. DNA damage and Cell Cycle Dysregulation by ATM-P53-GADD45A Pathway in Bleomycin Treated
&EE] PL{ Cervical Cancer Cells
" SEEJPH Volume XXVI, S1, 2025, ISSN: 2197-5248, Posted: 05-01-2025

Somi Shrivastava! and Ratnacaram Chandrahas Koumar 2*

!Cancer research and Therapeutics Division, Yenepoya Research Centre, Yenepoya [Deemed to be] University,
Mangalore, 575018. Karnataka, somishri2603@gmail.com

*Cancer research and Therapeutics Division, Yenepoya Research Centre, Yenepoya [Deemed to be] University,
Mangalore, 575018. Karnataka, rckoumar@yenepoya.edu.in

*Corresponding author: Ratnacaram Chandrahas Koumar
*E-mail: [rckoumar@yenepoya.edu.in]
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damage, Cell cycle Cervical cancer is one of the most prevalent malignancies in women worldwide, yet the

arrest, Apoptosis, Cell underlying mechanism of disease progression still remains unclear. The role of TGF-f1 and

Cycle inhibitor GADDA45A and its implication in cervical cancer remains elusive. The present study aimed
to elucidate the regulatory mechanisms induced by bleomycin in SiHa cells, to identify
therapeutics target of DDR pathway.

Methods

In cervical cancer SiHa cells, different assays were employed to quantify the viability, anti-
proliferative and anti-migratory effect of bleomycin. Differential gene expression related to
cell cycle, DNA damage response, apoptosis was done by qRT-PCR with bleomycin
intervention. Propidium iodide staining was done to confirm DNA damage. The relation of
protein interaction with GADDA45A was done by protein-protein interaction network.

Results Our results emphasises that, bleomycin treatment of SiHa cells significantly inhibits
cell proliferation, migration and invasion. Downregulation of CDK1, Cyclin A and Cyclin
B genes, induced cell cycle arrest at Go/M phase, confirmed by gqRT-PCR and flowcytometry
analysis. Significant upregulation of p53, ATM and GADDA45A related to DDR and
BAX/BCL2 for apoptosis, was confirmed by qRT-PCR. Propidium iodide staining validated
the chromatin fragmentation and apoptosis in SiHa cells treated with bleomycin.

Conclusion
We emphasize that in cervical cancer, bleomycin can be a potent antitumor drug targeting
multiple pathways inducing cell cycle arrest, DDR and apoptosis.

1. Introduction:

The second most prevalent malignant tumour in women is cervical cancer, which seriously threatens
female’s health worldwide. One of the important risk factors in contributing to the development of
cervical cancer is the human papillomaviruses, which is linked to cervical carcinomas both globally
and Indian women [1]. In the year 2020, approximately 604,127 women were reported, and 341,831
women died with cervical cancer worldwide [2]. The process of HPV immortalization and host cell
transformation depends on the E6 and E7 genes [3]. These proteins trigger the revisited hallmarks of
the cancer, including induction of replicative immortality, cellular energetics dysregulation, evasion
of suppressors, persistent and selective proliferative advantage, metabolic reprogramming. E6/E7
viral proteins block cyclin dependent kinase (CDK) inhibitors (p21, p27, and p16) and degrade p53
and Rb, hence impairing cell cycle checkpoint control in HPV-related cancer [4]. Other microbial
infections, such as Escherichia coli [5], Neisseria gonorrhoea [6], and Mycoplasma [7] contribute as
risk factors for cervical cancer.

Multiple treatment modalities are available for cervical cancer which include surgery, chemotherapy
and radiation. Besides, combinatorial therapy is effective including surgery followed by
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chemoradiation therapy. Recently targeted therapy gained importance that included PARP inhibitors
[8] and bevacizumab as an angiogenesis inhibitor [9], gefitinib and erlotinib as EGFR inhibitors were
extensively used to treat advanced cervical cancer [10]. As inflammation is also one of the main risk
factors in cervical cancer aspirin and ibuprofen were used as nonsteroidal anti-inflammatory drugs
(NSAIDs) [11]. Despite the advancement of treatment strategies 35% of the patients undergoing
treatment develop recurrent or metastatic disease. Natural products that have anti-tumor properties
were tried which exhibited fewer side effects though did not bring any respite to the morbidity. As
HPV and other microbial infections promoted cervical cancer, we selected bleomycin, which is
classified as an antibiotic and antineoplastic medication, to examine its impact on cell cycle-regulated
pathways. Bleomycin is a glycopeptide that is originally isolated from Streptomyces verticillus and
has been widely used as a chemotherapeutic drug for treatment of several malignancies, such as
squamous head and neck cancers, testicular carcinomas, lymphomas, esophageal cancers, malignant
lymphomas, and choriocarcinomas, due to its remarkable anticancer activity [12][13].

Extensive studies conducted on human cancers, animal models, and cell cultures have consistently
shown that the accumulation of DNA damage and a deterioration in DNA damage repair pathways,
both contribute to the initiation and progression of cancer, though provide targets and opportunities
for cancer therapies [14]. Bleomycin ability to induce single- and double-strand DNA breaks is
thought to be attributed its cytotoxicity [13]. It significantly impacts several signal transduction
pathways which involved in carcinogenesis. These comprises PPAR, p53, MAPK, PI3K-Akt, and
other pathways [15]. These result alters proliferation, DNA damage response, cell cycle,
angiogenesis, evading apoptosis, differentiation, and insensitivity to anti-growth signals, and also
affect caspases in apoptotic pathways leading to cell cycle arrest, apoptosis, and mitotic cell death.
Treatment of cells with chemicals that damage DNA, such as bleomycin is linked to the activation of
p53. Subsequently, the active p53 can induce apoptosis by controlling the BCL-2 protein family [16].
Tumour suppressor p53 gene is the most often mutated gene in most cancers which is crucial in
maintaining genomic integrity by regulating cell cycle checkpoints and apoptotic process after
exposed to genotoxic stress [17]. Activated p53 transcriptionally upregulates its downstream genes,
including p21Waf1/Cipl, GADD45A, and Bax which further controlled the apoptosis and cell cycle
arrest [18][19]. Furthermore, numerous studies have demonstrated that a range of upstream kinases,
including ATM, ATR, p38, and c-Jun N terminal kinase (JNK) are responsible for phosphorylating
p53[19][20][21]. Induction of GADD45A in a range of mammalian cells has been seen using specific
DNA damage agents. In most of the in vitro studies, UV treatments led to swift induction of
GADDA45A [22].

Thus, in this study, we underscore for the first time the role of GADD45A with the effect of bleomycin
and proposed that targeting DNA repair genes could be an effective strategy for better treatment of
cervical cancer. Therefore, an urgent need to elucidate the effects and mechanisms of GADD45A in
cervical cancer SiHa cell line. We determined the cytotoxicity effect of bleomycin on SiHa cells and
measured DNA damage and apoptotic pathway markers, such as ATM, GADD45A, p53, Bax, and
BCL-2 levels in SiHa cells. Furthermore, we demonstrate that bleomycin induced DNA damage
response genes by activation of GADD45A via p53 pathway and induced apoptosis.

2. Methodology

2.1 Cell culture

Cervical cancer cells SiHa (HPV 16+ve) were obtained from the National Centre for Cell Sciences
(NCCS) Pune, India in the 19" passage (p19) and was tested and compared with ATCC STR profile
database which showed 100% match. They were grown in DMEM medium supplemented with 10%
FBS (Gibco), 100 IU/mL penicillin and 10pg/mL streptomycin, 1% glutamax, 1% sodium pyruvate,
1% non-essential amino acids (HiMedia). Cells were maintained and grown to confluency at 37 °C
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in a 5% CO humidified atmosphere (Thermo Scientific Forma CO; Incubator).

2.2 Morphology of cells

The morphological assessment of the SiHa cells after treatment with bleomycin were analysed
microscopically. SiHa cells were seeded onto 6 well plate and bleomycin treatment was given for 24
h. Cells were imaged under 200X magnification using a phase-contrast microscope (PrimoVert-
415510-1101-000, Carl Ziess).

2.3 MTT assay

The viability of the cells was measured using colorimetric 3-(4,5) dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay. Cells were seeded in 96-well plate at a density of 4500 cells/well
and incubated for 24 h in DMEM medium supplemented with 10% FBS. The cells were treated with
different concentrations of bleomycin (0-250uM) for 24 h. Following incubation, 0.5 mg/mL MTT
(HiMedia) was added into each well and incubated for 3 h. DMSO was added to each well and a
microplate reader (Scanlt) was used to measure the absorbance at 575 nm. The average absorbance
values of the cells were compared to the control cells to calculate the percentage of the viability and
regression value from the graph to calculate ICs values of bleomycin.

2.4 Cell cycle analysis

Cells treated with bleomycin were analyzed by flow cytometry for Cell cycle analysis. The treated
cells were washed with sterile PBS and then harvested using 0.25% Trypsin EDTA and suspended in
10% DMEM medium. Cells were then washed with PBS and centrifuged at 1200 rpm at 4°C for 5
min and the cells were fixed in freshly prepared 75% cold ethanol and stored at 4°C. Fixed cells were
spun down, washed and then incubated with 20 mg/mL of RNase and 5Spg/mL of PI in PBS for 15
min in the dark. Data from 5000 cells were collected for each sample. Data acquisition and analysis
were performed on a flow cytometer (Guava Easy Cyte).

2.5 Scratch assay

Changes in migration of cells upon treatment were studied using in vitro scratch assay (liang et al.,
2007). SiHa cells were grown to a 100% confluent monolayer in a 6-well plate, a scratch was made
vertically on the monolayer by using a 200uL pipette tip. Cells were washed with sterile PBS to
remove cell debris, and a fresh medium containing ICsy concentration of the bleomycin was added.
Images of the scratch were taken at different time points, such as 0, 24, 48, 72 h, using an inverted
phase contrast microscope (PrimoVert, Carl Ziess) at 4X magnification. The migration distance was
calculated using ImageJ software (version 1.52a) (National Institutes of Health, Bethesda, MD,
USA).

2.6 Clonogenic assay

Clonogenic assay was performed to detect the antiproliferative effect of bleomycin. Cervical cancer
SiHa cells were seeded at a density of 1000 cells/well onto 6 well plate for 15 days and giving the
change with fresh media treated with or without drug, once in three days. Then colonies were stained
with 0.1% crystal violet stain for 15 min, excess stain was washed with PBS and number of colonies
was counted using ImagelJ software (version 1.52a).

2.7 Gene expression analysis

To determine the gene expression level of SiHa cells treated with bleomycin, cells were seeded in 6
well plate and cultured in 10% FBS medium at 37°C for 24 h. Further RNA extraction was done using
Nucleospin RNA extraction kit method. Extracted RNA was quantified using a microvolume
spectrometer (Colibri, Germany). RNA was converted into cDNA using a Takara cDNA synthesis
kit. The qRT-PCR (Bio-Rad) reaction was prepared using Takara SYBR Green master mix. The qRT-
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PCR was performed in BIORAD, CFX96 optics module and the reaction conditions were as follows:
initial step at 95°C for 3 min, denaturation at 95°C for 10 s, followed by annealing at 60°C for 30 s,
and extension for 20 s at 72°C, for a total of 45 cycles. Gene expression was normalized with GAPDH.
Data analysis was calculated using the 224" method.

2.8 PI staining

Using propidium iodide (PI) staining, the impact of bleomycin on the morphological characteristics
of SiHa cells was investigated. After being seeded at a density of 4x10* cells/well in a 24-well plate,
SiHa cells were treated with bleomycin for 24 h. Propidium iodide (1 mg/mL) was used to stained
cells for 15 minutes at 37° C in the dark. To get rid of extra stain, cells were washed in PBS after
staining. Cells were overloaded with PBS and using a fluorescence imager (ZOE, Bio-Rad) set up
under the red channels, the cells were assessed for nuclear damage.

2.9 Protein-Protein Interaction (PPI) analysis

To better understand the dynamic process of a DNA damage and apoptosis process, information about
the functional genes is required. Protein-protein interaction analysis was performed to screen
important candidate genes regulated by GADD45A in cervical cancer cells using STRING database
(https://string-db.org/). Experimentally validated, text mining, databases, co-expression,
neighbourhood, gene fusion and co-occurrence interactions were considered for construction. In the
PPI network, genes served as the nodes and edges represented the associated interactions. The
connectivity degree of each node, which indicates number of interactions of the corresponding gene.
Using these methods, eleven key genes, CYCA, CYCB, CDKI1, TP53, ATM, Bax, BCL-2, GDF11,
TGF-p and p21 association were checked with GADD45A.

2.10 Statistical analysis

All experiment was performed in triplicates and mean values are represented either as Mean + SD or
Mean + SEM. Statistical analyses were done using students t-test and ANOVA with GraphPad prism
software (version 8.01; Hearne Scientific, Pty Ltd., Melbourne, Australia). P values < 0.05 considered
as statistically significant.

3. Results

3.1 Bleomycin induced cytotoxicity and morphological changes in SiHa cells

The inhibitory effects of bleomycin on SiHa cell line shown in Fig. 1 (A). The cells were exposed to
different doses of bleomycin at a concentration of 0-250uM for 24 h. The relative cell proliferation
progressively decreased in a dose-dependent manner. The ICso value was calculated as 152uM and
same concentration was used for further experiments. Morphology of the cells treated with bleomycin
was assessed using an inverted phase-contrast microscope. The morphological changes were
observed in the cells after treatment with bleomycin. Cells without treatment displayed normal
structure and spindle-like morphology whereas, the treated cells displayed apoptotic characteristics,
cell membrane disruption, dead cells and necrotic cells (Fig. 1 B, C).
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Fig. 1 Cell viability of SiHa cells treated with bleomycin. A) Cytotoxicity assay of bleomycin in SiHa
cells by MTT assay. Data are presented as mean + SD. B, C) Morphological changes in SiHa cells
imaged by phase contrast microscopy after treatment of bleomycin (0 and 152uM) for 24 h. Cells
showed numerous morphological changes in B (152uM). Scale bar =100 um. (blue arrows represent
enlarged nuclei and cells, and yellow stars represent apoptotic cells and dead cells).

3.2 Cell cycle arrest at G2/M phase

The induction of apoptotic bodies in bleomycin-treated SiHa cells was further analysed by flow-
cytometric determination of DNA content. Histogram of DNA content obtained from PI-stained cells
showed that the percentage of cells showed successive accumulation in G2/M phase after treatment
of bleomycin. The percentage at G2/M phase in control was 19% which was increased to 53% at
152uM upon treatment with bleomycin (Fig. 2 A-C). This is regulated by irreversible DNA damage
by the bleomycin treatment.
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Fig. 2 Flow cytometry analysis of bleomycin-treated SiHa cells. A) Control, B) 152uM, C)
Representative histogram are shown the percentage of cell at different phases of cell cycle.

3.3 Bleomycin reduces the migration capacity of SiHa cells

In vitro scratch assay is a method to evaluate the effect of drug on cell migration. Cells treated with
152uM of the bleomycin showed significant inhibition of cell migration. The gap closure rate of
152uM concentration treated cells were being assessed at 0, 24, 48 and 72 h as 14, 15, and 18 percent,
respectively (Fig. 3 A, B).

Ohrs 24hrs 48hrs 72hrs
A
Control
152pM
B 100~
__ 80+
® 60
=
3
T 404
Q.
3 ns
20 b 1
0-

opMm 152uM
mm 24hrs 3 48hrs Em 72 hrs

Concentration of Bleomycin

Fig. 3 The cell migration of SiHa cells treated with bleomycin. A) Images indicated area in control
and treated cells. B) Bar graph showed the gap closure rate of cells at 152puM of bleomycin at different
time points (24, 48, and 72hrs). (Mean = SEM *** p < 0.001, ns).
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3.4 Bleomycin decreases proliferation of SiHa cells

Antiproliferative effect of bleomycin on SiHa cells was done by clonogenic assay. Results showed
that there was a significant difference in colony formation in non-treated and treated cells. Viability
of cells was measured by counting the colonies formed and the number of colonies in control were
observed as 192, whereas there is no colony formation at 152uM (Fig. 4 A, B).
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Fig. 4 The clonogenic proliferation of SiHa cells treated with bleomycin. A) Clonogenic proliferation
of SiHa cells after 15 days of treatment with bleomycin. B) Histogram showed the mean number of
colonies (Mean = SEM *** p < (0.001).

3.5 Effect of Bleomycin on cell proliferation and cell cycle related proteins

It was interesting to investigate that how bleomycin affected cell cycle regulatory molecules since
flow-cytometry data revealed the cell cycle arrest in bleomycin-treated SiHa cells. Genes responsible
for cell cycle arrest were evaluated using qRT-PCR. The expression of Ki67 (Fig. 5A) is strongly
associated with tumor cell proliferation and growth. There was significant decrease in the expression
of Ki67, which is in response to p21 gene. Results showed that there was a significant increase in the
expression of p21 (Fig. 5B), which is a cell cycle regulatory gene. The tumor suppressor gene, p53
showed the significant increase at 152uM in SiHa cells treated with bleomycin. p53 gene induced the
expression of p21 in response to bleomycin treatment and induced cell cycle arrest and apoptosis,
which is regulated by p53-p21 pathway or p53 dependent pathway. The results showed that there was
significant decrease in the Cdkl, cyclin A, and cyclin B genes expression in the cells treated with
bleomycin (Fig. 5C-E), which showed arrest at G2/M phase of cell cycle.

3.6 Bleomycin induced DNA damage and apoptosis in SiHa cells
In order to investigate the mechanism by which bleomycin induced DNA damage and apoptosis, the
expression of p53, ATM, GADD45A, Bax, BCL-2 was assessed using qRT-PCR. The results
indicated that the upregulation of p53, which was in response to DNA damage. Subsequently, the
activated p53 mediated apoptosis is regulated by the BCL-2 family. Data showed that there was
significant increase in the expression of ATM gene. The pro-apoptotic gene i.e., Bax showed the
significant increase in response to bleomycin treatment, whereas the anti-apoptotic gene, BCL-2
showed significant decrease in the expression level. Another gene responsible for DNA damage and
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growth arrest is GADD45A, which is a downstream gene of p53. Results indicated that there was a
significant increase in the expression of GADD45A, which is in response to p53 and DNA damage

(Fig. 6 A-E).
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Fig. 6 Expression analysis of cell cycle regulatory genes (A) p53, (B) ATM, (C) GADD45A, (D)
Bax, and (E) BCL2 in the SiHa cells treated with bleomycin and analysed using qRT-PCR. (Mean =+
SEM, *** p <0.001, ** p <0.01, * p<0.1).

3.7 Bleomycin affect the downstream players and effectors of TGF-§ signaling pathway

To investigate the other mechanisms by which bleomycin induced cell cycle arrest and apoptosis, the
expression of TGF- and related genes were assessed using qRT-PCR. The results indicated that the
TGF-B showed upregulation upon bleomycin treatment. Other member of TGF-§3 superfamily gene
is GDF11 was analysed by qRT-PCR. There was a significant increase in the expression of GDF11
in SiHa cells treated with bleomycin (Fig. 7 A, B). Thus, these results suggested that TGF-$ and
GDF11 also controlled the proliferation by inducing the expression of p21 and inhibited by
CycA2/CDK2 and CycB1/Cdk1 complex upon bleomycin treatment.
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Fig. 7 Expression analysis of TGF-$ family genes (A) TGF-B1, (B) GDF11 in the SiHa cells treated
with bleomycin and analysed using qRT-PCR. (Mean + SEM, *** p <0.001, ** p <0.01).

3.8 Bleomycin disrupts chromatin structure

Bleomycin disrupts DNA by intercalation in between the bases and induced DNA damage. PI staining
was performed to comprehend the chromatin architecture upon bleomycin treatment. SiHa cells were
observed under fluorescence microscopy following PI staining after treatment. The microscopic
observations revealed that the bleomycin treatment caused chromatin fragmentation, nuclear

shrinkage and late apoptosis in SiHa cells (Fig. 8 A, B).
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Fig. 8 Fluorescent microscopy images of the bleomycin treated and untreated cells. SiHa cells were
incubated with bleomycin for 24 h. Propidium iodide-stained SiHa cells that were untreated (A),
152uM (B). The green arrow heads indicate the normal nuclei with intact chromatin. The white arrow
heads points to cells with abnormal nuclei and indicate nuclei/chromatin fragmentation.

3.9 Protein-protein interaction (PPI) Network Analysis

The list of eleven common GADDA45A binding partners was imported into the STRING database for
further investigation. STRING analysis revealed that nearly all common GADD45A binding partners
were highly connected. To calculate the interaction confidence in the network each edge is assigned
a score as the edge weight. This score represents the estimated probability that a given interaction is
biologically meaningful. PPI with a medium confidence score 0.4 were selected to ensure the quality
of interactions. The PPI data for cell cycle regulatory genes from SiHa cell line revealed 11 nodes
and 39 edges. The average node degree was 7.09 and clustering coefficient was 0.889 considered for
STRING analysis. Exploration of protein connectivity showed that the seven key genes CDKN1A
(p21), TP53, BCL-2 and ATM, CDK1, CCKN2B, CCNA2 were highly connected with GADD45A.
Notably, other two hub genes TGF-f3, Bax were connected with TP53. Whereas, GDF11 showed only
one connection with TGF-f3, which was based on other interactions such as protein homology, text
mining and co-expression (Fig. 9).

N\ cok1

L7
pd

WA
/ COKN28

I eoru1

Fig. 9 Protein-protein interaction network of GADD45A binding genes. String Protein-protein
interaction (PPI) network analysis of ten common GADD45A-interacting genes reveals nearly all
genes are highly interconnected.

4. Discussion

Imbalance between cell proliferation and cell death leads to carcinogenesis. A sequence of cellular
responses including regulators and effectors are involved in response to carcinogenic, genotoxic, and
physiological stimuli. The most altered molecule in cancers is p53, which triggers the production of
p21 in response to cellular stressors including oxidative stress or DNA damage [24]. It has been
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shown that p21, a well-known cyclin-dependent kinase (Cdk) inhibitor, crucial in regulating the
advancement of the cell cycle [25]. In addition to cell cycle arrest, p21 is also involved in senescence
through both p53-dependent and p53-independent mechanisms [26]. In the present study, bleomycin
induced the cell cycle arrest at the G2yM phase exhibiting 3-fold change in the expression of p5S3 and
p21. The upregulation of p21 further downregulated the expression of Ki67, cyclin A, cyclin B and
CDKI1 to 0.5 fold. This downregulation indicates the inhibition of cell proliferation and cell cycle
arrest.

Bleomycin damages DNA by binding to metal ions forming metallo-bleomycin complexes which
triggered reactive oxygen species (ROS) generated by these complexes causing DNA single-strand
and double-strand breaks [27]. DNA double-strand breaks are the most disastrous abrasions induced
by chemotherapeutics drug and can trigger a sequence of cellular DNA damage responses (DDRs).
These responses include cell cycle arrest, DNA repair, and the activation of DNA damage sensing
and early transduction pathways [14]. The tumor-suppressor TP53 and its downstream components
have been demonstrated to play the crucial role in cellular response to a different agent that damage
DNA. The first well-defined TP53 downstream gene, GADD45A instantly triggered by DNA damage
caused by genotoxic drugs including 5-fluorouracil and cisplatin, as well as radiation. Furthermore,
GADDA45A is implicated in many growth regulation mechanisms, apoptosis, DNA damage, and cell
injury [28]. Moreover, it was shown that GADDA45A inhibits mTOR/STAT3 pathway to
downregulate VEGF-A production, therefore suppressing tumor angiogenesis. There are numerous
and intricate regulatory networks linked to GADD45A expression regulation, including BRCAI,
FOXOA3, ATF4, p38, and JNK stress mitogen-activated protein kinases (MAPK) [29]. GADD45A
contributes to the cell cycle checkpoint mechanism by interacting with cdc2/cyclinB1 to displaces
PCNA [proliferating cell nuclear antigen) from the cyclinD1 complex, delaying the cell cycle in S
phase or G2/M phase [30]. GADDA45A is believed to be a tumor suppressor of human malignancies,
such as breast cancer, prostate cancer, and gastric cardiac adenocarcinoma [31].

We observed the significant increase in the expression of ATM and GADD45A in response to p53.
There is 1.5-2-fold change in the bleomycin treated cells. These finding suggest that our data is in
consistent with other reports that GADD45A plays an important role as tumor suppressor by
inhibiting Cdk1-cyclin B1 complex in G2/M phase of cell cycle (Fig. 10). In this study, the increased
expression of GADD45A was observed, in response to DNA damage that led to increased p53 and
ATM expression. ATM kinase plays a crucial role in the maintenance of genomic stability.
GADDA45A is involved in the ATM-p53 mediated DNA damage response and regulates cell cycle
arrest, apoptosis, and DNA repair. Further the expression of apoptotic markers BAX and BCL-2 were
evaluated. The ratio of BAX/BCL-2 is an important factor to induced the apoptosis. Our results
showed that the BAX/BCL-2 ratio was 3.90, which was significant for apoptotic induction.

Cellular responses to DNA damage are important elements that influence the development of cancer
and outcome following chemotherapy. By identifying the molecular mechanisms controlling DNA
damage signalling and DNA repair in response to various kind of DNA lesions allows for a better
understanding of the effect of chemotherapy on normal and tumor cells [32]. Multiple pathways serve
as therapeutic targets for various compounds that include phosphatidylinositol 3-kinases (PI3K)
protein kinase B (or Akt) [33], hypoxia-inducible factor-1o (HIF-1a) [34] and extracellular signal-
regulated kinase (ERK), mitogen-activated protein kinase (MAPK) [35], Janus kinase (JAK) and the
signal transducer and activator of transcription (STAT) [36]. Besides, transforming growth factor-f3
(TGF-P) signalling pathway is paradoxically pleiotropic in nature where TGF-f3 acts both as tumor
suppressor or as tumor promoter. It plays an important role in growth, differentiation, cell death and
migration [37]. Tumor promoting role is by inducing EMT through SMADs, ERK, MAPK, PI3K,
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AKT, B-catenin, Ras and c-Fos. Tumor suppressor role is by activating p15, p21 and inhibition of c-
MYC expression. Deregulation of TGF-f signalling plays critical role in tumorigenesis [38].

Bleomycin

Cell cycle || Apoptosis l
Cell cycle arrast

arrest

Fig. 10 Schematic diagram depicting the mechanism by which bleomycin exerts its anti-tumor effects.
Bleomycin induced DNA damage triggering ATM that phosphorylates p53, further p53 binds to
either p21 or GADD45A which auxiliary disrupts the Cdk1-kinase complex thus, arresting cells at
G2/M phase which leads to cell cycle arrest and apoptosis. Concurrently, bleomycin targets TGF-[3
mediated signalling pathway. TGF-f activates p21 and GDF-11, it leads to cell cycle arrest by
inhibiting Cdk1-CycA-CycB complex.

The initiation and cooperation of several mechanisms to block cell cycle progression are critical for
the complete repair of damaged genome [39]. Transforming growth factor-§ (TGF-) signalling has
been shown to control the DNA damage response (DDR) [40]. TGF-3 signalling inhibition reduces
ATM activity, causes instability in the genome, and increases sensitivity of the cell to radiation [41].
Activation of both TGF-f signalling and DDR induces growth arrest of most cell types. DNA-
dependent kinase (DNA-PK), ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-
related protein (ATR), and members of the phosphatidylinositol 3-kinase (PI3K)-like kinase family
initiate DDR signalling in response to DNA damage [42][32]. After ionising radiation and
chemotherapy-induced double-strand breaks are detected, ATM triggers cell-cycle checkpoints.
ATM kinase may phosphorylate a variety of substrates implicated in cell-cycle checkpoint in the
nucleus during DDR-induced activation [42][43]. By upregulating the cyclin-dependent kinase
inhibitor CDKN1A (p21), ATM-mediated phosphorylation activates and stabilises tumor suppressor
p53, which in turn induces cell-cycle arrest and facilitates DNA damage-induced apoptosis [43][39].
Our results suggested that the upregulation of ATM induced the expression of TGF-f in retaliation
to DNA damage response (DDR). In the present study, the expression of TGF- and GDF11 was also
evaluated, which shows the increased expression upon bleomycin treatment, in addition to p21, ATM
and p53, which acted as tumor suppressor genes in cervical cancer cell line.

Conclusion

We emphasise that the DNA damage response pathways activated following bleomycin intervention
that delineates the mechanisms determining role of ATM and GADDA45A. The current study
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underscores the role of bleomycin to inhibit proliferation, cell migration and invasion, inducing cell
cycle arrest and apoptosis in SiHa cells by ATM-p53 pathway. Further, we discussed the approaches
to develop the bleomycin as a therapeutic agent by modulating DDR with a goal of enhancing the
effectiveness for cervical cancer therapies. By delving into the realm of DNA damage and its
response, we aspire to explore more precise and effective strategies for cervical cancer therapy and
to seek novel possibilities for intervention. Therefore, bleomycin can be proven as promising target
for cervical cancer therapy.

Competing interest The authors have no conflicts of interest to declare.
Author contributions

SS: Formal analysis, Investigation, Methodology, Validation, Visualization, Writing- original draft,
Writing-review and editing. RCK: Conceptualization, Funding acquisition, Supervision, Writing-
review and editing

Acknowledgment
We acknowledge the infrastructure and financial support from Yenepoya Research Centre, Yenepoya
(Deemed to be University) for Seed grant project and Indian Council of Medical Research for SRF.

Funding
This study was supported in part by funding from Yenepoya (Deemed to be University), Seed grant
(YU/Seed Grant/ 090-2020) and ICMR-SRF contingency fellowship (RBMH/FW/2021/35).

References

1. Pillai MR, Hariharan R, Babu JM, Lakshmi S, Chiplunkar S V., Patkar M, et al. Molecular
variants of HPV-16 associated with cervical cancer in Indian population. Int J Cancer.
2009;125(1):91-103.

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global Cancer
Statistics 2020 : GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers
in 185 Countries. 2021;71(3):209-49.

3. Pal A, Kundu R. Human Papillomavirus E6 and E7: The Cervical Cancer Hallmarks and Targets
for Therapy. Front Microbiol. 2020;10(1).

4. Laimins MSL and LA. Pathogenesis of Human Papillomaviruses in Differentiating Epithelia.
Trans Am Math Soc. 2004;362-72.

5. ZouQ,WuY, Zhang SS, Li S, Li S, Su Y, et al. Escherichia coli and HPV16 coinfection may
contribute to the development of cervical cancer. Virulence. 2024;15(1):1-12.

6. Abreu ALP De, Malaguti N, Souza RP, Uchimura NS, Ferreira EC, Pereira MW, et al.
Association of human papillomavirus, Neisseria gonorrhoeae and Chlamydia trachomatis co-
infections on the risk of high-grade squamous intraepithelial cervical lesion. 2016;6(6):1371-83.

7. Klein C, Samwel K, Kahesa C, Mwaiselage J, West JT, Wood C, et al. Mycoplasma co-infection
is associated with cervical cancer risk. Cancers (Basel). 2020;12(5):1-13.

8. Gross M, Spencer RJ. Recurrent Cervical Cancer Treated Successfully with Single-Agent PARP-
Inhibitor, Olaparib. Case Rep Obstet Gynecol. 2022;2022.

9. Krishnansu S. Tewari, M.D., Michael W. Sill, Ph.D., Harry J. Long I1I, M.D. RT, Penson, M.D.,
Helen Huang, M.S., Lois M. Ramondetta, M.D., Lisa M. Landrum, M.D. A, Oaknin, M.D.,
Thomas J. Reid, M.D., Mario M. Leitao, M.D., Helen E. Michael, M.D. A, Bradley J. Monk MD.
Improved Survival with Bevacizumab in Advanced Cervical Cancer. N Engl J Med.
2014;20(8):734-43.

10. Soonthornthum T, Arias-pulido H, Joste N, Lomo L, Muller C, Rutledge T, et al. Epidermal

1306 |Page



DNA damage and Cell Cycle Dysregulation by ATM-P53-GADD45A Pathway in Bleomycin Treated

&EE]Ni Cervical Cancer Cells

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

SEEJPH Volume XXVI, S1, 2025, ISSN: 2197-5248, Posted: 05-01-2025

growth factor receptor as a biomarker for cervical cancer. Ann Oncol (Internet).
2011;22(10):2166-78.

Wilson JC, O’Rorke MA, Cooper JA, Murray LJ, Hughes CM, GormLey GJ, et al. Non-steroidal
anti-inflammatory drug use and cervical cancer risk: A case-control study using the Clinical
Practice Research Datalink. Cancer Epidemiol. 2013;37(6):897-904. Available from:
http://dx.doi.org/10.1016/j.canep.2013.08.010

Umezawa H. Bleomycin and other antitumor antibiotics of high molecular weight. Antimicrob
Agents Chemother. 1965;5:1079-85.

Chen J, Stubbe J. Bleomycins : towards better therapeutics. 2005;5(2):102—12.

Wang R, Sun Y, Li C, Xue Y, Ba X. Targeting the DNA Damage Response for Cancer Therapy.
Int J Mol Sci. 2009;9(6):400-14.

Brahim S, Aroui S, Abid K, Kenani A. Involvement of C-jun NH2-terminal kinase and apoptosis
induced factor in apoptosis induced by deglycosylated bleomycin in laryngeal carcinoma cells.
Cell Biol Int. 2009;33(9):964-70.

Murray V, Chen JK, Chung LH. The interaction of the metallo-glycopeptide anti-tumour drug
bleomycin with DNA. Int J Mol Sci. 2018;19(5).

Jin S, Mazzacurati L, Zhu X, Tong T, Song Y, Shujuan S, et al. GADD45A contributes to p53
stabilization in response to DNA damage. Oncogene. 2003;22(52):8536—40.

Kastan MB, Zhan Q, El-Deiry WS, Carrier F, Jacks T, Walsh W V., et al. A mammalian cell
cycle checkpoint pathway utilizing p53 and GADDA4S5 is defective in ataxia-telangiectasia. Cell.
1992;71(4):587-97.

Cheng Q. Mechanism of p53 stabilization by ATM after DNA damage. Cell Cycle.
2010;9(3):472-8.

Sanchez-Prieto R, Rojas JM, Taya Y, Gutkind JS. A role for the p38 mitogen-activated protein
kinase pathway in the transcriptional activation of pS3 on genotoxic stress by chemotherapeutic
agents. Cancer Res. 2000;60(9):2464-72.

Fuchs SY, Adler V, Pincus MR, Ronai Z. MEKK1/JNK signaling stabilizes and activates p53.
Proc Natl Acad Sci U S A. 1998;95(18):10541-6.

Zhan Q. GADDA45A, a p53- and BRCA1-regulated stress protein, in cellular response to DNA
damage. Mutat Res - Fundam Mol Mech Mutagen. 2005;569(1-2):133-43.

Liang CC, Park AY, Guan JL. In vitro scratch assay: A convenient and inexpensive method for
analysis of cell migration in vitro. Nat Protoc. 2007;2(2):329-33.

ShamLoo B, Usluer S. cancers Review p21 in Cancer Research. Int J Clin Exp Pathol (Internet).
2015;8(11):1-19.

Tarek Abbas and Anindya Dutta. p21 in cancer: intricate networks and multiple activities. Nat
Rev Cancer. 2010;9(6):400—14.

Qian Y, Chen X. Tumor suppression by p53: Making cells senescent. Histol Histopathol.
2010;25(4):515-26.

Chen J, Ghorai MK, Kenney G, Stubbe JA. Mechanistic studies on bleomycin-mediated DNA
damage: Multiple binding modes can result in double-stranded DNA cleavage. Nucleic Acids
Res. 2008;36(11):3781-90.

Yu LHW, Zhang YLX, Qimin XLMF, ChenLin Z. Adenoviral-mediated gene transfer of
GADDA45A results in suppression by inducing apoptosis and cell cycle arrest in pancreatic cancer
cell. J Gene Med. 2009;11:3—13.

Humayun A, Fornace AJ. GADDA45 in Stress Signaling, Cell Cycle Control, and Apoptosis. Adv
Exp Med Biol. 2022;1360:1-22.

Han N, Yuan F, Xian P, Liu N, Liu J, Zhang H, et al. GADD45A mediated cell cycle inhibition
is regulated by p53 in bladder cancer. Onco Targets Ther. 2019;12:7591-9.

Schneider G, Weber A, Zechner U, Oswald F, Friess HM, Schmid RM, et al. GADD45q. is highly
expressed in pancreatic ductal adenocarcinoma cells and required for tumor cell viability. Vol.

1307 |Page



DNA damage and Cell Cycle Dysregulation by ATM-P53-GADD45A Pathway in Bleomycin Treated

&EE]Ni Cervical Cancer Cells

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

SEEJPH Volume XXVI, S1, 2025, ISSN: 2197-5248, Posted: 05-01-2025

118, International Journal of Cancer. 2006. p. 2405-11.

Goldstein M, Kastan MB. The DNA damage response: Implications for tumor responses to
radiation and chemotherapy. Annu Rev Med. 2015;66:129-43.

Manzo-Merino J, Contreras-Paredes A, Vazquez-Ulloa E, Rocha-Zavaleta L, Fuentes-Gonzalez
AM, Lizano M. The Role of Signaling Pathways in Cervical Cancer and Molecular Therapeutic
Targets. Arch Med Res. 2014;45(7):525-39.

Scortegagna M, Martin RJ, Kladney RD, Neumann RG, Arbeit JM. Hypoxia-inducible factor-1a
suppresses squamous carcinogenic progression and epithelial-mesenchymal transition. Cancer
Res. 2009;69(6):2638-46.

Morgan EL, Scarth JA, Patterson MR, Wasson CW, Hemingway GC, Barba-Moreno D, et al.
E6-mediated activation of JNK drives EGFR signalling to promote proliferation and viral
oncoprotein expression in cervical cancer. Cell Death Differ. 2021;28(5):1669-87.

Elias MH, Das S, Abdul Hamid N. Candidate Genes and Pathways in Cervical Cancer: A
Systematic Review and Integrated Bioinformatic Analysis. Cancers (Basel). 2023;15(3):1-13.
Baba AB, Rah B, Bhat GR, Mushtaq I, Parveen S, Hassan R, et al. Transforming Growth Factor-
Beta (TGF-P) Signaling in Cancer-A Betrayal Within. Front Pharmacol. 2022;13(February): 1—-
16.

Hata A, Chen YG. TGF-p signaling from receptors to smads. Cold Spring Harb Perspect Biol.
2016;8(9).

Zhang W, Deng H, Chen Y. DNA Damage Activates TGF- b Signaling via ATM-c- Cbl-
Mediated Stabilization of the Type II Receptor T b RII Article DNA Damage Activates TGF- b
Signaling via ATM-c-Cbl-Mediated Stabilization of the Type II Receptor T b RII. 2019;735-45.
Barcellos-Hoff MH, Cucinotta FA. New tricks for an old fox: Impact of TGFb on the DNA
damage response and genomic stability. Sci Signal. 2014;7(341):1-7.

Kirshner J, Jobling MF, Pajares MJ, Ravani SA, Glick AB, Lavin MJ, et al. Inhibition of
transforming growth factor-f1 signaling attenuates ataxia telangiectasia mutated activity in
response to genotoxic stress. Cancer Res. 2006;66(22):10861-9.

Blackford AN, Jackson SP. ATM, ATR, and DNA-PK: The Trinity at the Heart of the DNA
Damage Response. Mol Cell. 2017;66(6):801—-17.

Shiloh Y, Ziv Y. The ATM protein kinase: Regulating the cellular response to genotoxic stress,
and more. Nat Rev Mol Cell Biol. 2013;14(4):197-210.

1308 |Page





