5 knockdown inhibited proliferation, migration and invasion of cervical cancer cells. These findings suggest that
ATF5 plays a tumorigenic role in cervical cancer pathogenesis. Thus, ATF5 may serve as a promising therapeutic target
for the management of cervical cancer.

Recent studies have confirmed that ATF5 expression is related to the progression of various types of cancers;
however, the underlying mechanism is largely unknown, especially in cervical cancer. In bladder cancer, ATF5
promotes tumorigenic capability by activating the Wnt/B-catenin signaling pathway.*> In addition, ATF5 promotes
cancer stemness by enhancing p-catenin nuclear translocation in gastric cancer.® The Wnt/B-catenin signaling pathway
is essential for the development of embryonic and adult tissue homeostasis.*> Abnormal activations of this pathway
can facilitate cancer stem cell renewal, cell proliferation, and differentiation.”® This pathway is often abnormally
stimulated in various types of malignancies, including cervical cancer.>* In our study, GSEA analysis revealed that
ATFS5 stimulated the Wnt/B-catenin signaling pathway. Wnt3a and B-catenin are key molecules in this pathway. Wnt3a
is a Wnt ligand known to be the strongest stimulator of the Wnt/B-catenin signaling pathway. Upon binding to cell
membrane receptors, the Wnt/p-catenin signaling pathway is activated.® p-catenin is a pivotal component of the Wnt/
B-catenin signaling pathway. Once activated, intracellular B-catenin is rapidly enriched and then translocated into the
nucleus to regulate the expression of downstream target genes involved in cell proliferation, survival, differentiation,
and migration.*® Our findings indicated that knockdown of ATF5 reduced the expression of Wnt3a and B-catenin,
thereby inhibiting the transcription of downstream target genes. Thus, we conclude that ATF5 could promote
tumorigenic capability partially by activating the Wnt/B-catenin pathway in cervical cancer. However, we did not
conduct in vivo experiments and the number of clinical samples obtained in our study was small. Additionally, the
targets that directly connect between ATF5 and the Wnt/B-catenin pathway and the detailed mechanisms thereof need
to be clarified. We hope that future research will address this limitation and explore the mechanisms involved at
a deeper level.

Conclusion

In summary, we found that ATF5 was overexpressed in cervical cancer, and a high level of ATF5 expression was
associated with a poor prognosis. A series of vitro experiments showed that ATF5 played a tumorigenic role in the
pathogenesis of cervical cancer. Additionally, we preliminarily verified the mechanism of ATF5 in cervical cancer and
observed that it was closely related to the Wnt/B-catenin signaling pathway. Our findings revealed new insights into the
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functional role and mechanism of ATFS5 in cervical cancer, which might be a potential prognostic biomarker and
therapeutic target for cervical cancer.
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