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Abstract

Cyclosporine A (CsA) is an immunosuppressant primarily used at a higher dosage in transplant
medicine and autoimmune diseases with a higher success rate. At lower doses, CsA exhibits
immunomodulatory properties. CsA has also been reported to inhibit breast cancer cell growth
by downregulating the expression of pyruvate kinase. However, differential dose-response
effects of CsA in cell growth, colonization, apoptosis, and autophagy remain largely unidentified
in breast cancer cells. Herein, we showed the cell growth-inhibiting effects of CsA by preventing
cell colonization and enhancing DNA damage and apoptotic index at a relatively lower
concentration of 2 uM in MCF-7 breast cancer cells. However, at a higher concentration of 20
UM, CsA leads to differential expression of autophagy-related genes ATG1, ATGS8, and ATG9 and
apoptosis-associated markers such as Bcl-2, Bcl-XL, Bad, and Bax, indicating a dose-response
effect on differential cell death mechanisms in MCF-7 cells. This was confirmed in the protein-
protein interaction network of COX-2 (PTGS2), a prime target of CsA, which had close interactions
with Bcl-2, p53, EGFR, and STAT3. Furthermore, we investigated the combined effect of CsA with
SHP2/PI3K-AKT inhibitors showing significant MCF-7 cell growth reduction, suggesting its
potential to use as an adjuvant during breast cancer therapy.
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Introduction
Cyclosporin A (CsA), first discovered as an anti-fungal agent in Switzerland in 1972, isolated from

the fungus Tolypocladium inflatum and Cylindrocarpon lucidium, was soon identified as a potent
immunosuppressant, with wide clinical use (Borel et al. 1976, 1977). CsA comprises 11 amino
acids possessing a cyclic lipophilic structure and exerts selective immunoregulation of T cells,
reducing T cell activation (Mukherjee and Mukherjee 2009; Patocka et al. 2021). CsA is used
orally, topically, or intravenously following organ transplantation and in autoimmune diseases
and is often associated with adverse side effects, including the development of malignancies
(Durnian et al. 2007; Flores et al. 2019). Further, a recent analysis has shown that higher doses
of CsA cause severe signs and symptoms of poisoning in patients (Ershad et al. 2023).

The role of CsA in cancer progression is controversial and depends on the dose and duration of
the treatment (Landewé et al. 1999; Flores et al. 2019). Masuo et al. first demonstrated that CsA
acts as an anticancer agent against colon cancer cells by downregulating c-myc and the
proliferating cell nuclear antigen (PCNA) (Masuo et al. 2009). Notably, c-Myc is an oncogene, and
PCNA is a marker of proliferation for colonic epithelium (Kubben et al. 1994). Furthermore, p21
controls the PCNA-dependent DNA replication and repair, whereas c-myc overexpression inhibits
the expression of p21. Interestingly, CsA is known to selectively inhibit cyclooxygenase-2 (COX-2,
i.e., PTGS2), which on upregulation along with Prostaglandin E2 (PGE-2) expression is known to
induce cytochrome P450 family 19 (CYP-19) transcription and biosynthesis of estrogen thereby
stimulating unbridled mitogenesis (Harris 2014; Groenendyk et al. 2018).

In contrast, CsA promotes carcinogenesis by inducing transforming growth factor (TGF)-B
production or by acting as a specific inhibitor of the nuclear factor of activated T cells (NFAT)
(Werneck et al. 2012; Kawahara et al. 2015). Moreover, PI3K/AKT-regulated kinases such as
glycogen synthase kinase 3 beta (GSK3B) and mammalian target of rapamycin (mTOR) inhibit
NFAT, suggesting crosstalk between calcium signaling pathways and growth factors. Further, it
was shown that CsA led to cell cycle arrest and necroptosis in colon cancer cells independent of
TGFB, NFAT, nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB), and
PI3K/mTOR pathways (Werneck et al. 2012). Interestingly, calcineurin overexpression and NFAT
activation have been previously reported in human colorectal cancer, suggesting the possible
role of calcineurin-mediated activation of NFAT in the pathogenesis of colorectal cancer
(Lakshmikuttyamma et al. 2005). CsA also promotes cell cycle arrest, apoptosis, and necroptosis,
inhibiting cell growth in colon and bladder cancer cells (Werneck et al. 2012; Kawahara et al.
2015).

In breast cancer, CsA modulates the expression and activity of pyruvate kinase M2 (PKM2), an
embryonic and cancer-specific enzyme involved in the final step of glycolysis. PKM2 is highly



upregulated in breast cancer cells, and treatment with CsA downregulates PKM2, reduces ATP
synthesis, and induces necrosis (Jiang et al. 2012). However, the dose-response effect of CsA in
breast cancer cells and its mechanism in regulating apoptosis and autophagy remains elusive.
Moreover, understanding the mechanism of CsA dose-response is crucial, as its general
administration to patients with breast cancers may impair the host anti-tumor immune
responses (Jiang et al. 2012). Therefore, this study aimed to investigate the dose-response effect
of CsA on different modes of cell death using a human breast cancer cell line, MCF-7. Our study
showed that treatment with low and high doses of CsA resulted in differential regulation of
apoptosis and autophagy-related markers. Furthermore, the combinational effect of CsA with
inhibitors of Src homology region 2 (SH2) containing protein tyrosine phosphatase-2 (SHP2)/PI3K-
AKT cell proliferation pathways showed a remarkable reduction in cell colonization, suggesting
the beneficial effects of CsA in breast cancer management.

Materials and methods

Cell culture and drug preparation

Human breast cancer MCF-7 cells were maintained in the Roswell Park Memorial Institute (RPMI)
1640 media supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, 1% penicillin, and
1% streptomycin. The cells were grown at 37°C with 5% CO; in a humidified incubator. CsA was
dissolved in dimethyl sulfoxide (DMSO), with the final DMSO volume never exceeding 1% (v/v).

MTT cytotoxicity assay

An MTT kit (Sigma Aldrich, Missouri, USA) based assay was used to assess the cytotoxicity of CsA.
The cells were counted using LUNA-FL™ automated fluorescence cell counter, and 10,000 cells
were seeded per well in the 96-well plates at 200 pL and incubated overnight. Following
incubation, cells were treated with different concentrations (0, 2, 5, 10, and 20 uM) of CsA and
incubated for 48 h. After incubation, 10 pL of the MTT substrate was added to each well. The
plate was covered with aluminum foil and placed in the dark at 37°C incubator for 3 h. A hundred
uL of solubilization buffer was then added to each well and incubated further for 10 min in the
dark. The absorbance was measured using Biotek ELx800 ELISA plate reader at 490 nm and the
percentage cell viability was analyzed.

Colony-forming assay

The colony-inhibiting effect of CsA was analyzed by a method described elsewhere (George et al.
2013) with minor modifications. One thousand cells were seeded in a 6-well plate, grown
overnight, then treated with different concentrations of CsA, and incubated for 48 h. After
incubation, the drug-containing media was removed, and cells were washed twice with
phosphate-buffered saline (PBS) and incubated for 5-7 days with fresh media until enough
colonies were observed in the control group. For staining, the cells were fixed with 2 mL of



methanol + PBS (1:1 ratio) followed by 2 mL of absolute methanol for 10 min. After removing the
excess fixative, the cells were washed twice with PBS and stained with 0.1% crystal violet
solution. The cells were rewashed twice with PBS, and the plate was allowed to dry at room
temperature for 2 h. The pictures of the colonies were taken at 4x and 30-50 cells in the group
were assumed as one colony.

Scratch assay

The cell migrating inhibitory effect of CsA was studied using a protocol described elsewhere with
minor modifications (Vazhappilly et al. 2019). MCF-7 cells were counted using LUNA-FL™
automated fluorescence cell counter, and 80,000 cells were seeded in 2 mL media in 6-well
plates. The cells were incubated overnight in a 37°C incubator allowing cell adhesion. A 10 uL
pipette tip was used to create a vertical scratch and scrape off cells from the monolayer in each
well. The wells were washed with PBS twice to remove dislodged cells and were treated with
different concentrations of CsA. The area of migrated cells was then recorded at different time
points (0, 24, and 48 h) during growth at 4x magnification using a microscope.

DNA fragmentation assay

DNA fragmentation assay was carried out to check whether CsA can induce DNA damage in MCF-
7 cells using a method described elsewhere (Vazhappilly et al. 2020). Briefly, after CsA treatment,
cells were trypsinized, lysed with lysis buffer, and incubated with 0.5 pug/mL Proteinase K at 37°C
overnight. Proteinase K was then deactivated, and RNAse-A (0.5 pg/mL) was added and
incubated at 37°C for 2 hrs. DNA was isolated using the phenol-chloroform-isoamyl alcohol and
separated on 2% agarose gel. The gel was then stained with ethidium bromide, and images were
recorded by Chemidoc MP (BioRad, Germany) for DNA laddering.

Real-time PCR

For the proapoptotic, anti-apoptotic, and autophagy gene expression studies at the mRNA level,
we performed real-time quantitative chain reaction (RT-qPCR) under the following conditions.
Briefly, the MCF-7 cells were treated with DMSO (control), 2 uM, and 20 uM of CsA in T25 flasks
and incubated for 48 hrs, followed by RNA extraction using RNA-spin™ Total RNA Extraction Kit
(iNtRON Biotechnology, Korea). RNA was converted into cDNA using Firescript RT cDNA synthesis
kit (Solis Biodyne, Estonia) as per the supplier’s protocol. The quantity and quality of cDNA were
analyzed using Denovix DS-11 Series Spectrophotometer/Fluorometer. The RT-qgPCR was
performed for p21, Bak, Bad, ATG1, ATGS8, and ATG9 genes using GAPDH as the internal control.
The expression level of the markers was quantified with respect to the control and was plotted
using Graph-Pad Prism 5 software (San Diego, CA, USA).



Western blot

Western blot was performed to analyze the expression at the protein level for various apoptotic
and DNA damage markers as described elsewhere. Briefly, following treatment, the total lysate
was prepared using 1X cell lysis buffer (Cell Signaling Technology, Danvers, USA), and the protein
was quantified by the Bicinchoninic Acid (BCA) kit (Sigma Aldrich, Missouri, USA). Equal amounts
of each protein sample (30 pg) were loaded and separated using SDS-PAGE gel electrophoresis.
After transferring into the nitrocellulose membrane, the membranes were blocked using 5% non-
fat milk solution and probed with different primary antibodies (1:1000) overnight. The
membrane was then washed with 1X TBST, incubated with respective secondary antibodies
(1:2000) for 1 h, and developed to detect proteins using the enhanced chemiluminescence (ECL)
method. The gel images were documented with Chemidoc MP (BioRad, Germany). Beta-actin
was used as the internal control.

Protein-protein network analysis

The protein-protein interactions (PPl) between PTGS2 and the related partners were curated
from the STRING v11 database at high confidence scores (STRING, https://string-db.org/
(Szklarczyk et al. 2015)). Cytoscape software was used to visualize the established PPl network,

while the MCODE plugin was used for cluster analysis, Cytohubba and CentiScaPe in Cytoscape
were used to select significant modules and calculate the closeness of genes from the PPI
network (Scardoni et al. 2015).

Statistical analysis

All the experiments were carried out in triplicates, and data were presented as mean * standard
deviation (SD). Two-way ANOVA or unpaired student’s t-test was used for analysis, and a p-value
less than 0.05 was considered significant.

Results

Antiproliferative effects of CsA

The dose-response effect of CsA should be studied prior to investigating its effect at a molecular
level. MCF-7 cells were treated with different concentrations of CsA, and morphological changes
and cytotoxicity were analyzed using microscopic analysis and MTT assay, respectively (Figure 1a
& b). Morphologically, cell shrinkage, cell detachment, and cell number reduction were observed
in CsA-treated cells, with 57.18% and 43.56% reduced cell viability at 10 and 20 uM
concentrations, respectively. However, lower CsA concentrations of 2 and 5 uM did not affect
the cell viability. Further, 10 and 20 uM CsA treatment significantly inhibited MCF-7 cell colony
formation indicating antiproliferative effects of CsA, especially at higher doses (Figure 1c). We
also performed a scratch assay to determine whether CsA can inhibit cell migration. As shown in
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Supplementary Figure 1, treatment with CsA inhibited cell migration and reduced cell growth up
to 48 h compared to control cells.

DNA damaging effect of CsA on MCF-7 cells

DNA fragmentation and western blotting were performed to investigate whether CsA can induce
DNA fragmentation, leading to DNA damage. An increase in DNA fragmentation with high
molecular weight smear (with fragmented DNA ladders) was observed with increasing doses of
CsA compared to control cells which were further confirmed by analyzing the expression of y-
H2AX (Figure 2a & b), an early marker for identifying DNA double-strand breaks (DSBs) (Kinner et
al. 2008). Western blot data showed an increased expression of y-H2AX at the serine 139 in MCF-
7 cells following CsA treatment. Interestingly, lower and higher doses of CsA induced the
expression of y-H2AX compared to the control group. We also performed an RT-PCR gene
expression study to analyze p53 and p21 levels since many studies have reported a direct
correlation between y-H2AX and p53 expression (George et al. 2017; Siddiqui et al. 2020).
Treatment with lower and higher CsA concentrations significantly inhibited the p53 expression,
suggesting a p53-independent DNA damage mechanism in MCF-7 cells (Figure 2c). However,
inhibition of p21 was only observed at 2 uM concentration of CsA (Figure 2d).

CsA induces apoptotic index in MCF-7 cells

DNA damage often correlates with cell death mechanisms (Lomphithak and Fadeel 2023), and
analyzing the dose-response effect of CsA at protein and mRNA levels is crucial. Accordingly, we
investigated the dose-response effect of CsA on MCF-7 cell apoptotic markers (Figure 3a). CsA
treatment activated caspase-9 in MCF-7 cells. Treatment with all doses of CsA could cleave
caspase 9, with slightly higher activation observed at 5 uM concentration. Treatment with CsA
showed no caspase-3 expression in MCF-7 cells, as they are known to be caspase-3-deficient cells
(Wang et al. 2016). A dose-dependent inhibition of DNA methyltransferase 1 (DNMT1) expression
was observed further, indicating CsA’s role in DNA methylation, thereby dysregulating DNA
synthesis. However, a low dose of CsA could not affect the anti-apoptotic protein Bcl-XL
expression, while a high dose of 20 uM inhibited Bcl-XL expression, suggesting its role in apoptotic
activation. Furthermore, expression profiles of Bcl-2, Bak, and Bad at low and high doses of CsA
were studied at the mRNA level using RT-qPCR (Figure 3b-d). At a low dose of 2 uM, the
expression of Bcl-2 and Bak was upregulated compared to control cells suggesting apoptotic cell
death. However, 20 uM CsA dosage reversed the Bcl-2 expression indicating a possible alternate
cell death mechanism in MCF-7 cells. No significant difference was observed for Bak and Bad at
a high dose of 20 uM compared to control cells.



CsA regulates autophagy markers in MCF-7 cells

To analyze other cell death mechanisms apart from apoptosis, we analyzed the expression of
autophagy markers in MCF-7 cells upon treatment with low and high doses of CsA. Our results
showed that at a high concentration of 20 uM, CsA enhanced ATG8 expression at the mRNA level
compared to control cells (Figure 4a). A slight increase in the expression of ATG1 was observed
at low and high doses of CsA treatment (Figure 4b). A differential expression of ATG9 was
observed upon CsA treatment, where the low dose enhanced and the high dose inhibited its
expression (Figure 4c). To summarize, we observed a differential effect of autophagy markers at
low and high doses of CsA treatment suggesting its role in mediating autophagy.

The synergetic effect of CsA with SHP2/PI3K-AKT inhibitors reduces cell growth

Further, we investigated the combined effect of CsA with growth inhibitors that regulates SHP2
and AKT pathways in cancer cells. The cellular phosphatase SHP2 is a highly explored protein as
a master regulator or mediator of cancer progression (Chen et al. 2016; Rehman et al. 2019).
Therefore, we used the SHP2 inhibitor, SHP099 (Vazhappilly et al. 2019), alone or combined with
CsA to observe its effects on MCF-7 cell colonization. As expected, the colonization was reduced
when the cells were treated with CsA or SHP099 alone (Figure 5a). Interestingly, we observed no
colonies when the cells were treated with CsA and SHP099. We also analyzed CsA’s effect with
AKT inhibitor miransertib (Forde et al. 2021), alone or in combination. We observed a few
colonies in the wells treated with miransertib; combined treatment showed no colonies (Figure
5b). Together, these results indicate that CsA could effectively halt the progression of breast
cancer cells when combined with growth inhibitors.

Protein-protein interaction (PPl) between the marker and related genes

Further, to predict the targets of CsA, we performed PPI studies using PTGS2, aka COX-2, a known
target protein of CsA (Groenendyk et al. 2018). A PPl network was analyzed with PTGS2 as the
central node. The proteins were analyzed for their interactions with related proteins and their
involvement in any known metabolic pathways (Figure 6a). Accordingly, PTGS2, aka COX-2,
closely interacts with STAT3, P53, Bcl2, EGFR, and its co-regulators PTGES and ALOX proteins.
Furthermore, we performed more PPI studies with the target proteins of CsA identified in this
study, such as PPIA (cyclophilin A), DNMT1, ATG9A, and BCL2L1 (Bcl-XL). These proteins interacts
with known oncogenes and tumor suppressor proteins (Figure 6b-e). The statistics of their
interactions with initial and extended networks were presented in Supplementary Table 1-5.

Clustering analysis using the Cytoscape-MCODE tool revealed three different clusters (Figure 7a).
The protein PTGS2 (ENSP00000356438) is included in cluster 1, along with 14 other nodes having
54 edges. BCL2, CDK2, TP53, and 8 other nodes were included in cluster 2 with 36 edges. PTGIS,
PTGES, and TBXAS1 were included in cluster 3 with three nodes. Twelve proteins were not



included in any of the clusters. The top 10 direct interactors of PTGS2 in all clusters are
highlighted in Figure 7b, where C1 had eight interactors, including EGFR and STAT3, while C2 had
two direct interactors, including Bcl2. We further used the extended interaction network and
identified the hub genes, as highlighted in (Figure 7c). This revealed the important proteins p53,
STAT3, CDK2, and HSP90AA1 as hub genes in this network of PTGS2.

Discussion

CsA suppresses immune responses by inhibiting calcineurin and is widely used for facilitating
organ transplantation (Miach 1986). However, its role in cancer initiation/progression remains
controversial. Several studies presumed that overdose or higher concentrations of CsA could
cause unwanted toxic effects, leading to cancer initiation (Hojo et al. 1999; Landewé et al. 1999;
Thoms et al. 2011; Ershad et al. 2023). Therefore, understanding the dose-response mechanism
of CsA during various treatments is essential. In the present study, we investigated the dose-
response effect of CsA in MCF-7 breast cancer cells using various in vitro assays.

To investigate the effect of CsA, we initially analyzed the cytotoxic effect of CsA on breast cancer
cells, especially at higher doses. Even though the cytotoxic nature of CsA has been reported
before in many cancer cells (Jiang et al. 2012; Kawahara et al. 2015), it is essential to understand
its effects at various lower and higher doses. Our results indicated that CsA was non-cytotoxic at
lower concentrations (2 and 5 uM) and affects cell viability significantly at higher concentrations.
As reported previously, this observed cytotoxicity could be attributed to the downregulation of
PKM2, c-Myc, and PCNA in breast cancer cells leading to less ATP generation (Jiang et al. 2012).
In addition, the expression of c-Myc and PCNA has been shown to be downregulated by CsA
through inhibition of the calcineurin/NFAT pathway. c-Myc and PCNA are essential regulators of
cell proliferation in cancer cells (Masuo et al. 2009). The non-cytotoxic low dose of CsA was
previously reported for its beneficial effects in treating rheumatoid arthritis and psoriasis (Lowe
et al. 1996; Tanaka and Tsujimura 2002). Further, our observed cytotoxic effect of CsA was
consistent with colony-inhibiting potential at a higher dose in MCF-7 cells, confirming its
significant anti-proliferative effect, particularly at higher concentrations. The cytotoxic nature of
many anticancer drugs is often associated with anti-migratory properties (Gandalovicova et al.
2017; Dhyani et al. 2022), and CsA was found to inhibit cell migration slightly at lower doses, and
higher doses showed dysregulated cell morphology suggesting cell death. Previous studies have
shown that CsA can inhibit human prostate cancer growth and migration by inhibiting COX-2
expression, a pro-metastatic protein overexpressed in cancer tissues (Guo et al. 2015; Cevik et
al. 2019).

Anticancer drugs induce cell death using different mechanisms in cancer cells (Olivier et al. 2021;
loele et al. 2022). Accordingly, we observed a differential expression of DNA damage and



apoptotic index with CsA treatment in MCF-7 cells. Increased DNA fragmentation and enhanced
v-H2AX were observed with increasing concentrations of CsA, indicating signs of early DSBs. A
caspase 9-mediated cell death was observed at all concentrations, particularly at 5 uM,
suggesting its role in inducing cell death. Caspases trigger mitochondrial-mediated cell death
mechanisms, such as apoptosis (Tait and Green 2013). Interestingly, the pro-apoptotic protein
Bcl-XL was inhibited only at a higher dose of 20 uM, indicating a higher dose requirement to
activate mitochondria-mediated apoptosis in MCF-7 cells (Popgeorgiev et al. 2018). In contrast,
CsA was reported earlier for inhibiting apoptosis by preventing the release of cytochrome C in
human endothelial cells at 10 uM (Walter et al. 1998), indicating the possibility of using a higher
dose to induce mitochondria-mediated apoptosis.

Furthermore, DNA methylation inhibition, specifically DNMT1, was associated with impaired DNA
synthesis, which correlated with p53-mediated DNA damage and apoptosis (Jin and Robertson
2013; Siddiqui et al. 2020; Laranjeira et al. 2023). Interestingly, a lower dose of 2 uM indicated
signs of apoptotic-mediated cell death and enhanced expression of anti-apoptotic proteins, such
as Bcl2, Bak, and Bad. However, Bcl2 expression was inhibited at a higher dose, suggesting an
apoptotic mode of cell death. A similar observation was also noted by Kim et al. in rat pituitary
GH3 cells (Kim et al. 2014). We also observed p21 upregulation at low concentrations indicating
the cell cycle arresting potential of CsA (Lally et al. 1999; Flores et al. 2019). However, CsA showed
no differential p53 expression at tested lower or higher doses, implying a p53-independent
mechanism of cell death in MCF-7 cells in response to DNA damage/stress (Etti et al. 2017).

It is interesting to note that phenotypically upregulated Bcl-2 was identified as a close interactor
of PTGS2, a target of CsA, through PPI networking analysis. This confirms the role of PTGS2 in
regulating apoptotic pathways in response to CsA activity in MCF-7 cells. Among the three
clusters identified, EGFR and STAT3 were in the main cluster along with PTGS2. EGFR is known
for its involvement in various downstream signaling pathways, such as MEK-ERK, PI3K-AKT, p38,
STAT, and JNK (Wee and Wang 2017). In addition, STAT3 activation could also occur independent
of EGFR signaling, enhancing the importance of STAT3 activation in tumor growth (Tan 2011).
Therefore, inhibition of STAT3 and EGFR limits cancer cell proliferation.

Cluster 2 consisted of proteins, including Bcl2, CDK2, and p53. The phenotypic studies proved the
dose-dependent effect of CsA on Bcl2 and the dose-independent inhibition of p53. These results
were reflected in the PPl network, confirming the effect of CsA on Bcl-2 and p53 via PTGS2.
Similarly, PTGIS, PTGES, and TBXAS1 were included in cluster 3 with three nodes. PTGES is a
classical ER target gene in MCF-7 cells (Frasor et al. 2008). PTGIS and TBXAS1 are involved in
prostaglandin synthesis and need to be studied further for their role in the CsA mechanism of
action in MCF-7 cells. To the best of our knowledge, this is the first study to analyse the PPI



network of PTGS2 and its associated interacting proteins for the effect of CsA. Interestingly, when
we performed the protein interaction network analysis with the identified targets of COX-2, we
found the association of these targets with the known oncogenes. For example, PPIA (Cyclophilin
A) interacted with a known oncogene BRCA1, and DNMT1 interacted with cell cycle regulators
such as CDK4 and E2F3 and anti-apoptosis marker TP53. ATG9A interacted with BCL2 and BCL2L1
(apoptosis regulators). Lastly, BCL2L1 interacted with cell cycle regulator CDK2, anti-apoptosis
marker TP53, and its negative regulator MDM2. These results showed that CsA regulates genes
and proteins interacting with cell cycle regulators and apoptosis.

We also investigated the expression of autophagy markers since CsA is known to regulate
apoptosis and autophagy (Ciechomska et al. 2013; Kim et al. 2014). CsA enhanced the expression
of ATG8 and ATG9 at a low dose of 2 uM. ATG8 and ATG9 play a crucial role in autophagy by
regulating the outgrowth of autophagosomal membranes (Slobodkin and Elazar 2013; Zhuang et
al. 2017). Further, a slight increase in the expression of ATG1 was observed with CsA treatment
suggesting its involvement in activating ATG9 (Papinski et al. 2014). The induction of ATG1 was
known to inhibit cell growth and induce cell death (Scott et al. 2007). However, inhibition of the
ATG9 gene was observed at a higher dose of 20 uM and could be associated with apoptotic
induction rather than autophagy in MCF-7 cells, and was evident earlier, as 20 uM of CsA
treatment showed DNA damage, caspase 9 activation, and Bcl-2 inhibition.

Various reports have described the possible synergetic effect of CsA with other drugs in tumor
inhibition (Kim 2010; Wu et al. 2022). SHP2 activation via PI3K/AKT pathways is well-studied in
breast cancer cells and remains a challenge in breast cancer treatment (Zhou et al. 2008; Yuan et
al. 2020). Therefore, we investigated the combined effect of CsA on growth inhibitors. Treatment
with CsA and SHP099 or miransertib inhibitors showed no colony growth in MCF-7 cells
suggesting its potential use as an adjuvant during breast cancer therapy. Moreover, a similar
study combining CsA with crizotinib inhibited Ca?*/calcineurin/Erk pathway and proposed its use
for the targeted treatment of patients with MET-amplified lung cancer (Liu et al. 2019). However,
further studies are required to extend its use into animal and clinical settings to prove its
synergetic effect.

Conclusions

Our results indicated that CsA, an immunosuppressant, possesses anticancer properties and can
inhibit MCF-7 cell growth by inducing apoptosis and autophagy. However, the dose-response
mechanism of CsA should be considered when used for different treatments. Our results
suggested that CsA exhibits differential effects on apoptotic and autophagy markers at different
concentrations. Moreover, using CsA as an adjuvant, along with growth inhibitors may provide a
better therapeutic strategy for managing different breast cancer phenotypes.
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Figure legends:

Figure 1: Antiproliferative effect of CsA. A) Morphological changes after treatment with different
concentrations of CsA. B) Cell viability effects of CsA on MCF-7 cells with different concentrations as
analyzed by MTT assay. C) Quantified data for the number of colonies in MCF-7 after CsA treatment. Data
presented M * SD. Asterisk indicated statistical significance (p < .05)

Figure 2: CsA induces DNA fractions and damage. A) Agarose gel electrophoresis image showing DNA
fractions/laddering after treatment with CsA with different concentrations for 48 hrs and control
untreated cells. B) Western blot for p-H2AX DNA damage marker protein and p53 after treating MCF-7
cells with different concentrations of CsA along with beta-actin as a loading control. C&D) Relative mRNA
expression levels of p53 and p21 in MCF-7 cells after treatment with low and high doses of CsA over
GAPDH as an internal loading control. Data presented M + SD. Asterisk indicated statistical significance (p
<.05)

Figure 3: CsA alters apoptotic index in MCF-7 cells. A) Western blot data for cleaved caspase-9, caspase-
3, DNMT-1, and Bcl-XL expression and beta-actin as a loading control. B, C&D) Relative mRNA expression
levels of Bcl2, Bad, and Bak, respectively, in MCF-7 cells after treatment with low and high doses of CsA
over GAPDH as an internal loading control. Data presented M * SD. Asterisk indicated statistical
significance (p < .05)

Figure 4: CsA regulates different autophagy markers. A, B &C) Relative mRNA expression levels of ATGS,
ATG1, and ATG9 in MCF-7 cells after treatment with low and high doses of CsA over GAPDH as an internal
loading control. Data presented M + SD. Asterisk indicated statistical significance (p < .05)

Figure 5: Synergetic growth inhibition potential of CsA. A&B) CsA treatment alone or in combination with
SHP099 or miransertib growth inhibitors showed significant inhibition of colonies in MCF-7 cells. Data
presented M £ SD. Asterisk indicated statistical significance (p < .05)

Figure 6: Protein-protein interaction network analysis of A) PTGS2 (ENSP00000356438), B) cyclophilin a,
C) Bcl-XL, D) DNMT1, and E) ATG9A.

Figure 7: Gene interaction network clustering analysis of PTGS2 (ENSP00000356438) protein: A) Three
clusters were identified using Cytoscape-MCODE tool. The gene PTGS2 is included in cluster 1 along with
14 other nodes having 54 edges. The cluster included other direct interactors such as EGFR and STAT3. B)
The ten direct interactors of the PTGS2 gene were highlighted. Cluster C1 has eight interactors, followed
by C2 with two nodes. C) The top 10 genes with a maximum number of direct interactors were identified
using the Cytoscape-Cytohubba tool.



