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Ellagic Acid Induces DNA Damage and Apoptosis in Cancer Stem-
like Cells and Overcomes Cisplatin Resistance

Tanima Mandal, Devendra Shukla, Subhamoy Pattanayak, Raju Barman, Rahail Ashraf,
Amit Kumar Dixit, Sanjay Kumar, Deepak Kumar, and Amit Kumar Srivastava™

I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2024, 9, 48988-49000

ACCESS | m Metrics & More ’ Q Supporting Information

ABSTRACT: Cancer stem cells (CSCs) are responsible for chemoresistance and tumor
relapse in many solid malignancies, including lung and ovarian cancer. Ellagic acid (EA), a
natural polyphenol, exhibits anticancer effects on various human malignancies. However, its
impact and mechanism of action on cancer stem-like cells (CSLCs) are only partially
understood. In this study, we evaluated the therapeutic potential and underlying molecular
mechanism of EA isolated from tropical mango against CSLCs. Herein, we observed that
EA treatment reduces the stem-like phenotypes in cancer cells, thereby lowering the cell
survival and self-renewal potential of ovarian and lung CSLCs. Additionally, EA treatment
limits the populations of lung and ovarian CSLCs characterized by CDI133" and
CD44'CD117", respectively. A mechanistic investigation showed that EA treatment
induces ROS generation by altering mitochondrial dynamics, causing changes in the levels
of Drpl and Mfn2, which lead to an increased level of accumulation of DNA damage and
eventually trigger apoptosis in CSLCs. Moreover, pretreatment with EA sensitizes CSLCs
to cisplatin treatment by enhancing DNA damage accumulation and impairing the DNA repair ability of the CSLCs. Furthermore,
EA pretreatment significantly reduces cisplatin-induced mutation frequency and improves drug retention in CSLCs, potentially
suppressing the development of acquired drug resistance. Taken together, our results demonstrate an unreported finding that EA
inhibits CSLCs by targeting mitochondrial function and triggering apoptosis. Thus, EA can be used either alone or in combination
with other chemotherepeutic drugs for the management of cancer.
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1. INTRODUCTION

Cancer is a generic term for diseases with certain hallmarks,
such as rapid cell proliferation, malignancy, and neoplasm. The
most common causes of cancer-related deaths are lung, colon,
rectum, liver, breast, and ovarian cancer (OC)." Tumor relapse
and chemoresistance significantly contribute to many cancer-
related deaths.” Several studies demonstrated that cancer stem
cells (CSCs) contribute to development of secondary tumor
and chemoresistance.” Conventional chemotherapeutics fail to

thins.'”"" Additionally, it is widely believed that combination
therapy could improve cancer treatment by addressing the
concern of chemoresistance and reduced drug sensitivity."”
Additionally, combinatorial drug therapy lessens the toxicity
induced by traditional anticancer chemotherapeutics drugs.
Several studies have demonstrated that cisplatin is used in
conjunction with other medications to overcome its toxicity."
Combinatorial drug therapy is a better alternative to combating
the disease crisis.

eliminate the CSC pools. There is an urgent requirement to
develop a therapeutic strategy to eradicate the CSC
population.

Phytochemicals are plant-derived, natural, biologically active
chemicals synthesized by plants as a natural defense against
pathogens and predators” and widely used in treating various
diseases, including cancer.’ Ellagic acid (EA) is a dietary
polyphenol that belongs to the ellagitannin family (ETs). It
may be present in either free form or as ellagitannin in a variety
of edible plants such as mango, strawberries, cranberries,
blueberries, edible mushrooms, pomegranate, grapes, walnuts,
tea, etc’™ After consuming EA-containing plants/plant
products, human gut microbiota metabolizes the ETs and EA
into urolithins.” Previous studies have demonstrated the anti-
inflammatory and anticancer activities of EA and uroli-
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Nonsmall cell lung carcinoma (NSCLC), and ovarian cancer
account for the most deaths because of low sensitivity to
conventional chemotherapy.'* Tumor relapse is one of the
primary reasons for low survival rate in the past few years."”

16
’ Thus, we

Mangifera indica contains a higher amount of EA.
used M. indica seeds to isolate EA and characterize it.

Furthermore, we studied the therapeutic potential and
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underlying molecular mechanism of EA against ovarian and
lung CSLCs using in vitro 2D and 3D models.

2. METHODS AND MATERIALS

2.1. Isolation and Characterization of EA. The seeds of
the plant were collected from the locality of Jadavpur-Kolkata
in July 2018 and authenticated as M. indica L. by the Central
National Herbarium, Botanical Survey of India, Howrah. A
herbarium specimen is preserved in the laboratory for future
reference (IICB/DK/001). The fresh seeds were cut into
pieces (300 g) and extracted with methanol at room
temperature (1000 mL X 3; 72 h each time). The resultant
extract was filtered and concentrated to afford the methanolic
extract (90 g), which was further fractionated into ethyl acetate
and aqueous fractions. The ethyl acetate fraction (30 g) was
chromatographed over diaion HP20 and eluted with water:
methanol (50:50; 3 L; 100 mL fractions) and methanol (2.25
L; 50 mL fractions). Based on TLC analysis, fractions 3—8, 9—
14, 15-32, 33—34, 35—40, and 41—58 were mixed. Mixed
fraction 9—14 (9.2 g) led to the isolation of a pale yellow-
colored amorphous solid (2.2 g), which displayed a single spot-
on TLC. The isolated compound was subjected to
spectroscopic characterization:

[ESL-MS +ve: 303.0128 [M + H]*; 'H NMR (DMSO-d,,
400 MHz): 7.46 (1H, s); 3*C NMR (DMSO-d,, 100 MHz): &
159.16 (—C), 148.14 (—C), 139.60 (—C), 13641 (—C),
112.34 (—=C), 110.26 (—CH), 107.68 (—C)] (Figures S1—S3).

2.2. HPLC Analysis. The isolated EA was subjected to
purity analysis using Ascentis C18, 25 cm X 4.6 mm, 5 ym
column as the stationary phase and a gradient of A: water
(0.1% formic acid) and B: acetonitrile {A/B—90:10 v/v (0
min); $0:50 v/v (20 min); 50:50 v/v (23 min); 90:10 v/v (25
min); 90:10 v/v (30 min)} as the mobile phase (1 mL/min)
using a Shimadzu HPLC system (Figure S4).

2.3. Cells and Reagents. A549 (lung cancer), A2780, and
SKOV3 cells (ovarian cancer) were generously provided by
Prof. Ramesh Ganju’s lab, The Ohio State University,
Columbus, USA. The C13 cell line was provided by Prof.
Qi-En Wang, The Ohio State University, Columbus, USA.
These cells were cultured in the recommended RPMI medium
(Gibco) and supplemented with 0.5% penicillin/streptomycin
(Gibco) and 10% fetal bovine serum (Gibco). The cells were
maintained in a 5% CO, incubator at 37 °C. Additionally,
AS549 cells were sorted using anti-CD133 beads through the
MACS column (Miltenyi Biotec). A mycoplasma test was
conducted using a kit (Lonza) at regular intervals before
performing experiments. Cell lines below passage number 20
were used for the study. Cisplatin was purchased from Sigma-
Aldrich.

2.4. Spheroid Formation Assay. SKOV3 and A549 cells
were cultured in a 6-well ultralow dish (Corning) at a density
of 1000 cells per well with CSC-specific media containing
DMEM/F12 Knockout media, 20% knockout serum replace-
ment (Gibco) and growth factors such as 10 ng/mL bFGF, 10
ng/mL EGF, and insulin. The cells were maintained at 37 °C
in a 5% CO, incubator. After 7 days, spheroids were treated
with various concentrations (0, 5, 10, 25, and 50 uM) of EA
dissolved in DMSO for 48 h, while DMSO (0.5% v/v)
treatment was used as a vehicle control. Darkfield images of
spheroids were captured by the Olympus CKXS53 inverted
microscope.

2.5. Cell Viability Assay. Adherent A549 and SKOV3
cells, as well as CSLCs, were seeded at a density of 5000 cells/

well in regular and ultralow attachment 96-well plates,
respectively. A549 and SKOV3 cells were treated with various
doses of EA dissolved in DMSO, such as 5, 10, 25, and 50 uM
for 24 h. CSLCs were treated with EA (S, 10, 20, and 50 uM)
for 24 h. DMSO (0.5%, v/v) was used as a vehicle control. The
media were removed, and the cells were washed with PBS.
MTT solution at a final concentration of S mg/mL was added
per well and incubated for 4 h. Afterward, 100 yL of DMSO
was added to each well of a 96-well plate and kept on a shaker
for 10 min. O.D. (570 nm) was measured using a MultiSkan
FC microplate photometer (Thermo Fisher Scientific, Inc.).

2.6. Live—Dead Assay. AS549-CD133* and SKOV3-
spheroids were cultured in an ultralow attachment six-well
plate (Corning) at a density of 0.2 X 10° cells/well. CSLCs
were treated with various doses of EA (S, 10, 25, and S0 uM)
for 48 h. Additionally, CSLCs were pretreated with a lower
concentration of EA (5 uM) for 24 h, followed by cisplatin (10
uM) for 12 h for combinatorial studies. Furthermore, the cells
were incubated in fresh medium for an additional 36 h.
Afterward, the medium was removed and cells were washed
with 1X chilled PBS. Cells were stained with propidium iodide
(5 uM) and acquired by BD FACS Diva located at the CSIR-
IICB TRUE campus. Data were reanalyzed by FlowJo
software.

2.7. Flow Cytometry Analysis of Stem Cell Markers.
Anti-CD117 PE-conjugated (Miltenyi Biotec cat. no. 130-127-
173), anti-CD44 FITC-conjugated (Miltenyi Biotec cat. no.
130-113-903) for SKOV3, and anti-CD133 PE-conjugated
(Miltenyi Biotec cat. no. 130-110-962) for A549 were used for
flow cytometric analysis to determine the percentage of CSCs
present within the cancer cells. Following treatment with EA,
cisplatin, or a combination, cells were stained with antibodies
and incubated in the dark for 30 min at 4 °C. Subsequently,
cells were washed with PBS and resuspended in 250 uL of 2%
BSA and analyzed using flow cytometry BD FACS Diva. Data
were reanalyzed by FlowJo software.

2.8. Real-Time PCR Analysis. CSLCs were treated with
either DMSO or EA (25 uM) for 48 h. TRlzol reagent
(Invitrogen cat. no. 15596026) was used to isolate the total
RNA. Further, cDNA synthesis was carried out using a cDNA
reverse transcription kit (Applied Biosystems cat. no. 4368814)
and followed by qPCR using Fast SYBR Green PCR Master
Mix (Applied Biosystems cat. no. 4385612) on the
QuantStudio 3 Real-Time PCR System applied biosystem
located at the central facility of the CSIR-IICB TRUE campus
with the following primers: Sox2, forward, S5'-AC-
CGTGATGCCGACTAGAAA-3', reverse, 5'-
GCGCCTAACGTACCACTAGAA-3'; Oct4, forward,S’-
GAAGTTGGAGAAGGTGGAACC-3’, reverse, 5'-
CCTTCTGCAGGGCTTTCATA-3'; Nanog, forward, 5'-
TGCTACTGAGATGCTCTGCAC-3’, reverseS’-
GGGCTATCTTGAAGAGGTAGGTC-3'; ABCC2, for-
ward,5’-AGTGAATGACATCTTCACGTTTG-3/, reverse, 5'-
CTTGCAAAGGAGATCAGCAA-3’' 18S, forward, 5'-
GCAATTATTCCCCATGAACG-3' , reverse, S-TGTA-
CAAAGGGCAGGGACTTA-3.

2.9. Determination of the Intracellular ROS Level.
AS549-CD133* and SKOV3- spheroids (0.5 X 10°) cells were
seeded in a 6-well ultralow attachment dish (Corning) with a
cancer stem cell-specific medium. Cells were treated with
either DMSO or EA (S, 10, and 25 uM) for 24 h. Intracellular
ROS levels were measured using a commercially available kit
(ENZO cat. no. 51011) as per the protocol suggested by the
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manufacturer. Briefly, cells were stained with the ROS
detection reagent (2,7-dichlorofluorescein diacetate dye) and
acquired by flow cytometry.

2.10. yH2AX Detection. To quantify the extent of DNA
damage, A549-CD133" and SKOV3- spheroids were treated
with various doses of EA for 48 h, while control cells were
treated with DMSO alone. The single-cell suspension obtained
from spheroids via gentle pipetting was fixed in 4%
paraformaldehyde. Further, cells were permeabilized with the
help of 0.1% Triton-X and incubated on ice for 10 min.
Washing was done twice with 1X PBS and staining was
performed using the yH2AX (Miltenyi Biotec cat. no. 130-130-
829) antibody. Cells were resuspended into 250 uL of PBS and
analyzed through flow cytometry.

Furthermore, a DNA repair kinetics study was performed
following the treatment of CSLCs with DMSO, EA, cisplatin,
and combination. After 12 h of treatment, cells were allowed to
recover for 3 h and were then fixed, permeabilized, washed,
and stained as per the protocol mentioned above. The
percentage of yH2AX formation was determined by using
flow cytometry.

For immunofluorescence studies, cells were grown on
coverslips in a 6-well plate at a density of 2 X 10° cells/well
and allowed to adhere for 24 h. Cells were treated with EA,
cisplatin, or a combination of both. Coverslips were removed
with the help of sterile forceps and washed with 1X PBS, and
cells were fixed with 4% paraformaldehyde. Cells grown on
coverslips were stained with the yH2AX antibody (Cell
Signaling Technology cat. no. 9718S) and images were
acquired with a confocal microscope (Zeiss, LSM 980) located
at the central facility of CSIR-IICB, TRUE campus, Kolkata.

2.11. Live—Dead Imaging. The cells were seeded in a 6-
well ultralow attachment plate at the density of 10,000 cells per
well and grown in CSC media for 10 days. Spheroids were
treated with various concentrations of EA for 48 h. After that,
the cells were washed with 1X PBS and then resuspended in
CSC media lacking serum. CFDA dye (Invitrogen cat. no.
V12883) and PI stain were added to the cells and kept for
incubation for 20 min in the dark. The images were acquired
by a ZOE fluorescence imager (Bio-Rad, USA).

2.12. Colony Formation Assay. A549 and SKOV3 cells
were grown at a density of 0.2 X 10° cells/60 mm dish in 3 mL
of RPMI complete media. After 24 h, EA solution (S, 10, 25
1uM) was added to the cells and incubated for 24 h after which
cells were seeded at a density of 1000 cells/well in the 6-well
plate with a fresh complete culture medium. After 10 days,
AS549 and SKOV3 cells were fixed for 45 min in 4%
paraformaldehyde solution (Sigma-Aldrich) and stained with
0.5% (v/v) methylene blue (Sigma-Aldrich USA) for 3 h.
Colonies obtained were counted and the results were
expressed in terms of colony formation efficiency (CFE) % =
{(no. of colonies counted/no. of cells seeded) X 100}.

2.13. Immunoblotting. SKOV3, A2780, and AS49
spheroids were treated with EA for 48 h. After that, whole
cell lysate was extracted by sonicating the CSLCs aggregate in
a RIPA buffer. The obtained protein samples were quantified,
and equal amounts of proteins were resolved by using SDS-
PAGE and then transferred to a methanol-activated PVDF
membrane. Protein bands were immunodetected using anti-
pS3 (Cell Signaling Technology: CST cat. no. 2527T), anti-
Cleaved Caspase3 (CST cat no. 9664T), anti-pERK (Santa
Cruz 7383), antitotal- ERK (CST cat no. 9102S), anti-Mfn2
(CST cat. no. D2D10), anti-Drpl (CST cat. no. 8570), anti-

GAPDH (CST cat. no. 2118S), and anti-f-actin (CST cat. no.
4970).

2.14. Annexin V/Pl Assay. AS549-CD133* cells were
seeded at a density of 0.2 X 10° per well in a 6-well ultralow
attachment plate and grown in CSC selective media for 10
days. The spheroids formed were treated with various doses (0,
5, 10, 25 uM) of EA for 48 h. The cells were pipetted gently to
get single cell suspension and centrifuged for 5 min at 1500
rpm, then resuspended into binding buffer, and then Annexin
V and PI (BD Biosciences cat. no. 556547) stains were added
and incubated in the dark for 15 min and subjected to flow
cytometry analysis.

2.15. Hypoxanthine-Guanine Phosphoribosyl Trans-
ferase Mutagenesis Assay. The hypoxanthine-guanine
phosphoribosyl transferase (HPRT) mutagenesis assay was
performed following the method described by Zhu et al,.'”
Briefly, A549 cells were treated with EA (S M), cisplatin (10
uM), or pretreated with EA (5 uM) followed by cisplatin (10
uM). The cells were then selected for HPRT mutants by
treating them with 6-thioguanine (6-TG) for 10 days.
Afterward, the cells were fixed in 4% paraformaldehyde and
stained with 0.5% methylene blue. The number of 6-TG-
resistant clones was then counted.

2.16. Statistical Analysis. One-way ANOVA and
unpaired Student’s t-test were performed to analyze the data.
The data were represented as mean + SD with a significance
level of p < 0.05.

3. RESULTS

3.1. Isolation and Characterization of EA. The ethyl
acetate fraction after purification resulted in the isolation of
one major compound. The isolated compound was charac-
terized as EA by comparing the NMR data with those reported
in the literature.'® Additionally, on HPLC analysis, it was
found to be more than 99% pure (Figure S4).

3.2. Isolation and Characterization of the Lung and
Ovarian CSLCs and Anticancer Activity of EA. Cancer
cells, when grown in a serum-free medium added with specific
growth factors form spheroids, exhibiting enriched CSCs
properties.'” Similar to previous report,”’ A549-CD133" cells
were sorted from the A549 cell line with the help of magnetic
beads (Miltenyi Biotec cat. no. 130-100-857) as per protocol
provided by the manufacturer. Numerous studies have
demonstrated that CD133* could be considered as cancer
stem-like cells in lung cancer.”® SKOV3 cells were grown in
CSC-specific media to develop SKOV3- spheroids, exhibiting
enhanced stem cell-like properties (Figure SSA—C). Higher
expression of stem cell markers such as Nanog, Oct-4, and Sox-
2 and lower levels of reactive oxygen species (ROS) were
noticed in CSLCs (AS49-CD133" and SKOV3- spheriods)
compared to their bulk cells (AS49 and SKOV3) (Figure
SSD—I). The cytotoxic activity of pure EA was assessed on
spheroids enriched with CSC-like (3D) cells and bulk
(monolayer) cells in SKOV3 and AS49 after 24 h of treatment,
respectively. The MTT assay also confirms the higher resistant
phenotype of AS49-CD133" (ICy, 53.63 uM) and SKOV3-
spheroids (ICs, 47.43 uM) compared to AS49-CD133°(ICs,
17.44 uM) and SKOV3 (ICy, 19.4 uM) adherent cells,
respectively (Figure S6A,B). The clonogenic assay showed a
reduced colony-forming efficiency in cells subjected to EA
treatment, further confirming the cytotoxicity of EA against
cancer cells (Figure S7A,B).
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Figure 1. EA treatment reduces lung and ovarian CSLCs in vitro. Representative images of A549 CD133" (A) and SKOV3- spheroids (B) treated
with different doses of EA (0—50 uM) for 48 h. Scale bar = 100 pm. (C) AS49 and (D) SKOV3 cells were treated with either DMSO or EA (25
and 50 uM) for 24 h, further cells were incubated in fresh medium for an additional 24 h. Flow cytometry analysis was performed to analyze the
percentage of CD133" and CD44"CD117", respectively. Representative contour plots showing CD133" and CD44*CD117" populations in
corresponding graphs, respectively. (E,F) EA treatment (25 uM for 48 h) significantly reduces the expression of stem cell markers genes such as
Oct4, Sox2, and Nanog in CSLCs. N=3, Bar, SD; *P < 0.05, **P < 0.01 and *** (P < 0.001).

3.3. EA Treatment Depletes Lung and Ovarian CSLCs
In Vitro. It has been reported that CD133"*° and
CD44*CD117**" are believed to be typical surface stem cell
markers for A549 and SKOV3 cells, respectively. Furthermore,

48991

CSC-enriched cell populations display enhanced sphere
formation ability and resistance to chemotherapeutic agents.
To assess the impact of EA on CSLC cells, AS49 CD133" and
SKOV3 spheroids treated with EA (0, S, 10, 25, or S0 uM) for
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Figure 2. EA treatment alters mitochondrial dynamics, leading to the accumulation of intracellular ROS and DNA damage. Western blot analysis of
the protein levels of Mfn2, Drpl, total-ERK, and p-ERK in the (A) A2780 monolayer, (B) A2780 spheroids, and (C) SKOV3 spheroids cells;
AS549-CD133" (D,E) and SKOV3- spheroids (F,G) were treated with different concentrations of EA (0, S, 10, 25 uM) for 24 h. Intracellular ROS
accumulation was determined using flow cytometry. Representative histograms and corresponding bar diagrams showing ROS level in CSLCs;
AS549-CD133"* (H) and SKOV3- spheroid (I) cells were treated with different doses of EA for 48 h. yH2AX accumulation was detected through
flow cytometry to evaluate the extent of DNA damage induced by EA. Representative contour plots obtained from flow cytometry analysis showing
the percentage of yH2AX positive cells. Data was reanalyzed using FlowJo software. In all graphs, the results are represented as mean + SD of
triplicate experiments. **P < 0.01, and ***P < 0.001.
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Figure 3. EA treatment induces cell death in lung and ovarian CSLCs via inducing apoptosis A549-CD133" (A) and SKOV3 spheroids (B) were
treated with different doses (0—50 yM) of EA for 48 h. The percentage of cell death was determined using flow cytometry. Representative contour
plots obtained from flow cytometry analysis showing the percentage of dead cells. Data were reanalyzed using Flow]Jo software. Live—dead staining
using CFDA (green) and propidium iodide (red) following EA treatment (0, S, 10, 25, SO uM) in AS49-CD133* cells (C) and SKOV3- spheroids
(D). Images were captured with a ZOE fluorescence microscope (Scale bar = 100 ym). Reanalysis was performed using Image]J software. The
AS49-CD133" (E) were treated with different doses of EA (0, S, 10, 25 uM) for 48 h. Viable cells, early apoptotic, and late apoptotic cells were
represented by the lower left quadrant (Annexin-V~/PI”), lower right quadrant (Annexin-V*/PI”), and upper right (Annexin-V*/PI*) quadrant,
respectively. The corresponding graph shows the percentage of early and late apoptotic cells following EA treatment. N=3, Bar, SD;**P < 0.01, and
**%*P < 0.001.

48 h were imaged using a microscope (Olympus microsystem in the dimensions and morphology of the spheroids were
imager). As depicted in Figure 1A,B, less remarkable changes observed at lower concentrations (S yM), whereas increasing
48993 https://doi.org/10.1021/acsomega.3c08819

ACS Omega 2024, 9, 48988—49000


https://pubs.acs.org/doi/10.1021/acsomega.3c08819?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08819?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08819?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08819?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

A549 - CD1I33+

B SKOV3 Spheroids
A ——ennsenatllll EA (25- 50 puM) C EA
_ + + ___ EA {25- 50 uM) l
ps3 e : - ﬁ
# pe3 anZ/ \ \ Drp1
GAPDH [ s— — FNRITRN [Prp—— -
- —eeenneatlill EA (25- 50 V1) e EA (25- 50 M) I
Cleaved I — - h Cleaved ’
Caspase 3 Caspase 3 ‘
DNA di
GAPDH I--- carpn | - —— |
A549 - CD133+ SKOV3 Spheroids Apoptosis
Reduced stemness
D As49 5
) . —
T a
1.21% 3.70% 0.32% &
T & 3
2 o
w
rid al . ] 2
i 8; 5 1
L k- o
- < s o
R e
PE-CD133 ST g o
Q,V'
E skovs
A gs — ——
~ x
phv 1.08% 2.08% 0.57% | H1.0
a3 ]
3 3
4 ﬂ_ g o®
- ) = 5
= 0.0
> < 3
FITC-CD44 A
F A549-CD133+
J J J J 80
=
4
3 2.89% ] 8.32% 9 25.8% 3 63.6% S e0
T -
ol ] ] 3 T 0
3 EN ] ] ‘ i L 9
j i &l ) = © 20
l ’ Control EA CIS EA+CIS
. Propidium lodide
G SKOV3-spheroids
] 0.54% ] 4.84% E 21.3% ] 67.2%
I- 4 4 4 E
Q
- E E E ]
(198 ik ot
1 & i i 1 3
R bt AT
. - . . Control EA CIS EA+CIS
B>

Propidium lodide

Figure 4. EA triggers the pro-apoptotic pathway in CSLCs. The combinatorial treatment of EA and cisplatin blocks cisplatin induced-CSLCs
enrichment and enhances cell death in CSLCs. Western blot analysis of the protein levels of p5S3 and cleaved caspase 3 in A549-CD133* (A) and
SKOV3- spheroids (B) following EA treatment. (C) The schematic diagram highlights the possible pathway for EA-induced apoptosis and CSC
depletion. Pretreatment of EA (S uM for 24 h) followed by cisplatin treatment (10 uM for 12 h) significantly blocked the enrichment of CSLCs.
Representative contour plots showing (D) CD133* and (E) CD44'CD117" percent enrichment through flow cytometry analysis. DMSO, EA,
cisplatin, and EA + cisplatin treatment-induced cell death in (F) AS49-CD133"* and (G) SKOV3 spheroid cells was analyzed through flow
cytometry. N=3, Bar, SD; **P < 0.01, and ***P < 0.001.
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concentrations of EA (10, 25, and 50 M) led to a significant
change in the size and morphology of the spheroids compared
to the vehicle control. This indicates the inhibitory effects of
EA on the sphere formation ability, which is a key property of
CSCs. To further validate the effect of EA on the lung and
ovarian CSC properties, we determined the percentage of
A549-CD133" and SKOV3-CD44"CD117" cells after treat-
ment with EA (25 and 50 uM) for 24 h, respectively. Our data
showed that EA treatment reduces the abundance of CSLCs in
a dose-dependent manner in vitro (Figure 1C,D), indicating
that EA can disrupt lung and ovarian CSCs.

CSCs exhibit elevated expression of stem cell marker genes,
such as Nanog, Sox2, and Oct4, important for self-renewal,
proliferation, and maintenance of the embryonic stem cell
population.”” To determine if EA can inhibit the expression of
these stem cell markers in CSLCs, we sorted AS49-CD133"
and A549-CD1337 cells from the A549 cell line using magnetic
beads. Additionally, SKOV3 spheroids were developed by
growing SKOV3 cells in cancer stem cell-specific medium for
10 days. Subsequently, these cells were then treated with either
DMSO or EA for 48 h. As shown in Figure 1E,F, EA treatment
considerably reduced the expression of stem cell marker genes.

3.4. EA Treatment Alters Mitochondrial Dynamics
and Induces ROS Generation in Ovarian and Lung
CSLCs. To assess whether EA treatment induces changes in
mitochondrial dynamic regulators, we treated A2780 mono-
layer cells, A2780 spheroids, and SKOV3 spheroids with
varying concentrations of EA. Western blot analysis confirmed
that EA induces significant alterations in Drpl expression in a
concentration-dependent manner (Figure 2A—C). Addition-
ally, slight changes in Mfn2 expression were also observed.

Mitochondrial dynamics, a balanced fission and fusion event,
determine mitochondrial morphology, which, in turn, shapes
mitochondrial functions. The fission process is regulated by
Drpl, recruited by adapter proteins such as Fis1, Mid-49, and
51, while Mfnl & 2 and OPALl control fusion events. Any
disturbance in the balance of these events can lead to
mitochondrial dysfunction. Notably, mitochondrial fusion
and fission proteins likely impact cancer dynamics, at least
partially through the regulation of ROS activity. The
expression of mitochondrial fission and fusion proteins
correlates with ROS generation.”

An excessive intracellular ROS buildup causes damage to
DNA, proteins, lipids, membranes, and organelles, leading to
apoptosis of cells. To determine whether EA treatment induces
ROS generation in lung and ovarian CSLCs, A549-CD133"
and SKOV3- spheroid cells were treated with EA and subjected
to FACS analysis. As shown in Figure 2D,F, EA treatment
resulted in a concentration-dependent, substantial increase in
ROS generation in both cancer types. In fact, compared to the
control, the intracellular ROS accumulation for the 25 uM
treatment dose was around -20 and 2.25-folds higher in A549-
CD133" and SKOV3- spheroids, respectively.

3.5. EA Treatment Induces DNA Damage Accumu-
lation in Lung and Ovarian CSLCs. The phosphorylation of
histone variant H2AX at the serine-139 position (yH2AX)
induces the formation of nuclear foci at the site of damage and
is considered a well-known marker of DNA damage. It is
known that the phosphorylation of the histone variant H2AX is
a prerequisite for apoptotic DNA fragment formation.”*
yH2AX formation after EA treatment was examined in
CSLCs to confirm the DNA damage-inducing potential of
EA. As evident from the flow cytometry data in Figure 2H,],

EA treatment significantly induces yH2AX in CSLCs in a dose-
dependent manner.

3.6. EA Treatment Induces Cell Death in Lung and
Ovarian CSLCs. Initially, we investigated the effects of
different doses of EA on lung and ovarian cancer cell lines.
The colony formation assay results showed that the cell growth
of SKOV3 and AS49 cells was inhibited in a dose-dependent
manner by EA treatment. Several natural compounds are
known to inhibit cancer progression and metastasis, and EA is
one of them.”” Given that CSCs are responsible for cancer
progression and metastasis, we sought to determine the
therapeutic efficacy of EA against CSLCs. As shown by live—
dead staining results using flow cytometry in Figure 3A,B, EA
treatment induces significant cell death in A549-CD133" and
SKOV3- spheroids in a dose-dependent manner. Furthermore,
cell viability was assessed using a fluorescence microscope in
AS549-CD133" and SKOV3- spheroids following treatment
with EA (0—50 uM) for 48 h, using PI (a red dye that stains
the dead cells) and CFDA (a green fluorescent dye that stains
the live cells). As anticipated, EA treatment (25 and 50 yM)
resulted in higher proportion of cell killing, along with
alternations in the size and morphology of spheroids Figure
3C,D.

3.7. EA Treatment Induces Apoptosis in CSLCs.
Apoptosis, also known as programmed cell death, plays a
crucial role in regulating cell development and normal cellular
processes. This typical biological function becomes dysregu-
lated in cancer, resulting in uncontrolled cell proliferation.”® As
mentioned earlier, anticancer chemotherapeutic agents induce
cell death in proliferating tumor cells via activating apoptotic
pathway but fail to inhibit tumor progression due to their
inability to kill CSCs since they can escape apoptosis, resulting
in tumor development.”” Both apoptosis and necrosis are
potential methods of cell death. From the live—dead test, we
learned that EA treatment results in cell death. Nevertheless,
we performed an Annexin V/PI assay to identify the molecular
mechanism driving cell death (Figure 3E). We observed that
EA treatment significantly increases the percentage of early and
late apoptotic cells in a dose-dependent manner, further
validating the apoptosis-inducing potential of EA in lung
CSLCs. To understand the possible mechanism behind the
pro-apoptotic activity of EA in CSLCs, changes in apoptotic
protein expression were detected by western blot. The protein
expression analysis confirmed the activation of pS3 after EA
treatment. EA (25 and SO uM) significantly upregulated pS3
expression in a concentration-dependent manner in both lung
and ovarian CSLCs. Moreover, EA treatment significantly
upregulated other pro-apoptotic proteins, such as cleaved
caspase-3 (Figure 4A,B). Taken together, all of our data
suggest that EA treatment limits the CSC population by
inducing apoptosis.

3.8. Combinatorial Treatment of EA and Cisplatin
Limits Cisplatin-Induced CSLCs Enrichment and Enhan-
ces the Efficacy of Cisplatin. As EA successfully reduced the
levels of CD133" and CD44"CD117" cells and enhanced cell
death in CSLCs, our interest was raised in understanding the
combinatorial effect exerted by EA and cisplatin on CSLCs. It
has been shown that exposure to chemotherapeutic drugs such
as cisplatin, oxaliplatin, and paclitaxel, enhances the proportion
of cells with CSC properties, most likely due to the killing of
drug-sensitive tumor cells and the survival of CSCs that exhibit
drug-resistant properties.”® To determine whether EA treat-
ment blocks cisplatin-induced enrichment of CSCs, SKOV3,
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Figure S. Combinatorial treatment of EA and cisplatin impairs DNA damage repair in lung and ovarian CSLCs. The DNA repair kinetics study
depicts the percent DNA damage accumulation following DMSO, EA, cisplatin, and EA + cisplatin treatment for 12 h followed by 3 h damage
recovery in (A) AS49-CD133" and (B) SKOV3 spheroid cells. (C) The immunofluorescence staining shows the increasing accumulation of DNA
damage in DMSO, EA, cisplatin, and EA + cisplatin-treated cells. The corresponding graph represents the mean fluorescence intensity of
accumulated yH2AX. N=3, Bar, SD; *P < 0.05, **P < 0.01, and ***P < 0.001.

and AS549, cells were treated with EA, cisplatin, or a
combination of both (EA pretreatment + +cisplatin). The
percentage of CD133" and CD44'CDI117" cells was
determined by flow cytometry. As shown in Figure 4D,E, the
combinatorial treatment limited the cisplatin-induced CSC
enrichment significantly. Additionally, CSLCs were treated
with DMSO, EA, cisplatin, and a combination of EA and
cisplatin to examine the impact of combination treatment on
these CSLCs. As shown in Figure 4F,G, more cell death was

observed in the combination treatment group compared to EA
and cisplatin alone groups, confirming that pretreatment of EA
enhances the efficacy of cisplatin against CSLCs.

3.9. Combinatorial Treatment of EA and Cisplatin
Enhances DNA Damage Accumulation and Impairs
DNA Repair in CSLCs. Given that cisplatin induces cell death
via causing DNA damage, we hypothesized that EA may
enhance cisplatin-induced yH2AX formation. To test this
hypothesis, the combinatorial effect of cisplatin and EA was
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Figure 6. EA treatment reduces cisplatin-induced HPRT gene mutation frequency and overcomes cisplatin resistance probably by improving drug
retention (A). HPRT assay showing the mutant colonies. (B) Graph indicating the HPRT mutation frequency observed after treatment with
DMSO, EA, cisplatin, and EA + cisplatin. (C) Cell viability assay showing that EA treatment sensitizes the cisplatin-resistant C13 ovarian cancer
cell line to cisplatin treatment. (D) Kaplan—Meier plot indicating an inverse correlation between ABCC2 expression and patient survival. P =
0.00044. (E) Real-time PCR expression analysis of ABCC2 in DMSO, cisplatin, EA, and EA + cisplatin-treated cells. (F) Schematic diagram
showing that EA treatment could improve drug retention possibly via inhibiting ABCC2 expression in CSLCs. In all graphs, the results are
represented as mean + SD of the triplicate experiment. Bar, SD; **P < 0.01, and SD; ***P < 0.001.

studied. Pretreatment of EA significantly increased the
cisplatin-induced yH2AX foci formation in CSLCs compared
to the cisplatin alone group, Figure 5A,B.

To demonstrate the effect of EA on the DNA repair ability
of CSCs, a DNA repair kinetic study was performed. The level
of yYH2AX was detected by flow cytometry after allowing the
cells to recover for 3 h following 12 h cisplatin treatment. As
shown in Figure SA,B, a significant reduction in levels of
yH2AX accumulation was noticed in the 3 h recovery group
following cisplatin alone treatment. However, an insignificant
difference was noticed in the combination treatment group, i.e.,
between cisplatin (12 h) + EA treatment vs 3 h recovery,
indicating that EA treatment delayed the DNA repair and
negatively impacted the progress of DNA break repair.

An immunofluorescence study also showed a similar result
with a greater number of yH2AX accumulations in
combination treatment compared to cisplatin alone, further

confirming the therapeutic efficacy of EA against CSLCs
(Figure SC). Taken together, our result showed that
pretreatment of EA impairs the repair process of cisplatin-
induced DNA damage.

3.10. EA Treatment Reduces Cisplatin-Induced HPRT
Gene Mutation Frequency. The accumulation of mutations
is a prerequisite for the development of acquired drug
resistance. Based on this scientific premise, we hypothesize
that EA treatment might reduce chemotherapeutic drug-
induced mutagenesis. To confirm this hypothesis, an HPRT
assay was conducted. We investigated the ability of EA to
decrease the cisplatin-induced HPRT gene mutation frequency
in the A549 cell line. As shown in Figure 6A,B, an enhanced
level of HPRT mutation was noticed in the cisplatin alone
group compared to DMSO-treated cells. However, neither
DMSO nor EA enhanced the HPRT mutation frequency,
indicating that these compounds are nonmutagenic. Moreover,
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EA pretreatment was able to reduce the cisplatin-induced
HPRT gene mutation frequency significantly, indicating that
EA inhibits the accumulation of mutation by depleting the
mutant cells, and consequently could block chemoresistance.
Similarly, we observed that pretreatment of EA sensitizes the
cisplatin-resistant C13 ovarian cancer cell line to cisplatin
treatment (Figure 6C). In summary, our data showed that EA
treatment reduces cisplatin-induced mutagenesis, thus could
block the development of chemoresistance.

3.11. EA Treatment Overcomes Cisplatin Resistance
Possibly by Improving Drug Retention. Previous reports
have suggested the involvement of efflux transporters such as
ABC transporters in drug efflux , leading to chemoresistance.”
Among the ABC transporters, the higher expression of ABCC2
is associated with cisplatin resistance in ovarian cancer.’® The
TCGA survival curve analysis using UALCAN (https:/ /ualcan.
path.uab.edu/analysis.html) revealed that a higher expression
of ABCC2 is associated with poor survival in lung cancer
patients’’ (Figure 6D). To investigate the impact of EA,
cisplatin and their combination on ABCC2 expression in lung
cancer, we performed qPCR analysis. Our analysis showed a
~3.71-fold upregulation in ABCC2 expression following
cisplatin alone treatment, whereas combinatorial treatment of
EA + cisplatin downregulated the ABCC2 by ~2-fold (Figure
6E) when compared to control group. Similarly, EA treatment
alone reduced the ABCC2 levels by S-fold. These results
corroborate our hypothesis that EA indeed can reduce the
development of chemoresistance, possibly via inhibiting
ABCC2 transporter expression.

4. DISCUSSION

Several reports have confirmed the existence of CSCs as a
subpopulation within tumor mass in different types of
malignancies.”” The ability of CSCs to become resistant to
conventional anticancer drugs has led to a search for
alternative therapeutics for cancer treatment. Several studies
have outlined the value of M. indica in the management of
various diseases. The Ayurvedic system of medicine has long
been used M. indica to treat several illnesses”~*’ and is known
to contain EA, a secondary metabolite also derived from
different edible plant products that is effective in cancer
treatment. Although the anticancer effects of EA have been
extensively studied in various types of malignancies, there are
only a few reports in ovarian cancer especially against CSCs.
EA is known to block drug resistance via inhibiting P-
glycoprotein drug efflux activity."' Thus, EA is a credible
option for usage against the CSCs, either alone or in
conjunction with other anticancer medications. Previous
studies have shown the inhibitory role of EA in proliferation,
arresting cell cycle, and enhancing apoptosis in human
osteosarcoma and breast cancer.*”*’ EA treatment causes a
reduction in breast cancer metastasis through the p-catenin
stabilization in CSCs.” In this study, we analyzed the effect
caused by purified EA on the stemness property of CSCs and
its ability to block chemoresistance.

Our data revealed that EA treatment causes the depletion of
CSLCs exhibiting stemness and drug-resistant phenotypes.
The reduction of stem cell properties of CSCs results in lower
self-renewal ability, hence reducing the chances of tumor
relapse. Our data suggest that EA reduces the cisplatin-induced
enrichment of CSCs in both lung and ovarian cancers,
indicating the CSCs sensitizing ability of EA. Furthermore,
we confirmed the cytotoxic effect of EA on CSCs through

live—dead assay using flow cytometry, where we observed that
the CSCs exhibit significant sensitivity toward EA treatment at
higher doses. A similar cytotoxic effect of EA was also revealed
by the cell viability assay. Additionally, our results revealed that
EA treatment induces enhanced apoptosis at higher concen-
trations, indicating the pro-apoptotic role of EA in both lung
and ovarian CSLCs. ROS (O**~, OH®, H,0,, etc.) at low to
modest levels regulate normal physiological functions. When it
accumulates at a higher level, it causes oxidative stress, and
excess ROS can damage nucleic acids, proteins, lipids,
membranes, etc.** EA treatment induces the increased
accumulation of ROS in the CSLCs, thus triggering the
activation of the apoptotic pathway in CSLCs via enhancing
DNA damage. In the same line, a previous report has shown
the role of EA in blocking the DNA damage repair by
inhibiting the DNA polymerase (eta) 7 and (iota) 1,*> which
may lead to accumulation of the DNA damage and activation
of apoptotic pathways. We further checked the status of
mitochondrial dynamics regulators after EA treatment in
ovarian CSLCs. Our findings suggest that EA alters the
mitochondrial dynamics regulator’s protein expression such as
Drpl and Min2. It is known that mitochondrial dynamics are
closely linked to mitochondrial morphology, regulating
mitochondrial functions. It is a given that the mitochondrial
fission and fusion processes impact the ROS generation.”
ROS-mediated DNA damage can activate the p53 and ERK
pathway, which might induce apoptosis.***” To this end, we
demonstrated higher expressions of p-ERK and p53 in CSLCs
following EA treatment. Our study has shown that EA
treatment results in an increased accumulation of cleaved
caspase-3, which signifies the induction of apoptosis. It has
already been reported that EA can ameliorate the nephrotox-
icity caused by cisplatin administration in cancer patients’’,
thereby increases the efficacy of cisplatin. However, in this
study, we have shown that EA also blocks the cisplatin-induced
enrichment of CSCs as indicated by reduced CD133" and
CD44*CD117" percentage in FACS analysis upon combina-
torial treatment of cisplatin with EA compared to cisplatin
treatment only. Further, the combinatorial treatment of EA
with cisplatin was also able to reduce the DNA repair ability of
the CSCs. In addition, EA treatment significantly blocked the
expression levels of ABCC2, a drug efflux transporter. The
ability of EA to reduce ABCC2 expression in CSLCs provides
an opportunity to increase cisplatin retention within the CSCs
and therefore could enhance the drug efficacy.

5. CONCLUSIONS

In conclusion, EA displayed the potential to selectively
eradicate CSCs. EA alters the mitochondrial dynamics, causing
enhanced ROS production and an increase in DNA damage,
which leads to the activation of apoptotic pathways in CSLCs.
Moreover, pretreatment of EA sensitizes CSLCs to cisplatin
treatment. Thus, EA could be used as a promising therapeutic
agent either alone or as an adjuvant therapy for cancer
treatment. Combining EA with other platinum-based drugs,
e.g, cisplatin, may not only reduce the toxicity induced by
conventional chemotherapeutic drugs, but also could improve
the drug retention, thereby enhancing the efficacy of
chemotherapeutic drugs.
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