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ABSTRACT
a A

Breast cancer is the most common cause of malignancy and the second most common cause of death due to cancer in women. This heterogeneous disease
is currently broadly classified as estrogen receptor (ER), progesterone receptor (PR) positive luminal tumors, human epidermal growth factor receptor 2
(HER2) amplified tumors and triple-negative breast cancers (INBC). Phytochemicals are proven to be promising anti-cancer chemotherapeutics agents
with minimal cytotoxic effects on normal cells. Plumbagin (5-hydroxy-2-methyl-1, 4-naphthoquinone) is a phytochemical derived from the roots of
Plumbago zeylanica and it is known to possess anti-cancer properties similar to other compounds of naphthoquinones. In about 90% of cancer cells, the
telomerase enzyme activity is revived to add telomeric repeats to evade apoptosis. In this study, a combinatorial approach of combining the anti-cancer
compound plumbagin to induce genotoxicity and a potent telomerase inhibitor, MST-312 (synthetic derivative of tea catechins), was used to determine
the combinational treatment-induced lethality in breast cancer cells such as MDA-MB-231 (TNBC) and MCF-7 (lumina) cells. MDA-MB-231 cells were
responsive to combination treatment in both short-term (48 h) and long-term treatment (14 days) in a synergistic manner, whereas in MCF-7, the
combination treatment was more effective in the long-term regimen. Furthermore, the cytotoxic effects of the plumbagin and MST-312 combination
treatment were not recoverable after the short-term treatment. In conclusion, a combination treatment of MST-312 and plumbagin is proven to be more
effective than a single plumbagin compound treatment in inducing DNA damage and telomere dysfunction leading to greater genome instability, cell cycle

arrest and eventually cell death in cancer cells.
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Introduction 1nh1b1Fory effects of plurnkiagln were de@onstrated upon
chronic treatment of 32 days.I’) We hypothesize that plumbagin

. . may exert a more effective targeted therapy with a shorter
Telomerase is broadly expressed in most human cancers, yet . . L . D
. . : . . . timespan in combination with a telomerase inhibitor through
it is undetectable in somatic cells, which makes it an attractive .. . . . .
. S its implementation of its DNA damaging potential in breast
target in cancer therapy. Telomerase inhibition has been shown . .
. .. cancer cells. We used MST-312, a synthetic derivative of tea

to boost the response to anti-cancer therapeutics in human . . .
catechin, which was reported to inhibit the telomerase enzyme

activity.¥l MST-312 blocks the cell cycle at the G2/M phase,
increases pH2AX protein level, and induces apoptosis in lung
cancet cells. MST-312 also provokes G2/M cell cycle arrest and

acute ATM-pathway-dependent DNA damage in breast and
[9-12

breast cancer cells.' "l In our previous study, the telomerase
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| Therefore, we sought to investigate the
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combinatorial experiments were set for short-term (48 h) and
long-term (14 days) studies to inspect the cell viability, DNA
damage, telomere/telomerase equilibrium, cell morphology,
immunofluorescence,

clonogenicity, cell cycle,

stability and protein expression levels of these cells, upon dual

genome

treatments.

Materials and Methods

Cells

Two human mammary epithelial carcinoma cell types,
MDA-MB-231, known as a typical triple negative breast cancer
cell type and MCF-7, as an ER+/PR+ luminal tumort, were
obtained from the American Type Culture Collection (ATCC,
Rockville, MD, USA). These were grown in RPMI-1640 (Roswell
Park Memorial Institute medium) (Gibco, Grand Island, NY,
USA), supplemented with 10% fetal bovine serum (FBS) and
0.5% penicillin/streptomycin. These two breast cancer cell
types formed the breast cancer models of this study. MCF-
10A, as the human immortalized normal breast epithelial cells
(previously Clontech, Mountain View, CA, USA) were grown
in complete mammary epithelial growth medium (MEGM)
(Lonza, Visp, Switzerland) supplemented with bovine pituitary
extract (BPE), 10% FBS, and 0.5% penicillin/streptomycin. All
cells were grown and incubated at 37°C in a humidified 5%
carbon dioxide (CO,) incubator. All the supplements used were
from Gibco unless otherwise stated.

Drug treatment

Plumbagin (Sigma-Aldrich, St. Louis, MO, USA) was dissolved
in 100% sterile dimethyl sulfoxide (DMSO) (Sigma) to prepare
100 mM stock solution from which working concentrations
were prepared later. One pl of the working concentrations in
0.0, 1.0, 2.0, 3.0, and 4.0 mM were added in the cell culture
to achieve 0.0, 1.0, 2.0, 3.0, and 4.0 uM final concentrations,
respectively. Short-term studies were performed following 48 h
treatment with different concentrations of plumbagin, mainly
at the the inhibitory concentration at 50% cell viability (IC50)
dose. As for chronic long-term studies, cells were treated for
cither 14 or 32 days with 2/3" of 1C50 doses and selected
assays were performed in the cells after long-term treatment.
This range of concentration has been reported to be practicable
in vivo and with low or no toxicity to normal cells.I>!3-1%]
Telomerase inhibitor, MST-312 (Merck, Rahwam, NJ, USA),
was dissolved in sterile DMSO to prepate the stock solution
of 10 mM and thereafter it was additionally diluted to achieve
different working concentrations. Appropriate amounts of
these stock solutions were added to the cultured cells to obtain
the desired final concentrations. Twenty-four hours prior to
exposure of cells to plumbagin, the cells were treated with 0.5
and 1 pM of MST-312 for long-term and short-term treatments,
unless otherwise stated. Both mentioned concentrations are

known to be non-toxic to normal cells.[®!0:11]
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Crystal violet assay

This assay was petformed to verify how MST-312 and/or
plumbagin affect the density of cells by modulating their cell
growth or inducing cell death. Growing cells were treated with
a range of drug concentrations, following which the IC50 was
obtained and selected for further studies. The details of this
assay were described in our earlier.["! Cells were treated with
MST-312, plumbagin and/or in combination of both drugs for
24 h at different concentrations as indicated and cell viability
was measured in treated cells.

Cell morphology and colony formation assay
For morphological observations, light microscopy was utilized.
After treatment of cells with appropriate agents, images of
cell morphology were captured at 40X, 100X, and 200X
magnifications, using an Olympus C-7070 WZ digital camera
(Olympus, Tokyo, Japan).

To determine the effects of drug treatments on the colony
formation ability, a clonogenic or colony formation assay was
performed. In four independent sets, cells were seeded and
after 48 h treatment, 2 X 10 cells were allowed to grow for
14 days in fresh medium. The colonies were then stained with
crystal violet solution (Sigma) (as described above) and dried at
room temperature. Thereafter large colonies (> 50 cells) were
detected and counted as the surviving number of colonies.

Cell cycle analysis by flow cytometry

Cell cycle analysis was performed by fluorescence-activated cell
sorting (FACS) methodology. Following treatment with drugs,
cells were collected, fixed in 70% ethanol: 1X PBS, resuspended
in 0.4 ml of 1 X PBS containing propidium iodide (PI) (Sigma),
RNase A (Roche, Branchburg, NJ, USA) and 0.1% Triton X
(Biorad, Hetcules, CA, USA); (2 mg PI and 2 mg RNaseA /100
ml. 1 X PBS), incubated in the dark for 30 min at 37°C. For
each treatment, two independent sets were used and for each
10,000 events per sample were analyzed using flow cytometry
(FACSCalibur™, Becton Dickinson, Franklin Lakes, NJ, USA)
at 488 nm excitation A and 610 nm emission A. Obtained data
was analyzed using Summit 4.3 software (Beckman Coulter,

Carlsbad, CA, USA).

Immunofluorescence staining for yH2AX

To specifically identify the amount of double strand breaks
(DSB) triggered by plumbagin treatment, YH2AX protein as
an indicator of this phenomenon was assessed. Cells were
seeded on 12 mm cover slips in 6-well plates, treated with
Plumbagin, washed in PBS, and fixed in 4% paraformaldehyde
for 15 min in an orbital shaker. Following permeabilization with
0.2% of Triton-X-100 for 10 min at 4°C, cells were blocked
in 5% bovine serum albumin (BSA): PBS and immunostained
with anti-yH2AX (Ser 139) (Millipore, Burlington, MA, USA)
for 1 h. After washing with PBS, fluorescein isothiocyanate
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(FITC)-conjugated anti-mouse antibody (eBioscience, San
Diego, CA, USA) was applied to each slide. Then the incubation
for 1 h in the dark was followed by washing three times with
1 X TBS-T, 15 min each. The nuclei were counterstained using
DAPI solution with mounting media (Vectashield®, Vector
Laboratories, Burlingame, CA, USA). Fluorescent images of
150 randomly selected samples of three different experimental
sets were obtained by confocal microscopy (Olympus Fluoview

FV1000, Tokyo, Japan).

Peptide nucleic acid-fluorescence in situ
hybridization (PNA FISH)

Cells were arrested at mitosis and chromosome preparations
were made as described previously. Slides with metaphase
spreads were subjected to PNA FISH to determine telomere
specific chromosome changes following treatments with MST-
12 and plumbagin, in a single treatment or in combination.
The details of PNA FISH and chromosome analysis
have been explained in our earlier publications.I’:!*-11:16.17]
Microscopic analysis was performed using a Zeiss Axioplan 2
Imaging fluorescence microscope and images were analyzed
using 7z situ imaging software (Metasystems, AltluBheim,
Germany).

Immunofluorescence staining for yH2AX and
telomere dysfunction-induced foci (TIF)

Cells were seeded on 12 mm cover slips in 6-well plates and
treated for 48 h. After the treatments, cells were washed in PBS
and fixed in 4% paraformaldehyde for 15 min in an orbital
shaker. Following permeabilization with 0.2% of Triton-X-100
for 10 min at 4°C, cells were blocked in 5% BSA: PBS and
immunostained with anti-yH2AX (Ser 139) (Millipore) for 1 h.
After washing with PBS, FITC-conjugated anti-mouse antibody
(eBioscience) was added to the slides for 1 h. Thereafter, the
washing was carried out with tris-buffered saline with 0.1%
Tween-20 detergent (TBS-T), 4 % formaldehyde for 15 min
and 0.2 % Triton-X-100, samples were hybridized with Cy3-
labelled telomere sequence-specific PNA probes by first
denaturing at 80°C for 6 min and incubation for 2 h in the dark
at room temperature. Following hybridization, the slides were
washed in formamide and 10% Tween-20 for 5 min. Finally,
the cells were stained with DAPI (Vectashield®). Approximately
100 images were captured on a fluorescence microscope (Carl
Zeiss Axioplan 2, Oberkochen, Germany) with triple filters for
simultaneous observation of DAPI (blue), FITC (green) and
Cy3 (red).

Protein expression and Western blot studies
After drug
control and treated cells were isolated using lysis buffer
(distilled water containing 50 mM Tris HCL, pH 8, 5 mM
ethylenediaminetetraacetic acid (EDTA), 0.15 M sodium

exposure, the total cellular proteins of

chloride,0.5% NP40,0.5mMDTT, 1 X PhosSTOP (Phosphatase
Inhibitor Cocktail Tablets, Roche, Germany), 1X Protease
cocktail tablet (Roche, Mannheim, Germany), following which
lysates were rotated at 4°C at 14,000 rpm for 30 min. The
protein concentration was determined using the colorimetric
Bradford assay (Bio-Rad) with BSA as a standard. Western blot
analyses for proteins involved in different pathways, including
cell proliferation, cell cycle regulatory proteins (p21, p53,
cyclin B1, cyclin D), apoptosis-related agents (caspases 8 and
9), DNA damage response (DDR) pathways (Phospho-H2AX
(Millipore), poly adenosine diphosphate-ribose polymerase
(PARP), ATM (Gene Tex, Ridgeland, MI, USA), Phospho-ATM
(Gene Tex), DNA-PKcs, Phospho-DNA-PKcs and telomere-
telomerase equilibrium (hTERT [Epitomics, Burlingame,
CA, USA], POT1, TRF1, TRF2). Antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA), unless
otherwise stated. For different protein expression profiles, the
experiments were repeated between two to six times.

Telomerase activity detection using the
telomerase repeat amplification protocol
(TRAP)

To measure the telomerase activity, a TRAP assay was
carried out using a TRAPeze® XI. Telomerase Detection Kit
(Millipore). All steps were done according to the manufacturer’s
instructions. Fluorescence signals of polymerase chain reaction
(PCR) products were measured using a fluorescence plate reader
(TECAN SpectraFluor Plus, Mannedorf, Switzerland).

Telomere length measurement using terminal
restriction fragment (TRF)

Following treatment with drugs, the total DNA was extracted
using a DNeasy Tissue Kit (Qiagen, Germantown, MD, USA).
To measure the telomere length, the TeloTAGGG Telomere
Length Assay kit (Roche Molecular Systems, Pleasanton, CA,
USA) was utilized. The chemiluminescence telomere signals
were developed onto X-ray films and the telomere lengths were
calculated and analyzed using the Molecular Imaging Systems
software (Kodak MI application, Eastman©, V4.00, Rochester,
NY, USA).

Statistical analysis

Statistical significance of the difference between and among
the groups was assessed using Student’s t-test using Microsoft
Excel (Microsoft Corporation, Redwood, CA, USA) and
two-way analysis of variance (ANOVA) using a GraphPad
Prism (version 6.00 for Windows, GraphPad software,
San Diego, CA, USA, www.graphpad.com). P-values lower
than 0.05 were considered statistically significant (P < 0.05).
Wherever applicable, the mean values are expressed as mean &
standard deviation (SD) from two or three independent
experiments.

© 2023 Genome Integrity a
Vol. 14: 1, 2023
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Results

MST-312 treatment slightly reduces cell
proliferation capacity

The crystal violet cell viability assay was performed to assess
the toxicity of MST-312 to cells after 24 h. A concentration-
dependent drop in cell intensity of breast cancer and normal
cells signifying dose-dependent  toxicity was observed
(Figure 1A). Nevertheless, in breast cancer cells, the overall
cell survival rate was not significantly affected in the presence
of MST-312 for the range of 0-5 uM after 24 h. Initially, to
ascertain the appropriate dose and time point for telomerase
inhibition,!'">!! 2 dose response study (0—5 uM) was performed
for 24-h treatment with MST-312 in MCF10A, MCF-7, and
MDA-MB-231 cells (Figure 1A). Breast cancer cells displayed

higher sensitivity to MST-312 compared to MCF10A cells.

According to the data from this study and our previous
studies,!'"!"] which demonstrated the relatively lower toxicity
but efficient inhibition of telomerasel!! 'l up to a 1 uM dose of
MST-312, this dose was considered as the main dose of MST-
312 in most of the subsequent studies.

Telomerase inhibition sensitizes the breast
cancer cells to plumbagin-induced cell death
To examine the effect of plumbagin, combined with the
telomerase inhibitor MST-312 on the sutrvival of breast cancer
cells, morphological observation and crystal violet assays were
conducted (Figure 1B and C). Cells were pre-incubated with
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MST-312 (1 pM) for 24 h prior to plumbagin (IC50 doses)
exposure to ensure that the telomerase inhibitor has exerted
its effects before plumbagin becomes effective. The percentage
of cell viability was normalized to results from non-exposed
cells (control). With plumbagin treatment alone, the viability of
cells reduced to about 53% for respective IC,, doses of each
cell type, validating the IC50 doses selected in the previous
section. MST-312 treatment of 1 uM reduced the viability of
the cells by 13% in MCF10-A, 40% in MDA-MB-231 and 25%
in MCF-7. In combination treatment, there was about 50%
reduction in MCF-7 and MCF-10A, and 67% reduction in
MDA-MB-231 cells, with more floating and rounded features,
as the manifestations of dying cells. The cytotoxic effect of
dual treatment on MCF-7 and MCF-10A cells was similar to
that of plumbagin single treatment. Interestingly, reduction
in MDA-MB-231 cell viability was 20% greater in the dual
treatment; compared to plumbagin single treatment.

To explore the clonogenic ability of telomerase inhibited
cells after plumbagin treatment, a colony formation assay was
conducted in MDA-MB-231 and MCF-7 breast cancer cells.
After 24 h of pre-treatment with MST (1 uM) and a subsequent
48-h treatment with plumbagin (IC50), the cells were allowed
to recuperate in drug-free medium for 14 days. Only the cells
which survived the treatment were able to form colonies.
The decrease in cell proliferation in colonies could be due to
either cell cycle arrest or apoptosis caused by the treatment.
Plumbagin reduced the colony formation ability in both cancer
cell types by 41%, and 18% in MDA-MB-231 and MCF-7,
respectively, when compared to DMSO (Figure 2A and B).

MST (1 pM)
+

Plumbagin (IC50) MST (1 uM)

Plumbagin (IC50)

Figure 1: (A) Cytotoxicity of MST-312 in breast cancer cells and MCF-10A. After 24 h of treatment with MST-312, cells were subjected to crystal
violet cell viability assay. The y-axis represents the percentage of reduction in cell survival compared to control. (B, C) Telomerase inhibition
limits cell proliferation in plumbagin-treated cancer cells. Cells were pre-treated with MST-312 (1 uM) for 24 h followed by plumbagin (IC50)
treatment for another 48 h. Thereafter, they were subjected to: (B) cell morphology by light microscopy with the magnification of 100x showing
cell death and lower cell density after dual treatment, and (C) crystal violet assay on the same cells indicated more reduction in cell survival upon
co-treatment of plumbagin and MST-312 in MDA-MB-231 cells. The percentage of cell viability was standardized against DMSO control. Plum,

plumbagin; MST, MST-312; MST + Plum, MST-312 + plumbagin.
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Figure 2: Plumbagin-MST-312 co-treatment decreased the clonogenic ability of cells. (A) In the colony formation assay, only drug-resistant cells
are able to proliferate and form colonies after treatment. The rest of the cells are either arrested or underwent apoptosis progressively within the
14 days recovery period following the 48 h treatment with plumbagin (IC50) and MST-312 (1 uM). (B) Representative image of colony formation
capacity of breast cancer cells treated with plumbagin and MST-312. (*) indicates P < 0.05 when compared to DMSO control. Plum, Plumbagin;

MST, MST-312; MST + Plum, MST-312 + plumbagin.

However, MST-312 treatment decreased the number of
colonies by 70% and 72% in MDA-MB-231 and MCF-7 cells,
respectively, in comparison to DMSO controls. A decrease of
72% in MDA-MB-231 and 86% in MCF-7 cells colonies over
the combination treatment, suggested that MST-312 treatment
impaired the colony formation ability of cells upon plumbagin
treatment.

Telomerase inhibition produces significant
synergistic apoptosis in breast cancer cells,
when combined with plumbagin

Microscopic observation of cells treated with both telomerase
inhibitor (MST-312) and plumbagin showed an indication
of massive cell death as compared to mono-treatments. The
presence of a large number of floating cells after a combined
incubation period together with lower clonogenicity and survival
rate in breast cancer cells implies a potential for killing cells via
cell apoptosis. Hence, to evaluate the cell growth situation of

combined treatments, cell cycle studies were conducted using
FACS methodology. A cell cycle assay was done after 14 days
of treatment with plumbagin (2/ 3d of 1C50) and MST-312
(MDA-MB-231: 0.5 uM, MCF-7: 1 uM). The results confirmed
breast cancer cell apoptosis through the observed increase in
the sub-G1 population (Figure 3A). These observations also
led to the other inference that MST-312 promotes both cells
towards G2/M arrest. Interestingly, in MDA-MB-231, both
plumbagin and MST-312 exerted apoptotic effects, showing that
combination treatment is synergistic. Notably, mono-treatment
with MST-312 in MCF-7 cells potentiated G2/M arrest mote
than plumbagin treatment alone. However, combinational
treatment of both MST-312 and plumbagin resulted in an
upregulation of both sub-G1 and G2/M levels.

To validate cell cycle data, immunoblotting of appropriate
proteins was performed (Figure 3B). The protein expression of
cyclin B1, as the indicator of G2/M arrest was reduced in both
cells, and substantially in MCF-7, after dual treatment with MST-
312 and plumbagin. To determine the possible involvement of

© 2023 Genome Integrity a
Vol. 14: 1, 2023
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Figure 3: Co-treatment of plumbagin and MST-312 induces growth arrest and apoptosis in breast cancer cells. (A) Cell cycle profile of 14 days
treatment with plumbagin (2/3™ of IC50) and MST-312 (MDA-MB-231: 0.5 yM and MCF-7: 1 uM) in breast cancer cells, using PI staining and
flow cytometry detection. Though MST-312 potentiates cell cycle arrest at G2/M phase, the population of apoptotic cells is greater in the com-
bined treatment than in individual treatments. (*) indicates P < 0.05 when compared to DMSO. (B) Changes in the level of cell cycle regulatory
proteins were also tested. Whole cells were lysed, and equal amounts of proteins were separated using 10-12% SDS-PAGE, transferred to a
PVDF membrane and immunoreacted with antibodies against p53, p21 and cyclin B. B-actin was used as loading control. Plum, plumbagin;
MST, MST-312; MST + Plum, MST-312 + plumbagin; MST-312; D, DMSO control; P, plumbagin; M, MST-312; MP, MST-312 + plumbagin; PVDF,
polyvinylidene difluoride; SDS-PAGE, sodium dodecyl-sulfate polyacrylamide gel electrophoresis.

p53 in inducing growth arrest, the expression of p53 and p21
was evaluated after all types of treatments. The level of p21
was reduced in MCF-7 cells after MST-312 and subsequently
more after combination treatment, showing greater sensitivity
towards MST-312 and plumbagin combined treatment.

Taking these findings together, cell cycle analysis demonstrated
that MST-312 treatment artested the cells mainly at G2/M as
compared to plumbagin, and the combined treatment of these
two drugs led to increased synergistic cell death.

MST-312 reduces the telomerase activity

and shortens telomere length in plumbagin-
treated breast cancer cells, without impairing
the hTERT protein expression

To evaluate the effectiveness of telomerase inhibitor MST-
312 on telomerase activity, a TRAP assay was performed. The

a © 2023 Genome Integrity
Vol. 14: 1, 2023

percentage of telomerase activity was shown to be interrupted
by both mono-treatment and combined treatments of
plumbagin and MST-312 (Figure 4A). In MDA-MB-231 cells,
there was a reduction in telomerase activity by 21%, 24%, and
44% in comparison to the DMSO control, correspondingly in
plumbagin, MST-312 and combination treatments. It can be
interpreted that reduction in telomerase activity in combination
is contributed to by both telomerase inhibitor MST-312 and
plumbagin. In MCF-7 cells, telomerase activity decreased by
26% (plumbagin), 77% (MST-312), and 84% (combination)
compared to the DMSO control, which shows that reduction
in telomerase activity in combination treatment is mostly
contributed to by the telomerase inhibitor MST-312.

A decrease in telomerase activity can be due to interruption
of the function of telomerase enzyme and/or down-regulation
Even though
there was a decrease in telomerase activity as seen in TRAP

of the expression of telomerase enzyme.
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Figure 4: (A) MST-312 efficiently reduces the telomerase activity in breast cancer cells. Following 14 days of treatment with plumbagin (2/3™ of
IC50) and MST-312 (0.5 uM for MDA-MB-231 and 1 uM for MCF-7), the telomerase activity was detected using a TRAP assay. In MCF-7 combi-
nation treatment, more reduction in the percentage of telomerase activity was detected. (*) indicates P < 0.05 when compared to DMSO control.
(B) MST-312 does not decrease the expression level of hTERT, the catalytic subunit of telomerase. hTERT expression level was determined
compared to B-actin as the loading control, after 14 days of treatment with plumbagin (2/3rd of IC50) and MST-312 (MDA-MB-231- 0.5 pM and
MCF-7- 1 uM). Plum, plumbagin; MST, MST-312; MST + Plum, MST-312 + plumbagin; D, DMSO control; P, plumbagin; M, MST-312; MP, MST-

312 + plumbagin; TRAP, telomeric repeat amplification protocol.

results, KTERT expression (which is the catalytic subunit of
the telomerase enzyme) was not down-regulated (Figure 4B).
hTERT expression level in MDA-MB-231 and MCF-7 cells had
no significant change in plumbagin and combination treatment.
This result indicates that telomerase inhibition by MST-312 did
not involve the downregulation of hTERT expression level.

To investigate if the inhibition of telomerase activity was
translated into a reduction of telomere length, terminal
restriction fragment analysis was done. The cells were treated
for 14 days with plumbagin (2/3" of I1C50) and MST-
312 (MDA-MB-213: 0.5 uM and MCF-7: 1 uM). Telomere
length reduction was observed across both breast cancer
cell types following telomerase inhibition (Figure 5A and B).
In MDA-MB-231 cells, the telomere length of control cells,
treated with DMSO, was observed as 2444 bp and this length
was further reduced by 112 bp in plumbagin treated cells and
438 bp in co-treated cells after 14 days. In MCF-7 the telomere
length decreased by 309 bp in plumbagin treated cells and
1164 bp in combination treatment compared to DMSO treated
controls. The reduction in telomere length was 3-fold greater in
MCF-7 combination treatment in comparison to control cells.

Telomere-associated proteins such as TREF1, TRF2, and POT1
are important in telomere—telomerase dynamics, the expression
levels of these proteins were investigated in the same treated

cells.[®!¥211 The reduction in telomere length of MST-312-
treated cells was corroborated by decreased protein expression
levels of POT1, TRF1, and TRF2 through Western blot in
MCF-7 cells (Figure 5C). On the contrary, for MDA-MB-231
cells, there are no significant changes for POT1 and TRF1,
but a slight up-regulation in the expression level of TRF2 was
observed in the order of mono- and co-treatments, as compared
to control cells (Figure 5C). The reduction in telomere length
could most probably be due to telomerase inhibition by MST-
312 in combination treatments rather than plumbagin’s effects
after 14 days.

Taken together, these data highlight that dual treatment with
telomerase inhibition and plumbagin induces the telomere
attrition in MCF-7 and MDA-MB-231 cells, mote than in
plumbagin treatment alone.

Inhibition of telomerase in breast cancer cells
results in elevated plumbagin-induced DNA
damage and telomere dysfunction

To investigate the extent of DSB caused by plumbagin (IC50)
and MST-312 (1 pM) treatment across DNA, as well as its
specificity to the telomere region after 48 h of treatment,
telomere dysfunction-induced foci (TIF) analysis was performed

© 2023 Genome Integrity a
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Figure 5: Co-treatment of plumbagin and MST-312 induces more telomere shortening in cancer cells. TRF measuring telomere length after 14
days of treatment with plumbagin (2/3™ of IC50) and MST-312 (MDA-MB-213: 0.5 uM and MCF-7: 1 uM). (A) Southern blot analysis of telomeric
regions. Analysis was done using Kodak imaging software. (B) Graphical presentation of the telomere length of samples compared to DIG
marker (DM) and the HTC. (C) Western blot analysis on TRF1, TRF2, and POT1 proteins upon treatment. 3-actin was used as loading control.
D, DMSO control; P, plumbagin; M, MST-312; MP, MST-312 + plumbagin; Plum, plumbagin; MST, MST-312; MST + Plum, MST-312 + plumbagin;
DIG, digoxigenin; HTC, high telomere control; TRF, terminal restriction fragment.

(Figure 6A and B). The presence of DSB was further validated
through Western blot analysis of yH2AX, with [$-actin as a
reference. In TIF, DSB was represented by green yH2AX foci,
telomere regions were denoted by red telomere probe and
co-localization (TIF) of both signals resulted in yellow dots.

To detect the frequency of DSB occurring in telomeric regions,
the number of co-localized foci was counted. The average
number of TIFs per cell in MDA-MB-231 upon plumbagin
treatment was 0.5-fold greater than untreated DMSO control
cells, whereas in MCF-7, it was 1.3 times greater than DMSO
(Figure 6B). Upon MST-312 treatment the number of TIFs
in MDA-MB-231 cells was not significant, though it increased
by 0.8-fold in MCF-7 cells. In combination treatment, the
number of TIFs was 1.4 and 1.8-fold higher than in control
cells in MDA-MB-231 and MCF-7, respectively; inferring
that telomerase inhibition enhances the probability of DSB
incidences at the telomeres.

A similar trend was observed for treatment-induced DBS
(Figure 6B and C), indicating the average number of yH2AX
fociin plumbagin and combination treatment for both cell types.
In MDA-MB-231 cells, there was an insignificant increase in the
average DNA damage upon MST-312, while there was about a
5-fold increase in the average number of yH2AX foci for MCF7

a © 2023 Genome Integrity
Vol. 14: 1, 2023

cells. With respect to plumbagin treatment, in MDA-MB-231
cells, the increase of yH2AX foci in combination treatment was
4-fold higher while interestingly, in MCF-7 cells this number
declined by one. The findings of this study indicated that the
DNA damage observed in combination treatment was mostly
contributed by plumbagin in short term treatment.

To validate the observations in a TIF assay, Western blot
analysis was performed for yH2AX protein expression level.
As compared to the corresponding B-actin, in both cancer cell
types, the trend of yH2AX protein expression levels soar from
plumbagin to the combination treatment (Figure 6D). This was
in line with the trends observed in the TIF assay as was seen
previously. Consistent with the TIF findings and the trend of
yH2AX foci, the phosphorylation level of YH2AX protein was
less upon MST-312 and combined treatments in MCF-10A
cells, suggestive of the fact that MST-312 might attenuate the
DNA damaging potential of Plumbagin in normal cells (data
not shown).

Once again, the observations of TIF together with the
telomere attrition and telomerase inhibition were more altered
in response to MST-312 and accordingly in MST-312 and
plumbagin combined treatments in both cells highlighting
that the mechanism of action of plumbagin is more oriented
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Figure 6: Induction of telomere dysfunction following telomerase inhibition in plumbagin-treated cells. Colocalization of yH2AX and telomeres
represents TIF after being treated for 48 h with plumbagin (IC50) and MST-312 (1 pM). (A) Immunofluorescence image of TIF in control and
treated cells. Bright yellow dots are visible in treated cells with colocalization. (B) Average number of TIFs per cell. MST-312 promotes the extent
of plumbagin-induced DSB in human breast cancer cells. Cells were treated with plumbagin (IC50) for 48 h, followed by 24-h pre-incubation with
MST-312 (1 uM). Thereafter immunoblotting and immunocytochemistry detection of yH2AX was employed to measure the protein expression
and average number of yH2AX foci, as a representative of DSB. (C) Average number of yH2AX foci per cell, indicating presence of DSB across
the genome. (D) MST-312 modulates the DNA damage response pathway proteins in breast cancer plumbagin-treated cells. Representative
blots for PARP, pATM and pDNA-PKcs proteins following 24-h pre-incubation with MST-312 (1 uM) and 48 h treatment with plumbagin (IC50).
B-actin was used as loading control. Protein level alterations upon dual treatments were more evident in MCF-7 cells, compared to MDA-MB-231
cells. Plum, plumbagin; MST, MST-312; MST + Plum, MST-312 + plumbagin; DSB, double stranded break; D, DMSO control; P, plumbagin; M,

MST-312; MP, MST-312 + plumbagin; TIF, telomere dysfunction-induced foci.

towards exerting DNA damage to cancer cells, while MST-312
affects the telomere dynamics mechanisms.

To further examine the effects of telomerase inhibition on
DNA damaging abilities of plumbagin in breast cancer cells,
immunoblotting was carried out for other key proteins involved
in DDR pathways. The enhanced DNA damaging potential
of plumbagin in combined treatments was corroborated
by higher expression levels of phosphorylated DNA-PKcs
and phosphorylated ATM (Figure 6D). In MCF-7 cells,
PARP-1 expression level was increased in either of MST-312
and plumbagin treatments, but when combined the protein
expression seemed to be attenuated. Whereas the expression
level of pDNA-PKcs increased in MST-312 and combination
treatments compared to a single exposure to plumbagin. On
the contrary, the expression levels of PARP-1 and pDNA-PKcs
were relatively constant in MDA-MB-231 control, plumbagin,
MST-312, and combination treatments. For the pATM protein
expressions, there was a slight up-regulation in the expression
levels of this protein for both breast cancer cells, after 48 h
of single and co-treatment with MST-312, when compared to
plumbagin treatment (Figure 6D).

Together, the findings of this study confirm the earlier reports
establishing the fact that MST-312 acts through the activation
of the ATM/pH2AX DNA damage pathway in short-term
treatments of cancer cells.*”!

Telomerase inhibition of human breast cancer
cells promotes the amount of plumbagin-
induced chromosomal instability

As demonstrated in our earlier study,l’) plumbagin exposure
resulted in telomere dysfunction after 32 days. It is speculated
that the inhibition of telomerase in breast cancer cells may lead
to enhanced plumbagin-induced chromosomal instability within
14 days; therefore PNA FISH was performed to investigate
genomic instability and chromosomal aberrations. Following
14 days of chemical inhibition of telomerase by MST-312
(MDA-MB-231: 0.5 uM and MCF-7: 1 uM) and plumbagin
treatment (2/3 of IC50) in breast cancer cells, telomere-
associated aberrations were detected such as telomere signal
loss, chromosome fusion without telomere signals (dicentric
and tricentric chromosomes), multiple telomere signals, and

© 2023 Genome Integrity
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Figure 7: (A-C) Effects of combined treatment with MST-312 (telomerase inhibition) and plumbagin on the chromosome stability. PNA-FISH was
performed on breast cancer cells treated with plumbagin (2/3™ dose concentration of IC50 determined) followed by pre-incubation with MST-312
(MDA-MB-231: 0.5 yM and MCF-7: 1 uM). The findings are evidence of an increase in chromosomal aberrations of dual treatments after 14
days of treatment. (A) Metaphase spread with multiple telomere defects. Examples of (B) a tricentric chromosome and (C) a chromosome with
interstitial telomere signals indicative of a fusion, such alterations signify the presence of dysfunctional telomeres. (D) Frequency of chromo-
some alterations with reference to telomeres are shown to highlight the telomere-specific chromosome aberrations detected following 14 days of
treatment. Mean values + standard errors are shown. *P < 0.05, statistical significance was observed in the MST + plumbagin group, however,
the increased frequencies should be noted in the other treatment groups as well. Plum, plumbagin; MST, MST-312; MST + Plum, MST-312 +
plumbagin; Dic, dicentrics; ITF, interstitial telomere signals in fusions; TL, telomere loss; Tric, tricentric chromosome; PNA FISH, peptide nucleic
acid-fluorescence in-situ hybridization.

Table 1: Chromosomal changes in breast cancer cells following treatment with plumbagin, MST and in combination.

Cell type Treatments Average chromosomes/ Ends without End-to-end  Breaks Aberrant Total Aberrations per
metaphase + SD telomeres fusions telomere signals  aberrations ~ chromosome + SE

MCF-7  DMSO 61.1+54 0 5 1 6 12 0.010 + 0.004

Plum 59.1 + 8.6 6 4 4 2 16 0.013 + 0.007

MST 60.8 + 8.1 7 4 6 3 20 0.017 + 0.005

MST + Plum 586 + 9.4 10 2 4 11 27 0.024 + 0.005*
MDA-231 DMSO 502 + 4.7 3 0 0 0 3 0.003 + 0.002

Plum 475+ 64 3 0 0 2 5 0.006 + 0.004

MST 51+26 2 1 1 3 7 0.007 + 0.003

MST + Plum 41.8 + 8.1 6 1 1 3 11 0.017 + 0.005*

For each sample, a minimum of 20 metaphase spreads were analyzed.
DMSO, dimethyl sulfoxide; Plum, plumbagin alone; MST, MST-312 alone; MST + Plum, MST-312 + plumbagin combination treatment;
SD, standard deviation; SE, standard error; statistically significant *P < 0.05 numbers highlighted in bold.

a © 2023 Genome Integrity @
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chromosome or chromatid breaks. There were about 12%,
16%, 17%, and 22% total chromosomal aberrations observed
in control, plumbagin, MST-312, and combination treatments,
respectively, in MCF-7 cells. Whereas, in MDA-MB-231 cells,
correspondingly the total aberrations were 3%, 5%, 6% and 8%
in control, plumbagin, MST-312, and combination treatments.
In both the cell types, the percentages of chromosomal
aberrations were larger in combined exposures than in
plumbagin (single treatment group) after 14 days of treatment
(Figure 7A—C and Table 1).

Discussion

Anticancer activity of plumbagin against human breast cancer
cells, including inhibition of cell growth and apoptosis induction,
was shown to be partly due to the inhibition of the NF-kB/
Bcl-2 pathway.!!?
studies on MST-312 and plumbagin treatment, it was found

] Interestingly, throughout the combination

that plumbagin exerts efficient anti-cancer effects on highly
resistant and metastatic MDA-MB-231 breast cancer cells. In
MDA-MB-231 cells, the combination treatment of plumbagin
with MST-312 had noteworthy effects in both short-term and
long-term studies. Treatment with MST-312, a telomerase
inhibitor, sensitized the MDA-MB-231cells to plumbagin
treatment following both short-term and long-term exposure.
This could probably be due to the shorter basal telomere length
in MDA-MB-231 cells compared to MCF-7 as observed in the
control results. It was reported by Hemann and colleagues that
it is not the average telomere length, but rather the critically
short telomeres, which trigger cellular responses to the loss
of telomere function.”’) The lag phase, which is required to
critically shorten the telomere length, would be less for shorter
telomeres. Furthermore, based on the immunocytochemistry
observations, Plumbagin treatment showed greater genotoxic
consequences in MDA-MB-231 cells. Plumbagin possibly
affects cell density by inhibiting cell growth or inducing cell
death as observed in the cell cycle assay. In long-term treatment,
plumbagin and MST-312 single treatments caused G2/M phase
arrest while plumbagin and MST-312 combination treatment
more obviously led to increased apoptosis.

In MCF-7 cells, the combination treatment with MST-312
yielded almost equal cytotoxic effects as a plumbagin single
treatment did in the in short term. This was observed in both
cell viability and TIF experiments, where the observed cytotoxic
and genotoxic effects in the combination treatment could also
be the result of the presence of plumbagin. In these short-
term studies, the lesser sensitization of MCF-7 cells towards
MST-312 treatment could be due to longer lag phase which
MCEF-7 requires due to its longer telomere length. Noteworthy,
after 14 days of treatment, MCF-7 cells were more affected in
combination treatment than in single treatment with plumbagin.
This could indicate that MST-312 has begun to show its effects
along with plumbagin in combination treatments after 14
days. It was reported by Seimiya and colleagues!®! that when

cells are treated with telomerase inhibitor, those with longer
telomeres would requite more doubling time to exhaust
telomeric sequence compared with cells with shorter telomeres.
As reported earlier,/’l MCF-7 cells have a longer population
doubling time. Furthermore, TRF findings also showed longer
basal telomere length for MCF-7 cells, which collectively might
point to one of the main reasons for the difference of cellular
responses of MDA-MB-231 and MCF-7 cells to combination
treatments in short-term and long-term studies. Furthermore,
both cell types are known to be genetically distinct in many
ways.l/l Therefore, the response to combination treatment
varies between the cell types and it is time dependent. MCF-7
cells require a longer time than MDA-MB-231 cells to respond
in combination treatment compared to plumbagin treatment
alone. Though there is a longer lag phase observed in MCF-7
cells due to the longer telomere length, plumbagin continues to
induce DNA damage, making the combination treatment more
efficient.

The cytotoxic effects of plumbagin and MST-312 combination
treatments appeared to be irreversible, unlike that of plumbagin
single treatments as discussed earlier. Only cells that were
resistant to the plumbagin and MST-312 treatments during
short-term exposure were able to form colonies. Other cells
were either arrested or underwent apoptosis. However, the
results indicated that very few cells were able to form colonies
in combination treatment in both cell types, even though the
treatment was terminated after 48 h, and the cells were allowed
to recover in drug-free medium for 14 days. This shows that
the inflicted damage by combination treatments were too
extensive and that the cells were not able to repair or overcome
the cell cycle arrest. Such deleterious damage could not only
have targeted DNA but also caused damage to other cellular
components.**’]

Reduction in telomerase activity was mostly contributed to
telomerase inhibition in both cells. In MCF-7, the reduction
in telomerase activity leads to telomere attrition. Depletion in
the telomerase activity rate of MCF-7 cells was 5-fold from the
control cells to the combined treated ones with plumbagin and
MST-312, though the rate of telomere shortening was slower.
When telomerase activity is inhibited, cancer cells would face
the end replication problem similar to normal cells due to the
absence of telomerase activity.

As manifested by the results, when cells were treated with
plumbagin and MST-312 single treatments, they were arrested
at the G1 phase in MCF-7 cells, which ensured that damaged
DNA would not replicate. This infers why the number of
cells undergoing cell division in plumbagin and MST-312
co-treated cells were much lower than that of controls. This
might also explain how the rate of telomere length attrition was
not commensurate with rate of telomerase activity reduction
in MCF-7 cells. In long-term treatments of MCF-7 cells, the
reduction in telomere length, though slow, but together with
the relevant cytotoxic effects were significant enough as evident
by the increase in TREF1 and POT1 protein expression levels

© 2023 Genome Integrity a
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in combination treatments. POT1 is a negative regulator of
telomerase activity.?*?’l TRF1 negatively regulates telomere
length and it was reported that overexpression in TRF11%
or overproduction of wild type TRF1 induces telomere
shortening.?1*’~ 1 POT1 binds the 3'-overhang, whereas TRF2
directly binds the double-stranded telomeric DNA; and both
protect telomeres from DDR by representing the ATM and
ATR kinase signalling pathways, respectively.

In both MCF-7 and MDA-MB-231 cells, single treatment with
plumbagin showed up-regulation in the expression levels of
TRF2. This may be due to the DNA damaging properties of
plumbagin proving the information that upon DNA damage,
the telosome reacts by up-regulating the TRF2 expression
and telomerase activity in malignant cells. It was shown that
this up-regulation of TRF2 protein expression might act as
antiapoptotic mechanisms in the DDR of malignant cells.l*?]
Telomerase inhibition by MST-312 single treatment did not
modify the TRF2 expression level in MCF-7 cells (in this study
and!'*!1); though in the MDA-MB-231 cell type, it resulted in
the increased trend of TRF2, both at the single exposure or
as combined with plumbagin treatment. This might be due to
the pure epithelial nature of MDA-MB-231 breast cancer cell
types,*/l as it was verified that telomerase abrogation accelerates
TRF2-induced epithelial carcinogenesis.l*l Furthermore, it has
been illustrated that telomerase inhibition might not be effective
to cease the growth of TRF2-overexpressing tumors.*l Both
TRF1 and TRF2 were reported as negative regulators of
telomere length and their down-regulation was shown to be
important to maintain telomeric DNA in cancer.’® Therefore,
their up-regulation might disturb the telomere dynamics.

Regarding the genotoxicity and cytotoxicity of each drug,
MCF-7 cells were mainly prone to plumbagin, especially
in short-term studies, as it was evident in TIF and cell cycle
sub-G1 population number, respectively. In these findings
apoptosis was more observed in plumbagin single treatments
than MST-312 ones. However, synergistic effects of MST-312
and plumbagin treatments after 14 days were noticeable; and
might have also been more effective if the duration of studies
was longer.

On the contrary, as for MDA-MB-231 cells, the genotoxicity
and cytotoxicity of treatments were synergistically exerted
by genotoxic effects of plumbagin and telomere dysfunction
through telomerase inhibition of MST-312. Telomerase
involvement in the long-term maintenance of telomere length
and chromatin structure might potentiate its response to
genotoxic stimuli. It was reported by Tamakawa and colleagues
that telomerase positive breast cancer cells, respond to genotoxic
agents in a cell cycle stage-specific manner: telomerase activity
can increase cell survival by alleviating the toxic effect of
genotoxic agents that are predominantly active in the G2 phase
of the cell cycle.’*l Hence when DNA damage is induced in the
S/G2 phase of the cell cycle, telomerase inhibition increases
the cytotoxicity of a genotoxic stimulus.’*) Furthermore, it
has been reported eatlier that telomerase inhibition increased

a © 2023 Genome Integrity
Vol. 14: 1, 2023

the susceptibility of malignant glioblastoma cells to cisplatin-
induced apoptosis.**
with previous reports.!
inhibitor MST-312 treatments greatly and synergistically

I'The findings of this study are consistent

SI0IL57 Plumbagin and  telomerase

impacted on the telomerase activity inhibition, apoptosis
rate, and cell viability of MDA-MB-231 cells. Cell cycle assay
showed that plumbagin-induced DNA damage occurs at the
G2 phase. Accordingly, combining the telomerase inhibitory
effects of MST-312 with plumbagin increased the cytotoxicity
and genotoxicity of the MDA-MB-231 cells in both short- and
long-term studies.

PARP-1 response was up-regulated in plumbagin-treated
MCEF-7 cells but was inert in MDA-MB-231 cells. However,
the cellular reaction of PARP-1 towards MST-312 treatments
was ruled out in both cell types, as evidenced by the steady
level of protein expression throughout the exposure. However,
it was presented that the protein levels of both pATM and
pH2AX were elevated upon combined treatment of plumbagin
and MST-312 in MDA-MB-231 and MCF-7 cells. The higher
levels of these two proteins could be believed to be due to
the impact of MST-312 to a large extent, as it was evident in
immunoblotting findings of this telomerase inhibitor single
treatment. These observations substantiate the report that
MST-312 petforms through activation of the ATM/pH2AX
DNA damage pathway in short-term-treated cancer cells.*?

The total number of aberrations which was mainly due to
telomere signal loss was corroborated using a TIF assay.
This association advocated that upon combination treatment
with plumbagin and MST-312, the DSB DNA damage was
colocalized at the telomere sites leading to more critical cancer
cell genome instability. The genotoxic effects of plumbagin
treatment led to DSBs across the genome and specifically at
telomeric regions. Moreover, with an MST-312 combination,
more telomere instability was observed such as telomere
signal loss, chromosomes with multiple telomere signals,
and chromosome fusions without telomere signals resulting
in dicentric and tricentric chromosomes. Telomere attrition
followed by telomerase inhibition and DSBs at telomeric regions
resulted in deprotection of chromosome ends and eventually
chromosomal fusion. This could most likely be because the
dysfunctional telomere repeats were too short for the efficient
binding of telomere-associated proteins such as TRF2.°® Short
telomeres would then evoke DNA repair activities that would
result in chromosome fusions, most likely to be mediated by
non-homologous end joining (NHE]) repair mechanism. An
increase in phosphorylated DNA-PKcs expression level in
MCF-7 cells and constant expression level in MDA-MB-231
cells were also observed. Phospho-DNA-PKcs are involved
in NHE] repair mechanisms as mentioned previously. Hence,
more telomere related chromosome dysfunctions in MCF-7
cells were observed than in MDA-MB-231 cells.

The presence of dicentric or tricentric chromosomes, produced
by telomeric fusions, poses problem to the cell for subsequent
cell division.'”) Multiple centromeres might be brought to
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opposite poles during the anaphase and the resulting bridges
would be broken, leaving DSB at one end. The broken ends
would then be fused to another chromosome with an uncapped
telomere, which would reinitiate a cycle of breakage—fuse—
bridge (BFB).?!%41l As there are many chromosomes with
dysfunctional telomeres, different chromosomes fuse together
randomly. Repetition of BFB in a pre-crisis state would lead
to widespread genome disintegration with fusion of different
chromosome regions, resulting in chromosome ploidy changes.
Further replication would lead to a greater number of unstable
chromosomes; thus, the cells can no longer divide without
losing vital genetic material. Cells then enter mitotic catastrophe
and die."” The two main sources of telomere fusion and
telomere dysfunctions observed in PNA FISH results were
due to telomere erosion by MST-312 treatment, and DSB
caused by plumbagin specifically at the telomere region as seen
in TIF results. According to TIF, the average number of TIF
per cell was much higher in combination treatment in both
MDA-MB-231 and MCF-7 cells, which might have promoted
the genome instability of breast cancer cells.

A decrease in telomerase activity can be due to the interruption
of the function of telomerase enzyme and/or down-regulation
of the expression of telomerase enzyme. Though the
telomerase activity was down-regulated by telomerase inhibitor
MST-312, the expression level of h"TERT continues to increase
in both cell types. As described eatlier, the ribonucleoprotein
telomerase consists of a telomerase reverse transcriptase subunit
(TERT), as the catalytic subunit, and telomerase RNA (hTR)
that provides a template for the synthesis of telomere. These
two components need to be assembled in order to form the
fully functional telomerase. However, the molecular mechanism
by which hTERT and hTR are assembled into a functional

(341 As the mechanism of

0,11,45]

ribonucleoprotein is unknown.
action of MST-312 is becoming clearer, ™! we speculate
that a decrease in telomerase activity by MST-312 could be due
to interruption of the function of telomerase enzyme or the
assembly of the telomerase. MST-312 was not shown to cause
telomere damage, rather it inhibited the telomerase activity as
observed in short-term TIE

Telomerase is present in most cancer cells and not in normal cells,
except for stem cells and germ lines. Hence, a dual treatment
comprising telomerase inhibitor would more specifically target
breast cancer cells to elicit genome instability and affect the
telomere dynamics of the breast tumor cells. The combination
treatment of two natural products, plumbagin and MST-312,
was observed to be highly effective in long-term and short-term
studies in TNBC cells MDA-MB-231. Whereas the cytotoxic
effects -of combination treatment were more apparentin MCF-7
cells following long-term treatment. The required longer period
and its efficacy upon plumbagin single treatment in MCF-7 cells
was due to the difference in lag phases between these two cell
types, contributed to the difference in initial telomere length.

Moreover, in MDA-MB-231, plumbagin and MST-312

combination yielded synergistic effects in terms of DNA

damage and impairment at the telomeres and telomere dynamics.
The cytotoxic effects of dual treatment with plumbagin and
MST-312 are not recoverable, unlike that of plumbagin single
treatment. In conclusion, the combination treatment of MST-
312 and plumbagin was more effective than plumbagin single
treatment in terms of DNA damage and telomere dysfunction,
which might lead to greater genome instability and cell cycle
arrest, and eventually cell death in cancer cells.
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