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Abstract

Abstract

Telomerase is a very attractive target for therapy, due to its specific presence in cancer cells and
undetectable expression in somatic cells. Telomerase inhibitors have been investigated as
potential cancer therapy for their acute cytotoxic effects as they halt the proliferation of cancer
cells by telomere uncapping and activating the DNA damage response pathway. p53 is an
essential protein with tumor suppressor functions that has a pivotal role in DNA damage. It is
frequently found to be mutated in various types of cancers. Deregulation of p53 plays a role in
determining the sensitivity of cancer toward anti-cancer compounds which cause DNA damage.
However, the relationship between telomerase inhibitors and the tumor suppressor protein p53
is not completely understood. In this study, we investigated the cytotoxic effects of MST-312,
BIBR1532, and 6-thio-dG in ovarian cancer cells (OCCs) with different p53 statuses and studied
the combinatorial effect of a telomerase inhibitor, MST-312, and a plant-based flavonoid,
quercetin in cancer cells.

Our results indicate that short-term acute treatment with MST-312, BIBR1532, and 6-thio-dG
exhibits p53-dependent cytotoxicity in a panel of ovarian cancer with variable p53 expression.
However, in isogenic p53** and p53” ovarian cancer cell lines created using CRISPR/Cas9,
MST-312 exhibits p53-dependent cytotoxicity while BIBR1532 and 6-thio-dG exhibit p53
independent cytotoxicity. Moreover, MST-312 treatment effectively aggravated colony-forming
ability in a p53-dependent manner. Additionally, the re-introduction of p53 in p53” cells restored
their sensitivity towards MST-312. Since p53 essentially determines the cell cycle progression
and induces cell cycle arrest and/or apoptosis in response to genomic damage, we investigated
the effect of MST-312, BIBR1532, and 6-thio-dG on cell cycle progression. MST-312 induced
S phase cell cycle arrest followed by cell death in the presence of p53 while in the absence of
p53, it led to a more significant G2/M phase arrest. BIBR1532 induced S/G2/M phase arrest in
p53** cells but similar cell death irrespective of the p53 status of the cells. 6-thio-dG induced S
phase cell cycle arrest in the presence of p53 while in the absence of p53, it led to a more
significant G2/M phase arrest but similar cell death irrespective of the p53 status of the cells.
Further, we investigated the mechanism of cell death of MST-312 and BIBR1532 in ovarian
cancer cells and found that MST-312 induced p53-dependent apoptosis while BIB1532 induced
p53-independent necrosis. Gene expression analysis revealed that MST-312 modulates the
expression of p53 target genes, such as anti-apoptotic genes (Fas and Puma) and cell-cycle

markers (p21, cyclin B, cyclin Ds) confirming the observed cell cycle and apoptosis phenotypes.
iii



Abstract

Additionally, long-term treatment with MST-312 and BIBR1532 results in p53-independent
telomere shortening in telomerase-positive cancer cells. Interestingly, long-term treatment with
6-thio-dG led to an increase in telomere length in p53-positive cells.

Collectively our results provide evidence of distinct anti-cancer effects of telomerase inhibitors
and shed light on their molecular mechanisms and treatment outcomes, particularly in terms of
p53 expression status in cancer cell lines.

Furthermore, when combined with other anticancer agents, telomerase inhibitors can improve
efficacy and provide synergistic effects, offering a promising strategy for fighting cancer. In this
study, we investigated the synergistic response of quercetin and MST-312 as a combinatorial
therapy, to reduce the required therapeutic dosage of individual drugs in cancer cells. We
observed that at low doses, MST-312 and quercetin exhibit a significant synergistic anti-cancer
effect. Co-treatment of quercetin and MST-312 significantly reduced colony formation ability
and increased the proportion of apoptotic cells. We further studied the effect of the combination
on DNA damage response proteins. Co-treatment with quercetin and MST-312 led to a
significant increase in the expression of p53, p21, and y-H.AX. Furthermore, we found that
combining MST-312 and quercetin led to a 1000-fold inhibition of telomerase activity. The gene
expression of the homology repair pathway, ATM, and RAD50 was also measured and found to
be significantly lower in the combination group. Our findings show that MST-312 in
combination with quercetin increases DNA damage leading to apoptosis. This is accomplished
by inhibition of telomerase activity and suppression of DNA repair mechanisms. These findings
hold great potential for enhancing the efficacy of cancer therapeutics since the combination of
MST-312 and quercetin specifically targets cancer cells at low therapeutic doses of each

compound.
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Introduction
1.1 Ovarian Cancer

Cancer is the second most common cause of fatality and poses a serious health issue. The
anticipated number of cancer occurrences in India in the previous year was 14,61,427 [1].
Amongst the different cancers, ovarian cancer ranks third in India and globally with 313,959
incidences and 207,252 deaths in 2020 [1, 2]. 93% of ovarian cancer cases have a 5-year survival
rate when detected in the early stages; however, only 15% of patients are detected at that stage.
58% of the patients were identified in advanced phases Il and IV, with a 5-year survival rate of
only 30 %. Ovarian cancer in advanced stages has the worst prognosis and highest fatality rate
worldwide [3].

1.1.1 Histopathology

Ovarian cancer is divided into two major classes, Type | and Type I, with the latter remaining
a more lethal version that promotes inflammation and endometriosis (Figure 1.1). The World
Health Organization (WHO) updated its criteria in 2014, dividing ovarian cancer into different
morphological groups based on the type of cells involved: high-grade serous carcinoma (HGSC),
low-grade serous carcinoma (LGSC), mucinous carcinoma (MC), endometrioid carcinoma (EC),
and clear cell carcinoma (CCC) [4]. LGSC, EC, CCC, and MC are examples of Type | tumors.
They are often detected at an earlier stage and are low-grade. Their proliferation rate is low and
their prognosis is favorable. HGSC, carcinosarcoma, and undifferentiated carcinoma are
classified as type Il tumors. They have a higher proliferation rate, more aggressive development,

and greater chromosomal instability than type I [5].
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Figure 1.1 Major histologic subtypes of ovarian cancer [6]
1.1.2 Stages of ovarian cancer

To determine the appropriate treatment, it is important to determine the stage of ovarian cancer
based on the results of diagnostic tests, imaging, and biopsy. A lower stage indicates that the
cancer is more localized, whereas a higher stage indicates that the cancer has propagated.

Ovarian cancer management is centered on four stages.

Stage I: The cancer is confined to the ovaries. In most cases, women have a favorable diagnosis,
with a 5-year survival rate of 93%.

Stage I1- Tumor is detected in one or both ovaries and expands to other organs in the pelvic area.

They are usually confined to regional spread and have a 5-year survival rate of 74 %.

Stage I11: Along with being present in the ovaries, the cancer has expanded to the distant parts
of the pelvis, abdomen, and/or lymph nodes. The mean 5-year survival rate is 41%

Stage 1V: The cancer has metastasized to other organs, such as the lungs, spleen, or liver. The

mean 5-year survival rate is 31% [7].
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1.1.3 Risk Factors and Prevention

Numerous factors are associated with a high or low risk of ovarian cancer. Putative risk factors
include obesity, infertility, endometriosis, sedentary lifestyle, smoking, and alcohol intake [8, 9].
Obesity and postmenopausal hormone therapy are associated with a higher risk of ovarian
cancer, particularly in less aggressive forms [10]. Ovarian stimulation for in vitro fertilization
may increase the risk of low malignant ovarian cancer [11]. The greatest risk is among women
with inherited gene mutations, that is, mutations in BRCA1/2 or mismatch repair genes [12]. A
decreased risk of ovarian cancer, ranging from 30% to 60%, has been associated with several
factors, including early pregnancy and childbirth at a younger age (< 25 years), multiple
pregnancies, use of combined oral contraceptives for > 5 years, engaging in breastfeeding, and
undergoing hysterectomy. These factors have been identified as protective factors against

ovarian cancer [13].
1.1.4 Symptoms

For early detection and better results, it is essential to understand the signs and symptoms of
ovarian cancer. Ovarian cancer does not appear with distinct symptoms, and women frequently
accept these changes as a result of aging, menopause, and prior pregnancies. Abdominal bloating
or swelling, pelvic pain or discomfort, chronic indigestion or nausea, changes in bowel habits,
chronic back pain, and abnormal vaginal bleeding are the symptoms of ovarian cancer. A
systematic physical examination was performed to assess for the presence of pelvic and

abdominal tumors [14].
1.1.5 Screening and Detection

The survival rates of patients in the late stages of cancer can be improved by early screening and
detection.

Ultrasound imaging is commonly used to screen for ovarian cancer. It employs sound waves to
capture ovaries and observe their growth. A small probe is introduced into the vagina to image
tiny tumors that have the possibility of being malignant in the ovaries [15, 16]. Other imaging
techniques, such as pelvic MRI, PET scan, and abdominal pelvis CT scan, are also used to screen
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ovarian cancer[17].

The detection of biomarkers in the blood is a non-invasive and promising approach for ovarian
cancer screening. Several biomarkers such as CA-125, Mesothelin, and HE4 have been
identified. Studies have indicated that these biomarkers can diagnose ovarian cancer at an earlier

stage than conventional approaches and can be evaluated using blood tests [18].

A biopsy by removing a small part of the tumor and pathological examination of the tissue
samples is another diagnostic method. A needle is inserted at the site of the tumor, guided by
ultrasound or CT scan, to extract tissue samples [19]. Recently, liquid biopsies have gained
recognition as techniques for measuring circulating tumor DNA (ctDNA), cell-free RNA
(cfRNA), and circulating tumor cells (CTCs) among other tumor components [20]. CircMUC16

is one of the most favorable circular DNA markers for ovarian cancer [21].
1.1.6 Treatment

The stage of cancer, subtype, and overall state affect the treatment module for different types of
ovarian cancer. The most common treatment modules for ovarian cancer are surgery,

chemotherapy, radiation therapy, and precision therapy.

Surgery: The primary option of therapy for ovarian cancer is surgery, which entails the removal
of the tumor in its entirety. Debulking surgery, also known as cytoreduction, is performed
through open surgery or minimally invasive methods, such as laparoscopy [22]. Patients who are
unsuitable candidates for surgery and have a low likelihood of achieving optimal tumor reduction
are recommended to undergo neoadjuvant chemotherapy. This approach aims to reduce the
tumor burden before considering surgery, and helps alleviate the extent of the tumor before any

potential surgical intervention [18].

Chemotherapy: Chemotherapeutic treatment was administered to adjuvant, neoadjuvant,
combined, and metastatic patients. Platinum-based drugs, such as cisplatin and carboplatin, and
members of the taxane family, such as paclitaxel and docetaxel, are first-line therapeutic agents
[23]. Other examples of drugs commonly used in chemotherapy include cyclophosphamide,

epirubicin, doxorubicin, and fluorouracil. Chemotherapy is an effective treatment for ovarian

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University



Introduction

cancer, but has many side effects, such as nausea, vomiting, hair loss, fatigue, anemia, and an
increased risk of infection. It can damage the ovaries, reduce fertility, and have long-term effects

including nerve injury, drug resistance, and a high risk of developing other types of cancer [18].

Radiation therapy: High-energy radiation is employed in radiation therapy in the treatment of
ovarian cancer. External beam radiation therapy (EBRT) is commonly used for radiation
treatment, including stereotactic body radiotherapy (SBRT), intensity-modulated radiation
treatment (IMRT), and stereotactic magnetic resonance-guided online-adaptive radiation therapy
(SMART) [24-26]. However, short-term side effects such as exhaustion, skin irritation, and
bowel or bladder issues, and long-term adverse effects such as infertility and an elevated risk of
developing other types of cancer have restricted its use [27].

Targeted therapy: Although the most common forms of treatment for ovarian cancer are
surgery and chemoradiotherapy, both have serious adverse effects and a relatively modest
therapeutic advantage, which ultimately result in death from the disease and poor survival rates.
Therefore, a promising molecular strategy for treating ovarian cancer involves targeting the
signaling pathways that are distinctly expressed in cancer cells. Targeted therapy is anticipated
to be more effective and less toxic than standard chemotherapy, targeting specific molecules in

cancer signaling pathways, microenvironment, immune system, and vasculature.

Over the past ten years, the management of ovarian cancer has undergone a fundamental change
that has led to the progression of new targeted treatment options such as antiangiogenic agents,
PARRPI, inhibitors of growth factor signaling, folate receptor inhibitors, and immune checkpoint
inhibitors, which aim to transform an aggressive disease into a manageable chronic condition
[28]. BRCA1 and BRCA2 mutations are typically observed in ovarian cancer. These genes encode
tumor suppressor proteins that aid in the restoration of DNA damage and maintain the genetic
stability of the cell. Drugs that specifically target DNA repair mechanisms, such as PARP
inhibitors, inhibit the development of cancer cells with BRCA mutations [29]. The monoclonal
antibody bevacizumab interacts with VEGF-A and prevents it from attaching to its receptor and
has been permitted as a therapy for people with ovarian cancer [30].

Despite significant advancements in ovarian cancer treatment, it remains a lethal cancer in

women. New cancer treatments are needed to improve the effectiveness of current treatments,
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reduce side effects, and provide better outcomes for all cancer types. Resistance to current
treatments limits their effectiveness and impacts the quality of life, and different types of cancer
can require more aggressive and innovative treatments. Thus, there is the need for further studies
to identify novel targets that are more specific to cancer cells and provide better clinical

outcomes.
2.1 Telomeres

Telomeres are nucleoprotein complexes that shield the ends of linear chromosomes by
preventing the loss of genetic information, chromosomal fusions, and other abnormalities arising
from premature activation of the DNA damage response (DDR) in cells. In most eukaryotes,
telomeric DNA consists of repetitive DNA sequences that are conserved and are mainly
composed of G-rich repeats. This repetitive sequence is typically denoted as TX(Ax)Gx [31]. In
humans, telomeres are composed of tandem sequences of (5-TTAGGG-3')n with lengths
ranging from 9 to 15 kb [32].

2.1.1 Structure

In mammalian cells, telomere DNA consists of repetitive sequences that are arranged in tandem.
These sequences are double-stranded, followed by 3'-G-rich single-stranded overhangs at their
ends. These overhangs can loop back and invade neighboring dsDNA, creating a structure called
a displacement loop (D-loop) [33]. T-loops are formed when the 3’ overhang of telomeric DNA
invades an upstream double-stranded telomere region, resulting in the formation of a DNA loop
that can span multiple kilobases (Figure 1.2). These telomere loops play an important role in

shielding the ends of chromosomes from being detected as DNA double-stranded breaks [34].
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Figure 1.2 Telomeric repeats with a single-stranded 3’ overhang and T and D loop formation
[35].

Telomeric DNA is also associated with the formation of secondary structures, such as G-
quadruplex (G4) DNA, by hydrogen base pairing between four guanines, producing G4s [36].
G4s have been found to form on single-stranded G-rich telomere overhangs and have also been

postulated to block nuclease action on telomeres, thereby promoting genomic integrity [37].
2.1.2 Subtelomeres and TERRA

Subtelomeres are chromosomal regions adjacent to telomeric repeats and have been linked to
transcriptional modulation and telomeric chromatin composition. Transcription is initiated at the
subtelomeric regions by RNA polymerase I, and then moves to the telomeric regions to produce
telomere repeat-containing RNA (TERRA), a long noncoding RNA. TERRA mounts at critically
short telomeres, giving rise to RNA-DNA hybrids, also known as R-loops [38]. TERRA
transcripts contain multiple copies of the 5’ -UUAGGG-3' repeats, which are complementary to
the TERC sequence, making it a high-affinity natural ligand and direct telomerase enzyme
inhibitor [39, 40].

2.1.3 Shelterin complex

Telomeres help cells distinguish between chromosome ends and double-strand breaks (DSBS).
This role is primarily mediated by shelterin, a specialized six-protein complex composed of
TRF1, TRF2, RAP1, TIN2, TPP1, and POT1 (Figure 1.3). These proteins bind specifically to
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double-stranded (ds) and single-stranded (ss) telomeric DNA to form a shielding cover that
protects the telomeric DNA from incorrect repair. The absence and mutation of these proteins’

triggers DDR, causing genomic instability [41].

The replication of telomeres is challenging owing to the formation of G-quadruplex (G4)
structures in the DNA template during lagging strand synthesis [42]. TRF1 plays a crucial role
in overcoming this issue by recruiting BLM helicase (associated with Bloom’s syndrome) to
telomeres, which can unwind G4 structures. Another component of the replication machinery,
regulator of telomere elongation helicase 1 (RTEL1), is involved in eliminating G4 structures
from the template [43]. Additionally, RTEL1 is recruited independently of TRF1 through its
association with PCNA. TRF2's T-loop acts as a regulator by preventing the binding of Ku70/80
and Mrell-Rad50-Nbsl (MRN) complexes, thereby inhibiting classical non-homologous end-
joining (c-NHEJ) and ATM activation. During S phase, TRF2 recruits RTEL1 to facilitate T-
loop unwinding and initiate replication. RAP1 improves the specificity of TRF2 on telomeres.
Both RAP1 and POT1 can suppress HDR (homology-directed repair) in telomeric DNA. POT1
interferes with the recruitment of replication protein A (RPA), thus inhibiting the ATR-mediated
repair pathway. TIN2 stabilizes TRF1 by preventing tankyrase poly(ADP-ribosyl)ation and
ubiquitin-dependent proteolysis. Additionally, TIN2 plays a direct structural role in telomere
protection. It acts as a bridge between the ACD-POT1 dimer and shelterin complex.
Consequently, TIN2 anchors other shelterin components to telomeric DNA, leading to repression
of ATR and ATM signaling [41, 44, 45].
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Figure 1.3 Graphical representation of telomeric components [41]

2.1.4 End replication problem

Telomeres shorten after every cell division because DNA polymerase cannot replicate the ends
of the lagging strands during DNA synthesis. This gives rise to the end-replication problem,

which occurs because of the inability of DNA polymerase to replicate the ends of DNA [46].

DNA polymerase promotes DNA replication in the 5' to 3' orientation. It begins with the
synthesis of RNA primers using primase. The RNA primer binds to the template DNA, resulting
in a free 3'-OH group, to which new nucleotides can be added. For continuous synthesis at this
site, only one primer is required throughout the synthesis of the leading strand, which runs from
5'to 3' (Figure 1.4) [47]. Simultaneously, DNA strand synthesis begins in a lagging manner in
the 3°-5' direction. Multiple RNA primers are required to establish a lagging strand, which is
then replaced by DNA nucleotides via DNA polymerase, lengthened, and ligated to form a new
strand. The problem emerges at the 5' end of the lagging strand, where the last RNA primer is
deleted after synthesis of the new strand, and the end-replication problem develops. Due to the

lack of a 3'-OH group after removing the RNA primer, DNA polymerase is unable to synthesize
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the end of the lagging strand, leaving a gap. Thus, telomeres shorten by 50-150 base pairs
following each S phase of the cell cycle [48].

> 5’ - Parental Strand
3 e Leading Strand
D I €« == Lagging Strand
l' RNA Primer
3,
1 1
3}
) L
Gap

Figure 1.4 Illustration of the end replication problem leading to loss of DNA after
replication[47]

2.1.5 Telomeres and Cancer

As a normal cellular process, telomere length decreases with age because of the end-replication
problem [49]. Short telomeres activate the DDR, causing cell cycle arrest or apoptosis. This
response reduces cellular longevity in cultured human fibroblasts, leading to replicative

senescence or Hayflick limit [50].

Telomere shortening, along with other oncogenic alterations, can lead to genome instability and
potentially activate early stages of cancer. The point at which the telomeric end becomes
uncapped is estimated using the telomere shortening rate in each cell type or tissue. Hence, a
small telomere length is critical for chromosomal integrity, as it could be the primary contributor
to senescence [51]. Replicative aging, senescence, and crisis are two critical obstacles that
prevent cancer initiation. Cellular senescence, also termed mortality stage 1 (M1), is defined as

the suppression of cell division due to the uncapping of one or more shortened telomeres. At this
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stage, the cells are alive, but do not proliferate further. However, M1 can be circumvented by
these cells through cancer-initiating mutations in genes responsible for cell survival, growth, and
apoptosis, leading to a longer cell multiplication period. During this phase, telomeres further
shorten, leading to a new dysfunctional state known as crisis (or M2 crisis). Critically short
telomeres have been reported to activate the DDR, and the presence of approximately five DDR+
telomeres has been shown to increase the likelihood of p53-driven senescence. Inactivation of
the tumor suppressors p53 and Rb may bypass senescence and allow cells to continue
multiplying while losing telomeres until they reach crisis [52]. M2 is a stage in which a critically
short telomere length results in end-to-end chromosome fusion and genomic instability [53].
However, a rare clone (1 in 10,00,000 or 10 million cells) can progress to cell immortality. At
this point, a telomere maintenance mechanism must be activated to preserve the critically small
telomeres. Two mechanisms for telomere maintenance include reactivation of telomerase
expression or activation of telomerase-independent mechanisms, such as alternate telomere

length (ALT), thereby avoiding crisis and eventually leading to cancer progression [54].

The activation is a hallmark of cancer and allows replicative immortality. While most tumors
depend on telomerase reactivation, a small proportion use the ALT pathway which maintains

telomere repeats by recombination [55] [56].
1.3 Telomerase

Telomerase is a ribonucleoprotein complex with the primary function of synthesis and
maintenance of telomeric DNA repeats at the 3’ ends of linear chromosomes. It consists of two
main components: a reverse transcriptase catalytic subunit known as telomerase reverse
transcriptase (TERT), and a telomerase RNA component (TERC). TERC is complementary to
telomeric repeats and serves as a template for TERT, which catalyzes the synthesis of telomeric
DNA [57]. Other proteins, such as Pontin, Reptin, Garl, Nhp2, and Tcabl, are recruited to the
telomerase core complex and are required for stable telomerase assembly and chromosomal
association [58]. Dyskerin and telomerase protein components (TEP1) play crucial roles in the
stabilization of telomerase composite [59]. Eslp and Es3p are protein subunits that contribute to

the telomerase enzymatic complex [60].

12

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University



Introduction
1.3.1 Human telomerase RNA component (hnTERC)

In humans, TERC is located on the long arm of chromosome 3 at position 26.2, also known as
3026.2, and is transcribed by RNA pol 11 [61]. The mature human TERC is 451 nucleotides in
length and contains eight conserved regions (CRs), known as CR1-CR8. TERC is composed of
three important domains: the template/pseudoknot domain (t/PK), (ii) the CR 4 and 5 domains
(CRA4/5), and (iii) the H/ACA domain (which includes the CR7 domain) [62]. The t/PK domain,
in conjunction with the CR4/5 domain, is sufficient and necessary for interaction with TERT,
whereas the H/ACA domain is required for the biogenesis and maturation of the active

telomerase ribonucleoprotein (RNP) (Figure 1.5).
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Figure 1.5 TERC structure along with associated proteins [40]
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1.3.2 Telomerase reverse transcriptase (TERT)

hTERT gene is located on chromosome 5 and is 42 kb long with 16 exons, only exons 5-9 are
essential for encoding the reverse transcriptase domain. It has been proposed that the 16-exon
transcript can be spliced into 22 isoforms, but for functional reverse transcriptase activity, a full-
length TERT transcript is required for telomere elongation [63]. Multiple transcriptional
regulatory components play important roles, either independently or in conjunction with one
another, in the complex regulatory dynamics of the TERT promoter (Figure 1.6)

PAXS
STAT3 PAXS PAXS ETS:p52 KLF4
HIF-1/USF
STAT3 ER  STATS ER NF-kB ¢-Myc| HIF-1/USF |GABPA PAX8 c-Myc
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Figure 1.6 Transcriptional regulation of hnTERT[64]
1.3.3 Role of telomerase in cancer

Telomerase is expressed in certain reproductive and embryonic stem cells to maintain their
telomere length. Embryonic stem cells differentiate into pluripotent stem cells, where telomerase
activity is regulated and, therefore, telomeres are lost at a slower rate during cell division because
of the end replication problem. Most somatic cells lack telomerase activity; as a result, telomere
length shortens after every cell multiplication at an accelerated rate until they undergo replicative
senescence, a growth arrest caused by the uncapping of a few telomeres. Mutations in cell cycle
regulators (e.g., the p53/pRB pathway) allow cells to cross the M1 stage until a crisis occurs. A
rare cell can escape crisis mostly by reactivating telomerase and can now become a tumor cell
with an infinite capacity for division. Telomerase is found in approximately 90% of cancer cells,
with minimal or low detection in many somatic cells, making it a highly promising target for
advancements in cancer management [54]. Premalignant lesions in the ovary lack telomerase

activity, whereas cancer cells from ascites and malignant ovarian cancer exhibit telomerase
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activity. Majority of ovarian cancers are telomerase-positive, making telomerase a very attractive
target in cancer therapy [65, 66]. Telomerase inhibition may affect telomerase-positive stem
cells; however, the effects would be minimal as stem cells have elongated telomeres compared

to tumor cells [67].
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Figure 1.7 Telomerase and cancer [54]

The activity of telomerase, best understood to date, involves the extension and maintenance of
telomeres. In addition to telomere maintenance, telomerase is reported to perform telomere
elongation independent functions, such as regulation of gene expression, differentiation,
apoptosis, and proliferation particularly in cancer cells [68] [69] [70]. Telomere-independent
functions regulate metabolic mechanisms, epigenetic regulation of chromatin, stress response,
RNA silencing, signal transduction pathways (Wnt and c-MY C signaling pathways), enhanced
mitochondrial function, cell cycle, and apoptosis [71]. Recent observations have suggested that
telomerase is also localized in the mitochondria, where it reduces ROS production and protects
mitochondrial DNA from damage. Additionally, other studies imply that telomerase plays an
anti-apoptotic role by inhibiting both the mitochondrial and death receptor pathways of cell death

independent of telomerase activity [72, 73].
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Targeting telomerase for both canonical and non-canonical functions hold great promise for
furthering our understanding and investigating molecules that target telomerase. The inhibition
of telomerase activity could be a promising strategy for slowing cancer cell growth. Various

approaches for targeting telomeres and telomerases are currently being investigated.
1.3.4 Regulation of Telomerase in cancer

Although telomerase regulation is still unknown, there is growing evidence that enzyme activity
can be regulated at the transcriptional, post-transcriptional (alternative splicing), and epigenetic

levels.
Gene amplification

Gain or loss of genetic material is a common occurrence in cancer, in which gene amplification
is an essential oncogenic mechanism. Gene amplification is characterized by an increase in the
copy number of the amplified gene and its overexpression. In a large-sample study consisting of
31 different types of cancer, 3% of tumors expressing hTERT exhibited hTERT amplification
[74]. Increased hTERT gene copy number is linked to an increase in hTERT expression and
correlates with poorer clinical results in breast, skin, and thyroid cancer [75]. In contrast, in
bladder cancer, no association was detected between higher hTERT gene copy number and
hTERT mRNA, telomerase activity, or telomere length, indicating that hnTERT gene amplification
requires additional modification for telomerase reactivation [76]. In certain cases, the TERC gene
is a genetic alteration found in cancers that is responsible for the increase in telomerase activity.
For instance, a study found an increase in TERC gene copy number in 97% of head and neck
malignancies [77]. The FISH assay detected upto 16 TERC signals in non-small cell lung cancer
(NSCLC) cell lines, up to 20 signals in cervical cancer cells, up to 12 signals in leukemia cells,
and four to eight copies in melanoma cells. In 60 esophageal carcinomas, the PCR method
revealed an increase in gene copy number and detected more than five copies of TERC which

correlated with an increase in telomerase activity [78, 79].
Promoter mutations

hTERT promoter mutations have been detected in different tumor samples, including
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glioblastoma, bladder, and thyroid cancers, with occurrence varying by cancer type and
histopathology [80]. C>T transitions at -124 and -146 base pairs from the transcription start site
are the two most frequent TERT promoter mutations, also known as C228T and C250T,
respectively [81].

Epigenetic modifications

DNA methylation is crucial for the epigenetic regulation of gene expression. Although a few
studies have indicated hypomethylation in the CpG islands surrounding the hTERT promoter,
many studies have observed elevated DNA methylation in hTERT-positive tumor cells. hnTERT
promoter methylation is positively correlated with gene expression in cancer [82]. CCCTC-
binding factor (CTCF) is a transcription factor recruited at the hTERT promoter, which binds
close to the transcriptional start site (TSS) and suppresses hTERT transcription. However, in

cancer cells, DNA methylation prevents CTCF binding, allowing hTERT activation [83].
Genetic modifications

TERT is also controlled by a variable number of tandem repeat (VNTR) polymorphisms known
as MNS16A. It is located upstream of the promoter region of the antisense TERT transcript.
There are two variant alleles of MNS16A: short (S) and long (L). The S allele is associated with
increased telomerase activity, whereas L homozygote alleles have decreased telomerase activity
[84]. Single-nucleotide polymorphisms (SNPs) is another genetic alteration observed in cancer
cells and are responsible for increased TERC expression. The rs2293607 SNP in TERC gene is
found in colorectal carcinoma cells (CRC) with high TERC expression and is associated with a
high risk of CRC [85]. In another case-control study, the role of the SNP at position rs10936599
in the TERC gene was examined in 554 patients with lung cancer. SNP selection and genotyping
revealed that the rs10936599 SNP was strongly associated with lung cancer risk. Consequently,
SNPs may also play a significant role in modulating TERC expression and in individual risk

assessment, and further research is warranted [86].
Transcriptional regulation

In cancer cells, the TERC gene promoter is activated by NF-Y, SP1, and retinoblastoma protein
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(Rb) and repressed by SP3 transcription factors [87]. Myc is also reported to increase the
transcriptional expression of TERC in prostate cancer. There are two binding sites for the tumor
suppressor genes p53, 1240, and 1877 upstream of the TSS of the TERT promoter. p53
overexpression suppresses TERT expression in conjunction with SP1, whereas silencing of p53
by siRNA delays senescence, but is insufficient to induce immortality. Overexpression of TERT
alone is insufficient to induce cell immortality. By inhibiting p53, TERT expression and
telomerase activity can be increased; however, both are necessary for transforming primary
human ovarian surface epithelial cells into immortal cells [88]. Upstream of its translation start
site, the TERT promoter contains an NF-xB-binding site. NF-kB activation leads to a significant

increase in TERT expression [89].

Understanding telomerase activation in cancer is critical for developing targeted therapies.
Telomerase inhibitors have received much attention in recent years because of their ability to
selectively disrupt telomerase activity and inhibit cancer cell growth while sparing normal cells.
These inhibitors have been extensively studied to elucidate their mechanism of action and to
assess their efficacy as novel anticancer agents.
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1.4 Telomere and Telomerase targeted therapies
1.4.1 Telomere-targeted approaches
G4-DNA stabilizers

Telomeric DNA is a preferential target for G4 ligands, and several molecules in this class have
been demonstrated to target length and structure in a dose-dependent manner over the last two
decades [90]. G4 function by attaching to and sequestering the G-overhang of telomeres and
induce telomere shortening across population doublings [91]. Additionally, G4 association can
hinder the binding of shelterin proteins (TRF2 and POT1) and cause telomeric damage, leading
to apoptosis [92]. In both in vitro and in vivo preclinical models, the synergistic effect of G4
ligands and clinically approved drugs, such as camptothecins and PARP inhibitors, have been
reported [93]. Sun et al. initially reported a 2,6-diamido-anthraquinone analog that interacts with
G4 and inhibits telomerase activity [94]. Multiple other G4 ligands with telomeric G4-stabilizing
and telomerase-inhibiting activities have been studied, including fluorenones, telomestatin,
TMPyP4, and isoalloxazines [95]. CX-5461, an RNA polymerase | inhibitor, is currently being
investigated in  clinical trials for treating hematologic cancer (Trial ID:
ACTRN12613001061729) and was found to interact with G-quadruplex and induce apoptosis in
BRCA-mutated cells [96]. Pyridostatin (PDS) is another promising candidate for clinical
applications that target G4 quadruplexes. PDS is a G-quadruplex ligand that can induce telomere
dysfunction, resulting in strong antitumor effects both in vitro and in vivo [97]. In advanced
preclinical models, PDS demonstrated the ability to selectively target BRCA1/2 mutated cancer
cells that were resistant to PARP1 inhibitors [98]. However, the specificity of G-quadruplex
stabilizers for telomerase is extremely limited and may influence the quadruplex structures of
normal and cancer cells. Hence, this approach for targeting telomeres has not progressed
effectively [99].

Nucleoside analogues

Telomerase elongates telomeric DNA using deoxynucleotide triphosphates (dNTP) as
substrates. Incorporating nucleoside analogs into newly synthesized telomeres that obstruct

telomerase elongation in conjunction with telomeric damage makes nucleoside analogs the most
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primitive inhibitors of telomerase activity. Examples include zidovudine (azidothymidine or
AZT), stavudine, tenofovir, didanosine, and abacavir [100]. These nucleoside equivalents
function as "uncapping agents" and inhibit the ability of shelterin to bind to telomeric DNA and
activate a DDR. The greatest obstacle for these inhibitors is the lag period required to achieve
telomere shortening and replicative senescence in cancer cells following continuous inhibitor
treatment. 6-thio-2'-deoxyguanosine (6-thio-dG) is a promising telomere-targeting therapeutic
agent that is incorporated into newly synthesized telomeres, causing immediate telomeric

damage due to telomere uncapping and a significantly reduced lag phase [101].
6-thio-deoxyguanosine (6-thio-dG)

6-thio-dG is a modified nucleoside analog that can replace dG in DNA during replication.
Telomerase has high affinity for guanine bases. When guanine bases within -GGG telomeric
repeats are replaced by 6-thio groups, telomeres are structurally and functionally distinct from
native telomeres. Once incorporated into DNA, it forms a stable cross-link with the adjacent
thymidine residue in the complementary strand, which blocks telomerase-mediated telomere
elongation. Additionally, 6-thio-dG can cause telomere shortening by triggering the DDR
pathway, which results in the recruitment of DNA repair proteins to telomeres and ultimately
induces senescence or apoptosis in cancer cells. While telomeres are synthesized by telomerase,
their 6-thio counterparts would cause changes in the structure and function of the shelterin
complex, which causes telomeric DNA damage specifically in telomerase-positive cells [101].

Mender et al. studied the effects of 6-thio-dG in cancer and somatic cells to determine its
therapeutic effects and toxicity. They found that 6-thio-dG was incorporated by telomerase into
newly synthesized telomeres. The incorporation of 6-thio-dG causes telomere dysfunction in
cells expressing telomerase and hTERT-positive human fibroblasts, but no significant
dysfunction was observed in telomerase-negative cells. In mouse xenograft models, 6-thio-dG
treatment reduced tumor growth rate and induced telomere dysfunction [101]. The incorporation
of 6-thio-dG into telomeric DNA resulted in replication failure and telomere uncapping. This
effect, known as telomere dysfunction-induced foci (TIFs), causes rapid senescence and/or
apoptosis in telomerase-expressing cells [101]. They also studied the effects of 6-thio-dG on

cancers that are resistant to chemotherapy or targeted therapies and found that 6-thio-dG may be
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a useful treatment for extending tumor control in therapy-resistant tumors [102].

In melanoma cells resistant to targeted therapies or immunotherapies (6-thio-dG) successfully
prolonged disease control [103]. As monotherapy, 6-thio-dG showed promising results
compared to BIBR1532 in terms of its anti-proliferative effects without causing significant
hematological or hepatotoxic effects. In addition, the inhibitory effect of 6-thio-dG was similar
to that of PLX4720 and dabrafenib (BRAF inhibitors), and it inhibited cancer progression in

melanoma xenograft [103].

Yu et al., investigated the therapeutic efficacy of 6-thio-dG in 17 primary glioma cell lines, 3
mouse cell lines, 6 temozolomide (TMZ)-resistant glioma cell lines, 4 neurospheres, 4 patient
derived xenografts (PDX) models, 2 patient-derived organoids (PDO), and 2 xenografts of
human glioma cell lines. They found that 6-thio-dG was able to repress the growth of TMZ-
sensitive and TMZ-resistant glioma cells. Furthermore, tumor proliferation was inhibited by 6-
thio-dG in 2 PDO models and tumor regression was observed in a human glioma cell line
xenograft model and PDX [104].

In telomerase-reactivated HCC cells, 6-thio-dG treatment causes replicative stress, leading to
cell cycle arrest and apoptosis. Additionally, it activates the innate and adaptive immune
pathways and changes the oppressive tumor microenvironment in mouse models. 6-thio-dG

treatment improves checkpoint inhibitor response with less toxicity [105].

Mertins et al. studied the effects of 6-thio-dG along with etoposide, doxorubicin, and ceritinib
on telomerase-positive neuroblastoma cell lines and subcutaneous xenografts from three
different cell lines. In vitro, synergistic effects were observed for co-treatment with 6-thio-dG
and etoposide or doxorubicin, but not for combinations of 6-thio-dG and ceritinib. In vivo, co-
treatment with 6-thio-dG and etoposide significantly reduced tumor progression and increased

the survival of mice compared to etoposide alone [106].

6-thio-dG has also been reported to sensitize NSCLC cells to radiation therapy by suppressing
ATM and causing telomere dysfunction. Treatment with 6-thio-dG increased radiosensitivity in
lung cancer cells but had no effect on normal human lung fibroblast cells. Pretreatment with 6-

thio-dG significantly increased telomere dysfunction activated by y-ray irradiation, leading to
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chromosome instability and suppression of the ATM pathway, thereby inhibiting DNA repair
and inducing apoptosis [107].

To date, no clinical trials of 6-thio-dG in patients with cancer have been conducted. However,
preclinical findings highlight 6-thio-dG's therapeutic role in multiple cancers and provide a novel

and targeted treatment strategy for patients with primary and resistant tumors.
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1.4.2 Telomerase-targeted approaches

Telomerase-targeting inhibitors provide a promising group of compounds that specifically affect
the activity of telomerase or any telomerase component. The development of telomerase
inhibitors has sparked a great deal of interest in research and has led to promising future
breakthroughs in cancer treatment. The assembly of functional telomerase complexes can be
prevented by targeting TERC, whereas TERT inhibition directly disrupts the enzymatic activity
required for telomere elongation. Thus, both TERC and TERT inhibitors have been studied for
the development of anti-telomerase therapies as potential strategies to interfere with telomerase

function.
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Figure 1.8 Different groups of telomerase inhibitors
Antisense approach

The antisense strategy targets TERC expression at the post-transcriptional level. It uses short
oligonucleotide sequences, siRNAs, or shRNAs that are complementary to TERC. The
therapeutic potential of siRNAs and shRNAs against TERC has been evaluated in numerous
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cancer cell lines. siRNAs against TERC inhibit telomerase activity and reduce proliferation in
colon, lung, and breast cancers [108]. The covalent attachment of 2',5'-linked tetraadenylate (2—
5A) via linkers to antisense TERC RNA molecules enhances the degradation of target RNA
molecules. In glioma cell lines, treatment with 2-5A-linked antisense TERC inhibited cell
viability and reduced tumor size in vivo in xenografts of nude mice [109]. In cervical cancer, 2—
5A-linked antisense TERC rapidly reduces cell viability and induces apoptosis via a caspase-
mediated pathway [22]. Combining 2-5A linked antisense TERC with cisplatin or Ad5CMV-
p53 exhibited anticancer potential both in vitro and in vivo [109]. Linking antisense TERC to 2’
-O-(2-methoxyethyl) (2" -MOE) is another method for enhancing the pharmacokinetic properties
of RNA molecules. Antisense TERC linked to 2'- MOE inhibits telomerase activity and induces
telomere shortening in prostate cancer cells [110]. Additionally, hammerhead ribozymes have
been used to target TERC. These are single-folded strands of RNA that self-cleave. It consists of
a catalytic core flanked by TERC complementary sequences. DNA complexes of cationic
liposomes containing a plasmid for ribozyme targeting TERC inhibit the metastatic progression
of melanoma in mice [111]. Luo et al., studied the effects of ShRNA against TERT in ovarian
cancer cell lines. TERT downregulation results in rapid growth inhibition and S-phase arrest.
However, apoptosis was only observed in cell lines with wild-type or mutant p53, which was
accompanied by increased p21 expression. In contrast, cell death was unaffected in the p53-
deficient cell line, in which p21 expression was reduced. These findings show that TERT
inhibition can cause immediate growth arrest by preventing cells from entering the S phase,
whereas apoptosis may require the activation of p53 and p21 via extra-telomeric effects [112].
Chen et al., studied the effects of hTERT-shRNA in osteosarcoma and found that down
regulation of TERT significantly reduced cell proliferation, increased apoptosis, and reduced
telomerase activity [113]. In another study, siRNA targeting hTERT inhibited telomerase
activity, leading to growth arrest and cell death. Knockdown of hTERT in tumor xenografts in a
mouse model slowed tumor growth and increased tumor cell apoptosis. These results indicate
that hTERT plays a crucial role in the development of tumors and highlight the therapeutic
potential of hnTERT targeting [114].

Immunotherapies

Endogenous TERT peptides generated by cancer cells can be recognized by major
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histocompatibility complex (MHC) class | or class Il molecules and elicit adaptive immune
responses. Immunotherapies that target telomerase include vaccines, adoptive cell transfer, and

oncolytic virotherapy.

GV1001 is an MHC class Il-restricted 16-mer peptide vaccine from the active site of TERT that
requires TLR-7 for CD4+ and CD8+ T-cell and cytotoxic T lymphocyte (CTL) activation.
GV1001 was the first TERT peptide vaccine to be evaluated in clinical trials for advanced
pancreatic, lung, melanoma, and liver cancers. The quality of life of 50 patients with solid tumors
treated with GV1001 showed significant improvement in an observational study [115, 116].
GX301 is a prime example of a multipeptide vaccine consisting of four TERT-specific peptides
that can bind to both MHC classes I and I1. All patients enrolled in the Phase I trial of Stage 1V
showed encouraging immune reactions to individual peptides; however, the response was more
successful for multi-peptide vaccines [117]. UV1 is another multipeptide vaccine composed of
three TERT-specific peptides. In phase I and Ila clinical trials, patients with metastatic prostate
cancer received UV1 and GM-CSF for six months. Eighty-five percent of patients exhibit
immune activation, and sixty-four percent exhibited decreased levels of prostate-specific antigen
(PSA) [118]. Currently, patients with NSCLC and melanoma participated in clinical trials of the
UV1 vaccination [NCT01789099 NCT03538314 NCT02275416]. INVAC-1 is a vaccine based
on TERT DNA plasmids, which are inactive. In clinical trials, electroporation-based
administration of INVAC-1 resulted in improved antitumor response [119]. Adoptive T-cell
transfer (ACT) and chimeric antigen receptor therapy (CAR-T) are two cutting-edge treatments
that have been investigated in clinical trials to decrease the tumor burden and increase survival
rates in patients [120, 121]. The development of modified T-cells has made it possible to improve
cancer treatment. Tumor-specific targeting utilizing patient-specific T cells and CAR receptors

is now being investigated [122, 123].

Significant studies are in progress towards the development of immunotherapies that inhibit
TERT by utilizing hTERT DNA peptides and DCs in cancer cells. Nevertheless, the results of
immunotherapies are discrete, as TERT is a self-antigen, which induces significant

autoimmunity, which is extremely difficult and challenging [41].

Oligonucleotide analogues
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Peptide nucleic acids (PNAs) have been used to combat TERC. PNAs are peptides that resemble
nucleic acids in terms of their intramolecular pairing and geometry. PNAs specifically target
cancer cells by inhibiting telomerase, inducing telomere shortening, reducing colony size, and
promoting cell cycle arrest [124]. The most promising telomerase-based therapy that directly
inhibits telomerase activity is GRN163L, also known as imetelstat, which is a lipid-conjugated
13-mer oligonucleotide containing N3'—P5' thiophosphoramidate linkages between nucleotide
bases instead of the phosphodiester bond. This sequence is complementary to TERC, and its
hybridization with TERC results in competitive inhibition of telomerase activity [125]. In
preclinical studies, imetelstat alone or in combination with currently prescribed
chemotherapeutic drugs caused telomere shortening, ultimately leading to replicative senescence
and cell death in various types of cancer [41]. After showing promising results in preclinical
studies, GRN163L progressed to 17 different clinical trials (10 phase 1 and 6 phase 2 trials). It
is currently being tested in phase 2/3 for low-risk myelodysplastic syndromes and phase 2 for
intermediate- or high-risk myelofibrosis following successful preclinical trials. However, in
clinical trials, patients experience serious side effects such as neutropenia and thrombocytosis
[126]. The "lag period" is another potential issue for telomerase inhibitors, such as GRN163L.
The lag period refers to the time between the start of therapy and onset of therapeutic response.
Telomere attrition is required for telomerase inhibitors to inhibit cell proliferation, but the lag
period of cancer cells varies. As a result, if a tumor has a diverse telomere length, treatment may

be extended, resulting in increased side effects and costs [127].
Naturally occurring compounds

Plant metabolites have also been studied as chemotherapeutic drugs that primarily inhibit
telomerase, its components, and associated proteins. Numerous natural substances have been
investigated to target telomerase activity, which leads to telomere shortening and inhibition of
cell proliferation. Metabolites include polyphenols (such as curcumin, quercetin, tannic acid,
epigallocatechin-3-gallate (EGCG), and resveratrol), alkaloids (such as boldine and berberine),
triterpenoids (e.g., pristimerin and oleanane), and xanthones (e.g., gambogic acid and
gambogenic acid) [128]. Curcumin, the prime component of turmeric has antiproliferative and
anticancer effects. Cui et al., studied the role of curcumin in the inhibition and treatment of

various human cancer cell lines. They discovered that curcumin directly inhibited cell growth
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and suppressed telomerase expression in tumor cell lines in a dose-dependent manner [129].
Pterostilbene, a natural resveratrol analog, significantly reduced telomerase expression in the
lung cancer cell line H460 (p53 wild-type) compared to H1299 (p53 null) and p53™ H460 cells
[130]. Tannic acid affects telomerase activity, cell viability, cell number, and DNA
fragmentation in human breast (MCF-7) and human colon cancer (CaCo-2) cell lines [131]. In
pancreatic cancer cells, pristimerin targets telomerase and promotes cell proliferation, leading to
G1 phase arrest and apoptosis. Pristimerin suppresses hTERT expression by inhibiting NF-xB, a
transcription factor that regulates hTERT gene expression [132]. Epidemiological studies have
shown that the concentration of EGCG required to inhibit telomerase activity corresponds to the
levels of EGCG found in plasma after drinking a few cups of green tea [133]. Animal models
have demonstrated the anti-cancer and chemopreventive effects of tea catechins. Treatment of
tumor cells with a non-toxic dose of EGCG causes growth suppression, telomeric DNA

shortening, and senescence activation [134].

Although using these compounds as telomerase inhibitors has some advantages, there are some
drawbacks to consider. Variability in the composition and concentration of bioactive compounds
in natural sources is a challenge, resulting in inconsistent potency and efficacy. Furthermore,
isolating and purifying these compounds from natural sources can be time consuming, expensive,

and resource intensive, limiting their scalability for widespread clinical use.
Chemically synthesized molecules

Synthetic compounds have been developed and investigated for their therapeutic efficacy based
on the structures of natural compounds that inhibit telomerase. MST-312, a derivative of EGCG,
has been reported to target telomerase activity in numerous tumor cells with a marginal effect on

non-cancerous cells [135].
MST-312

MST-312 is a chemically modified version of EGCG, a major catechin in tea [135]. Although
EGCG has shown potential benefits in cancer treatment, it also has some drawbacks. EGCG is
particularly unstable and it is challenging to procure pure EGCG in high gquantities because it is

a naturally occurring substance. To overcome these drawbacks, chemically stable compounds
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that can target telomerase activity have been investigated [135].

Seimiya et al., chemically modified EGCG into novel synthetic compounds, MST-312, MST-
199 and MST-295, that inhibit telomerase activity, induce telomere shortening, and eventually
reduce U937 cell growth. MST-312 outperformed the other two compounds in terms of (a) cell
growth retardation, (b) telomere shortening, and (c) induction of senescence at low doses,
suggesting that MST-312 is the most potent telomerase inhibitor against U937 [135]. MST-312
has several significant advantages over EGCG. It is chemically more stable and potent in
inducing telomere shortening [135]. MST-312 has shown significant efficacy in preclinical

studies on a variety of cancer types, indicating its promising therapeutic potential.

Wong et al. investigated the acute effects of MST-312 on astrocytomas. They reported that acute
MST-312 treatment caused DNA damage and G2/M cell cycle arrest in U87 and U118 cells,
particularly those with shorter telomeres. Long-term treatment with MST-312 at a non-cytostatic
dose resulted in a reduction in telomere length in the treated U87 and U118 cells, indicating
telomerase inhibition. These findings indicate that MST-312 exhibits acute effects that cause
DNA damage and activate the ATM pathway, leading to G2/M arrest targeting the non-canonical
functions of telomerase independent of telomere length maintenance, apoptosis, cellular

senescence, and chronic effects on telomere shortening via telomerase inhibition [136].

In another study, short-term cytotoxic effects were examined in primary ependymoma cells from
patients. After 72 h of treatment, MST-312 treatment reduced the cell number, accompanied by
increased DNA damage, decreased cell proliferation, and induction of apoptosis. These findings
suggest that targeting telomerase using MST-312 could be a promising adjuvant treatment for
pediatric ependymoma, resulting in tumor growth inhibition independent of telomere shortening.
These effects were observed over a relatively short period of time and were unaffected by the

initial telomere length or maintenance [137].

Serrano et al. studied MST-312's effects of in lung cancer. They found that MST-312 reduced
the growth of lung cancer stem cells (CSCs) and activated apoptosis in the tumor population.
MST-312 activates the ATM/ y-H2AX pathway (acute effect) and telomere shortening (chronic
effect). MST-312 treatment resulted in significant tumor shrinkage in a xenograft model (70 %
reduction). MST-312 treatment significantly reduced the number of ALDH+ CSCs and induced
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telomere shortening in vivo. These findings suggest that MST-312 primarily affects lung CSCs,
and may be a potential treatment for lung cancer [138].

Gurung et al. investigated the effects of MST-312 on breast cancer cells and observed an
approximately 40% reduction in telomerase activity in both MDA-MB-231 and MCF-7 cells.
Interestingly, the observed reduction was not linked to changes in the expression of hTERC and
hTERT genes or hTERT protein. After 48 h of MST-312 treatment, DNA damage was observed
as increased y-H>AX-positive nuclei, along with downregulation of genes involved in cell
survival and telomere maintenance. Moreover, the expression of ATM and RAD50 genes
involved in the DNA damage response is significantly reduced in MDA-MB-231 cells [139].
Similarly, MST-312 treatment reduced cell viability, caused cell cycle arrest, induced DSBs in
glioblastoma cells, and did not affect telomerase-negative osteosarcoma cells. Additionally, they
found that the activation of DNA-PKcs indicated that the non-homologous end-joining pathway
is involved in repairing MST-312-induced DNA damage. Isothermal calorimetry revealed that
MST-312 has a high affinity for DNA. Their results indicate that MST-312 may act as a
competitive telomerase inhibitor, and its association with DNA may delay cell replication and
activate the DDR pathway [140].

Fatemi et al. reported a dose-dependent cytotoxic effect of MST-312 on APL cells, causing G2/M
cell cycle arrest and caspase-mediated apoptosis, Short-term MST-312 exposure resulted in a
significant decrease in telomerase activity and suppression of NF-xB activity, along with the
downregulation of genes regulated by NF-«B, such as survivin, Bcl-2, Mcl-1,c-Myc, and hTERT.
These findings suggest that MST-312's dual inhibition of telomerase and NF- kB pathways could
be a promising therapeutic strategy for APL treatment, as repression of NF-«kB signaling may
contribute to the observed growth arrest and apoptosis [141]. Similarly, MST-312 exhibited
cytotoxic and apoptotic effects in myeloma cells. MST-312 induces apoptosis by modulating
multiple signaling pathways via upregulation of the pro-apoptotic gene (Bax) and
downregulation of anti-apoptotic (Bcl-2), proliferative (c-Myc, hTERT), and inflammatory (IL-
6, TNF-a) genes [142].

Fujiwara et al., studied the effects of MST-312 in a panel of cancer cell lines. At high doses,

MST-312 worked as a dual inhibitor of telomerase and DNA topoisomerase 11, resulting in the
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immediate inhibition of cancer cell proliferation in vitro and in vivo. Cells with short telomeres
and reduced lamin A expression were more sensitive to MST-312-induced toxicity. These effects
are characterized by the development of TIFs and DSB. Cells with long telomeres and lamin A
overexpression were resistant to both telomeric and non-telomeric DNA damage as well as

protection against apoptosis induced by MST-312 [143].

Long-term MST-312 exposure in breast cancer cells lead to unstable chromosomes, resulting in
the selection of cells with longer telomeres. They were treated with MST-312 for 140 days,
resulting in the development of resistance and modifications in the cell’s attributes. Combining
MST-312 with docetaxel and irinotecan increased their cytotoxic effects. These findings imply
that MST-312 has the potential to overcome selective conditions and improve the efficacy of

other chemotherapeutic agents [144].

Several groups have investigated the potential effects of MST-312 when combined with various
anti-cancer agents. Qazi et al. used the telomerase inhibitor MST-312 to initiate telomere
shortening in Barrett Esophageal adenocarcinoma. Subsequent treatment with the
chemotherapeutic agent sulforaphane (SFN), resulted in significant inhibition of cell
proliferation compared to cells administered with MST-312 or SFN individually. Cell death was
increased by 48% when MST-312 and SFN were combined. These findings highlight MST-312's
potential to enhance the anti-cancer effects of chemotherapy agents [145]. Pre-treatment with
MST-312 followed by X-ray treatment reduced the HepG2 cells colony forming ability and
trigger DNA damage, resulting in apoptosis. MST-312 inhibited the formation of Rad51 foci, a
protein involved in homologous recombination repair, while increasing p53 expression.
According to the findings, disrupting telomerase function with MST-312 can increase
radiosensitivity in HepG2 cells, making it a potential adjuvant treatment in combination with
irradiation [146]. Chung et al., studied the co-treatment of morin and MST-312 on CSC. The
combination treatment effectively reduced the CD133* and CD44" subpopulations in colorectal
and breast cancer cells, as well as tumor sphere formation and cancer cell invasiveness. The
treatment increased BAD, p53, and Chkl phosphorylation levels and decreased caspase-3
cleavage and IxBa expression, implying that the co-treatment of morin and MST-312 could be
a potential targeted treatment for improved tumor prognosis, particularly in 5-fluorouracil (5-

FU) resistant colorectal cancer cells [147]. In another study, MST-312, effectively reduced
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telomerase activity in HT-29 and SW480 cells, and the combination of MST-312 and
salinomycin enhanced the anti-telomerase effects even further. Co-treatment caused DNA
damage and promoted apoptosis in cancer cells, by upregulating Chkl and p53 [148].
Ghasemimehr et al., studied the combinatorial treatment of MST-312 and doxorubicin in
NALM-6 and REH cells. Co-treatment reduced cell viability and induced cell death by
increasing Bax expression and decreasing Bcl-2 expression. Furthermore, MST-312 inhibited c-
Myc and hTERT expression, resulting in decreased telomerase activity. These effects enhance
MST-312's telomerase inhibitory effect, amplifying doxorubicin's growth inhibition effect in
pre-B ALL cells [149].

MST-312 has shown promising efficacy as a telomerase inhibitor, both alone and in combination
with other therapeutic agents. Its ability to induce short term cytotoxic effects targeting non-
canonical functions of telomerase and chronic effects targeting canonical function of telomerase
makes it a promising candidate however more research is needed to fully understand MST-312's
potential standalone and in combination regimens, but preliminary findings suggest that it could
be a valuable addition as anti-cancer therapies.

Another class of synthetic compounds are non-competitive non-nucleoside inhibitors. They have
been identified primarily through chemical library screening, with TRAP activity inhibition
serving as the readout. These compounds, which include BIBR1532, trichloro-5-
nitroquinoxaline (TNQX), and 3-(3,5-dichlorophenoxy)-nitrostyrene (DPNS), target
telomerase-dependent telomere elongation by precisely binding to telomerase. The majority of
these inhibitors are projected to bind to a distinct site in TERT, separate from the sites where
TERC or DNA template bind. However, despite their potential, these inhibitors have not
progressed to clinical trials due to drawbacks such as the delay in impeding cell growth, high
cytotoxicity at elevated doses, and limited availability within biological systems. [150] [151,
152].

BIBR1532

BIBR1532 is a synthetic, non-nucleoside, small-molecule drug employed as a selective
telomerase inhibitor. Damm et al., developed this compound that specifically target and inhibit

telomerase activity in cancer cells. Treatment of breast, prostate and lung cancer cells with
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BIBR1532 caused a gradual decrease in telomere length in cancer cells without causing acute
cytotoxicity. The cells underwent senescence, which was marked by changes in morphology,
mitosis, chromosomal structure, and gene expression. Furthermore, when used in a mouse model
of fibrosarcoma cells, BIBR1532 significantly reduced tumour formation with no negative side
effects [153]. A recent in vitro study revealed that BIBR1532 functions synergistically with
anticancer treatments such as chemotherapy and radiotherapy, thereby enhancing its anticancer
effect. Nonetheless, it is essential to note that the action of BIBR1532 causes severe toxicity in
numerous cell types. There is also evidence that BIBR1532 is ineffective against telomerase

activity at low, non-toxic doses [154].

Pascolo et al, studied the mechanism of action of BIBR1532 for its telomerase inhibition activity.
They found that BIBR1532 targets native and recombinant telomerase with similar potency by
interfering with the enzyme's processivity. It inhibits the reconstitution of telomerase from hTR
and recombinant hTERT with comparable potency to the native enzyme found in tumour cells.
BIBR1532 does not induce chain termination, but impedes telomere elongation, reducing the
number of added TTAGGG repeats while maintaining the six-nucleotide periodicity. This is
accomplished by potentially influencing translocation or promoting dissociation between the
enzyme and the DNA substrate following template copying. The compound inhibits the enzyme
in a mixed-type non-competitive manner, indicating that different binding sites for
deoxyribonucleotides and BIBR1532 exist in the enzyme [154].

Parsch et al. investigated the effects of BIBR1532, on chondrosarcoma cells. Their findings also
indicated that BIBR1532 treatment inhibited telomerase and reduced telomere length. Long-term
BIBR1532 treatment slowed the growth of the telomerase-positive cell line [155]. Daly et al.,
studied the acute effect of BIBR1532 on various leukaemia cell lines and primary cells from
AML and CLL patients. They found that BIBR1532 exhibited dose-dependent cytotoxicity in
the range of 30 to 80 uM. Interestingly, cell death was delayed in cells with longer telomeres.
They also found time-dependent telomere erosion, which was linked to TRF2 loss and increased
p53 phosphorylation. Importantly, BIBR1532 had no effect on normal CD34" cell proliferation.
Thus, high doses of BIBR1532 exhibit a cytotoxic effect on cancer cells in the by damaging

individual telomeres, regardless of overall telomere shortening [150].
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Mueller et al., investigated the effects of BIBR1532 on germ cell tumors, 2102EP. They
discovered that BIBR1532 treatment had no effect on the cell line's growth kinetics when
compared to the untreated control. It did, however, effectively shorten telomere length.
BIBR1532 as a single agent was insufficient to produce a significant anti-proliferative effect or
senescence effect hence, they investigated the combination of BIBR1532 and cisplatin. In terms
of chemosensitivity or telomere shortening, no synergistic effect between BIBR1532 and
cisplatin was observed. Furthermore, cisplatin pre-treatment had no effect on telomere length
when compared to untreated cells. These findings imply that using BIBR1532 alone or in
combination with cisplatin may be ineffective in inducing anti-proliferative effects or
accelerating telomere shortening in this cell line [156].

In another study, high doses of BIBR1532 had a direct growth inhibiting effect in NB4 leukemic
cells. BIBR1532 also exhibited dose-dependent inhibition of telomerase activity. Additionally,
it disrupted the balanced ratio between Bcl-2 and Bax, favoring apoptosis. The study also
demonstrated that BIBR-1532 exerted growth suppressive effect, potentially through
downregulation of c-Myc and hTERT expression, activation of p21, disruption of the Bax/Bcl-2
ratio, and decreased telomerase activity were proposed as possible mechanisms for the potent
cytotoxicity of high doses of BIBR1532 against NB4 leukemic cells [157]. In a similar study by
Bashash et al., BIBR1532 was found to induce cell death in Nalm-6 cells, at higher doses. This
effect was most likely achieved through concentration-dependent transcriptional repression of
survivin-mediated c-Myc and hTERT expression. Moreover, the study indicates that the
activation of p73, upregulation of the Bax/Bcl-2 molecular ratio, and activation of caspase-3 may
play a role in the immediate acute effects of BIBR1532. This cytotoxic effect appears to be
independent of telomere erosion-mediated cell cycle arrest [158].

Ward et al., studied effects of BIBR1532, on drug-resistant leukaemia and breast cancer cells
both alone and in combination with chemotherapeutics. They discovered that BIBR1532
treatment caused progressive telomere shortening, decreased proliferative capacity, and
increased chemotherapy sensitivity independent of telomere length shortening, as cells
insensitive to BIBR1532 had longer telomeres. According to the findings, combining
pharmacological telomerase inhibition with chemotherapy may be a viable treatment option for

both drug-sensitive and drug-resistant cancers. Furthermore, BIBR1532 pre-treatment was
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cytotoxic in etoposide-sensitive and resistant cells [159].

Dogan et al., demonstrated short term cytotoxic effect of BIBR1532 in MCF-7 and BCSCs. It
also caused apoptosis in both BCSCs and MCF-7 cells, as well as an increase in G2/M phase
accumulation in both cell lines. BIBR1532 inhibited telomerase activity and decreased hTERT
gene expression. The study also discovered changes in mTOR signaling pathway [160]. Another
study demonstrated that BIBR1532 effectively reduced the growth of breast cancer cell lines in
a manner that depended on the drug concentration, irrespective of their estrogen receptor (ER)
or HER2 status. BIBR1532 treatment causes a Gi/Go cell cycle arrest in MCF-7 cells and
inhibited colony formation. BIBR1532 alone induced apoptosis via the caspase-3 and caspase-8
pathways. Furthermore, BIBR1532 treatment decreased hTERT, c-Myc, and p53 expression
levels, supporting its inhibitory effects on breast cancer growth. These results were significantly

improved when BIBR1532 was used in combination with paclitaxel [161].

Ding et al, found that BIBR1532 at higher concentrations reduced cell survival and activated
apoptosis in NSCLC cells. Lower concentrations of BIBR1532, which did not cause cytotoxicity
on their own, significantly improved the treatment efficacy of ionizing radiation (IR) by
promoting IR-triggered apoptosis. Lower doses of BIBR1532 reduced telomerase activity
triggering telomere dysfunction, inhibition of the ATM/CHK1 pathway involved in DNA
damage repair. These findings highlight the significance of BIBR1532 in NSCLC by targeting
telomerase and impairing DNA damage pathways [162].

Ladetto et al., investigated the effects of BIBR1532 on B-lymphoid cells. Their findings show
that BIBR1532 treatment shortens telomeres and causes G cell cycle arrest. Importantly, the
cell’s baseline telomere length predicts the onset of G; arrest. These findings suggest that
telomerase inhibitors, such as BIBR1532, have the potential to be used as treatments for B-cell
tumors [163]. BIBR1532 inhibits telomerase activity resulting in telomere shortening and cell
growth suppression. Furthermore, BIBR1532 has been reported to significantly inhibit malignant
cell proliferation and activation of apoptosis. More research is needed to fully explore its

therapeutic potential and assess its safety and efficacy in clinical settings.
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1.5. p53

The p53 protein is the "guardian of the genome," as it plays an important role in maintaining the
integrity of our genetic material. Extensive research on the p53 gene, which was discovered in
1979, has primarily focused on its involvement in cancer. Although the mRNA expression of
p53 is easily detectable, non-stressed and non-transformed cells typically possess extremely low
levels of the p53 protein, often to the point of being undetectable. MDM2, an E3 ligase, is
responsible for targeting p53 and facilitating its degradation through the proteasome [164]. When
cells are exposed to various stressors that trigger DNA damage the levels of p53 protein are
upregulated. This occurs via multiple signaling pathways being stimulated as an action to stress
resulting in inhibition of MDM2, additionally, other pathways activate p53 response by
phosphorylation or acetylation (Figure 1.9) [165]. Once activated, p53 forms a homotetramer
and acts as a transcriptional regulator that binds to sequences on the target genes (approximately
500 genes). This binding enables p53 to trigger diverse cellular responses, including halting the
cell cycle, inducing cellular senescence, initiating DDR pathways, promoting metabolic changes,
and triggering cell death [166]. p53 also directly regulates or indirectly influences several genes

involved in different DNA repair mechanisms [167].
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Figure 1.9 Regulation of the p53 protein in unstressed versus stressed cells [168].
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1.5.1 Role of p53 in cancer

Due to its role in cell survival and death, p53 is at the heart of cancer mechanism. The
significance of p53 in determining cell fate piques the interest of cancer researchers. In response
to a wide range of oncogenic stresses, p53 accumulates in the nucleus of the cell to exert its pro-
apoptotic function. Approximately 50-60% of tumors exhibit homozygous mutations in the p53
gene. Among the studied mutations, around 90% result in missense mutant proteins. These
mutant proteins have a diminished ability to bind to the target genes that activates the p53
transcriptional pathway. Loss of p53 function is a crucial step in the progression of neoplasia
[168, 169].

p53 mutations result in three distinct phenotypes: loss-of-function (LOF), dominant-negative
(DN), and gain-of-function (GOF). In various tumours, mutated p53 proteins display increased
stability due to their inability to induce MDMZ2 activation. [170]. Moreover, missense mutations
of p53 have the capability to form heterotetramers with wild-type p53, resulting in the loss of
transcriptional activity of the wild-type protein. Intriguingly, missense mutations of p53,
especially the hot spot mutants such as R175H, G245S, R248W, R249S, R273C, R273H, or
R282W frequently acquire novel oncogenic functions and are appropriately termed GOF mutants
[171]. Loss of wild-type p53 function or the inability to activate p53 often results in a diminished
capacity of cells to suppress cellular proliferation and growth. Therefore, genetic mutations or
functional inhibition of the p53 pathway will render cells incapable of protecting themselves

against carcinogenesis [172].

The IARC TP53 database reveals the presence of 2,191 different types of p53 mutations in
human ovarian cancers (http://www-p53.iarc.fr/). Among these mutations, approximately 70%
are missense mutations that exhibit limited functional similarities to their wild-type counterparts.

36

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University



Introduction

Mutation effect (N=2,191)

Nonsense 8.67%

Other 2.05%
Silent 1.37%

Missense 70.33%
Splice 5.07%

NA 0.14%

) FS11.96%

Large del 0.05%
Intronic 0.37%

Figure 1.10 Percentage of distinct p53 somatic mutation found in clinical samples of ovarian
cancer [173].

In ovarian cancer, missense p53 mutations were found to be the most prevalent, however stage
1 tumors had an increased percentage of null mutations as compared to late-stage disease (Figure
1.10) [173]. p53 mutations occur early in tumour initiation and are one of the driving forces in
the development of ovarian cancer. Animal studies have provided evidence for the significance
of p53 mutations in the development of EOC as mice with p53 mutated ovaries or fallopian tubes
developed HGSOC [174, 175]. Ovarian cancer tumors with p53 null mutations were found to
metastasize frequently as compared to tumors with missense mutations or wild type p53 and are
also reported to have the worst prognosis [176]. Additionally, tumors with mutated or inactive
p53 are found to be more aggressive and have a poorer response to chemotherapy and radiation
therapy. On the other hand, tumors with functional p53 are more likely to undergo apoptosis in
response to treatment, making them more susceptible to chemotherapy and radiation therapy
[177, 178]. Therefore, the status of p53 in cancer cells is essential because it can impact the

response to various cancer therapies and predict the prognosis of the disease.
1.5.2 Role of p53 in telomere dysfunction

As individuals age, telomeres experience progressive shortening, leading to their uncapping,
which can result in the fusion of chromosome ends. This phenomenon, known as chromosome

fusion bridge-breakage (FBB), which triggers the activation of ATM/ATR Kkinases in response
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to telomere uncapping or DNA double-stranded breaks. ATM phosphorylates CHK2, which
subsequently phosphorylates p53. Additionally, ATM can by itself phosphorylate the p53
protein. The phosphorylation of p53 results in its stabilization and activation, enabling it to
upregulate the transcription of its target genes. The activation of these target genes is crucial for
inducing alternative cell fates mediated by p53, such as G: arrest, senescence, and apoptosis
[179].

Both telomeres and p53 are crucial in maintaining genome stability and suppressing tumour
growth. The subtelomere region of human chromosomes contains non-canonical p53 response
elements (RES). In the presence of DNA damage, p53 binds to these sites and increased telomeric
integrity [180]. Evidence suggests that p53 has a protective impact on telomeres when DNA
damage occurs. When p53 is present, accumulation of y-H2AX at the subtelomere is inhibited.
Cells that express the p53 protein exhibit enhanced colony formation ability following DNA
damage, along with more durable telomeres. Conversely, cells devoid of the p53 protein
experience a rapid decline in telomere length and an upsurge in the formation of telomere
dysfunction foci in response to DNA damage. When the 18q p53 RE was removed using CRISPR
genome editing, p53 was unable to bind and function as transcriptional regulator, and local y-

H>AX levels rise at the telomeres in response to DNA damage [181].

In TERC™- p537 mice models, researchers observed a dramatic and widespread restoration of
cellularity and cellular proliferation, as well as a reduction in apoptosis in a variety of tissues;
consistent with the inactivation of a p53-dependent DNA damage response [182]. TERC™ p53*"
mice exhibited an accelerated rate of tumour formation and an altered spectrum of tumour types.
TERC™ p53*"- mice with intact telomeres developed skin, breast, and gastrointestinal epithelial
cancers. By the time the mice were a year old, all of them developed colonic epithelial lesions
[183]. Thus, unchecked telomere shortening and dysfunction in the presence of inactive p53

accelerates carcinogenesis and promotes tumour formation, rather than limiting it.

p53 expression in cells and tissues of late-generation TERC” mice, led to apoptosis in the testis,
gastrointestinal epithelium, and lymphoid system, indicating that p53-mediated apoptosis plays
a role in the response to telomere shortening. In addition, the absence of p53 in TERC™- p53*"

mice of the most recent generation attenuated the apoptotic response to telomere dysfunction
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[182]. Similarly, inhibiting TRF2, activates p53 resulting in apoptosis which was observed in
both mouse and human cells [184]. Consequently, it is reported that the stability of p53 apoptotic
cascade is a significant element of the cellular response to telomere damage.

Short term effects of telomerase inhibitors have been reported to cause genomic damage and
telomere damage. In response to DNA damage, the p53 protein, a key regulator of cell cycle and
apoptosis, is activated. Given the importance of p53 in determining cell fate, exploring the
relationship between these factors will provide valuable insights into the molecular mechanisms
underlying cellular responses to telomerase inhibitors, as well as their potential therapeutic

implications.
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1.6. Natural Flavonoids

Flavonoids are phytoconstituent molecules that are found in many plants and their parts,
including leaves, fruits, and vegetables. These are produced naturally via the phenylpropanoid
pathway, and their bioactivity depends on their bioavailability and mode of absorption.
Flavonoids have important applications in medical biochemistry [185]. Over 10,000 flavonoid
compounds have already been found and isolated. Most flavonoids are commonly used as
medicines [186]. Flavonoids in plants serve multiple functions, including acting as light filters,
photoreceptors, and visual attractants. These compounds have a broad spectrum of health-
promoting effects, making them valuable in various applications such as nutraceuticals, and
medicinal products. The ability of flavonoids to modulate crucial cellular enzyme functions,
along with their antioxidative, anti-inflammatory, anti-mutagenic, and anti-carcinogenic
properties, accounts for their diverse effects. Among these properties, the antioxidant activity of
flavonoids has garnered significant interest due to their ability to prevent the generation of free
radicals and effectively neutralize existing ones [187]. Extensive in vitro and in vivo studies have
consistently demonstrated the efficacy of flavonoids against various tumor cells. This
effectiveness is attributed to their ability to modulate reactive oxygen species (ROS)-activity,

induce cell cycle arrest, promote apoptosis, and suppress cell growth. [188].
1.6.1 Quercetin

Quercetin, a prominent bioflavonoid found in over twenty plant sources, is recognized for its
various beneficial properties. It possesses anti-inflammatory, anti-hypertensive, vasodilatory,
anti-obesity, anti-hypercholesterolemic, and anti-atherosclerotic activities [188]. There are
numerous botanical and dietary sources of quercetin like vegetables and fruits, like onions (45
mg/100 g), broccoli (13.7 mg/100 g), red wine (3.16 mg/100 g) and apple (4.01 mg/100 g) [189].
Quercetin is characterized by its yellow color and solubility in alcohol and lipids, while it is
insoluble in water. Quercetin is widely utilized as a nutritional supplement and has shown
promising benefits in the treatment of numerous diseases such as cardiovascular protection,

anticancer, anti-inflammatory activity, gastroprotective effects are few of the benefits [190].
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1.6.1.1 Bioavailability

In plants, quercetin is present as a glycosylated group. As a result, its bioavailability is affected
by the type of glycosides found in various food sources. Initially, it was discovered that the free
form of quercetin could be absorbed in the intestine through passive diffusion, because of its
hydrophobic properties. However, further studies have indicated that the absorption of quercetin
glycosides, which are its sugar-bound forms, is nearly twice as efficient as the absorption of its
aglycon form. [191]. Following absorption, quercetin is metabolized in various organs including
the small intestine, colon, liver, and kidney [192]. Furthermore, in humans, colonic microflora
likely metabolizes half of the quercetin. Total quercetin obtained from the diet exists in plasma
at very low concentration (100 nM) due to absorption and metabolism, but can be increased to
micromolar concentrations after supplementation. 28 days of 1 g/day quercetin supplementation
improved plasma concentrations to 1.5 uM [193]. Quercetin and its metabolites have half-lives
ranging from 11 to 28 hours, implying that continuous supplementation could significantly
increase plasma concentrations [194]. In contrast, quercetin has low bioavailability, much like
other polyphenols. Despite the standardization of their administration, there are significant
differences in its plasma concentrations when participants take quercetin supplements due to its
high individual variability in bioavailability. Thus, among those who only absorb a small amount

of quercetin, the purported health benefits of quercetin are likely to be marginalized [195].
1.6.1.2 Toxicity and safety

Earlier studies in the 1970s found quercetin to be genotoxic using standard tests. However, in
vivo tests in animal models did not confirm quercetin's in vitro mutagenicity, as it failed to show
any significant changes at the end of genotoxicity in non-malignant cells. The IARC decided in
1999 that quercetin does not cause cancer in humans, due to the lack of reported cases of adverse
effects on human health [196].

Phase I clinical trial for quercetin consumption suggests a concentration of 1400 mg/m2, which
relates to nearly 2.5 g for a 70 kg individual, taken in weekly intermissions [22]. Renal toxicity
was detected at higher doses, up to 50 mg/kg (about 3.5 g/70 kg), with no indication of nephritis
or other toxicity. Human studies haven’t found any major negative effects from taking quercetin

up to 4 g or after one month of taking 500 mg twice daily [197]. According to epidemiological
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studies, taking quercetin regularly at doses between 1.01 and 31.7 mg per day may help reduce
the risk of developing ovarian cancer [198].

Despite these encouraging studies suggesting quercetin consumption is safe, its toxicity may rise
due to its antioxidant characteristics. Quercetin is one of the most potent ROS scavengers. In-
vitro, it inhibits ROS and RNS, and it contributes 6.24 times to total plasma antioxidant capacity
higher than trolox, which has been used as a reference antioxidant [13]. When used as an
antioxidant, quercetin is oxidized to produce quercetin-quinone (QQ) in its tautomeric forms

which like other semiquinone radicals and quinones, is harmful [199].
1.6.1.3 Quercetin as anti-cancer agent

Quercetin, in addition to its direct antioxidant properties, activates signal transduction pathways
that are frequently upregulated in cancer. The potential of quercetin to hinder various targets in
"hallmarks of cancer" makes quercetin, a naturally occurring chemo-preventive, anti-
proliferative, pro-apoptotic, and anti-angiogenic agent. Within tumor cells, quercetin exhibits
diverse inhibitory properties, that play a crucial role in various aspects of tumor progression.
These effects span across all stages of carcinogenesis, including initiation, invasion, and
metastasis [200]. An extensive literature suggests that quercetin can be effective in cancer
treatment by inducing cell death or cell cycle arrest preferentially in cancer cells via down-
regulation of selective oncogenes (such as Mcl-1, Ras, MEK, PI3K) or the up-regulation of tumor
suppressor genes (p53, p21), which, in turn, enhance selective pathways leading to cancer
elimination [190]. Due to its strong anticarcinogenic properties and role as an apoptosis inducer,
quercetin slows the progression of tumors in the brain, liver and various different tissues while

also preventing cancer metastasis [201].

Several studies are conducted to investigate the interactions of quercetin at the molecular level.
CD spectroscopic and gel shift studies revealed that quercetin could intercalate to DNA and
increases the expression of p53, as DDR [202]. Other studies indicates that quercetin can interact
with DNA via groove binding or electrostatic interactions. These interactions may contribute to
quercetin's antioxidant and anticancer properties [203].

In vitro, quercetin retards the proliferation of tumors cells of various tissues. Quercetin treatment
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significantly increased p53 expression in cervical cancer cells, HeLa and SiHa cells.
Furthermore, quercetin is reported to increase p53 expression in the nucleus of SiHa and HelLa
cells. It also upregulated p21 and Bax protein, two well-known p53 target genes, implying
quercetin induction of p53 transcriptional activity [204]. Quercetin significantly downregulated
the expression of ATM, PARP1, and DNA-PKCcs in prostate cancer cells. It also inhibits ds DNA
repair activation and increases sensitivity to radiation therapy in ovarian cancer cells by
activating ATM and p53. Additionally, quercetin acted as a radiosensitizer in few cancer cell
lines by inhibiting ATM activation and increasing DNA damage leading to apoptosis [205, 206].
Another mechanism by which quercetin targets cancer cells is by inhibiting telomerase activity.
In an in vitro cell-free system, quercetin inhibit telomerase activity at low concentrations. This
effect was confirmed in Caco-2 and MCF-7 cell lines, where quercetin at low concentration
significantly reduced telomerase activity [131]. Furthermore, quercetin inhibits the growth of
cancer cell lines such as lung, stomach, colon, nasopharyngeal, laryngeal, brain, and breast in a
dose-dependent manner by reducing telomerase activity, down-regulating hTERT expression,
and inducing apoptosis. According to these studies on cancer cell lines, quercetin is a potential

inducer of apoptosis and suppressor of telomerase activity [128].

Quercetin's anticancer and pro-apoptotic effects have also been reported in vivo in pancreatic
cancer where it activated apoptosis and prohibited metastasis [207]. Furthermore, in U-937
leukemia cells and mouse xenografts injected with this cell line, quercetin demonstrated pro-
apoptotic effects. These effects were accompanied by elevated expression of the pro-apoptotic
factor Bax and the inhibition of the anti-apoptotic factor Mcl-1. Quercetin induced apoptosis in
both transformed leukemia cells and primary leukemia cells, while normal blood peripheral
mononuclear cells remained unaffected by its apoptotic properties [208]. In a study by Ferry et
al., quercetin was administered intravenously to cancer patients at doses ranging from 60 to 2000
mg/m2. According to the study, a dose of 945 mg/m2 of quercetin is considered safe. At toxic
doses, quercetin led to nephrotoxicity, hypertension, emesis, and a drop in serum potassium
[209].

Quercetin has been extensively studied for its ability to prevent cancer. One of the reasons
quercetin holds great promise for chemoprevention is because of its ability to target multiple

pathways involved in cancer development and progression. However, despite these promising
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findings, the bioavailability of quercetin is a concern. Quercetin has a low bioavailability, which
limits the effectiveness of quercetin as an anti-cancer agent. However, research into the use of
quercetin as a preventative agent, may shed more light on applications of this bioactive molecule.
Additionally, quercetin may be used in combination with other substances or delivery methods

to increase its bioavailability and effectiveness as a cancer preventative or treatment.
1.6.1.4 Quercetin in combination with chemotherapeutic agents

Combining quercetin with other natural or synthetic compounds may increase its bioavailability,
efficacy, and reduce potential side effects. Many studies show that quercetin can be more
effective when combined with anticancer drugs and other anticancer bioactive compounds
(Table 1.1).

Lietal., investigated the effect of quercetin and cisplatin in human oral squamous cell carcinoma
(OSCC) cell lines and mouse models. They found that the co-treatment of quercetin and cisplatin
activated apoptosis and reduced cancer growth in mice, implying the therapeutic application of
co-treatment of quercetin and cisplatin [210]. Another study observed the same effect of
quercetin alone and in combination with cisplatin on cells obtained from four patients (29-65
years) with advanced ovarian cancer. Simultaneous treatment with quercetin and cisplatin
revealed that quercetin could improve cisplatin's anti-proliferative activity in all cases [211].
EMT®, a breast cancer cell line, was subcutaneously injected into mice to induce tumors. The
results revealed that mice treated with quercetin in combination with cisplatin outperformed the
other groups in terms of anticancer efficacy. These findings also point to a synergistic activity

of quercetin and cisplatin, as well as reduced side effects of cisplatin in animal models [212].

Combination of quercetin and oxaliplatin, in human colorectal HCT116 cancer cells was
reported to synergistically reduce glutathione reductase activity, inhibit intracellular glutathione
expression, induce ROS production, and inhibit cell viability [213]. In prostate tumor, the
combination of quercetin and paclitaxel significantly reduced cell viability due to Go/M phase
arrest and apoptosis. Quercetin increased the apoptotic cells in combination with paclitaxel as
compared to paclitaxel alone, with less toxicity in the combination group [214].

Xavier et al. demonstrated that quercetin increased 5-fluorouracil efficacy in colorectal cancer
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cells by inducing p53 expression [215]. Quercetin stimulated 5-fluorouracil-induced apoptosis
in human CRC cell lines with microsatellite instability (MSI) in a p53-dependent manner. Their
data suggests that the synergism of quercetin and 5-FU is dependent on mitochondrial apoptotic
pathway. In contrast, HCT115 (p53 mutant) cells lacked any synergistic effects, indicating that
quercetin exhibits p53-dependent effect [215].

Combining doxorubicin and quercetin reduced cell survival in MDA-MB 231 breast cancer cells
[216]. Quercetin also accelerated Dox induced apoptosis in hepatoma cells in a p53-dependent
manner by reducing Bcl-xI expression. It increased p53, BAX and PUMA expression while Bcl-
x| expression was inhibited [217]. In an established breast cancer mouse model, researchers
employed a combination of quercetin and Dox to assess anti-tumor activity. Interestingly,
quercetin combined with Dox led to reduction of breast cancer and resulted in cancer-free
survival in mice whereas quercetin or doxorubicin individually failed to reduce cancer in mice.
The combination of quercetin and Dox induced even more long-lasting T-cell tumor-specific
responses. According to these findings, combining quercetin as a food additive with Dox may
indicate a highly potent strategy for activating immune responses against cancers [218].

Tiwari et al., studied synergism of quercetin and geftinib in ovarian cancer cell line. The
combination decreased cell viability and activated intrinsic apoptotic pathway, which results in
the reduction of survival proteins like Bcl-2 and Bcl-xL while increasing the levels of
proapoptotic proteins such as caspases, cyto-c, Bid, Bad, and Bax [219]. Another study found
that quercetin in combination with tiazofurin significantly inhibited growth of ovarian cancer
cells. Furthermore, the combination of tiazofurin and quercetin exhibited a significant synergistic

growth inhibition in these cells [220].

Combination of quercetin and X-rays irradiation increased DNA damage and caused apoptotic
cell death; it also resulted in an increase in Bax levels and a decrease in Bcl-2 levels in ovarian
cancer cells when compared to cells exposed to quercetin or X-rays alone. Combining quercetin
with radiation significantly reduced tumour growth, followed by the induction of p53 and y-
H2AX. These findings suggested that quercetin acted as a promising radiosensitizer by activating
p53 response pathway xenograft model of OC [221].

EGCG and quercetin have also shown to have synergistic anti-tumor effects. The combination

45

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University



Introduction

resulted in upregulation of the death receptor-5, stimulation of p53, and caspase-induced
apoptosis in ovarian cancer [222]. Senggunprai et al. investigated the effects of quercetin and
EGCG on cholangiocarcinoma cells. In cholangiocarcinoma cells, IL-6 and IFN-gamma were
estimated to inhibit STAT pathway, suggesting that these two compounds could be used as

chemo preventive agents [223].

Gil et al., investigated the effects of Temodal and quercetin in human astrocytoma cell line. The
combination of Temodal and a low concentration of quercetin autophagy; however, with high
doses of quercetin, apoptosis was observed. The order in which the drugs were administered was
also important. Apoptosis was triggered after co-treatment of both drugs or after pre-incubation

with Temodal followed by quercetin treatment [224].
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Table 1.1 Combinatorial
drugs/compounds in different cancers

treatments

reported for

Introduction

quercetin with chemotherapeutic

Sr.No | Combination Cancer Reference

1. Quercetin and Cisplatin Cervical  cancer, Ovarian | [225],[226],[227],
cancer, Nasopharyngeal [228],1229]
cancer,
Laryngeal cancer, Liver cancer

2. Quercetin and Oxaloplatin Ovarian cancer [227]

3. Quercetin and Paclitaxel Cervical  cancer, Prostate | [225],[214],[230]
cancer, Gastric cancer

4. Quercetin and 5-FU Cervical  cancer,  Gastric | [225],[230],
cancer, Esophageal cancer, [231],[232], [233]
Liver cancer, Colon cancer

5. Quercetin and Dox Cervical  cancer,  Gastric | [225],[230],
cancer, Breast cancer [234], [235]

6. Quercetin and Geftinib Ovarian cancer [219]

7. Quercetin and Tiazofurin Ovarian cancer [220]

8. Quercetin and Tamoxifen Gastric cancer [230]

9. Quercetin and Docetaxel Gastric cancer [230]

10. Quercetin and Bortezomib Blood cancer [236]

11. Quercetin and Nocodazole Colon cancer [237]

12. Quercetin and ECGC Ovarian cancer, bile duct | [222, 223]
cancer

13. Quercetin and Temodal Brain cancer [224, 238]
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Combination of conventional anti-cancer agents and quercetin holds great promise in cancer
research and treatment. Extensive scientific evidence suggests that quercetin's multifaceted
mechanisms of action, which include antioxidant, anti-inflammatory, and anti-tumor properties,
can boost the efficacy of various anti-cancer agents. Quercetin has the potential to improve
treatment outcomes, reduce drug resistance, and mitigate the negative side effects associated
with traditional therapies by potentiating their effects. While more research is needed to
determine optimal dosages, treatment regimens, and potential interactions, a growing body of
evidence suggests that quercetin can be used as an adjunct therapy in the fight against cancer.
Because of its natural origin, ease of access, and favorable safety profile, it is a promising

candidate for incorporation into future treatment strategies.
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1.7 Rationale

Telomerase is a unique cancer biomarker and an attractive target for developing therapeutics,
due to its expression in cancer cells and minimal/ non-existent expression in most somatic cells
[239]. Many telomeres and telomerase targeted therapies rely on cancer cells' initial telomere
length; hence a longer treatment time is required for cell death through continuous telomere
shortening in the presence of the inhibitors. As a result, the treatment period (lag phase) may
result in increased toxicity. Because of increased toxicities and a long lag period, standard
telomerase inhibitors are not effective in clinical trials [240]. Interestingly, knocking down
TERT is associated with immediate cell cycle arrest and apoptosis, implying that targeting non-
canonical telomerase action can overcome the lag phase [71]. Currently several drugs have been
designed and are being investigated that exhibit short term cytotoxic effects. While some small
molecule compounds are currently in clinical trials [240], others are still in preclinical testing
and require additional research into their molecular mechanisms. Inhibition of TERT induces
telomere dysfunction and activates DNA damage response. p53 plays a crucial role in DNA
damage response, however, it is often mutated in cancers and deregulation of p53 is implicated
in determining sensitivity of cancer towards anti-cancer compounds which cause DNA damage
[241]. Since the relationship between telomerase inhibitors and the tumor suppressor protein p53
is not completely known, hence the current study was designed for assessing the role of p53 in
determining ovarian cancer cell response to telomere and telomerase targeted therapies.

Quercetin, a natural flavonoid, possesses established anti-proliferative properties against diverse
cancer types [131, 242, 243]. However, its clinical development is limited due to low absorption
and potential toxicity at higher doses. On the other hand, MST-312 exhibits the ability to inhibit
telomerase activity in tumor cells, resulting in growth arrest and apoptosis through telomeric
DNA damage, DNA damage response, and inhibition of the NF-kB pathway [135, 140, 141].
Surprisingly, no research has been conducted thus far on the combined impact of telomerase
inhibitors and quercetin. Quercetin is recognized as a DNA intercalating agent, leading to DNA
damage, while MST-312 is known to induce telomeric damage by inhibiting telomerase [135,
202]. Our hypothesis revolves around the notion that the combination of quercetin and MST-312
may generate a synergistic effect, inhibiting tumor growth and enhancing overall anticancer

activity, based on their distinct mechanisms of action.
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Introduction

1.8 Objectives

1. In vitro evaluation of MST-312, BIBR1532 and 6-thio-dG for their effect on ovarian
cancer cell lines with different p53 status

e Determining the sensitivity of the telomerase inhibitors in ovarian cancer cells with

different p53 status
e Analyzing the effects of individual telomerase inhibitor in ovarian cancer cell lines

with different p53 status
2. In-vitro evaluation of combinatorial effects of telomerase inhibitor and anti-oxidant in

ovarian cancer cells
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Material and methods

CHAPTER 2
Material And Methods
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2.1 Cell culture

A panel of ovarian cancer cell lines: A2780, A2780cisr, OAW42, OVCAR3, PA-1, SKOV3 and
CaOV3; two primary cell lines: Human Ovarian surface epithelial (OSE), Human fibroblast (BJ)
cells; and one colon cancer cell line, HCT116 were used in this study.

All ovarian cancer cell lines, HCT116 and BJ were grown in Dulbecco's Modified Eagle Medium
(DMEM) (high glucose with L-glutamine and sodium pyruvate) (HyClone, Cytiva, USA, Cat.
No. SH30243.01), which was supplemented with 100 units/mL penicillin, 100 g/mL
streptomycin, and 250 ng/mL amphotericin B (Gibco, Cat. No. 15240062), as well as fetal
bovine serum (Gibco, ThermoFisher Scientific, USA, Cat. No. 10270106). 10% of fetal bovine
serum was used for A2780, A2780cisr, OAW42, OVCAR3, PA-1, HCT116 and BJ cells
whereas, 15% and 20% serum concentrations were used for SKOV3 and CaOV3 respectively.
OSE cells were grown in Ovarian Epithelial Cell Medium (OEpiCM) (ScienCell Research
Laboratories, USA, Cat. No. 7311) along with 10% Ovarian Epithelial Cell Growth Supplement
(OEpiCGS, ScienCell Research Laboratories, Cat. No. 7352), 0.1 x 10 units/mL penicillin and
0.1 x 10® pg/mL streptomycin solution (ScienCell Research Laboratories, Cat. No. 0503).

All cells were retained in a controlled incubator, with temperature of 37°C and 5% concentration
of carbon dioxide, ensuring optimal humidity.

2.2 Drug preparation

Table 2.1: Details of drugs used in the study and their preparation

Name of drug Procured from | Reconstituted in | Stock Cat No.
concentration
MST-312 20 mM M3949
6-thio-dG ) _ 10 nM SML1296
i Sigma-Aldrich
Quercetin 100 mM Q4951
DMSO
Luteolin 50 mM L9283
BIBR1532 Cayman 20 mM 16608
Chemicals

Quercetin was prepared fresh every time before every drug treatment and reconstituted in DMSO

to make the final stock solutions of 100 mM. Aliquots were prepared for all the drugs and were
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stored at -20 until use. Complete media was used to further dilute the stock to suitable working

concentrations.
2.3 Alamar Blue cell viability assay

Ovarian cancer cells, colon cancer cells and primary cells were used to investigate the short-term
cytotoxic effects of drugs as mentioned in Table 2.2. After seeding, cells were incubated with
different concentration of drugs and further incubated for 72 hours (Table 2.2 and 2.3). Each
drug treatment was performed in triplicates. After 72 hours, media containing drug was replaced
with 20 percent solution (prepared in complete media) of 0.15 mg/mL alamar blue prepared in
1X PBS (Gibco, Cat. No. 10010023) and were further incubated for 4 h. After incubation Abss7o
and Abseoo was measured and percent reduction of the dye was estimated by the subsequent

formula;

(02+A1)—(01%A2) *100
(R1*N2)—(R2%N1)

Percentage reduction of alamar blue =

Where:

01 = 80586 (MECs7o of oxidized dye)

02 = 117216 (MECeoo Of oxidized dye)

R1 = 155677 (MECszo of reduced dye)

R2 = 14652 (MECsoo of reduced dye)

Al = Abss7o of the drug treated well

A2 = Absgoo of the drug treated well

N1 = Abss7g of 20 percent alamar blue solution (negative control)
N2 = Abseoo 0f 20 percent alamar blue solution (negative control)

MEC- Molar extinction coefficient

Cell viability was normalised using DMSO treated cells. 1Cso values were estimated from the

logarithmic growth curve in GraphPad Prism software (Version 8).
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Table 2.2: List of cell lines and drugs used to determine 1Csg concentration

Drugs Cell lines p53 status | Cell density
(cells/well)
MST-312 A2780, A2780 cisr | Wildtype 2000
BIBR1532 | OAW42 Wildtype 1500
6-thio-dG PA-1 Wildtype 7000
Quercetin OVCARS3 Mutant 7000
Luteolin CaOV3 Null 9000
SKOV3 Null 7000
HCT116 Wildtype 2000
OSE Wildtype 7000
BJ Wildtype 5000

Table 2.3 : Details of drug treatment used to determine 1Csq in the cell lines

Name of the drug | Range Duration | No. of Concentration
MST-312 0.0l pM -50uM | 72 h 9
BIBR1532 1 uM-100 pM 72h 7
6-thio-dG 0.01 pM -50 uM | 1 week 9
Quercetin 1 puM - 400 uM 72h 9
Luteolin 1 uM - 64 uM 72 h 7

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University
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2.4 Estimation of combination index (Cl) and dose reduction index (DRI)

To investigate the impact of combining quercetin and MST-312 or luteolin and MST-312, the
cell viability assessment using alamar blue was employed. PA-1, A2780, OVCARS3, A2780cisR,
HCT116, and OSE cells were subjected to various concentrations of quercetin and/or MST-312,
as specified in Table 2.4, for a duration of 72 hours. Similarly, PA-1 cells were exposed to
different doses of luteolin and/or MST-312, as outlined in Table 2.5, for 72 hours. Percent
viability was determined using alamar blue. The resulting data was utilized to calculate the

Combination Index (CI) in CompuSyn software using the following formula:

Cl= % + %

The values Dx1 and Dx2 represent the separate concentration of drugs necessary for achieving
a X% reduction in cell viability. On the other hand, D1 and D2 represent the concentration of
drug needed to achieve x% reduction in cell viability when administered in combination. Each
co-treatment yielded different CI values, which were determined by plotting CI against Fraction

Affected (FA) using MS Excel.

The Dose Reduction Index (DRI) quantifies the decrease in drug dosage required in a
combination to achieve an equivalent cytotoxicity (x), compared to the concentration of the drug

when used individually. The estimation of DRI is as follows:

D D
DRI 1= 222 and DRI 2= 22
D1 D2
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Table 2.4: List of all the cell lines and different concentration employed for co-treatment of
MST-312 and quercetin

Drug Cell lines | Concentrations used
MST-312 PA-1 0.5,1and 2 uM
A2780 2,3and 4 uM
OVCAR3 | land 2 uM
A2780cisr | 1,2and 3 uM
HCT116 |1and2puM

OSE 1 pM

Quercetin | PA-1 5,10 and 15 uM
A2780 15, 35 and 55 pM
OVCAR3 | 15, 30, 60 and 90 pM
A2780cisr | 15, 30 and 60 pM
HCT116 | 15,30 and 60 uM
OSE 5and 10 uM

Table 2.5: List of cell line and different concentration used for co-treatment of MST-312
and luteolin

Drug Cell line Concentration
MST-312 PA-1 0.5and 1 uM
Luteolin PA-1 1 and3puM
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2.5 Trypan blue exclusion assay

Material and methods

Cells were plated at different densities in 60mm cell culture dishes. After 24 h for cell

attachment, the cells were treated with MST-312 and/or quercetin, as mentioned in the table 2.6.

DMSO treated cells were used as control. Following the treatment, the cells were harvested and

suspended in PBS. Subsequently, they were stained using a 0.4% Trypan Blue (Thermo
Scientific, Cat. No. 15250061). The Neubauer haemocytometer was utilized to determine the

count of live (bright), dead (blue) cells and the total number of cells. The proportion of viable

cells, relative to the cells treated with the vehicle control, was then determined.

Table 2.6 : List of cell lines and drug concentration used for co-treatment of MST-312 and/or
quercetin for trypan blue exclusion assay

Drug Cell lines | Concentration | Incubation Cell density
time (cells/plate)

MST-312 PA-1 1uM + 10 pM | 24 h 6 x 10°

and/or A2780 2uM +15uM | 48 h 1x10°

Quercetin OVCAR3 | 2uM +15uM | 48 h 5x 10°

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University
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2.6 Generation of A2780 p53 knockout cells using CRISPR/Cas9-mediated genome editing
To study the importance of p53 we used A2780 cells for generating stable p53 knockout using
the CRISPR/Cas-9 system. The cells were provided by Dr.Manoj Garg, Amity University.
Briefly, they created 5 sets of guide RNA (gRNA) that specifically targets various parts of the
p53 genome. The p53gRNA sequences that were employed are as follows;

p53gRNA-1: CCATTGTTCAATATCGTCCG

p53gRNA-2: GAGCGCTGCTCAGATAGCGA

p53gRNA-3: ATGTGTAACAGTTCCTGCAT

p53gRNA-4: GAAACCGTAGCTGCCCTGGT

p53gRNA-5: GATCCACTCACAAGTTTCCAT

As previously described [4], these gRNAs were cloned into the LentiCRISPRv2 plasmid (LV2;
Addgene, USA) (24336571). To establish a stable cell line, lentiviral particles were produced
by transfecting HEK-293T cells (5x108 cells). with 1.5pg of pPCMV-dr8.2, 0.5ug of pMD2.G,
and 2 pg (LV2 plasmids, LV2-p53 gRNA-1, LV2-p53 gRNA-2, LV2-p53 gRNA-3, LV2-p53
gRNA-4, and LV2-p53gRNA-5) using Lipofectamine 2000 reagent as per manufacturer's
protocol. After 72 h of transfection, viruses were collected and further filtered and the
supernatant was used to infect A2780 (1 x 10°) cells together with polybrene reagent (Sigma-
Aldrich, Cat No. 107689) reagent (4pg/ml). After 6 h, virus-containing media was replaced with
complete medium. Puromycin was added to the complete media post 24 h for selection. The
medium containing antibiotics was changed every 48 hours until cell death was observed in the
mock-transfected cells. To create stable cell lines, single clones were selected over a period of 2
weeks using serial dilution. The selected clones were then confirmed through sanger sequencing
and western blotting.

Clones were selected by treating them with 0.1 uM Dox for 24 h. We harvested protein from the

clones and detected p53 expression by western blot as mentioned below in section 2.13.
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2.7 Transient expression of p53 in A2780 p537- and SKOV3 cells

Lipofectamine (Invitrogen, ThermoFisher Scientific, USA, Cat. No. K182001) was used to
transfect A2780 p53”7-and SKOV3 cells with the LV-p53 plasmid (100 nM). 0.8 x 10° cells/plate
of A2780 p537 and 1 x 10° cells/plate of SKOV3 cells were plated in 6 cm culture dishes.
Transfection mixture was prepared in two separate tubes, A and B. In Tube A 0.2 ml of Opti-
MEM without serum and 3 pg plasmid was added, in tube B 0.2 ml of Opti-MEM without serum
and lipofectamine was added. Both A and B were kept for 5 mins at RT. Reagents of tube A
were added to tube B and kept for 20 mins at RT. Media of growing cells was replaced by serum
free Opti-MEM. Transfection mixture was added on the cells dropwise for 6 hours. Cells were
then incubated for another 24 hours in complete DMEM. The transfected cells were then seeded
for cell viability assay and treated with increasing doses of MST-312, as previously mentioned
in Table 2.3. Protein from the transfected cells was harvested and p53 protein detection was
performed by western blot as mentioned in section 2.13.

2.8 Colony forming assay

We studied the anti-proliferative effects of MST-312 alone and in combination with quercetin
by colony forming assay. The cells were plated at different densities (A2780 p53 */*, A2780 p53
- and HCT116- 1000 cells/well, PA-1— 8000 cells/well and SKOV3- 5000 cells/well) and
incubated without treatment till visible colonies were observed. Cells were incubated with
quercetin and/or MST-312 as mentioned in tables 2.7 and 2.8, with DMSO as control. After the
administration of the respective drug, wells were gently washed with PBS. Subsequently, they
were stained with a 0.05% (w/v) solution of crystal violet for a duration of 2 hours at RT.
Following this, excess dye was removed by rinsing using distilled water, and the resulting
colonies were photographed. Using ImageJ software, the colonies were quantified by assessing
the intensity of stained cells relative to the background of the plate. The percentage reduction

was then calculated based on these measurements.
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Table 2.7 : List of cell lines and concentrations used for MST-312 drug treatment for

colony forming assay

Material and methods

Drug Cell lines Concentration Incubation time
MST-312 A2780 p53*7* 3uM 96 h

A2780 p53 3uMand8pM | 96 h

SKOV3 3 uM 96 h

Table 2.8: List of cell lines and concentrations used for co-treatment of MST-312 and/or

quercetin for colony forming assay

Drug Cell lines Concentration Incubation time
MST-312 and/or | PA-1 1uM +10 uM 48 h
guercetin A2780 2 UM + 15 uM 96 h

HCT116 2UM +15puM |96 h

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University
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2.9 Cell cycle analysis

The effect of MST-312, 6-thio-dG and BIBR1532 on cell cycle progression was studied using
flow cytometer after staining with propidium iodide. The cells were plated at different densities
(A2780 p53 **, A2780 p53 -1 x 10° cells/ plate and SKOV3 4 x 10° cells/ plate) in 6¢cm dishes.
After 24 h of seeding, the cells were treated with inhibitors as mentioned in the table 2.9.
Following drug administration, the cells were collected and were fixed in pre-cooled 70%
ethanol for an hour or overnight at -20 °C. The cells were rinsed with PBS. At IIT Bombay, they
were treated for 30 minutes with 10 g/ml RNase (Thermo Scientific, USA, Cat. No. EN0531)
and 20 g/ml PI (Sigma-Aldrich, Cat. No. P4170-100 mg). The cells were examined using a BD
FACS ARIA flow cytometer. Software called FlowJo v10 (Becton Dickinson, NJ, USA) was

used to analyse the data.

Table 2.9 : List of cells lines and concentrations of drugs used to study their effects on cell
cycle progression

Cell line MST-312 6 thio-dG | BIBR1532
A2780 p53** |3 uM 4 uM 30 uM
A2780p537 | 3and8puM | 4 uM 30 uM
SKOV3 3uM 15 pM 30 uM
Duration 48 h 72h 72 h

61

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University



Material and methods

2.10 Acridine orange (AO)/ Ethidium bromide (EB) staining

To understand the mechanism of cell death caused after short term treatment with MST-312 and
BIBR1532, cells were stained with AO/EB and detected under the microscope. The cells were
plated at different densities (A2780 p53 **, A2780 p53 7~ 1 x 10° cells/ plate’ in 6-well culture
plates. Post seeding, A2780 p53 */* were incubated with MST-312 (3 uM) and A2780 p53 " cells
were incubated with MST-312 (3 and 8 uM) for 48 h. A2780 p53 *'* and A2780 p53 " cells
were incubated with BIBR1532 (30 uM) for 72 h. Cells were incubated with 1 mg/mL AO (Sisco
Research Laboratories (SRL) Pvt. Ltd., Cat No. 97412) and 1 mg/mL EB (SRL Pvt. Ltd., Cat
No. 17220) in the ratio 1:1. Images were captured at 100X magnification in a VVert. Axio vision
inverted fluorescence microscope. Random fields of cells from each well were imaged for cell
quantification. Live cells appeared green, apoptotic cells appeared green with condensed nuclei
or orange dots with condensed nuclei, and necrotic cells appear orangish red nuclei without
condensed chromatin. The number of live, apoptotic, and necrotic cells were quantified manually
from the images taken. The percent of apoptotic and necrotic cells relative to control was

determined using the formula:
Total number of apoptotic cells

Percentage of apoptotic cells = x 100
Total number of cells

Total number of necrotic cells

X 100

Percentage of necrotic cells =
Total number of cells

62

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University



Material and methods

2.11 RNA isolation and cDNA synthesis

To study the effect of MST-312 on cell cycle regulators, apoptosis regulators and telomerase
components on gene expression, RNA was isolated and cDNA was prepared. Additionally, we
also studied the effects of MST-312 alone and in combination with quercetin on DNA damage
response genes and homology repair genes.

A2780 p53*'*, A2780 p537- and PA-1 cells were plated as mentioned in section 2.9, to determine
the effects of MST-312 and/or quercetin on gene expression. After seeding, the cells were
incubated with the drugs as mentioned in the table 2.10 and DMSO treated cells were used as
control for all the drugs. RNA was then extracted using TRIzol™ Reagent (Thermo Fisher
Scientific, Cat. No. 15596018) after cells had been washed once with 1X PBS (pH 7.4). 1:2
volume of chloroform was added to TRIzol and further centrifuged at 15000rpm, 4°C for 15min.
The aqueous layer was transferred to another tube. To this, 100% chilled isopropyl alcohol was
added, and the mixture was centrifuged at 15000 rpm for 10 minutes at 4°C. 70% cold ethanol
was added and centrifuged at 15,000 rpm for 5 minutes at a temperature of 4°C. After
centrifugation, the pellet was allowed to air dry and subsequently resuspended in nuclease-free
water. (MP Biomedicals, LLC, Cat. No. 112450204) and quantified on a Take3™ Micro-volume
plate in BioTek Epoch2 microplate reader (Agilent, USA). A quantity of 1 pg of RNA was
utilized for cDNA synthesis. The reverse transcription procedure was conducted according to
the manufacturer's instructions using the Maxima First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Cat. No. K1641) and the iScriptTM cDNA Synthesis Kit (Bio-rad, Cat. No.
1708891). Subsequently, the cDNA sample was diluted in a 1:10 ratio using nuclease-free water.

Table 2.10: List of cell lines and concentration used for MST-312 treatment alone and in
combination with quercetin for gene expression analysis

Drug Cell lines Concentration Incubation time
MST-312 A2780 p53 ** 3 uM 48 h

A2780 p53 3uMand 8 puM | 48 h

SKOV3 3 uM 48 h

PA-1 1uM 24 h
Quercetin PA-1 10 uM 24 h
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Material and methods

The synthesized cDNA was further used to investigate alterations in gene expression through
gRT-PCR using the StepOne™ System from ThermoFisher Scientific (Cat. No. 4376357). The
reaction mix was prepared as mentioned in table 2.11. After adding the respective cDNA

samples, gene amplification was carried out using the reaction conditions as mentioned in table

2.12.
Table 2.11: List of reagents and their volumes used to prepare reaction mix for gqRT-PCR
Reagents Volume (ul)
SyBr green mix 5
10uM forward and reverse primers 0.2
Nuclease-free water 2
cDNA sample 2.5
Total 10
Table 2.12: gRT-PCR reaction conditions used to study gene expression
Step Temperature Time
Initial activation 95°C 3 minutes
Denaturation 94°C 10 seconds ]
Annealing/extension | Table: 30 seconds _— 40 cycles
Melt curve 65°C 10 seconds 7
95°C 15 seconds — 0.5°C increment

The 244Ct relative expression was employed to compute the relative quantification of genes.

GAPDH was employed to normalize the gene expression levels. Table 2.13 below lists the genes

with their corresponding primer sequences.
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Table 2.13: List of sequences of primers and their annealing temperatures employed for

qRT-PCR

Name of Forward primer (5°-3) Reverse primer (5°-3°) Annealing

gene temperature

CyclinD1 | GTGCTGCGAAGTGGAA | GACCTCCTTCTGCACAC |60°C
ACCATC ATTTGA

CyclinD2 | AGTGCGTGCAGAAGGA | GTTGCAGATGGGACTTC | 60°C
CATC GGA

Cyclin B GCCAGAACCTGAGCCA | CTCCATCTTCTGCATCCA | 60°C
GAAC CATC

Fas CTGCCATAAGCCCTGT | CTAAGCCATGTCCTTCAT | 60°C
CCTC CACAC

p21 ACTGTCTTGTACCCTTG | CCTCTTGGAGAAGATCA | 62°C
TGC GCC

Puma GGAGACAAGAGGAGC | CATGGTGCAGAGAAAGT | 64°C
AGCAG CCC

TERT CCAAGTTCCTGCACTG | TTCCCGATGCTGCCTGA | 60°C
GCTGA C

TERC TCTAACCCTAACTGAG | TGCTCTAGAATGAACGG | 60°C
AAGGGCGT TGGAAGG

RAD50 CTCTGAGTGGCAGCTG | TTTAGGCTGGGATTGTTC | 60°C
GAAGA GCT

ATM CAT TCT GGG CGT GCG | TCT TGAGCAACCTTG 60°C
GAG GGATCG TG

GAPDH GTCAGTGGTGGACCTG | CACCACCCTGTTGCTGT | 60°C
ACCT AGC

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University

65



Material and methods

2.13 Telomere restriction fragment (TRF)

Telomere length of the panel of ovarian cancer cells and A2780 p53*"*, A2780 p53” was
measured by TRF analysis using a non-radioactive chemiluminescent assay (Roche Applied
Science, Cat. No. 12209136001). To study the long-term effects of inhibitors on telomere length,
A2780 p53**and A2780 p53™ cells were plated at low densities in 12-well culture dishes. Post
24h, the cells were administered with the drugs mentioned in table 2.14. The cells were
continuously sub-cultured in media containing the inhibitors for 20 days. The genomic DNA
extraction process involved the utilization of the PureLink Genomic DNA Mini Kit (Invitrogen,
ThermoFisher Scientific, Cat. No. K182001) to isolate DNA from the cells, according to the
manual or by phenol: chloroform: isoamyl alcohol (P:C:1) method. For P:C:l method, cells were
first lysed and treated with Rnase and proteinase K followed by P:C:l in a 25:24:1 ratio. The
aqueous layer containing DNA was collected and 1 volume of chloroform was added. To
precipitate the DNA present in the aqueous layer, 2 volumes of 100% ethanol were added,
causing the DNA to come out of solution. Subsequently, a 70% ethanol wash was performed to
remove any impurities and further purify the precipitated DNA.1-2 pg of genomic DNA was
digested for 2 h at 37°C using Hinfl and Rsal enzymes provided in the kit. Separation of the
digested products was carried out in 0.8% agarose gel. Following denaturation and neutralisation
of the gel, the DNA was transferred onto a nylon membrane. Subsequently, the nylon membrane
was subjected to hybridization with digoxigenin-labelled oligonucleotides bearing the sequence
(TTAGGG)4. These oligonucleotides were labelled with digoxigenin (DIG), allowing for
specific detection and binding to the DNA on the membrane. The blot was then subjected to
blocking and incubated with Anti-DIG-AP for 30 min. The signal was detected by the Chemi-
DOC XRS system and observed in chemiluminescence for 30 mins. The mean telomere length
was determined by analysing and comparing the signals observed from the telomere-specific
hybridization with the molecular weight marker labelled with digoxigenin (DIG). TeloTool
software was utilized for this analysis, which allowed for the quantification and measurement of
telomere length based on the signal intensities and comparison with the known sizes of the

molecular weight marker [30].
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Table 2.14 : List of cell lines and drug concentrations used to study their long-term effects
on telomere length

Cell line MST-312 | 6 thio-dG | BIBR1532
A2780 p53** 0.5 uM 1 pM 10 pM
A2780 p537"- 0.5 uM 1uM 10 uM

2.14 Annexin-V-FITC/PI assay

Apoptosis was analysed using apoptosis detection kit (BD Biosciences, Cat. no. 556547, 51-
65874X ). 6 x 10° cells per plate of PA-1 cells were plated in 60 mm culture dish and treated
with MST-312 and/or quercetin as mentioned in Table 2.10. The cells were harvested, rinsed
using PBS, and reconstituted in 1X binding buffer from the kit. For staining the apoptotic cells,
2 pl of Annexin V-FITC (provided in the kit) was added in 100 pl of 1X Binding buffer and
incubated for 15 minutes. After incubation, the cells were stained with 2 ul of PI (provided in
the kit). The cell suspension was then transferred to FACS tubes and 0.4 ml of 1X Binding buffer,
and apoptotic cells were analyzed using a BD FACS ARIA flow cytometer. The acquired data
was analyzed using BD FACSDiva software (Becton Dickinson, NJ, USA).

Table 2.15: Data analysis for apoptosis assay

Annexin V Propidium lodide Interpretation
Positive Negative Early apoptotic cells
Positive Positive Late apoptotic cells
Negative Positive Necrotic cells
Negative Negative Live cells
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2.15 Western Blot Analysis

Western blot was performed to detect p53 expression and DNA damage response protein
markers such as p53, p21 and y-H2AX. After 24 hours of cell attachment, the cells were incubated
with quercetin and/or MST-312 as mentioned in table 2.16. Following drug treatment, cells were
washed once with 1X PBS (pH 7.4) and lysed in totex lysis buffer supplemented with protease
inhibitor cocktail (Roche Diagnostics, Cat No. 11844600) and phosphatase inhibitor sodium
orthovanadate (Sigma-Aldrich, Cat. No. S6508) for 30 minutes, the cells. Cell debris were
pelleted at 13,000 rpm for 15 minutes at 4°C. Protein was estimated from the collected
supernatant by 1X bradford reagent (Sigma-Aldrich, Cat. No. 56916) using Lambda 25 UV/Vis
spectrophotometer with WINLAB software (Version 2.85.04) (PerkinElmer, USA) at 595 nm.
Equal concentration of protein lysates was prepared in 4X gel loading buffer, separated in 4-12%
Bis-Tris gel (ThermoFisher Scientific, Cat. No._NP0336BOX) or 10% SDS-PAGE gel. The
proteins were transferred to PVDF membrane (Bio-Rad, Cat no. 1620177) with the help of the
semi-dry transfer apparatus (Bio-Rad, Cat no. 1703940). The blot was blocked overnight at room
temperature using 5% non-fat dried milk (NFDM) prepared in 1X PBS, the membrane was
incubated with primary antibodies (dilution- 1:1000) prepared in 5% NFDM overnight at 4°C.
The blot was washed with 1X PBST thrice for 10 mins each. After washing the membrane was
incubated with a secondary antibody (dilution- 1:5000) for 1.5 hours at room temperature
followed by three 1X PBST washes for 10 mins each. The list of primary and secondary
antibodies is mentioned in table 2.17. Protein detection was carried out using SuperSignal™
chemiluminescent substrates from ThermoFisher Scientific, USA (Femto- Cat. No. 34094, pico-
Cat. No. 34577 and Atto - Cat. No. A38555). The membrane containing the proteins was
visualized using the Bio-Rad Molecular Imager® ChemiDoc XRS+ System, and the resulting
images were analyzed using Image Lab™ Software (Cat no. 1708265). For protein

quantification, ImageJ software was employed. (http://rsbweb.nih.gov/ij/).
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Table 2.16: List of cell lines and concentrations used for co-treatment of MST-312 and/or
quercetin for western blot analysis

Drug Cell lines Concentration Incubation time
MST-312 and/or | PA-1 1uM + 10 uM 24 h
quercetin A2780 2 UM + 15 uM 48 h
OVCAR3 2UM +15puM | 48h
OSE 1 yM + 10 pM, | 48 h
1uM +5 M,

Table 2.17: List of primary and secondary antibodies used for western blot analysis
Name of antibody Procured from Cat. No.
Anti-p21 (12D1) Cell Signalling Technology | 2947
Anti p-p53 (S15) 9284T
Anti-B-Actin Sigma-Aldrich A5316
Anti-phospho-Histone 05-636
H2A.X (Ser139)

Anti GAPDH (6C5) Santa Cruz Biotechnology | sc- 32233
Anti-p53 (DO-1) sc-126
Anti-mouse 1gG-HRP sc-358914
Anti-rabbit 1IgG-HRP sc-2004
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2.16 Quantitative telomerase repeats amplification protocol (QTRAP)

To investigate the effects of MST-312, both alone and in combination with quercetin, on
telomerase activity, PA-1 cells were plated and treated with quercetin and/or MST-312 as
mentioned in Table 2.16. After incubation, the cells were harvested and total number of cells
was determined using trypan blue staining. Based on the cell count, the cells were treated with
NP40 lysis buffer for 45 minutes. Supernatant was collected after centrifuging the cells at 13,000
rpm for 10 minutes at 4°C. Lysate for 10,000 cells was utilised in the subsequent gPCR analysis.
The reaction mix was prepared as mentioned in table 2.18. After adding the respective samples,
TRAP was carried out using the reaction conditions mentioned in table 2.19. The primer

sequences used for gTRAP are mentioned in table 2.20.

Table 2.18: List of reagents and their volumes used to prepare reaction mix for q-TRAP
analysis

Reagents Volume (ul)
SyBr green mix 125

100 ng/ul TS primer 1

100 ng/ul ACX primer 1
Nuclease-free water 6

10mM EGTA 2.5

Lysate 2

Total 25

Table 2.19: g-PCR reaction conditions used in g-TRAP analysis

Step Temperature Time

Telomerase 30°C 30 minutes

activation

Initial activation 95°C 3 minutes

Denaturation 95°C 15 seconds

Annealing/extension | 60°C 30 seconds } 40 cycles
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Table 2.20: List of primer sequences used in g-TRAP

Name of primer Primer sequence (5°-3°)

TS AAT CCG TCG AGC AGAGTT

ACX GCG CGG CTTACCCTT ACCCTT ACCCTA
ACC

The cycle threshold values (Ct) obtained from the qPCR analysis were utilized to calculate the
relative telomerase activity (RTA) using the following formula: RTA of the sample = 10°((Ct
sample - Y-intercept)/slope). Y-intercept and slope were obtained from standard curves from
serially diluted PA-1/A2780 cells. RNase A-treated cells and NP40 buffer was utilized as

negative control and no-template control respectively.
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2.17 Immunofluorescence (IF) staining

DNA damage was also studied using IF staining by detecting the presence of y-H2AX foci in the
cells. Following the drug treatment as mentioned in Table: 2.16, PA-1 and A2780 cells were
washed three times by 1X PBS under static conditions. Subsequently, the cells were treated using
4% PFA for 15 minutes. After fixation they were washed thrice with 1X PBS under static
conditions. Permeabilization of the cells was achieved by incubating them for 20 mins with 0.2%
Triton X-100 followed by three 1X PBS washes under static conditions. The cells were then
blocked with 5% normal goat serum (SCB, Cat no. sc-2043) for 1 hour at RT, and washed three
times with 1X PBS under static conditions. After blocking, the cells were incubated with primary
antibody, anti-phospho-Histone H2A.X (Ser139) clone JBW301 (Sigma-Aldrich, Cat. No. 05-
636) diluted at a concentration of 1:3500 in 1X PBS, overnight at 4°C on a rocker with slow
speed. The cells were rinsed with 1X PBS thrice for 5 mins each, on a rocker at room
temperature. The secondary antibody used was anti-mouse 1gG (H+L) highly cross-absorbed,
Alexa FluorTM488 (Thermo Fischer, Cat. No. A11029) diluted at a concentration of 1:2500 in
1X PBS and incubated for 1 h in the dark on a rocker at room temperature. The cells underwent
a washing process with 1X PBS, which involved six cycles of washing for 5 minutes each on at
RT on rocker. Subsequently, they were mounted by Antifade reagent containing DAPI (Thermo
Scientific, Cat. no. P36941). A2780 treated cells were captured in Zeiss Axio-Observer Z1
microscope (LSM 780) and PA-1 treated cells were captured in a Vert. A1 Axio vision (Carl
Zeiss) inverted fluorescence microscope in. For quantitative analysis of foci, arbitrary areas of

the slide were captured and calculated manually.

No.of cells containing 25 foci

x 100

Percentage of total y-H2AX positive cells =
Total number of cells
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2.18 Statistical analysis

Statistical analysis was performed using GraphPad Prism software (version 8) to investigate
significant differences between the variables studied. The two-tailed Student's t-test was utilized
for parametric analysis, while one-way ANOVA with a multiple comparison test was used for
non-parametric analysis. To determine the presence of significant differences in outcomes, a P

value less than 0.05 was considered statistically significant.
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CHAPTER 3
In-Vitro Evaluation of MST-312 in OCCs

74

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University



In-Vitro Evaluation of MST-312 in OCCs
3.1 MST-312 exhibits differential cytotoxic effect in OCCs with varying p53 status

We studied the cytotoxic effects of MST-312 in a panel of OCCs with different p53 status and
in the BJ cell line. 24 hours post-seeding and attachment, the cells were treated for 72 hours with
ascending doses of MST-312 (range from 0.01-50 uM). Following drug treatment, cell viability
was measured using an Alamar blue assay. The percentage of cell viability was calculated and
normalized to control (vehicle-treated cells). MST-312 exhibits a dose-dependent cytotoxic
effect in the OCCs (Fig. 3.1). ICso value was determined using GraphPad Prism software. The
ICso values obtained for MST-312 were 3.6 UM, 4.7 uM, 4.2 uM, 7.1 uM, 15.9 uM, 24.8 uM
for A2780cisr, OAW42, PA-1, OVCAR3, CaOV3 and SKOV3 cell lines respectively. We
observed a difference in the sensitivities of MST-312, where OCCs with wildtype p53
(A2780cisr, OAWA42, PA-1) were more sensitive to MST-312 than mutant (OVCARS3) or p53
null cells (CaOV3 and SKOV3). We also tested the cytotoxic effects of MST-312 on primary
human fibroblast cells (BJ). The ICso value obtained in BJ was 70.28 uM, indicating that MST-
312 specifically targets cancer cells.
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Figure 3 1. Cytotoxic effect of MST-312 in OCCs. Percent viability of MST-312 after 72h
administration was estimated by executing an alamar blue assay and 1Cso was determined by
GraphPad Prism. (A-G) Percent viability of A2780cisr, OAW42, PA-1, OVCAR3, CaOVa3.
SKOV3 and BJ cells, respectively, after administration with MST-312 at increasing dosages.

Results represent mean + SEM, n=3.
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3.2 Differential cytotoxic effects of MST-312 are independent of telomere length of OCCs

Cell lines with short telomeres have been found to be more sensitive to MST-312's acute effects
[143, 159]. To assess the relationship between the differences in MST-312 sensitivity and
telomere length, we measured the telomere length of cell lines using the TRF method. Southern
blot analysis of telomere lengths for each cell line is shown in Fig. 3.2A. The telomere length of
the cell lines was determined using TeloTool software. The mean telomere length is 8.0, 7.8, 4.4,
5.3,4.9, 6.2 kbp of A2780.isr, OAW42, PA-1, OVCARS3, CaOV3 and SKOV3 cells respectively.
PA-1 and CaOV3 both have short telomere lengths (4.4 kbp for PA-1 and 4.9 kbp for CaOV3);
however, PA-1 was more sensitive to MST-312 as compared to CaOV3. We also measured the
correlation coefficient between drug sensitivity and telomere length and found no significant
correlation between MST-312 sensitivity and the telomere length of OCCs (Fig. 3.2B). Thus, the
difference in the acute cytotoxic effects of MST-312 was independent of the telomere length in
our panel of OCCs. However, this could be due to a fewer number of cell lines investigated in

our study.
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Figure 3.2. Telomere length and MST-312 sensitivity in OCCs. (A) Southern blot
analysis of telomere length in OCCs. Genomic DNA was isolated from OCCs and their
telomere length was detected using the TeloTAGGG telomere detection kit. (B) Telomere
length was determined using TeloTool software and the average telomere length was
estimated. The graph shows the co-relation between telomere length and MST-312

sensitivity of OCCs.
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In-Vitro Evaluation of MST-312 in OCCs

3.3 MST-312 exhibits differential cytotoxic effect in A2780 p53** and A2780 p53

The panel of OCCs used are heterogeneous in nature and may not be the best tools for drawing
conclusions. Hence, to investigate the p53-dependent cytotoxicity of MST-312 in OCCs, we
created A2780 isogenic cell lines which are, A2780 cells with p53 wild type expression (p53*/*)
and p53 deletion (p537) using CRISPR/Cas9 system. We used five guide RNAs to target p53
gene loci as shown in Fig 3.3A. To identify the clone with p53 knockout, we treated the cells
with 0.1 uM Dox for 24h and processed the samples to detect p53 expression using western
blotting. As shown in figure 3.3B , p53 protein expression was detected and found to be
upregulated upon Dox treatment in p53*'* cells, but was absent in p53” cells, confirming the
generation of an isogenic pair of cell lines. Next, we treated A2780 isogenic cell lines with
various concentrations of MST-312 and percent cell viability was estimated using alamar blue
assay. As shown in Fig. 3.3 C and D, A2780 p53*'* cells (ICso= 3.9 + 0.8 uM) were more
sensitive to MST-312 than A2780 p53” cells (ICso= 8.1 + 2.1 uM). We also studied the telomere
length of the isogenic cells and did not observe a significant difference in their telomere length
(Figure 3.3E). Thus, suggesting that the short-term cytotoxic effects of MST-312 are dependent
on p53 expression in OCCs.
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Figure 3.3. Effect of MST-312 in A2780 isogenic cells developed using CRISPR/Cas9.
(A) Schematic representation of CRISPR/Cas9 target sites on the p53 gene. The dotted lines
represent the target site in the exon by the respective gRNAs. (B) Western blot detection of
p53 expression in A2780 p53*'* and A2780 p537 cells after treatment with 0.1 pM Dox for
24h. B-Actin was used as the housekeeping protein. (C&D) Determination of ICso of MST-
312 in A2780 isogenic cells. They were treated with different dosages of MST-312 and cell
viability was estimated by adding Alamar blue for 4h and 1Csg was estimated using Graphpad
Prism software. Data represent mean + SD, n=3. (E) The bar graph indicates the mean
telomere length of A2780 isogenic cells quantified by TeloTool software. Data represent

mean £ SD, n=2, ns- not significant 80
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3.4 Re-introduction of p53 in p53 null cells sensitizes the cells to short-term cytotoxic effects
of MST-312

Further, we wanted to check whether the re-introduction of p53 in p53 null cells could rescue
the cells and sensitize them to MST-312. We transiently re-expressed p53 in A2780 p537 and
SKOV3 cells and examined cell viability after MST-312 treatment. Cells were transfected with
LV-p53 plasmid and then treated for 72 hours with increasing doses of MST-312 (0.01 uM -50
KUM) and percent viability was estimated using the Alamar blue. To confirm the transient
expression of p53, protein from the transfected cells was harvested and p53 expression was
detected by western blot. Fig. 3.4A confirms the transient expression of p53 in A2780 p53™ and
SKOV3 transfected cells. As shown in Fig. 3.4B-C, after transfection of A2780 p537 cells with
p53 we observed a 31.8 + 0.07% increase in MST-312 cytotoxicity. Similarly, in Fig. 3.4D-E,
after transfection of SKOV3 cells with p53 we observed a 23.8 + 0.05 % increase in MST-312
cytotoxicity. Since it is a transient expression and cannot completely mimic endogenous
regulation, we could not obtain complete rescue. These results indicate that the re-introduction
of p53 in p53 null cells sensitized the cells to MST-312, suggesting that p53 expression plays an
important role in determining the short-term cytotoxic effects of MST-312 in OCCs.
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Figure 3.4. Effect of MST-312 after re-expression of p53 in A2780 p53”- and SKOV3
cells. (A) Western blot detection of p53 in SKOV3 and A2780 p537 cells transfected with
LV-p53. Protein was harvested from the transfected cells and analyzed by Western blotting.
(B-C) Percentage of cell viability in A2780 p53 with vector and A2780 p537 cells with p53
overexpression. (D-E) Percentage of cell viability in SKOV3 with vector and SKOV3 cells
with p53 overexpression. Cell viability after 72h treatment with MST-312 (0.01-50 pM) was
estimated by adding Alamar blue for 4h and 1Cso was estimated using GraphPad Prism
software. Data represent mean = SD, n=3.
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To gain a better understanding of short-term acute effects of MST-312 on cellular behavior with
different p53 profiles, we examined its effect in an isogenic system i.e. A2780 p53**, A2780
p537- and a heterogeneous system i.e. p53 null SKOV3 cells. We used isogenic cells to elucidate
the specific impact of MST-312 in the absence of p53, and we used heterogeneous p53 null cells

as they mimic the mutational diversity of tumors in patients.

3.5 MST-312 hinders colony forming ability of OCCs in a p53-dependent manner

We assessed the antiproliferative effect of MST-312 in isogenic A2780 p53**, p53” and
SKOV3 cell lines. The cells were seeded at low densities and allowed to grow till we observed
visible colonies. A2780 p53** and A2780 p53” were treated with MST-312 similar to their ICso
concentration. We also treated A2780 p53™ and SKOV3 cells to determine if MST-312 inhibits
cell proliferation independent of p53 at the ICso of A2780 p53** cells. Fig. 3.5A shows the
representative images of the colonies obtained after treatment with MST-312 and Fig. 3.5B
shows their quantification as relative percentage of colony intensity. MST-312 reduced colony
formation ability by 74.6 + 8 % in A2780 p53*'* cells, 19.9 + 11.3 % in A2780 p53’~and 23.7 +
9.4 % in SKOV3 cells at 3 M. In A2780 p537 at 8uM MST-312 reduced colony formation
ability by 65.3 + 2.3 %. Thereby indicating that MST-312 treatment effectively aggravates cell

proliferation in a p53-dependent manner.
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Figure 3.5 MST-312 hinders colony forming ability in OCCs. (A) Representative images
from three technical replicates for colony forming assay. A2780 p53**, A2780 p53” and
SKOV3 cells were treated with 3 uM MST-312 and A2780 p53” cells were incubated with
8 UM MST-312 for 96 h. After incubation, the colonies were treated with a crystal violet
solution, resulting in staining of the colonies. Subsequently, photographs were taken to
capture the visual representation of the stained colonies. (B) Quantitative analysis was
performed by ImageJ software by determining the number of colonies relative to the control
group. Results represent mean + SD, n=3, analysed by students t-test. *p < 0.05; ****p <

0.0001 represent significant changes, ns-not significant.
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3.6 MST-312 alters cell cycle progression in OCCs

p53 portrays a significant role in influencing the fate of the cells by inducing cell cycle arrest
and/or apoptosis upon genomic damage, hence we examined the effects of MST-312 on cell
cycle progression on A2780 p53** and p537- and SKOV3 cells [244].

A2780 p53** and p53™ cells were treated for 48 hours similar to their 1Cso concentrations. We
also treated A2780 p537 and SKOV3 with MST-312 at the ICso concentration found in p53*/*
cells for 48 hours to understand the cellular events that occur independently of p53 that may not
relate to their responsiveness to MST-312 as measured by cell viability. As illustrated in Figure
3.6 A-D, we observed S phase arrest ( 9.4 + 2.2% to 27 + 8.3%) in A2780 p53*'*, whereas we
observed S (9.0 £ 1.1% to 19.7 + 1.3%) and G2M (18.1 + 1.8% to 31.8 + 1.9%) phase arrest in
A2780 p537 cells, upon treatment with MST-312 close to their ICso concentrations. As shown
in Figure 3.6 E-H, we observed a significant increase in S (9.0 £ 1.1% to 16.7 + 2.3%) and G:M
(18.1 + 1.8% to 38.9 + 3.3%) phase in A2780 p53” and S phase (6.7 + 1.5% to 15 + 3.6%) and
G2M phase (10 + 2.6% to 17.3 + 3.1%) in SKOV3 cells when treated with 3 M.

Furthermore, the proportion of sub-G1 cells (cells undergoing death) was significantly increased
in A2780 p53*'* (3.6 + 0.6% to 31.1 + 1.3%) and A2780 p53’ at 8 uM (3.7 + 0.6% to 12.6 +
1.3%), whereas no significant change was observed in A2780 p53™ (3.7 + 0.6% to 6.5 + 0.8%)
and SKOV3 cells (2.3 £ 0.6% to 2 + 2%) at 3 uM, after MST-312 treatment.

The findings from the study suggest that the presence of MST-312 induces S phase arrest
following cell death when p53 is present. However, in the absence of p53, MST-312
predominantly causes a more pronounced arrest in the Go/M phase. These results highlight the
differential effects of MST-312 depending on the cellular context, particularly the presence or
absence of p53, and shed light on the underlying mechanisms governing the response to MST-
312 treatment.
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Figure 3.6 Effect of MST-312 on cell cycle progression in OCCs. (A,CE,G)
Representative FACS histogram of A2780 p53**(3 uM), A2780 p53™ (8 uM), A2780
p537 (3 uM) and SKOV3 (3 uM) after MST-312 treatment obtained from FlowJo
analysis. (B, D, F, H) Quantification of cell cycle phases in A2780 p53*/*(3 uM), A2780
p537 (8 uM), A2780 p537 (3 uM) and SKOV3 (3 uM) after MST-312 treatment Values

represent mean + SD, n=3. Significance determined by students’ t-test. *p < 0.05; **p <

0.01 denote significant changes, ns-not significant.
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3.7 MST-312 induces cell death via apoptosis in OCCs

Since there was an increase in the SubG1l phase after MST-312 treatment, we studied the
mechanism of cell death of MST-312 in A2780 p53*"* and A2780 p53’ by AO/EB staining.
A2780 p53** and p537- cells were treated for 48 hours similar to their ICso concentrations. We
also treated A2780 p537- with MST-312 at the ICso concentration found in p53** cells for 48
hours to determine the specific role of p53 in the cell death mechanism. The cells were stained
with AO/EB in the ratio 1:1 and observed under the microscope. Fig. 3.7A shows the
representative images of A2780 p53*'* and A2780 p53” stained by AO/EB after treatment with
respective doses of MST-312. As shown in Fig. 3.7B we observed a significant increase in the
percentage of apoptosis in MST-312 treated A2780 p53*'* (31.6% + 2.7), A2780 p53™ (6.4% +
1.8) at 3 pM and A2780 p53™ (28.2 % + 1.8) at 8 uM as compared to the percentage of necrotic
cells in A2780 p53*/* (10.4 % + 4.1) and A2780 p53” (2.2% + 0.5) at 3 uM and A2780 p53™
(4.4% = 1.5) at 8 uM. These results demonstrate that short-term treatment with MST-312 causes
cell death by inducing apoptosis in OCCs.
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A2780 p53”7" A2780 p53” 3 M) A2780 p53” (8 pM)

mm Control B 22780 p53**
A2780 p53™ (3 uM) = A2780 p53™ (8 M)

N
T

**

Percentage of cells (%)

Apoptosis Necrosis

Figure 3.7 Effect of MST-312 on cell death in OCCs. (A) Representative fluorescence
microscopy images of A2780 p53*'* and A2780 p53 cells treated with 3 uM MST-312 and
A2780 p537 cells administered with 8 uM MST-312 and stained with AO/EB after 48h. The
scale bar denotes 20 um for all the images (B) Quantification of apoptotic and necrotic cells
in MST-312 treated A2780 p53*'* and A2780 p537 cells. Values represent mean + SD of
three biological replicates. Significance determined by students t-test. *p <0.05; **p <0.01;
denote significant changes, ns- not significant.
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3.8 MST-312 modulates the expression of cell cycle and apoptosis transcriptional

regulators

p53 alters the expression of numerous genes monitoring different cellular outcomes of cell cycle
arrest and cell death [244]. To validate the above observed phenotypes on cell cycle arrest and
apoptosis, we analysed the changes in gene expression of cell cycle and apoptosis regulators
using gRT-PCR. A2780 p53**, A2780 p53” and SKOV3 cells were administered with MST-
312 for 48 h and then analysed for the gene expression of cell cycle regulators such as p21, cyclin
D1, D2 and B. Asshown in Fig. 3.8A, the expression of p21, a downstream target of p53, was
significantly upregulated (upto 7-fold) in A2780 p53*/* cells, no significant change was observed
in p53 null cells. Expression of Cyclin B is required for G2M transition in the cell cycle [245].
Fig. 3.8B shows that the expression of Cyclin B was significantly downregulated in A2780 p53°
" (up to 0.6-fold at 3 pM and up to 0.5-fold at 8 pM) and SKOV3 cells (up to 0.69-fold), no
significant change was observed in p53*/* cells. The findings correlate with the S and G,M phase
cell cycle arrest observed in p53 null cells. Expression of cyclin Ds must be at its peak during
the G1 phase for the cells to initiate DNA replication, and is lowered during the S phase [246].
As shown in Fig. 3.8C-D, in SKOV3 cells the expression of cyclin D1 and D2 was significantly
downregulated.

Apoptosis can be induced through two canonical pathways: intrinsic and extrinsic pathways. In
A2780 isogenic cells, we found a significant increase in apoptotic cells after MST-312 treatment,
hence we looked at the gene expression markers Fas and Puma to see if the extrinsic and intrinsic
apoptosis pathways were involved [247]. As shown in Fig. 3.8 E-F, a significant upregulation of
Fas expression was observed in A2780 p53*"* (up to 3.8-fold) and A2780 p53” (up to 2.5-fold
at 3 UM and up to 4.2-fold at 8 uM) while a significant upregulation of Puma expression was
observed only in A2780 p53** (up to 4.6-fold). Thus, MST-312 treatment triggers the
upregulation of p53 which further upregulates Puma expression and induces cell death via the
intrinsic apoptotic pathway.

Recent research has shown that p53 inhibits telomerase activity by suppressing hTERT
transcription. Within hours of p53 activation, this suppression occurs, inducing cell cycle arrest
or apoptosis [112]. Hence, we studied the effect of MST-312 on hTERT and hTERC gene
expression. Fig 3.8G-H shows a significant downregulation of hTERT and hTERC in A2780 p53
* cells, and downregulation of hTERT (up to 0.25-fold) in A2780p53 7 cells at 8uM and no
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significant reduction was observed in A2780 p53 - or SKOV3 cells at 3 uM.
Taken together, our results indicate that short term acute treatment of MST-312 exhibits
differential short term cytotoxic effect on cell cycle and apoptosis transcriptional regulators and

telomerase components depending on the p53 status of the OCCs.
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Figure 3.8. Effect of MST-312 on gene expression of cell cycle regulators, apoptosis

regulators, and telomerase components in OCCs (A-H) Effects of MST-312 on the gene
expression of p21, cyclin B, cyclin D1, cyclin D2, Fas, Puma, hTERT and hTERC

respectively in OCCs. Values represent mean £ SD of three technical replicates estimated by

students’ t-test. *p < 0.05, **p <0.01; denote significant changes, ns- not significant
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3.9 Long term chronic treatment with MST-312 reduces telomere length independent of
p53 expression profile

To study the effect of p53 expression on MST-312-dependent telomere shortening in cancer
cells, A2780 p53*"*and A2780 p53” were cultured in the continuous presence of low dose of
MST-312 (0.5 puM). After 20 days of continuous treatment with MST-312, we determined the
telomere lengths of the cells by TRF assay. Fig. 3.9A shows the southern blot image obtained
after the TRF assay and Fig. 3.9B shows that MST-312 causes telomere shortening independent
of the p53 expression.
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Figur(; 3.9 Long-ierm effect of MST-312 on telomere shortening in OCCs. (A) Southern
blot analysis of telomere length in cancer cells. Cells were administered with 0.5 pM of
MST-312 every 3 days for 20 days. Cells were harvested and genomic DNA was extracted.
Telomere length was estimated using TeloTAGGG kit. (B) The bar graph represents the
estimated mean telomere length using TeloTool software in OCCs after continuous
administration of MST-312. Results represents mean + SD ,n=2. Significance determined by
ANOVA using Bonferroni’s Multiple Comparison test, *p < 0.05; denotes significant

changes.
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CHAPTER 4
In-Vitro Evaluation of BIBR1532 in OCCs
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In-Vitro Evaluation of BIBR1532 in OCCs
4.1 BIBR1532 exhibits differential cytotoxic effect in OCCs with varying p53 status

We studied the cytotoxic effects of BIBR1532 in a panel of OCCs with different p53 statuses.
The cells were added at different densities within the wells of a 96-well plate. After attachment,
cells were treated for 72 hours with ascending doses of BIBR1532 (range from 1-100 pM).
Following drug treatment, cell viability was estimated using Alamar blue assay. The percentage
of cell viability was calculated and normalized to control (DMSO-treated cells). BIBR1532
induced dose-dependent cytotoxicity in the OCCs (Figs. 4.1). ICso values were determined using
GraphPad Prism. The 1Cso values obtained for BIBR1532 were 46.2 pM, 61.5 uM, 55.0 uM,
43.8 uM, 124.0 pM, 1084.0 uM for A2780cisr, OAW42, PA-1, OVCAR3, CaOV3 and SKOV3
cells respectively. We observed a difference in the sensitivities of BIBR1532, where OCCs with
wildtype p53 (A2780cisr, OAWA42, PA-1) were more sensitive to BIBR1532 than mutant
(OVCAR3) or p53 null cells (CaOV3 and SKOV3). We also tested the cytotoxic effects of
BIBR1532 on primary human fibroblast cells (BJ). The ICso value obtained in BJ was 489.6 uM,
indicating that BIBR1532 specifically targets cancer cells.
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Figure 4.1. Cytotoxic effect of BIBR1532 in OCCs. Percent viability after 72h of
treatment with BIBR1532 was determined by adding alamar blue assay for 4h. 1Cso was
calculated using Graphpad Prism. (A-G) Percent viability of A2780cisr, OAW42, PA-1,
OVCARS3, CaOV3, SKOV3 and BJ cells, respectively, post treatment with BIBR1532 at

increasing concentrations. Results represents mean + SD, n=3.
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4.2 Differential cytotoxic effects of BIBR1532 are independent of telomere length of OCCs

Cell lines with short telomeres have been found to be more sensitive to BIBR1532's acute effects
[159]. To assess the relationship between the differences in BIBR1532 sensitivity and telomere
length of the OCCs, we measured the telomere length of cell lines using the TRF method.
Southern blot analysis of telomere lengths for each cell line is shown in Fig. 3.2A. The telomere
length of the cell lines was determined using TeloTool software. The mean telomere length is
8.0, 7.8, 4.6, 5.3, 4.8, 6.2 kbp of A2780cisr, OAWA42, PA-1, OVCAR3, CaOV3, and SKOV3
cells respectively. PA-1 and CaOV3 both have short telomere lengths (4.4 kbp for PA-1 and 4.9
kbp for CaOV3); however, BIBR1532 was more cytotoxic in PA-1 than CaOV3. We calculated
the correlation coefficient between drug sensitivity and telomere length and found that acute
cytotoxicity of BIBR1532 did not correlate with the telomere length of OCCs (Fig 4.2A). Thus,
the difference in the acute cytotoxic effects of BIBR1532 was independent of the telomere length
of OOCs.

Mean telomere length (kbp)
o N 0 ©
Y
o

O Fr N WM~

o

200 400 600 800 1000 1200
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Figure 4.2 Co-relation between telomere length and BIBR1532 sensitivity in OCCs.
(A) Graph shows no co-relation between telomere length and BIBR1532 sensitivity of
OCCs.
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4.3 BIBR1532 exhibits similar cytotoxic effect in A2780 p53** and A2780 p53

The panel of OCCs used is heterogeneous in nature and may not be the best tool for drawing
conclusions. Hence, we investigate the p53-dependent cytotoxicity of BIBR1532 in A2780
p53*"* and p537 isogenic cell lines. The cells were administered with ascending doses of
BIBR1532 (range from 1-100 uM) for 72h. Following drug treatment, percent viability was
determined using Alamar blue assay. Percent viability was estimated and normalized to cells
treated with DMSO. BIBR1532 induced dose-dependent cytotoxicity in the OCCs lines. 1Cso
values were determined using GraphPad Prism. As shown in Figure 4.2A-B, A2780 p53*'* cells
(ICs0= 40.9 + 0.6 pM) and A2780 p53™ cells (ICso= 41.8 + 0.7 uM) showed similar sensitivity
after BIBR1532 treatment. Thus, suggesting that the short-term cytotoxic effects of BIBR1532

are independent of p53 expression in OCCs.
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Figure 4.3. Effect of BIBR1532 in A2780 isogenic cells developed using CRISPR/cas9.
(A&B) Estimation of ICso of BIBR1532 in A2780 p53 ** and A2780 p53 - cell respectively.
Cells were treated with different dosages of BIBR1532 and cell viability was estimated by
adding alamar blue for 4h. 1Cso was determined using Graphpad Prism software. Data

represents mean = SD, n=3.
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4.4 BIBR1532 alters cell cycle progression in OCCs

To evaluate and compare the short-term acute effects of BIB1532 on cell cycle progression in
both, isogenic and heterogeneous system, we treated A2780 p53**, A2780 p53’ and SKOV3
cells with 30 uM BIBR1532 for 72h. As demonstrated in Figure 4.4 A-D, there was a substantial
increase in the population of A2780 p53** and A2780 p53™ cells inthe S (9.4 + 2.1 % to 24 +
2,8.6+0.9 % to 28.2 £ 7.6%) and GoM ( 16.5 + 0.6% to 37.4 + 10.6%, 19 + 0.8% to 26.1 +
3.3%) phase respectively, as compared to control (DMSO treated cells). Furthermore, the
proportion of Sub-G1 apoptotic cells was significantly increased in A2780 p53*'* (3.7 + 0.5% to
29.2 + 7.9 %) and A2780 p537 (2.8 + 0.4 % to 15.2 + 2.5 %), cells after BIBR1532 treatment.
No significant difference in cell cycle progression in SKOV3 cells was observed, which could
be due to treatment with a non-cytotoxic concentration of BIBR5132. These results indicated
that BIBR1532 induces S and G2M phase arrest followed by cell death in a p53 independent

manner.
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Figure 4.4 Effect of BIBR1532 on cell cycle progression in OCCs. Cells were treated with
30 uM BIBR1532 for 72h. Post treatment, the cells stained with Pl and analysed by flow

cytometer. (A-B), (C-D) and (E-F) Representative FACs histogram and their quantification
in A2780 p53** A2780 p537 and SKOV3 cells respectively. Results represent mean + SD,
n=3. Significance estimated by students t-test. *p < 0.05; **p < 0.01; ***p < 0.005 denote

significant changes, ns- not significant.
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4.5 BIBR1532 induces cell death via necrosis in OCCs

Since we observed an increase in the SubG1l phase of the cell cycle, we next studied the
mechanism of cell death by BIBR1532 in A2780 p53*'* and A2780 p53” using AO/EB staining.
A2780 p53*"* cells and A2780 p537 cells were treated with 30 uM BIBR1532, for 72h. The
cells were stained with AO/EB in the ratio 1:1 and observed under the microscope. Fig. 4.5A
shows the representative images of A2780 p53** and A2780 p53™ stained by AO/EB after
treatment with BIBR1532. We observed a significant increase in percentage of necrosis in
BIBR1532 treated A2780 p53*/* (30.8% =+ 7.3) and A2780 p537 (28.3% + 9.6) as compared to
percentage of apoptosis in A2780 p53*'* (4.3 % + 4.1) and A2780 p53” (8.4% =+ 2.2). These
results indicate that BIBR1532 treatment inhibits cell proliferation by inducing necrosis in

OCCs.
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Figure 4.5 Effect of BIBR1532 on cell death in OCCs. (A) Representative fluorescence
microscopy images of A2780 p53** and A2780 p53™ cells treated with 30 uM BIBR1532
72 h and stained with AO/EB. The scale bar denotes 20 pum for all the images (B)
Quantification of apoptotic and necrotic cells in BIBR1532 treated A2780 p53*/* and A2780
p537 cells. Values represent mean + SD of three technical replicates analysed by students t-

test. *p < 0.05, denote significant changes. 100
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4.6 Long-term chronic treatment with BIBR1532 reduces telomere length independent of
the p53 expression profile

In the above results, we studied the acute effect of BIBR1532 and observed a p53-independent
effect in OCCs. Next, we studied the chronic effect of BIBR1532 on the telomere length of
OCCs. A2780 p53*"* and A2780 p53” cells were cultured in the continuous presence of a low
dose of BIBR1532 (10 uM). After 20 days of continuous treatment with BIBR1532, we
determined the telomere lengths of the cells by TRF assay. Fig. 4.6A shows the southern blot
Image obtained after the TRF assay and Fig. 4.6B shows quantification of mean telomere length
of cells after long-term treatment with BIBR1532. The telomere length analysis showed a 17.2
% reduction in telomere length in A2780 p53** and a 14.5 % reduction in A2780 p53™. Thus,
implying that chronic treatment of BIBR1532 shortens telomere length through telomerase
inhibition in a p53-independent manner. However, the results are based on only one biological

replicate, hence it is necessary to repeat the experiment for a conclusive outcome.
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Figure 4.6 Long-term effect of BIBR1532 on telomere shortening in OCCs. (A) Southern
blot analysis of telomere length in A2780 p53** and p53” cells. They were treated with 10
MM of BIBR1532 every 3 days for 20 days. Cells were harvested and genomic DNA was
extracted. Telomere length was identified by using TeloTAGGG Telomere Length Assay
kit. (B) The bar graph represents the estimated mean telomere length using TeloTool
software in A2780 isogenic cells after continuous treatment with BIBR1532 from one

experiment.
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CHAPTER S
In-Vitro Evaluation of 6-thio-dG in OCCs
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In-Vitro Evaluation of 6-thio-dG in OCCs
5.1 6-thio-dG exhibits differential cytotoxic effect in OCC with varying p53 status

We studied the cytotoxic effects of 6-thio-dG in a panel of OCC with different p53 statuses. The
cells were added at different densities within the wells of a 96-well plate. After attachment, they
were treated for a week with ascending doses of 6-thio-dG (range from 0.01-50 uM). Following
drug treatment, cell viability was estimated by adding Alamar blue. The percentage of cell
viability was calculated and normalized to control (DMSO-treated cells). 6-thio-dG induced
dose-dependent cytotoxicity in the OCCs (Fig. 5.1). ICso values were determined using
GraphPad Prism. The 1Cso values obtained for 6-thio-dG were 5.7 uM, 14.4 uM, 3.4 uM, 11
pMM, 36.6 uM and 99 uM for A2780isr, OAWA42, PA-1, OVCARS3, CaOV3, and SKOV3 cells
respectively. We observed a difference in the sensitivities of 6-thio-dG, where OCCs with
wildtype p53 (A2780:isr, OAW42, PA-1) were more sensitive to 6-thio-dG than mutant
(OVCAR3) or p53 null cells (CaOV3 and SKOV3). We also tested the cytotoxic effects of 6-
thio-dG on primary human fibroblast cells (BJ). The ICso value obtained in BJ was 1030.7 pM,

indicating that 6-thio-dG specifically targets cancer cells.
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Figure 5.1 Cytotoxic effect of 6-thio-dG in OCCs. Percent viability after one week of

treatment with 6-thio-dG was estimated by executing alamar blue assay and I1Cso was
determined using GraphPad Prism. (A-G) Percent viability of A2780cisr, OAW42, PA-1,
OVCARS3, Ca0OV3, SKOV3 and BJ cells, respectively, post treatment with 6-thio-dG at

increasing concentrations. Results represents mean + SD, n=3.
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5.2 Differential cytotoxic effects of 6-thio-dG are independent of telomere length of OCCs

To assess the relationship between the differences in 6-thio-dG sensitivity and the telomere
length of the OCCs, we measured the telomere length of cell lines using the TRF method.
Southern blot analysis of telomere lengths for each cell line is shown in Fig. 3.2A. The telomere
length of the cell lines was determined using TeloTool software. The mean telomere length is
8.0,7.8,4.6,5.3,4.8, and 6.2 kbp of A2780.isr, OAW42, PA-1, OVCAR3, CaOV3, and SKOV3
cells respectively. PA-1 and CaOV3 both have short telomere lengths (4.4 kbp for PA-1 and 4.9
kbp for CaOV3); however, 6-thio-dG was more cytotoxic in PA-1 than CaOV3. We calculated
the correlation coefficient between drug sensitivity and telomere length and found that acute
cytotoxicity of 6-thio-dG did not correlate with the telomere length of OCCs (Fig 5.2A). Thus,
the difference in the acute cytotoxic effects of 6-thio-dG was independent of the telomere length
of OCCs.
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Figure 5.2 Co-relation between telomere length and 6-thio-dG sensitivity in OCCs. (A)

Graph shows no co-relation between telomere length and 6-thio-dG sensitivity of OCCs.
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In-Vitro Evaluation of 6-thio-dG in OCCs

5.3 6-thio-dG exhibits similar cytotoxic effect in A2780 p53** and A2780 p53

The panel of OCCs used is heterogeneous in nature and may not be the best tool for concluding.
Hence, we investigate the p53-dependent cytotoxicity of 6-thio-dG in A2780 p53** and p537
isogenic cell lines. The cells were administered with ascending doses of 6-thio-dG (range from
0.01-50 pM) for one week. Following drug treatment, percent viability was determined by
adding Alamar blue for 4h. Percent viability was estimated and normalized in cells treated with
DMSO. 6-thio-dG induced dose-dependent cytotoxicity in the OCCs. ICso values were
determined using GraphPad Prism. The ICso values obtained after 72h of treatment with 6-thio-
dG are 6.7 uM for A2780 p53** and 7.6 uM for A2780 p537 as shown in Fig. 5.3 A-B. We
observed similar sensitivity in A2780 isogenic cells, indicating that the short-term cytotoxic

effects of 6-thio-dG are independent of p53 expression in OCCs.
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Figure 5.3 Effect of 6-thio-dG in A2780 isogenic cells developed using CRISPR/Cas9.
(A&B) Estimation of 1Cso of 6-thio-dG in A2780 p53 */* and A2780 p53 7~ cell respectively.
Cells were treated with different dosages of 6-thio-dG and cell viability was estimated by
adding alamar blue for 4h. 1Cso was determined using Graphpad Prism software. Data

represents mean + SD, n=3.

106

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University
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5.4 6-thio-dG alters cell cycle progression in OCCs

To evaluate and compare the short-term acute effects of 6-thio-dG on cell cycle progression in
both, isogenic and heterogeneous systems, we treated A2780 p53**and A2780 p537 with 4uM
6-thio-dG and SKOV3 cells with 15 pM 6-thio-dG for 72h. As depicted in Figure 5.4 A-F, we
observed a substantial increase in the population of A2780 p53*/* in the S phase (16.0 + 4.4 %
to 30.5 + 6.4) whereas A2780 p53” and SKOV3 cells were arrested in GoM phase (9.7 + 0.8 %
t0 15.8 £ 3.6, 11.8 + 1.5% to 23.7 + 6.4 % respectively), as compared to control (DMSO treated
cells). Furthermore, the proportion of Sub-G1 apoptotic cells was significantly increased in
A2780 p53*'* (2.7 + 1.5% to 15.75 + 2.3 %), A2780 p53™ (3.45 + 1.3 % to 9.8 + 2.6 %) and
SKOV3 (2.0 £ 0.8 % to 8.5 + 3.2 %) cells after 6-thio-dG treatment.

The findings demonstrate that 6-thio-dG induces cell death by causing arrest in the S phase when
p53 is present, whereas, in the absence of p53, it induces cell death by causing arrest in the Go/M

phase.
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Figure 5.4 Effect of 6-thio-dG on cell cycle progression in OCCs. A2780 p53*/* and p53-
" cells were administered with 4 uM 6-thio-dG and SKOV3 cells were administered with 15

UM 6-thio-dG, for 72h. Post treatment, the cells were stained with Pl and analysed by flow

cytometer. (A-B), (C-D) and (E-F) Representative FACs histogram and their quantification
in A2780 p53** A2780 p53”- and SKOV3 cells respectively. Results represent mean + SD,
n=3. Significance estimated by students t-test. *p < 0.05; **p < 0.01; ***p < 0.005 denote

significant changes, ns- not significant.
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In-Vitro Evaluation of 6-thio-dG in OCCs

5.5 Effects of long-term chronic treatment with 6-thio-dG on the telomere length of OCCs

To further investigate the chronic effect of 6-thio-dG on the telomere length of the OCCs, A2780
p53*"* and A2780 p537 cells were cultured in the continuous presence of low dose of 6-thio-dG
(1 pM). After 20 days of continuous treatment with 6-thio-dG, we determined the telomere
lengths of the cells using TRF assay. Fig. 5.5A shows the southern blot image obtained after
TRF assay and Fig. 5.5B shows the quantification of the mean telomere length of cells after long-
term treatment with 6-thio-dG. Interestingly, we observed a significant increase in telomere
length in A2780 p53*/* but a significant reduction in A2780 p53™. Thus, this implies that chronic
treatment of 6-thio-dG may activate other telomere-lengthening pathways such as the ALT
pathway in the presence of p53, whereas in the absence of p53, the telomere length continues to

shorten. However, this observation needs to be validated by other methods.
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Figure 5.5 Long-term effect of 6-thio-dG on telomere length in OCCs. (A) Southern blot
analysis of telomere length in A2780 p53** and p53™ cells. They were administered with 1
MM of 6-thio-dG after every three days for 20 days. Post-treatment genomic DNA was
extracted. Telomere length was identified by using the TeloTAGGG Telomere Length Assay
kit. (B) Data represent mean £+ SD, n=2, analyzed by student’s t-test, *p < 0.05; denotes

significant changes.
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In-Vitro Evaluation of Combinatorial effects of
Telomerase Inhibitor and Flavonoid in OCCs

6.1 Cytotoxic effect of quercetin/MST-312 in OCCs

We studied the cytotoxic effects of quercetin and MST-312 on OCCs and colon cancer cells. Our
aim was to determine whether the cytotoxic effects of quercetin and MST-312 were specific to
OCC:s or if they exhibited similar effects on other types of cancer cells. Cells were administered
with increasing doses of quercetin (ranging from 1 uM to 100 puM for PA-1 and for A2780,
OVCARS3, A2780cisR, and HCT116 the range was 1 pM to 400 uM) and MST-312 (ranging
from 0.01 uM to 50 uM) for a duration of 72 hours. Following the drug treatment, we assessed
cell viability by adding alamar blue for 4h. The percentage of cell viability was calculated and
normalized to the control group, which consisted of cells treated with DMSO.

Our results showed that quercetin and MST-312 exhibited dose-dependent cytotoxicity in cancer
cell lines, as depicted in Figure 6.1. We determined the 1Csg values using GraphPad Prism. For
quercetin, the 1Cso values were as follows: 12.9 uM for PA-1, 55.4 uM for A2780, 216.2 uM for
OVCARS, 112.2 uM for A2780cisR, and 227.6 uM for HCT116. The ICso values for MST-312
are presented in Figure 3.1 for PA-1, A2780, OVCAR3, and A2780cisR, whereas the 1Cso value
for HCT116 was 5.9 puM.
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Figure 6.1. Cytotoxic effect of quercetin/MST312 in OCCs. Percent viability after 72h
of administration with quercetin/MST-312 was estimated by adding alamar blue for 4h. 1Csg
was estimated from dose response curve in Graphpad Prism. (A-E) Percent viability of PA-
1, A2780, OVCARS3, A2780.isr and HCT116 cells, respectively, post administration with
quercetin. (F) Percentage cell viability of HCT116 post treatment with MST-312. Results

represents mean = SEM, n >3.
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6.2 Cytotoxic effect of quercetin/ MST-312 in OSE

We also studied the cytotoxic effect of quercetin and MST-312 in OSEs. After seeding, the cells
were administered with nine increasing doses of quercetin (1-400 uM), and nine increasing
doses of MST-312 (0.01-50 uM) were used for 72 h. Following drug treatment, cell viability
was determined by using Alamar blue assay. The percentage of cell viability was calculated and
normalized to control (DMSO-treated cells). 1Cso for MST-312 in OSEs was found to be 8 uM
and the 1Cso for quercetin was found to be 17.5 uM (Fig. 6.2 A-B). The bar graph in (Fig. 6.2 C-
J) represents the cell viability data from Fig. 6.1 and highlights the cytotoxic concentration of
quercetin/MST-312 amongst cell lines. On comparing the percentage of cell viability of OSE
cells to PA-1, A2780, and OVCARS3 cells, MST-312 was not found to be cytotoxic at up to 5
UM, but quercetin showed an equivalent cytotoxicity range as observed in PA-1 cells.

Remarkably, we observed a protective effect of MST-312 on OSEs at low doses.
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Figure 6.2. Cytotoxic effect of quercetin and MST-312 in OSE cells in comparison to
OCC:s. (A-B) Percentage cell viability of OSE after treatment with quercetin and MST-312
respectively. Data represents mean + SEM of two independent experiments (C-F)
Percentage cell viability relative to untreated control in PA-1, A2780 OVCAR3 and OSE
cells, respectively, treated with quercetin (5, 10 and 50 uM). (G-J) Percentage cell viability
relative to untreated control in PA-1, A2780, OVCAR3 and OSE cells, respectively, treated
with MST-312 (0.5, 1 2 and 5 uM). Data represents mean + SD of three or more independent
experiments, examined by ANOVA with Dunnett’s Multiple Comparison test. *p < 0.05;

**p <0.01; ***p <0.001; ****p <0.0001 denote significant differences, ns- not significant
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6.3 Combinatorial effect of quercetin and MST-312 in OCCs

To study the combinatorial effects of quercetin and MST-312, we treated PA-1 cells with various
doses of quercetin (5, 10 and 15 pM) and MST-312 (0.5, 1 and 2 uM), alone and in combination
for 72 h. As illustrated in Fig. 6.3A, we found that co-treatment of quercetin and MST-312
significantly decreased cell viability of PA-1 cells as compared to both drugs alone. Likewise,
we treated A2780 cells with various concentrations of quercetin (15, 35 and 55 pM) and MST-
312 (2, 3and 4 uM) alone and in combination for 72 h. As illustrated in Fig.6.3B the co-treatment
led to a significant increase in cytotoxicity as compared to doses alone. Further, we treated
OVCARS3 cells with various concentrations of quercetin (15, 30, 60 and 90 pM) and MST-312
(1 and 2 uM) alone and in combination for 72 h. As illustrated in Fig. 6.3C, the co-treatment led
to a significant increase in cytotoxicity as compared to the doses alone. Similar results were
observed in A2780cisR and HCT116 cells (Fig. 6.3 D-E). Additionally, we examined the co-
treatment of MST-312 and quercetin in OSE cells and found a significant effect on cell viability
at the doses used (Fig. 6.3F).
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Figure 6.3 Combinatorial effect of quercetin and MST-312 on PA-1, A2780, OVCARS3,

HCT116 and OSE cells. The cells were co-treated with various concentrations of quercetin

and MST-312 and cell viability was determined. (A-F) Percentage cell viability after
combination treatment with quercetin and MST-312 in PA-1, A2780, OVCAR3,

A2780cisR, HCT116 and OSE cells respectively. The values represent mean + SD of three
independent experiments for PA-1, A2780, OVCAR3, A2780cisR and HCT116 cell lines

and of two independent experiments for OSE cell line, respectively, evaluated by ANOVA

with Dunnett’s Multiple Comparison test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <

0.0001 denote significant differences, ns-not significant.
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6.4 Combinatorial effect of quercetin and MST-312 on the percentage of viable cells in
OCCs

We also studied the direct effect of quercetin and MST-312 on cell numbers using the trypan
blue exclusion method. We treated PA-1 cells with 10 uM quercetin and 1 uM MST-312, alone
and in combination for 24 h. We treated A2780 and OVCARS3 cells with 15 puM quercetin and 2
MM MST-312, alone and in combination for 48 h. As seen in Fig 6.4 A-C, in PA-1, OVCARS3,
and A2780 cells, the percentage of viable cells was significantly reduced in the combination-

treated groups.
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Figure 6.4. Combinatorial effect of quercetin and MST-312 on PA-1, A2780 and
OVCARaS cells on percentage of viable cells. (A) Percentage of viable PA-1 cells after 24
hours of treatment with 1 M MST-312 and/or 10 M quercetin. (B) Percentage of viable
A2780 cells after treatment after 48 hours of treatment with 2 uM MST-312 and/or 15 pM
quercetin. (C) Percentage of viable A2780 cells after treatment after 48 hours of treatment
with 2 uM MST-312 and/or 15 uM quercetin. Percentage of viable cells in the combination
treated groups is normalised to the control group. Values indicate mean = SD of three
independent experiments for PA-1 and OVCARS3 cell lines and of two independent
experiments for A2780 cells, evaluated by ANOVA with Dunnett’s Multiple Comparison
test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 denote significant differences,

ns- not significant.
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6.5 Synergistic effects of quercetin and MST-312 in OCCs

We next determined whether the combination of quercetin and MST-312 had synergistic,
antagonistic, or additive effects on OCCs. Data from the cell viability assay was analyzed in
CompuSyn software. The combination index was determined for all the lines. CI lesser than 1
represents synergistic effect, Cl greater than 1 represents antagonistic and CI equal to 1
represents additive effect. The combinations' CI values were provided by the software and are
mentioned in Annexure Il. The software generated isobologram analysis and Fraction affected
(FA) versus CI plots. For most of the doses in combination, the different concentrations of

quercetin and MST-312 demonstrated strong synergism (Fig. 6.5 A-J).
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Figure 6.5. Synergistic effect of quercetin and MST-312 in OCCs. Isobologram
evaluation of combined treatment of quercetin and MST-312 was performed. Cl values were
calculated using the classic isobologram equation by CompuSyn software. Dx1 and Dx2
represent single doses of quercetin and MST-312 essential to prevent a particular level of
cell viability x and D1 and D2 are concentration of quercetin/ MST-312 essential to prevent
the equal level of cell viability x in combination, respectively. Points under the isoeffect line
represent synergism and those over the line represent antagonism. (A-B) Isobologram
evaluation and CI versus FA plot for the nine combinations of quercetin and MST-312 in
PA-1 cells. (C, D) Isobologram evaluation and CI versus FA plot for the nine drug
combinations of quercetin and MST-312 in A2780 cells. (E-F) Isobologram evaluation and
Cl versus FA plot for the eight drug combinations of quercetin and MST-312 in OVCARS3
cells. (G-H) Isobologram evaluation and CI versus FA plot for the nine drug combinations
of quercetin and MST-312 in A2780.isr cells. (I-J) Isobologram evaluation and CI versus FA

plot for the eight drug combinations of quercetin and MST-312 in HCT116 cells.
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6.6 Effect of luteolin and/or MST-312 in OCCs

We then studied whether luteolin, a quercetin analog, could work in synergism with MST-312
to inhibit cancer cell proliferation. PA-1 cells were seeded at various densities in a 96-well cell
culture plate. After cell attachment, cells were treated for 72 hours with six-nine increasing doses
of luteolin (concentrations used between 1 uM-256 pM). Following drug treatment, cell viability
was determined by using Alamar blue assay. The percentage of cell viability was calculated and
normalized to control (DMSO-treated cells). Luteolin induced dose-dependent cytotoxicity in
PA-1 cells and the I1Cso of luteolin was determined to be 5.5 uM. (Fig.6.6A). When luteolin and
MST-312 were combined, the cytotoxicity was significantly increased compared to the drugs
alone (Fig. 6.6 B-C). The data from Fig. 6.6 B-C were analyzed in CompuSyn software, and are

mentioned in Annexure Il, which revealed strong synergism for the combination.
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Figure 6.6 Combinatorial effect of luteolin and MST-312 on PA-1. Luteolin and MST-
312 exhibit a synergistic effect on PA-1. Alamar blue assay was used to determine cell
viability after 72 hours of luteolin treatment, and the 1Cso was calculated using Graphpad
Prism software. The values denote mean + SEM, n=3 (A) Percent viability of PA-1 cells
after treatment with different dosages of luteolin. (B-C) Percent viability of PA-1 cells was
determined using the alamar blue assay after co-treatment with different concentrations of
luteolin and MST-312. The values represent the mean + SEM of two independent
experiments, analysed using ANOVA and Dunnett's Multiple Comparison test. *p < 0.05;

**p < 0.01; denote significant differences, ns- not significant.
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6.7 Combined treatment of quercetin and MST-312 decreases colony formation in cancer

cells

Next, we studied the effects of quercetin and/or MST-312 on colony forming ability of PA-1,
A2780, and HCT116 cells. Fig. 6.7 A are representative photos of the wells of the colonies
imaged after individual and co-treatment of quercetin and MST-312. The images were quantified
using ImageJ software. The bar graphs in Fig. 6.7 (B-D) represent their quantification. Co-
treatment of quercetin and MST-312 significantly decreased the colony-forming ability of PA-
1, A2780, and HCT116 as compared to control. Thus, co-treatment of quercetin and MST-312

efficiently aggravates cell proliferation in these cells.

123

Sunandan Divatia School of Science, SVKM’s NMIMS(Deemed-to-be) University



In-Vitro Evaluation of Combinatorial effects of
Telomerase Inhibitor and Flavonoid in OCCs

1 M MST-312+

Control 1M MST'312 10 pM Quercetin 10 uM Quercetin

PA-1

2 pM MST-312+
15 pM Quercetin

Control

2 yM MST-312+
15 pM Quercetin

HCT116

PA-1 A2780 HCT116

120+ ns —_— e o
s 1209  ——— 120q _—__ms

ns ns

%,
s
o
s}
1

100

[y

o

o
1

o]
o
1

[or]
o
1
[o°]
o
1

[+
o
1

B
S
1
IN
o
1
IN
o
1

Relative colony number (%)

[N]
o
1
N
o
1

N
o
1

Relative colony number (%
(o2}
o
1
Relative colony number (%)
(o2}
o
1

o
I
o
|

Figure 6.7. Effect of quercetin and MST-312 on colony forming ability in PA-1,
A2780 and HCT116 cells. (A) Representative pictures from three technical repeats for
clonogenic assay. PA-1 cells were treated with 1 uM MST-312 or 10 uM quercetin and
their combination for 48 h, and A2780 and HCT116 cells were treated with 2 uM MST-
312 or 15 uM quercetin and their combination for 96 h each. DMSO-treated cells were
used as control. Colonies were stained with crystal violet stain and imaged. (B-D)
Colonies were quantified using ImageJ software as colony number relative to control
(DMSO treated cells) in PA-1, A2780, and HCT116 cells respectively. Data signifies
mean = SD of three technical repeats evaluated by ANOVA with Dunnett’s Multiple

Comparison test. *p < 0.05; **p <0.01; ****p <0.0001 represent significant differences,

ns-not significant.
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6.8 Combined treatment of quercetin and MST-312 increases apoptosis in OCCs

We examined the effect of quercetin and MST-312 co-treatment on apoptosis in PA-1 cells after
24 hours using the FITC Annexin V Apoptosis Detection Kit I. PA-1 cells were treated with 1
MM MST-312 and/or quercetin 10 uM. To detect apoptosis, PA-1 cells were incubated with
Annexin V and Pl and analysed in BD FACS ARIA flow cytometer. Co-treatment of MST-312
and quercetin significantly augmented the percentage of apoptotic cells when compared to
DMSO-treated cells or individual compounds (Fig. 6.8 A). MST-312 and quercetin combined
treatment caused 18.7 % apoptosis, which is greater than the 9.3 % apoptosis caused by MST-
312 alone or the 12.3 % caused by quercetin alone (Fig. 6.8 B).
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Figure 6.8. Effect of quercetin and MST-312 on apoptosis in PA-1 cells. (A) PA-1 cells

were co-administered with MST-312 and/or Quercetin for 24 h. Apoptotic cells determined
by BD FACS ARIA flow cytometer after staining with Annexin V-FITC and PI. Apoptotic

cells were determined using the BD FACSDiva software. The data displayed are from two

separate experiments. (F) Each column represents the mean + SEM of three independent

experiments, as determined by a two-tailed paired student's t test (¥*p < 0.05), ns-not

significant.
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6.9 Combined treatment of quercetin and MST-312 enhance DNA damage in cancer cells

Since quercetin causes generic DNA damage by intercalating in DNA, and MST-312 causes
telomeric DNA damage, we investigated the effects of quercetin and MST-312 on DNA damage
response proteins. We treated PA-1 cells with 1 pM MST-312 and/or 10 uM quercetin for 24h.
As a vehicle control, DMSO was used. Protein was harvested and western blotting was used to
measure the expression levels of the DNA damage response protein p53, its downstream target
p21, and a marker for DNA damage, y-H>AX. PA-1 cells treated with 0.5 pM Dox were used as
a positive control to study the protein expression changes. We found a significant increase in the
expression of p53, p21, and y-H2AX in combination treated cells, indicating that the co-treatment
increased DNA damage in PA-1 cells (Figs. 6.9 A). Fig 6.9 B. Shows the bar graph of quantified
protein expression observed in Fig 6.9 A. We found no difference in DNA damage response
protein expression after MST-312 treatment versus vehicle control. This could be due to the low
MST-312 dosage and early time point of analysis, because as treatment time increased, cells in
the combination treatment set underwent apoptosis, limiting the amount of sample required for
protein analysis. Though, we checked the expression of p21 mRNA using qPCR and found an
increased expression after MST-312 treatment compared to the control group (Fig. 6.9 C). Thus,
combined treatment of MST-312 and quercetin significantly increased p21 expression, as
evidenced by gPCR and western blotting.

Following that, we measured the expression of y-H2AX in A2780, OVCARS, and OSEs after
treatment with MST-312 and quercetin, both alone and in combination. We observed an
increased y-H2AX expression in A2780 and OVCAR3 cells, but no y-H2AX upregulation in
OSEs (Fig. 6.9 D-E).

Furthermore, we investigated the effect of MST-312 and quercetin in PA-1 cells at various doses
to determine the dose of each drug that exhibits comparable cytotoxicity to the combination
treatment. PA-1 cells were treated for 24 hours with different concentrations of MST-312 (1, 2,
and 3 uM), quercetin (5, 10, and 20 uM), and a combination of MST-312 (1 uM) and quercetin
(10 uM). With increasing concentrations of quercetin and MST-312 alone, the expression of
p53, p-p53, and y-H2AX increased (Fig. 6.9F). When normalised to GAPDH, the highest
concentrations of MST-312 (3 uM) and quercetin (20 uM) showed elevated levels of p53 and p-
p53 proteins comparable to or greater than the combination treated group. The highest quercetin

concentration (20 uM) showed higher levels of y-H>AX than the combination treated group,
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corroborating that low dose of quercetin (10 uM) and MST-312 (1 pM) in combination
synergistically enhance DNA damage.
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Figure 6.9 Effect of co-treatment of quercetin and MST-312 on DNA damage response
proteins. (A) Protein expression of p53, p21, and y -H2AX was determined in PA-1 cells
after treatment with 1 pM MST-312, 10 pM quercetin, and their combination. (B)
Densitometric analysis of the expression of p53, p21, and y-H2AX in PA-1 cells normalized
to B-Actin. The data presented are the mean + SEM, n=3 that were examined using ANOVA
with Bonferroni's Multiple Comparison test. *p < 0.05; **p < 0.01; ****p < 0.0001 denote
statistically significant differences, ns-not significant. (C) p21 gene expression in PA-1 cells
determined by qRT-PCR. The data presented are the mean £ SEM, n=3 that were examined
using ANOVA with Bonferroni's Multiple Comparison test. **p < 0.01; denote statistically
significant differences, ns-not significant. -H2AX was
determined in A2780 and OVCARS3 cells after treatment with 2 pM MST-312, 15 uM

quercetin, and their combination (E) Protein expression of y -H2AX in OSE after treatment

(D) Protein expression of y

with 1 uM MST-312, 5 uM or 10 puM quercetin, or their combination (F) Protein expression
of p53, p-p53, and y -H>AX was determined in PA-1 cells after treatment with MST-312 or

quercetin.
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6.10 Co-treatment of quercetin and MST-312 enhance y-H2AX foci in OCCs

v-H2AX is present at DNA-damaged sites and looks like foci when observed microscopically
using IF assay. We performed IF analysis for y-H2AX detection in PA-1 and A2780 cells treated
with quercetin, MST-312, and both. The combination treated cells showed a significant increase
in the number of y-H2AX foci in both cell lines (Fig. 6.10 A,C). The percentage of y-H2AX foci
positive cells in PA-1 cells after co-treatment was 33.3%, which was higher than 15.97 % for
MST-312 and 24.01 % or quercetin alone (Fig. 6.10 B). The percentage of y-H2AX foci positive
cells in A2780 cells after co-treatment was 47.63 %, which was higher than 32.36 % for MST-
312 and 31.19 % for quercetin as single doses (Fig. 6.10 D).
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Figure 6.10 Detection of y-H2AX foci in PA-1 and A2780 cells using IF. (A)
Representative images of PA-1 cells treated with 1 uM MST-312 and/or 10 uM quercetin
for 24 h. (B) Quantification of y-H>AX foci positive cells in PA-1 cells. Scale bar for all
images is 50 um. Bar graph indicates mean + SD of two independent experiments assessed
by ANOVA with Dunnett’s Multiple Comparison test, *p < 0.05, denotes significant
differences, ns-not significant. (C) Representative images of A2780 cells treated with 2
uM MST-312 and/or 15 uM quercetin for 48 h. Scale bars for all images is 10 um. (D)
Quantification of y-H>AX foci positive cells in A2780 cells. Bar graph is from one

experiment for A2780. 131
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6.11 Effect of quercetin and MST-312 on telomerase activity and homology repair genes
in OCCs

We also wanted to know the reason behind the increased DNA damage when MST-312 and
quercetin were combined. Telomerase inhibition is known to cause telomere uncapping and
increased DNA damage, hence we measured telomerase activity in PA-1 cells treated with
quercetin and MST-312 alone and in combination. MST-312 associates reversibly with
telomerase and is washed off during cell lysate dilution in assay buffer, there was no change in
telomerase activity in MST-312-treated cells [135]. PA-1 Cells treated with quercetin had a 100-
fold reduction in telomerase activity when compared to the vehicle control, while cells treated
with a combination of MST-312 and quercetin had a 1000-fold reduction in telomerase activity.
(Fig 6.11A).

MST-312 has also been shown to suppress the expression of homology repair pathway genes
such as ATM and RADS50 [139]. Hence, we measured ATM and RAD50 gene expression in cells
treated with MST-312, quercetin, or both. While there was no change in ATM or RAD50
expression following MST-312 treatment, ATM (upto 0.4-fold) and RAD50 (upto 0.3-fold)
expression was downregulated in the combination group compared to the vehicle control,
implying that damage caused by the co-treatment of MST-312 and quercetin is not repaired and

gets accumulated, potentially contributing to synergism (Fig 6.11B).
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Figure 6.11 Effect of quercetin and MST-312 on telomerase activity and homology

repair genes in PA-1 cells (A) Telomerase activity was measured in PA-1 cells treated
with MST-312 (1 uM) and/or quercetin (10 pM) treatment for 24 h by g-TRAP assay.
Relative telomerase activity was estimated based on standard curve and equation from the
same g-TRAP assay using various cell numbers of PA-1 cells. Bar graph represent mean +
SD of two independent experiments assessed by two tailed paired student’s t test, **p <
0.01; ****p < 0.0001. (B) PA-1 cells were administered with MST-312 and/or quercetin
for 24 h. Gene expression of total ATM and RAD50 was determined using gPCR and
normalised to GAPDH. Bar graph represented are mean + SD from three biological repeats
assessed by ANOVA with Bonferroni’s Multiple Comparison test. *p < 0.05; **p < 0.01,

denote significant differences, ns-not significant.
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I. In vitro evaluation of MST-312, BIBR1532 and 6-thio-dG for their effect on OCCs
with different p53 status
Telomerase inhibitors have shown promise as anticancer agents due to their ability to inhibit
telomere maintenance by inhibiting the telomerase enzyme, leading to telomere shortening and
cell death in cancer cells. However, the longer time required to reach a critically short length,
poses a significant challenge for telomerase inhibitors, resulting in longer treatment durations.
Additionally, long-term use of these drugs has been associated with the development of side
effects, contributing to their failure as viable treatment options. GRN163L (imetelstat) is a potent
telomerase inhibitor that has recently entered clinical trials. The major limitations of GRN163L
were initial variability in telomere length among patients and a potentially long lag time causing
haematological and hepatic toxicity. Therefore, telomerase inhibitors are currently also being
investigated for their short-term anticancer effects as well as for their involvement in off-target
signalling pathways that could be influenced by these compounds when administered at higher
doses for short duration.
MST-312, for example, has shown to inhibit telomerase activity at low concentrations and DNA
topoisomerase Il at higher concentrations (5 uM) [143]. At lower concentration, it causes
telomere uncapping and telomeric DNA damage, as indicated by the formation of telomere
induced foci (TIFs). At higher concentrations, it can induce both telomeric and general DNA
damage [135, 139, 143, 248]. Similarly, treatment of several cancer cell lines in the presence of
the BIBR1532 at low dosage specifically inhibits telomerase but at high concentration targets
other enzymes resulting in subsequent cell death by DDR activation [153]. 6-thio-dG acts as a
substrate of telomerase, incorporated into newly synthesised telomeres, causing immediate DNA
damage at telomeric DNA regions leading to cell death [101]. Thus, telomerase inhibitors
provide a multifaceted approach to cancer treatment by targeting both the canonical and non-
canonical activities of telomerase. These off-target effects contribute to the activation of the
DDR, responsible for acute anti-cancer cytotoxic effects. p53 is a key downstream regulator of
DDR and one of the most common mutations observed in cancer, thus we investigated the role
of p53 in facilitating cancer cell sensitivity to MST-312, BIBR1532 and 6-thio-dG.
In the present study, we treated a panel of OCCs with distinct p53 backgrounds and found that
wild type p53 cells were more sensitive to MST-312, BIBR1532 and 6-thio-dG as compared to
p53 null cells. Furthermore, we found that these inhibitors were not cytotoxic in BJ cells,
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indicating that MST-312, BIBR1532 and 6-thio-dG exhibits acute cytotoxic effects in telomerase
positive cells. Various studies revealed that the length of telomere could be a biomarker for
telomerase inhibitor [249], [143]. Contrasting to these studies, we did not find a co-relation
between telomere length and sensitivity MST-312, BIBR1532 and 6-thio-dG. Additional
comprehensive analysis is required with more samples to comprehend the relation between
sensitivity of these inhibitors and telomere length.

Since the cell lines harbour heterogeneous mutations, they were not the perfect model to draw a
conclusion, hence we studied their short-term cytotoxicity in isogenic cell lines; A2780 p53*/*
and p53 . Surprisingly, our findings indicate that cells with intact p53 (p53*'* cells) displayed
greater sensitivity to MST-312 compared to cells lacking p53 (p53” cells), whereas they showed
similar cytotoxicity towards BIBR1532 and 6-thio-dG. Further, MST-312 treatment effectively
aggravated cell proliferation in a p53 dependent manner. Reintroduction of p53 in p53 null cells,
rescued the cells and sensitized the cells towards MST-312, indicating that short-term acute
cytotoxic effect of MST-312 is specific and is dependent on p53 expression.

Further, MST-312 specifically induces S phase arrest and apoptosis in p53 positive cells,
whereas it induces S and G2/M phase arrest and apoptosis in p53 null cells at cytotoxic doses.
Additionally, the cytotoxic dose for p53*/* cells could induce cell cycle arrest in A2780 p53™
cells and SKOV3 but not apoptosis. The recruitment of telomerase to telomeres is particularly
limited to the S phase of the cell cycle, which aligns with the established timeframe for telomere
elongation in human cells. [250]. It is possible that short-term treatment with MST-312 inhibits
telomerase causing a halt in telomere elongation, resulting in telomere dysfunction and S phase
arrest. Therefore, it can be inferred that MST-312 affects the state of telomeres by interfering
with their synthesis, this interference leads to a notable delay in the progression of the cell cycle
specifically in the S phase. When p53 is absent, cells come to a standstill due to telomerase
inhibition, but they still proliferate or survive, and only after treatment with a higher MST-312
dosage, which, in addition to telomerase inhibition, increases topoisomerase-Il activity strongly
inhibits extensive DNA damage occurs in these cells, promoting p53-independent apoptosis.
Previous studies have reported the acute effect of MST-312 on apoptosis by supressing NF-kB
and by regulating other anti-apoptotic genes such as Survivin, Bax, cMyc and Bcl-2 [141, 142,
251]. We witnessed a significant increase in apoptosis in p53*/* and p53™ cells only when treated
at their cytotoxic doses. While Fas was independently upregulated upon MST-312 treatment,
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Puma was selectively upregulated in p53 wildtype cells contributing to the p53 mediated
apoptosis observed in wild type cells.

Prior research has provided evidence that the downregulation of p53-mediated hTERT
expression is necessary to facilitate efficient p53-dependent apoptosis [68]. MST-312 treatment
Is reported to downregulate expression of hTERT in multiple cancers [136, 142], however some
studies found minimal change in hnTERT/hTERC expression [139]. Our gene expression studies
support the p53 pathway's role in downregulating telomerase components (TERT and TERC),
which work in a feed forward loop to sensitise cancer cells to MST-312 treatment.

Long-term effects of MST-312, which entail treatment of the compound for more than 1.5
months, result in considerable telomere shortening [135, 140, 142]. Prolonged exposure to MST-
312 in breast cancer has caused telomere dysfunction and shortened telomeres, along with
decreased cell growth [139]. We found that MST-312 mediated telomere attrition occurs
independent of p53 expression.

Thus, MST-312 exhibits two effects on OCCs. First, there is an immediate p53 dependent effect
observed after a short-term treatment where it is possible that MST-312 targets telomerase
activity as well as non-canonical telomerase activities such as telomere uncapping due to
telomerase dissociation from telomeres. This is supported by the fact that several independent
studies have reported the formation of telomere-induced foci in several cancer cell lines after
MST-312 treatment at various dosages [13, 14, 21, 42]. The second effect is p53 independent
telomere shortening via telomerase inhibition observed after long-term treatment with low
concentration of MST-312.

Conversely, BIBR1532’s acute anti-cancer effects, are independent of p53 expression.
BIBR1532 induced S/G2/M phase arrest in p53** and p53™ cells and causes similar cell death
in A2780 p53** and p53” cells when treated at high concentration. Acute treatment with
BIBR1532 has been shown to cause DNA damage, most likely by inhibiting TERT's extra-
telomeric functions in DNA repair processes rather than by inhibiting TERT's canonical activity
at telomeres. The administration of BIBR1532 results in the inhibition of hTERT expression,
which subsequently leads to a reduction in telomerase activity and the onset of telomere
dysfunction. This downregulation of hTERT could potentially serve as a plausible mechanism
for inducing rapid cell death when cells are exposed to high doses of BIBR1532. It is important
to highlight that the cell death mechanism induced by BIBR1532 seems to operate independently
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of long-term significant telomere erosion that would typically cause cell cycle arrest [252, 253]
[158, 254]. The 1Cso of BIBR1532 for purified telomerase enzyme is 93 nM. However,
concentrations exceeding 100 uM were effective in inhibiting RNA polymerases I-111. [153].
Thus, at the high dose used in the study, it is possible that BIBR1532 inhibits hTERT and causes
extensive DNA damage, where it affects several other enzymes involved in genome replication
and maintenance, resulting in p53 independent necrosis in cancer cells. Additionally, we found
that BIBR1532 exhibits p53 independent telomere shortening via telomerase inhibition after
continuous treatment with low concentration of BIBR1532.
We also found that 6-thio-dG’s acute anti-cancer effects, are independent of p53 expression. 6-
thio-dG specifically arrested the p53 positive cells in S phase followed by cell death, while
arrested p53 null cells in S and G2/M phase followed by cell death. Telomerase identifies the
nucleoside 6-thio-dG and incorporates it into newly formed telomeres, causing specific DNA
damage at the telomeres. The incorporation of 6-thio-dG into telomeres causes targeted DNA
damage within the telomeric regions, ultimately leading to the rapid cancer cell death. Thus,
short term treatment with 6-thio-dG caused cell cycle arrest and cell death independent of p53
expression. Surprisingly, we found that continuous treatment with 6-thio-dG increased telomere
length in p53 wild type cells. It is possible that at low doses, 6-thio-dG specifically induces
telomeric damage, however for survival the cells activated another telomere maintenance
mechanism such as ALT pathway which maintained the telomere length. According to multiple
studies, the implementation of anti-telomerase therapy prompts a shift away from telomerase
activity and towards the other telomere maintenance pathway i.e. ALT mechanism [255] [256].
However, in the absence of p53, long term treatment with 6-thio-dG led to telomere shortening,
indicating that p53 may play role in switching the telomere maintenance pathway to ALT and it
would be interesting to study the molecular mechanism underlying the shift.
These findings shed light on molecular mechanisms and treatment outcomes, particularly in
terms of p53 expression status in cancer cell lines. We can develop effective targeted therapies
by better understanding the global impact on gene expression and identifying novel markers that
determine cancer cell sensitivity to the acute effects of these telomerase inhibitors.
ii. In-vitro evaluation of combinatorial effects of telomerase inhibitor and anti-oxidant in
OCCs
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The presented preclinical findings have significant implications for creating better cancer
prevention and treatment. Our findings exhibit a strong synergy between the flavonoid quercetin
derived from plants and the telomerase inhibitor MST-312. Co-treatment accelerated the DNA

damage response and apoptosis, indicating synergism at the level of DNA damage induction.

As mentioned earlier, MST-312 is reported to exhibit two types of anti-cancer effects on cells.
First, there is the short-term cytotoxic effect, which occurs after 72 hours of MST-312 treatment.
This phenomenon can be primarily attributed to the induction of telomeric damage resulting from
telomerase inhibition. The damage leads to the exposure of telomeres, triggering the activation
of the DNA damage response. Subsequently, this can lead to either apoptosis, the programmed
cell death, or cell cycle arrest [139]. The second effect is considered a chronic effect, arising
from prolonged and continuous treatment with low concentrations of MST-312. This treatment
regimen leads to the gradual shortening of telomeres over time, eventually culminating in a state
of replicative senescence [135]. Exploring MST-312's short-term effect is thus a more potential
therapeutic prospect. Furthermore, we investigated the acute cytotoxic effects in OSE cells,
notably, at doses up to 5 pM, MST-312 was non-cytotoxic in normal OSE cells. (Fig 6.2).
Remarkably, MST-312 was cytoprotective in OSEs at low doses, and the underlying mechanism

for this observation would be interesting to study.

It is intriguing to note that MST-312 has demonstrated a robust affinity for binding to DNA, as
observed through isothermal calorimetry analysis (ITC) assay. Furthermore, it exhibits a
competitive inhibition of telomerase activity specifically in brain tumor cell lines [140]. Further
scientific investigations are necessary to determine whether MST-312 exhibits specific binding
affinity for telomeric sequences or possesses a general capability to bind to the double stranded
DNA, regardless of DNA sequence or RNA-DNA complex created during telomerase activity.
Additionally, experimental validation is required to establish the in vivo DNA binding activity
of MST-312. On the other hand, quercetin engages in intercalation with DNA, resulting in the
initiation of double-strand breaks and consequent alterations to DNA metabolism [257]. Thus,
co-treatment with quercetin and MST-312 may lead to excess DNA damage, with both general
and telomeric damage, and thus tends to increase cancer cell apoptosis. Indeed, both quercetin
and MST-312 exert multifunctional effects on cell signalling pathways. This raises the intriguing

possibility of a synergistic interaction between the two compounds in modulating these diverse
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activities.

Furthermore, combination of MST-312 and quercetin represses homology repair pathway. As a
result, it is possible that damage from co-treatment is increasing and is being accumulated further
contributing to apoptosis. In this context, it has been observed that utilizing lower dosages of the
combination concurrently leads to the induction of DNA damage. This outcome is noteworthy
because, if these treatments were administered separately, achieving a comparable level of DNA
damage would require much higher individual dosages. The synergistic effect of the combination
therapies potentially enhancing therapeutic outcomes while minimizing the potential side effects

associated with high dosages of individual treatments.

Quercetin demonstrates notable attributes as a chemo-preventive and chemo-therapeutic agent
against cancer, and its efficacy has been documented in the context of approximately 20 distinct
cancer types, employing both in vitro and in vivo experimental models. [258]. Quercetin
administration elicits diverse outcomes in various cancer cell types, encompassing the
suppression of cellular proliferation, migration, inflammation, invasion, and metastasis. These
effects are achieved by modulating multiple cellular signalling pathways. However, quercetin's
pharmacological characteristics present limitations, such as limited absorption within the
gastrointestinal tract, significant first-pass metabolism upon oral consumption, gastrointestinal
instability, and inadequate solubility [259]. Clinical trials in Phase I, involving the oral
administration of quercetin, have demonstrated considerable variability in its bioavailability.
This variability can be attributed primarily to variations in the activity of quercetin-metabolizing
enzymes and transporters [260]. MST-312 shares similar characteristics of low water solubility
and unknown pharmacological properties, akin to quercetin. Consequently, our findings hold
considerable importance, as they reveal a noteworthy synergistic impact when combining low
doses of quercetin and MST-312. This combined treatment exhibits a potent inhibitory effect on

cancer cell proliferation, leading to heightened levels of DNA damage and apoptosis.
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Conclusion

Personalized, targeted medicines are the favored standard of care above severe chemotherapies.
Telomerase inhibition provides a targeted treatment option that may be less toxic to most normal
cells than chemotherapy and radiation. The work produced in this thesis shows that MST-312,
BIBR1532, and 6-thio-dG have distinct anticancer effects.

In our current study, we found that cells expressing wild-type p53 are more sensitive to MST-
312 than p53 null cells. Conversely, both p53 wildtype and p53 null cells showed similar
cytotoxicity towards BIBR1532 and 6-thio-dG. MST-312 induced distinct changes in cell cycle
progression and cell death. It specifically caused cell cycle arrest by upregulating p21 in p53
wildtype cells and apoptosis by upregulating PUMA and caused cyclin B and D downregulation
in p53 null cells. BIBR1532 when used at high concentration results in p53-independent cell
cycle arrest and necrosis in cancer cells. Short-term treatment with 6-thio-dG induces telomeric
and genomic damage causing cell cycle arrest and cell death irrespective of the p53 status of the
cells. Notably, the effects of long-term MST-312 and BIBR1532 treatment on telomere length
attrition were observed irrespective of p53 expression. Whereas, long-term treatment with 6-
thio-dG induced telomere maintenance and lengthening in wild-type cells and telomere
shortening in p53 null cells. These findings emphasize the importance of taking p53 expression
status in cancer cells into account when selecting and administering telomerase inhibitors. They
also pave the way for personalized medicine approaches, in which treatment decisions can be

tailored based on the specific molecular characteristics of each patient's tumor.

This study also provides compelling evidence for a synergistic inhibitory effect of the telomerase
inhibitor MST-312 and quercetin on cancer cell proliferation via DNA damage. The study
highlights the potential of combining these two compounds as a promising cancer treatment
therapeutic strategy. The findings show that the combination treatment causes increased DNA
damage, inhibiting telomerase, and downregulation of homology repair pathway genes, which
results in a significant reduction in cancer cell viability and proliferation. Furthermore, the
observed synergistic effect suggests that MST-312 and quercetin act through complementary
mechanisms, amplifying their anti-cancer properties when combined. This study advances our

understanding of the molecular mechanisms underlying cancer cell growth inhibition and opens
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the door to the development of novel combination therapies targeting telomerase and DNA
damage pathways.

Future prospects

The important findings presented in this study lay the groundwork for future research into cancer
therapeutics. Several promising avenues for further investigation and potential clinical
applications emerge from the knowledge gained from the differential responses of ovarian cancer

cells to various telomerase inhibitors based on their p53 status.

The differential response of p53 wildtype cells to MST-312, with higher sensitivity than p53 null
cells, suggests that MST-312 has the potential to develop as a targeted therapeutic approach in
cancer cases with intact p53 function. However, more research is required to determine the
precise molecular mechanisms underlying MST-312's acute cytotoxicity and its impact on

cellular pathways.

The p53-independent short-term acute cytotoxicity of BIBR1532 and 6-thio-dG, prompts further
investigation into the specific molecular markers responsible for the observed differences in
cytotoxicity across a panel of ovarian cancer cells. Additionally, exploring and identifying
potential genotype changes in the cells upon exposure to BIBR1532 and 6-thio-dG would
provide valuable insights into the underlying mechanisms of drug response. Furthermore, the
intriguing findings regarding long-term treatment with 6-thio-dG require further efforts to

understand the interplay between p53 and activation of other telomere maintenance pathway.

Incorporating these findings into future studies holds immense potential for personalized and
targeted cancer therapies. By further elucidating the mechanisms and conducting preclinical and
clinical investigations, we can optimize the use of telomerase inhibitors, such as MST-312,

BIBR1532, and 6-thio-dG, in combination regimens or as standalone treatments.

Additionally, the findings presented in this study pave the way for exciting prospects in the field
of cancer therapeutics, particularly in the context of synergistic effects of telomerase inhibitor
and plant-based flavonoids on cancer cell proliferation. The identification of their ability to

promote DNA damage and inhibit cancer cell growth opens numerous opportunities for further
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exploration and potential clinical applications. It would be valuable to extend these findings to
in vivo studies. Assessing the efficacy and safety of the MST-312 and quercetin combination in
animal models will be crucial in determining its therapeutic potential and establishing its role in
cancer treatment. Moreover, evaluating the combination's effectiveness against different types
of cancer cells and exploring potential synergies with other therapeutic agents could provide new
opportunities for tailored and personalized treatment strategies. Further research into the
mechanisms underlying the synergistic effects of MST-312 and quercetin, in vivo and clinical
evaluations, and long-term effects will contribute to the development of innovative and effective
treatment strategies for cancer patients. Given the synergism observed in this study, we intend
further research into combinatorial treatment as a cancer preventive and post-treatment

supportive therapy to counteract cancer.
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Preparation of Buffers
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. Alamar blue
Dissolve 6 mg of resazurin in 40ml 1X PBS. Sterile filter the solution

. 0.05% Crystal violet

Components Volume (ml)
Crystal violet 0.05g
37% formaldehyde 2.7
10X PBS 10
Water 86.3
Total 100
. 70% ethanol

Add 28 ml of 100 % ethanol and 12 ml of nuclease-free water

. Totex buffer

Components Volume (ml)
20 mM HEPES pH 7.9 1.65
0.35 M NaCl 2
20% glycerol 1.25
1% NP-40 0.05
1 mM MgCl» 0.05
0.5mMEDTA 0.003
Total 5.0
. 4X SDS gel loading dye
Components Volume (ml)
50 mM TrisCl pH 6.8 1.65
100mM dithiothreitol 2
2% SDS 1.25
0.1% Bromophenol blue 0.05
10% Glycerol 0.05
Total 5.0

Protein lysis buffer
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In 1 ml Totex add 20 pl 50X PIC and 2 pl phosphatase inhibitor sodium orthovanadate

7. 5% NFDM

Dissolve 2g of milk powder in 40ml 1X PBS

8. 1XPBST

Mix Iml Tween 20 in 1 L of 1x PBS

9. NP40 buffer

Components Volume (ml)
1M Tris HCI pH 8.0 0.5
1M MgCl 0.05
O.5M EDTA 0.1
NP-40 0.5
1M NaCl 1.5
10% glycerol 5

5 mM 2-mercaptoethanol 8.7
50X PIC 0.2
0.1M Sodium deoxycholate 0.125
Total volume 25

10. 0.2% Triton-X

Mix 80 pl of Triton-X in 40ml 1X PBS

11.0.5M EDTA pH 8.0

Dissolve 93.05g of EDTA disodium salt dihydrate in 500 ml autoclaved water. Add NaOH

pellets for EDTA to dissolve. Adjust pH to pH 8.0 with conc. HCI

12. 5% normal goat serum

Mix 60 ul of normal goat serum in 1X PBS

13. 2mg/ml Pl

Dissolve 2 mg of propidium iodide in 1 ml of 1X PBS

14. 1M Tris

Dissolve 12.114g of Tris in 70 ml distilled water. Adjust the pH to 6.8 with Conc HCI.

Make up the volume to 100ml and store at 4°C

15. 1.5M Tris
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Dissolve 18.17g of Tris in 70 ml of distilled water. Adjust the pH to 8.8 with conc. HCI.

Make up the volume to 100ml and store it at 4°C

16. Preparation of 10% SDS
Dissolve 1g of SDS in 8ml distilled water and make up the volume to 10ml
17. Preparation of 10% Ammonium per Sulfate(APS)
Dissolve 250 mg of APS in 5 ml of distilled water. Aliquot and stored in -20°C
18. Preparation of 30% Acrylamide solution
e Acrylamide- 29.2g
e Bis acrylamide- 0.8g
Dissolve the two in 50mL of warm distilled water. Stir it overnight on magnetic stirrer.
Next day, make up the volume up to 100ml with warm distilled water. Filter the solution

using a Whatman filter paper. Store the solution at RT.

19. Resolving/Separating gel (10% gel for 1mm Plate)

Components Volume (ml)

Water 2

30% acrylamide/bisacrylamide | 1.65

1.5mM Tris (pH 8.8) 1.25
10% SDS 0.05
10% APS 0.05
TEMED 0.002
Total 5.0

20. 5% Stacking gel

Components Volume (ml)
Water 1.35

30% acrylamide/bis acrylamide | 0.335

1.0 mMTris (pH 6.8) 0.250
10% SDS 0.020
10% APS 0.020
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TEMED 0.002
Total 2mL

21. 1X Transfer buffer: 1L

Tris base 589
Glycine 2990
10% SDS 3.7mL
Methanol 200ml

22. 5X Running buffer: 1L

Tris base 15¢
Glycine 94 ¢
10% SDS 50 mL

For 1X, take 200mL of 10X buffer, and make up the
volume to 1 liter with autoclaved distilled water

23. Coomassie Brilliant Blue

Component Volume

0.25% Coomassie blue stain 0.25g

45% methanol 45 ml
10% glacial acetic acid 10 ml
Distilled water 45 ml
Total volume(ml) 100

24. De-staining solution

Components Volume
45% Methanol 45 ml
10% Glacial Acetic Acid 10 ml
D/IW 45 ml

25. Ponceau stain

Component Volume
0.5% Ponceau 0.05¢
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5% Glacial acetic acid

2.5 ml

Distilled water

47.5 ml

*Use 1:10 dilution of the above prepared stain while staining the blot.

26. De-staining solution to remove Ponceau stain from blot

1IN NaOH

ImL

PBS

50 mL
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APPENDIX-II
Supplementary Tables
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Table Al. Cl and DRI values for the combination of quercetin and MST-312 in PA-1
cells. Fraction affected (FA), combination index (Cl) and Dose reduction Index (DRI)
values tabulated as mean of three independent experiments for co-treatment with quercetin
and MST-312 for 72 hours in PA-1 cells

Appendix 1l

Conc. of Conc. of Fraction | Combination | DRI for DRI for

quercetin MST-312 affected Index (CI) quercetin MST-312
(HM) (HM) (FA)
5.0 0.5 0.178 0.219 5.347 34.525
5.0 1.0 0.160 0.230 5.793 20.236
5.0 2.0 0.152 0.273 6.017 10.909
10.0 0.5 0.147 0.351 3.083 45.816
10.0 1.0 0.146 0.374 3.098 23.136
10.0 2.0 0.154 0.445 2.994 10.805
15.0 0.5 0.150 0.521 2.025 44.488
15.0 1.0 0.150 0.549 2.025 22.244
15.0 2.0 0.168 0.654 1.862 9.412
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Table A2. Cl and DRI values for the combination of quercetin and MST-312 in A2780
cells. Fraction affected (FA), combination index (CI), and Dose reduction Index (DRI)

values were tabulated as a mean of three independent experiments for co-treatment with

quercetin and MST-312 for 72 hours in A2780 cells

Appendix 1l

Conc. of Conc. of Fraction |Combination| DRI for DRI for

quercetin MST-312 affected Index (CI) | quercetin MST-312
(M) (M) (FA)
15.0 2.0 0.229 0.499 37.219 2.120
15.0 3.0 0.206 0.616 51.128 1.678
15.0 4.0 0.188 0.703 66.796 1.454
35.0 2.0 0.232 0.547 15.330 2.075
35.0 3.0 0.208 0.652 21.294 1.652
35.0 4.0 0.188 0.723 28.627 1.454
55.0 2.0 0.25 0.675 7.742 1.831
55.0 3.0 0.215 0.720 12.279 1.566
55.0 4.0 0.193 0.776 16.882 1.395
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Table A3. ClI and DRI values for the combination of quercetin and MST-312 in
OVCARZ3 cells. Fraction affected (FA), combination index (Cl) and Dose reduction Index

(DRI) values tabulated as mean of three independent experiments for co-treatment with

quercetin and MST-312 for 72 hours in OVCAR3 cells

Appendix 1l

Conc. of Conc. of Fraction |Combination| DRI for DRI for

quercetin MST-312 affected Index (CI) | quercetin MST-312
(M) (M) (FA)
15.0 1.0 0.604 0.467 82.719 3.496
15.0 2.0 0.441 0.503 113.352 5.392
30.0 1.0 0.495 0.508 102.181 4.675
30.0 2.0 0.384 0.554 126.854 6.295
60.0 1.0 0.434 0.707 114.457 5.464
60.0 2.0 0.37 0.765 130.520 6.546
90.0 1.0 0.431 0.959 115.576 5.538
90.0 2.0 0.365 0.984 131.869 6.639
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Table A4. Cl and DRI values for a combination of quercetinand MST-312 in HCT116
cells. Fraction affected (FA), combination index (CI), and Dose reduction Index (DRI)

values were tabulated as a mean of three independent experiments for co-treatment with

quercetin and MST-312 for 72 hours in HCT116 cells

Appendix 1l

Conc. of Conc. of Fraction |Combination| DRI for DRI for

quercetin MST-312 affected Index (CI) | quercetin MST-312
(M) (M) (FA)
15.0 1.0 0.587 0.529 156.789 2.309
15.0 2.0 0.406 0.804 272.478 2.535
30.0 1.0 0.518 0.573 193.632 2.393
30.0 2.0 0.354 0.86 321.936 2.607
60.0 1.0 0.434 0.707 200.176 2.406
60.0 2.0 0.364 0.964 311.547 2.593
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Table A5. CI and DRI values for the combination of quercetin and MST-312 in
A2780cisr cells. Fraction affected (FA), combination index (CI) and Dose reduction Index

(DRI) values tabulated as mean of three independent experiments for co-treatment with

quercetin and MST-312 for 72 hours in A2780¢isr cells

Appendix 1l

Conc. of Conc. of Fraction |Combination| DRI for DRI for

quercetin MST-312 affected Index (CI) | quercetin MST-312
(M) (M) (FA)
15.0 1.0 0.099 0.317 151.271 3.153
15.0 2.0 0.096 0.494 218.028 4.050
15.0 3.0 0.059 0.664 255.752 4517
30.0 1.0 0.165 0.28 181.364 3.570
30.0 2.0 0.13 0.475 230.830 4.211
30.0 3.0 0.116 0.657 259.601 4.564
60.0 1.0 0.355 0.294 168.847 3.4
60.0 2.0 0.256 0.47 234.194 4.253
60.0 3.0 0.24 0.675 249.506 4.442

Table A6. Cl values for the combination of luteolin and MST-312 in PA-1 cells . Fraction

affected (FA) and combination index (CI) values were tabulated as mean of three independent

experiments for co-treatment with luteolin and MST-312 for 72 hours in PA-1 cells

Conc. of Conc. of Fraction affected Combination Index
luteolin MST-312 (FA) (CDH
(uM) (uM)
3.0 0.5 0.413 0.374
1.0 1.0 0.664 0.183
3.0 1.0 0.241 0.279
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INTRODUCTION

Ovarian cancer is the eighth most common cancer and the seventh leading cause of cancer
deaths among women worldwide[1]. In most of the population-based cancer registries in India,
ovarian cancer is the third leading site of cancer among women, trailing behind cervix and
breast cancer with occurrence rate between 5.4 and 8 per 100,000 people thus India has a huge
burden of this disease [3]

Telomerase is a ribonucleoprotein complex composed of the telomerase RNA (TR), which
contains a sequence complementary to the telomeric TTAGGG repeat which acts as a template
and the catalytic subunit, telomerase reverse transcriptase (TERT), which catalyses the reverse
transcription of TTAGGG repeats in the telomerase RNA.[5] Telomerase is present in epithelial
ovarian tumor cells (Ascites) while normal epithelial cells are reported to have no detectable
activity, suggesting that telomerase is present exclusively in tumor cells. Extracts from the
ovarian tumor cell line SKOV-3, were positive for telomerase while the non-malignant cells
were negative [7]. The reactivation of telomerase has been shown to be one of the three events
required to transform a normal human epithelial cell into a cancer cell[8]. Telomerase is an
attractive drug candidate against cancer owing to its specific expression in cancer cells. Several
different compounds that directly target telomerase activity are currently under investigation.
A wide number of plant-derived compounds have been investigated for their potential
anticancer properties which possess high therapeutic potential and display low cytotoxicity
towards healthy tissues. Quercetin (2-(3,4-dihy-droxyphenyl)-3,5,7-trihydroxy4H-chromen-4-
one), a polyphenolic flavonoid present in common fruits and vegetables. Quercetin also
exhibits anticancer activity in different human cancers. Suggested mechanism of action
includes its anti-oxidative activity, interaction with various cellular receptors and modulation
of important signal transduction pathways. Quercetin exhibits reduced cytotoxicity towards
normal cells and its co-treatment with several chemotherapeutic drugs and compounds

augments anticancer treatment strategies.
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REVIEW OF LITERATURE

Current status of telomerase inhibitors in cancer therapy

One of the leading telomerase inhibitors, GRN163L (imetelstat sodium), is a 13-mer thio-
phosphoramidate oligonucleotide. During its treatment period, most tumor cells will continue
to grow until already-short telomeres become even shorter, and the cells eventually undergo
apoptosis or growth arrest. In addition, the development of imetelstat has been put on hold for
solid tumours due to hematologic and hepatotoxic dose-limited side effects[9],therefore there

is a need to investigate the effects of other telomerase inhibitors for cancer treatment.

The nucleoside analogue 6-thio-dG as a potential therapeutic agent and demonstrated its
mechanism of action. It is a highly promising telomerase mediated telomere-targeted therapy
for NSCLC that has activity in untreated cancers and in NSCLCs with resistance to either
targeted therapy or plat in-doublet chemotherapy. Targeting telomerase with 6-thio-dG
overcame therapy resistance in pediatric brain tumours (demonstrating that 6-thio-dG can cross
the blood brain barrier). In addition, 6-thio-dG is found to be sensitive in BRAF and checkpoint

inhibitor—resistant melanomas.[10]

Several lines of evidence on the anticancer and chemo preventive activities of tea catechins
have emerged from animal models and human epidemiological studies. Acute (short-term)
effect, which occurs following short-term (72 h) exposure with MST-312, leads to DNA
damage, ATM-dependent G2/M cell cycle arrest, and reduced cell viability. Long-term (more
than 1.5 months) treatment with MST-312 leads to a long-term effect, with significant telomere

shortening in APL cells, through suppression of NF-kB activity.[2]

BIBR1532 targets directly telomerase core components as telomerase reconstituted from hTR
and recombinant hTERT is inhibited by BIBR1532 with potencies comparable with the native
enzyme derived from tumor cells. El-Daly et al. (2005) provided evidence that high doses of
BIBR1532 induce a direct cytotoxic effect in leukemia cells but not in normal hematopoietic
stem cells. BIBR1532 causes rapid cell death in pre-B ALL cells probably through
transcriptional suppression of survivin-mediated c-MYC and hTERT expression. [11]

Current status of combination of anti-oxidant and chemotherapy drugs in cancer treatment

Combination therapy with quercetin and anti-cancer drugs has been the subject of several pre-

clinical and clinical studies. Quercetin, a naturally occurring flavonoid, has been found to have
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anti-tumor properties and to enhance the effectiveness of chemotherapy in animal models.
Treatment with quercetin shows a variety of effects in different cancer cells including inhibition
of cell proliferation, inhibition of inflammation and reduction in invasion and metastasis by
affecting multiple cells signalling pathways. [12] In vitro studies have shown that quercetin
can increase the sensitivity of cancer cells to various chemotherapy drugs, including
doxorubicin, paclitaxel, and cisplatin.[12] Clinical trials are limited, but some early-phase trials
have shown promising results. A phase | clinical trial combining quercetin with the
chemotherapy drug irinotecan showed that the combination was well-tolerated and showed
preliminary evidence of efficacy in patients with advanced solid tumors. Another clinical trial
combining quercetin with the chemotherapy drug gemcitabine showed an improvement in
progression-free survival in patients with advanced pancreatic cancer.[13] Phase I clinical trials
with oral administration of quercetin have shown very variable results in terms of
bioavailability mostly due to variations in quercetin-metabolizing enzymes and
transporters.[14] Combination treatment with quercetin and EGCG has additive anticancer
effect on prostate cancer cells. The additive effect is due to their combined action on catechol-
O-methyl transferase (COMT) activity and protein expression levels. COMT is involved in the
methylation of green tea polyphenols resulting in their inactivation and since quercetin reduces
the protein expression of COMT, co-treatment of quercetin with EGCG showed an additive
effect.[15] There is some evidence to suggest that quercetin may have inhibitory effects on
telomerase, an enzyme that plays a role in maintaining telomere length in certain cells.[16]
However, there are currently no research looking into the effect of telomerase inhibitors in

combination with quercetin.
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RATIONALE

85% of ovarian cancer activates telomerase to acquire replicative immortality.[7] Due to its
expression in cancer cells and minimal/ non-existent expression in most somatic cells,
telomerase is a unique cancer biomarker and an attractive target for developing therapeutics.
Telomerase inhibitors have been investigated as a potential cancer therapy due to their ability
to halt the proliferation of cancer cells by telomere uncapping and activating DNA damage
response pathway. p53 is a tumor suppressor protein that plays a critical role in the DNA
damage response and is often mutated in cancers. Deregulation of p53 is implicated in
determining sensitivity of cancer towards anti-cancer compounds which cause DNA
damage.[17] However, the relationship between telomerase inhibitors and the tumor suppressor

protein p53 is not fully understood.

Currently several drugs have been designed and investigated, that inhibit telomerase activity
and thus inhibit cancer growth. Table 1. Enlists the drugs and cancer types where they have

been investigated.

Table 1. List of telomerase inhibitors and cancer types where they have been investigated.

Drug Mechanism Cancer types

6-Thio-dG Telomere dysfunction NSCLCs, pediatric brain tumours,
melanomas

MST-312 Unknown mechanism APL, breast cancer

BIBR1532 Non-competitive inhibitor Leukemia

Imetelstat Competitive inhibitor Glioblastoma, multiple myeloma
adenocarcinoma, breast, lung and liver
cancers

However, in ovarian cancer only shRNAs against TERT have been investigated[22]. Effect on
telomerase inhibition by inhibitors have not been assessed, thus, we proposed to study their
effects on ovarian cancer cells. Since p53 status was found to have differential effect upon
TERT knockdown we evaluated the effect of telomerase inhibitors based on p53 status of

ovarian cancer cells.
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Combination treatment with quercetin and EGCG has additive anti-cancer effect on prostate
cancer cells.[15] MST-312 is a synthetic compound derived from EGCG based on its
telomerase inhibition activity and, there are currently no research looking into the effect of
telomerase inhibitors in combination with quercetin. Quercetin is reported as a DNA
intercalating agent causing DNA damage and MST-312 is reported to cause telomeric damage
due to telomerase inhibition. Their co-treatment might be synergistic in inhibiting cancer cell

proliferation.
OBJECTIVES

1. In vitro evaluation of various available telomerase inhibitors (MST-312, BIBR 1532,
6-Thio DG and GRN163L) for their effect on ovarian cancer cell lines with different
p53 status

e Determining the sensitivity of the telomerase inhibitors in ovarian cancer cells
with different p53 status (p53 WT/mutant/null)

e Analyzing the effects of individual telomerase inhibitor in ovarian cancer cell
lines with different p53 status (p53 WT/mutant/null)

2. In-vitro evaluation of combinatorial effects of telomerase inhibitor and anti-oxidant in

ovarian cancer cells
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MATERIALS AND METHODS

1. Cell culture and reagents

Eight Ovarian cancer cell lines, A2780, A2780ciss A2780 p53”, OAWA42, OVCARS, PAL,
SKOV3, CaOV3, colon cancer cell line, HCT116 and human fibroblast BJ cells were used in
the study. All cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (High
glucose with L-glutamine and sodium pyruvate) supplemented with 100 units/mL penicillin,
100 pg/mL streptomycin and 250 ng/mL amphotericin B and 10-15-20% Fetal Bovine Serum.

All cells were maintained in a humidified 5% CO. atmosphere at 37°C.

Human Ovarian Surface Epithelial (OSE) cells obtained from ScienCell Research Laboratories
were cultured in Ovarian Epithelial Cell Medium (OEpiCM) (ScienCell Research Laboratories,
USA, Cat. No. 7311) supplemented with 10% Ovarian Epithelial Cell Growth Supplement
(OEpICGS, ScienCell Research Laboratories Cat. No. 7352), 100 units/mL penicillin and 100
pg/mL streptomycin antibiotic solution (ScienCell Research Laboratories, Cat. No. 0503)

under standard cell culture conditions.

MST-312 was reconstituted in dimethyl sulfoxide (DMSO) to make a stock solution of 20 mM
concentration. 6-thio-dG was reconstituted in dimethyl sulfoxide (DMSO) to make a stock
solution of 10 mM concentration. BIBR1532 was reconstituted in dimethyl sulfoxide (DMSO)
to make a stock solution of 20 mM concentration. Quercetin was reconstituted in dimethyl
sulfoxide (DMSO) to make a stock solution of 100 mM concentration and was prepared fresh
for every experiment. All drugs were stored at -20°C until use. Suitable working concentration

was made from the stock using complete medium.

2. Determination of ICsg

The following cell lines were used to estimate the ICso of telomerase inhibitors and quercetin.




Table 2: List of Drugs and cell lines used

Drugs Cell lines p53 status
6 thio-dG A2780, A2780 cisk | WT
MST-312 OAW42 WT
BIBR1532 PAl WT
Quercetin OVCAR3 Mutant
CaOVv3 Null
SKOV3 Null
A2780 p53" Null
HCT116 WT

Key= WT- Wildtype

Synopsis

Cancer cells were seeded for 24hrs followed by the respective drug treatment as illustrated in

Table 3. Alamar blue was added at the end of the incubation period and the incubated for 4hrs.

The plate was read in the ELISA plate reader at 570 and 600nm. Percent reduction of the dye

was calculated using the following formulae:

Percentage reduction of alamar blue =

(02xA1)—-(01%A2) ,
(R1%xN2)—(R2xN1) 100

With the help of percent reduction of dye 1Cso was estimated using GraphPad Prism. DMSO

was used as a control for 6 thio-dG. MST-312, BIBR1532 and quercetin. All the samples were

analysed in triplicates and standard deviation was calculated from three independent

experiments.

Table 3 : List of drug treatment given to the cells

Name of the drug | Range Duration | No. of Conc.
6 thio-dG 0.01 uM —50 puM | 1 week 9
MST-312 0.01 uM —50 uM | 72 hrs. 9
BIBR1532 1puM -100 uM 72 hrs. 7
Quercetin 1 UM -400 puM 72 hrs. 9
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3. Knockout of p53 using CRISPR/Cas9-mediated genome editing

A2780 ovarian cancer cells were used for generating stable p53 knockout using the CRISPR-
Cas-9 system by Dr. Manoj Garg, Amity University. Briefly they have designed 5 sets of guide
RNA (gRNA) targeting the different regions of the TP53 genome. The sequences of gRNAs

used are p5S3gRNA-1: CCATTGTTCAATATCGTCCG; P53gRNA-2:
GAGCGCTGCTCAGATAGCGA; pS3gRNA-3: ATGTGTAACAGTTCCTGCAT;
pS3gRNA-4: GAAACCGTAGCTGCCCTGGT; pS3gRNA-5:

GATCCACTCACAAGTTTCCAT. These gRNAs were cloned into LentiCRISPRv2 plasmid
(LV2; Addgene, USA) as described previously (24336571). Briefly, to generate the stable cell
line, the lentiviral particles were generated by transfecting HEK-293T (5x%106) cells with 1.5ug
of pPCMV-dr8.2, 0.5ug of pMD2.G, and 2 pg (LV2 plasmids, LV2-p53 gRNA-1, LV2-p53
gRNA-2, LVV2-p53 gRNA-3, LV2-p53 gRNA-4, and LV2-p53gRNA-5) using Lipofectamine
2000 reagent as per manufacturer’s protocol. Viruses were harvested after 72 h of transfection
and were used to infect the A2780 (1X10°) cells together with polybrene reagent (4pug/ml).
After 6 h, media containing the virus was replaced by growth media. After 24 h, puromycin
was added to the growth media for selection. Media with antibiotics was changed every 48 h
until the mock-transfected cells died. The single clones were continuously selected for 2 weeks
using serial dilution for the creation of stable cell lines and confirmed by sanger sequencing

and western blotting.

4. Clonogenic survival assay

To study the anti-proliferative effects of quercetin and/or MST-312, cells were seeded in 6-
well culture plates. After formation of visible colonies in 5 days, cells were incubated with
quercetin and/or MST-312, alone and in combination, with DMSO as control. Cells were then
gently washed with 1X PBS once and stained with 0.05% (w/v) crystal violet solution for 2 h
at room temperature followed by one wash with distilled water and the colonies were
photographed. Quantification of colonies in terms of intensity of stained cells against the plate

background was performed using ImageJ software and relative colony number was plotted

5. Cell cycle analysis

To explore the effects of telomerase inhibitors on cell cycle progression, cells were subjected
to DNA content/cell cycle analysis. Briefly, cells were seeded into 60mm culture plate and

treated with telomerase inhibitors as mentioned in table below. After incubation, cells were

10
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harvested, washed twice with PBS and fixed in precooled 70 % ethanol for 1hr/overnight at
=20 °C. After washing with PBS, the cells were treated with 10 ug/ml RNase and 20 pg/ml
Propidium lodide (PI) for 30 mins. The cells were analysed using a flow cytometer at IIT
Bombay. The data was studied using FlowJo v10 (Becton Dickinson, NJ, USA) software. The

experiment was conducted in triplicates.

Table 4 : List of Drug treatments used to study their effects on cell cycle

CELL LINE MST312 | 6 thio-dG | BIBR1532
A2780 3 uM 4 uM 30 uM
A2780 p53” 8 and 3 |4uM 30 uM

Y
SKOV3 24uM | 17 uM 30 uM
Duration 48 hrs. 72 hrs. 72 hrs.

6. RNA isolation and cDNA synthesis

Cells were seeded in 60 mm cell culture dishes. After 24 hours, cells were incubated in the
presence of MST-312 and/or quercetin with DMSO as control. Cells were then washed once
with 1X PBS (pH 7.4) and total RNA was extracted using TRIzol™ Reagent. The extracted
RNA was quantified on Take3™ Micro-volume plate in BioTek Epoch2 microplate reader.
1ug of RNA from each sample was used to made cDNA. Reverse transcription reaction was
performed using Maxima First Strand cDNA Synthesis Kit and iScript™ cDNA Synthesis kit

according to the manufacturer’s directions.

7. Real-Time Polymerase Chain Reaction

The synthesized cDNA was subjected to quantitative real time PCR using PowerUp™ SYBR™
Green Master Mix in a StepOne™ Real-Time PCR System. Thermal cycling conditions were
as follows: Initial activation at 95°C for 3 minutes followed by 40 cycles of denaturation step
at 94°C for 10 seconds and combined annealing/extension step for 30 seconds. A melt curve
analysis was included to verify the specificity of primers and the relative quantification values
were calculated using the 224t relative expression formula. Expression of selected genes were
normalized to GAPDH expression. The genes of interest with the respective primer sequences

and annealing temperatures are shown in the table below.

11
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Table 5 : Primer sequences used for quantitative real-time PCR.

Gene Forward primer (5’-3’) Reverse primer (5°-3°)

Cyclin | GTGCTGCGAAGTGGAAACCATC | GACCTCCTTCTGCACACATTTGA
D1
Cyclin | AGTGCGTGCAGAAGGACATC GTTGCAGATGGGACTTCGGA
D2
Cyclin B | GCCAGAACCTGAGCCAGAAC CTCCATCTTCTGCATCCACATC
Fas CTGCCATAAGCCCTGTCCTC CTAAGCCATGTCCTTCATCACAC
p21 ACTGTCTTGTACCCTTGTGC CCTCTTGGAGAAGATCAGCC
Puma GGAGACAAGAGGAGCAGCAG CATGGTGCAGAGAAAGTCCC
RAD50 | CTCTGAGTGGCAGCTGGAAGA | TTTAGGCTGGGATTGTTCGCT
ATM CAT TCT GGG CGT GCG GAG TCTTGAGCAACCTTGGGATCG
TG

GAPDH | GTCAGTGGTGGACCTGACCT CACCACCCTGTTGCTGTAGC

8. Telomere restriction fragment analysis

Telomere length was measured using a non-radioactive chemiluminescent assay. Genomic
DNA was isolated from the cells using phenol chloroform and iso amyl alcohol (PCI). 1-2 ug
of genomic DNA was digested for 2 hrs at 37°C with Hinfl and Rsal and separated on a 0.8%
agarose gel. After denaturation and neutralization, DNA was transferred to a nylon membrane
overnight and hybridized with digoxigenin (DIG) labelled (TTAGGG)4 oligonucleotides. The
blot was then subjected to blocking and incubated with Anti-DIG-AP for 30 mins. The signal
was detected by the Chemi- DOC XRS system and observed in chemiluminescence for 30
mins. The average telomere length was determined by comparing the signals to DIG molecular
weight marker using TeloTool software .

9. Trypan blue exclusion assay

Cells were seeded at required densities in cell culture dishes. Cells were treated with MST-312
and/or quercetin, for 24 hours or 48 hours with DMSO as control. After treatment, cells were
washed once with 1X PBS, trypsinzed, centrifuged and resuspended in 1X PBS. Cells were
stained with Trypan Blue solution (0.4%). Trypan blue — negative and total cells were counted

12
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in a Neubauer hemocytometer and expressed as a percentage of viable cells compared with

vehicle-treated cells.
10. Annexin-V-FITC/PI assay

Cells were seeded at a density of 6 x 10° cells in 60 mm cell culture dishes. After 24 hours,
cells were incubated in the presence of quercetin and/or MST-312 for 24 hours with DMSO as
control. Trypsinised cells were washed twice with 1X PBS and resuspended in 1X Binding
buffer. 2 pl of Annexin V-FITC was added to 100 pl 1X Binding buffer containing cells and
incubated for 15 minutes at room temperature in dark. Following the incubation, 2 pl PI was
added to the cells. The stained cell suspension was added to FACS tubes containing 400 pl 1X
binding buffer and measured by BD FACS ARIA flow cytometer. The data was analyzed using
BD FACSDiva (Becton Dickinson, NJ, USA) software. Annexin V-positive and Pl-negative
cells were in early apoptotic phase, Annexin V-negative and Pl-positive cells were considered
to be in necrosis phase, cells having positive staining for both Annexin-V and Pl were
considered to undergo late apoptosis and cells negative for Annexin V and Pl were considered
to be live cells. The percentage of apoptotic cells were calculated by determining the percentage
of early apoptosis and late apoptosis cells.

11. Western Blot Analysis

Cells were seeded in 100 mm culture dishes. After 24 hours, cells were incubated with
quercetin and MST-312, alone and in combination, with DMSO as control for 24 hours
following which they were washed once with 1X PBS (pH 7.4) and lysed in 0.25ml Totex lysis
buffer supplemented with protease inhibitor cocktail and phosphatase inhibitor sodium
orthovanadate. Protein estimation was done using 1X Bradford reagent at 595 nm using
UV/Vis spectrophotometer. Normalized protein samples were prepared in SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer, run on Nu-PAGE® 4-12%
Bis-Tris 1.5mm gel and transferred onto Immun-Blot® PVDF membrane using the Trans-
Blot® SD semi-dry transfer cell. After overnight blocking at 4°C with 5% Non-fat dried milk
(NFDM) in 1X PBS, the membrane was exposed to respective primary antibodies in 5% NFDM
for 1.5 hours at room temperature. After washing with PBST (0.1% Tween-20 in 1X PBS), the
membrane was labeled with secondary antibody for 1.5 hours at room temperature followed by

PBST washes. Primary antibodies used are as follows: anti-p53 (DO-1), anti-p21 (12D1), anti-
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phospho-Histone H2A.X (Ser139) clone JBW301, anti-B-Actin clone AC-74, anti p-p53 (S15)
and anti GAPDH (6C5). Secondary antibodies, anti-mouse IgG-HRP and anti-rabbit IgG-HRP.
Protein bands were detected using SuperSignal™ West Femto Maximum Sensitivity Substrate,
SuperSignal™ West Pico PLUS Chemiluminescent Substrate, SuperSignal™ West Atto
Ultimate Sensitivity Chemiluminescent Substrate. The blots were visualised using Bio-Rad
Molecular Imager® ChemiDoc XRS+ System with Image Lab™ Software by Bio-Rad (Cat
no. 1708265). Densitometry analysis was achieved wusing ImageJ software
(http://rsbweb.nih.gov/ij/).

12. Real time telomerase repeats amplification protocol (Q- TRAP)

Cells were seeded in 6-well culture plates. After 24 hours, cells were incubated in the presence
of quercetin and/or MST-312 with DMSO as control. Post treatment, the cells were trypsinized
and the cell number was calculated using trypan blue. According to the cell number, the cell
pellet was incubated with NP40 lysis buffer for 45 mins on ice. After centrifugation at 13,000
rpm for 10 min at 4°C, the supernatant was collected and the extract for 10,000 cells was used
for PCR. The PCR reaction consists of SYBR™ Green PCR Master Mix, 10mM EGTA, 100
ng/ il TS primer (5' AAT CCG TCG AGC AGA GTT 3’) and 100 ng/ ul ACX primer (5' GCG
CGG CTT ACC CTT ACC CTT ACC CTA ACC 3). Using the StepOne™ Real-Time PCR
System samples were incubated for 30 min at 30°C followed by initial activation at 95 °C for
10 mins and amplification by 40 PCR cycles with 15 s at 95°C and 60 s at 60°C conditions.
The threshold cycle values (Ct) were determined and telomerase activity was calculated using
the following formula: relative telomerase activity (RTA) of sample = 10((Ct sample-Y-
intercept)/slope). Y-intercept and slope were calculated from standard curve generated from
serial dilutions of PA-1/A2780 untreated cells. RNase A treated sample was used as negative
control and lysis buffer was used as no template control.

13. Immunofluorescence staining

Cells were seeded on 2-well cell culture dishes and treated with quercetin and/or MST-312.
The cells were washed with PBS three times, fixed with 4% paraformaldehyde for 15 min, and
permeabilized in 0.2% Triton X-100 for 20 min. After blocking with 5% normal goat serum
for 1 h at room temperature, the cells were incubated with primary antibody, anti-phospho-
Histone H2A.X (Serl139) clone JBW301, overnight at 4°C. Anti-mouse 1gG (H+L) highly

14
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cross-absorbed, Alexa FluorTM488 was used as a secondary antibody and incubated on the
cells for 1 h in the dark at room temperature. The cells were washed with PBS and mounted
with ProlongTM gold antifade reagent with DAPI. Images for PA-1 were acquired on a Vert.
Al Axio vision (Carl Zeiss) inverted fluorescence microscope at 40X magnification and for
A2780 on Zeiss Axio-Observer Z1 microscope (LSM 780) at 63X magnification. For
quantification of y-H2AX foci, random fields of cells from each slide were quantified manually
and calculated using the formula: Percentage of total y-H2AX positive cells = (No. of cells

containing >5 foci/ total number of cells) x 100.

14. Statistical analysis
The two-tailed Student's t-test was used to study the significant differences between the studied
variables. The differences were considered statistically significant if the P values were < 0.05.
Data were statistically analyzed by GraphPad Prism (version 8) software. For combination
studies we have employed one way ANOVA (non-parametric analysis) with Dunnett’s or
Bonferroni’s Multiple Comparison test unless specified in the legend. P value of <0.05 is
considered statistically significant. Statistical analysis is performed using GraphPad Prism

(version 8) software.
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RESULTS
1. MST-312
1. 1 Estimation of ICso

The sensitivity of the drugs was estimated using Alamar blue. Three biological and three
technical repeats were carried out for the drugs in the ovarian cancer cell lines. The 1Cso was
obtained from GraphPad Prism and is tabulated in the Table below. We observed a difference

in the sensitivity of MST-312 in OCCs with respect to their p53 status

Table 6 : 1Csq values of MST-312 in ovarian cancer cell lines.

Cell line p53 status MST-312 (uM)
A2780 cisr Wildtype 3.6+£0.3
OAWA42 Wildtype 47+0.4

PA-1 Wildtype 42+0.4
OVCAR3 Mutant 7.1+12
CaOV3 Null 159+1.38
SKOV3 Null 24.8+6.3

1.2 Co-relation between MST-312 sensitivity and telomere length of OCCs

Since we observed a difference in the sensitivity of MST-312 with respect to p53 status in
OCCs, we studied the telomere length of the OCCs for any co-relation. Genomic DNA was
extracted and telomere length was estimated using southern blot method with the help of
TeloTTAGGG kit. However, no co-relation was observed between telomere length and MST-

312 sensitivity.
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Fig 1. A. Graph represents the co-relation between telomere length and MST-sensitivity of OCCs. B. Chemiluminescent
detection of Telomere length in ovarian cancer cell lines using the TeloTAGGG Telomere Length Assay. The data was analysed
using TeloTool and the mean telomere length was estimated

1.3 Estimation of 1Cso in A2780 isogenic cells

To confirm that MST-312 does not exhibit difference in sensitivity with respect to the p53
status, we estimated the sensitivity in A2780 isogenic cells. Surprisingly A2780 p53™ cells
were resistant to MST-312 as compared to A2780 wildtype (p53*/*). Suggesting that MST-312
exhibits p53 dependent and independent sensitivities.
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Fig 2. A & B. Estimation of ICsin isogenic ovarian cancer cell lines. Cells were treated MST-312 (0.01-50 uM) for 72 hrs
and cell viability was determined by performing alamar blue assay and ICso was calculated using Graphpad Prism software.
DMSO treated cells served as vehicle control. Data represents mean + SD of three independent experiments

14 Effect of MST-312 on colony forming ability

We further assessed the effect of MST-312 on colony forming ability of A2780 p53*/*, A2780
p537-and SKOV3 cells. Fig. 3A shows the images of the colonies obtained after treatment with
MST-312 and Fig. 3B shows their quantification as percentage colony number relative to

control. MST-312 treatment significantly reduced the colony formation ability of A2780
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p53**, as compared to A2780 p53” and SKOV3 cells. In A2780 p53** MST-312 reduced
colony formation ability by 25.4 + 8 %, which is much lower compared to 80.1 + 11.3 % in
A2780 p537 and 76.3 + 9.4 % in SKOV3 cells, thereby indicating that MST-312 treatment
effectively aggravates cell proliferation in a p53 dependent manner.
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Fig 3. Effect of MST-312 on colony forming ability in ovarian cancer cells. (A) Ovarian cancer cells were treated with MST-
312 for 96 hrs hours. DMSO-treated cells were used as control. Colonies were stained with crystal violet solution and
photographed. (B) Colonies were quantified using Image) software as colony number relative to control. Values represent
mean * SD of three technical replicates analyzed by students t-test. **p < 0.01; represent significant changes.

1.5 Effect of MST-312 on cell cycle in OCCs

Following 48 h of MST-312 treatment there was a significant increase in the number of cells
in the S phase in A2780 p53** and S and G2M phase in both A2780 p53”- and SKOV3 cells
as compared with control (DMSO treated) cells. Furthermore, the proportion of sub-G1
apoptotic cells was significantly increased in A2780 p53, whereas no significant change was
observed in A2780 p53”- and SKOV3 after MST-312 treatment. A2780 p53™ cells treated at
8 UM were arrested in S and G2M phase and the proportion of Sub-G1 apoptotic cells was
significantly increased Cell cycle analysis performed on MST-312-treated cells signifies that

cells are arrested at different phases of the cell cycle and apoptosis in a p53 dependent manner.
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Fig 4. Cell cycle analysis of MST-312 in OCC. (A) A2780 p53*+ (B) A2780 p537/-(8 uM) ( C) A2780 p537- (3 uM) (D)
SKOV3 The cells were treated with different concentration of MST-312 and harvested after 48hrs. The cells were
stained with propidium iodide and cell cycle analysis was measured by BD FACS ARIA flow cytometer. The data was
analysed using FlowlJo software. The experiment was conducted in triplicates and analysed by student’s t test *p <

0.05; **p <0.01; ***p < 0.001; represent significant changes.

1.6 Effect of MST-312 on gene expression of cell cycle and apoptosis regulators and

telomerase components

To identify the role of p53 in MST-312-induced cell cycle arrest and apoptosis, we analysed

for the gene expression of cell cycle and apoptosis regulators using quantitative real-time
PCR. A2780 p537, A2780 p53** and SKOV3 cells were treated with MST-312 for 48 hrs

and then analysed for the expression of cell cycle, apoptosis regulators and telomerase

components. The results of gene expression are mentioned in table 7. Taken together, our

findings demonstrate that MST-312 exhibits differential effect on cell cycle regulators,

apoptosis and telomerase components depending on the p53 status of the ovarian cancer cells.
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Figure 5 Effect of MST-312 on gene expression of cell cycle regulators, apoptosis regulators, and telomerase
components in OCCs (A-H) Effects of MST-312 on the gene expression of p21, cyclin B, cyclin D1, cyclin D2, Fas, Puma,
hTERT and hTERC respectively in OCCs. Values represent mean * SD of three technical replicates estimated by students’
t-test. *p <£0.05, **p <0.01; denote significant changes, ns- not significant
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1.7 Chronic effect of MST-312 on telomere length

In our above results, we studied the acute effect of MST-312 and observed a p53 dependent
effect in ovarian cancer cells. Next, we studied the chronic effect of MST-312 on telomere
length of the ovarian cancer cells. A2780 p53*'*, A2780 p53-/- cells were passaged in the
continuous presence of low dose of MST-312 (0.5 uM). DNA was extracted from the MST-
312 treated cells after 20 days of continuous treatment and telomere lengths were determined
TRF assay. Fig. 6A shows the southern blot image obtained after the TRF assay and Fig. 6B
shows that MST-312 causes telomere shortening independent of the p53 expression.
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Fig 6. Telomere Restriction Fragment length (TRF) analysis in A2780 isogenic cells treated with MST-312. Isogenic
A2780 cells were treated with 1 uM of MST-312 every 3 days for two months. Cells were harvested and genomic DNA
was extracted. Telomere length was observed using TeloTAGGG Telomere Length Assay kit and estimated using TeloTool
software
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1.8 Effect of MST-312 in p53 null cells after re-introduction of p53

To confirm the role of p53 in MST-312 induced differential sensitivities, we re-introduced

Synopsis

p53 and studied its effect on cell viability after MST-312 treatment. We transfected the
plasmid of LV-p53 into A2780 p537 and SKOV3 cells. Post transfection these cells were
treated with increasing doses of MST-312 (0.01 uM -50 uM) for 72 hours and cell viability
was measured using the alamar blue assay. As shown in Fig 6A &B, after transfecting A2780
p537 cells with p53 the 1C50 of the transfected cells lowered from 7.2 + 1.1 uM t0 5.0 + 0.3

M. Similarly, after transfecting SKOV3 cells with p53 the ICso of the transfected cells
lowered from 22.04 + 1.5 uM to 16.9 + 1.3 puM. These results indicate that introduction of
p53 in p53 null cells sensitized the cells towards MST-312, indicating that MST-312

sensitivity depends on the p53 status in ovarian cancer cells.
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Fig 7. A & B. Estimation of ICsoin p53 null ovarian cancer cell lines after transfection with wildtype p53. Transfected
cells were treated MST-312 (0.01-50 uM) for 72 hrs and cell viability was determined by performing alamar blue assay
and ICsp was calculated using Graphpad Prism software. DMSO treated cells served as vehicle control. Data represents
mean = SD of three independent experiments
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2 6-thio-dG

2. 1 Estimation of I1Cso

Synopsis

The sensitivity of the drugs was estimated using Alamar blue. Three biological and three

technical repeats were carried out for the drugs in the ovarian cancer cell lines. The 1Cso was

obtained from GraphPad Prism and is tabulated in the table below. Difference between the

sensitivities of 6-thio-dG was observed with respect to the p53 status of the cells

Table 8 : ICso values of 6-thio-dG in ovarian cancer cell lines

Cell line p53 status | 6-thio-dG (uUM)
A2780 cisr | Wildtype 57+0.3
OAW42 Wildtype |14.4+14

PA-1 Wildtype | 3.4+0.4
OVCAR3 Mutant 11+45
CaOV3 Null 36.6+£9.2
SKOV3 Null 99+ 19.6

2.2 Estimation of 1Cso in A2780 isogenic cell lines

To confirm that 6-thiodG exhibits difference in sensitivity with respect to the p53 status, we

estimated the sensitivity in A2780 isogenic cells. Surprisingly A2780 p53™ cells were as

sensitive to 6-thio-dG as compared to A2780 wildtype cells suggesting that 6-thio-dG exhibits

p53 independent effect in A2780 isogenic cells.
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Fig 8. A & B Estimation of I1Cso of 6-thio-dG in isogenic ovarian cancer cell lines. Cells were with 6-thio-dG (0.01-50 uM)
for a week and cell viability was determined by performing alamar blue assay and ICsp was calculated using Graphpad
Prism software. DMSO-treated cells served as vehicle control. Data represents mean + SD of three independent

experiments

2.3 Effect of 6-thio-dG on cell cycle progression in OCCs

To study the effect of 6-thio-dG on cell cycle progression, cells were stained with propidium

iodide (PI) and analysed by flow cytometer. Following 72 h of 6-thio-dG treatment there was

a significant increase in the number of cells in the S phase in A2780 p53*'* and S and G.M
phase in both A2780 p53”- and SKOV3 cells as compared with control (DMSO treated) cells.

Furthermore, the proportion of sub-G1 apoptotic cells was significantly increased in A2780

isogenic cells and SKOV3 cells. Cell cycle analysis performed on 6-thio-dG-treated cells

signifies that cells are arrested at different phases of the cell cycle depending on the p53 status

of the cells and apoptosis is observed in a p53 independent manner.
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Fig 9. Effect of 6-thio-dG on cell cycle progression. (A) A2780 p53*/+(B) A2780 p53- ( C) SKOV3 cells were treated with
different concentration of 6-thio-dG (ICso) and harvested after 72hrs. The cells were stained with propidium iodide and
cell cycle analysis was measured by BD FACS ARIA flow cytometer. The data was analysed using FlowJo software. The
experiment was conducted in triplicates and analysed by student’s t test *p < 0.05; **p < 0.01; represent significant
changes
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3.BIBR1532

3. 1 Estimation of 1Cso

The sensitivity of the drugs was estimated using Alamar blue. Three biological and three
technical repeats were carried out for the drugs in the ovarian cancer cell lines. The 1Cso was
obtained from GraphPad Prism and is tabulated in the table below. Difference between the

sensitivities of BIBR1532 was observed with respect to the p53 status of the cells

Table 9 : ICso values of BIBR1532 in ovarian cancer cell lines

Cell line p53 status BIBR1532 (UM)
A2780 cisr Wildtype 46.2+0.8
OAW42 Wildtype 61.5+3.9

PA-1 Wildtype 55.0 + 19.4
OVCAR3 Mutant 438+7.1
CaOV3 Null 124.0+£21.9
SKOV3 Null 1084.0+ 641.0

3.2 Estimation of 1Cso in A2780 isogenic cell lines

To confirm that BIBR1532 exhibit difference in sensitivity with respect to the p53 status, we
estimated the sensitivity in A2780 isogenic cells. Surprisingly A2780 p53” cells were as
sensitive to MST-312 as compared to A2780 p53**. Cells, suggesting that BIBR1532
exhibits p53 independent effect in A2780 isogenic cells.
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Fig. 10. A & B Cell viability after 72-hour treatment with BIBR1532 (1-100 uM) was determined by performing alamar
blue assay and IC50 was calculated using Graphpad Prism software. DMSO treated cells served as vehicle control. Data
represents mean + SD of three independent experiments
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3.3 Cell cycle analysis of BIBR1532 in OCCs

To study the effect of BIBR1532 on cell cycle progression, cells were stained with
propidium iodide (PI) and analysed by flow cytometer. A2780 isogenic cells were arrested
in S and G2M phase but SKOV3 did not show any significant arrest. A significant increase
in Sub-G1 phase was observed only in A2780 isogenic cells indicating that treatment with
BIBR1532 induced apoptosis irrespective of the p53 status of A2780 cells.
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Fig 11. Effect of BIBR1532 on cell cycle progression. (A) A2780 p53*/+(B) A2780 p53+- ( C) SKOV3 cells were treated
with 30 uM BIBR1532 and harvested after 72hrs. The cells were stained with propidium iodide and cell cycle analysis
was measured by BD FACS ARIA flow cytometer. The data was analyzed using FlowJo software. The experiment was
conducted in triplicates.
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DISCUSSION

Telomerase inhibitors have shown promise as anticancer agents due to their ability to inhibit
telomere maintenance by inhibiting the telomerase enzyme, leading to telomere shortening and
cell death in cancer cells. However, the longer time required to reach a critically short length,
poses a significant challenge for telomerase inhibitors, resulting in longer treatment durations.
Additionally, long-term use of these drugs has been associated with the development of side
effects, contributing to their failure as viable treatment options. GRN163L (imetelstat) is a
potent telomerase inhibitor that has recently entered clinical trials. The major limitations of
GRN163L were initial variability in telomere length among patients and a potentially long lag
time causing haematological and hepatic toxicity. Therefore, telomerase inhibitors are
currently also being investigated for their short-term anticancer effects as well as for their
involvement in off-target signalling pathways that could be influenced by these compounds

when administered at higher doses for short duration.

MST-312, for example, has shown to inhibit telomerase activity at low concentrations and
DNA topoisomerase 1l at higher concentrations (5 uM) [23]. At lower concentration, it causes
telomere uncapping and telomeric DNA damage, as indicated by the formation of telomere
induced foci (TIFs). At higher concentrations, it can induce both telomeric and general DNA
damage [19, 23-25]. Similarly, treatment of several cancer cell lines in the presence of the
BIBR1532 at low dosage specifically inhibits telomerase but at high concentration targets other
enzymes resulting in subsequent cell death by DDR activation [20]. 6-thio-dG acts as a
substrate of telomerase, incorporated into newly synthesised telomeres, causing immediate
DNA damage at telomeric DNA regions leading to cell death [18]. Thus, telomerase inhibitors
provide a multifaceted approach to cancer treatment by targeting both the canonical and non-
canonical activities of telomerase. These off-target effects contribute to the activation of the
DDR, responsible for acute anti-cancer cytotoxic effects. p53 is a key downstream regulator of
DDR and one of the most common mutations observed in cancer, thus we investigated the role
of p53 in facilitating cancer cell sensitivity to MST-312, BIBR1532 and 6-thio-dG.

In the present study, we treated a panel of OCCs with distinct p53 backgrounds and found that
wild type p53 cells were more sensitive to MST-312, BIBR1532 and 6-thio-dG as compared
to p53 null cells. Various studies revealed that the length of telomere could be a biomarker for
telomerase inhibitor [26], [23]. Contrasting to these studies, we did not find a co-relation
between telomere length and sensitivity MST-312, BIBR1532 and 6-thio-dG. Additional
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comprehensive analysis is required with more samples to comprehend the relation between

sensitivity of these inhibitors and telomere length.

Since the cell lines harbour heterogeneous mutations, they were not the perfect model to draw
a conclusion, hence we studied their short-term cytotoxicity in isogenic cell lines; A2780
p53*"* and p53 . Surprisingly, our findings indicate that cells with intact p53 (p53*'* cells)
displayed greater sensitivity to MST-312 compared to cells lacking p53 (p537 cells), whereas
they showed similar cytotoxicity towards BIBR1532 and 6-thio-dG. Further, MST-312
treatment effectively aggravated cell proliferation in a p53 dependent manner. Reintroduction
of p53 in p53 null cells, rescued the cells and sensitized the cells towards MST-312, indicating
that short-term acute cytotoxic effect of MST-312 is specific and is dependent on p53

expression.

Further, MST-312 specifically induces S phase arrest and apoptosis in p53 positive cells,
whereas it induces S and G2/M phase arrest and apoptosis in p53 null cells at cytotoxic doses.
Additionally, the cytotoxic dose for p53*/* cells could induce cell cycle arrest in A2780 p53™
cells and SKOV3 but not apoptosis. The recruitment of telomerase to telomeres is particularly
limited to the S phase of the cell cycle, which aligns with the established timeframe for telomere
elongation in human cells. [27]. It is possible that short-term treatment with MST-312 inhibits
telomerase causing a halt in telomere elongation, resulting in telomere dysfunction and S phase
arrest. Therefore, it can be inferred that MST-312 affects the state of telomeres by interfering
with their synthesis, this interference leads to a notable delay in the progression of the cell cycle
specifically in the S phase. When p53 is absent, cells come to a standstill due to telomerase
inhibition, but they still proliferate or survive, and only after treatment with a higher MST-312
dosage, which, in addition to telomerase inhibition, increases topoisomerase-Il activity
strongly inhibits extensive DNA damage occurs in these cells, promoting p53-independent

apoptosis.

Previous studies have reported the acute effect of MST-312 on apoptosis by supressing NF-kB
and by regulating other anti-apoptotic genes such as Survivin, Bax, cMyc and Bcl-2 [2, 28, 29].
We witnessed a significant increase in apoptosis in p53** and p53” cells only when treated at
their cytotoxic doses. While Fas was independently upregulated upon MST-312 treatment,
Puma was selectively upregulated in p53 wildtype cells contributing to the p53 mediated

apoptosis observed in wild type cells.
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Prior research has provided evidence that the downregulation of p53-mediated hTERT
expression is necessary to facilitate efficient p53-dependent apoptosis [30]. MST-312
treatment is reported to downregulate expression of hTERT in multiple cancers [29, 31],
however some studies found minimal change in hTERT/hTERC expression [24]. Our gene
expression studies support the p53 pathway's role in downregulating telomerase components
(TERT and TERC), which work in a feed forward loop to sensitise cancer cells to MST-312

treatment.

Long-term effects of MST-312, which entail treatment of the compound for more than 1.5
months, result in considerable telomere shortening [19, 29, 32]. Prolonged exposure to MST-
312 in breast cancer has caused telomere dysfunction and shortened telomeres, along with
decreased cell growth [24]. We found that MST-312 mediated telomere attrition occurs

independent of p53 expression.

Thus, MST-312 exhibits two effects on OCCs. First, there is an immediate p53 dependent effect
observed after a short-term treatment where it is possible that MST-312 targets telomerase
activity as well as non-canonical telomerase activities such as telomere uncapping due to
telomerase dissociation from telomeres. This is supported by the fact that several independent
studies have reported the formation of telomere-induced foci in several cancer cell lines after
MST-312 treatment at various dosages [13, 14, 21, 42]. The second effect is p53 independent
telomere shortening via telomerase inhibition observed after long-term treatment with low
concentration of MST-312.

Conversely, BIBR1532’s acute anti-cancer effects, are independent of p53 expression.
BIBR1532 induced S/G2/M phase arrest in p53*'* and p537 cells and causes similar cell death
in A2780 p53** and p537 cells when treated at high concentration. Acute treatment with
BIBR1532 has been shown to cause DNA damage, most likely by inhibiting TERT's extra-
telomeric functions in DNA repair processes rather than by inhibiting TERT's canonical
activity at telomeres. The administration of BIBR1532 results in the inhibition of hTERT
expression, which subsequently leads to a reduction in telomerase activity and the onset of
telomere dysfunction. This downregulation of hTERT could potentially serve as a plausible
mechanism for inducing rapid cell death when cells are exposed to high doses of BIBR1532.
It is important to highlight that the cell death mechanism induced by BIBR1532 seems to
operate independently of long-term significant telomere erosion that would typically cause cell
cycle arrest [33, 34] [35, 36]. The ICso of BIBR1532 for purified telomerase enzyme is 93 nM.
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However, concentrations exceeding 100 uM were effective in inhibiting RNA polymerases |-
[11. [20]. Thus, at the high dose used in the study, it is possible that BIBR1532 inhibits hnTERT
and causes extensive DNA damage, where it affects several other enzymes involved in genome

replication and maintenance, resulting in p53 independent necrosis in cancer cells.

We also found that 6-thio-dG’s acute anti-cancer effects, are independent of p53 expression.
6-thio-dG specifically arrested the p53 positive cells in S phase followed by cell death, while
arrested p53 null cells in S and G2/M phase followed by cell death. Telomerase identifies the
nucleoside 6-thio-dG and incorporates it into newly formed telomeres, causing specific DNA
damage at the telomeres. The incorporation of 6-thio-dG into telomeres causes targeted DNA
damage within the telomeric regions, ultimately leading to the rapid cancer cell death. Thus,
short term treatment with 6-thio-dG caused cell cycle arrest and cell death independent of p53

expression.

These findings shed light on molecular mechanisms and treatment outcomes, particularly in
terms of p53 expression status in cancer cell lines. We can develop effective targeted therapies
by better understanding the global impact on gene expression and identifying novel markers

that determine cancer cell sensitivity to the acute effects of these telomerase inhibitors.
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4. Quercetin

4.1 Estimation of 1Cso

The sensitivity of quercetin was estimated using Alamar blue. Three biological and three
technical repeats were carried out for the drugs in the ovarian cancer cell lines. The 1Cso was

obtained from GraphPad Prism and is tabulated in the Table below.

Table 10 : ICso values of quercetin in ovarian cancer cell lines

Cell lines Quercetin (UM)
PA-1 129+0.9
A2780 55.4+134
OVCAR3 216.2 £58.5
A2780 cisr 112.2 +14.3
HCT116 22.7%9

OSE 80+14

4.2 Combinatorial effect of quercetin and MST-312 on cell viability

To examine the effects of combinatorial treatment, we treated cancer cells with different
concentrations of quercetin and MST-312, alone and in combination for 72 hours. We observed
that quercetin and MST-312 combination very significantly reduced cell viability of cancer

cells as compared to both the compounds alone.
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Fig 12. Combinatorial effect of quercetin and MST-312 on PA-1 and A2780 cells. Following co-treatment with different
concentrations of quercetin and MST-312, cell viability was determined using alamar blue assay. (A) Percentage cell
viability after combination treatment with quercetin and MST-312 in PA-1 cells. (B) Percentage cell viability after
combination treatment with quercetin and MST-312 in A2780 cells.
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4.3 Synergistic effect of quercetin and MST-312 ovarian cancer cells

Further, to determine if the combination is synergistic, we performed the CI analysis and

isobologram analysis. Isobologram analysis in cancer cells revealed that all points, for the drug

combinations are well within the line of additive effects, suggesting a strong synergistic effect

for all the doses in combination. Thus, quercetin and MST-312 synergize to enhance

cytotoxicity in ovarian cancer cells.
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Fig 13. Synergistic effect of quercetin and MST-312 on PA-1 and A2780. Isobologram analysis of quercetin and MST-
312 co-treatment in (A) PA-1 cells and (B) A2780 was performed. Cl values were calculated according to the classic
isobologram Points below the isoeffect line indicate synergism and those above the line indicate antagonism.
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4.4 Co-treatment with quercetin and MST-312 decreases colony formation

To assess the effect co-treatment of quercetin and MST-312 subsequent colony forming ability
of PA-1 and A2780 cells, we performed a clonogenic assay. Cancer cells were treated with
quercetin and MST-312, alone and in combination. DMSO was used as vehicle control. Co-
treatment with the compounds significantly diminished the colony formation ability of all the
cancer cells as compared to individual treatments thereby confirming that the combinatorial

treatment of quercetin and MST-312 effectively exacerbates cell death in these cells.
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Fig 14. Effect of quercetin and MST-312 on colony forming ability in PA-1, A2780 and HCT116 cells. (A) PA-1 cells were
treated with 1 uM MST-312 or 10 uM quercetin and their combination for 48 hours, and A2780 and HCT116 cells were
treated with 2 uM MST-312 or 15 uM quercetin and their combination for 96 hours each. DMSO-treated cells were used
as control. Colonies were stained with crystal violet solution and photographed. (B-D) Colonies were quantified using
Image) software as colony number relative to control in PA-1, A2780 and HCT116 cells respectively. Values represent
mean = SD of three technical replicates analysed by ANOVA with Dunnett’s Multiple Comparison test. *p < 0.05; **p <
0.01; ¥**p <0.001; ****p < 0.0001 represent significant changes.
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4.5 Co-treatment with quercetin and MST-312 induces apoptosis

We stained PA-1 cells with Propidium lodide and FITC Annexin V Apoptosis Detection Kit |
to determine if the cytotoxicity caused by MST-312/quercetin is due to apoptosis induction.
Co-treatment with MST-312 and quercetin significantly enhanced the proportion of apoptotic
cells when compared to the control or single drug treatment groups, implying that the
combination has immediate apoptotic effects. MST-312 /quercetin co-treatment induced 18.7
% apoptosis, which is higher than 9.3 % apoptosis caused by MST-312 or 12.3 % caused by

quercetin alone.
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Fig 15. Effect of quercetin and MST-312 on apoptosis in PA-1. (A) Cells were treated with 1 uM MST-312 and/or 10 uM
Quercetin for 24 hours and stained with Annexin V-FITC and Pl, measured by BD FACS ARIA flow cytometer. (B)
Percentage of apoptotic cells were quantified using BD FACSDiva software. Scatter plots represent percent (%) of
necrotic cells (upper left quadrant), late apoptotic cells (upper right quadrant), early apoptotic cells (lower right
quadrant) and live cells (lower left quadrant). The data shown are representative of two independent experiments. Each
column represents the mean + SD of values obtained from three independent experiments, analysed by two tailed paired
student’s t test (*p < 0.05).

4.6 Effect of quercetin and MST-312 on expression of DNA damage response proteins

Ovarian cancer cells were treated with MST-312 and quercetin, alone and in combination, for
24 hours with DMSO as vehicle control and expression levels of DNA damage response protein
p53, its downstream target, p21 and a biomarker for DNA damage, y-H2AX, were measured
using western blot. 0.5 uM doxorubicin treated cells served as a positive control for the
expression of DNA damage response proteins. A significant increase occurred in the expression
of p53, p21 and y-H2AX in combination-treated cells, when compared to the single compound

treatment indicating that the combination induces increased DNA damage in ovarian cancer
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cells. Additionally, we found increased expression of y-H2AX in A2780 and OVCARS cells,
while no y-H2AX upregulation was observed in OSEs. Further, we studied the effect of MST-
312 and quercetin in PA-1 cells at different doses to determine the dose of each drug that
exhibits a comparable cytotoxicity compared to the combination treatment. PA-1 cells were
treated with different concentrations of MST-312 (1, 2, and 3 uM), quercetin (5, 10, and 20
M) and the combination of MST-312 (1 uM) with quercetin (10 uM) for 24 h with DMSO as
vehicle control. An increase in the expression of p53, p-p53 and y-H2AX was observed with
increasing concentrations of quercetin and MST-312 alone. The highest concentrations of
MST-312 (3 uM) and quercetin (20 uM) showed elevated levels of p53 and p-p53 proteins
similar or more than in the combination treated group when normalised to GAPDH. The highest
concentration of quercetin (20 uM) showed higher levels of y-H2AX than the combination
treated group, confirming that low doses of quercetin (10 pM) and MST-312 (1 puM) in

combination synergistically increase DNA damage.
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Fig 16. Effect of quercetin and MST-312 on expression of DNA damage response proteins. (A) PA-1 cells were treated
with 1uM MST-312, 10 uM quercetin and their combination for 24 hours. Control group was treated with DMSO as
vehicle. 0.5 uM Doxorubicin-treated cells served as positive control. Protein lysates were processed and analyzed by
Western blotting. B-Actin was used as the housekeeping protein. (B) Densitometric analysis of p53, p21 and y-H,AX
expression in PA-1 cells normalized to B-Actin. (C) A2780 and OVCAR3 cells were treated with 2uM MST-312, 15 uM
quercetin and their combination for 48 hours. (E) OSE cells were treated with 1uM MST-312, 5 uM or 10 uM quercetin
and their combination for 24 hours (D) PA-1 cells were treated with different concentrations of MST-312 (1,2 and 3
UM) or quercetin (5,10 and 20 uM) and 1uM MST-312 + 10 uM quercetin for 24 hours. Control group was treated with
DMSO as vehicle. Protein lysates were processed and analyzed by Western blotting. GAPDH was used as the
housekeeping protein. Data presented are mean + SEM from three biological repeats analysed by ANOVA with
Bonferroni’s Multiple Comparison test. *p < 0.05; **p < 0.01; *** p < 0.001; represent significant changes.
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4.7 Effect of quercetin and MST-312 on expression on y HAX foci

v-H2AX accumulates at damaged DNA sites and appear as foci when observed microscopically
using immunofluorescence (IF) assay. Therefore, we performed the IF analysis for y-H2AX
detection in PA-1 and A2780 cells treated with quercetin and MST-312 alone and their
combination. The co-treatment induced a significant increase in y-H2AX foci in both cell lines.
In PA-1 cells and A2780 cells, the percentage of y-H>AX foci positive cells upon co-treatment
was which is higher than by MST-312 and by quercetin alone.

A

DAPI v-H,AX Merged
B
3
5
s PA-1
(o]
< 50 x
L ns
@ ns
T 40
o~ o
7 2
N = 30
%] 3
S o
é 20
S
I
> 10
£ =
© °
g Too-
g s & &
3 N e NN
(,0(\ Qé\ & é&fb &
(O SR
(o)
£
=
+ 8
=
n o
=3
Control MST-312 Quercetin MST-312 + Quercetin D
A2780
= 60
—_— =
a @
3 3
2 40
3
g
>
S
I
[
B
5
> [
:N NS
> & LTS
W
o

Fig 17. Immunofluorescence detection of y-H,AX foci in ovarian cancer cells. (A) Representative fluorescence
microscopy images of PA-1 cells treated with 1 uM MST-312 or 10 uM quercetin and their combination for 24 hours. (B)
Quantification of y-H,AX foci positive cells in PA-1 cells. Scale bar indicate 50 um. (C) Representative fluorescence
microscopy images of A2780 cells treated with 2 pM MST-312 or 15 uM quercetin and their combination for 48 hours.
(D) Quantification of y-H,AX foci positive cells in A2780 cells Data represents mean  SD of two independent experiments
analysed by ANOVA with Dunnett’s Multiple Comparison test (*p < 0.05)
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4.8 Effect of quercetin and MST-312 on expression on DNA repair pathway and
telomerase activity
Additionally, MST-312 is reported to reduce the expression of homology repair pathway genes
like ATM and RAD50. Therefore, we measured the gene expression of ATM and RAD50 in
cells treated MST-312, quercetin and their combination. While we did not observe any change
in ATM or RAD50 expression upon MST-312 treatment, we observed a significant reduction
in the gene expression of ATM and RAD50 in the combination group compared to the vehicle
control suggesting that damage induced in combination treated cells is not being repaired and
thus gets accumulated and may contribute towards synergism. We measured the telomerase
activity in PA-1 cells treated with quercetin and MST-312 alone and their combination. MST-
312 treated cells did not show any change in telomerase activity. Quercetin treated cells
displayed 100-fold reduction in telomerase activity when compared to vehicle control while
cells treated with combination of MST-312 and quercetin displayed 1000-fold reduction in

telomerase activity when compared to the vehicle control.
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Fig 18. Effect of quercetin and MST-312 on expression of DNA damage response proteins. PA-1 cells were treated
with 1uM MST-312, 10 puM quercetin and their combination for 24 h. Control group was treated with DMSO. Total
RNA was extracted, reverse transcribed to cDNA and real-time quantitative PCR was performed. Total ATM and RAD50
gene expression was normalised to GAPDH. Data presented are mean + SD from three biological repeats analysed by
ANOVA with Bonferroni’s Multiple Comparison test. (*p < 0.05; **p < 0.01). ).(B) Telomerase activity was measured
in PA-1 cells subjected to MST-312 (1 uM) and/or quercetin (10 uM) treatment for 24 h by QTRAP assay. Samples
were quantified as described in the protocol and plotted as RTA. RTA for an unknown sample was calculated based
on standard curve and equation obtained from the same Q-TRAP assay using different cell numbers of PA-1 cells.
Values represent mean + SD of two independent experiments analysed by two tailed paired student’s t test (¥**p <
0.01; ****p <0.0001).
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DISCUSSION

The presented preclinical findings have significant implications for creating better cancer
prevention and treatment. Our findings exhibit a strong synergy between the flavonoid
quercetin derived from plants and the telomerase inhibitor MST-312. Co-treatment accelerated
the DNA damage response and apoptosis, indicating synergism at the level of DNA damage

induction.

As mentioned earlier, MST-312 is reported to exhibit two types of anti-cancer effects on cells.
First, there is the short-term cytotoxic effect, which occurs after 72 hours of MST-312
treatment. This phenomenon can be primarily attributed to the induction of telomeric damage
resulting from telomerase inhibition. The damage leads to the exposure of telomeres, triggering
the activation of the DNA damage response. Subsequently, this can lead to either apoptosis,
the programmed cell death, or cell cycle arrest [24]. The second effect is considered a chronic
effect, arising from prolonged and continuous treatment with low concentrations of MST-312.
This treatment regimen leads to the gradual shortening of telomeres over time, eventually
culminating in a state of replicative senescence [19]. Exploring MST-312's short-term effect is
thus a more potential therapeutic prospect. Furthermore, we investigated the acute cytotoxic
effects in OSE cells, notably, at doses up to 5 uM, MST-312 was non-cytotoxic in normal OSE
cells. (Fig 6.2). Remarkably, MST-312 was cytoprotective in OSEs at low doses, and the

underlying mechanism for this observation would be interesting to study.

It is intriguing to note that MST-312 has demonstrated a robust affinity for binding to DNA, as
observed through isothermal calorimetry analysis (ITC) assay. Furthermore, it exhibits a
competitive inhibition of telomerase activity specifically in brain tumor cell lines [32]. Further
scientific investigations are necessary to determine whether MST-312 exhibits specific binding
affinity for telomeric sequences or possesses a general capability to bind to the double stranded
DNA, regardless of DNA sequence or RNA-DNA complex created during telomerase activity.
Additionally, experimental validation is required to establish the in vivo DNA binding activity
of MST-312. On the other hand, quercetin engages in intercalation with DNA, resulting in the
initiation of double-strand breaks and consequent alterations to DNA metabolism [39]. Thus,
co-treatment with quercetin and MST-312 may lead to excess DNA damage, with both general
and telomeric damage, and thus tends to increase cancer cell apoptosis. Indeed, both quercetin

and MST-312 exert multifunctional effects on cell signalling pathways. This raises the
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intriguing possibility of a synergistic interaction between the two compounds in modulating

these diverse activities.

Furthermore, combination of MST-312 and quercetin represses homology repair pathway. As
a result, it is possible that damage from co-treatment is increasing and is being accumulated
further contributing to apoptosis. In this context, it has been observed that utilizing lower
dosages of the combination concurrently leads to the induction of DNA damage. This outcome
is noteworthy because, if these treatments were administered separately, achieving a
comparable level of DNA damage would require much higher individual dosages. The
synergistic effect of the combination therapies potentially enhancing therapeutic outcomes
while minimizing the potential side effects associated with high dosages of individual

treatments.

Quercetin demonstrates notable attributes as a chemo-preventive and chemo-therapeutic agent
against cancer, and its efficacy has been documented in the context of approximately 20 distinct
cancer types, employing both in vitro and in vivo experimental models. [40]. Quercetin
administration elicits diverse outcomes in various cancer cell types, encompassing the
suppression of cellular proliferation, migration, inflammation, invasion, and metastasis. These
effects are achieved by modulating multiple cellular signalling pathways. However, quercetin's
pharmacological characteristics present limitations, such as limited absorption within the
gastrointestinal tract, significant first-pass metabolism upon oral consumption, gastrointestinal
instability, and inadequate solubility [41]. Clinical trials in Phase I, involving the oral
administration of quercetin, have demonstrated considerable variability in its bioavailability.
This variability can be attributed primarily to variations in the activity of quercetin-
metabolizing enzymes and transporters [14]. MST-312 shares similar characteristics of low
water solubility and unknown pharmacological properties, akin to quercetin. Consequently, our
findings hold considerable importance, as they reveal a noteworthy synergistic impact when
combining low doses of quercetin and MST-312. This combined treatment exhibits a potent
inhibitory effect on cancer cell proliferation, leading to heightened levels of DNA damage and

apoptosis.
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CONCLUSION

Personalized, targeted medicines are the favored standard of care above severe chemotherapies.
Telomerase inhibition provides a targeted treatment option that may be less toxic to most
normal cells than chemotherapy and radiation. The work produced in this thesis shows that
MST-312, BIBR1532, and 6-thio-dG have distinct anticancer effects.

In our current study, we found that cells expressing wild-type p53 are more sensitive to MST-
312 than p53 null cells. Conversely, both p53 wildtype and p53 null cells showed similar
cytotoxicity towards BIBR1532 and 6-thio-dG. MST-312 induced distinct changes in cell cycle
progression and cell death. It specifically caused cell cycle arrest by upregulating p21 in p53
wildtype cells and apoptosis by upregulating PUMA and caused cyclin B and D downregulation
in p53 null cells. BIBR1532 when used at high concentration results in p53-independent cell
cycle arrest and necrosis in cancer cells. Short-term treatment with 6-thio-dG induces telomeric
and genomic damage causing cell cycle arrest and cell death irrespective of the p53 status of
the cells. Notably, the effects of long-term MST-312 and BIBR1532 treatment on telomere
length attrition were observed irrespective of p53 expression. Whereas, long-term treatment
with 6-thio-dG induced telomere maintenance and lengthening in wild-type cells and telomere
shortening in p53 null cells. These findings emphasize the importance of taking p53 expression
status in cancer cells into account when selecting and administering telomerase inhibitors. They
also pave the way for personalized medicine approaches, in which treatment decisions can be

tailored based on the specific molecular characteristics of each patient's tumor.

This study also provides compelling evidence for a synergistic inhibitory effect of the
telomerase inhibitor MST-312 and quercetin on cancer cell proliferation via DNA damage. The
study highlights the potential of combining these two compounds as a promising cancer
treatment therapeutic strategy. The findings show that the combination treatment causes
increased DNA damage, inhibiting telomerase, and downregulation of homology repair
pathway genes, which results in a significant reduction in cancer cell viability and proliferation.
Furthermore, the observed synergistic effect suggests that MST-312 and quercetin act through
complementary mechanisms, amplifying their anti-cancer properties when combined. This
study advances our understanding of the molecular mechanisms underlying cancer cell growth
inhibition and opens the door to the development of novel combination therapies targeting
telomerase and DNA damage pathways.
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ABSTRACT

Human malignancies are one of the major health-related issues though out the world and anticipated to rise in
the future. The development of novel drugs/agents requires a huge amount of cost and time that represents a
major challenge for drug discovery. In the last three decades, the number of FDA approved drugs has dropped
down and this led to increasing interest in drug reposition or repurposing. The present review focuses on recent
concepts and therapeutic opportunities for the utilization of antidiabetics, antibiotics, antifungal, anti-in-
flammatory, antipsychotic, PDE inhibitors and estrogen receptor antagonist, Antabuse, antiparasitic and cardi-
ovascular agents/drugs as an alternative approach against human malignancies. The repurposing of approved
non-cancerous drugs is an effective strategy to develop new therapeutic options for the treatment of cancer
patients at an affordable cost in clinics. In the current scenario, most of the countries throughout the globe are
unable to meet the medical needs of cancer patients because of the high cost of the available cancerous drugs.
Some of these drugs displayed potential anti-cancer activity in preclinic and clinical studies by regulating several
key molecular mechanisms and oncogenic pathways in human malignancies. The emerging pieces of evidence
indicate that repurposing of drugs is crucial to the faster and cheaper discovery of anti-cancerous drugs.

1. Introduction

technologies have led to a significant reduction in the cost while pro-
viding the platform for precision/personalized medicine for the treat-

Cancer is one of the most lethal and intransigent disease with a
significantly high rate of mortality around the globe than other diseases
[1-3]. The incidences of human cancers are kept on increasing and
emerging as one of the major challenges for medical health providers
[1,2]. In the last two decades, appreciable progress has been witnessed
in the field of genomics and high-throughput screening for diagnosis
and discovery of new drugs in human malignancies [4]. During the last
decade, significant improvement in the RNA sequencing technology
that enables us to understand the function of genetic variants whose
pathogenic importance was unknown. These emerging and advanced

ment of cancers. The discovery of brand-new anticancer agents is a
tiresome procedure due to a large duration and huge amount of cost,
with a small probability to qualify phase III clinical trials. Most of the
time, chemotherapeutic agents have significant toxicity and badly im-
pact the quality of life of patients with cancers. Drug repositioning/
repurposing belongs to a novel concept of using the existing approved
FDA drugs for different disorder than its initial use [5-9]. Another big
plus point for drug repositioning is to save time, energy, money and
direct entry to clinical trials as they are already gone through toxicity
and safety profiling. Initially, metformin is used in diabetic patients and

Abbreviations: AMPK, AMP-activated protein kinase; T2DM, type 2 diabetes mellitus; MAPK, mitogen-activated protein kinase; TZD, thiazolidinedione; TGZ,
troglitazone; PGZ, pioglitazone; RGZ, rosiglitazone; SGLT2, sodium-glucose cotransporter-2; DAPA, dapagliflozin; CANA, canagliflozin; DPP4, dipeptidyl peptidase-
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later metformin becomes an excellent example of drug repurposing
against human malignancies [10-14]. Similarly, aspirin was used for its
anti-inflammatory activity and recently aspirin showed its anti-tumor
activity against several malignancies [15-17]. This proved the im-
portance and practical applicability of drug repurposing. In the present
review, we are focusing on principles and tools used for drug re-
purposing as well as antidiabetics, antibiotics, antifungal, anti-in-
flammatory, antipsychotic, PDE inhibitors and estrogen receptor (ER)
antagonist, anti-parasitic, Antabuse, cardiovascular agents/drugs for
their repurposing ability against human cancers.

2. Principle and tools used for drug repurposing

The development of brand new drugs is a long, complicated, highly
expensive process, and associated with a high degree of uncertainty that
a drug will succeed. The escalating cost and time for the generation of
novel drugs have led to the translation of these benefits into therapeutic
advances slower than expected [8,18]. Drug repurposing identifies new
ways for the use of already FDA approved and/or investigational drugs.
It is an emerging strategy offering rapid development at lower costs
with acceptable safety profiling as many experimental data are already
there in the public domain [8,18]. This strategy imposes a lot of ad-
vantages; firstly, the risk of failure is almost negligible or very low as
the drug has already been through the clinical trials. Secondly, the time
for drug development is decreased because formulation development,
testing, and safety assessment have already been rigorously performed.
Third, very limited investment is required for the drugs that are already
in the market [8]. In the period of chemical biology, the validation of
target, analyses of the on-target and off-target of repositioned drugs
have become natural abettors.

Strategizing drug repurposing involves three major steps before
taking the drug across the development pipeline: recognition of the
right drug i.e. hypothesis generation; systematic evaluation of the drug
effect in clinical models; and estimation of usefulness in phase II clinical
trials [19]. These steps are accomplished by various computational and
experimental approaches.

Computational approaches involve databases and tools which pro-
vide chemical structure or expression of cancer-related genes to select
or identify candidates agents for drug repurposing [20]. The DRUGS-
URV is one of the most important computational in drug repositioning
because it consists of the large number of FDA approved (about 1700)
and experimental drugs (about 5000) and is publically available [21].
In-silico approaches merge knowledge miming with molecular modeling
tools to recognize novel drug targets. Once the drug is decided on the
validation steps can be tested first using the in vitro system and then in
vivo models [22]. The virtual screening has led to the discovery of many
promising drug candidates such as primaquine, simvastatin [23].
Connectivity map (cMAP) established by Broad Institute, consists of
gene expression profiles generated by drugs in different cell lines, thus
making drug repurposing estimations for oncology accessible [24].
Genome-wide association studies have identified important genetic
variants correlated with diseases, which leads to the discovery of new
gene targets a few of which are mutual between diseases thereby
leading to the repositioning of drugs [25]. In some cases, even a
pathway-based approach can provide information on genes aiding to
drug repositioning. It involves building drug or disease networks de-
pending on gene expression patterns, pathology, interactions or GWAS
data to find novel targets [26].

Experimental approaches imply data generated via massive DNA
and RNA sequencing, proteomics involving affinity chromatography
and mass spectrometry have been used as an important strategy to
discover novel binding partners for the existing drugs [27]. Cellular
Thermo Stability Assay can be used as an approach for mapping target
in cells using biophysical principles that foresee the thermal equili-
brium of targeted proteins through a ligand similar to actual drug and
retain the proper cellular affinity [28]. Information on the treatment of
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diseases that develop in animals is also used to repurpose the drugs in
patients due to similarities in targets [29]. Drug regimens for particular
diseases often lead to side effects. Clinical observations from patients
report of an unexpected effect or clinician’s observations of unexpected
symptoms relieved by drugs also give an opportunity for drug re-
purposing [8].

The present explosion in the development of novel drugs is no
longer bearable, thus a variety of technologies need to be used to re-
purpose the existing drugs in oncology with clinical evidence as dis-
cussed below.

3. Role of antidiabetic agents/drugs against human malignancies

Metformin, a biguanide, is used as a first-line oral therapy for type 2
diabetes mellitus (T2DM). Numerous reports have shown the anticancer
activity of metformin in multiple cancers including prostate, pancreatic,
breast, ovarian and endometrial [10-14,30]. Metformin has been used
in multiple studies either as a single agent or in combination with other
drugs for treatment as well as prevention of human malignancies.
Several mechanisms of action for the anticancer effect of metformin
have been displayed and most of which involve the activation of AMP-
activated protein kinase (AMPK): one being an indirect course with
inhibition of insulin/IGF-1 pathway with resultant suppression of
phosphatidylinositol-4,5-bisphosphate ~ 3-kinase (PI3K)/AKT/mTOR
and mitogen-activated protein kinase (MAPK) pathways which slows
the growth of precancerous and cancerous cells, induces cell cycle ar-
rest and cell death [31,32]; and another that targets the respiratory
complex I of the electron transport chain in the mitochondria (Fig. 1,
Table 1), thus hindering energy consumption in the cell [33]. Evans and
colleagues have recognized that metformin may reduce the risk of
cancer in a large cohort (11,876) of patients with T2DM in a dose-de-
pendent manner [34]. Multiple meta-analyses of case-control, cohort
studies, observational and clinical trials have reported a decrease in
overall cancer incidence. Rahmani and colleagues carried out a meta-
analysis that included nine randomized clinical trials with 1363 parti-
cipants. Their group showed that breast cancer patients receiving
metformin as an antidiabetic agent for 4 weeks or more displayed
markedly decrease in levels of insulin and Ki-67, a cellular marker for
proliferation [35]. In a cohort study with 15,052 colorectal cancer
patients, that included 1094 T2DM (271 metformin never-users and
823 metformin users) and 13,958 non-diabetics. in the diabetic popu-
lation, a significant difference was seen in overall as well as colorectal
cancer-specific survival (CS) between metformin users and non-users
and also between diabetic metformin users versus non-diabetics in-
dicating metformin aids in OS and CS [36]. Mitsuhashi and colleagues
have carried out a study in thirty-one patients with endometrioid tu-
mors who were given metformin before surgery. Histological assess-
ment of endometrium before administration and after hysterectomy
showed a significant decrease in Ki-67, an increase in AMPK, suppres-
sion of MAPK and an increase in p27 expression. All these changes have
been associated with decreased growth of endometrioid tumors in vivo
[37]. Further, they evaluated the efficacy metformin in combination
with MPA, a progestin drug and analyses displayed a recurrence rate of
5% in the combination arm as opposed to 40-50% after MPA alone
[38]. A combination of metformin with different classes of che-
motherapeutic drugs has been reviewed in detail by Peng and collea-
gues [39]. Simvastatin and metformin combination chemotherapy in-
duces anti-proliferative and anti-metastatic effects in metastatic
castration-resistant prostate cancer and was seen to synergistically
suppress the proliferation of endometrial cancer cells (Table 2)
[40-42]. The combined treatment of metformin and atorvastatin de-
creased migration, the formation of tumorspheres, in prostate carci-
noma cells by inhibiting the activity of nuclear factor-kappaB (NF-xB),
phosphorylation of AKT and ERK. On the other hand, this combination
inhibited tumor growth in immunodeficient mice [43].

Thiazolidinediones (TZDs) namely troglitazone (TGZ), pioglitazone
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Fig. 1. Potential molecular mechanism of metformin against human cancers. Metformin reduces insulin growth factor (IGF) and suppresses the PI3K/AKT
phosphorylation which in turn inhibits mTOR signaling cascade. Metformin target mitochondrial complex 1 to increase the production of AMP leading to activation
of LKB1 and AMPK. The activation of AMPK inhibits the mTOR signaling cascade and enhances unfolded protein response (UPR) and tumor suppressor 53 leading to

induce cell cycle arrest, apoptosis, autophagy, and decreased translation.

(PGZ) and rosiglitazone (RGZ) are synthetic proliferator-activated re-
ceptor-gamma (PPAR-y) agonists that are used to control blood glucose
concentration in diabetes patients, although TGZ has been discontinued
to due hepatotoxicity [44]. These TZDs have also been studied for their
anticancer activities. They work by binding and activating PPAR-y re-
sulting in decreased cellular growth, migration, inflammation, invasion,
increase differentiation and cell death of cancer cells [45]. Kitamura
and colleagues showed that TGZ and RGZ repressed transcriptional
activities of AP-1 and Ets while Shao and colleagues observed sup-
pression of the K-Ras-induced phosphorylation of AKT by RGZ, both of
which block cyclin D1 promoter activity and subsequent less expression
of cyclin D1 induced G1 arrest of transformed rat intestinal epithelial
cells [46,47]. PGZ was shown to block proliferation and cause differ-
entiation of primary liposarcoma cells in culture [48] and growth arrest
and differentiation in breast cancer cells [49], while causing apoptosis
in various cancers like chondrosarcoma, oesophageal, gastric and liver
cancers [50-53]. RGZ induced G1 arrest and cell death in human and
rat somatolactotroph, as well as mice gonadotroph pituitary tumors,
and suppressed in vitro as well as in vivo hormone secretion thus making
it a novel drug for pituitary tumors [54]. RGZ demonstrated anti-tumor
activity in human retinoblastoma (Y79) cells by inducing apoptosis and
decreasing cellular proliferation, metastasis, invasion, tumor growth
murine model [55]. RGZ effectively inhibits tumor growth in a human
NB xenograft [56]. In combination, overexpression of PTEN by RGZ
enhances 5-FU-inhibited cell growth of hepatocellular carcinoma (HCC)
cells [57] while it sensitizes breast cancer cells (MDA-MB-231) via
CYC202, necrosis factor-alpha and CH11 [58]. Multiple clinical trials
have been conducted to test the and efficacy of PGZ and RGZ in dif-
ferent cancers. A meta-analysis of 22 RCTs enrolling 13,197 patients to
TZD (PGZ: n = 3,710 and RGZ: n = 9,487) and 12,359 to placebo
showed a significant reduction in the prevalence of cancers, with no

significant difference in effect between PGZ and RGZ but further ana-
lysis of subgroups showed a reduction in site-specific malignancies, for
example, RGZ, but not PGZ, was associated with a significantly reduced
risk of bowel cancer. on the contrary, PGZ, but not RGZ, was associated
with a significant reduction in breast cancer [59]. A meta-analysis of 17
observational studies showed the use of TZDs was not associated with
overall risk of cancer. A modest risk of bladder cancer was reported in
PGZ but not in RGZ whereas there was no correlation with prostate,
lung, pancreatic, and breast cancers [60]. In another meta-analysis of 5
RCTs and thirteen observational reports showed a higher risk of bladder
cancer with PGZ was observed with limited evidence for ROSI [61] with
a similar outcome in another meta-analysis suggesting that the risk is
dose and time-dependent [62]. If this association is true, then the po-
tential involvement of TZD use on the risk-benefit analysis should be
evaluated. In combination with metformin, pioglitazone resulted in a
significant decrease in lung adenoma formation and induced apoptosis,
downregulated oncogenic genes and upregulated expression of tumor
suppressor genes in thyroid cancer [63,64]. Rosiglitazone-metformin
adduct was seen to inhibit HCC proliferation [65].

Sodium-glucose cotransporter-2 (SGLT2) inhibitors belong to the
class of anti-diabetic drugs that inhibit SGLT2 receptors in the renal
tubules, thereby limiting the resorption of glucose from the kidneys into
plasma. Common examples of SGLT2 inhibitors are dapagliflozin
(DAPA), canagliflozin (CANA), and empagliflozin. Recently, SGLT2
robust expression has been observed in prostate and pancreatic tumors
tissues where SGLT2 inhibitors may decrease pancreatic cancer growth,
potentially via blockage of glucose uptake [66]. Another report de-
monstrated that CANA exclusively attenuates angiogenesis and sup-
pressed tumor growth of SGLT2-expressing HCC by bringing about
down-regulation of CDK1, CDK2, Cyclin Bland CDC25C and up-reg-
ulation of CHK1 and p21, thereby inducing G2/M arrest in HCC cells
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Classes of repositioned drugs and their targets in human cancers.

Classes or categories of repurposed drugs

Targets/mechanisms of repurposed drugs

References

Antidiabetics
1. Metformin

2. Troglitazone, pioglitazone, rosiglitazone
3. Dapagliflozin, canagliflozin, empagliflozin

4. Vildagliptin, sitagliptin, saxagliptin

Antibiotics
N-thiolated p-lactams, 4-alkylidene-f-lactams, and polyaromatic
B-lactams

penicillin G

Doxorubicin, daunorubicin, idarubicin, epirubicin, mitoxantrone,
doxycycline, gemcitabine, duocarmycin SA

Landomycin E

Salinomycin, Nigericin

Rapamycin

Antifungal
Itraconazole
Thiabendazole (TBZ)
Griseofulvin
Clotrimazole
Ciclopirox (CPX)
Nannocystin A

Anti-inflammatory
Aspirin

Ibuprofen
Diclofenac
Indomethacin

Antipsychotic
Dopamine
Lamotrigine
Trifluoperazine (TFP)
Pimozide

Penfluridol

PDE inhibitor & ER antagonist
Sildenafil, Celecoxib, Tadalafil

Sulindac sulphide
Clomifene

Antabuse drug
Disulfiram

Antiparasitic

Mebendazole

Albendazole

Ivermectin, Suramin

Nitazoxanide

Clioquinol

Atovaquone

Potassium antimonyl tartrate Chloroquine

Cardiovascular agents/drugs
Digoxigenin, Digoxin
Digitalis

1 AMP-activated protein kinase (AMPK) pathway

| Insulin, Insulin growth factor- (IGF-1) pathway phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K)/AKT/mTOR pathway

| Mitogen-activated protein kinase (MAPK) pathway

| Complex I of mitochondria, electron transport chain in the mitochondria, |
ATP

! Synthetic proliferator-activated receptor-gamma

(PPAR-y), | AP-1, | AKT, | cyclin D1

| Sodium-glucose cotransporter-2 (SGLT2), 1 AMPK pathway, | WNT/f-
catenin pathway,

| mTOR, | Complex I of mitochondria, | ATP

| DPP4, 1 glucagon-like peptide-1 (GLP-1), 1 NF-kB

1 DNA intercalation

| topoisomerase II

| DNA synthesis

| MMP11, STAT5A

! DNA intercalation,

| topoisomerase II,

| Cancer stem cells, |CD44

| DNA synthesis, 1 DNA alkylation

! Reactive oxygen species/Hydrogen peroxide and caspase activation
| Hedgehog and WNT/ B-catenin pathway
| mTOR signaling pathway, CDK proteins

| Hedgehog pathway

| Angiogenesis

| Microtubule dynamics 1 p53

| Actin polymerization, | Glycolysis
! Autophagy

| Eukaryotic elongation factor 1o

| Cyclooxygenase (COX), | NF-kB signaling,

| CREB-binding protein/p300 acetyltransferase activity 1 AMPK pathway
1 p75 neurotrophin receptor, | Heat shock protein

70, | NF-xB pathway, 1 PPARy, 1 ROS production

| Vascular endothelial growth factor, | Wnt/p-

catenin/Tcf signaling, 1 p51, 1 Rb, 1 p21, | Bcl-2

| Prostaglandin E2

1 Translocation of p65/p50 proteins

1 FoxO3a, | PIBK/AKT signaling pathway
| Wnt/p-catenin pathway

| STAT3 and STATS5 signaling pathway

| Integrin pathway

| PDE5, | ¢cGMP, 1 Nitric Oxid, | ABC transporters,
| mTOR signaling | Wnt/R-catenin, 1 Autophagy

| 2-hydroyglutarate | mutant isocitrate
dehydrogenases (IDH1)

| Acetaldehyde dehydrogenase (ALDH), 1 JNK and p38, | STAT3 | O(6)-
methylguanine-DNA methyltransferase (MGMT) protein

| Tubulin polymerization, 1 BCL-2, 1 Caspase-3,
| multi-drug resistance (MDR) gene

| Wnt/p-catenin, | AKT-mTOR pathway, | PAK1
| ¢-MYC, | mTOR

| HDACs

| Mitochondrial complex III, | OXPHOS, | ATP
| Tyrosine kinase, 1 focal adhesion kinases
JAutophagy

1 Na*, 1 Ca*, | NF-kB pathway,| Hypoxia signaling
| protein synthesis, | calcium-based signaling

[31,32,33,34,35,36,37]

[46,47]
[67,68]

[74,75,76,77]

[86,87]

[88,89,90,91,92,93,94,95,96]

[971
[98]

[99,100]

[101,102]
[103]
[82,83,84,85]
[87,88]
[114,115,116]
[120,121]

[124,125,126,
127,128,130,131]
[143,144,145,
146]
[150,151,152,
153]

[157]

[174]

[178]
[180,181
[182,183,184]
[186]

[199,203]
[206,207,211,212]
[215]

[218,219,220,221,222,223]

[231,232]
[233,237]
[241]
[242]
[243]
[246]
[250]
[252,253]

[257,258,262
263,264,265]

(continued on next page)
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Classes or categories of repurposed drugs Targets/mechanisms of repurposed drugs References
Furosemide | Sodium-potassium pump [269]
Bumetanide | Sodium-potassium and chloride ions co-transport [271]
Propranolol | Beta-adrenergic receptor [276]
Lovastatin, Fluvastatin, | HMG-CoA reductase, | CDK2/Cyclin E, [283,284,285]
Simvastatin [299,300,301]
Captopril | Angiotensin-converting enzymes
Aliskirenhas | Renin, | Notch signaling [303]
Nifedipine, Amlodipine and Nicardipine Calcium channel [309,313]
Nitroglycerin Ras, Extracellular signal-regulated kinases, AKT, and mTOR, [316]

[318]
Isosorbide 5-mononitrate | Angiogenesis [320]
Ranolazine | Nay1.5 voltage-gated sodium channels [329,330]
Fendiline | K-Ras, | B-catenin

[67]1 while Hung M showed that CANA inhibited WNT/[3-catenin sig-
naling pathway in HCC and affected growth in vitro and in vivo [68] and
retarded the growth of colon cancer cells by enhancing phosphorylation
of AMPK and suppression of mTOR signaling. CANA was also shown to
hamper cellular growth and clonogenic ability of lung cancer and
prostate cancer cells as a single agent and/or in combination with radio
and chemotherapy (docetaxel) by reducing mitochondrial complex-I
respiration, lipogenesis, and ATP while enhancing phosphorylation of
AMPK [69]. Dapagliflozin was the first approved SGLT2 inhibitor for
diabetes treatment. Experimental and epidemiological data for DAPA
with respect to cancer are limited. Saito T demonstrated apoptosis-in-
dependent cell death in colon cancer cells on treatment with DAPA [70]
while it was seen to exert a higher cytotoxic effect on human renal cell
carcinoma cells (RCC) than on normal human renal cells regulating cell
cycle and apoptosis while inhibiting tumor growth and reduces SGLT2
expression in vivo [71]. SGLT2 Inhibitor Ipragliflozin was shown to
induce membrane hyperpolarization and mitochondria dysfunction to
cause apoptosis in breast cancer. A meta-analysis of 46 independent
RCTs with 34,569 individuals, SGLT2 inhibitors (empagliflozin) were
not significantly correlated with an increased risk of overall cancer
except bladder cancer [72]. There is an ongoing clinical trial to evaluate
the risk of breast and bladder cancers in women treated with DAPA
[NCT02695121]. Ren et al., showed that treatment of prostate cancer
cells with an SGLT1 inhibitor, Phlorizin, sensitized cancer cells to epi-
dermal growth factor receptor (EGFR) inhibitors, indicating that the
combination could be used for prostate cancer therapy [73].

DPP4 inhibitors, such as vildagliptin, sitagliptin, and saxagliptin,
prevent degradation of glucagon-like peptide-1 (GLP-1), a hormone
critical for glucose homeostasis but were also found to have anticancer
activity. Sitagliptin treatment was seen to inhibit DPP4, which inhibited
EGF mediated transformation of mammary epithelial cells via de-
creased expression of PIN1 [74]. It could also induce p21 and p27 ex-
pression and suppress PCNA activation in MCF7 breast cancer cells.
Sitagliptin and vildagliptin both showed anticancer activity against
colon cancer in-vitro [75] while sitagliptin also decreased colon carci-
nogenesis and blood ROS levels when administered to rats at human
therapeutic doses (Fig. 2, Table 1) [76]. It also showed a potential
protective effect against DENA-induced HCC in rats through suppres-
sion of inflammation and activation of NF-xB (Fig. 2) [77]. In a retro-
spective cohort study, sitagliptin was shown to decrease breast cancer
risk in patients with T2DM, even after one year of its use [78] while
another study concluded that sitagliptin markedly reduces the risk of
prostate cancer in males with T2DM and oral cancer risk but is dosage
and duration dependent [79,80]. The results of a meta-analysis with 72
RCTs indicate T2DM patients treated with DPP4 inhibitors have a sig-
nificantly lower risk of developing cancers as compared to patients
treated with a placebo or other chemotherapeutic agents [81]. Vilda-
gliptin inhibited lung cancer growth through macrophage-mediated NK
cell activity [82]. The treatment with vildagliptin significantly sup-
pressed autophagy, inhibited cell cycle regulator pCDC2 and increased

apoptosis leading to reduced incidence and growth of lung metastases
in mice [83]. It also prevented high fat diet-induced HCC in rats [84]
and suppressed tumor angiogenesis and tumor growth of HCC in mice
[85]. Table 1 summarizes different antidiabetic drugs and their mole-
cular targets. Table 2 summarizes the combination of these drugs and
their effect on human cancers.

4. Role of anti-bacterial agents/drugs against human
malignancies

Antibiotics are captivating compounds since they can be used to
inhibit bacterial infection and for their ability to target cancer cells.
Also, many antibiotics are belonging to different classes that exhibit
anti-tumour activity like B-lactams, anthracycline, macrolides, and io-
nophores. Conventionally, B-lactams are extensively exploited as anti-
biotics, however several fB-lactams exhibit antitumor activity. Most
widely [-lactams were used as a prodrug to selectively target cancer
cells using antibiotic directed enzyme prodrug therapy. N-thiolated [3-
lactams, 4-alkylidene-p-lactams, and polyaromatic (-lactams are ex-
tensively studied for their antitumor activity [86]. Later, Banerjee and
colleagues reported the anti-cancer activity of penicillin G in cervical
cancer and leukemia cell lines. It took three times the concentration of
penicillin to inhibit normal cells as compared to cancer cells. In HeLa
cells, penicillin treatment resulted in the downregulation of MMP11
whereas in K562 cells there was down-regulation of STAT5A [87].

Anthracycline drugs are extensively studied for their application in
tumour biology. Commonly used anthracycline drugs are doxorubicin,
daunorubicin, idarubicin, epirubicin, mitoxantrone which are widely
tested in solid and blood cancers [88-90]. Garg and colleagues have
displayed that doxorubicin and selinexor synergistic induced apoptosis
in thyroid carcinoma cells and AML cells [89,90]. Doxycycline has been
reported to reduce metastatic cancer cell growth, 80% reduction of
pancreatic tumour xenografts and 60-80% reduction in breast cancer
bone metastasis [91]. A significant reduction in the stemness marker
CD44 was observed whereas other markers for mitochondria, pro-
liferation apoptosis and angiogenesis were unchanged [92]. Thus,
suggesting that doxycycline specifically targets cancer stem -cells
(CSCs). After which doxycycline and vitamin C combination were tested
by Fransesco et al., to eradicate CSCs. They also studied the effects of
irinotecan, chloroquine, sorafenib, niclosamide, atovaquone and stir-
ipentol on doxycycline resistant CSC and reported an alternative for
doxycycline resistant cells [93]. Fiorillo et al., used the combination
along with azithromycin on breast CSCs and found a more effective
therapy at low concentration [94]. Duocarmycin SA is another strong
anticancer antibiotic working at low concentrations. It binds into the
DNA molecule resulting in the alkylation of DNA, leading to cell cycle
arrest. It is one of the most effective drugs tested on a wide variety of
cancers such as ovarian, breast, bladder, liver, thyroid and lung [95].

To compare the chemotherapy treatment between gemcitabine and
anthracycline (epirubicin and pirarubicin) Wang et al., followed up
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Table 2

Eff ;ects of the repurposed drugs in combination with various chemotherapeutic agents/drugs against different types of human cancers.
Combination of repositioned drugs plus chemotherapeutic agents/drugs Combine effect of drugs/agents in different types of human cancers References
Antidiabetic

. Metformin plus Simvastatin
. Metformin plus Atorvastatin
. Metformin plus Pioglitazone
. Metformin plus Rosiglitazone
. Canagliflozin plus Docetaxel
. Phlorizin plus EGFR inhibitor

NO U~ WNH-

Anti-bacterial

Doxorubicin plus Selinexor
Doxorubicin plus Selinexor
Doxycycline plus Vitamin C
Salinomycin plus doxorubicin
Rapamycin plus Erolitinib
Rapamycin plus Erolitinib

Anti-fungal

Griseofulvin plus Vinblastine
Clotrimazole plus Ruthenium
Clotrimazole plus Imatinib
Ciclopirox plus Ethacrynic acid

Anti-inflammatory

Aspirin plus anti-PD-L1 antibody
Aspirin plus anti-PD-L1 antibody
Aspirin plus anastrozole

Aspirin and Sulindac

Ibuprofen and Cisplatin

Aspirin plus Metformin

Aspirin plus Metformin

Diclofenac plus Metformin
Diclofenac with Metformin/Diflunisal
Diclofenac and Vitamin D3

Anti-psychotic or CNS agents
Pimozide plus Sunitinib
Caffeine plus Cisplatin
Caffeine and Hydrazone

phosphodiesterase (PDE)
PDES inhibitors plus Celecoxib

Antabuse

Disulfiram plus Copper
Disulfiram plus Cisplatin
Anti-parasitic

Chloroquine plus paclitaxel
Chloroquine plus gemcitabine
Chloroquine plus Sorafenib
Chloroquine plus Valproic acid

Cardiovascular agents

Metformin plus Propranolol
Propranolol with 2-deoxy-D-glucose
Metformin plus Atenolol

Metformin plus Statins

Nifedipine and Cisplatin

Mibefradil dihydrochloride plus
Temozolomide

Verapamil plus
Vindesine/Ifosfamide

Isosorbide 5-mononitrate plus aspirin
Propranolol plus Ranolazine
Fendiline plus gemcitabine

. Metformin plus MPA (medroxyprogesterone acetate)

Significantly reduced relapse in patients with endometrial carcinoma [38]
Synergistic in metastatic castration-resistant prostate and endometrial carcinoma [40,41,42]
Synergistic in prostate carcinoma [43]
Additive in lung and thyroid cancer [63,64]
Hepatocellular carcinoma [65]
Lung and prostate carcinoma [69]
Prostate carcinoma [73]
Synergistic in thyroid carcinoma [89]
Synergistic in leukemia [90]
Synergistic in Breast Carcinoma [93]
Synergistic in mantle cell lymphoma [98]
Non-small cell lung carcinoma [100]
Pediatric glioma [100]

Synergistic in breast, colon and cervical cancer
Synergistic effects in lymphoma, cervical and prostate carcinoma

[106,107,108]
[112]

Synergistic in breast cancer [113]
Synergistic in breast cancer [119]
Synergistic in colorectal cancer [138]

Platinum drug-resistant ovarian cancer [NCT02659384]
patients [141]

Lung cancer [142]

Colon cancer [144]
Synergistic in lung cancer [148]
Synergistic in pancreatic cancer [149]

Improved overall survival in colorectal

adenocarcinoma [155]
Synergistic in brain tumor [156]
Synergistic in acute myeloid leukemia basal cell carcinoma [NCT01358045]
Myeloid leukemia [185]
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with 124 patients from January 1996 till July 2018. They monitored
the recurrence rate of tumour and the failure of treatment. The recur-
rence rate and failure of treatment were less with gemcitabine than
anthracycline antibiotics thus suggesting that gemcitabine should be

considered for patients whom BCG cannot be administered [96].
Landomycin E antibiotic produced by Streptomyces sp. when tested on
T-cell leukemia cells, resulting in apoptosis by rapid formation of hy-
drogen peroxide and caspase activation [97]. Kozak et al., reported that
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Fig. 2. Dipeptidyl peptidase 4 inhibitors against human malignancies.
Serine protease DPP4 inactivates GLP-1 and GIP (incretins). DPP4 inhibitors
hamper the enzymatic activity of DPP4 and suppressed the breakdown of in-
cretins leading to lower blood glucose which in turn inhibits the growth of the
cancer cells.

NAC in combination with doxorubicin showed reduced toxicity to ne-
phrons, moderately increased cytotoxic T-cells and partially increased
their survival. On the other side, NAC in combination with Landomycin
significantly increased the survival of the mice along with a little tissue-
protective activity. Thus, suggesting that NAC in combination with
landomycin has a greater therapeutic effect than doxorubicin. In-vitro
and in-vivo activity on melanoma also suggests that at low concentra-
tion landomycin is more potent than doxorubicin with reduced side
effects. However adverse effects of these drugs like cardiotoxicity and
mucositis led to the development of newer antibiotics Idarubicin an
analog of doxorubicin was developed. Idarubicin has increased lipo-
philicity and showed greater antitumor activity in acute myelogenous
leukemia. Clarubicin, a type of anthracycline antibiotic isolated from
Streptomyces galilaeus inhibits RNA synthesis in acute myeloid leukemia.
Amrubicin, approved and launched in Japan, has anti-cancer activity
against lymphoma, SCLC and bladder cancer. Zorubicin is in phase 3
clinical trials for breast cancer and leukemia.

Ionophore antibiotics have shown anti-tumour activity against
various tumors such as colon, prostate, endometrium, blood, brain, and
bone. Salinomycin and Nigericin are ionophore antibiotics that selec-
tively target CSCs and are reported to be more potent than paclitaxel. It
targets cell migration, metastasis, and the GTPase K-Ras pathway.
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Salinomycin, when administered to metastatic breast cancer patients,
showed a reduction in tumour via inhibition of hedgehog and WNT/ -
catenin pathway [98]. Salinomycin plus doxorubicin was found to have
a synergistic effect in lymphomas [98]. Rapamycin, a microbial mac-
rolide has shown to have anti-proliferative activity by targeting CDK
proteins and mTOR signaling leading to cell cycle arrest. In vivo studies
showed that it can also inhibit Epstein Barr virus-related mediated
cancer and lymphomas [99]. Rapamycin reported anticancer activity in
various human cancer and its combination with erlotinib was sy-
nergistic in NSCLC and pediatric glioma [99,100]. Table 1 summarizes
anti-bacterial drugs and their molecular targets. Table 2 summarizes
the combination of antibacterial drugs and their effect on human can-
cers.

5. Role of antifungal agents/drugs against human malignancies

Anti-fungal drugs selectively target fungus with minimal harm to
the host. Over the past years, many antifungal drugs have been re-
purposed as anti-cancer drugs. Itraconazole is a triazole antifungal drug
that is extensively studied for its anti-tumor efficacy in vitro as well as in
vivo. It is reported to target the Hedgehog pathway, inhibit angiogen-
esis, induce autophagy and reduce drug resistance in different tumors.
Its anti-tumor activity is well-reviewed by Pantziarka and Pounds group
[101,102]. Thiabendazole (TBZ), an oral anti-fungal drug potentially
inhibits the formation of new blood vessels. In preclinical fibrosarcoma
xenografts, TBZ is reported to decrease tumor size and acts as a vascular
disruptor [103]. Zhang et al., found two derivatives TBZ-07 and TBZ-19
which are 100-fold more effective than TBZ [104].

Griseofulvin induces programmed cell death in several lymphoma
and multiple myeloma cells [105]. In MCF-7 cells, it targets micro-
tubule dynamics leading the cells to apoptosis, cell cycle arrest and also
showed the synergistic effect with vinblastine [106]. Similar anti-
cancer property was reported in colon cancer [107] and cervical cancer
[108]. It is also reported to induce micronucleus formation by centro-
some clustering in prostate cancer. A combination of radiation and
griseofulvin exhibited synergistic anti-cancer activity in lung and
prostate cancer. Its analogs substituted by the sulfonyl group exhibit
anti-proliferative activity in the oral cancer cell and showed cytotoxic
effects in breast cancer cells [109].

Clotrimazole targets cell migration and invasion in glioblastoma
cells. In breast cancer colon cancer and lung cancer cells it targeted
actin polymerization and induced glycolytic influx [110]. Various me-
chanisms against cancer were reviewed by Kadavakollu et al. [111]. In
combination with ruthenium showed more cytotoxic effects than the
individual drug in prostate, cervical and lymphoma [112]. In breast
cancer cells a combination of imatinib and clotrimazole showed en-
hanced inhibition of glycolysis pathway and increased expression of NO
and VEGF [113].

Ciclopirox (CPX) a synthetic fungicide provoked senescence in p53
null HeLa cells via mTOR independent pathway [114]. It induces
apoptosis in breast, colon, and rhabdomyosarcoma by CDC-CDK de-
gradation, downregulation of Bcl-xL and activation of the caspase-de-
pendent pathway [115,116]. It is also reported to inhibit HPV onco-
genes and long-term exposure resulted in p53-independent caspase
activation and apoptosis [114]. In pancreatic cancer, CPX was found to
be more potent than gemcitabine by inducing reactive oxygen species,
caspase-3, and reduced Bcl-xL expression. However, their combination
was more effective than the drugs alone in inducing apoptosis [117]. In-
vitro and in-vivo studies in colon cancer suggest that CPX induces au-
tophagy by the loss of DJ-1 and ROS accumulation [118]. Ahmad and
colleagues reported that ethacrynic acid displayed synergistic anti-
cancer activity in liver cancer, however low concentration of CPX was
not only toxic for the cancer cells but also for the normal cells [119].

Nannocystin A showed anti-cancer activity in colon and breast
cancer cells. Proteomic studies revealed that nannocystin A targets
eukaryotic elongation factor 1la [120,121]. These results allow the
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repurposing of anti-fungal with promising anti-cancer activity and de-
mand further clinical development. Table 1 summarizes anti-fungal
drugs and their molecular targets. Table 2 summarizes the combination
of anti-fungal drugs and their effect on human cancers.

6. Role of anti-inflammatory agents/drug against human
malignancies

Nonsteroidal anti-inflammatory drugs (NSAIDs) are mainly used as
analgesics and anti-inflammatory and works via suppression of cy-
clooxygenase-2 (COX-2). Higher doses of several NSAIDs have been
reported to suppress proliferation and increased apoptosis of tumor
cells and therefore can be evaluated for anticancer therapy. A meta-
analysis revealed that NSAID has antineoplastic effects and reduced
metastatic spread [122]. Aspirin commonly used to relieve pain has
been extensively studied for its anti-cancer property since 1968. The
mechanism of action of aspirin involves COX dependent and in-
dependent pathways. Pre-clinical studies also supported its anti-cancer
activity in various tumors [15]. Aspirin is an NSAID that has been ex-
plored to have anticancer activities with mechanisms that are still not
defined but include inhibition of cyclooxygenase (COX) activity in
colorectal cancer [123] and oesophageal cancer [124], inhibition NF-xB
transcriptional activity in osteosarcoma [125], COX-2 gene transcrip-
tion [126], suppression of IkB kinase- in prostate cancer [127], al-
tering mammalian target of rapamycin (mTOR) signaling and activation
of AMPK in colorectal cancer [128] and other mechanisms that have
been well-reviewed by L Alfonso (Fig. 3, Table 1) [129]. The break-
down product of aspirin is a salicylate and has been shown to suppress
the CREB-binding protein/p300 acetyltransferase activity [130,131].
Escape of tumor cells by immune surveillance speed up the tumor-
igenesis. This has been reported that COX1 and COX2 activity is cor-
related with immune suppression (Fig. 4, Table 1) [132-134]. COXs
lead to the generation of PGE2 to enhance the expansion of mye-
loid-derived suppressor cells (MDSC) and regulatory T cell (Treg) that
suppress anticancer immunity in the tumor microenvironment [135].
Hence, the blockage of COXs can suppress the expansion of MDSC.
Blockage of COX activity via aspirin enhances the secretion of CXCL9/
10 and CXCL10 to engage natural killer cells and cytotoxic T lympho-
cytes, and attenuate the expression immune suppressive molecules like
PD-L1, PD-L2, CTLA4 (Fig. 4) [136]. Aspirin inhibits M1 macrophage
polarization and their conversion into M2 macrophage to suppress
immune response [137]. Inhibition of COX via aspirin has been ex-
plored with anti-PD-L1 blockade for synergistic anticancer activity in
human tumors [138]. The correlation of aspirin with PD-L1-low col-
orectal carcinoma patients has been observed with increased survival
compared to PD-L1-high [138]. A clinical trial [NCT02659384] is going
on for ovarian cancer resistant to plantinium drugs to assess the ther-
apeutic potential of aspirin and anti-PD-L1 in Switzerland.

A meta-analysis of 14 studies indicated that regular intake of aspirin
has been observed to minimize the risk of gastric cancer [17]. Protec-
tive relationship between aspirin, NSAIDs and esophageal cancer was
also seen in a meta-analysis of two cohorts and seven case-control
studies [16]. Another meta-analysis of 10 studies reported that high-
doses aspirin compared to low-dose aspirin might be correlated with a
lower risk for pancreatic cancer [139]. Hua and colleagues have shown
the association of clinical and observational data of aspirin with cancer
risks [140]. Aspirin in combination with anastrozole an aromatase in-
hibitor reduces E2, pro-inflammatory cytokines, and recruits macro-
phages thus preventing lung cancer [141]. Aspirin and sulindac have
been demonstrated against colon cancer in clinical studies [142]. Ibu-
profen, along with the COX dependent mechanisms, also has COX in-
dependent mechanisms to inhibit the growth of cancer cells. Ibuprofen
induces expression of p75 neurotrophin receptor (p75NTR), a tumor
and metastasis suppressor, leading to loss of survival in bladder cancer
cells [143]. Additionally, Ibuprofen boosts the antitumor response of
cisplatin in lung carcinoma by inhibiting the heat shock protein 70 and
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can help to lower the dose for cisplatin as a potential therapeutic
strategy [144]. A phospho derivative of ibuprofen (p-ibuprofen) re-
pressed NF-kB stimulation in colo-rectal cancer in rats [145]. Ibuprofen
was identified as a direct ligand of peroxisome PPARy in rat models of
colon cancer formation which leads to the downregulation of the anti-
apoptotic transcription factor NfkB and induces apoptosis [146]. Ibu-
profen was also found to be a safer chemo-preventive agent than aspirin
against colorectal tumors [147]. Another NSAID is diclofenac which too
has been shown to have anticancer activity. The combination of aspirin
and metformin markedly hamper the growth of pancreatic cancer cells
by controlling the expression of pro-apoptotic as well as anti-apoptotic
Bcl-2 family members in both the in vitro and in vivo system [148].
Aspirin and metformin treatment suggested an improved overall sur-
vival in T2DM patients with stage II and III colorectal adenocarcinoma
in comparison to patients without diabetes [149]. Diclofenac causes the
induction of the intrinsic apoptosis pathway in cervical cancer cells. It
induces apoptosis of HL-60 cells in a sequential fashion such that ROS
generation suppresses Akt activity, leading to activation of caspase-8,
which stimulates Bid cleavage and induces cytochrome c release and
the activation of caspase-9 and -3 [150]. Diclofenac was also seen to
inhibit tumor growth of pancreatic cancer in mice by modulation of
vascular endothelial growth factor (VEGF) levels and arginase activity
[151] while also suppressing the activation of Wnt/B-catenin/Tcf sig-
naling in glioblastoma cells [152]. The anticarcinogenic effects were
also seen due to inhibition of telomerase activity associated with up-
regulation and activation of p51, Rb, and p21 (tumor suppressor pro-
teins) that results in cell cycle arrest and apoptosis [153]. A phase II
clinical trial has been completed to evaluate the effects of Diclofenac
and its combination with Vitamin D3 to treat basal cell carcinoma
[NCT01358045]. Indomethacin has been observed to inhibit cellular
proliferation while inducing apoptosis in both the time and dose-de-
pendent fashion in primary chronic myelogenous leukemia (CML) and
K562 cells via downregulation of Bcl-2 expression partially [154].
Combinatorial treatment of diclofenac and metformin exhibited a sy-
nergistic effect on both the anti-proliferative as well as anti-migratory
properties in brain tumor-initiating cells and tumor cell lines [155].
Combining diclofenac with metformin and/or diflunisal, another
NSAID induces a strong cytostatic and cytotoxic effect with prominent
cell death in AML cells [156].

A derivative of indomethacin (IN), phospho-tyrosol indomethacin
(PTI), inhibited prostaglandin E2 production in A549 cells and strongly
repressed the activation of NF-kB in A549 xenografts [157]. Chemo-
preventive effects of indomethacin were observed for 4-hydroxybutyl
(butyDnitrosamine(OH-BBN)-induced urinary bladder cancers in mice
[158]. IN has been shown to enhance the anticancer effects of other
chemotherapeutic drugs like methotrexate in carcinoma in vitro and in
vivo [159], etoposide in lung carcinoma [160], Vincristine and Adria-
mycin in lung carcinoma [161], arsenic trioxide in lung cancer cell line
[162]. A few clinical trials evaluating the efficacy of IN alone and in
combination cancer therapy have been completed while some are on-
going. Other NSAIDs that have been studied for their anticancer activity
including celecoxib [163,164], naproxen [165-169] piroxicam
[169-171] among others. The use of glucocorticoids such as cortisone,
prednisone, dexamethasone in the treatment of cancer has been de-
monstrated [172,173]. Even so, more qualitative and quantitative stu-
dies are required to evaluate the outcome associated with the use of
anti-inflammatory drugs for cancer therapy. Table 1 summarizes dif-
ferent anti-inflammatory drugs and their molecular targets. Table 2
summarizes the combination of anti-inflammatory drugs and their ef-
fect on human cancers.

7. Role of antipsychotic agents or drug targeting to the central
nervous system (CNS) against human malignancies

CNS drugs are widely used to treat neurologic and psychiatric
conditions. Dopamine is a neurotransmitter that acts as a chemical
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Fig. 3. Mechanism of action of COX inhibitors against human malignancies. COXs are important for the production of prostaglandins from arachidonic acid.
Inhibition of COXs activity by aspirin suppresses prostaglandin synthesis and inhibits angiogenesis, migration, invasion, and tumorigenesis.

messenger. In glioma cells, dopamine is reported to enhance apoptosis
by caspase-dependent and anti-inflammatory pathways. It also targeted
the translocation of p65/p50 proteins in-vitro and in-vivo [174]. In lung
and colon cancer, it inhibits angiogenesis and showed no signs of
toxicity. It also prevented 5-FU induced neutropenia in mice with colon
cancer, thus suggesting that it is a safe drug for cancer treatment [175].
Dopamine receptors are reported to induce apoptosis, autophagy, and
ferroptosis. Out of the five dopamine receptors, DR-2 is found to be
overexpressed in cancer cells. Various antagonists have been tested in
cancer cells which also target tumor immunity, cell invasion and mi-
gration in cancer cells and CSCs [176,177]. Lamotrigine retards the
cellular growth, arrests the cells at the Go-G; phase by targeting cyclins
and CDK proteins with an increased expression of FoxO3a which is a
well-known tumor suppressor in breast carcinoma [178]. Tri-
fluoperazine (TFP) is FDA-approved for the treatment of schizophrenia
and psychotic disorders. Recently, TFP has been repositioned for var-
ious human malignancies [179]. It showed antiproliferative activity in
glioblastoma by releasing a calcium ion from IP3R channels via its

binding to calmodulin subtype 2 [180]. TFP has been displayed to in-
hibit Wnt/p-catenin pathway to overcome the gefitinib-resistance in
lung CSCs [181]. Pimozide displayed an anticancer effect in HCC and
breast cancer cells by blocking the STAT3 and STATS signaling cascade,
respectively [182-184]. Pimozide in combination with sunitinib has
been reported to induced robust apoptosis in myeloid leukemia by
suppressing the activation of STAT5 [185]. Penfluridol has been re-
ported to inhibit the growth of primary and metastatic TNBC by sup-
pressing the Integrin pathway [186]. Valproic acid is also reported to
exhibit anti-tumour activity in breast carcinoma patients having brain
metastases [187]. Phenoytin is another anti-epileptic drug with anti-
cancer potential. It has been shown to reduces tumour growth and in-
creased apoptosis in both in vitro and xenograft [188]. However, Phe-
noytin was used in combination with DAPT and did not show a sy-
nergistic response in breast cancer cells. Thus, suggesting that this
combination is not beneficial for chemotherapy [189]. These studies
provide experimental evidence for the repurposing of central nervous
system drugs as anti-cancer therapy [190].
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Fig. 4. Mechanisms of aspirin in boosting the anti-tumor immune response. Aspirin inhibits COX activity to promote the anticancer immune response via
repression of myeloid-derived suppressor cells, regulatory T cell (Treg) and cancer-promoting macrophages (M1 and M2). Aspirin also limits the expression of

immunosuppressive molecules (CTLA4, PD-L1, PD-1) on the cancer cell.

Morphine is used as an analgesic to relieve pain. Opioid growth
factor receptor is robustly expressed in human lung cancer tissue and
morphine treatment has been observed with reduced cell growth in
lung cancer cells [191]. However, a study conducted suggested that it
promotes cell proliferation and allows the progression of breast cancer
[192]. Niu and colleagues reported that morphine promotes mammo-
sphere formation, increased the expression of stemness markers, pro-
moted metastasis and decreased sensitivity to anti-cancer drugs in
breast cancer [193]. Khabbazi and colleagues reported that the appli-
cation of morphine modulates tumor progression by targeting macro-
phage protease production thus attenuating invasion in the tumor en-
vironment [194]. Hence the effects of morphine in cancer are still
controversial and need more investigations. Caffeine acts as a stimulant
of CNS and its consumption is known to decrease the risk of cancer. In
lung carcinoma, caffeine along with cisplatin activates ATM, caspase-3,
and inhibits ATR leading the cells to apoptosis [195]. Similar results
were observed in gastric cancer [196]. Novel complexes of caffeine and
hydrazone exhibit anti-cancer activity in leukemia, lung cancer, color-
ectal cancer cell lines [197].

8. Role of phosphodiesterase (PDE) inhibitors and ER antagonist
in human malignancies

PDE inhibitors are clinically used to treat erectile dysfunction. Since
PDE5 expression is elevated in various cancers; PDE5 inhibitors are
repurposed as anti-cancer drugs. The commonly administered in-
hibitors are sildenafil, vardenafil, and tadalafil. These inhibitors ma-
jorly target the NO/cGMP pathway in melanoma, breast, brain,

prostate, colorectal leukemia, myeloma, and myeloid-derived sup-
pressor cells (MDSCs) [198]. Sildenafil is the most extensively studied
drug for its anti-cancer property. It targets cGMP and is also reported to
hinder the activity of ABC transporters thus reversing multidrug re-
sistance [199]. In colorectal cancer, it induced apoptosis, cell cycle
arrest, increased levels of ROS, and targeted CDKs, cyclins, and PARP.
Sildenafil also showed inhibition of tumor growth, inflammation and
malignant polyps in nude mice and azoxymethane-induced colorectal
cancer model [200,201]. Sildenafil in combination with standard che-
motherapeutic drugs inhibited the growth of bladder and pancreatic
tumor cells [202]. PDES5 inhibitors in combination with celecoxib dis-
played synergistic growth inhibition of glioma cells by inhibiting
mTOR, increasing autophagy and inducing an ER stress response [203].
A similar anti-cancer activity was observed in breast cancer cells, mouse
model and ovarian cancer [204,205]. Poor solubility and bioavailability
of sildenafil lead to the development of nanoparticle delivery systems.
RGD-containing nanostructured lipid carriers loaded with sildenafil and
doxorubicin overcame drug resistance and showed improved treatment
efficacy than individual treatment in lung cancer. A hybrid biomaterial
made of silica nanoparticles and pluronic F encapsulated with sildenafil
was tested in rats chemically induced with prostate cancer and led to a
prolonged release of sildenafil leading to a decrease in tumor size.
Noonan and colleagues reported that tadalafil reduced MDSCs in pa-
tients with end-stage myeloma and HNSCC [206,207]. In osteoblastic
cells, it decreased Aromatase and increased androgen suggesting that
PDES inhibitors might target the steroid hormones pathway. Vardenafil
increased uptake of trastuzumab via endocytosis in lung cancer [208]
and adriamycin in brain tumors [209]. It activated the Hippo/TAZ
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pathway and thus increased the sensitivity of prostate cancer cells to
cisplatin [210]. Sulindac sulphide is an NSAID that also targets cGMP
phosphodiesterase. In colon and breast cancer, it inhibited cell growth
and promoted apoptosis by targeting Wnt/f3-catenin leading to inhibi-
tion of Cyclin D and surviving [211,212]. Ding et al., compared the
efficacy of vardenafil and tadalafil on multidrug resistance. They re-
ported that vardenafil increased the accumulation of paclitaxel and
stimulated ATPase activity of ABCB1 and thus reversed multidrug re-
sistance [213]. Various other anti-cancer properties of PDE5 inhibitors
as a single agent and/or in combination with chemotherapeutic agents
has been evaluated by Pantziarka group [214]. Thus, PDE5 inhibitors
offer new prospects for identifying the therapeutic activity of these
compounds, in combination or nano-formulations for targeted cancer
therapy.

Clomifene is one of the selective estrogen receptor (ER) antagonist
for the treatment of polycystic ovarian syndrome in females and hy-
pogonadism in males [215]. Clomifene is used as an antagonist for the
ER. Zheng and colleagues have discovered clomifene as a novel in-
hibitor of mutant isocitrate dehydrogenase 1 (IDH1) through a struc-
ture-based virtual ligand screening approach. IDH1 mutations have
been noticed in various human malignancies [215]. Several reports
have shown that enzymatic inhibition of IDHs holds therapeutic po-
tential against several cancers. Additionally, the enzymatic kinetics
experiments confirmed the ability of clomifene to suppress mutant
enzymes. Clomifene has an allosteric site of the mutant IDH1 and thus
reduces the synthesis of 2-hydroyglutarate (2 H G, an oncometabolite)
[216]. Accumulation of 2 H G has resulted in the methylation of his-
tones on H3K9me3. Administration of clomifene displayed a decrease in
histone methylation [215-217]. Glioma cancer cells with IDH1 muta-
tion show the increase in apoptosis when subjected to clomifene invitro
and in vivo without causing toxicity to nephrons and hepatic cells.
Table 1 summarizes different PDE drugs and their molecular targets.
Table 2 summarizes the combination of these drugs and their effect on
human cancers.

9. Role of Antabuse drug against human malignancies

Disulfiram was identified in the late 1930s from a rubber factory.
Initially, disulfiram was approved by the FDA for the treatment of
chronic alcoholism where it suppresses the acetaldehyde dehy-
drogenase (ALDH) in the liver [218]. Recently, disulfiram was FDA-
approved for repositioning in brain tumors because of its ability to pass
through the blood-brain barrier [218,219]. Also, disulfiram has been
studied as a potential anticancer agent in different types of human
malignancies. Disulfiram in combination with copper (Cu) has been
reported with synergistic anticancer activity in both the cell culture and
murine models of GBM. This combination is associated with the at-
tenuation of CSCs in GBM [220]. Inhibitory effect of disulfiram and Cu
was mediated through ROS production, activation of JNK and p38
signaling while suppressing NF-kB and ALDH activity in GBM
[220,221]. Disulfiram treatment inhibited the O(6)-methylguanine-
DNA methyltransferase (MGMT) activity in brain cancer cell lines in a
dose-dependent fashion. Disulfiram treatment has been observed with
the degradation of MGMT protein via proteasomal degradation
pathway in cancer cells [222]. Kim and colleagues reported that dis-
ulfiram triggers cell death through caspase-3 activation in TNBC. Fur-
ther, disulfiram inhibited the stemness of TNBC by downregulating the
STATS3 signaling cascade and ALDH1A1 [223]. Disulfiram/Cu inhibited
both NF-kB and TGF-beta signaling, and repress the metastasis and
epithelial-mesenchymal transition in HCC [224]. The anticancer effect
of disulfiram is mainly through autophagic cell death in head and neck
cancer [225]. Disulfiram showed to increase the effectiveness of cis-
platin in drug-resistant lung carcinoma cells. Also, disulfiram was re-
ported to sensitize the cisplatin-resistant ovarian cancer cells via sup-
pression of NF-kB signaling [226]. Table 1 summarizes different anti-
psychotic drugs and their molecular targets. Table 2 summarizes the
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combination of these drugs and their effect on human cancers.
10. Role of anti-parasitic drugs against human malignancies

Anti-parasitic drugs are used to treat infections caused by uni-
cellular protozoa. Mebendazole (MBZ), albendazole (ABZ), ivermectin
are commonly used antiparasitic drugs. MBZ and ABZ both exhibit
anticancer activity in adrenocortical carcinoma, colon cancer, glio-
blastoma, and ovarian cancer in both in vitro and in vivo studies
[227-229]. In lung cancer, MBZ inhibits the polymerization of tubulin
whereas, in melanoma cells, it encourages apoptosis by BCL-2 in-
activation. ABZ treatment in patients with HCC and advanced color-
ectal cancer showed anti-tumor efficacy along with side effects such as
neutropenia in 3 out of 10 patients [230]. In cholangiocarcinoma, MBZ
inhibits cell proliferation with an increase in caspase-3 expression
leading to apoptosis [231]. Another study displayed that MBZ reduces
drug transporter expression and inhibits MDR gene expression in ascites
of gastric cancers [232]. Ivermectin, a macrocyclic lactone, at low
concentration acts as an antagonist to Wnt-TCF and represses levels of
B-catenin and cyclin D in colon cancer [233]. A Russian group reported
the anti-tumour activity of ivermectin in melanoma and various other
cancer xenografts [234]. Studies in ovarian cancer and neurofi-
bromatosis tumour cells, found that the application of ivermectin sup-
pressed the PAK1 dependent growth, suggesting that it can also be used
to treat PAK1 dependent cancers such as gastric, breast and prostate
[235]. In a panel of RCC cells, ivermectin delayed tumor growth, in-
creased mitochondrial biogenesis than normal kidney cells [236]. Wang
et al. studied the effect of ivermectin in breast cancer where it inhibits
PAK1 by inhibiting the AKT-mTOR pathway and promoting ubiquiti-
nation [237]. However, in gastric cancer, it inhibits the expression of
YAP1 and its downstream target CTGF. It reversed the drug resistance
by reducing P-glycoprotein via EGFR inhibition, also inhibiting its
downstream cascade ERK/AKT/NF-kB [238,239]. Ivermectin effects on
CSCs suggest that it preferentially targets CSCs in breast cancer and
down regulates pluripotency and self-renewal markers. This indicates
that Ivermectin can be a strong candidate for cancer treatment [240].
Suramin, when administered into 15 patients with metastatic cancer,
inhibited the binding of growth factors to their respective receptors,
thus suppressing the growth of tumour cells. However, patients also
experienced toxicity such as proteinuria, reversible liver function test
abnormalities, vortex keratopathy, adrenal insufficiency, increased le-
vels of glycosaminoglycans and poly neuropathy [241]. Nitazoxanide is
a thiazolide compound acts by reducing tumor growth through ¢-MYC
inhibition and apoptosis. It stimulates autophagy via mTOR inhibition
in epithelial cancer cells. In colon cancer, it induced apoptosis by nu-
clear condensation and DNA fragmentation mirroring its anti-parasitic
effects [242]. Clioquinol has shown to downregulate the expression of
HDACs in myeloma and leukemia cells. Docking studies revealed that
clioquinol fits in the active pocket of HDAC. Downregulation of HDAC
resulted in the expression of p21, p53, cell cycle arrest and apoptosis
[243]. Anti-parasitic agents that exhibiting anti-tumour activity are
poorly water-soluble and have low bioavailability. Therefore, the
properties of albendazole and dribendazole have been enhanced using
cyclodextrin inclusion complexes and improved anti-tumor activity in
breast cancer [244,245]. Atovaquone an analog of ubiquitination that
targets CoQ10-dependence of mitochondrial complex III in MCF 7 along
with inhibiting oxygen consumption and increasing oxidative stress
[246]. The similar anti-tumor activity has been observed in RCC, cer-
vical cancer and thyroid cancer [247-249]. It is also shown to augment
the inhibitory effects of doxorubicin by reducing mitochondrial re-
spiration and STAT3 expression [249]. Potassium antimonyl tartrate,
another FDA approved drug inhibited angiogenesis in NSCLC cells as
well as decreased tumor weight, volume and synergistic effects with
cisplatin in xenografts. It also inhibited tyrosine kinase, activation of
Src and focal adhesion kinases in HUVEC [250]. Thus, the recognition
of the anti-tumor effects of these anti-parasitic drugs has opened the
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Fig. 5. Inhibition of autophagy in human cancers: Autophagy is a complex multi-step process that involves the generation of LC3-II and a complex of ATGS5,
ATG12, ATG16 to initiate the process of autophagy leading to the formation of the phagophore, autophagosome, autolysosome. Chloroquine (CQ) prevent the fusion
of lysosome to autophagosome and prevent it to enter into autolysosome and result in apoptosis of cancer cells.

gates for the repurposing of drugs.

Chloroquine (CQ) is a good inhibitor of autophagy and is a well known
antimalarial drug. A large number of emerging pieces of evidence support
the idea of inhibiting autophagy to improve clinical outcomes of cancer
patients. Autophagy is a recycling phenomenon conserved in living cells
which removes or degrade damaged cell organelles, proteins, lipid, and
macromolecules and recycle them to support cell survival. Multiple sig-
naling events drive the formation of autophagosomes by engulfing damaged
cargo, which further fused with the lysosome and leads to their degradation
(Fig. 5, Table 1). Autophagy plays a crucial role in tumor cell survival. The
emerging role of both hydroxychloroquine (HCQ) and CQ against cancer is
coming into the light. Both HCQ and CQ are clinically available drugs used
to block autophagy. The anti-tumor effect of chloroquine was found in both
in-vitro and in-vivo in different malignancies [251]. Although the molecular
mechanism of CQ in tumor regression is completely uncovered yet several
reports suggest that CQ inhibits the binding of the lysosomes to autopha-
gosomes. Lysosomes have acidic pH which is required for several hydrolytic
enzymes to function. When CQ enters into the lysosomes it aquire proto-
nated form because of acidic pH. Accumulation of protonated form of CQ
results into lysosomal membrane permeabilization thereby, decrease lyso-
somal function to produce protein, lipid, and essential macromolecules. This
has been associated with cell death. Interestingly, CQ has been noticed
anticancer effects which are independent of autophagy. CQ can enhance
their sensitivity towards chemotherapy and radiotherapy. Recently, CQ
exhibited its anti-cancer efficacy against cancer stem cells (CSCs) in human
triple-negative breast carcinoma (TNBC) via suppression of DNA methylase
1 and Janus kinase 2. Moreover, the combination of CQ and paclitaxel sy-
nergistically eradicate the CSCs in MDA-MB231 cells [252]. CQ showed a
marked reduction in the pancreatic CSCs. The combination of CQ with
gemcitabine has displayed the eradication of tumors with increased survival
in a pancreatic xenograft model. This effect was because of suppression of
hedgehog and CXCL12/CXCR4 signaling cascade but independent of au-
tophagy [253]. Administration of sorafenib in HCC xenografts was noticed
with increased autophagy. Further, the treatment of HCC xenografts with
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sorafenib and CQ resulted in increased survival and promising cell death
[254]. Valproic acid was used with CQ in t(8;21) leukemia cells as well as in
primary samples. This treatment synergistically decreased the viability of
these leukemic cells [255]. HCQ and CQ have been recruited in clinical
trials for brain tumors [NCT01727531], breast carcinoma [NCT01446016],
pancreatic carcinoma [NCT01777477, NCT01978184, NCT01506973,
NCT01494155], NSCLC[NCT00977470, NCT00809237, NCT01649947],
CML[NCT01227135, NCT01206530, HCC [251,256]. Table 1 summarizes
different anti-parasitic drugs and their molecular targets. Table 2 sum-
marizes the combination of anti-parasitic drugs and their effect on human
cancers.

11. Role of cardiovascular agents or drugs against human
malignancies

Two cardiac glycosides, namely digoxigenin, and digoxin, often
used to treat the patients associated with a higher risk of heart failure or
to reduce heart rate, have also been shown to have anti-cancer effects.
Many reports have shown that they bind to Na™-K* dependent ATPases
and disrupt cellular functioning by decreasing membrane potential,
increasing intracellular Na + ions [257,258], increasing intracellular
Ca®™ that results in inactivation of calcineurin and transcriptional up-
regulation of Fas ligand [259], suppression of nuclear factor-kappaB
[260] and inhibition of DNA topoisomerase II [261] to induce apoptosis
in tumor cells. Other mechanisms that have been suggested including
the inhibition of hypoxia signaling [262] suppression of protein
synthesis [263], modulation of interferon signaling pathways [264],
disruption of mitochondrial function and calcium-based signaling
[265]. The first epidemiologic evidence for the anticancer effects of
digitalis was reported in 1980 by Stenkvist and colleagues, who later
published a long-term follow-up of 175 patients with breast carcinoma
and observed that there was a lower death rate (6%) from breast car-
cinoma among the patients on digitalis, in comparison with patients not
on digitalis (34%) [266]. Another population-based cohort study
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suggested a decreased risk of liver cancer in males in long-term users of
digitalis [267]. A meta-analysis of 14 case-control and 15 cohort studies
suggested that cardiac glycosides are not associated with cancer-spe-
cific mortality [268]. The use of digitalis as preventive or therapeutic
agents remains to be fully evaluated. Currently, 8 completed, 2 active
and 4 recruiting trials have been registered.

11.1. Diuretic agents

Furosemide a sodium-potassium pump blocker is reported to reverse
multi-drug resistance in bladder cancer at high concentrations.
Furosemide significantly decreased the growth of MKN45 cells by de-
laying the Go/G; phase but showed no effects in MKN28 cells. Thus,
suggesting that Furosemide only affects poorly differentiated gastric
cancer cells [269]. On the contrary, recent epidemiological studies in
patients from 1998 to 2013 revealed that furosemide did not show any
cancer-specific mortality in gastric or oesophageal cancer [270]. Bu-
metanide is used as a diuretic which inhibits sodium-potassium and
chloride ions co-transport. It reduced the invasion of high-grade
gliomas in nude mice and activated apoptosis by activating Caspase-3,-
8 [271]. In lung and skin cancer, it reduced the number of cells by
delaying G; to S phase transition rather than apoptosis or necrosis
[272,273]. Malamas and colleagues used dynamic contrast-enhanced
(DCE)-MRI and demonstrated its anti-angiogenic properties. Aquaporin
derivatives of Bumetanide AqB007 and AqBO11 significantly reduced
the migration of Colon cancer cells [274]. AqB013 and AqB050, re-
duced cell viability and increased apoptosis demonstrating the anti-
tubulogenic activity of bumetanide derivatives [275].

11.2. Beta-blockers

Propranolol is the commonly prescribed non-selective beta-adre-
nergic receptor antagonist used for the treatment of angina, hyperten-
sion, cardiac arrhythmia and anxiety. Propranolol is a beta-blocker that
possesses anti-cancer activity. Pre-clinical and clinical studies have re-
ported that propranolol targets cell proliferation, invasion, angiogen-
esis, metastasis and sensitizes the traditional chemotherapeutic agents
in different cancer cells [276]. The combination of metformin and
propranolol has been displayed to prevent the progression as well as
metastasis in different breast carcinoma models [277]. Propranolol
with 2-deoxy-D-glucose inhibits cellular growth of prostate carcinoma,
enhanced cell-death, alters cellular functioning and suppresses tumor
growth in both cell line and murine model, respectively [278]. Pant-
ziarka and colleagues have reviewed the mechanism of action for an-
ticancer activity, experimental and epidemiological evidence, and
clinical data in detail. Betaxolol, a selective beta-blocker showed an
anti-tumor response in lung carcinoma cells. Atenolol enhanced the
anticancer activity of metformin against breast cancer [279].

11.3. Statins

Statins have been noticed with reducing blood cholesterol by sup-
pressing the HMG-CoA reductase in the mevalonate pathway which
limits the availability of geranylgeranyl pyrophosphate, farnesyl pyr-
ophosphate, and isoprenyl groups. This results in the modification of
signaling G proteins associated with cellular growth, migration, along
with survival signaling pathways and therefore impact the anticancer
activity of statins [280-282]. Experimentally, statins have been noticed
with retardation of the proliferation in cancer cell lines. For example,
lovastatin, fluvastatin, simvastatin showed to block the CDK2-CyclinE
dependent G1/S transition in prostate cancer [283]. Statins displayed to
reduce the protein expression of anti-apoptotic proteins including Bcl-x1
and Bcl-2 [284] and stimulation of pro-apoptotic protein including Bax
[285]. Statin treatment was shown to decrease tumor vascularization in
mice at high statin doses [282]. They block the adhesiveness of ma-
lignant cells to ECM proteins by inhibiting the binding ability of
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integrin [286]. A meta-analysis of clinical and observational reports has
shown that statins have a protective effect against pancreatic and
prostate cancer [287,288], while others suggest a neutral relationship
[280,281,289]. A large cohort with all the clinical parameters, long-
term follow-up is required needed to end this disparity. There are
multiple studies involving a combination of statins and metformin for
cancer therapy. Statin use in combination with metformin was corre-
lated with lower prostate cancer mortality among high-risk patients
[290,291]. Another report consisting of 22,110 high-risk prostate
cancer patient's use of metformin combined with a statin was noticed
with a 43% reduction in the mortality of patients with prostate carci-
noma [291].

11.4. Angiotensin-converting enzymes (ACE) inhibitors and Angiotensin II
receptor blockers (ARBs)

ACE inhibitors and ARBs are used for the treatment of heart failure,
hypertension, and old myocardial infarction. Angiotensin II type 1
(AT1) receptors are present in various tumor types such as RCC [292]
pancreatic cancer [293] ovarian cancer [294] breast cancer [295]. It
was shown that the AT1 receptor colocalized with vascular endothelial
growth factor (VEGF) [296], a major angiogenic protein and ACE in-
hibitors suppressed VEGF expression, VEGF-induced angiogenesis and
tumor growth with ARBs showing similar effect [297]. Even though
experimental data proved promising, further follow up studies and
meta-analysis of clinical and observational studies did not show fa-
vorable results [298]. Captopril is an ACE inhibitor reported to reduce
lung cancer and colorectal cancer by inducing apoptosis and inhibiting
proliferation and angiogenesis [299-301]. Overexpression of renin is
observed in various cells around the cancer environment. It plays an
important role in cancer inflammation, angiogenesis, apoptosis and cell
proliferation [302]. Aliskiren has commonly used renin inhibitors that
also possess anti-cancer activity. In RCC, it partially reduces prolifera-
tion and down-regulates Notchl and KRT6 [303]. Juillerat-Jeanneret
and colleagues studied the effects of three renin inhibitors; remikiren,
pepstatin, and RO0663525 (synthetic renin inhibitor) in glioblastoma
cells. They reported that RO0663525 inhibited DNA synthesis, de-
creased cell number and induced apoptosis at a faster rate than the
other two inhibitors [304]. The application of Renin-inhibitors as an
adjunct for immunotherapy [305].

11.5. Calcium channel blockers

Calcium channel blockers are used to relax blood vessels to boost
the blood supply as well as blood and oxygen to the heart. Calcium
channels, both voltage, and ligand-gated, have been displayed to be
involved in the progression of human cancers. Pimozide and mibefradil
hamper cellular proliferation in retinoblastoma and breast carcinoma
cell lines [306] by inhibiting autophagy and promoting cell death of
malignant melanoma in-vitro [307]. However, mibefradil was with-
drawn from the market as it inhibits CYP450 2D6 and 3A4, crucial
enzymes in cellular processes. Although, one of its derivatives showed
less inhibition of these molecules [308]. Similar derivatization can be
used to repurpose mibefradil for cancer. A phase I study to assess the
efficacy of mibefradil dihydrochloride when combined with temozolo-
mide for the treatment of glioma has been completed (NCT01480050).
Nifedipine has been shown to enhance the pro-apoptotic effect of cis-
platin in glioblastoma [309]. Verapamil has shown the anti-pro-
liferative effect on breast carcinoma and meningiomas in mice models
[310,311]. It also increased the overall survival of patients when used
along with ifosfamide and vindesine in advanced NSCLC [312] but the
anticancer properties of verapamil are also disputable. Amlodipine and
nicardipine exhibited anti-proliferative efficacy in epidermoid carci-
noma cells, whereas verapamil and nifedipine did not hinder the
growth [313]. Verapamil did not have any beneficial effect in multiple
myeloma in combination with standard drugs in a phase III trial [314].
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A meta-analysis revealed that calcium channel blocker users are gen-
erally at increased risk of skin cancer [315]. Currently, many trials
involving the use of verapamil for cancer are recruiting subjects.

11.6. Anti-anginal agents

Anti-anginal drugs widen blood vessels, allowing more blood flow
and oxygen supply to heart muscles, to relieve pain. Many of these
drugs have been evaluated for their anticancer properties. Nitroglycerin
is a vasodilator used in the treatment of cardiovascular symptoms but
has also been repurposed as an anticancer drug. The nitro group, like
nitric oxide, engaged in several signaling like Ras, ERKs, AKT, mTOR,
cyclin D1, retinoblastoma (Rb) that are critical for the survival of
cancer cells [316]. The mechanism of its anticancer activity along with
experimental and clinical data has been reviewed in detail by Sukhatme
[317]. Isosorbide 5-mononitrate and isosorbide dinitrate are other ni-
trate vasodilators which inhibited angiogenesis and reduced tumor
growth dose-dependently in vivo [318]. Isosorbide 5-mononitrate has
also shown the synergistic cell killing when combined with aspirin
against colon cancer cell lines [319]. Ranolazine is an inhibitor of the
voltage-gated sodium channel (VGSC) used as an anti-anginal drug but
has experimental evidence of anticancer activity. Ranolazine obstructs
Nayl.5-dependent breast cancer cell invasiveness and metastasis to
lung as Nayl.5 VGSC is robustly expressed in breast tumors and en-
hance cell invasiveness [320]. Also, in combination with propranolol,
ranolazine inhibited invasion in breast cancer cells [321]. The anti-
metastatic effect of ranolazine was also seen in an in-vivo rat model of
prostate cancer [322]. Ranolazine also decreased the formation of co-
lonic aberrant crypt foci, which are pre-cancerous in 1, 2-Dimethyl
hydrazine induced colon cancer in mice. Ranolazine, however, pro-
moted the development of intestinal tumors in a murine model of
spontaneous intestinal tumorigenesis [323]. Fendiline is a now-with-
drawn antianginal calcium channel blocker that has shown experi-
mental evidence of anticancer activity. It has shown to increase the
intracellular concentration of calcium ions in prostate cancer cells
[324], osteosarcoma [325], bladder female transitional carcinoma
[326], hepatoma [327] and this increase hinders a number of cellular
processes required for cancerous signaling [328]. Fendiline also inhibits
K-Ras plasma membrane localization and its signal transmission thus
blocking the proliferation of cancer cells [329]. It was seen to interfere
with ADAM10 (A Disintegrin and Metalloprotease Domain 10) activa-
tion and B-catenin signaling which significantly reduced proliferation,
migration, invasion, and anchorage-independent growth of pancreatic
cancer cells [330]. In combination, fendiline enhanced the cytotoxic
effects of therapeutic agents like visudyne, tivantinib, gemcitabine, etc.
in pancreatic cancer cells [331]. Thus, the clinical investigation into the
use of antianginal drugs for cancer therapy is needed. Table 1 sum-
marizes different cardiovascular drugs and their molecular targets.
Table 2 summarizes the combination these drugs and their effect in
human cancers.

12. Concluding remarks and future perspectives

Human malignancies are very heterogeneous in nature that require
several therapeutic strategies. In the last two decades, there is appre-
ciable progress in the discovery of novel agents for different types of
malignancies. However, a significant number of patients with cancer
are uncurable due to acquired resistance to available therapies, and still
exits as a major challenge for scientists ad clinicians. The budget for
treating human malignancies is limited in several countries and unable
to afford the available chemotherapeutic drugs. Therefore, drug re-
positioning has been recognized as one of the most promising ap-
proaches for faster and cheaper discovery of new anticancer drugs.
Drug repurposing is well appreciated by academia, scientists and
pharmaceutical companies for fighting against the increasing burden of
human malignancies. In the current review, we have discussed different
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classes of drugs that can sensitize the cancer cells and/or CSCs. These
drugs have been shown to involved either inhibition cellular growth,
metastasis, invasion or induction of cell cycle arrest, apoptosis by tar-
geting the well-studied pathways involved in carcinogenesis. Currently,
the number of clinical trials are going on the repurposed drugs based on
their preclinical efficacy. Some of them have been approved by the FDA
for human malignancies for example, Raloxifene is approved for breast
carcinoma and thalidomide already in clinics for the treatment of
multiple myeloma. The meta-analysis of drugs such as metformin, sta-
tins, aspirin revealed their association with decreased risk of cancer and
hopefully, these drugs can be approved for the treatment of cancer in
the coming years. Nowadays, advancement in the pharmacogenomics
and high-throughput drug screening technologies enable scientists to
predict their efficacy, mode of action, safety in other diseases including
cancer for the repurposing of the drug. Drug repurposing opens a whole
new field for investigation of existing drugs and may provide better
opportunities for timely treatment.
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ARTICLE INFO ABSTRACT

Keywords: Quercetin is a natural flavonoid with well-established anti-proliferative activities against a variety of cancers.
Telomerase inhibitor MST-312 Telomerase inhibitor MST-312 also exhibits anti-proliferative effect on various cancer cells independent of its
Quercetin effect on telomere shortening. However, due to their low absorption and toxicity at higher doses, their clinical
Cancer development is limited. In the present study, we examine the synergistic potential of their combination in cancer
DNA damage response . . . .

Synergism cells, which may result in a decrease in the therapeutic dosage of these compounds. We report that MST-312 and
quercetin exhibit strong synergism in ovarian cancer cells with combination index range from 0.2 to 0.7. Co-
treatment with MST-312 and quercetin upregulates the DNA damage and augments apoptosis when compared
to treatment with either compound alone or a vehicle. We also examined the effect of these compounds on the
proliferation of normal ovarian surface epithelial cells (OSEs). MST-312 has a cytoprotective impact in OSEs at
lower dosages, but is inhibitory at higher doses. Quercetin did not affect the OSEs proliferation at low con-
centrations while at higher concentrations it is inhibitory. Notably, combination of MST-312 and quercetin had
no discernible impact on OSEs. These observations have significant implications for future efforts towards
maximizing efficacy in cancer therapeutics as this co-treatment specifically affects cancer cells and reduces the
effective dosage of both the compounds.

Introduction prostate, pancreatic, skin as well as in ovarian cancers among others [7,

Ovarian cancer is the seventh most common type of cancer in women
[1]. According to a study published in 2020, more than three lakh cases
of ovarian cancer occurred worldwide, with the majority of women
presenting with advanced disease, chemotherapeutic drug resistance,
and relapse [2,3]. Hence, there is a need to develop newer, sustainable
strategies to target the disease.

Numerous plant-derived compounds exhibit anticancer properties as
they possess high therapeutic potential and display low cytotoxicity
towards healthy tissues [4]. One such phytochemical is quercetin (2-(3,
4-dihy-droxyphenyl)-3,5,7-trihydroxy4H-chromen-4-one), a  poly-
phenolic flavonoid present in common fruits and vegetables like apples,
red grapes, raspberries, cherries, onions, tomatoes, broccoli, kale, etc.
[5]. Due to the presence of two critical pharmacophores i.e. a catechol
group and an OH-group, quercetin functions as an ideal antioxidant to
scavenge free radicals [6]. Quercetin also exhibits anticancer activity in
different human cancers such as breast, colon, kidney, liver, lung,
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8]. Suggested mechanism of action includes its anti-oxidative activity,
interaction with various cellular receptors and modulation of important
signal transduction pathways (for example cell cycle regulation, prolif-
eration, apoptosis and inflammation) [8,9]. Quercetin exhibits reduced
cytotoxicity towards normal cells and its co-treatment with several
chemotherapeutic drugs and compounds augments anticancer treatment
strategies [10-14].

MST-312 is a chemical derivative of epigallocatechin gallate (EGCG),
the primary catechin present in green tea. MST-312 is more stable and
potent at causing growth arrest in cancer cells than EGCG [15]. MST-312
inhibits telomerase activity in tumor cells and induces growth arrest and
apoptosis via induction of telomeric DNA damage, activation of DNA
damage response and inhibition of the NF-xB pathway [15-18].

Combination treatment with quercetin and EGCG has additive anti-
cancer effect on prostate cancer cells [19,20]. The additive effect is due
to their combined action on catechol-O-methyl transferase (COMT) ac-
tivity and protein expression levels. COMT is involved in the
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methylation of green tea polyphenols resulting in their inactivation and
since quercetin reduces the protein expression of COMT, co-treatment of
quercetin with EGCG showed an additive effect. MST-312 is a synthetic
compound derived from EGCG based on its telomerase inhibition ac-
tivity and, there are currently no research looking into the effect of
telomerase inhibitors in combination with quercetin. Because quercetin
is a DNA intercalating agent that produces DNA damage and MST-312
induces telomeric damage owing to telomerase inhibition, we ex-
pected that their co-treatment would be extremely effective in reducing
the cancer cell proliferation [15,21,22].

%reductionofalamarblue = {{(02xA1) — (O1xA2)] / [(R1xN2) — (R2xN1)]}x100

We investigated the effects of various dosages of quercetin and MST-
312 on cell viability of ovarian cancer cells in the present study to
establish their synergistic potential. We further studied the apoptosis,
colony formation ability and DNA damage response induction upon co-
treatment in cancer cells. As a control, we also investigated their effect
on primary ovarian surface epithelial cells (OSEs).

Materials and methods
Reagents and cell culture

PA-1 (ovarian teratocarcinoma cell line), A2780 (ovarian adeno-
carcinoma cell line) A2780cisR (ovarian adenocarcinoma cisplatin-
resistant cell line), OVCAR3 (ovarian adenocarcinoma cell line) and
HCT116 (colorectal carcinoma) cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (High glucose with L-glutamine and
sodium pyruvate) (HyClone, Cytiva, USA, Cat. No. SH30243.01) com-
plemented with 10% heat inactivated fetal bovine serum (Gibco, Ther-
moFisher Scientific, USA, Cat. No. 10270106), 100 units/mL penicillin,
100 pg/mL streptomycin and 250 ng/mL amphotericin B (Gibco, Cat.
No. 15240062) in a humidified 5% CO2 atmosphere at 37°C under
standard cell culture conditions. All the cell lines were stained with
Hoechst 33342, Trihydrochloride (Thermo Fischer) stain to check for
mycoplasma. The cell lines were negative for mycoplasma. Human
Ovarian Surface Epithelial (OSE) cells obtained from ScienCell Research
Laboratories were cultured in Ovarian Epithelial Cell Medium (OEpiCM)
(ScienCell Research Laboratories, USA, Cat. No. 7311) supplemented
with 10% Ovarian Epithelial Cell Growth Supplement (OEpiCGS, Sci-
enCell Research Laboratories Cat. No. 7352), 100 units/mL penicillin
and 100 pg/mL streptomycin antibiotic solution (ScienCell Research
Laboratories, Cat. No. 0503) under standard cell culture conditions.

Quercetin was obtained from Sigma-Aldrich (USA, Cat. No. Q4951)
and its stock solution at concentration 100 mM was prepared fresh for
every experiment, by dissolving it in dimethyl sulfoxide (DMSO). MST-
312 (Cat. no. M3949) and luteolin (Cat. no. L9283) were purchased from
Sigma-Aldrich Co. MST-312 was prepared in 20 mM stock solution and
luteolin was prepared in 50 mM stock solution by dissolving them in
DMSO. The stock concentrations of both were divided into aliquots and
stored at -20°C until use.

Alamar blue cell viability assay

To study the effects of quercetin, MST-312 and luteolin indepen-
dently on cell viability and logarithmic growth, PA-1, A2780 cells,
OVCAR3, A2780cisR and HCT116 cells were seeded at a density of
8x104 cells/mL, 2x 104 cells/mL, 9x 104 cells/mL, 2x 104 cells/mL and
1.5x104 cells/mL, respectively, in 96-well cell culture plates. Post 24 h,
cells were incubated in the presence of increasing concentrations of
quercetin and MST-312 for 72 h. Effect of luteolin on cell viability was
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evaluated in PA-1 cells for 72 h. Negative control (no compound) and
vehicle control (DMSO) were maintained. After 72 h, cells were incu-
bated in the presence of 20% solution (in DMEM) of 0.15 mg/mL alamar
blue reagent in 1X Phosphate Buffered Saline (PBS) (pH 7.4) (Gibco, Cat.
No0.10010023) for 4 h at 37°C and absorbance was measured at 570 nm
and 600 nm wavelengths in BioTek Epoch2 microplate reader (Agilent,
USA) with Gen5 software (Version 3.03). OSE cells were seeded at a
density of 4.5x10* cells/mL and the assay was performed as above.
Percentage reduction of alamar blue reagent was calculated using the
following formula;

Where:

01 = Molar Extinction Coefficient of oxidized alamar blue at 570nm
i.e. 80586

02 = Molar Extinction Coefficient of oxidized alamar blue at 600nm
ie. 117216

R1 = Molar Extinction Coefficient of reduced alamar blue at 570nm
i.e.155677

R2 = Molar Extinction Coefficient of reduced alamar blue at 600nm
i.e. 14652

A1l = Absorbance value of test wells at 570nm

A2 = Absorbance value of test wells at 600nm

N1 = Absorbance value of negative control well at 570nm

N2 = Absorbance value of negative control well at 600nm

% reduction values were normalised to the control and then used to
determine half-maximal inhibitory concentration (IC50) values from
logarithmic growth curve using GraphPad Prism software (Version 8).

Determination of combination index and dose reduction index

To study the effects of combinatorial treatment of quercetin, MST-
312 and Luteolin, above method for determination of cell viability
using alamar blue was followed post incubation in the presence of
various concentrations of quercetin and MST-312 or luteolin and MST-
312 in combination for 72 h. Combination index (CI) was calculated
using CompuSyn software according to the classic isobologram equa-
tion, CI= D1/Dx1 + D2/Dy2, where Dy1 and D42 indicate the individual
doses of quercetin and MST-312 required to inhibit a given level of
viability x and D1 and D2 indicate the doses of quercetin and MST-312
required to inhibit the same level of viability x in combination, respec-
tively. CI values vary for each combination, as presented in the CI versus
FA plot using MS Excel. Dose reduction Index (DRI) is the dose which
may be reduced in a combination to produce effect x as opposed to the
dose of individual compound alone and is calculated as DRI 1= D41/ D1
and DRI 2 = D2/ D2.

Trypan blue exclusion assay

PA-1, A2780 and OVCARS3 cells were seeded at required densities in
cell culture dishes. Cells were treated with MST-312 and/or quercetin,
for 24 h or 48 h with DMSO as control. After treatment, cells were
washed once with 1X PBS, trypsinzed, centrifuged and resuspended in
1X PBS. Cells were stained with Trypan Blue solution (0.4%) (Thermo
Scientific, Cat. No. 15250061). Trypan blue negative and total cells were
counted in a Neubauer hemocytometer and expressed as a percentage of
viable cells normalised with vehicle-treated cells.
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Clonogenic survival assay

To study the anti-proliferative effects of quercetin and MST-312, PA-
1, A2780 and HCT116 cells were seeded at a density of 8x103 cells/
well,1x103 cells/well, 1x103 cells/well respectively in 6-well culture
plates. After formation of visible colonies in 5 days, cells were incubated
with quercetin and MST-312, alone and in combination, with DMSO as
control for 48 h (PA-1) or 96 h (A2780 and HCT116). Cells were then
gently washed with 1X PBS once and stained with 0.05% (w/v) crystal
violet solution for 2 h at room temperature followed by one wash with
distilled water and the colonies were photographed. Quantification of
colonies in terms of intensity of stained cells against the plate back-
ground was performed using ImageJ software and relative colony
number was plotted (http://rsbweb.nih.gov/ij/).

Annexin-V-FITC/PI assay

Cells were seeded at a density of 6x10° cells in 60 mm cell culture
dishes. After 24 h, cells were incubated in the presence of quercetin (10
pM) and/or MST-312 (1 pM) for 24 h with DMSO as control. Trypsinised
cells were washed twice with 1X PBS and resuspended in 1X Binding
buffer (BD Biosciences, USA, Cat no. 556547, 51-66121E). 2 ul of
Annexin V-FITC (BD Biosciences, Cat no. 556547, 51-65874X) was
added to 100 pl 1X Binding buffer containing cells and incubated for 15
min at room temperature in dark. Following the incubation, 2 pl PI (BD
Biosciences, Cat no. 556547, 51-66211E) was added to the cells. The
stained cell suspension was added to FACS tubes containing 400 pl 1X
binding buffer and measured by BD FACS ARIA flow cytometer. The data
was analyzed using BD FACSDiva (Becton Dickinson, NJ, USA) software.
Annexin V-positive and PI-negative cells were considered to be in early
apoptotic phase, Annexin V-negative and PI-positive cells were consid-
ered to be in necrosis phase, cells having positive staining for both
Annexin-V and PI were considered to undergo late apoptosis and cells
negative for Annexin V and PI were considered to be live cells. The
percentage of apoptotic cells were calculated by determining the per-
centage of early apoptosis and late apoptosis cells.

Western blot analysis

Cells were seeded at a density of 1.2x10° cells in 100 mm culture
dishes. After 24 h, cells were incubated with quercetin and MST-312,
alone and in combination, with DMSO as control for 24 h following
which they were washed once with 1X PBS (pH 7.4) and lysed in 0.25ml
Totex lysis buffer (20 mM HEPES, pH 7.9, 0.35 M NaCl, 20% glycerol,
1% NP-40, 1 mM MgCl,, 0.5 mM EDTA) supplemented with protease
inhibitor cocktail (Roche Diagnostics, USA, Cat No. 11844600) and
phosphatase inhibitor sodium orthovanadate (Sigma-Aldrich, Cat. No.
$6508). Following 30 min incubation on ice, cell debris was pelleted
down by centrifugation at 13,000 rpm for 15 min at 4°C and the su-
pernatant transferred to a fresh 1.5 mL centrifuge tube. Protein esti-
mation was done using 1X Bradford reagent (Sigma-Aldrich, Cat. No.
56916) at 595 nm using Lambda 25 UV/Vis spectrophotometer with UV
WINLAB software (Version 2.85.04) (PerkinElmer, USA). Normalized
protein samples were prepared in SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) loading buffer, run on Nu-PAGE® 4-12% Bis-Tris
1.5mm gel (ThermoFisher Scientific, Cat. No. NP0336BOX) in Xcell
Surelock Mini-Cell Electrophoresis System (ThermoFisher Scientific,
Cat. No. EI0001) and transferred onto Immun-Blot® PVDF membrane
(Bio-Rad, USA, cat no. 1620177) using the Trans-Blot® SD semi-dry
transfer cell (Bio-Rad, cat no. 1703940). After overnight blocking at
4°C with 5% Non-fat dried milk (NFDM) in 1X PBS, the membrane was
exposed to respective primary antibodies in 5% NFDM for 1.5 h at room
temperature. After washing with PBST (0.1% Tween-20 in 1X PBS), the
membrane was labelled with secondary antibody for 1.5 h at room
temperature followed by PBST washes. Primary antibodies used are as
follows: mouse monoclonal anti-p53 (DO-1) from Santa Cruz
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Biotechnology, USA (Cat. No. sc-126), rabbit monoclonal anti-p21
(12D1) from Cell Signaling Technology, USA (Cat. No. 2947), mouse
monoclonal anti-phospho-Histone H2A.X (Ser139) clone JBW301 from
Sigma-Aldrich (Cat. No. 05-636), mouse monoclonal anti-$-Actin clone
AC-74 from Sigma-Aldrich (Cat. No. A5316), rabbit polyclonal anti p-
p53 (S15) from Cell Signaling Technology, USA (Cat. No. 9284T) and
mouse monoclonal anti GAPDH (6C5) from Santa Cruz Biotechnology,
USA (Cat no. SC- 32233). Secondary antibodies, anti-mouse IgG-HRP
(Cat. No. sc-358914) and anti-rabbit IgG-HRP (Cat. No. sc-2004) were
obtained from Santa Cruz Biotechnology. Protein bands were detected
using SuperSignal™ West Femto Maximum Sensitivity Substrate (Cat.
No. 34094), SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(Cat. No. 34577), SuperSignal™ West Atto Ultimate Sensitivity Chemi-
luminescent Substrate (Cat. No. A38555) from ThermoFisher Scientific,
USA. The blots were visualised using Bio-Rad Molecular Imager®
ChemiDoc XRS+ System with Image Lab™ Software by Bio-Rad (Cat no.
1708265). Densitometry analysis was achieved using ImageJ software
(http://rsbweb.nih.gov/ij/). Uncropped western blot images are
included as Supplementary Fig. 6.

Real time telomerase repeats amplification protocol (Q- TRAP)

To study the effects of quercetin and MST-312 on telomerase activity,
PA-1 cells were seeded at a density of 6x105 cells/well in 6-well culture
plates. After 24 h, cells were incubated in the presence of quercetin (10
pM) and/or MST-312 (1 pM) for 24 h with DMSO as control. Post
treatment, the cells were trypsinized and the cell number was calculated
using trypan blue. According to the cell number, the cell pellet was
incubated with NP40 lysis buffer (10mM Tris HCI, pH 8, 1mM MgCI2,
1mM EDTA,1% v/v NP40, 0.25mM sodium deoxycholate, 10% v/v
glycerol, 150 mM NaCl, 5mM 2-mercaptoethanol, 1X protease inhibitor
cocktail) for 45 min on ice. After centrifugation at 13,000 rpm for 10
min at 4°C, the supernatant was collected and the extract for 10,000
cells was used for PCR. The PCR reaction consists of SYBR™ Green PCR
Master Mix (ThermoFisher Scientific, Cat. No. 4344463), 10mM EGTA,
100 ng/ pl TS primer (5’ AAT CCG TCG AGC AGA GTT 3’) and 100 ng/ pul
ACX primer (5 GCG CGG CTT ACC CTT ACC CTT ACC CTA ACC 3°).
Using the StepOne™ Real-Time PCR System (ThermoFisher Scientific)
samples were incubated for 30 min at 30°C followed by initial activation
at 95°C for 10 min and amplification by 40 PCR cycles with 15 s at 95°C
and 60 s at 60°C conditions. The threshold cycle values (Ct) were
determined and telomerase activity was calculated using the following
formula: relative telomerase activity (RTA) of sample = 10((Ct sample-
Y-intercept)/slope). Y-intercept and slope were calculated from stan-
dard curve generated from serial dilutions of PA-luntreated cells
(10000, 5000, 1000, 100 cells). RNase A (Thermo scientific, Cat. No.
EN0531) treated sample was used as negative control and lysis buffer
was used as no template control.

Immunofluorescence staining

PA-1 and A2780 cells were seeded on 2-well cell culture dishes at a
density of 1x105 and 0.8x105 cells/well respectively. PA-1 cells were
treated with quercetin (10 pM) and/or MST-312 (1 pM) for 24 h. A2780
cells were treated with quercetin (15 pM) and/or MST-312 (2 pM) for 48
h. The cells were washed with PBS three times, fixed with 4% para-
formaldehyde for 15 min, and permeabilized in 0.2% Triton X-100 for
20 min. After blocking with 5% normal goat serum (Santa Cruz
Biotechnology, USA, Cat no. sc-2043) for 1 h at room temperature, the
cells were incubated with primary antibody, mouse monoclonal anti-
phospho-Histone H2A.X (Ser139) clone JBW301 from Sigma-Aldrich
(Cat. No. 05-636; 1:3500), overnight at 4°C. Goat anti-mouse IgG
(H-+L) highly cross-absorbed, Alexa FluorTM488 from Thermo Fischer
(Cat. No. A11029; 1:2500) was used as a secondary antibody and
incubated on the cells for 1 h in the dark at room temperature. The cells
were washed with PBS and mounted with ProlongTM gold antifade
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reagent with DAPI from Thermo Scientific (Cat. no. P36941). Images for
PA-1 were acquired on a Vert. A1 Axio vision (Carl Zeiss) inverted
fluorescence microscope at 40X magnification and for A2780 on Zeiss
Axio-Observer Z1 microscope (LSM 780) at 63X magnification. For
quantification of y-H2AX foci, random fields of cells from each slide
were quantified manually and calculated using the formula: Percentage
of total y-H2AX positive cells = (No. of cells containing >5 foci/ total
number of cells) x 100.

Real-time PCR amplification

Cells were seeded at a density of 1.2x106 cells in 100 mm culture
dishes. After 24 h, cells were incubated with quercetin and MST-312,
alone and in combination, with DMSO as control for 24 h following
which they were washed once with 1X PBS (pH 7.4) and total RNA was
extracted using TRIzol™ Reagent (ThermoFisher Scientific, Cat. No.
15596018). Reverse transcription reaction was performed using Maxima
First Strand cDNA Synthesis Kit (ThermoFisher Scientific, Cat. No.
K1641). The synthesised cDNA was subjected to quantitative real time
PCR using PowerUp™ SYBR™ Green Master Mix (ThermoFisher Sci-
entific, Cat. No. A25741) in a StepOne™ Real-Time PCR System
(ThermoFisher Scientific, Cat. No. 4376357). Thermal cycling condi-
tions were as follows: Initial activation at 95°C for 3 min followed by 40
cycles of denaturation step at 94°C for 10 seconds and combined
annealing/extension step at 62°C (p21)/ 60°C (ATM, RAD50 and
GAPDH) for 30 seconds. A melt curve analysis was included to verify the
specificity of primers and the relative quantification values were
calculated using the 2-AACt relative expression formula. Nucleotide
sequences of the primers used are: human p21 forward primer 5’-
ACTGTCTTGTACCCTTGTGC-3’ and reverse primer 5-CCTCTTGGA-
GAAGATCAGCC-3’; human GAPDH forward primer 5’-GTC AGT GGT
GGA CCT GAC CT-3’ and reverse primer 5°’-CAC CAC CCT GTT GCT GTA
GC-3’; human RAD50 forward primer 5’-CAT TCT GGG CGT GCG GAG-
3’ and reverse primer 5’-TCT TGA GCA ACC TTG GGA TCG TG-3’;
human ATM forward primer 5’-CTC TGA GTG GCA GCT GGA AGA-3’
and reverse primer 5’- TTT AGG CTG GGA TTG TTC GCT -3’. Each
sample was analysed in duplicates for three data sets.

Statistical methods

We have employed one-way ANOVA (non-parametric analysis) with
Dunnett’s or Bonferroni’s Multiple Comparison test unless specified in
the legend. P value of <0.05 is considered statistically significant. Sta-
tistical analysis is performed using GraphPad Prism (version 8) software.

Results
Quercetin and MST-312 induce cytotoxicity in ovarian cancer cells

We treated PA-1, A2780, OVCAR3 and A2780.sg ovarian cancer cells
and HCT116 colon cancer cells with increasing doses of quercetin
(1-100 uM for PA-1 and 1-400 pM for A2780, OVCAR3, A2780.sg and
HCT116) and MST-312 (0.01-50 puM) for 72 h and measured cell
viability using the alamar blue assay. To determine whether the effects
are unique to ovarian cancer or are similar in other cancer cells, HCT116
cells were included. Both quercetin and MST-312 induced cytotoxicity in
the ovarian cancer cell lines and colon cancer cell line in a dose-
dependent manner (Figs. 1 and supplementary 1A-D). ICso for MST-
312 in PA-1, A2780, OVCAR3, A2780.sr and HCT116 cell lines were
4.2 uM, 3.9 uM, 7.1 uM, 3.6 uM and 5.9 uM, respectively. For quercetin,
ICso were 12.9 uM, 55.4 uM, 216.2 uM, 112.2 uM and 227.6 uM for PA-1,
A2780, OVCAR3, A2780,sr and HCT116 cell lines, respectively.

We further assessed the cytotoxic effect of quercetin and MST-312 in
primary ovarian surface epithelial cells (OSEs) (Fig. 1D and H). ICs( for
MST-312 in OSEs was 8 uM and for quercetin it was 17.5 uM (Fig. 1D and
H). Bar graph representation of data from Fig. 1 (supplementary
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Fig. 1E-L) highlights the cytotoxicity concentration of compounds
across cell lines. Comparing OSE cells to PA-1, A2780, and OVCAR3
cells, MST-312 was not cytotoxic at concentrations up to 5 uM, but
quercetin displayed a comparable cytotoxicity range as observed with
PA-1 cancer cells (Supplementary Fig. 1E-L). Notably, MST-312 showed
a protective effect on OSEs at low concentrations.

Combination of quercetin and MST-312 shows synergistic cytotoxicity in
ovarian cancer cells

To examine the effects of combinatorial treatment, we treated PA-1
cells with different concentrations of quercetin (5, 10 and 15 uM) and
MST-312 (0.5, 1 and 2 uM), alone and in combination for 72 h. As shown
in Fig. 2A and B, we observed that quercetin and MST-312 combination
very significantly reduced cell viability of PA-1 cells as compared to both
the compounds alone. Similarly, we treated A2780 cells with different
concentrations of quercetin (15, 35 and 55 uM) and MST-312 (2, 3 and 4
uM) alone and in combination for 72 h. As shown in Fig. 2C and D, the
combinatorial treatment led to significant increase in cytotoxicity as
compared to individual compounds. Next, we treated OVCAR3 cells
with different concentrations of quercetin (15, 30, 60 and 90 uM) and
MST-312 (1 and 2 uM) alone and in combination for 72 h. As shown in
Fig. 2E and F, the combinatorial treatment led to significant increase in
cytotoxicity as compared to the compounds alone. A2780.; and
HCT116 cells also showed significantly increased cytotoxicity upon
combinatorial treatment (Supplementary Fig. 2A-D). We also investi-
gated the combination of MST-312 with quercetin in OSE cells and noted
no significant effect in cell viability at the concentrations used (Fig. 2G
and H).

Since cell viability in combination studies was measured using ala-
mar blue absorbance assay, we also measured the cell viability changes
by direct measurement of cell number using trypan blue exclusion
method. We observed a significant reduction in the percentage of viable
cells in the combination treated groups in PA-1, OVCAR3 and A2780
cells (Supplementary Fig. 2E-G).

Data from Fig. 2 and supplementary Fig. 2A-D was analysed in the
CompuSyn software, which calculated the combination index (CI) to
determine synergism (CI < 1), antagonism (CI > 1) or additive effect
(CI =1) of drug combinations. Software gave CI values of the combi-
nations (Supplementary Table 1A). Isobologram analysis and Fraction
affected (FA) versus CI plots were generated using the software and they
revealed strong synergism for most of the doses in combination (Figs. 3;
Supplementary 3A-D).

We further investigated whether luteolin, which is an analog of
quercetin, could also synergize with MST-312 for inhibiting cancer cell
proliferation. Dose-response curve for luteolin (range from 1 pM-256
uM) was generated in PA1 cells and ICs of luteolin for PA1 was found to
be 5.5 uM (Supplementary Fig. 4A). Combination of luteolin with MST-
312 exhibited significantly increased cytotoxicity as compared to the
compounds alone (Supplementary Fig. 4B-C). Analysis of the data from
supplementary Fig. 4B-C in compusyn software suggested strong syn-
ergism for the combination (Supplementary Table 1B).

Thus, quercetin and MST-312 synergize to enhance cytotoxicity in
PA-1, A2780, OVCAR3, A2780.sg and HCT116 cells. Analog of quer-
cetin also synergizes with MST-312 to enhance the cytotoxicity in cancer
cells.

Co-treatment with quercetin and MST-312 decreases colony formation and
increases apoptosis in ovarian cancer cells

We further assessed the effect of quercetin, MST-312 and their
combination on colony forming ability of PA-1, A2780 and HCT116
cells. Fig. 4A shows the images of the colonies obtained upon individual
and combination treatment with quercetin and MST-312 and Fig. 4 B-D
shows their quantification. Combination treatment significantly reduced
the colony formation ability of PA-1, A2780 and HCT116 cells as
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Fig. 1. Quercetin and MST-312 induce cytotoxicity in ovarian cancer cells. Cell viability after 72 h treatment with quercetin or MST-312 was determined by
performing alamar blue assay and ICso was calculated using Graphpad Prism software. DMSO treated cells served as vehicle control in all experiments. (A-D)
Percentage cell viability of PA-1, A2780, OVCAR3 and OSE cells, respectively, after treatment with quercetin at various concentrations. (E-H) Percentage cell
viability of PA-1, A2780, OVCARS3 and OSE cells, respectively, after treatment with MST-312 at various concentrations. Data represents mean + SEM of three or more
independent experiments for PA-1, A2780 and OVCAR3 cells and of two independent experiments for OSE cells.
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Fig. 2. Combinatorial effect of quercetin and MST-312 on PA-1, A2780, OVCAR3 and OSE cells. Following co-treatment with different concentrations of
quercetin and MST-312, cell viability was determined using alamar blue assay. (A, B) Percentage cell viability after combination treatment with quercetin and MST-
312 in PA-1 cells. (C, D) Percentage cell viability after combination treatment with quercetin and MST-312 in A2780 cells. (E, F) Percentage cell viability after
combination treatment with quercetin and MST-312 in OVCARS3 cells. (G, H) Percentage cell viability after combination treatment with quercetin and MST-312 in
OSE cells. Values represent mean + SD of three independent experiments for PA-1, A2780 and OVCAR3 cell lines and of two independent experiments for OSE cell

line, respectively, analysed by ANOVA with Dunnett’s Multiple Comparison test. *p < 0.05; **p < 0.01; ***p < 0.001; ****

“p < 0.0001 represent significant changes.
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Fig. 3. Synergistic effect of quercetin and MST-312 in PA-1, A2780 and OVCARS3 cells. (A) Isobologram analysis of quercetin and MST-312 co-treatment in PA-1
cells was performed. CI values were calculated according to the classic isobologram equation (see materials and methods). D41 and D42 indicate the individual doses
of quercetin and MST-312 required to inhibit a given level of viability x and D1 and D2 indicate the doses of quercetin and MST-312 required to inhibit the same level
of viability x in combination, respectively. Points below the isoeffect line indicate synergism and those above the line indicate antagonism. (B) CI versus FA plot for
the nine drug combinations of quercetin and MST-312 in PA-1 cells. (C, D) Isobologram analysis and CI versus FA plot for the nine drug combinations of quercetin and
MST-312 in A2780 cells. (E-F) Isobologram analysis and CI versus FA plot for the eight drug combinations of quercetin and MST-312 in OVCAR3 cells. CI<1, =1 and
>1 indicate synergism, additive effect and antagonism, respectively. Values are taken as the mean of three independent experiments.
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Fig. 4. Effect of quercetin and MST-312 on colony forming ability in PA-1, A2780 and HCT116 cells and on apoptosis in PA-1 cells. (A) Representative images from
three technical replicates for clonogenic assay. PA-1 cells were treated with 1 pM MST-312 or 10 pM quercetin and their combination for 48 h, and A2780 and
HCT116 cells were treated with 2 pM MST-312 or 15 pM quercetin and their combination for 96 h each. DMSO-treated cells were used as control. Colonies were
stained with crystal violet solution and photographed. (B-D) Colonies were quantified using ImageJ software as colony number relative to control in PA-1, A2780 and
HCT116 cells respectively. Values represent mean =+ SD of three technical replicates analysed by ANOVA with Dunnett’s Multiple Comparison test. *p < 0.05; **p <
0.01; ***p < p < 0.001; ****p < 0.0001 represent significant changes. (E) PA-1 cells were treated with 1 pM MST-312 and/or 10 pM Quercetin for 24 h and stained
with Annexin V-FITC and PI, measured by BD FACS ARIA flow cytometer. Percentage of apoptotic cells were quantified using BD FACSDiva software. Scatter plots
represent percent (%) of necrotic cells (upper left quadrant), late apoptotic cells (upper right quadrant), early apoptotic cells (lower right quadrant) and live cells
(lower left quadrant). The data shown are representative of two independent experiments. (F) Each column represents mean + SEM of values obtained from three
i‘ndependent experiments, analysed by two tailed paired student’s t test (*p < 0.05).

<

compared to individual treatments thereby confirming that the combi-
natorial treatment of quercetin and MST-312 effectively exacerbates cell
death in these cells.

Next, we assessed the apoptosis in PA-1 cells upon treatment with
quercetin, MST-312 and their combination using Propidium Iodide and
FITC Annexin V Apoptosis Detection Kit I. We found that combination
treatment with MST-312 and quercetin significantly enhanced the pro-
portion of apoptotic cells when compared to the control or single drug
treatment groups (Fig. 4F). MST-312 and quercetin co-treatment
induced 18.7 % apoptosis, which is higher than 9.3 % apoptosis
caused by MST-312 or 12.3 % caused by quercetin alone.

Taken together, the above evidence implies that the combination of
MST-312 and quercetin increases apoptosis and significantly impairs the
colony formation ability of cancer cells.

Combination of quercetin and MST-312 augment DNA damage in cancer
cells

PA-1 cells were treated with MST-312 and quercetin, alone and in
combination. DMSO was used as a vehicle control and expression levels
of DNA damage response protein p53, its downstream target, p21 and a
biomarker for DNA damage, y-H2AX, were measured using western
blotting. 0.5 uM doxorubicin treated cells served as a positive control for
the expression of DNA damage response proteins. A significant increase
in the expression of p53, p21 and y-H2AX was observed in combination-
treated cells, when compared to the single compound treatment indi-
cating that the combination induces increased DNA damage in PA-1 cells
(Figs. 5A and Supplementary 5A). We did not observe any change in the
protein expression of DNA damage response proteins upon MST-312
treatment alone when compared with vehicle control by western blot-
ting. This could be because of low dosage of MST-312 and early time
point of analysis which we selected, because upon increasing treatment
time, cells in the combination treatment set underwent apoptosis
limiting the amount of sample available for analysis. However, we
measured the expression of p21 mRNA using real time PCR and observed
a trend of increased expression upon MST-312 treatment compared to
the vehicle control group (Supplementary Fig. 5B). Significant upregu-
lation of p21 expression occurred upon co-treatment as is observed in
real time PCR analysis and western blotting (Figs. 5A and Supplemen-
tary 5B).

Next we assessed the expression of y-H2AX in A2780, OVCAR3 and
OSEs upon treatment with MST-312 and quercetin, alone and in com-
bination. We found increased expression of y-H2AX in A2780 and
OVCAR3 cells, while no y-H2AX upregulation was observed in OSEs
(Fig. 5B-C).

y-H2AX accumulates at damaged DNA sites and appear as foci when
observed microscopically using immunofluorescence (IF) assay. There-
fore, we performed the IF analysis for y-H2AX detection in PAl1 and
A2780 cells treated with quercetin and MST-312 alone and their com-
bination. The co-treatment induced a significant increase in y-H2AX foci
in both cell lines (Supplementary Fig. 5C and E). In PA-1 cells, the
percentage of y-H2AX foci positive cells upon co-treatment was 33.3%
which is higher than 15.97% by MST-312 and 24.01% by quercetin
alone (Supplementary Fig. 5D). In A2780 cells, the percentage of
y-H2AX foci positive cells upon co-treatment was 47.63%, which is

higher than 32.36% by MST-312, and 31.19% by quercetin alone
(Supplementary Fig. 5F).

Additionally, we studied the effect of MST-312 and quercetin in PA-1
cells at different doses to determine the dose of each drug that exhibits a
comparable cytotoxicity compared to the combination treatment. PA-1
cells were treated with different concentrations of MST-312 (1, 2, and
3 uM), quercetin (5, 10, and 20 uM) and the combination of MST-312 (1
uM) with quercetin (10 uM) for 24 h with DMSO as vehicle control. An
increase in the expression of p53, p-p53 and y-H2AX was observed with
increasing concentrations of quercetin and MST-312 alone (Fig. 5D).
The highest concentrations of MST-312 (3 uM) and quercetin (20 pM)
showed elevated levels of p53 and p-p53 proteins similar or more than in
the combination treated group when normalised to GAPDH. The highest
concentration of quercetin (20 pM) showed higher levels of y-H2AX than
the combination treated group, confirming that low doses of quercetin
(10 uM) and MST-312 (1 uM) in combination synergistically increase
DNA damage.

We further wanted to understand the mechanism behind increased
DNA damage upon combination treatment with MST-312 and quercetin.
Both MST-312 and quercetin are known to inhibit telomerase activity
and since inhibition of telomerase is known to cause telomere uncapping
and increased DNA damage, we measured the telomerase activity in PA1
cells treated with quercetin and MST-312 alone and their combination.
MST-312 treated cells did not show any change in telomerase activity as
it is reported that MST-312 associates reversibly with telomerase and is
washed off during dilution of cell lysate in assay buffer [16]. Quercetin
treated cells displayed 100-fold reduction in telomerase activity when
compared to vehicle control while cells treated with combination of
MST-312 and quercetin displayed 1000-fold reduction in telomerase
activity when compared to the vehicle control (Fig. 5E).

Additionally, MST-312 is reported to reduce the expression of ho-
mology repair pathway genes like ATM and RAD50 [15]. Therefore, we
measured the gene expression of ATM and RAD50 in cells treated
MST-312, quercetin and their combination. While we did not observe
any change in ATM or RAD50 expression upon MST-312 treatment, we
observed a significant reduction in the gene expression of ATM and
RAD50 in the combination group compared to the vehicle control sug-
gesting that damage induced in combination treated cells is not being
repaired and thus gets accumulated and may contribute towards syn-
ergism (Fig. 5E).

Taken together, our findings demonstrate that co-treatment with
MST-312 and quercetin augment DNA damage leading to increased cell
death in cancer cells.

Discussion

The preclinical observations presented here have important impli-
cations in developing better cancer prevention and therapeutics. Our
results demonstrate strong synergism between plant- derived flavonoid
quercetin and telomerase inhibitor MST-312. We observed the syner-
gism at the level of DNA damage induction, where co-treatment signif-
icantly upregulated the DNA damage response and apoptosis.

MST-312 displays two different types of effects on cancer cells. First,
the acute cytotoxic effect, which occurs immediately post short-term
treatment (72h) of MST-312. This is mostly attributed to the induction
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Fig. 5. Effect of quercetin and MST-312 on expression of DNA damage response proteins and telomerase activity. (A) PA-1 cells were treated with 1uM MST-
312, 10 uM quercetin and their combination for 24 h. Control group was treated with DMSO as a vehicle. 0.5 uM Doxorubicin-treated cells served as positive control.
Protein lysates were processed and analysed by Western blotting. p-Actin was used as the housekeeping protein. (B) A2780 and OVCARS3 cells were treated with 2uM
MST-312, 15 uM quercetin and their combination for 48 h. Control group was treated with DMSO as a vehicle. (C) OSE cells were treated with 1uM MST-312, 5 uM or
10 uM quercetin and their combination for 24 h. (D) PA-1 cells were treated with different concentrations of MST-312 (1,2 and 3 uM) or quercetin (5,10 and 20 uM)
and 1yM MST-312 + 10 uM quercetin for 24 h. Control group was treated with DMSO. Protein lysates were processed and analysed by Western blotting. GAPDH was
used as the housekeeping protein. (E) Telomerase activity was measured in PA-1 cells subjected to MST-312 (1 uM) and/or quercetin (10 uM) treatment for 24 h by Q-
TRAP assay. Samples were quantified as described in the protocol and plotted as RTA. RTA for an unknown sample was calculated based on standard curve and
equation obtained from the same Q-TRAP assay using different cell numbers of PA-1 cells. Values represent mean =+ SD of two independent experiments analysed by
two tailed paired student’s t test (**p < 0.01; ****p < 0.0001). (F) PA-1 cells were treated with 1uM MST-312, 10 uM quercetin and their combination for 24 h.
Control group was treated with DMSO. Total RNA was extracted, reverse transcribed to cDNA and real-time quantitative PCR was performed. Total ATM and RAD50
gene expression was normalised to GAPDH. Data presented are mean + SD from three biological repeats analysed by ANOVA with Bonferroni’s Multiple Comparison
tf:st. (*p < 0.05; **p < 0.01).

of telomeric damage that occurs due to the inhibition of telomerase inflammation and reduction in invasion and metastasis by affecting
activity, which causes telomere uncapping followed by activation of multiple cell signalling pathways. Quercetin has poor pharmacological
DNA damage response and apoptosis or cell cycle arrest [15]. Second is properties namely less absorption in gastrointestinal tract, huge first
the chronic effect, which occurs due to long-term continuous treatment pass metabolism when consumed orally, instability in the gastrointes-
with low concentration of MST-312, leading to telomere shortening and tinal tract and poor solubility [27]. Phase I clinical trials with oral
eventually resulting in replicative senescence [16]. Long-term treatment administration of quercetin have shown very variable results in terms of
with MST-312 leads to resistance development in cancer cells by bioavailability mostly due to variations in quercetin-metabolizing en-
adapting alternative telomere lengthening mechanisms like selecting zymes and transporters [28]. Similarly, MST-312 also displays very low
cells with long telomeres [23]. Thus, exploring the short-term chronic water solubility and unknown pharmacological properties. Thus, our
effect of MST-312 is therapeutically more viable prospect. Further, in study is significant in reporting that co-treatment with low doses of
the present study, we also monitored the acute cytotoxic effects in quercetin and MST-312 shows a strong synergistic effect in inhibiting
ovarian cancer cells. Notably, we also found that in normal OSE cells cancer cell proliferation and causes enhanced DNA damage and
MST-312 was non-cytotoxic at doses up to 5pM (supplementary apoptosis.
Fig. 1E-L). Interestingly, MST-312 was cytoprotective in OSEs at low We further wanted to evaluate the importance of our proposed
concentrations and it would be interesting to explore the underlying combination of compounds in comparison with reported combinations
mechanism for this observation. using these compounds in anti-cancer therapy. Thus, we collected the
Additionally, MST-312 specifically inhibits the telomerase activity at literature on various combinations of quercetin with chemotherapeutic
low concentrations (~1pM), while at high concentrations (~5pM) it drugs/compounds and MST-312 with chemotherapeutic drugs/com-
inhibits DNA topoisomerase II. Telomerase inhibition results in telomere pounds and tabulated (Table 1A, B). Interestingly, we observed that
uncapping which leads to telomeric damage while DNA topoisomerase II quercetin shows best synergism with DNA damaging chemotherapeutic
inhibition results in general DNA damage. Thus, at lower concentra- agents. This is consistent with our observation, because MST-312 causes
tions, MST-312 induces telomeric DNA damage as is supported by telomere dysfunction by activating DNA damage response that may
detection of telomere induced foci (TIFs) formation while at higher synergize with the DNA damage response activation by quercetin. In
concentrations it is capable of inducing telomeric as well as general DNA addition, most of the combination studies with MST-312 do not report
damage [15,16,24,25]. Interestingly, MST-312 is also reported to any combination index so it is difficult to understand the level of
strongly bind with DNA as demonstrated using isothermal calorimetry synergism.
analysis (ITC) assay and is suggested to competitively inhibit telomerase Given the synergism observed by us in the current study, we also
activity in brain tumor cell lines [26]. However, further experiments are propose further investigations to explore the co-treatment as a cancer
required to determine whether MST-312 specifically associates with preventive and post-treatment supportive therapy to prevent cancer
telomeric sequence or it has general affinity for the DNA double helix recurrence.
irrespective of the sequence or RNA-DNA hybrid formed during telo- Supplementary Fig. 1. Quercetin and MST-312 induce cytotoxicity in
merase action. Further, the in vivo binding activity of MST-312 with DNA ovarian cancer cell lines, OSE and HCT116. Cell viability after 72 h
needs experimental confirmation. Quercetin binds to DNA via interca- treatment with quercetin (5, 10 and 50 uM) or MST-312 (0.5, 1 2 and 5
lation and causes double strand breaks thus affecting DNA metabolism uM) was determined by performing alamar blue assay using DMSO as
[21]. Thus, there is a possibility that co-treatment with quercetin and vehicle control. (A-D) Percentage cell viability relative to untreated
MST-312 induces excessive DNA damage, which includes general as well control in PA-1, A2780 OVCAR3 and OSE cells, respectively, treated
as telomeric damage and that augments the apoptosis of cancer cells. with quercetin. (E-H) Percentage cell viability relative to untreated
However, both quercetin and MST-312 exhibit pleiotropic effects on cell control in PA-1, A2780, OVCAR3 and OSE cells, respectively, treated
signalling and synergy in modulating those activities cannot be with MST-312. Data represents mean =+ SD of three or more independent
overruled. for PA-1, A2780 and OVCARS3 and two independent experiments for OSE
Additionally, we observed that homology repair pathway genes are cells, respectively. (I-J) Percentage cell viability of A2780cisR and
significantly downregulated upon combined treatment with MST-312 HCT116 cells, respectively, after treatment with quercetin at various
and quercetin. Thus, there is possibility that damage by individual concentrations. (K-L) Percentage cell viability of A2780cisR and
compounds is accumulating and instead of additive effect, the drug HCT116 cells, respectively, after treatment with MST-312 at various
combination shows synergistic effect, where lower doses of drug com- concentrations. Data represents the mean + SEM of three or more in-
binations result in DNA damage levels which are otherwise achieved at dependent experiments. Data analysed by ANOVA with Dunnett’s
very high concentrations, when used individually. Multiple Comparison test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
Quercetin acts as an anti-cancer chemo preventive and chemother- 0.0001 represent significant changes.
apeutic agent and its effects are reported for almost 20 different cancers Supplementary Fig. 2. Combinatorial effect of quercetin and MST-
using in vitro as well as in vivo assays (reviewed by Rauf et al) [7]. 312 on ovarian and colorectal cancer cell lines. Following co-
Treatment with quercetin shows a variety of effects in different cancer treatment with different concentrations of quercetin and MST-312,
cells including inhibition of «cell proliferation, inhibition of cell viability was determined using alamar blue assay. (A-B)
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Combinatorial treatments reported for quercetin with chemotherapeutic drugs/compounds in cancer cell lines.

A: Combination index for quercetin with chemotherapeutic drugs/compounds in cancer cell lines.

Sr. Combination Conc. of quercetin Conc. of drug/ Combination index (CI) Cell line Ref.
no. (uM) compound (uM) reported
1 Quercetin and Cisplatin 7.5 10 0.34 Hela (cervical cancer) [29]
15 0.55
30 0.64
12.5 12 0.59 Siha (cervical cancer)
25 0.72
50 0.75
Quercetin and Cisplatin 5 80 1.11 C13* (ovarian cancer) [30]
10 1.28
15 1.21
20 1.16
30 1.15
40 0.97
60 0.96
80 0.97
Quercetin and Cisplatin 9.08-145.22 0.26-4.09 0.94 A2780 (ovarian cancer) [31]
0.88
0.72
10.38-166.10 1.66-26.52 0.4 A2780cisR (ovarian cancer)
0.46
0.27
Quercetin and Cisplatin ~ 41.25-330 2.5-19.9 0.239 -0.474 HK1 (nasopharyngeal cancer) [32]
85-340 13-53 0.402-0.981 C666-1 (nasopharyngeal cancer)
Quercetin and Cisplatin 40 8.3 Not reported HeP2 (laryngeal cancer) [33]
Quercetin and Cisplatin 50 10 Not reported HepG2 (liver cancer) [34]
2 Quercetin and 9.08-145.22 0.16-2.62 0.91 A2780 (ovarian cancer) [31]
Oxaplatin 1.12
0.92
10.38-166.10 0.59-9.41 0.5 A2780cisR (ovarian cancer)
0.68
0.36
3 Quercetin and 7.5 0.01 2.69 Hela (cervical cancer) [29]
Paclitaxel 15 1.63
30 1.39
12.5 0.006 1.71 SiHa (cervical cancer)
25 1.47
50 1.61
Quercetin and 15 0.0125 0.55 PC-3 (prostate cancer) [35]
Paclitaxel
Quercetin and 25 12.5 0.36 AGS-cyr61 (gastric cancer) [36]
Paclitaxel 25 1.86
50 6.87
50 12.5 0.73
25 0.51
50 0.48
4 Quercetin and 5- 7.5 6 2.6 HelLa (cervical cancer) [29]
Fluorouracil 15 1.15
30 1.19
12.5 50 1.15 SiHa (cervical cancer)
25 1.08
50 1.13
Quercetin and 5- 25 6.25 0.33 AGS-cyr61 (gastric cancer) [36]
Fluorouracil 12.5 0.26
25 0.21
50 6.25 0.54
12.5 0.38
25 0.25
Quercetin and 5- 50 100 Not reported EC9706 and Ecal09 (Esophageal cancer) [37]
Fluorouracil
Quercetin and 5- 10 100 Not reported HepG2 and SMCC-7721 (Liver cancer) [38]
Fluorouracil
Quercetin and 5- 3.1-50 0.6 Not reported HCT116 (Colon cancer) [39]
Fluorouracil
5 Quercetin and 7.5 0.075 1.48 HelLa (cervical cancer) [29]
Doxorubicin 15 1.23
30 1.32
7.5 0.1 1.01 SiHa (cervical cancer)
15 1.03
30 1.22
Quercetin and 25 0.125 0.18 AGS-cyr61 (gastric cancer) [36]
Doxorubicin 0.25 0.2
0.5 0.2
50 0.125 0.34
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A: Combination index for quercetin with chemotherapeutic drugs/compounds in cancer cell lines.

Sr. Combination Conc. of quercetin Conc. of drug/ Combination index (CI) Cell line Ref.
no. (uM) compound (uM) reported
0.25 0.32
0.5 0.25
Quercetin and 0.25-2 3.6 Not reported MCF7 and MDA-MB-231 (Breast Cancer) [40]
Doxorubicin
Quercetin and 5,10 0.01, 0.1 Not reported MCF7 and MDA-MB-231 (Breast Cancer) [41]
Doxorubicin
6 Quercetin and 25 3.125 0.89 AGS-cyr61 (gastric cancer) [36]
Tamoxifen 6.25 1.04
12.5 0.81
50 3.125 0.78
6.25 0.83
12.5 0.83
7 Quercetin and 25 12.5 0.25 AGS-cyr61 (gastric cancer) [36]
Docetaxel 25 1.2
50 2.96
50 12.5 0.81
25 1.2
50 0.59
8 Quercetin and 20-60 0.02 Not reported EBV transformed HRC57, DLBCL DoHH2 and U266 and [42]
Bortezomib RPMI-8226 (blood cancer)
9 Quercetin and 1-100 10 Not reported HCT116 (Colon cancer) [43]
Nocodazole
10 Quercetin and 5,15, 30 5-100 Not reported MOGGCCM (Brain cancer) [44]
Temozolomide
B: Combinatorial treatments reported for MST-312 with chemotherapeutic drugs/compounds in cancer cell lines.
Sr. Combination Conc. of MST-312 Conc. of drug/ compound Combination index (CI) Cell line Ref.
no. (M) (LM) reported
1 MST-312 and 2 10 1.16 NALM-6 (leukemia) [45]
Doxorubicin 20 0.68
4 10 0.79
20 1.19
2 5 0.84 REH (leukemia)
10 0.551
4 5 0.493
10 0.742
2 MST-312 and 5- 3 0-50 Not reported 5-FU resistant HT-29 and SW620 (colon [46]
Flurouracil cancer)
3 MST-312 and NU7026 1 10 Not reported MOS59K (brain cancer) [26]
4 MST and Docetaxel 2 3.9-250 Not reported MDA-MB-231 cells (breast cancer) [23]
5 MST and Irinotecan 2 3.9-250 Not reported MDA-MB-231 cells (breast cancer)

Percentage cell viability after combination treatment with quercetin and
MST-312 in A2780cisR cells. (C-D) Percentage cell viability after com-
bination treatment with quercetin and MST-312 in HCT116 cells. Values
represent mean + SD of three independent experiments analysed by
ANOVA with Dunnett’s Multiple Comparison test. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001 represent significant changes. (E) Per-
centage of viable PA-1 cells after treatment with 1uM MST-312 and/or
10 uM quercetin for 24 h was calculated using trypan blue exclusion
method. (F) Percentage of viable A2780 cells after treatment with 2 pM
MST-312 and/or 15 uM quercetin for 48 h was calculated using trypan
blue exclusion method. (G) Percentage of viable OVCAR3 cells after
treatment with 2 uM MST-312 and/or 15 pM quercetin for 48 h was
calculated using trypan blue exclusion method. Percentage of viable
cells in treated groups is normalised to that in control. Values represent
mean =+ SD of three independent experiments for PA-1 and OVCARS3 cell
lines and of two independent experiments for A2780 cells, respectively,
analysed by ANOVA with Dunnett’s Multiple Comparison test. *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 represent significant
changes.

Supplementary Fig. 3. Synergistic effect of quercetin and MST-312 in
A2780cisR and HCT116 cells. (A) Isobologram analysis of quercetin and
MST-312 co-treatment in A2780cisR cells was performed. CI values were
calculated according to the classic isobologram equation (see materials
and methods). Dx1 and Dx2 indicate the individual doses of quercetin
and MST-312 required to inhibit a given level of viability x and D1 and
D2 indicate the doses of quercetin and MST-312 required to inhibit the
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same level of viability x in combination, respectively. Points below the
isoeffect line indicate synergism and those above the line indicate
antagonism. (B) CI versus FA plot for the nine drug combinations of
quercetin and MST-312 in A2780cisR cells. (C-D) Isobologram analysis
and CI versus FA plot for the eight drug combinations of quercetin and
MST-312 in HCT116 cells. CI<1, =1 and >1 indicate synergism, addi-
tive effect and antagonism, respectively. Values are taken as the mean of
three independent experiments.

Supplementary Fig. 4. Combinatorial effect of luteolin and MST-312
on ovarian cancer cell line. Cell viability after 72 h treatment with
luteolin was determined by performing alamar blue assay and IC50 was
calculated using Graphpad Prism software. DMSO treated cells served as
vehicle control in all experiments. (A) Percentage cell viability of PA-1
cells, after treatment with luteolin at various concentrations. (B-C)
Following co-treatment with different concentrations of luteolin and
MST-312, percentage cell viability was determined using alamar blue
assay in PA-1 cells. Values represent mean + SEM of two independent
experiments analysed by ANOVA with Dunnett’s Multiple Comparison
test. *p < 0.05; **p < 0.01; represent significant changes.

Supplementary Fig. 5. Combined treatment with MST-312 and
quercetin augment DNA damage in cancer cells. (A) Densitometric
analysis of p53, p21 and y-H2AX expression in PA-1 cells normalised to
B-Actin. Data presented are mean + SEM from three biological repeats
analysed by ANOVA with Bonferroni’s Multiple Comparison test. *p <
0.05; **p < 0.01; ****p < 0.0001 represent significant changes. (B) PA-1
cells were treated with 1uM MST-312, 10 pM quercetin and their
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combination for 24 h. Control group was treated with DMSO. Total RNA
was extracted, reverse transcribed to cDNA and real-time quantitative
PCR was performed. p21 gene expression was normalised to GAPDH.
Data presented are mean =+ SD from three biological repeats analysed by
ANOVA with Bonferroni’s Multiple Comparison test. (**p < 0.01).
Immunofluorescence detection of y-H2AX foci in PA-1 and A2780 cells.
(C) Representative fluorescence microscopy images of PA-1 cells treated
with 1 pM MST-312 or 10 pM quercetin and their combination for 24 h.
(D) Quantification of y-H2AX foci positive cells in PA-1 cells. Scale bar
indicate 50 pm. Data represents mean =+ SD of two independent exper-
iments analysed by ANOVA with Dunnett’s Multiple Comparison test
(*p < 0.05). (E) Representative fluorescence microscopy images of
A2780 cells treated with 2 pM MST-312 or 15 pM quercetin and their
combination for 48 h. (F) Quantification of y-H2AX foci positive cells in
A2780 cells. Data represents values from one experiment for A2780.
Scale bars indicate 10 pm.

Supplementary Fig. 6. Uncropped images for Western blot analysis.
(A) Uncropped image for Fig. 5A. (B) Uncropped image for Fig. 5B. (C)
Uncropped image for Fig. 5C. (D) Uncropped image for Fig. 5D.
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ARTICLE INFO ABSTRACT

Keywords: Long non-coding RNAs (IncRNAs) are known to regulate various biological processes including cancer. Cancer
Telomere cells possess limitless replicative potential which is attained by telomere length maintenance while normal so-
TERC matic cells have a limited lifespan because their telomeres shorten with every cell division ultimately triggering
TERRA o s . . .

Telomerase replicative senescence. Two IncRNAs have been observed to play a key role in telomere length maintenance. First

is the IncRNA TERC (telomerase RNA component) which functions as a template for telomeric DNA synthesis in
association with telomerase reverse transcriptase (TERT) which serves as the catalytic component. Together they
constitute the telomerase complex which functions as a reverse transcriptase to elongate telomeres. Second
IncRNA that helps in regulating telomere length is the telomeric repeat-containing RNA (TERRA) which is
transcribed from the subtelomeric region and extends to the telomeric region. TERC and TERRA exhibit
important functions in cancer with implications in precision oncology. In this review, we discuss various aspects
of these important IncRNAs in humans and their role in cancer along with recent advancements in their anti-
cancer therapeutic application.

Alternative lengthening of telomeres

1. Introduction

Telomeres are highly conserved repetitive sequences present at
chromosomal termini which function is to protect genomic integrity.
Telomeres in human cells range from 10 to 15 kb in length and are
composed of tandem repeats of (TTAGGG), ending in a 3’ single-
stranded G-rich overhang which ranges from 30 to 600 nucleotides in
length [1-3]. The 3’ overhang can fold back into the double-stranded
telomeric DNA with the help of the shelterin complex that is specif-
ically present at telomeres, thus forming a special chromatin structure
called t-loop. Shelterin complex functions to protect telomeres from
being recognised as damaged sites and is also crucial in telomere length
maintenance [4]. Shelterin complex is composed of six
members-telomeric repeat binding factor 1 and 2 (TRF1 and TRF2),
protection of telomeres 1 (POT1), adrenocortical dysplasia protein ho-
molog (ACD), TRF1- and TRF2-interacting nuclear protein 2 (TIN2), and
repressor/activator protein 1 (RAP1) [5].

Human somatic cells (except germline cells, immune cells, and some
stem cells) exhibit telomere shortening with progressive cell divisions
which serves as an important tumor suppression mechanism [6]. Criti-
cally short telomeres lose shelterin protection and appear as
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double-stranded breaks which then induce DNA damage response via
the activation of ataxia telangiectasia mutated (ATM) and ataxia tel-
angiectasia mutated and Rad 3 related (ATR) kinases ultimately result-
ing in cell cycle arrest which is also referred to as replicative senescence
[7]. Telomerase can overcome telomere attrition by exhibiting its
reverse transcriptase activity. Telomerase activity is observed in germ-
line cells, immune cells, and several stem cells but is undetectable in
normal somatic cells [8,9]. Telomerase is composed of catalytic protein
component, telomerase reverse transcriptase (TERT), and template
forming IncRNA, telomerase RNA component (TERC) which are mini-
mally essential to reconstitute telomerase activity [10].

Another IncRNA that plays an important role in telomere length
maintenance is telomeric repeat-containing RNA (TERRA). TERRA is
transcribed from telomeres by RNA polymerase II and participates in
several mechanisms involved in regulating telomere maintenance and
homeostasis [11,12]. TERRA transcript contains several copies of the
5'-UUAGGG-3' repeats which makes it a high-affinity natural ligand as
well as a competitive inhibitor for TERT as it is complementary to the
template sequence of TERC [11,12]. Additionally, in telomerase nega-
tive somatic cells, TERRA is involved in regulating telomere
length-dependent replicative senescence. It has been observed that
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critically short telomeres are targets for homology dependent repair
(HDR) in the absence of telomerase. TERRA has been found to be
important in this pathway. TERRA accumulates at these critically short
telomeres, generating RNA-DNA hybrids, subsequently promoting HDR
to maintain telomere length and thus represents one of the important
determinants of replicative senescence [13].

Cancer cells possess unlimited proliferation potential which essen-
tially depends on telomere length maintenance. Two IncRNAs TERC and
TERRA have direct involvement in the maintenance and regulation of
telomere length. In this review, we describe various aspects of IncRNAs
TERC and TERRA, including their structure, biological role and function
in human cells. We highlight their role in cancer, specifically focussing
on their alterations in cancer, and clinical significance in precision
oncology and therapeutic targeting.

2. Human TERC
2.1. Structure and characteristics

LncRNA TERC is one of the essential constituents of telomerase
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which along with TERT maintains the length of telomeres [14]. In
humans, the TERC gene is present on the long arm of the chromosome
(Chr) 3, at position 26.2 represented as 3q26.2 and is transcribed by
RNA polymerase II [15,16]. Mature human TERC is 451 nucleotides in
length. The importance of TERC structure can be appreciated from the
fact that while RNA sequence of TERC from various species differ
dramatically, they all fold into highly conserved structural domains
suggesting their importance in function. Human TERC contains eight
conserved regions (CRs) named as CR1 through CR8 as identified by
sequence alignment with TERC sequence from other vertebrate species
[17]. Intra-RNA base pairing results in eight paired regions (P) named as
P1 through P8 in 5’ to 3’ direction and regions between paired regions
are called as junction regions (represented as J, for example, the region
between P5 and P6 is named as J5/6 region). Cryo-electron microscopy
(cryo-EM) led to significant advancement in understanding the structure
of human telomerase and its components including characterizing the
structural domains present in TERC [18]. TERC comprises of three major
domains: (i) template/pseudoknot domain (t/PK), (ii) CR 4 and 5
(CR4/5) domain and (iii) H/ACA domain which includes CR7 domain
(Fig. 1). t/PK domain together with CR4/5 domain was reported to be

CR4-CR5 Domain

Dyskerin is an essential structural
component of telomerase RNP.
NHP2, NOP10, GAR1 are interacting
components of TERC. Together with
dyskerin, they facilitate maturation
of TERC

Mutations in these proteins have
been observed in several telomere
disorders.

71 BoxH/ACA
| Domain

TCAB1 is a RNA chaperone that assembles
telomerase in the Cajal bodies present in the
nucleus and localises near telomeres

Fig. 1. Structure of IncRNA TERC along with its associated proteins. TERC consists of four major domains, Pseudo knot domain, CR4/CR5 domain, the box H/ACA
domain and the CR7 domain. The Paired regions (P) are numbered as P1-P8. The junction regions between two paired regions are named with reference to the paired
regions. TERT binds to the Pseudo knot and CR4/CR5 domain and maintains telomere length. Box H/ACA domain binds to four RNP proteins: Dyskerin, NHP2,
NOP2, and GOR1. These structural proteins facilitate the maturation and processing of TERC. TCAB1 protein binds to dyskerin and CR7 domain and aids in the

localization of telomerase.

CR- Conserved Regions, TERT-telomerase reverse transcriptase, RNP- ribonucleoprotein, NHP2- nucleolar protein family A, member 2, NOP10: nucleolar protein 10,

GARI1-

nucleolar protein member Al, TCAB1- telomere Cajal body, TERC- telomerase RNA.
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sufficient and essential for interaction with TERT thus reconstituting
telomerase activity while H/ACA domain is critical for biogenesis and
maturation of active telomerase ribonucleoprotein (RNP) [19]. Mass
spectrometry revealed that H/ACA domain in TERC is bound by H/ACA
proteins dyskerin, NOP10, NHP2 and NAF1 [18]. H/ACA proteins play
an important role in post-transcriptional processing, stability, and its
association with TERT to form an active telomerase complex [20]. CR7
which is the terminal loop of its 3’ hairpin in the H/ACA domain, con-
tains specialized sequence elements termed as BIO box and CAB box.
BIO box promotes the formation of the complex between H/ACA pro-
teins and TERC [21]. CAB box helps in trafficking TERC and H/ACA
complex to Cajal bodies (CBs) where monomethylguanosine cap at 5’
terminus of TERC is further methylated to generate trimethylguanosine
cap [22]. In CBs NAF1 protein is replaced by GAR1 [23]. Telomere cajal
body protein 1 (TCABL1) interacts with TERC via CAB box and is required
for trafficking and localization of mature telomerase complex to telo-
meres. Fig. 1 illustrates the functional domains of human TERC and its
interacting proteins.

2.2. Biological role and function

The most important role of TERC is to function as a template and
scaffold for the telomerase RNP and help in telomere elongation.
However, TERC was reported to function independently of telomerase in
telomere homeostasis. Further TERC is also implicated in several non-
telomeric activities. Fig. 2 summarizes various functions of TERC in
human cells.

2.2.1. Telomerase dependent and independent functions of TERC in
telomere homeostasis

TERC is an essential component of the telomerase complex and its
significance is evident from the occurrence of genetic diseases where
mutations in TERC gene result in a spectrum of diseases causing the
proliferative decline in various tissues. Heterozygous mutations in TERC
gene cause autosomal dominant genetic diseases including dyskeratosis
congenita (DC), aplastic anemia, and idiopathic pulmonary fibrosis (IPF)
[24,25]. Depending upon the site of mutation in TERC two classes are
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known- One, the mutations occurring in H/ACA box that affect RNA
biogenesis; and two, the mutations in t/PK domain that affect its asso-
ciation with TERT and/or template [26,27]. These mutations mostly
result in accelerated telomere shortening which leads to patients expe-
riencing bone marrow failure and becoming susceptible to cancer.

Another recently identified function of TERC in regulating telome-
rase activity is by directly interacting with argonaute 2 (AGO2) protein
[28]. AGO proteins are known to associate with small RNAs (sRNA)
which act as a guide to direct them to complementary RNA targets. The
best known function of these AGO proteins is their association with
microRNAs resulting in post-transcriptional gene silencing. TERC is
processed to small RNA named as terc-sRNA derived from the H/ACA
domain region of TERC. AGO2 associates with terc-sRNA and this binary
complex interact with the TERC present in the telomerase complex. This
interaction enhances telomerase activity by promoting structural rear-
rangement and correct folding of TERC. Additionally, overexpression of
terc-sRNA is also able to increase telomerase activity [28].

An RNA interactome study for TERC reported that it interacts with
histone 1C mRNA (HISTIHIC) [29]. This interaction is proposed to
sequester TERC in telomerase active cells as a mechanism to negatively
regulate telomerase activity and prevent telomere elongation. However,
the physiological occurrence and relevance of this interaction in vivo
require further investigation.

TERC is also known to interact with a DNA damage response protein
Ku70/80 (heterodimer of Ku70 and Ku80) in telomerase positive and
negative cells [30]. Ku70/80 along with DNA-PKcs constitute the
DNA-PK holoenzyme complex and it functions primarily in the repair of
DNA double-strand breaks via non-homologous end joining (NHEJ)
pathway. Ku70/80 protein interacts with DNA double-strand breaks
which then recruit DNA-PKcs, causing its autophosphorylation and
activation. Activated DNA-PK holoenzyme can then phosphorylate
downstream effector proteins in the repair pathway. Interestingly, the
association of TERC with Ku70/80 is also reported to stimulate the
activation of DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) [31]. Activated DNA-PK directly phosphorylates heteroge-
neous ribonucleoprotein Al (hnRNPA1) and this activity is dependent
on TERC. While the canonical function of hnRNPA1 is in regulating RNA
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Fig. 2. Biological functions of TERC. (A). TERC functions in telomere homeostasis. (B). Non-telomeric activities of TERC.
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splicing, it has several functions at telomeres. hnRNPA1 directly in-
teracts with telomeric sequences and telomerase and is therefore pro-
posed to have a role in telomere length maintenance by activating
telomerase and unwinding G-quadruplex at telomeres, thus promoting
its replication [32]. It is also known to facilitate removal of replication
protein A (RPA) from single-strand telomeric overhang so that POT1 can
associate with the telomeric overhang thus participating in telomere
capping [33]. hnRNPAL is also known to interact with TERC and it is
speculated that interaction of Ku and hnRNPA1 with TERC could recruit
and stimulate DNA-PK activity to phosphorylate hnRNPA1 thus regu-
lating its function in telomere replication, elongation, and modulation of
its structure [31,32].

2.2.2. Telomerase independent functions of TERC in non-telomeric
activities

TERC is involved in regulating ATR enzyme activity and partici-
pating in the DNA damage response pathway independent of telomerase
activity [34]. Knocking down TERC expression activated ATR and
downstream p53 and CHK1 response, triggering cell cycle arrest while
ectopically increasing TERC levels inhibited ATR activity and the
downstream checkpoint response. DNA damage induction by UV radi-
ation activates the ATR kinase response which could stimulate DNA
repair, and at a later time point modestly induced TERC expression
which inhibited ATR kinase activity and downstream checkpoint
response thus participating in the recovery phase. Furthermore, this
increase in TERC expression and impairment of ATR activity were in-
dependent of telomerase activity. However, direct interaction between
TERC and ATR kinase was not observed so the exact molecular mecha-
nism underlying this observation requires further investigation.

TERC also exhibits telomerase independent function in regulating
the survival of immune cells [35]. Ectopic expression of catalytically
inactive TERC protects stimulated CD4™" T cells from apoptosis while
knockdown of TERC results in increased apoptosis without apparent
telomere shortening. This anti-apoptotic role of TERC in immune cells is
also proposed to be causative in human telomere diseases like bone
marrow failure where telomere shortening alone due to mutation
occurring in the TERC gene does not explain the phenotype.

Chromatin isolation by RNA purification (ChIRP) analysis revealed
that TERC is bound to 2198 non-telomeric sites in human cervical cancer
cell line Hela S3 [36]. TERC is highly enriched on regions encoding WNT
pathway genes and MYC gene which are also previously reported to be
regulated by telomerase. This suggests that TERC might be bound to
these regions as a part of the telomerase complex. However, the authors
did not experimentally investigate whether TERC binding on these
genomic sites is dependent or independent of the telomerase complex.
Using the TERC binding motif obtained from ChIRP data, Liu and col-
leagues performed a genome-wide screening for genes with potential
TERC binding sites [37]. They found that TERC is enriched at various
inflammatory response genes like LIN37, TPRG1L, TYROBP, and USP16.
Ectopic expression of TERC altered the expression of 431 genes with the
highest alteration in genes involved in immune regulation. TERC asso-
ciates with the promoter regions of these genes and forms a DNA-RNA
triple helix thereby activating their transcription. Increased TERC
levels correlate positively with inflammation stages in patients suffering
from type II diabetes or multiple sclerosis. Additionally, transcriptional
regulation of genes involved in inflammatory response by TERC is in-
dependent of TERT and telomerase.

TERC is also imported to the mitochondria where it is processed to a
smaller form termed as TERC-53 [38]. Following processing, TERC-53 is
exported to the cytosol, and levels of TERC-53 are reflective of mito-
chondrial function but have no direct effect on mitochondrial function.
Zheng and colleagues reported that cytosolic TERC-53 regulates senes-
cence and cause cognition decline without affecting telomerase activity
in 10 month old mouse hippocampus [39]. Whether TERC-53 is also
important in senescence and cognition regulation in humans is not
known.
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2.3. Role of TERC in cancer: implication in precision oncology

While TERC is expressed in normal somatic cells, its expression is
especially high in telomerase positive tumor cells and germline tissues
[16]. Additionally, it is also expressed in telomerase negative tumor cells
which maintain telomere length by ALT pathway [40]. TERC has been
shown to play role in several aspects of cancer cells including prolifer-
ation, angiogenesis, and metastasis by regulating global gene expression
[41,42].

In most of the studies related to cancer, TERT expression levels
determine telomerase activity. However, there are various studies which
have also reported the significance of TERC expression levels in regu-
lating telomerase activity in cancer cells. For instance, HEK 293T
(human embryonic kidney cells transformed with simian virus 40 T
antigen) and Hela cells (human cervical cancer cell line), it was found
that individual over-expression of TERT or TERC did not increase telo-
merase activity while co-expressing them resulted in a 200 fold increase
in telomerase activity [43]. In embryonic stem cells it was observed that
TERC is the limiting factor for telomerase activity [44]. TERC expression
is elevated in the lungs, cervix, prostate, and oral cancer [45-48]. While
TERC is known to be overexpressed in several cancers, there are no re-
ports providing the overall contribution of various mechanisms in
modulating TERC expression. Mechanisms altering TERC expression in
cancer and their clinical relevance are described in the subsections
below.

2.3.1. Genetic alterations in TERC

One of the most common genetic alterations found in TERC gene in
various cancers is amplification which increases its copy number. For
example, a study reported increased TERC gene copy number in 97% of
head and neck carcinomas [15]. Various techniques like southern blot-
ting, fluorescence in situ hybridization (FISH) or PCR have been
employed to detect genetic alterations. Southern Blotting detected
amplification of 3q26 Chr in cervix, lung, and ovarian cancer [49]. FISH
detected 5-16 TERC signals in non-small cell lung cancer (NSCLC) cell
lines, up to 20 signals in cervical cancer, up to 12 signals in leukemia
cells, and four to eight copies in melanoma cells [50-53]. PCR method
showed an increase in gene copy number and detected more than five
copies of TERC in 60 oesophageal carcinomas [54].

Clinical significance of TERC amplification in cancer with respect to
aggressiveness, progression, tumor grade, and segregation of lesions into
high risk versus low risk have also been reported. An increase in gene
copy number has been used to differentiate between different grades of
lesions using Pap smears, from low-grade lesions to high-risk lesions.
Extra copies of TERC were observed in cervical intraepithelial neoplasia
(CIN)1/CIN 2 lesions that further progressed to CIN3, while non-
progressing lesions did not show an increase in gene copy number.
Four out of twelve normal smears that advanced to CIN3 or cervical
cancer had extra copies of TERC. Another study reported that with the
increase in the grade of lesions of cervical cancer, the percentage of cells
with more than two copy number of TERC also increased [55-57]. Hence
increase in gene copy number of TERC could be a marker to recognize
high-risk lesions developing into cervical cancer. NSCLC and small cell
lung carcinoma cells showed 49.99% and 40.96% TERC amplification
compared to 29.62% amplification in non-malignant disease cells [58].
Another study in NSCLC reported an association of Myc and TERC copy
number [59]. Ten out of thirty patients with oral cancer showed an in-
crease in gene copy number. Histological analysis and FISH studies
indicated a progression in cancer grade in 100% cases with high-grade
squamous intraepithelial lesion and carcinoma in situ (CIS) with an in-
crease in gene copy number of TERC. However, low grade SIL with no
increase in copy number did not show disease progression. Thus
detection of TERC copy number is suggested to stratify high and low risk
lesions [46]. Further, depending upon the risk assessment performed,
precise treatment can be recommended for the patients.

Another genetic alteration observed in cancer cells and found to be
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responsible for increased TERC expression is single-nucleotide poly-
morphism (SNP). Presence of SNP at rs2293607 position in TERC gene is
observed in high TERC expressing colorectal carcinoma cells and is
associated with high risk of CRC [60]. In another case controlled study,
role of SNP at rs10936599 position in TERC gene was investigated in 554
lung cancer patients. SNP selection and genotyping revealed that SNP at
1510936599 is strongly associated with the risk of lung cancer [61].
Hence, SNPs can also play an important role in modulating TERC
expression and individual risk assessment and warrant further
investigation.

Table 1 enlists various cancers with type of genetic alteration in
TERC and associated expression changes.

Table 1 Abbreviations: RT-PCR- Real Time polymerase chain reac-
tion, ISH- in-situ hybridisation, TERC- Telomerase RNA, RNAseq- RNA
sequencing, CISH- Chromogenic in-situ hybridisation, FISH- Fluores-
cence in-situ hybridisation, SNP-Single nucleotide polymorphism.

2.3.2. TERC expression alterations due to transcriptional and post-
transcriptional regulation in cancer

Human TERC gene promoter in cancer cells is known to be activated
by several transcription factors like NF-Y, SP1, retinoblastoma protein
(Rb) and repressed by factors like SP3 [75]. It is proposed that elevated
TERC expression by gene amplification occurs in cancers which either
lack positive regulatory proteins like Rb or where negative regulatory
transcription factors like SP3 have to be titrated out. Myc has also been
reported to transcriptionally increase the expression of TERC in prostate
carcinoma [71]. Levels of TERC were found to correlate with the
expression levels of Myc. Knockdown of Myc resulted in significant
reduction in TERC expression and chromatin immunoprecipitation
studies revealed Myc accumulation at promoter region and terminal
regions of the TERC gene.

Post-transcriptional mechanisms like increased stability of TERC
mRNA is also observed in some cancers. In head and neck squamous cell
carcinoma (HNSCC), it has been reported that fragile X-related protein 1
(FXR1) levels are increased by gene amplification and FXR1 stabilizes
TERC mRNA thus increasing its expression levels [66]. Together FXR1
and TERC overexpression is associated with higher proliferation and
thus poor prognosis of HNSCC and this is proposed to stratify HNSCC
patients for therapy.

Table 2 enlists various transcription factors and cofactors which are
reported to modulate TERC expression in various cancers.

Table 2 abbreviations: MYC-Master regulator of Cell cycle entry,
FXR1- Fragile X mental retardation syndrome-related protein 1, SP1-
Specificity protein-1, NF-Y-Nuclear factor-Y, CtBPs-C-terminal binding
proteins, E1A- Adenovirus early region 1A. HIF-1- hypoxia induced
factor 1, pRb- retinoblastoma protein, MDM2-murine double minute 2,
SP3- Specificity protein-3, HuR- Human antigen R protein.
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Table 2

List of various transcription regulators of TERC.
Regulatory Model system Mechanism Reference
Protein
MYC Prostate Cancer Transcriptional Activator [71]1
FXR1 HNSCC cell lines [66]
Spl Bladder Carcinoma [76]
NF-Y Bladder Carcinoma [76]
CtBP, E1A Bladder and lung [771

cancer

HIF-1 Ovarian cancer [78]
p300 Ovarian Cancer [78]
PRb Cervical cancer [75]
SP3 Cervical cancer Transcriptional Repressor [75]
Spl Bladder Carcinoma [76]
MDM2 Bladder Carcinoma [79]1
HuR Osteosarcoma and Transcriptional Repressor [80]

cervical cancer (Methylation of TERC gene)

2.4. Therapeutic strategies for targeting TERC in cancer

Cancer cells and somatic cells differ in presence and absence of
telomerase activity respectively. This makes telomerase a promising and
specific anticancer target and provides a therapeutic window for tar-
geting its core components, TERC and TERT [81]. While targeting the
protein component TERT directly has been difficult, numerous ap-
proaches have been developed to target its RNA component TERC. The
approaches and challenges of targeting TERC in cancer are described in
the subsections below.

2.4.1. Antisense approach targeting human TERC

Antisense approach inhibits TERC gene expression at the post-
transcriptional level. It employs short oligonucleotide sequence which
is complementary to TERC or siRNAs or shRNAs against TERC.

For antisense oligonucleotides, the target sequence is the template
region of TERC since it is single stranded and blocking this sequence
directly inhibits telomerase activity. Covalent modification of these
antisense oligonucleotides to enhance their activity have also been re-
ported. Covalently adding 2/,5'-linked tetraadenylate (2-5A) through
linkers to antisense TERC RNA molecules specifically enhances degra-
dation of target RNA molecules when added to intact live human cells. In
glioma cell lines, longer treatments with 2-5A linked antisense TERC
resulted in 70-80% reduction in cell viability. In vivo assays in xeno-
grafts of nude mice also showed significant reduction in tumour [82].
Lipofectamine mixed with 2-5A-antisense TERC is reported to shorten
the treatment period and exhibit significant anticancer activity in ma-
lignant glioma cells and intracranial malignant glioma [83]. In cervical
cancer, treatment with 2-5A linked antisense TERC rapidly reduces cell
viability and induces apoptosis by caspase mediated pathway [84]. The

Table 1
Genetic alterations in TERC, associated expression status in various cancers.
Sample Type Cancer type Method used Expression status Genetic status References
Clinical samples Cervical cancer FISH using a TERC-specific probe Overexpression Gene amplification [62]
Melanoma FISH Overexpression [63,64]
Cervical cancer FISH Overexpression [65]
Cervical cancer FISH Overexpression [571
Cervical cancer FISH Overexpression [55]
Head and neck carcinoma FISH Overexpression [66]
NSCLC FISH Overexpression [59]
Lung cancer FISH, liquid based pap test Overexpression [58]
Oral cancer FISH using a TERC-specific probe Overexpression [67]
Carcinoma of the larynx FISH Overexpression [68]
Stomach cancer RT-PCR and ISH Overexpression Not mentioned [69]
Oesophageal cancer ISH Overexpression [70]
Prostate cancer CISH Overexpression [71]
Breast Cancer PCR Overexpression [64,72]
Thyroid Cancer RT-PCR Down regulation [73]
Gliomas SNP genotyping using illumina Overexpression SNP [74]
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combination of 2-5A linked antisense TERC with cisplatin or
Ad5CMV-p53 exhibits potential anticancer activity in vitro and in vivo
models [85,86]. Another approach has been linking of antisense TERC to
2'-0-(2-methoxyethyl) (2'-MOE) and this increases the pharmacokinetic
properties of this RNA molecule. Treatment of prostate cancer cells with
2'-MOE linked antisense TERC inhibits telomerase activity and induces
telomere shortening [87].

Therapeutic potential of siRNA and shRNA against TERC have also
been evaluated in various cancer cell lines. siRNAs against TERC have
been found to reduce cell growth and inhibit telomerase activity in colon
cancer, lung cancer and breast cancer cell lines [88]. shRNA against
TERC supressed cell growth up to six days after treatment in bladder
cancer cells. The combination of shRNA against TERC and TERT resulted
in the strongest growth inhibition [89].

Hammerhead ribozymes have also been employed to target TERC. It
consists of a catalytic core with flanking sequences complimentary with
TERC. DNA complexes of cationic liposome containing plasmid for
ribozyme targeting TERC have been found to reduce telomerase activity
and inhibit metastatic progression of melanoma in mice [90].

2.4.2. Oligonucleotide analogues

The most promising TERC-based therapy that directly inhibits telo-
merase activity is GRN163L also known as imetelstat which is a lipid
conjugated 13-mer oligonucleotide (5-TAGGGTTAGACAA-3') contain-
ing N3'- P5’ thiophosphoramidate linkage between nucleotide bases
instead of the phosphodiester bond. The sequence is complementary to
TERC and its hybridization with TERC disrupts the interaction between
TERC and TERT resulting in competitive inhibition of telomerase ac-
tivity [91]. In pre-clinical studies, imetelstat alone as well as in combi-
nation with currently prescribed chemotherapeutic drugs causes
telomere shortening eventually leading to replicative senescence and
cell death in different cancer types [92-94]. Imetelstat has also been
found to inhibit telomerase activity and increase apoptosis in cancer
stem cells [95]. After successful pre-clinical trials, imetelstat entered
clinical trials and is currently being tested in phase 2/3 for low risk
myelodysplastic syndromes and phase 2 for intermediate or high-risk
myelofibrosis [92]. However, the major challenge is to overcome side
effects like neutropenia and thrombocythemia which have been
observed in clinical trials [96].
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Another approach is using peptide nucleic acids (PNAs) against
TERC. PNAs are peptides which resemble nucleic acids in terms of
intramolecular pairing and geometry. PNAs against TERC were the first
oligomers to be tested for their anti-cancer property [97]. PNAs target
cancer cells by inhibiting telomerase, inducing telomere shortening,
decreasing colony size and promoting cell cycle arrest [98].

Table 3 enlists and summarizes various TERC targeting cancer
therapeutic strategies.

2.4.3. Challenges of targeting TERC in cancer

Major challenge in therapeutically targeting TERC in cancer cells is
the prolonged lag phase which is observed between initiating the
treatment of cancer cells and proliferation inhibition. This is because
cells have to undergo several rounds of population doublings to achieve
critically short telomeres, which can then activate the cell cycle arrest or
apoptosis. Furthermore, long term treatment with these compounds
causes severe side effects including toxicity and stem cell loss. This re-
sults in discontinuation of the treatment by patients and thus impact the
outcome. Cancers with shorter telomeres may be better candidates for
targeting TERC because the lag phase to achieve critically short telo-
meres would be shortened thus reducing treatment side effects. More
efforts are required to investigate this hypothesis. Another challenge in
targeting telomerase activity (including TERC based therapies) in telo-
merase positive cancer cells is the development of resistance by acti-
vating alternative lengthening of telomeres to stabilize their telomeres
[113]. Thus, developing approaches to target extra-telomeric activities
of TERC is required.

3. Human TERRA
3.1. Structure and characteristics

TERRA is produced from transcription of subtelomeric regions which
proceeds towards telomeres by RNA polymerase II using C-rich telo-
meric strand as template [114,115]. Therefore, the 5 end of TERRA
contains sequences derived from subtelomeric regions and it terminates
with tandem arrays of UUAGGG repeats. Majority of human TERRA is
transcribed from a single locus which is at chromosome 20q [116]. Also
TERRA is highly heterogenous in size ranging from 100 nucleotides up to

Table 3
Current therapeutic strategies targeting TERC in cancer cells.
Therapeutic Strategy Mechanism Compound Cancer types Reference
Oligonucleotides Blocks TERC by Peptide nucleic acids (PNA) Breast Cancer [971,
analogues direct binding due to Transformed fibroblast cells [98],
complementarity Melanoma cells and surgical samples [991,
Prostate Cancer [100]
GRN163L/Imetelstat Kidney carcinoma, epidermoid carcinoma and lung [91]
carcinoma [93]
Breast Cancer [94]
Osteosarcoma [96]
Non-small-cell lung cancer
Anti-sense approach Reducing TERC mRNA levels 2'-0-(2-methoxyethyl) (2'- Prostate Cancer [87,101]
MOE) Breast Cancer [102]
Melanoma cells and surgical samples [90]
Breast Cancer [103]
Melanoma [104]
Hammerhead ribozymes Hepatocellular Carcinoma Cells [105]
2-5A antisense Malignant Glioma [82]
Intracranial malignant glioma [83]
Cervical Cancer, Prostate Cancer, Ovarian Cancer, [84,
Bladder Cancer 106-108]
[85]
[86]
Short interference RNA Colon Cancer, Cervical Cancer [88,109,110]
(siRNA) Bladder Cancer oral squamous cell carcinoma [89]
Renal Carcinoma [111]

[112]
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9 kilobases in length. 5’end of TERRA is capped with 7-methylguanosine
and polyadenylation at 3’ end is found in approximately 7% of total
TERRA molecules [114].

TERRA displays parallel G-quadruplex conformation in the presence
of sodium ions and protects themselves against degradation by ribonu-
cleases [117]. Electron microscopy and circular dichroism revealed that
the G-rich strands in TERRA are highly compressed into circular parti-
cles and appear like short thick rods. Thus, it is proposed that struc-
turally TERRA appears like beads on a string, where (UUAGGG)4 repeats
form the beads, which are linked by UUA [118]. The stacked G-quad-
ruplex consists of two dimeric, three-layer parallel strands which are
stacked at the 5’ends. The adenine in UUA is almost coplanar with 5’
G-tetrad resulting in the formation of A(GGGG)A hexad [119]. Fig. 3
shows a schematic representation of TERRA production from telomeric
transcription and its conformation.

3.2. Biological role and function

TERRA associates with telomeres and their association is regulated
by suppressors with morphogenetic defects in the genitalia (SMG) class
of proteins which are known to maintain telomere length homeostasis
[114]. TERRA binds to both cis (transcribed from one telomere and
binding with the same telomere) as well as trans (transcribed from one
telomere and bind to other chromosome telomeres) regions in telo-
meres. The proteomic interactome of TERRA revealed its interaction
with epigenetic complexes, cell cycle regulators, and telomeric factors
[120]. TERRA interacts with TRF1 and TRF2 and this interaction has
been proposed to direct TERRA to telomeres [121]. TERRA interacts
with various other proteins and enzymes and is implicated in various
functions [122].

3.2.1. Role of TERRA in telomeric chromatin regulation

Telomeric DNA is heterochromatin in nature as evidenced by two
observations. First is the presence of heterochromatin protein 1 (HP1)
and histone tri-methylation marks (H3K9me3 and H3K20me3) at telo-
meres and second is the hypermethylation of telomeric DNA [123-125].
TERRA plays very important role in establishing the heterochromatin
state of telomeres. TERRA interacts with EZH2 and SUZ12 which are the
components of polycomb repressive complex 2 (PRC2) and recruits them
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to telomeres [126]. At telomeres, the PRC2 complex promotes the for-
mation of H3K27me3 histone mark and PRC2 along with H3K27me3
cooperate with H3K9me3 to retain HP1 at telomeres [126,127].

TERRA association with DNA causes the formation of DNA-RNA
hybrid structures called R-loops and this occurs due to the interaction
of TERRA with RAD51 protein [128]. R-loops are implicated in regu-
lating chromatin dynamics and thus can influence heterochromatin
establishment at telomeres by either inhibiting DNA methylation or by
increasing HP1 recruitment [129]. The exact molecular interactions of
TERRA influencing the function of R-loops at telomeres in different cell
types are not known.

3.2.2. Role of TERRA in telomere maintenance

TERRA functions as an important player in various aspects of telo-
mere maintenance which include telomere protection, telomere
capping, telomere replication, and telomere length regulation. Deletion
of 20q locus from human cells significantly ablated TERRA expression
leading to the dramatic loss of telomeric sequences causing telomere
shortening and massive activation of DNA damage response pathway
[116]. TRF2 regulates TERRA expressin levels as depletion of TRF2 from
telomeres causes increased telomeric transcription and increases TERRA
expression. Increased TERRA transcripts recruit lysine-specific deme-
thylase (LSD1) and MRN complex to telomeres where they activate DNA
damage response and thus promote the formation of telomere induced
foci [130]. Thus strictly regulating TERRA levels in cells is important to
ensure telomere protection. TERRA — hnRNPA1 complex promotes the
exchange of RPA1 with POT1 at telomeric overhang thus enabling
telomere capping [131]. TERRA also promotes telomeric DNA replica-
tion by facilitating recruitment of origin recognition complex 1 (ORC1)
to telomeres [121]. Additionally TERRA interacts with TRF2 and the
ternary complex between TERRA-TRF2-ORC1 has been proposed to
facilitate DNA replication at telomeres. Another mechanism by which
TERRA may promote telomere DNA replication is by the formation of
R-loops at telomeres [132,133]. R-loops promote homologous recom-
bination between telomeres and thus prevent the collapsing of replica-
tion forks at telomeres. Interestingly, TERRA is also known to inhibit
telomerase activity by directly interacting with telomerase complex
subunits TERT and TERC and thus acting as a natural ligand against
telomerase enzyme [12]. Evidently, in vitro studies revealed that

5

Telomere DNA

Fig. 3. Schematic showing TERRA production from telomeres by RNA polymerase II. TERRA is further enlarged to highlight the formation of G-quadruplexes.
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mutation in TERC abolishes the interaction between TERC and TERRA.
Thus, it is suggested that TERRA levels keep a check on telomerase ac-
tivity and thus telomere length maintenance.

3.2.3. TERRA during stress conditions

Alterations in TERRA expression have been observed during various
stress conditions and they suggest an interplay between telomere
maintenance and cellular stress. For example, heat shock factor 1 (HSF1)
has been observed to interact with the sub-telomeric regions and up-
regulate TERRA transcription only during stress induction. HSF1 is a
transcription factor that activates genes in response to stress as a defense
mechanism. This observation suggests that TERRA might play a role in
protecting telomeres during stress [134].

Also, TERRA expression increases upon treatment with hydrogen
peroxide or cytoskeleton disruptors. Protein kinase A (PKA) was found
to regulate TERRA expression upon hydrogen peroxide or cytoskeleton
disruptors treatment as treatment with its inhibitors could rescue the
effect [135]. Treatment of cells with DNA damaging drugs like etoposide
have also been found to upregulate TERRA levels suggesting their role
during stress conditions [136]. However, specific functions of TERRA
during stress conditions require further investigation.

Table 4 summarizes various interacting proteins of TERRA and their
biological functions.

Table 4 abbreviations: H3K9me3- Histone 3 lysine 9 trimethylation,
SUV39H1- Histone-lysine N-methyltransferase, NoRC: nucleolar
remodeling complex, MORF4L2: Mortality Factor 4 Like 2, ARID1A: AT-
Rich Interaction Domain 1A, CTCF: CCCTC-binding factor TLS: Trans-
located in liposarcoma/fused in sarcoma, EZH2- Enhancer of zeste ho-
molog 2, SUZ12- Suppressor of Zeste 12, HP1ly/a-heterochromatin
protein 1 y and o, TRF2- Telomeric Repeat-Binding Factor 2, TRF1-
Telomeric Repeat-Binding Factor 1, RAD51- DNA repair protein RAD51
homolog, hnRNPA1-human ribonucleoprotein Al, LSD-lysine-specific
demethylase.

3.3. Role of TERRA in cancer

3.3.1. Altered expression of TERRA in cancer cells

85% of cancers reactivate telomerase to maintain telomere length.
Remaining 15% of cancers employ alternative lengthening of telomere
(ALT) pathway where telomere length is maintained by homologous
recombination (HR). TERRA expression levels predict which telomere
maintenance pathway is active in cancer cells. High expression levels of

Table 4
TERRA interacting proteins and their biological role.

Interacting Cell lines Function Reference

proteins

H3K9me3 Colorectal carcinoma, Telomere chromatin [121,
Cervical cancer regulator 130]

SUV39H1 Cervical cancer [130]

NoRC Kidney Cancer [137]

MORF4L2 and Cervical cancer [138]

ARID1A

CTCF Colorectal carcinoma [139]

TLS Cervical cancer Epigenetic [140]

EZH2 and Osteosarcoma cancer modification [126]

SuUzZ12

HP1ly/a Kidney Cancer, Colon Telomeric DNA [121,
cancer, Osteosarcoma replication 135]

TRF2 Colon Cancer, [121]
Osteosarcoma

TRF1 Cervical Cancer, Supress R-loop [141]
Osteosarcoma formation

RAD51 Cervical cancer Catalyses R-loop [128]

formation
hnRNPA1 Cervical Cancer Telomere capping [33,142]
LSD1 Cervical Cancer, Kidney Activates DNA [11]

Cancer damage response
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TERRA are observed in cancer cells where the ALT pathway is active
while lower expression levels are observed in cancer cells that are
dependent on telomerase for telomere length maintenance [114].
Therefore, indicating that in telomerase positive cancers, TERRA acts as
a tumor suppressor and in ALT positive cancers, TERRA is oncogenic.

Opposite expression status in telomerase positive and ALT cancer
cells is in concordance with its functions mentioned in the above section.
In telomerase positive cells, TERRA levels are low because higher
expression would inhibit telomerase activity. Telomerase activity is
associated with increased methylation of proximal subtelomeric DNA
thus causing a reduction in transcription and low TERRA expression
levels [143].

In most of the ALT positive cancer cells, a-thalassemia mental
retardation X-linked (ATRX) gene harbors inactivating mutations thus
promoting homologous recombination at telomeres which causes
increased transcription of telomeres and thus higher expression of
TERRA. ATRX mutations represent one of the most important bio-
markers to identify ALT positivity of cancers. TERRA interacts with
ATRX protein and exhibits an antagonistic relationship with it. ATRX is
an RNA binding protein with helicase activity and it promotes telomeric
DNA replication majorly by two mechanisms. Firstly, by reducing G-
quadruplex structures from telomeres which promotes telomeric repli-
cation by DNA polymerase [144]. Secondly, by reducing the association
of the MRN complex with telomeric DNA and PML bodies so that telo-
meric recombination is prevented by suppressing HR and telomeres
length is maintained by telomerase [144]. Also, ATRX functions as a
transcriptional repressor, and its binding to telomeres represses TERRA
production. Therefore, inactivating mutations in ATRX promote TERRA
overexpression and thus homologous recombination dependent telo-
mere length maintenance in ALT cancers.

Recently NONO and SFPQ proteins were reported to interact with
TERRA and target RNA: DNA hybrid at telomeres thus promoting telo-
mere stability in telomerase positive as well as negative cancers.
Downregulation of NONO and SFPQ led to an increase in TERRA foci,
telomere fragility, and increased telomere recombination in telomerase
positive and ALT cell lines [145].

Table 5 enlists various cancers with altered TERRA levels and the
type of telomere maintenance pathway.

Table 5 Abbreviations: qRT-PCR-quantitative real time polymerase
chain reaction, FISH- Fluorescence in-situ hybridisation.

3.3.2. Clinical significance of TERRA in cancer

The clinical importance of TERRA expression alterations in cancer
cells is also reported. For example, numerous studies have evaluated
TERRA expression alterations as a predictive and prognostic factor to
determine survival and outcome of cancer patients. Depending on the
expression of TERRA, HNSCC patients were segregated into two groups.
It was found that the patients with low TERRA levels in tumour died
after 34 months from surgery, while the second group lived a disease
free life. This correlation study between expression of TERRA and
tumour aggressiveness highlights the use of TERRA as a prognostic
marker in HNSCC [150]. The prognostic role of TERRA in colorectal
cancer is also reported where it is speculated to be a significant inde-
pendent prognostic factor for long-term tumor outcomes [152]. In ma-
lignant gliomas, a trend towards a positive correlation between
increased TERRA expression and patient survival is reported but statis-
tically, it was found to be not significant [153].

Further investigation determining the clinical relevance of TERRA
expression levels in various cancers is required.

3.4. TERRA as a therapeutic target

Telomerase based therapy in telomerase positive cancer cells is
challenged by the development of resistance by activating ALT mecha-
nisms while targeting HR recombination pathway in ALT positive cells is
difficult since HR is essential for normal DNA metabolism [154]. Thus
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Table 5
List of Cancers with altered TERRA expression, telomere maintenance mechanism, and method of investigation.
Sample type Cancer type Method of investigation Telomere maintenance Expression Reference
mechanism status
Cell lines Colorectal cancer, Cervical cancer, Glioblastoma multiforme qRT-PCR Telomerase Downregulation [146]
Osteosarcoma, glioblastoma multiforme ALT pathway Upregulation
Cervical cancer, kidney cancer, colon cancer Telomerase Downregulation [147]
Osteosarcoma ALT pathway Upregulation
Osteosarcoma and lung cancer slot blot hybridization Telomerase Downregulation [143]
ALT pathway Upregulation
Osteosarcoma, in-vitro SV-40 transformed Lung and skin fibroblast RNA-FISH Telomerase Downregulation [148]
Cervical cancer, fibrosarcoma, embryonic kidney cells expressing ALT pathway Upregulation
SV40 large T antigen, colon cancer
Clinical Astrocytoma qRT-PCR Telomerase Downregulation [149]
sample ALT pathway Upregulation
Head and neck cell carcinoma slot blot hybridization, - Upregulation [150]
qRT-PCR
Hepatocellular Carcinoma FISH Telomerase positive cell Downregulation [151]
lines
Larynx, colon, lymph node cancer Northern Blot, RNA FISH Not mentioned Downregulation [115]

TERRA based approaches are an attractive therapeutic strategy in telo-
merase positive or in telomerase negative (ALT dependent) cancers.
However, strategies targeting TERRA would depend on whether cancer
cells are telomerase positive or negative because in telomerase positive
cancers, TERRA suppresses cancer growth while, in telomerase negative
cancers, TERRA promotes cancer growth.

3.4.1. Small molecules in modulating TERRA expression in cancer cells

In telomerase-positive cells, TERRA expression is increased by po-
tential therapeutic compounds thus inhibiting cancer cell growth. 5-aza-
cytidine (5-AZC) is an analogue of cytidine and its incorporation into the
genome leads to DNA hypomethylation [155]. Treatment of U937
glioblastoma cancer cells with 5-AZC results in accumulation of TERRA
at chromosomal ends and reduction in telomerase activity while no
change was observed in K562 leukemia cells upon treatment with 5-AZC
[156]. Trichostatin A (a small molecule inhibitor of histone deacetylase)
has also been reported to increase the abundance of TERRA in HeLa cells
[157]. However, it may affect cancer cell growth by various other
mechanisms.

In ALT positive tumors, TERRA inhibition would have an anti-
proliferative effect. Thus strategies to inhibit TERRA have been inves-
tigated in such cancer cells. TERRA molecules are known to form G-
quadruplex [119]. Many small molecules like TMPyP4, BRACO-19,
Quarfloxin, RHPS4, and AS410 have been reported to associate with
G-quadruplex nucleic acid conformation in vivo and possess anti-tumor
activity [158,159]. Thus, these molecules have the potential to target
G-quadruplex formed by TERRA, and represent one of the strategies to
target TERRA.

3.4.2. Antisense approach targeting human TERRA

Knocking down TERRA by siRNAs treatment caused increase in TIFs,
aberrations in metaphase telomeres and loss of H3K9me3 and ORC at
telomeric DNA in ALT positive U20S osteosarcoma cells. However, the
efficiency of siRNAs in reducing TERRA expression was less (nearly
40%) [121]. Another alternative approach has been using
single-stranded antisense oligonucleotides (ASOs) against TERRA. ASOs
are modified with locked nucleic acid and a gapmer object and they
stimulate degradation of TERRA by RNaseH1 in vivo. Upon treating the
cells with ASOs, 95% reduction in TERRA molecules occurred post 1 h
and post 6 h, 75% TERRA could be depleted. Knockdown of TERRA led
to TIF formation, loss of telomeric repeats, insertion and duplication of
telomere repeats within the chromosome and chromosome end to end
fusions in mouse embryonic stem cells. Depletion of TERRA further led
to an increase in TERC levels [120]. The antisense approach for targeting
TERRA should be further investigated in human cancer cell lines and in
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in vivo model organisms in order to assess its clinical utility.

3.4.3. Challenges in targeting TERRA in cancer

A major challenge in targeting TERRA is the absence of a well-
established approach to deplete TERRA levels. Small molecules re-
ported to modulate TERRA expression are very non-specific since they
affect the expression and activities of various other molecules. The
antisense approach also only partially reduces TERRA levels. More
detailed investigation in understanding the functions of TERRA in
telomerase positive and negative cancer cells will augment the devel-
opment of approaches for targeting cancer.

4. Conclusion

Despite years of research on cancer therapeutics, very few clinally
effective treatments are available for cancer. The discovery of corrobo-
rated targets and novel drugs is therefore necessary. While various
components of telomeres and telomerase have been evaluated for tar-
geting cancer cells only TERC targeting therapies against cancer have
shown highly promising results and are in advanced clinical trial stages.
TERRA targeting therapies are at the preclinical stage but they also
demonstrate great therapeutic potential in telomerase and ALT positive
cancers. Understanding their functions in greater depth would also open
novel ways in which TERC and TERRA can be targeted in cancer cells.
Additionally, TERC and TERRA expression alterations as predictive and
prognostic markers in cancer progression suggest their clinical potential
in precision medicine.

Future efforts are required to overcome the challenges posed by
TERC and TERRA targeting strategies. Strategies targeting non-telomeric
activities of TERC should be explored. For TERRA, efforts should be
made in developing in vivo model organism to assess its biological roles
and explore its therapeutical potential further.
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