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Abstract

Molecular Approaches for Intervening Biological Functions of DNA

Secondary Structures

Abstract

Nucleic acids exist as deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). Apart
from the well-known canonical double helix, nucleic acids can also fold into various non-
canonical secondary structures. The non-canonical DNA secondary structures include G-
quadruplex, i-motif, Z DNA, hairpin, cruciform, triplex, etc. G-quadruplex structures are
widely abundant in the eukaryotic genomes at regions of biological significance, like the
telomeres (DNA and RNA G-quadruplexes), promoters of oncogenes (c-MYC, BCL-2, c-
KIT, k-RAS, etc), untranslated regions of genes (n-RAS, VEGF, etc), as well as hotspots of
recombination. These G-quadruplex secondary structures can act as molecular switches
having roles in gene regulation, DNA damage and repair, genomic instability and are

involved in diseases like cancer, diabetes, and neurological disorders.

In recent times, G-quadruplexes have evolved from mere structural curiosity to highly
integral therapeutic targets evidenced from their functions in regulation of essential cellular
processes like transcription, replication, genome integrity and epigenetic expression. Thus,
therapeutic intervention of these G-quadruplex structures using small molecules are

considered as alternative strategies for anticancer discovery.

Chapter 1 provides a general introduction of the G-quadruplex secondary structure. It also
details the function and occurrence of both DNA and RNA G-quadruplexes in the
geneome. Moreover, the therapeutic strategy to target G-quadruplexes have been
discussed. The role of computational and biological tools to search and explore novel G-

quadruplex targets have also been emphasized.

Chapter 2 demonstrates the inhibition of the most explored G-quadruplex found in the
telomeric region of eukaryotic chromosomes. Stabilization of telomeric G-quadruplexes
has been reported as an effective method of inhibiting telomerase mediated telomere
lengthening. Indoloquinoxaline containing small molecules were screened and it was found
that 1Q2 with carboxamide side chain exhibited selective binding interaction with the

human telomeric G-quadruplex DNA and inhibited telomerase activity. The ligand also
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triggered DNA damage, induced cell cycle arrest in S and G2/M phases and activated

caspases-3/7 that ultimately led to cancer cell death through apoptotic pathway.

Chapter 3 illustrates the downregulation of an oncogenic promoter gene by finding a
selective G-quadruplex ligand for the ¢-KIT G-quadruplex which is implicated in different
cancer types including gastrointestinal stromal tumors, melanomas, mastocytosis, and
acute myeloid leukemia. Different biophysical and biological assays were used to study the
interaction of a library of small molecules with different side chains and different
heteroaromatic scaffolds to ascertain the most effective G4 binder for ¢-KIT G4. A
carbazole derivative, MC-4 was found to have the highest capability for selective
recognition and stabilization of the parallel ¢-KIT I G4. Detailed investigations revealed
that the MC-4 facilitates the visualization of stabilized cellular G4s. In addition, the ligand

induced ¢-KIT gene downregulation, cell cycle arrest and apoptosis in leukemia cells.

Chapter 4 emphasized the need to find novel G4 structures in the DNA and RNA
sequences of a critically important gene, mammalian target of rapamycin (mTi OR) which
is implicated in various cancers. Bioinformatics tools were employed to explore the
presence of potential G-quadruplex forming sequences in the mTOR gene. It was found
that a G-rich sequence was capable of forming the G-quadruplex structure both in the DNA
(P2) as well as the S’UTR of the mRNA (rP2) of mTOR gene. The presence of the novel
mIOR G-quadruplex was confirmed using various techniques including circular dichroism,
DMS footprinting, nuclear magnetic resonance (NMR) and its biological implications were
affirmed using gene expression studies. This is the first report of a novel G-quadruplex in

the mRNA of the mTOR gene with a role in the gene regulatory mechanism of mTOR.
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1.1.Nucleic Acid secondary structures

Nucleic acids play indispensable roles in the preservation and transmission of vital
genetic information in all living organisms. Deoxyribonucleic acid (DNA) serves as the
repository of instructions for cellular proteins, encompassing the genetic code for
replication and transcription to produce messenger RNA (mMRNA), and ultimately leading
to protein synthesis. The study and elucidation of the DNA structure and function unravels
fundamental insights of the storage and inheritance of genetic data, thereby ensuring the
transfer of genetic data to the next generation.*

Double-stranded DNA consists of two helical strands held together by
Watson-Crick bonds, predominantly adopting the canonical right-handed double helical
structure known as B-DNA. However, certain environments and sequence motifs of DNA
tend to favor alternative DNA conformations, known as non-canonical secondary

structures. These secondary structures are also formed in ribonucleic acid (RNA).

G-quadruplex i-motif
ﬂ Nucleic Acid | .
Stem loop Trlplex

Fi&ure 1.1. Nucleic acids including DNA and RNA can adopt diffe;ent secondary

structures depending on sequence and physiological conditions.

—
(o)}
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DNA and RNA sequences can form a range of secondary structures including
hairpins, cruciforms, R-loops, G-quadruplexes, i-motifs, triplexes, Z-DNA, Z-RNA, etc
(Figure 1.1).2 Sequences that can adopt a secondary structure are often enriched at
regulatory regions of the genome, including open chromatin regions, promoters, 5’UTRs
and 3’UTRs. Importantly, they are over-represented in regions governing key cellular
processes, such as transcription start and transcription end sites, splice junctions and
translation initiation.® #

Hairpin structures can arise in regions containing inverted repeats of sequences
consisting of two adjacent copies of the same sequence. One of these copies is oriented in
a reverse complement direction, facilitating the formation of a hairpin structure through
hydrogen bonding between the two complementary sequences, while the intervening
spacer remains single-stranded. A closely related secondary structure, known as a
cruciform, is composed of two hairpin structures converging at a 4-way junction.®

Another secondary structure is formed by the assembly of nucleic acid where one
strand folds back to join the double-stranded DNA, and is stabilized by reverse-Hoogsteen
or Hoogsteen bonds. The other strand remains single, and the result a triplex consisting of
a triple helical structure is formed. Various triplex structures have been identified in
interactions between homopyrimidine-homopurine duplexes and single-stranded
oligonucleotides.®

In addition to these structures, G-quadruplexes and i-motifs are tetraplex structures

formed in G-rich and C-rich regions of the genome respectively (Figure 1.2).78
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G-quadruplex

Figure 1.2. The G-rich and the C-rich regions of the DNA form G-quadruplex and the i-

motif respectively

1.2. G-quadruplexes

While the peculiar nature of guanine-rich (G-rich) DNA solutions to form gel-like
aggregates was initially observed as far back as 1910, the precise character of these
aggregates remained elusive until 1960s.% 1° In the early 1960s, observations pertaining to
the self-assembly of guanylic acid resulted in the identification of the guanine tetrad-
forming sequence motif. In this motif, guanine molecules interconnected through
Hoogsteen hydrogen base-pairing, creating a planar arrangement (Figure 1.3) .} This
structure is further stabilized by interactions between positively charged ions and the O-6
lone-pair electrons of each guanine. The initial evidence for the formation of four-stranded
G-quadruplex (G4) structures from natural sequences came from in vitro experiments
where higher-order secondary structures formed from oligonucleotides resembling G-rich
sequences found in immunoglobulin switch regions.*? Subsequent investigations using

biophysical and structural biology techniques provided substantial physical proof for the
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formation of both intermolecular and intramolecular G4 structures from DNA and RNA in
vitro. This research also established a framework for identifying sequences likely to fold
into G4 structures and led to subsequent research in this field.

G-rich nucleic acid G-tetrad formed by
Hoogsteen bonding

G-quadruplex

Figure 1.3. The Gs in the G-rich strand of nucleic acid associate via Hoogsteen bonding to
form a square planar G-tetrad. The G-tetrads stack upon each other to adopt the folded G-

quadruplex secondary structure.

G-quadruplex DNA structures commonly referred to as G4 DNA have attracted
considerable interest in recent years. G4 DNA structures characteristically deviate from the
canonical B-form Watson—Crick double helix by their Hoogsteen hydrogen bonding. G4s
are evolutionarily conserved four stranded DNA structures that occur in guanine (G) rich
regions of the genome such as telomeres, ribosomal DNA, immunoglobulin class switch
regions within the 1gG locus and G-rich micro and minisatellites. Typically, guanine-rich
consensus sequences (GsNi—G3N1—GsN1—7Gs) tend to fold into a G4 structure.'®
Conventionally, four guanine nucleotides associate via Hoogsteen hydrogen bonding to
form a G-tetrad which is a square planar structure. G4s are stabilized by a monovalent
metal ion in its center. Stacking of these planar structures leads to G4 formation.

Thus, the G4 structure consists of the core G-tetrad components stacked on top of
each other without interaction with the connecting loops of variable composition. The G-

rich core typically consists of two or more stacked G-tetrads with a right-handed helical
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twist.!* The stacks are joined together by the normal sugar—phosphate backbone. The
binding energy responsible for the G4 folded structure is mainly due to three factors:
hydrogen-bonding between the guanines in a plane, n—n interactions between the guanines
in adjacent planes and charge—charge interactions between the partially negative O6 of the
guanines and cations in the octahedral position between the stacks.'®> Monovalent cations
like K", Na®, NH", etc, especially K*, are stabilizing factors resulting to stable G4
formations. In addition, varying any of the nucleotide bases to non-G bases results in a
highly destabilizing effect which may disrupt the secondary structure or render the G
formation unlikely in vivo.

The intervening variable-length sequences composed of bases other than G, hold
together the G-quartets and form the loops that are arranged on the exterior of the G4 core.
The loops are one of the major elements that define structural variability in

G-quadruplexes, and are analogous to side-chains in amino acids.

1.3. G-quadruplex —Structure and topology

Inspite of all quadruplexes containing the basic motif of the the G-tetrad,
comprised of four guanine bases held in plane by Hoogsteen hydrogen bonding, a range of
polymorphism is observed in G-quadruplexes resulting in a diverse family of structures
that can adopt various topologies. The different topologies of G-quadruplexes are
determined by the orientation of interconnecting loops and the arrangement of strand
polarities.® When all the Gs participating in the formation of the G-quadruplex arise on
the same nucleic acid strand it gives rise to the intramolecular G-quadruplex. Furthemore,
when two or more strands are involved in the G-tetrad formation, it gives rise to

intermolecular G-quadruplex (Figure 1.4).1

]
10 |
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Intramolecular Intermolecular
G-quadruplex G-quadruplexes

Figure 1.4. G-quadruplexes adopt intramolecular or intermolecular topologies depending
on the nature and number of the nucleic acid strand involved in the gormation of the G-

quadruplex.

Another distinguishing feature to determine the G-quadruplex topology is the stand
orientation. The nature of the loops is related to the directionality of the four G-rich tracts
making up the core of the G4 structure. Based on the nature of the strand orientation, G4s
may be — (i) parallel (containing double chain reversal loops); (ii) antiparallel (with two
strands running in each direction and either lateral or diagonal loops); and (iii) mixed or
hybrid structure with a mixture of loop types (Figure 1.5). Which of these structures is
preferably adopted by the G-rich strand depends on the sequence and length of the loops,

where shorter loops tend to favour parallel conformations.

11

—
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G-rich strand

Parallel Anti-parallel Hybrid

Figurel.5. The G-rich nucleic acid sequence can fold into mainly three types of G-
quadruplexes including parallel, antiparallel and mixed topologies based on the direction
of the nucleic acid strand.

1.4. Factors affecting formation of G-quadruplexes
The unique negative charge channels of the G-quadruplex promotes interaction with
cations, including K*, Na*, and Li* through electrostatic forces.!” Monovalent cations
such as K* and Na* stabilize the G-quadruplex structures by coordinating with eight
carbonyl oxygen atoms present between stacked tetrads. Among the cations, K* has the
strongest stabilizing effect on G4s, and high intracellular levels of K* are highly

conducive to forming G4s.!8 Thus, K* is routinely used in vitro to induce G4 formation.

]
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1.5.Prevalence of G-quadruplexes

I DNA G-quadruplexes

Recent genome-wide sequence analyses employing G-quadruplex signature
sequences have provided significant insights into the presence and distribution of
sequences with the potential to form stable G-quadruplexes. These G4s are abundant in
both prokaryotic and eukaryotic genomes, spanning from yeast to humans. Remarkably,
the human genome alone contains over 3,00,000 putative G4 sequences.!® 2° While the
actual occurrence of G4s in genomes is about a third less than expected by random chance,
their occurrence is not random and appears to correlate with functional genomic regions.

Predictably, G4s have been found to be most prevalent in repetitive DNA segments.
These segments include the G-rich 3’overhang of telomeres. In addition, several
investigations have unveiled the widespread occurrence of G-quadruplex (G4) structures
within the promoter regions of genes, suggesting their potential regulatory roles in gene
transcription (Figure 1.6).2! The initial discovery of a G4 structure in a promoter region
was made within the nuclease hypersensitivity element 1111

Figure 1.6. The PDB structures of DNA G-quadruplexes a) h-TELO (PDB ID: 1XAV), b)
c-MYC (PDB ID: 2JPZ), c) BCL-2 (PDB ID: 2F8U), d) VEGF (PDB ID: 2M27).

]
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(NHE 1111) of the proto-oncogene c-MYC.?2 NHE 1111 is situated upstream of the primary
promoter 1 (P1) of the c-MYC gene and plays a pivotal role in regulating its transcription.
Moreover, G4s have been studied in the promoter regions of various genes, including
proto-oncogenes like VEGF, BCL-2, PDGF-A, c-KIT, RET and HIF-1 as well as DNA
repair gene RAD17, the human platelet-derived growth factor receptor beta PDGFR-p, etc
(Table 1.1).

The presence of G4 structures in these promoter regions interferes with the
interactions between DNA and its transcription factors, thereby exerting regulatory control
over transcription machinery. Accumulating evidence from several studies demonstrates
that G4 ligands have the capacity to reduce the expression of these genes, indicating that
the presence of G4 structures may serve as a molecular switch influencing gene

transcription.

Table 1.1: List of well explored DNA G-quadruplexes.

G- Sequence (5’-3°) Topology
quadruplex

c-MYC T2ATG4A G3TGsAG3TG1AG2 Parallel
c-KIT-1 CAGAG3AG3CGCTG3AGAG4CTG Parallel
c-KIT-2 C4G3CG3CGCGAGIAGIAG.C Parallel
k-RAS G3AG3AG3AAG,AG3AG3AG3A Parallel
VEGF C3G4CG3CCG4CG4TC3G2CG4CG2A Parallel
HIF-1a GCGAG3CGsAGAG4AG4CGCG Parallel
BCL-2 GTCG4sCGAG3CG5A2G,AG3CGCG3CG4A | Anti-parallel/Mixed
h-TELO (Na*) T2AG3 T2AGs T:AGs T2AGs Anti-parallel
h-TELO (K") T2AG3 T2AGs T2AGs T2AGs Mixed

Furthermore, G-quadruplexes have been identified in other biologically significant
genomic regions, including but not limited to immunoglobulin switch regions and
ribosomal DNA. Certain genetic disorders, such as Fragile X syndrome, are associated with
repeat expansion sequences (CGG)n that can form G-quadruplex structures, affecting gene

expression and protein function. G-quadruplexes can also be found in other regulatory

)|
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elements of the genome, including enhancers and silencers, where they may influence gene
expression.
ii. RNA G-quaruplexes

DNA predominantly exists in a double-helical structure, the formation of G-
quadruplexes by G4s necessitates the temporary disruption of canonical Watson—Crick
base-pairing to allow for Hoogsteen base-pairing. Such opportunities arise during key
cellular processes like DNA replication, transcription, and recombination when sections of
double-stranded DNA transiently become single-stranded. Regions naturally occurring as
single-stranded, and thus energetically favorable for G-quadruplex formation, are located
at the very ends of telomeres and RNA. It has been documented that as many as 3,000
messenger RNAs (mMRNAs) contain putative G4s within their 5' untranslated regions
(UTRs).

Recent studies have demonstrated that mammalian telomeres can be transcribed to
form telomeric repeat-containing RNA (TERRA). Notably, TERRA has been observed to
adopt G-quadruplex structures within cells.?® 24 In addition, G-quadruplexes formed in the
telomere RNA (TERRA) can exert an influence on chromosome elongation (Figure 1.7 a).
These G-quadruplexes adopt an antiparallel arrangement with guanosine and adopt a
syn/anti conformation.?®

Molecular mechanisms governing gene expression can operate both prior to and
subsequent to the process of transcription. Post-transcriptional regulation mechanisms can
lie within the sequence or structural features of RNA transcripts. It has been hypothesized
that nucleic acid sequence motifs capable of forming G-quadruplexes may influence both
transcription and translation. Investigation into the prevalence of G-quadruplex motifs in
the vicinity of mRNA untranslated regions (UTRs) suggest enrichment of G4s toward the
5'-ends of 5-UTRs, supporting the notion of a potential link between 5-UTR RNA G4s
and translational regulation. Additionally, G4 motifs at 3'-UTRs have also been found,
particularly immediately following the termination of genes, especially in cases where
another gene is in close proximity.?® This observation suggests a possible role for G-
quadruplexes in gene transcription termination.

Gene expression regulation encompasses diverse mechanisms, operating at both the

level of DNA and RNA to influence protein expression.?’ Post-transcriptional regulation

]
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involves the control of mMRNA processing, nucleocytoplasmic transport, cellular and
subcellular localization, translation efficiency, and stability. Studies have demonstrated
that the genetic information essential for post-transcriptional control primarily resides in
the 5' end and 3' end of UTRs of mRNA (Figure 1.7 b). These regulatory processes may
involve both the primary nucleotide sequence and the secondary structural features of non-
coding elements further implicating an integral role of G4 formation in these regions.

Secondary structures formed within the 5'- and 3'-UTRs can also function as
regulatory elements by acting as target sites for RNA-binding proteins or small molecule
metabolites or by directly interacting with the translation machinery. Some of the
noteworthy G-quadruplexes which have been studied are listed in Table 1.2.

Recent advancements in methodologies, including the development of predictive
algorithms and structure-based sequencing, have enabled the comprehensive detection and
mapping of RNA G-quadruplex structures within transcriptomes on a large scale.
Numerous genomic studies have consistently revealed that a substantial portion of RNA
G-quadruplexes predominantly forms within the UTRs of mRNA molecules, where they
recruit translational proteins and modulate translation. In vitro experiments have confirmed
the involvement of G-quadruplexes in gene translation regulation.

For instance the oncogene NRAS, harbors a characteristic G-quadruplex-forming
sequence in its 5'-UTR.28 The formation of this G4 structure has been demonstrated to
inhibit gene expression. Furthermore, a G-quadruplexes in its 5'-UTR of proto-oncogene
VEGF-A has been shown to play a pivotal role in regulating cap-independent translation
initiation.?® Notably, the translational protein elF4AA can recognize the CGG repeat
sequence within the UTR and facilitate the progression of T cell acute lymphoblastic
leukemia by unwinding the G-quadruplexes within this repeat.

]
16 |
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Figure 1.7. The PDB structures of RNA G-quadruplexes a) TERRA (PDB ID: 2M18), b)
n-RAS (PDB ID: 7XSP).

In addition to the UTRs of mRNA, G-quadruplexes located in alternative splicing
sites may function as cis-elements involved in post-transcriptional regulation as well. For
example, G-quadruplexes forming within the sixth intron of the hTERT gene act as intron

splicing silencing elements, leading to a reduction in splicing efficiency.*

Table 1.2: List of well explored RNA G-quadruplexes

G-quadruplex Sequence (5°-3”) Nature
Telomeric RNA G4 (TERRA) | GsU2AG3U.AG3UAG3UA Parallel
NRAS G3AG4CG3UCUGs Parallel
FMR1 (CGG)n Parallel
BCL-2 G°CCGUG4UG,GAGCUG: Parallel
VEGF G2AG2AGsAG2AG2A Parallel

Owing to their relevance in the cellular context, both RNA and DNA G-
quadruplexes have emerged as structures of interest and are active areas of research, with
investigations focused to understand their biological functions, potential applications and

potential in therapeutics in fields like chemical biology and medicinal chemistry.
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1.6.G-quadruplex —Functions and significance

The formation of G-quadruplexes in different regions of the DNA or RNA is
implicated in critical functions of the cells (Figure 1.8). The formation of G-quadruplexes
can regulate access of telomerase enzyme to telomeres, the ends of chromosomes.
Telomerase, a complex consisting of non-coding RNA and reverse transcriptase, plays an
important role in extending the 3' ends of chromosomes, particularly in cancer cells, stem
cells, and germline cells, to prevent telomere shortening and maintain genome stability.
The presence of telomeric DNA G4s hinders telomerase access to the 3' end of the
telomere, thereby inhibiting telomere extension.3! In addition, G4s have the capacity to
interfere with various nucleic acid functions, including DNA replication, transcription, and
translation. Moreover, there are proteins capable of resolving G4 structures within the cell
to regulate the folding and unfolding of G-quadruplexes, which are formed transiently.
Many of these G4-resolving proteins belong to well-known helicase families, such as the
RecQ-like helicases and the DEAD box or DEAH box helicase families.

Replication Transcription

Telomerase

homeostasis Translation

Chromatin

8 Recombination
remodeling

Figure 1.8. A schematic representation of G-quadruplexes involved in different biological

processes.
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1.7.Regulation of G4 dynamics in cells and disease physiology

Inside living cells, G4 structures are unwound by DNA/RNA helicases, and the
resultant single-stranded DNA and RNA may be kept in this unfolded state by proteins that
specifically bind to single-stranded nucleic acids. If the G4s are not resolved, it may lead
to excessive G4 formation which can have detrimental effects on various biological
processes including replication, transcription and translation. The class of helicases that
exhibit a preference for unwinding G4 structures are referred to as G4 helicases. These
helicases primarily target DNA G4s or RNA G4s, and approximately 20 G4 helicases have
been identified to date, including DHX36, WRN, BLM, FANCJ, RTEL1, ATRX, elF4A,
among others.?

For instance, the Pifl helicase in Saccharomyces cerevisiae is known to facilitate
DNA replication by unwinding DNA-G4s. G4 helicases play a crucial role in replication,
and any dysfunction in these helicases can lead to genome instability. Deficiencies in BLM
and WRN, which are DNA G4 helicases, result in autosomal recessive syndromes known
as Bloom syndrome and Werner syndrome, respectively.

In contrast to G4-resolving proteins, G4-forming and stabilizing proteins have also
been reported.>* One of the well-established G4-forming and stabilizing proteins is
nucleolin, which plays a role in ribosome biogenesis. Nucleolin promotes the formation of
G4 structures in the c-MYC promoter region and stabilizes these G4 structures through its
RNA-binding domains and the C-terminal arginine-glycine-glycine domain.®® As a
consequence, c-MYC transcription is repressed. Nucleolin also binds to G4 structures in
the long terminal repeat promoter of the human immunodeficiency virus-1 (HIV-1)
genome, leading to the stabilization of these G4 structures and the transcriptional
repression of the promoter. These observations suggest that nucleolin-mediated G4
stabilization plays a regulatory role in oncogene expression.

Furthermore, excessive amplification of G4-forming sequences, such as the
hexanucleotide repeat GGGGCC expansion in the C9orf72 gene, results in the
accumulation of G4 structures in both DNA and RNA. This accumulation leads to abortive

transcription and is believed to contribute to the pathogenesis of amyotrophic lateral
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sclerosis and frontotemporal dementia. Mechanistically, G4 structures derived from the
C90rf72 hexanucleotide repeat interact with nucleolin, causing mislocalization of nucleolin
and nucleolar stress.®® These findings indicate that the excessive stabilization and

accumulation of G4 structures can lead to the development of diseases.

1.8.Role of G-quadruplex in cancer physiology

Cancer is one of the major diseases that pose a serious threat to human life and
health. Despite significant breakthroughs anti-cancer therapy and development of drugs,
the intricate etiology of cancer continues to present challenges. The quest for innovative
anti-cancer medications characterized by elevated selectivity and minimal side effects
remains the principal goal in for most drug candidate investigations. Consequently, there
is ongoing studies targeted at focused at identifying novel targets and therapeutic strategies.

Numerous conventional chemotherapeutic agents exert their effects on both normal
and cancerous cells, as they interact directly with duplex DNA. In this context, the
development of novel pharmaceuticals that interact with unique G-quadruplex structures
represents an alternative research approach. Such an approach holds the potential to

enhance drug selectivity and precision, particularly within distinct genomic regions.

Furthermore, that alterations in the expression of oncogenes are widely recognized as
pivotal hallmarks of cancer. Hanahan and coworkers delineated six fundamental cellular
and microenvironmental processes as hallmarks of cancer.®” These processes encompass
self-sufficiency for growth signals, insensitivity to anti-growth signals, sustained
angiogenesis, limitless replicative potential, evasion of apoptosis, and tissue invasion and
metastasis. Notably, each of these categories is associated with a regulation and
dysfunction of critical proteins such as such as c-MYC, ¢c-KIT, and kRAS (self-sufficiency),
VEGF-A (angiogenesis), BCL-2 (evasion of apoptosis), hTERT (limitless replication), pRb
(insensitivity) and PDGF-A (metastasis), etc (Figure 1.9).3 These genes contain at least
one G-quadruplex sequence in their core or proximal promoter regions and their functions

have been reported to be influenced by these G4 secondary structures.
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Figure 1.9. A schematic representation of the relevance of G-quadruplex formation and

activity in cancer-critical genes which are recognized as hallmarks of cancer

1.9. G-quadruplex as therapeutic targets

l. DNA G-quadruplexes as therapeutic targets

From a historical perspective, DNA was the first defined target for the development
of anticancer drugs. However, with the emergence of new molecular targets — such as cell
surface receptors and kinases offering greater selectivity for cancer cells, DNA-targeted
drug development declined, despite their continued pivotal role in the majority of treatment
protocols.

A revival in therapeutics targeted at DNA emerged with the recognition that
telomeres can form the unique structures of G-quadruplexes. Telomeres present at the ends
of eukaryotic chromosomes, consist of extensive repetitive segments rich in guanine, which

may self-assemble to form G-quadruplexes. These telomeric sequences serve as protective
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shields against degradation and help maintain genomic stability and serve as substrate for
telomerase extension.

G-quadruplexes present in promoter regions of genes (c-MYC, kRAS and KIT, BCL-2,
VEGF, RB1, HIF1A, PDGFA, TERT, PDGFRB, etc) also present attractive therapeutic
targets to modulate the function of these genes.3® ° Some of these telomeric and

promoter G-quadruplexes as therapeutic targets have been discussed in more details.

i Telomeric G-quadruplex

In normal cellular physiology, telomeres consist of single-stranded overhang
regions containing repetitive hexanucleotide DNA sequences of [TTAGGG]»which serves
as a critical mechanism for maintaining chromosomal stability and preventing end-to-end
fusion. In somatic cells, telomere length naturally shortens with each cell division,
ultimately contributing to cellular aging, senescence, and apoptosis. To counteract this
shortening, the enzyme telomerase, a reverse transcriptase, actively maintains telomere
length. Telomeres are further protected from degradation by shelterin, a complex composed
of six subunits (TRF1, TRF2, POT1, RAP1, TIN2 and TPP1).*: 4 However, in
approximately 85-90% of malignant cells, telomerase activity is significantly
upregulated.*® * The increased activity of telomerase enzyme results in the lengthening of
telomeres, resulting in cell immortality. Thus, by adding G-rich repeats to the ends of
telomeres, telomerase, plays a central role in the process of tumorigenesis, as it induces
cellular immortalization.

The highest concentration of potential G4s in eukaryotic chromosomes are the
telomeres with multiple repeats of [TTAGGG]. Thus, at the 3' end of the telomeric G-rich
sequence, monomeric or multimeric G-quadruplex structures can form. Small molecules
have the capacity to stabilize these G4 structures, indirectly inhibiting telomerase activity
(Figure 1.10). This inhibition arises from the disruption of the 3' single-stranded telomeric
DNA, which is essential for hybridization with the RNA subunit of the telomerase enzyme.
This hybridization is a prerequisite for the addition of [TTAGGG] repeats by the
telomerase reverse transcriptase. Consequently, the hexanucleotide repeats within

telomeres represent a promising target in anticancer therapy. As a result, the strategy of
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stabilizing telomeric G-quadruplexes using small molecules has emerged as an attractive

approach in the development of anticancer drugs.*> 46

Selective binder
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Figure 1.10. Schematic representation of the formation and stabilization of telomeric G-

quadruplexes by therapeutic agents leading to arrest of telomeric elongation process and

resulting in senescence.

ii. In promoter oncogenes

G-quadruplexes are highly enriched in the promoter regions of genes. In particular,

the promoter regions of oncogenes have been reported to contain G-rich regions capable

of adopting the folded G4 structure which impedes the recruitment and activity of DNA

and RNA polymerase resulting in the stalling of these critical processes in the cel

1.4" The

inhibition of gene expression is higher for ligand mediated promoter G4 stabilization which

further stabilizes the transiently formed G4 structures (Figure 1.11). G4 structures

in promoter regions and their activity has been discussed in details below:

present
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Figure 1.11. Schematic representation of the formation and stabilization of G-

quadruplexes formed in promoter regions of oncogenes by therapeutic agents. This
stabilization impedes polymerase activity and downregulates the processes of transcription

and translation in cells.

a. ¢-MYC G-quadruplex

c-MYC encodes a versatile transcription factor that can function both as a
transcriptional activator for certain genes involved in cell proliferation and as a repressor
for others associated with growth arrest. This results in a diverse array of c-MYC-
responsive genes that collectively regulate critical cellular processes, including metabolic
alterations, cell proliferation, and the development of metastatis. In tumor cells, c-MYC
protein function is typically increased due to the activation of upstream oncogenic
pathways. Given that c-MYC is overexpressed in a variety of human malignancies,
particularly in approximately 80% of solid tumors, suppressing the activity of this gene
represents an effective strategy in cancer therapy.*® However, targeting the c-MYC protein
with small molecules has been traditionally considered challenging due to its brief half-

life, large size, and lack of a well-defined structural conformation.

Within the c-MYC promoter region lies the nuclease hypersensitive element (NHE)

[111, positioned approximately -142 to -115 base pairs upstream of the P1 promoter. This
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region contains a G-quadruplex-forming sequence. The G-quadruplex present in the NHE
[1lof c-MYC promoter was the first among many to be discovered in the prmoter regions
of oncogenes. Ligands capable of interacting with G-quadruplex structures may contribute
to the suppression of downstream c-MYC expression by stabilizing the G-quadruplex.*® 5°
Over the past decades, there has been a focus on studying G4-interacting ligands targeting

c-MYC with the goal of developing potential antitumor therapies.

To investigate whether G4 ligands directly affect the c-MYC G-quadruplex in cells,
the Brooks group devised an exon-specific RT-gPCR assay employing two pairs of
Burkitt's lymphoma cell lines, CA46 and RAJI . This assay takes advantage of the unique
reciprocal translocation of the c-MYC gene locus in these two cell lines. In CA46, exon 1
is separated from exons 2 and 3 due to the translocation, while in RAJI, all three exons and
the PQS remain in tandem following the translocation. Consequently, when using primers
specific for exons 1 and 2 in a qPCR, the c-MYC G-quadruplex-mediated control by G4
ligands can be demonstrated in a cellular context. Indeed, a G4-interacting ligand known
as GQC-05 was found to directly suppress gene expression in a manner mediated by the
c-MYC G-quadruplex using this assay.®* This methodology has since become a standard
approach for investigating the intracellular activities of small molecules targeting the c-
MYC G-quadruplex.

BCI-2 G-quadruplex

The BCL-2 gene plays key role in regulation of apoptosis, with its encoded product
located on the cytoplasmic side of the mitochondrial outer membrane, where it exerts
control over the mobility of apoptosis-inducing proteins by regulating mitochondrial
membrane permeability.>? Elevated levels of BCL-2 have been associated with abnormal
tumor growth in various human diseases, particularly solid tumors such as lymphomas,
non-small-cell lung cancer, myeloma, and melanoma, making it an excellent target for
cancer therapy. Multiple strategies have been explored to downregulate BCL-2 expression
in cancer cells for therapeutic purposes, including the use of small molecules to disrupt

protein-protein interactions, peptidomimetics and antisense oligonucleotides. Notably,
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BCL-2 overexpression is considered a primary contributor to chemoresistance, particularly

in lymphocytic cancers.>®

Amplification and translocation of BCL-2 genes are common mechanisms leading
to its overexpression in human cancer cells. The human BCL-2 gene consists of P1 and P2
promoters with multiple transcription start sites. While the primary transcriptional
regulation is less dependent on a TATA-box in promoter 2, the P1 promoter, situated 1386—
1423 nucleotides upstream of the translation start site, has been extensively implicated in
the control of BCL-2 transcription. A GC-rich element exists 1490-1451 nucleotides
upstream of the P1 promoter. The presence of multiple G-quadruplex structures in this
region has been thoroughly elucidated by researchers.> These findings have prompted
investigations into the development of cancer therapies by stabilizing the BCL-2 G-
quadruplex structures formed in the regulatory elements and consequently reducing
promoter activity, similar to the approach taken with small molecules targeting c-MYC G-

quadruplexes.

c. c-KIT G-quadruplex

The c-KIT proto-oncogene encodes a receptor tyrosine kinase that is activated by
binding to dimerized stem cell factors (SCF), subsequently initiating processes like
proliferation, differentiation, and survival in hematopoietic precursor cells. Dysregulation
of the Kit receptor due to overexpression or mutations has been implicated in various
diseases, including gastrointestinal stromal tumors (GIST), mastocytosis, and acute
myelogenous leukemia (AML).>® While the kinase inhibitor Imatinib (Glivec) has been
developed as an FDA-approved drug for GIST, long-term exposure often leads to
secondary mutations at exons 13, 14, or 17, encoding tyrosine kinase domains. Notably,
resistance to the drug resulting from mutations at exon 17 significantly diminishes its
therapeutic effectiveness. Therefore, a strategy to suppress c-KIT expression is highly
desirable.

The human c-KIT promoter lacks both TATA and CCAT boxes. Instead, the region

located within 200 base pairs upstream from the transcription start site (TSS) is rich in GC
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content and involves several transcription factors, such as MAZ in human normal
fibroblasts and SP1 in hematopoietic cells and carcinomas. Within this region, two well-
defined G-quadruplex structures have been identified, to play a role in the regulation of c-
KIT gene transcription.>®-® This insight has accelerated the development of ligands with a
preference for c-KIT G4 structures. Modulating such structural dynamics with small
molecules has proven effective in suppressing gene expression and inducing apoptosis. The
feasibility of targeting the c-KIT promoter G4 with small molecules was further validated

in several studies involving in vitro, in cellulo and in vivo techniques.

KRAS G-quadruplex

The RAS gene family, which includes HRAS, NRAS, and KRAS, was initially identified as
driver oncogenes in human tumors and has long been recognized as a crucial therapeutic
target. KRAS mutation is one of the most potent driver mutations in cancers such as
pancreatic, colorectal, and lung cancers. Thus targeting of active KRAS with small
molecules was initially seen as a promising strategy for combatting KRAS mutant tumors.>®
However, this approach has faced significant challenges and remains unsuccessful. G4-
mediated promoter targeting has also been explored for suppressing overexpression of
KRAS. The KRAS proximal promoter region contains numerous G-rich sequences, and
multiple transcription factors interact with a G4 structure formed within this region.®® A
polypurine G-rich element, situated approximately 300 to 100 nucleotides upstream of the
exon O/intron 1 boundary in both murine and human genomes, is evidenced to contribute

to promoter activity and includes several potential G4-forming sequences.

Other G4 structures formed within putative regulatory elements in the promoters of cancer-
related genes have also been reported as potential targets for ligands interacting with G4
structures. These genes include PDGFR-8, PDGF-A, STAT3, FGFR2, among others.®* For
example, GSA11129, an agent capable of interacting with a G4 structure in the PDGFR-J
gene promoter and shifting the equilibrium toward G4 formation, was found to reduce
transcription levels, inhibit PDGF-f-induced cell proliferation, and impede migration.

Similarly, the G-rich element in the proximal promoter of the PDGF-A gene forms a stable
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G4 structure, even within a duplex DNA. Treatment with TMPyP4, a compound targeting
the PDGF-A G4, reduced basal promoter activity, suggesting that ligands specific to this
G4 may hold promise as a potential cancer therapy for gliomas, astrocytomas and

sarcomas.

1. RNA G-quadruplexes as therapeutic targets

In addition to DNA G-quadruplexes playing important roles for the cellular
functions, RNA G-quadruplexes also play pivotal roles in various critical cellular
processes, encompassing MRNA translation and localization, alternative splicing, protein
interactions and telomere maintenance. The exploration of RNA G-quadruplexes began
with the investigation of the 5'-end of the HIV gag gene. A 127-nucleotide RNA fragment
derived from HIV-1 was observed to spontaneously dimerize, forming an interstrand G-
quadruplex structure, which significantly impacted the viral life cycle.®? Consequently,
RNA G-quadruplex structures emerged as promising targets for antiviral interventions.
Subsequently, the role of human telomeric DNA, transcribed into TERRA RNAs featuring
repetitive UUAGGG motifs, which have the capacity to adopt stable G-quadruplex
structures was elucidated.?® These telomeric RNA G-quadruplexes play a crucial role in
regulating telomere length and suppressing telomerase activity.

Moreover, RNA G-quadruplexes situated in the 5" UTR of LRP5 and FXR1
mRNAs were found to enhance alternative polyadenylation efficiency. Similarly, RNA G-
quadruplexes were identified as mediators of alternative splicing in genes like p53 and
PAX9. In light of the vital biological functions attributed to RNA G-quadruplexes, they
have also become attractive targets for small molecules (Figure 1.12).% Consequently,
threrapeutic strategies to develop effective techniques for targeting RNA G-quadruplexes
to elucidate their biological significance to further expand their applications has recently
gained momentum. In this line of investigation, several small molecules have been
designed to better understand and modulate the distribution and functional roles of RNA

G-quadruplexes.
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Selective binder

5’ 3

Figure 1.12. The formation and stabilization of G-quadruplexes formed in untranslated
regions (3° UTR and 3° UTR) of mRNA inhibits the activity of ribosome and

downregulates the process of translation in cells.

1.10. G-quadruplex interacting small molecules

Over the past few decades, there has been a significant surge of interest in
biologically relevant non-canonical nucleic acid structures, such as G-quadruplexes, owing
to their distinctive structural characteristics and crucial roles in biological processes.
Consequently, these secondary structures have emerged as highly attractive targets for drug
development. G-quadruplexes have been unequivocally implicated in regulating
fundamental cellular activities, including DNA replication, DNA damage repair, as well as

the transcription and translation of oncogenes and other genes associated with cancer.
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Consequently, G-quadruplexes as therapeutic targets has evolved into a promising and
innovative strategy for combating cancer. Diverse classes of small molecules have been
strategically designed, synthesized, and evaluated as potential anti-cancer agents, with
some directly binding to G-quadruplexes and others disrupting the interactions between G-

quadruplex structures and their associated binding proteins.®*

G-quadruplexes exhibit a diverse array of biological functions, spanning telomere
maintenance, transcriptional regulation, translation modulation, replication control, DNA
damage response, genome rearrangement, and epigenetic regulation. Consequently, the
design of small molecules capable of interacting with G-quadruplexes has emerged as a
promising avenue for the discovery of novel compounds with potential anti-tumor
activities. Over the past decades, numerous small molecules that interact with either DNA
G-quadruplexes or RNA G-quadruplexes have been reported as promising anti-cancer drug
candidates in preclinical studies. These molecules exert have demonstrated diverse effects
on cells due to the modulating the biological functions of G-quadruplexes:

Inhibition of telomerase activity and the disruption of unlimited tumor cell proliferation

result from the stabilization of G-quadruplexes at telomeres.

Suppression of oncogene expression by stabilizing DNA G-quadruplexes within

promoters.
Decrease in translation efficiency by stabilizing RNA G-quadruplexes

Blocking of replication forks and induction of single-stranded DNA gaps or breaks in
tumor cells induced by small molecule mediated interactions with G-quadruplexes.

To date, extensive research efforts have explored a wide array of ligands designed
to target G-quadruplex structures, with many of these compounds documented in the G4
Ligands Database 2.2 ( GALDB, http://www.g4ldb.com/).®® Figure 1.13 highlights some
noteworthy G-quadruplex ligands. These well-established G-quadruplex ligands typically

share fundamental structural attributes which render them as highly selective molecules
designed to interact with G-quadruplex structures over double stranded or single stranded
nucleic acids. These key structural features include:
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i Containing an aromatic core that facilitates n—n stacking interactions with the
planar G-tetrads which is a unique feature of G-quadruplexes.

ii. Incorporating one or more positively charged moieties capable of interacting with
the negatively charged phosphate groups along the DNA or RNA backbone within

the grooves and loops of G-quadruplexes via electrostatic interactions.

Based on these characteristics, various classes of small molecules have been
explored (Figure 1.13). Earliest reported G-quadruplex binding ligands include bisamido-
anthraquinone, TMPyP4 and PIPER which laid the initial foundation for subsequent
designs and studies.** Progressively modifications of the core and the sidechains of the
initial ligands: from anthraquinone to fluorenone, then acridone and acridine led to the
design of BRACO-19. BRACO-19 showed interaction with G4s, antiproliferation of
cancer cells, and strong potency for telomerase inhibition.®% 87 The tetracationic porphyrin,
TMPyP4 has been extensively studied by leading G-quadruplex research groups and is the
pivotal example of N-Methylated aromatic G-quadruplex ligands.?? ® % Several
structurally-related ligands have been evaluated over the past years: the porphyrin
TQMP68 and the porphyrazine 3,4-TMPyPz, etc which have shown G4 binding
properties.’® The perylene diimide PIPER has shown moderate telomerase inhibition as
well.”t An important breakthrough in the porphyrin series came with the design of a
diselenosapphyrin Se2SAP, with an expanded porphyrin core. Se2SAP showed strong
selectivity for quadruplex-DNA (~50-fold) over duplex-DNA and was found to

discriminate among the various types of DNA G-quadruplexes.’

Beyond the macrocyclic porphyrins, several small molecules have been reported
with exceptional properties. Among the first was N-methylated pentacyclic acridinium,
RHPS4 reported in 2000 has been found to bind to the telomeric G4 with high affinity.”
Pyridostatin (PDS) was designed with emphasis on electron rich aromatic surface and was
found to increase telomere fragility in BRCAZ2-deficient cells via stabilization of the G-
quadruplex in the telomeric region, and thus reduce proliferation of homologous

recombination-defective cells by inducing double-strand breaks.

Potential anti-cancer activities has been demonstrated by pyridodicarboxamide
(PDC) core containing series such as 307A and 360A. 360A exhibit a high degree of
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quadruplex-stabilization, quadruplex-over duplex selectivity, telomerase inhibition,
growth arrest and apoptosis in cancer cells.”* Another extension of this family of ligands
was achieved by the synthesis of phenanthroline analogues Phen-DC that show a perfect
geometrical match with a G- tetrad and a higher selectivity than that of telomestatin,
further confirming the potential of the potential of bisquinolinium compounds as selective
G4 interacting ligands.”™ In the category of neutral ligands telomestatin has emerged as a
class of its own. This natural molecule has been isolated from Streptomyces annulatus in
2001 and has been subsequently extensively studied since it appears to be one of the most

selective binders of G-quadruplex.’

Quarfloxin is a fluoroquinolone derivative, and the first G-quadruplex interactive
agent to enter human phase 11 clinical trials.”” It has been shown to bind to G-quadruplex
DNA and selectively disrupt interaction of rDNA G-quadruplexes with the nucleolin
protein, resulting in Pol I transcription and inducing apoptosis in cancer cells. To date,
about 3000 different G4-targeted ligands have been identified. Ongoing research efforts
are based on rational design and synthesis of small molecules with optimum
functionalizations based on these key ligands to achieve selective recognition and anti-

cancer activities.
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1.11. Exploration/predicting of novel G-quadruplexes in important genes

Computational methods have been employed to predict and detect G-quadruplexes
(G4s) in DNA sequences. Early algorithms focused on identifying sequences containing
the pattern of GssN17G3 sN17G3 sN17Gss, with four runs of guanines separated by
variable loops which indicated the potential to adopt G4 structures (Figure 1.14).131° These
initial computational analyses suggested that the human genome might contain more than
300,000 sequences capable of forming G4 structures.
These computational tools have proven valuable in pinpointing potential G4-forming
regions within genes and have uncovered an enrichment of G4-forming sequences in
genomic areas associated with gene regulation, specific cellular functions, and various
diseases?'. However, the early search algorithms had limitations; which could not account
for structural variations, such as G4s with longer loops, bulges, or mismatches, nor could
they identify G4s composed of two tetrads. Additionally, they did not consider the
significance of flanking sequences. More recent computational tools have addressed some
of these limitations. They incorporate factors like structural variants, consider the effects
of flanking sequences based on metrics like g-fraction and g-skew, and explore the
possibilities of higher-order G4 assemblies in the genome.”® Furthermore, machine
learning approaches have recently been employed to identify sequences G4s likely to form
within genomic contexts and those with a propensity to fold in RNA sequences.’®

Additionally, analysis of the complete human genome computationally has
revealed that G-quadruplexes are not randomly distributed. G-rich sequences are highly
enriched at the 5’-end of genes (5’-untranslated region, first exon and first intron compared
to the coding regions, thereby suggesting proximity to the transcription start site (TSS)
within genes.®® Surprisingly, nearly half of all known genes possess a potential G-
quadruplex structure in their promoter regions, strategically positioned for potential
involvement in gene regulation. These G-quadruplexes exhibit greater thermodynamic
stability compared to typical structures. In contrast, RNA has demonstrated an even greater
propensity to form G-quadruplex structures than DNA, and this propensity is enhanced by
the fact that RNA is typically single-stranded in biological systems. This single-stranded
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nature of RNA results in higher probability of G-quadruplex formation as it does not
compete with duplex formation, making it more likely to occur. The abundance of
sequences in oncogenes predicted to form G4 structures influences gene expression and
contributes to genomic instability. Novel computational prediction methods are routinely
employed to discover new sequences capable of adopting the higher-order structure of G-

quadruplex and corroborated by biophysical, structural and cellular investigations.®:

p m Gdh >30,000 potential
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Figure 1.14. Computational algorithms are used to search for putative G-quadruplex

forming sequences.
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Introduction

In eukaryotic somatic cells, the telomere region undergoes progressive shortening
during replication, consequently initiating cellular senescence and apoptotic pathways.3!
However, in the context of cancer cells, a substantial upregulation of telomerase enzyme
activity is observed, facilitating the extension of telomeres. Telomerase exhibits elevated
expression in approximately 80-85% of cancer cells and primary tumors, playing a role in
maintaining telomere length homeostasis, which contributes to its function as a promoter
of tumorigenesis.® & This mechanism, in turn, results in cancer cell proliferation, evasion
of apoptosis and cellular immortality. Telomere contains tandem repeats of G-rich
(TTAGGG)n for several kilobases in the 3’ overhang which can easily adopt the G4
structure.** The formation of G-quadruplex structures within this single-stranded DNA
overhang of telomere can inhibit telomerase activity which extends the telomeric region by
using the 3’overhange as substrate. This inhibitory effect of these G-quadruplexes can be
further enhanced by specific small molecules that stabilize the G-quadruplex structure.®”
8. & Consequently, G-quadruplexes have garnered significant attention as promising

targets for therapeutic interventions.

Investigations into the stabilization of the telomeric G-quadruplexes using small
molecules such as telomestatin,*® pyridostatin, RHPS4,%" tetrakis-(N-methyl-4-
pyridyl) porphine (TMPyP4), BRACO-19,% fluoro-indoloquinolines, and berberine has
emerged as a promising avenue.®® The aim is to inhibit telomerase activity and hinder
telomere elongation specifically in cancer cells. Despite the identification of numerous
molecules with potential, the selective recognition of particular G-quadruplex motifs poses
a critical challenge and cancer cell cytotoxicity that constrain the translational progress of

these stabilizing ligands into clinical investigations.

Although Quarfloxin has advanced to phase 2 trials, it has been found to have
unintended off-target binding, resulting in lack of specificity. Consequently, the quest to
devise innovative designs that strike a balance between effective target recognition,
permeability, and therapeutic impact is ongoing. Ensuring that induced responses do not
escalate into excessive toxicity remains paramount, as overly aggressive interventions can

lead to off-target effects, thereby hindering the effectivity of these approaches during
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preclinical evaluation. Optimal treatment strategies may involve devising a method to
induce graded response that influences related molecular mechanisms, presenting a more

tunable and potentially efficacious therapeutic approach.

The indole alkaloid ellipticine was originally isolated in 1959 from Ochrosia
elliptica.® Initially, it exhibited promising anticancer properties and laid the foundation for
subsequent investigations. Over the next two decades, extensive research efforts in both
the synthesis and biological evaluation of ellipticine and its analogs led to the development
of commercial cancer chemotherapy agents.®® However, the clinical success of these drugs
in the pharmaceutical market was hindered by issues related to their toxicity. Nevertheless,
research persisted in exploring the indoloquinoxaline system and its derivatives.

Further investigations revealed that B-220a exhibited notable antiviral activity
against herpes simplex virus type 1 (HSV-1), cytomegalovirus (CMV), and varicella-zoster
virus (VZV).%. Subsequent developments in a new series of indoloquinoxaline derivatives
have demonstrated significant efficacy against autoimmune inflammatory diseases such as

multiple sclerosis (MS), rheumatoid arthritis (RA), and other similar conditions.

In this chapter, rationally designed and synthesized library of indoloquinoxaline
containing small molecules (1Q1-9) with different side chain modifications was studied to
ascertain their binding and stabilization potential with different G-quadruplexes (Figure
2.1). This library of ligands was designed in an effort to enhance the DNA-binding
properties of the indoloquinoxaline analog family and optimize their anticancer effects.
The G4 stabilizing property of these ligands and their potential as anti-cancer agent was
investigated. Biophysical investigations were used to screen for potential drug candidate
molecules leading to 1Q1 and 1Q2 being found as the most promising binders of the
telomeric G-quadruplex. Further investigations into cellular response of the ligands in the
cancer cells were carried out. The ligands induce apoptosis via intrinsic apoptotic pathway
and activating the 3/7 caspase, it also generates ROS as well as induces DNA damage and
cell cycle arrest. In addition, it leads to the downregulation of genes related to the telomere
integrity and anti-apoptosis in the cancer cells. Effective binding of ligands to target
leading to induction of response in mechanisms of the telomere extension allows a greater

degree of control to fine tune the activity of telomere.
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Figure 2.1. The chemical structure of the investigated indoloquinoxaline derivatives (1Q1-

9) containing different side chain modification.
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Results and Discussion
2.1. Indoloquinoxalines exhibit selective binding to telomeric G-quadruplex
FRET Melting assay

Fluorescence resonance energy transfer (FRET) is adistance-dependent process
between a donor fluorophore, which when excited, can excite the acceptor molecule with
its emission. When these two components are in close proximity, energy is transferred from
the donor to the acceptor (Figure 2.2a). FRET, a reliable method allows for real-time
monitoring of the structural stability and dynamics of biomacromolecules in solution. It is
especially valuable for investigating G-quadruplex (G4) nucleic acids and their interactions

with ligands.

Thus, FRET melting assay was performed to determine the stabilization potential
of Indoloquinoxaline derivatives, containing dimethyl amino propyl side chain (Figure
2.2b). The assay aimed to measure the change in Tm of different dual fluorophore (FAM
and TAMRA) tagged G-quadruplexes (VEGF, BCL-2, ¢c-KIT 1, h-TELO) and the control
double stranded DNA (dsDNA) in presence of each ligand at concentration of 1 uM. The
concentration with half-maximal denaturation of folded DNA was used to find the ATm
values of the G-quadruplexes in presence of the ligands. Maximum ATm (ATm = 23 °C)
was observed in case of 1Q3 (ATm=23.4°C), 1Q2 (ATm=23°C), 1Q7 (ATm = 23.2°C) and
1Q9 (ATm=23.7 °C) for the telomeric DNA (h-TELO).A lower ATm was observed for 1Q1
(ATm =13 °C) with h-TELO. The rest of the ligands showed ATm of > 10 °C. Thus, most
of the ligands of the library showed higher stabilization of h-TELO G4 with varying
degrees of stabilization. In addition, all the ligands of the library showed insignificant
stabilization with the control dsDNA. The high degree of change in ATm value of h-TELO
suggests that 1Q1, 1Q2, 1Q3 and 1Q7 can selectively recognize and stabilize the h-TELO

G4 structure.
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Figure 2.2. a) Principle of FRET melting assay using FAM (donor-green) and TAMRA

(acceptor-red) to monitor the melting temperature of G-quadruplex on application of heat,

b) FRET melting analyses of indoloquinoxaline ligands (1 puM) with different dual-

fluorophore labeled G-quadruplexes (200nM) in 60mM potassium cacodylate buffer (pH

7.4).
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Fluorescence Intercalator Displacement assay

The binding affinity of the lead ligands (1Q1, 1Q2, 1Q3 and 1Q7) which exhibited
maximum stabilization of h-TELO G4 was investigated by fluorescence intercalor
displacement (FID) using thiazole orange (TO) as the fluorescent intercalator (Figure 2.3).
The displacement of DNA-bound TO from DNA can be used as a measure of affinity of a
ligand which can displace the bound TO from the G4 and results in the decrease of
fluorescence of the TO intercalator. The DNA bound TO (Amax = 501 nm) exhibits high
fluorescence (fluorescence maxima = 534 nm) which gradually decreases with incremental
additions of the ligand. The concentration of half-maximal displacement (DCso) of TO by
the ligands were obtained for all four ligands with the lead target G4 of h-TELO and dsDNA
as a control DNA (Figure 2.4). The DCsg values were found for only 1Q1 (3.5 uM) and
1Q2 (1uM) with h-TELO G4. 1Q3 and 1Q7 were not able to displace TO upto the half-
maximal value and the DCsp values could not be obtained for them (Figure 1b). On the
other hand, none of the ligands have a high affinity for the control dsDNA as the
intercalator could not be displaced enough to obtain a DCso value. The significantly low
DCso value of 1Q2 (1 uM) and the moderately low DCsp value of 1Q1 (3.5 uM) suggests
high affinity for h-TELO G4. 1Q2 showed a high binding interaction with h-TELO and 1Q1
also exhibited affinity towards the telomeric G4 sequence. As only 1Q1 and 1Q2 emerged
as a potentially selective ligand with high affinity for the telomeric G4, they were taken for

further investigations to decipher their effect on the telomere integrity.
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Figure 2.3. Fluorescence displacement assay results showing the DCso values of
indoloquinoxaline ligands with a-d) h-TELO G-quadruplex and e-h) dsDNA. All
experiments were performed in 200mM Tris 100mM KCI buffer (pH 7.4).
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Figure 2.4. Fluorescence Intercalating Displacement assay analyses of Thiazole Orange
bound DNA with indologuinoxaline ligands. All experiments were performed in 100mM
Tris 100mM KCI buffer (pH 7.4).

Isothermal Titration Calorimeter experiments provide valuable information about
the thermodynamics and binding parameters of drug-target interactions. Thus, ITC was
employed to study the real time molecular interactions of the ligands 1Q1 and 1Q2 with
different G-quadruplexes and the dsDNA (Figure 2.5 and 2.6). The G-quadruplexes were
titrated with a total of 19 injections at regular intervals to monitor the dynamic heat
compensation process. The integrated heat plots or isotherms showed that the ligands have
binding affinities to specific G-quadruplexes. 1Q2 shows the minimum binding constant
(Kg) of 2.7 pM with h-TELO where the molecular reaction is exothermic in nature
suggesting the highest binding affinity of 1Q2 with h-TELO G4. The reaction also
demonstrated very low G value of -31.8 kcalmol™ and the reaction stoichiometry of n = 1.
1Q2 showed relatively higher Kq values of 6 uM with BCL-2 and 4.7 uM with ¢c-KIT 2 G-
quadruplexes whereas satisfactory Kq values were not found with K-RAS, c-MYC, VEGF
and the control dsDNA. On the other hand, molecular interactions of 1Q1 with the G4s
yielded much higher Kq values. The Kq for 1Q1 with h-TELO was found to be 4.95 uM
whereas with k-RAS, BCL-2 and c-KIT 1, the values were observed to be 5.7, 12.9, and
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29.4 UM respectively. The kq of 1Q1 with the rest of the studied G4s (c-MYC, ¢-KIT 2 and
VEGF) and dsDNA could not be determined. The collective result of ITC analyses suggest
that both 1Q2 and 1Q2 has highest binding affinity with h-TELO G-quadruplex where the

1Q2 ligand was found to be a more selective and better binder of the telomeric G4.
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Figure 2.5. ITC heat curves and binding isotherms of a) 1Q1/h-TELO, b) 1Q1/BCL-2, c)
1Q1/c-KIT 1, d) IQ1/VEGF, e) 1Q1/dsDNA. All experiments were performed in 100mM
Tris 100mM KCI buffer (pH 7.4).
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Figure 2.6. ITC heat curves and binding isotherms of a) 1Q2/h-TELO, b) 1Q2/BCL-2, c)
1Q2/c-KIT 1, d) IQ2/VEGF, e) 1Q2/dsDNA. All experiments were performed in 2100mM

Tris 100mM KCI buffer (pH 7.4).
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Circular Dichroism Spectroscopy

Circular Dichroism spectroscopy was used to confirm the secondary G-quadruplex
structure of the telomeric sequence. The hybrid G-4 structure in presence of K* displayed
the characteristic positive peaks at 262 nm and 290 nm as well as the negative minima at -
240 nm. The G4 folded structure was further titrated with increasing concentrations of 1Q1
and 1Q2 to monitor their effects on the folded conformation (Figure 2.7). It was observed
that the peak intensity of h-TELO did not undergo alterations in presence of the ligands
even at high concentrations as 10 equivalents compared to the DNA concentrations. Thus,

it was found that both the molecules 1Q1 and 1Q2did not disrupt or perturb the folded G4

structure.
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Figure 2.7. Circular dichroism of h-TELO G4 (15uM) titrated with increasing
concentrations of a) 1Qland b) 1Q2. All experiments were performed in 100mM Tris

100mM KClI buffer (pH 7.4).

2.2.Mode of interaction of indoloquinoxaline derivatives

Nuclear Magnetic Resonance Titration

The interaction of 1Q2 with the h-Telo G-quadruplex structure was investigated by
NMR, recording 1D *H NMR spectra at different [ligand]:[DNA] ratio. The titration was
performed in 5% ds-DMSO/95% H-O for better solubility of the ligand. The stabilized h-
TELO sequence Tel24 adopting Hybrid-1 conformation was used for NMR investigations

—
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to reduce dynamical exchange between G4 conformation and gain a better resolution of
NMR signals.!

Addition of 0.25 equivalents 1Q2 result in line broadening of the imino signals of
the residues G3, G17 and G21 and affects the aromatic signals of G16 and A20 (Figure
2.8). Further addition increases the observed spectral changes with additional moderate
line broadening of the imino signals of the residues G5 and G11. Further, impact on the
aromatic signals of G4, T18, T19 and A24 as well as spectral changes in the overlapping
region of T6 and T12 and T1, G3, A14H2 and G23 can be observed. The results of the
NMR titration hint to specific binding of 1Q2 with a 1:1 ratio [Ligand:DNA]. However,
additional interaction of 1Q2 with the Hybrid-2 minor conformation can be detected as

well.

Imino and aromatic signals affected by addition of 1Q2 have been marked with
spheres on the Hybrid-1 NMR-structure of h-TELO (PDB ID: 2GKU). The strongest
impact upon binding experience residues forming the tetrad at the 5™-end and the 5°-
capping structure indicating interaction of 1Q2 with the lower tetrad of h-TELO.
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Figure 2.8. a) 1D *H NMR spectra of the imino (A) and aromatic (B) region of h-TELO in
25 mM Tris-HCI buffer containing 100 mM KCI at different [IQ2:DNA] molar ratios. The
spectra of the imino region have been recorded with jump-return-echo water suppressiont?!
and the spectra of the aromatic region with gradient-assisted excitation sculpting. The
partial assignment of h-Telo has been transferred from Luu et al. 2006 and Bessi et al. 2015
(C) Sequence and numbering of h-TELO. b) Structure of h-Telo (PDB: 2GKU) with
displayed location of changes in imino and aromatic region of the NMR-spectra (spheres)
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upon ligand addition. The residues are coloured in blue, dark blue and grey for dT, dA and
dG, respectively. Strongly affected imino signals are highlighted with red spheres and
moderately affected imino signals are highlighted with dusky pink spheres.

Interestingly, stepwise addition of 1Q1 especially affected imino signals stemming
from the minor Hybrid-2 conformation of h-TELO with only minor effects on the major
Hybrid-1 conformation suggesting specific binding of 1Q1 to a certain G4-topology
(Figure 2.9).
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Figure 2.9. 1D 'H NMR spectra of the imino (A) and aromatic (B) region of h-TELO in
25 mM Tris-HCI buffer containing 100 mM KCl at different [IQ1:DNA] molar ratios. The
spectra of the imino region have been recorded with jump-return-echo water suppression
and the spectra of the aromatic region with gradient-assisted excitation sculpting. The
partial assignment of h-TELO has been transferred from Luu et al. 2006 and Bessi et al.
2015. Signals of the major and minor conformation are assigned in black and red,
respectively. (C) Sequence and numbering of h-TELO.

2.3.Induction of cytotocity by 1Q molecules in cancer cells by cell membrane penetration
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Cytotoxicity assay

Assessment of the cytotoxicity was carried out for the synthesized molecules which
showed high ATm with the G-quadruplexes and in particular the telomeric G-quadruplex.
The 1Q compounds with highest ATm, namely 1Q1, 1Q2, 1Q3 and 1Q7were examined to
investigate if they induce any cytotoxicity in cancer and normal cells. The effect of the
ligands on the proliferation of cervical cancer cell line, HeLa and normal cell line HEK
293 were assessed to observe their cytotoxicity (Figure 2.10). HeLa was taken as a
representative telomerase positive cell line without telomere shortening and thereby
abundance of the telomeric G-rich sequence.On the other hand, HEK 293 which has
relatively very low expression of telomerase was taken as a control cell line where normal
telomere shortening takes place and the possibility of telomeric G4s in much lesser.
Interestingly, among the four lead ligands only 1Q1 and 1Q2 were found to be have ICso
values of 6 UM and 9.3 uM respectively in HelLa cells. In addition both 1Q1 and 1Q2 were
found to be non-toxic to non-cancerous cells of HEK293 at high dose treatment of upto
100 uM. Thus, our library of 1Q molecules now contains two lead small molecules which
have potential drug-like properties. Both ligands 1Q1 and 1Q2 cause deleterious effects on

cancer cells without causing any cytotoxicity in normal cells.
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Figure 2.10. Cell cytotoxicity analysis of 1Q1, 1Q2, 1Q3 and 1Q7 in a) HeLa, b) HEK 293
cell lines after 24 h of treatment.
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Cell Imaging

In accordance with the promising cytotoxic effects of 1Q1 and 1Q2 observed in
cancer cells, both these molecules were selected for subsequent studies in cells to observe
which ligand has the most potent effect as an anti-cancer agent. The capability of 1Q1 and
1Q2 to stabilize the h-TELO G4 observed in biophysical assays as well as possessing
cytotoxic effect in cancer cells were investigated for their cell membrane permeability
(Figure 2.11). HeL a cells were treated with 1Q1 and 1Q2 at the concentration of 2 uM. The
fixed cells were visualized under confocal microscope and exhibited inherent red
fluorescence within the treated cells. This suggests that the 1Q1 and 1Q2 could easily
penetrate the cell membrane as well as the nuclear membrane and localize in the cancer

cells.

DAPI Q1 Merged
a)

DAPI 1Q2 Merged

| ..

Figure 2.11. Confocal microscopy images HelLa cells treated with 2 puM of

indoloquinoxaline ligands a) 1Q1 and b) 1Q2.
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2.4.1Q molecules elicit selective cellular response by modulating gene regulatory process
gqRT-PCR

Changes in gene expression of relevant genes related to telomere function and

induction of apoptosis upon ligand treatment were studied using qRT-PCR. The relative

MRNA expression of c-MYC, BCL-2 and h-TERT was assessed to evaluate the effect of the

ligands 1Q1 and 1Q2 on the transcription of these genes. HeLa cells were treated with

different doses of 1Q1 (4.5 and 9 uM) and 1Q2 (3 and 6 uM) and the mRNA was quantified

and normalized against expression of 18s (Figure 2.12). The expression of h-TERT showed

a significant decrease of 31.2 and 59.9% after treatment with 3 and 6 UM concentrations

of 1Q2 respectively.
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Figure 2.12. a) gRT-PCR results of hTERT, c-MYC and BCL-2 genes in 1Q1 and 1Q2
treated HeLa cells, b) SYBR green sigmoidal graphs of gRT-PCR.

On the other hand, h-TERT decrease was lesser in case of 1Q1 with only 7% at 4.5
MM dose 42.3% at the higher dose of 9 puM. In addition c-MYC, which is reported to
enhance expression of hTERT was also downregulated in a dose dependent manner by 1Q2
(30.3 and 57.1%) and 1Q1 (7 and 53.3%). In addition, anti-apoptotic gene BCL-2 was
downregulated by 1Q2 (14.2 and 31.7%) which may suggest activation of the apoptotic

pathway. In contrast, treatment with 1Q1 induced a downregulation of only 6.7% at the
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higher dose of 9 uM without much change at the lower dose of 4.5 uM. These suggests
that the expression of h-TERT is significantly downregulated by 1Q2 and to some extent
by 1Q1 which may result in the depletion of the telomerase enzyme in the telomerase

positive HeLa cells.

Table 2.1. Observed values of cycle threshold (CT):

Sample 18s (°C) c-MYC (°C) [ BCL-2 (°C) | hTERT (°C)
Control 6.6 17.3 27.9 27.4

IQ1 (4.5 uM) | 6.91 17.7 28.2 27.8
IQL(OuM) |63 18.1 27.7 27.9
1Q2(3uM) | 6.78 18 28.3 28.12

1Q2 (6puM) | 6.78 18.7 28.63 28.9

Western Blotting Assay

To confirm the observations of mMRNA expression, western blotting assay was
performed. As telomeric region is a non-coding part of the genome, the expression of
several related proteins that work in tandem with the telomere were assessed. The protein
expression of important genes like h-TERT (a component of telomerase enzyme), TRF 1 (a
component of the shelterin complex, c-MYC (enhancer of hTERT expression by binding to
the hTERT promoter) and BCL-2 (anti-apoptotic gene) were assessed. hTERT is an
important component of the telomerase enzyme. In addition, BCL-2 gene which is relevant
for the apoptotic pathway with anti-apoptotic activities was assessed to shed light on the
apoptotic activity of the ligands. Western blotting assay was undertaken to estimate the
level of protein expression of these genes after the cancer cells were treated with increasing
doses of 1Q1 (4.5 and 9 uM) and 1Q2 (3 and 6 uM) (Figure 2.13). The GAPDH gene was
taken as the housekeeping gene and used for the normalization of results for all genes. The
results show that the expression of both h-TERT and TRF 1 and c-MYC decreased in a dose
dependent manner with 1Q1 and 1Q2. Treatment of telomerase positive HelLa cells with
1Q2 at doses of 3 and 6 uM resulted in significant downregulation of hTERT to 87.4 and
69.1%, TRF 1 to 63.1 and 56.8%, c-MYC to 86.6 and BCL-2 to 71.35% and 75.0%.
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Whereas, 1Q1 (4.5 and 9 uM) also exhibited decreased expression of all genes (hTERT =
98.8 and 84.4%, TRF1 = 98.6 and 62.4%, c-MYC= 90.6 and 68.4 and BCL-2 = 110.2 and
90.8%) the effect of treatment with 90 elicited a more potent response. These results

suggest that both 1Q1 and 1Q2 cause imbalance of telomere integrity which result in

apoptosis. In addition the telomerase component hTERT is also decreased leading to the

potential decrease of telomerase activity and loss of cell immortalization.

Figure 2.13. a) Western Blot of 1Q1 and 1Q2 treated HeLa cells. b) Bar graph of
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2.5.1Q molecules trigger DNA damage and apoptosis in cancer cells

Cell cycle assay

The frequency of G-quadruplexes at different phases in the cell cycle is well
reported with an arrest of cell cycle in the presence of a G-quadruplex-interactive
compounds. The effect of the ligands on cell cycle Hela cells were treated with 1Q1 and
1Q2 for 24 h respectively, and then analyzed by flow cytometry to determine the influence
of the 1Q compounds on cell cycle (Figure 2.14). The cells treated with 1Q2 showed a dose
dependent cell cycle arrest in G2/M phase with an arrest of 18.2% and 28.6% cells when
treated with 3 uM and 6 uM concentrations of 1Q2. On the other hand, it was observed that
treatment of 1Q1 did not result in cell cycle arrest in any of the phases. This suggests that
1Q2 is a novel ligand which arrests cells in the G2/M phase of the cell cycle, which is the
late period of DNA synthesis to inhibit cell growth and cell division. Interestingly, 1Q2
was found to arrests cells in the M phase and is novel in this regard as most G4 ligands

tend to arrests the G1 phase or the S phase of the cell cycle.
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Figure 2.14. a) Flow cytometry graphs of cell cycle studies of HeLa cells treated with
increasing doses of 1Q1 and 1Q2. b) Bar graph of observed percentage of cells in each

phase of the cell cycle

)|
54}

—



Chapter 2

Apoptosis assay

Having demonstrated that 1Q derivatives can arrest cell cycle, investigation of the
1Q derivatives to induce cellular apoptosis was carried out (Figure 2.15). To evaluate the
apoptosis induced by 1Q1 and 1Q2, Annexin V-FITC/PI double staining assay was carried
out and analyzed in flow cytometer. After incubation with 3 uM and 6 uM of 1Q2 for 24%,
13.1% and 25.2% of the cell populations were found to be apoptotic. Whereas treatment of
24h treatment of cells with 1Q1 at concentrations of 3 and 6 induced apoptosis in 9.9% and
10.5% cells. This result suggests that 1Q2 has a higher ability to induce apoptosis in Hela

cells.
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Figure 2.15. a) Flow cytometry graphs of apoptosis of HeLa cells treated with increasing
doses of 1Q1 and 1Q2. b) Bar graph of observed percentage of cells in necrosis and

apoptosis.

Caspase assays

Having observed that the 1Q treatment in HeLa cells induce apoptosis, investigation
was carried out to find the mode of cell death. Caspase 8 is activated in the extrinsic

apoptotic pathway whereas Caspase 9 is activated in the intrinsic apoptotic pathway. Both

—
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these enzymes in turn activate caspase3/7 where Caspase 3 and 7 are key apoptotic
enzymes that function together to initiate cellular apoptosis. The detailed evaluation of the
apoptotic pathway was carried out for the 1Q treated HeLa cells by using Caspase 8 and
Caspase 3/7 assays and analyzed in flow cytometer to measure the extent of cells where
Caspase 3/7 and Caspase 8 were initiated (Figure 2.16). Upon analysis it was observed that
the Caspase 8 was not significantly activated either in cells treated with 1Q1 (1% and 2%)
and 1Q2 (2.7% and 3.2%) at concentrations of 3 uM and 6 uM respectively. However, it
was observed that incubation of HeLa cells with 1Q2 resulted in significant dose dependent
caspase activity with 23.7% and 35.1 % caspase 3/7 positive cells at 3 pM and 6 pM.
Whereas, in cells treated with 1Q2 caspase 3/7 was activated to a lesser extent at 4.5 and 9
uM with only 10.4% and 14.7% of cell population. Thus, it was found that 1Q2 induces
apoptosis through activating the caspase 3/7 without the activation of Caspase 8 suggesting

that the induction of apoptosis is through the intrinsic apoptotic pathway.
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Figure 2.16. a) Flow cytometry graphs of HeLa cells treated with increasing doses of 1Q1
and 1Q2 showing activation of Caspase 3/7. b) Bar graph of observed percentage of cells
in Caspase 3/7 and 8, c) Flow cytometry graphs of Hela cells treated with increasing doses

of 1Q1 and 1Q2 showing activation of Caspase 3/7 and Caspase 8.
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DNA Damage assay

Double strand breaks (DSBs) can be induced by mechanisms such as ionizing
radiation or cytotoxic agents. Measuring damage to DNA due to potential drug molecules
is central in many studies of cancer biology. DSBs can be readily detected by using y-
H2AX antibody in flow cytometry to allow the assessment of DNA damage. HelLa cells
treated with 1QZland 1Q2 were evaluated for DNA damage (Figure 2.17). It was observed
that both 1Q1 and 1Q2 induce a dose dependent DNA damage. 1Q2 was found to
demonstrate a much higher level of DNA damage of 44% and 62% at both 3 uM and 6 uM
concentrations respectively. 1Qlalso showed similar DNA damage of 45% at 4.5 uM but
the second dose of 9 uM showed a lesser degree of DNA damage of 54% compared to 1Q2.
Thus, both the 1Q molecules elicit DNA damage in cancer cells with 1Q2 showing a higher

level of damage at the 1Cso concentration of 6 uM.
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Figure 2.17. a) Flow cytometry graphs of HeLa cells treated with increasing doses of 1Q1
and 1Q2 showing double stranded DNA damage. b) Bar graph of observed percentage of
cells showing DNA damage
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ROS generation detection

Reactive oxygen species (ROS) generation was performed to assess the generation
of oxidative species leading to apoptosis. It was observed that the treatment of Hela cells
with the 1Q ligands lead to increase in the ROS generation signified by the shift of the shift
of the cell population stained with DCFDA (Figure 2.18). 1Q1 showed a similar ROS
generation of 15.6 and 17.8% at concentrations of 4.5 uM and 9 uM. Whereas in Hela cells
treated with 1Q2, a concentration dependent response was observed with increase of ROS
generation from 20.33 to 30.8% at concentrations of 3 uM and 6 uM. H202 was taken as a
positive control and exhibited 48% ROS damage. This suggests that 1Q2 induces ROS

generation which may consequently play a role in driving the cancer cells towards
apoptosis.
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Figure 2.18. a) Flow cytometry graphs of HeLa cells treated with increasing doses of 1Q1

and 1Q2 showing generation of reactive oxygen species.
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2.6.1Q molecules hamper the activity of telomerase to arrest telomere elongation

Telomerase Repeated Amplification Protocol (TRAP)

The telomere elongating telomerase enzyme is overexpressed in a various human
cancers. TRAP-LIG assay is a reliable and reproducible method for measuring of
telomerase activity in telomerase positive cells to assess the level of telomerase inhibition.
TRAP-lig assay was performed to assess the activity of telomerase upon treatment with
1Q1 and 1Q2 at different doses (Figure 2.19). The telomerase enzyme was isolated from
HeLa cells and subjected to PCR extension in presence of the ligands at respective doses.
It was observed that the relative telomerase activity decreased in a dose dependent manner
on treatment with 1Q2. With treatment at 3 uM concentration of 1Q2, the telomerase
activity decreased from 100% in untreated to 56.58% in treated sample. Further reductions
were observed at increasing dose 6 uM which were found to be 42.8%. A dose dependent
reduction was also observed after treatment of 1Q1 at different concentrations. The
telomerase activity was found to be, 91.87% and 80.4% at the 2 different doses of 1Q1 (4.5
and 9 puM). According to the result, the telomerase inhibition by 1Q2 was much greater
than 1Q1. This suggests that 1Q2 has the selective affinity as a potent G4-binder for the
telomeric G4 exclusively and consequently leads to blocking of the telomeric region which
usually serves as the substrate for telomerase-mediated extension of the telomere in

cancerous cells.
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Figure 2.19. a) Analysis of telomerase inhibition in HelLa cells treated with increasing
doses of 1Q1 and 1Q2, b) g-TRAP standard curve, ¢) g-TRAP SYBR greem amplification

graphs of 1Q1 and 1Q2 treated HelLa cell lysates subjected to telomerase extension.
Conclusion

In summary, both 1Q1 and 1Q2 exhibit anti-cancer properties which can be used to target
cellular telomeric G-quadruplex. In addition, both ligands show that they can efficiently
reduce telomerase activity which is an overexpressed hallmark of most cancer types. In
particular, 1Q2 elicits a higher range of cellular responses including arrest of cancer cells
in G2/M phase of cell cycle, ROS generation, apoptosis, activation of 3/7 caspase, greater

DNA damage and significant reduction in telomerase activity (Figure 2.20). Thus, 1Q2 is
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a molecule that affects a range of cellular activities, all of which summate to deleterious
effects on the cell and result in cell death. On the other hand, 1Q1 is also a promising ligand
but the aromatic side chains of 1Q1 may potentially hinder critical processes such as
cellular uptake, nuclear penetration, stable binding interaction and eliciting of cellular
response. The aliphatic nature of the side chain in 1Q2 may promote these critical processed

resulting in lower 1Cso value and greater cellular response.
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Figure 2.20. Summary of cellular responses induced in cancer cell by indologuinoxaline

derivative 1Q2 by stabilization of the telomeric G-quadruplex.

The induction of apoptosis in cancer cells by small molecules containing the
indoloquinoxaline scaffold holds significant therapeutic potential. By specifically targeting

cancer cells and promoting their programmed cell death, small molecules offer a promising
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approach to combat cancer. However, further research is needed to pinpoint and elucidate
the additional cellular mechanisms at play, optimization of side chains, decreasing dosage
concentrations, and evaluate their efficacy and safety in preclinical and clinical studies.
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Introduction

c-KIT proto-oncogene encodes a transmembrane receptor tyrosine kinase (RTK),
primarily expressed in hematopoietic cells and myeloid cells, which responds to stem cell
factor (SCF).”> %3 c-KIT regulates cell proliferation, survival, migration, pigmentation, and
hematopoiesis.”* *> As ¢-KIT plays a pivotal role in establishing normal cell function, c-
KIT mutations or overexpression result in oncogenic cellular transformations including
gastrointestinal stromal tumors (GISTs), melanomas, mastocytosis, and acute myeloid
leukemia (AML).”® °7 Therefore, c-KIT has emerged as a promising molecular target for

anti-cancer therapy.”®

Attempts to inhibit ¢-KIT overexpression have led to the
development of small molecule inhibitors like the Food and Drug Administration (FDA)
approved drug imatinib mesylate (Gleevec). Subsequently, commercially available drugs
like dasatinib, sunitinib, nilotinib, and sorafenib have been developed for c-KIT

inhibitors.””-1%!

Using natural or synthetic molecules to modulate aberrant gene expression by
targeting non-canonical DNA conformations has emerged as an alternative strategy for
potential cancer therapeutics.”® 1919 The human c-KIT oncogene contains two guanine-
rich (G-rich) sequences KIT I and KIT 2, upstream of the transcription starting site.'?7-1%
These G-rich sequences can adopt G-quadruplex topologies and modulate cellular
functions.!'®  G-quadruplexes consist of stacked G-tetrad subunits, where each tetrad
contains four coplanar guanines associated by Hoogsteen hydrogen bonds together with
potassium or sodium counter-ions coordinated between the G-tetrads.’% !'!: 1'2 Recent
studies elucidate the regulatory role of G-quadruplexes in telomeres (4-TELO) and
promoter regions of genes like c-MYC, BCL-2, c-KIT, etc.’® '13-126 Several studies have
shown that the c-KIT quadruplexes can be stabilized by appropriate small molecules,

inhibiting ¢-KIT transcription.'?’132

Small molecules capable of stabilizing the G-quadruplex structure hold the potential
for the discovery of novel anticancer agents.’® - 127 133-139 In most cases, the quadruplex
stabilization by a ligand (usually a planar aromatic molecule) occurs via n—n stacking and
electrostatic interactions with the terminal G-tetrad of the quadruplex. This external
stacking mode of binding represents a unique feature of quadruplex recognition compared

to other DNA structures. Electrostatic interactions between positively charged ligands and
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the phosphate backbone also strongly participate in the stabilization of G4. Selection of
aromatic ring system for optimal stabilization of specific G-quadruplex is a key feature in
promoting m—x interaction with the planar G-tetrad of G4 to drive the selection of a specific
G-quadruplex over other G4s. Relying on these unique features of G4 binders, aa molecular
library of small molecules were synthesized consisting of 14 small molecules containing a
fused heteroaromatic core of carbazole or dibenzofuran chemical scaffold with triazolyl

side chains.

Carbazole ring system is a key structural scaffold of many biologically active
compounds, including synthetic and natural products.'*® Many studies have shown that
carbazole containing ligands possess anticancer, antibacterial, anti-inflammatory,
antifungal, anti-HIV, hepatoprotective, antiprotozoan, or topoisomerase II inhibition
ability.!*1"1** A carbazole derivative is known to bind c-KIT G-quadruplex but it has not

been explored in detail.!**

Heteroaromatic dibenzofurans, containing a central furan ring
between two benzene rings, have also been devised to exhibit potent anticancer, anti-

bacterial, anti-fungal, anti-HIV and anti-inflammatory activities in medicinal chemistry.'#’

Rational designing of small molecule ring systems with optimal side chain
functionalization can preferentially select biomolecular targets in cellular systems.®* 146
Small molecules having structural features to aid membrane permeability and cellular
detection while exhibiting inherent fluorescence, is highly desirable for the selective
recognition of specific G4s. Furthermore, small molecules must be synthesized in high
overall yields using simple synthetic protocols, and they must exhibit cytotoxicity towards
cancer cells over normal somatic cells.!*” Our previous reports with carbazole
derivatization have used bis-triazolyl substitutions with a larger molecule size to target G-
quadruplexes.'*® 14 In this study, carbazoles (MC 1-7) and dibenzofurans (MD 8-14) were
designed and synthesized with mono-triazolyl functionalization to enable differential
recognition of specific G4 topology over other G4s and dsDNA abundant within the
genome (Figure 3.1). In addition, a less explored dibenzofuran scaffold was studied as a
potential G4 interacting chemical moiety. The rationale for selecting mono-triazolyl side
chains over the previously reported bis-triazolyl ligands from our lab,'*? is our attempt to
address poor permeability and reduce molecular size to allow ease of entry to the ligands

through the cellular membrane.
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In this study, biophysical investigations were carried out to study the stabilization
potential of MC and MD series of small molecules for different G-quadruplexes and
duplex DNA (dsDNA). Initial screening was performed to identify the best G4 stabilizer
in the 14 small molecular library using a FRET-based melting assay. Fluorescence
spectroscopy and Isothermal titration calorimetry (ITC) indicated a triazolyl carbazole
MC-4 as the selective binder of c-KIT I G4. Biological studies established that MC-4 is
cell-permeable and downregulates c-KIT gene expression. We also highlight that inspite of
containing the same side chain, the scaffold selection is a major recognition and stabilizing
factor for the molecules as evidenced by the carbazole MC-4, which has selectivity for the

c-KIT I G, whereas its dibenzofuran counterpart has very little binding for the same G-

quadruplex.
o~ NH, i o
NH, & SN
S~ o~ | ! “
O og
® O Q o "
MC-1 MC-2 MC-3 MC-4

MD-8 MD-9 MD-10 MD-11
n ‘ > O NH,
~ N N /‘«‘N A
) H Il H NH, )

O/N/ 0/’3‘~~x/ /N\ o SQ/N\NHQ
N= -

el O AR e

MD-12 MD-13 MD-14

Figure 3.1. Chemical structures of mono-triazolyl carbazole (MC1-7) and mono-triazolyl

dibenzofuran (MD8-14) derivatives with respective side chain modifications.
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Results And Discussion

Ligand mediated stabilization of G-quadruplexes
FRET Melting Assay

The FRET melting assay!**!>® was employed to evaluate how effectively the
synthesized small molecules could stabilize various various dual labeled (5’ FAM and 3’
TAMRA) G-quadruplexes present in the oncogenic promoter (c-MYC, BCL-2, c-KIT 1 c-
KIT 2, VEGF) and telomeric (h-TELO) regions. A double-stranded DNA (dsDNA)
sequence was taken as a control (Figure 3.2). Each ligand of the M-series (MC and MD)
was tested at 1 uM ligand concentration. Among the MC series, only MC-4 demonstrated
a marked difference on the Tr, (melting temperature) of the G-quadruplexes, with the most
notable change observed with ¢-KIT I (A Tm = 20.1 °C). MC-4 stabilized other G4s to a
lesser extent [ A T °C): ¢-MYC =32, ¢-KIT2=9.9, BCL-2=2.2, VEGF = 3.5, h-TELO =
4.5, and dsDNA = 0.7] (Figure 3.3).

The other MC ligands (MC-1, MC-2, MC-3, MC-5, MC-6, and MC-7) did not
exhibit an appreciable change in AT, for the studied G4s. Similarly, the MD ligands (MD-
8-14) showed no significant stabilization (<5.0 °C) for any of the examined G4s. Among
the dibenzofurans, only MD-13 and MD-10 exhibited moderate AT values of 5.3 and 5.7
°C for ¢-KIT I and VEGF G4 respectively. MD-11 contains the same side chain as MC-4
and only differs in the hetero-aromatic region with a dibenzofuran ring instead of a
carbazole ring. Interestingly, despite sharing the same side chain as MC-4, MD-11 did not
show any stabilization (ATm < 3.0 °C) for the G4s, suggesting that the central chemical
scaffold is the most significant contributor to G4 interaction in this case, which may be
owing to the protonable nitrogen atom. In contrast, the side chain plays a secondary role in
promoting a specific G-quadruplex recognition. In addition, the MC and MD ligands did

not increase the melting temperature (Tm) of the control dsDNA.

As MC-4 emerged as a molecule of interest in the initial screening experiment, MC-
4 was selected to study the stabilization profiles of G-quadruplexes in presence of this
small-molecule. Furthermore, MD-11 ligand containing the dibenzofuran moeity and the

same side chain as MC-4 did not show substantial stabilization with ¢-KIT I G4, we have
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taken it for further studies as a negative ligand to show the differential binding and activity

profiles of the different heteroaromatic scaffolds in regards to G4 binding.
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Figure 3.2. FRET melting assay carried out with pre-folded G-quadruplex sequences (c-
MYC, BCL-2, ¢c-KIT 1, c-KIT 2, VEGE, h-TELO and dsDNA) at the concentration of 0.2
uM and the ligand concentration of 1 uM with ligands, a) MC1-7 and b) MD8-14. All

experiments were carried out in 60 mM Potassium cacodylate buffer (pH-7.4).
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Figure 3.3. FRET melting curves of M-series (MC-1-7 and MD8-14) ligands with G-
quadruplexes, a) c-MYC, b) BCL-2, c) h-TELO, d) c-KIT 1, e) c-KIT 2, f) VEGF and g)
dsDNA. The experiment was performed with dual labeled G-quadruplexes (200nM) and
the ligands of M-series (1 M) in 60mM Potassium cacodylate buffer (pH-7.4).

Dose Dependent FRET Melting assay

FRET melting assay was performed at different ligand concentrations with the lead
carbazole ligand MC-4 and its dibenzofuran counterpart MD-11 (Figure 3.4-3.5).
Increasing concentrations of MC-4 and MD-11 (1 uM, 3 uM, 5 uM, 7 uM and 10 uM)

were added to each G4 to determine dose- dependent stabilization of G4s. Interestingly,
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MC-4 exhibited the highest stabilization of ¢-KIT I in a dose-dependent manner. The ATm
values of ¢-KIT I in the presence of MC-4 at 1 uM, 3 uM, 5 uM, 7 uM and 10 uM were
observed to be 20.1 °C, 22.6 °C, 25.5 °C, 26.5 °C, and 26.5 °C, respectively.

In comparison, the stabilization of other G4s by MC-4 was notably lesser with17.3
°C,12.1 °C, 18.1 °C, 11.2 °C, 20.3 °C for c-MYC, BCL-2, c-MYC, c-KIT 2, VEGF, and h-
TELO respectively, at the highest concentration of 10 uM. In addition, dsDNA displayed
only a small degree of stabilization at 10 uM of MC-4. The results suggest that MC-4 has
a high affinity for the ¢-KIT I compared to other G4s and dsDNA.. In contrast, MD-11 with
the same side chain showed no significant alteration in ATy, with any of the G4s. A slight
increase in T was observed for ¢-KIT I with ATy of 0.0 °C, 1.6 °C, 2.9 °C, 3.3 °C and
S5.1°Cat 1 pM, 3 uM, 5 uM, 7 uM and 10 pM of MD-11 respectively. Thus, carbazole
derivative MC-4 selectively stabilizes ¢-KIT I G4 over other G4s.
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Figure 3.4. Dose dependent FRET melting assay of G-quadruplexes (c-MYC, BCL-2, c-
KIT 1, c-KIT 2, VEGFE h-TELO and dsDNA) at concentration of 0.2 uM with increasing
doses of a) Carbazole derivative, MC-4 at concentrations of 1 uM, 3 uM, 5 uM, 7 uM and
10 uM, and b) Dibenzofuran derivative, MD-11 at concentrations of 1 uM, 3 uM, 5 uM, 7
uM and 10 pM. All experiments were carried out in 60 mM Potassium cacodylate buffer

(pH-7.4).
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Figure 3.5. FRET melting curves of M-series (MC-1-7 and MD-8-14) ligands at different
doses (1, 3, 5, 7, 10 uM) with 200 nM of dual-labeled G-quadruplexes (c-MYC, BCL-2, h-
TELO, c-KIT 1, ¢c-KIT 2, VEGF and dsDNA). The experiment was performed in 60 mM
Potassium cacodylate buffer (pH-7.4).

Competition FRET melting assay

Next, a competitive FRET melting assay was performed in the presence of an excess
unlabeled DNA competitor to assess the selectivity of MC-4 for the ¢-KIT 1 G4. Calf
thymus (CT) DNA was used as a DNA competitor for the studies. The competitor CTDNA
was added at several fold molar equivalents (0 eq., 1 eq., 5 eq., 10 eq., 20 eq., and 50 eq
and 100 eq.) excess of the fluorophore labeled c-KIT I DNA in the presence of MC-4 and
MD-11 (1 uM) (Figure 3.6). The AT of ¢-KIT 1 (20.1°C) in the presence of MC-4 did not
exhibit any significant ( <3.5 °C) alteration with the competitor DNA up to 50 equivalent
molar excess. Thus, it was found that CTDNA is not a substrate for MC-4 even at very
high concentrations and MC-4 showed high selectivity for c-KIT I G4 over other DNA
substrates. In addition, the negative ligand, MD-11 did not show any significant alteration

of Tm (3.5 °C of ¢-KIT 1 G4 in presenec and absence of the CT DNA.
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Figure 3.6. Competition FRET melting assay of ¢-KIT I G-quadruplex (0.2 uM) with the

DNA competitor (CT DNA) at excess of 0 eq., 1 eq., 5 eq., 10 eq., 20 eq., and 50 eq and
100 eq. Compared to G-quadruplex DNA concentration. The ligand concentration was 1uM
of a) Carbazole derivative, MC-4, and b) Dibenzofuran derivative, MD-11, ¢) The melting
curves of the competition melting FRET assay performed with ¢-KIT I G4, CT DNA and
ligands MC-4 and MD-11. All experiments were carried out in 60 mM Potassium
cacodylate buffer (pH-7.4).

From the initial FRET studies, we considered the lead G4-binder for ¢-KIT 1 G-
quadruplex to be MC-4 as it exhibited higher stabilization potential and differential
recognition of G4s. Further analyses were conducted with MC-4 to elaborate on the nature

of the ¢-KIT 1/MC-4 interactions and study its effect on cellular systems.

Selective interaction of triazolyl MC-4 with c-KIT 1
Fluorescence Spectroscopy

Fluorescence spectroscopy was performed to determine the binding affinity of the
lead carbazole MC-4 for each G4 employed in this study. MC-4 was titrated with
increasing concentrations of parallel (c-MYC, ¢-KIT 1, c-KIT-2, VEGF), antiparallel (BCL-
2), and hybrid (A-TELO) G4 structures. MC-4 was excited at absorbance maxima 285 nm
(Figure 3.7) and the emission was obtained from 300 nm to 550 nm (Figure 3.8). The
fluorescence emission maxima of MC-4 were obtained at 341 nm and 356 nm. Fluorimetric

titration of MC-4 (1.0 uM) with increasing concentration of the ¢-KIT I G4 showed a 5.2-
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fold increase (Kg = 1.4 uM) in fluorescence intensity, which is 3.2 times and 2.8 times
higher than, ¢-KIT 2 (1.6 fold change, Kq = 2.8 uM) and VEGF (2.1 fold change, Kq=2.9
uM) respectively. Negligible changesin fluorescence intensity of MC-4 were observed for
BCL-2 (Kq=4.8 uM), h-TELO (Kq = 2.3 uM), ¢-MYC (Kq = 2.7 uM) and dsDNA (Kq =
4.0 uM). A low dissociation constant (Kq) of 1.4 uM indicated a high affinity for the binding
interaction of MC-4 with ¢-KIT I compared to other G4s and dsDNA (Figure 3.8h).

——MC-4

1.0 q MD-11
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Figure 3.7. The absorbance maxima of MC-4 and MD-11 (100 uM) as obtained from
UV/Vis spectroscopy.
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Figure 3.8. Fluorescence spectroscopy of MC-4 titrated with increasing concentrations of
different G-quadruplexes, a) ¢-KIT 1,b) c-KIT 2, c) c-MYC, d) BCL-2, e) h-TELO, t) VEGF, and
g) dsDNA; h) Hill plots of the fluorescence titration of MC-4 with different G-quadruplexes. All
experiments were carried out in 100mM Tris 100mM KCI1 buffer (pH-7.4).
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Circular Dichroism Spectroscopy

Structural investigations of the folded c-KIT I G4 with the lead ligand MC-4 were
carried out using circular dichroism (CD) spectrophotometry to monitor structural
alterations. Different G4 structures display unique CD spectral signatures according to the
differences in their topology: parallel (maxima at ~262 nm, minima at~240 nm),
antiparallel (maxima at ~290, minima at ~260 min), or mixed (maxima at ~290 and ~262
max, minima at ~240). The CD spectra of ¢-KIT I exhibited characteristic features of
parallel G4 with maxima at 262 nm and minima at 240 nm. Furthermore, CD titration of
c-KIT 1 G4 was performed with excess equivalents of MC-4 (0.5, 1, 2, 3, 4, and 5
equivalents) to assess the change in the folded structure of ¢-KIT I (Figure 3.9). It was
observed that the significant CD peaks (at 240 nm and 262 nm), were not disrupted even
in the presence of excess MC-4, suggesting that the carbazole derivative MC-4 does not

purturb the secondary G4 structure of the folded c-KIT 1 G4.

CD(mdeg)

250 300
Wavelength(nm)

Figure 3.9. Circular dichroism spectra exhibiting the signature peaks of the parallel
topology of c-KIT 1 topology titrated with increasing concentrations (0.5, 1, 2, 3,4, and 5
equivalents) of MC-4. All experiments were carried out in 100 mM Tris 100 mM KCI

buffer (pH-7.4).
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Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed to probe the thermodynamic
binding of the lead compound MC-4 with different G4s (c-MYC, BCL-2, ¢-KIT 1, ¢-KIT 2,
VEGFE, h-TELO, and dsDNA). Thermograms were obtained for each G4s titrated with
increasing concentrations of MC-4 added using 30 uniform injections. Each thermograms
was obtained at 25 °C. The heat released on the addition of aliquots of MC-4 gradually
decreased to an MC-4/DNA molar ratio by titrating increasing concentrations of the ligand
MC-4 with G4 or dsDNA. It was observed that MC-4 exhibited a Kq of 1.6 uM with c-KIT
1, which is in agreement with the previously observed K4 value obtained from fluorometric
titration. Furthermore, the MC-4/c-KIT I interaction was exothermic with a stoichiometry
of 1.0 (Figure 3.10).

In contrast, the thermograms obtained for the reaction of MC-4 with other G4s (Figure
3.11) exhibited high K4 values (c-MYC = 6.2 uM, BCL-2 = 10.8 uM, ¢-KIT 2 = 20.9 uM,
VEGF = 15.9 uM) or unsatisfactory interactions, where Kq4 values could not be determined
(h-TELO and dsDNA). These findings further corroborate the rest of the biophysical
assessments of MC-4, implying that this ligand can selectively recognize and interact with

the specific G4 topology of c-KIT 1 with high affinity.

2) 0.5+ b)
- S
= = -40-
0O _05- T | Ky=1.6 uM
< 504
— 1 v T v 1 T T T 71 ' T ' T ' T v 1
0 10 20 30 40 50 0 04 08 12 16 2
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Figure 3.10. a-b) ITC heat curve and binding isotherm of the interaction of MC-4 with c-
KIT 1 G-quadruplex. The experiment were performed in 200mM Tris 100mM KCI buffer
(pH 7.4).
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Figure 3.11. ITC heat curves and binding isotherms of the interaction of MC-4 with a)
BCL-2, b) ¢-KIT 2, ¢) VEGF, d) h-TELO, e) c-MYC and f) dsDNA. All experiments were
performed in 100mM Tris 100mM KCI buffer (pH 7.4).
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Investigation of the mode of interaction of MC-4 with G4s
Molecular Docking

Structure-activity relationship (SAR) of the lead MC-4 with different G-quadruplexes was
performed using autodock 4.2 to ascertain the mode of interaction of the MC-4 with G-
quadruplexes ¢-KIT 1, ¢-KIT 2, c-MYC, BCL-2, VEGF, and h-TELO. It was observed that
MC-4 interacted with c-KIT I G4 with a minimum energy (AG) of -6.8 kcal/mol,
suggesting a strong and energetically favorable interaction (Figure 3.12 a-d). It was found
to interact with the 5° G-tetrad composed of G2, G6, G10, and G13 of the ¢-KIT 1 G4
(Table 3.1). The flexible amine side chain enabled stronger and more specific interaction
with the phosphate backbone of the c-KIT I G4. In contrast, the interaction of MC-4 with
G4s other than c-KIT I was energetically less favorable with AG values of (c-KIT 2 =-5.8
kcal/mol, BCL-2 = -5.3 kcal/mol, c-MYC=-5.6 uM, VEGF = -2.5 kcal/mol and A-TELO =
-1.5 kcal/mol) (Figure 3.13a-e).

a)

<)

Figure 3.12. Molecular docking studies of MC-4 (blue) and c-KIT 1 G4 interaction (PDB
ID: 4WQO2) as observed from different views, a) Top view, b) Side view, ¢) Space filled
model of c-KIT 1 G-quadruplex and d) The site of DNA-ligand interaction showing the 5’
tetrad guanines where the MC-4 molecules bind via n-x stacking. Bonds are in dots. MC4

surrounding base pairs are in two-letter code represented in blue.
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Therefore, MC-4 consisting of a heteroaromatic carbazole scaffold, promotes stacking
interaction with the 5° G-tetrad of the ¢-KIT I G4. The extended side chain structure of
MC-4 further improves the binding affinity via interaction with the phosphate backbone of
the G4 and the loops. The mono-functionalized smaller side chain enables optimal
interaction with the G4, which is often difficult to achieve with larger molecular weight
molecules. These studies suggest that MC-4 stacks upon the 5’terminal G-tetrad of c-KIT
1, and its side-chain interacts with the loop region of the G4, resulting in selective

recognition of c-KIT 1 G4 topology over other G4s.

Table 3.1. Bond distances and types of interaction between MC-4 and c-KIT I G4 DNA.

Molecule Name Distance | Bond category Bond type
MC-4 A)

MC4:H25 - :MC4:0 2.46745 Hydrogen Bond | Carbon Hydrogen Bond
MC4:H24 - B:DG6:05" | 2.60689 Hydrogen Bond | Carbon Hydrogen Bond
MC4:H21 - B:DG6:0OP1 | 2.74422 Hydrogen Bond | Carbon Hydrogen Bond

B:DG2 - :MC4 3.82565 Hydrophobic Pi-Pi Stacked
B:DG10 - :MC4 3.97165 Hydrophobic Pi-Pi Stacked
MC4 - B:DG10 4.02241 Hydrophobic Pi-Pi Stacked
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a)

Figure 3.13. Molecular docking studies of MC-4 (pink) with a) BCL-2 (-5.32 kcal /mol),
b) c-KIT 2 (-5.8 kcal /mol), ¢) VEGF (-2.52 kcal /mol), d) h-TELO G4 (-1.54 kcal /mol)
and e) c-MYC (-5.6 kcal /mol)
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Inhibitory potency of the M-series in cancer cells

Cytotoxicity assay

The biophysical studies carried out with the M- series suggest that only MC-4
selectively interacts and binds with ¢-KIT [ with high affinity. The effect of this interaction
was next studied in the cellular context. The cell cytotoxicity of MC-4 ligand was assessed
towards c-KIT-positive cancer cell line (K562) which shows overexpression of ¢-KIT. A
cancer cell line without expression/overexpression of ¢-KIT was also assessed (MCF-7) as
well as a non-cancerous cell line (HEK 293) to determine the cytotoxity of MC-4 and MD-
11 towards these different cell lines. Myelogenous leukemia cells (K562), and breast cancer
cells (MCF-7) and were treated with increasing concentrations of MC-4 and MC-11. It
was observed that MC-4 displays cytotoxicity towards K562 but not MCF-7 with ICso
values of 6.2 uM, and 19.8 uM respectively (Figure 3.14a).
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Figure 3.14. Cell cytotoxicity analysis of a) MC-4, b) MD-11 in different cancer cell lines
after 24 h, c) Cell cytotoxicity analysis of MC-4 and MD-11 in HEK293 cell line after 24h.
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In addition, the ligand MC-4 was non-toxic to normal HEK293 cells with an ICsg
value of >50 uM (Figure 3.14c¢). This is in line with our previous observations which show
interaction of MC-4 with ¢-KIT I G-quadruplex. In contrast, the dibenzofuran scaffold
containing counterpart MD-11 displayed higher ICso values (K562 = 11.7 uM, uM MCF-
7 = >19 uM, and HEK293 = >50 uM) (Figure 3.14b). The low ICso value of MC-4
exclusively in c-KIT overexpressing K562 cancer cells line suggest that MC-4 can
effectively penetrate the cell and nuclear membranes to stabilize ¢-KIT G-quadruplex in
cancer cells while inducing a cytotoxic effect only in leukemia cellline which highly

overexpresses ¢-KIT protein without inducing cytotoxicity in c-KIT negative cancer cells.

Amplification of cellular G4s by MC-4

As MC-4 exhibited an anti-proliferative effect on cancer cells, its ability to penetrate
the cellular membrane was visualized using cell imaging investigations. In addition, MD-
11 treated K562 cells were also assessed. K562 cells were treated with 3 uM of MC-4 and
5.5 uM of MD-11 and observed under a confocal microscope. Both MC-4 and MD-11
showed an inherent fluorescence in the green filter range characteristic of carbazole and
dibenzofuran compounds. It was observed that both MC-4 and MD-11 are cell permeable
and localizes in the cells.

BG4, a monoclonal single-chain antibody developed through phage display, exhibits
exceptional affinity and specificity for G4 structures and has become a valuable tool in
numerous studies aiming to probe the existence of G4 structures within the genome. In
mammalian cells, immunostaining with BG4 has revealed the presence of G-quadruplex
structures under various conditions. Notably, live cells treated with the G4-binding small
molecules prior to immunostaining exhibit a significant increase in the number of BG4 foci
(Figure 3.15). Thus, ligand treated K562 cells were observed under the confocal

microscope to evaluate the presence and prevalence of G-quadruplexes in this study.
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Figure 3.15. The stabilization of cellular G-quadruplexes by specific G4 —interacting small
molecules results in detection of a greater number of G4s visualised by the G4- specific
antibody BG4.

MC-4-treated cells showed a more significant number of G-quadruplexes visualized using
the G-quadruplex specific antibody (BG4). The number of BG4 foci increased by 5.4 fold
and 1.8 fold in the MC-4 and MD-11 treated cell compared to the number of foci observed
in untreated (Figure 3.16a-c and Figure 3.17) and the MD-11 treated cells respectively.
This direct evidence suggests that the treatment of MC-4 leads to a greater number of G-

quadruplex stabilization, resulting in their detection in significant numbers inside the cells.
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——

G-quadruplex
stabilization

Less foci

More foci

Figure 3.16. a) Cell images of K562 with and without treatment of MC-4 and MD-
11. The cell has been stained with MC-4 and MD-11 (green) and the G4 specific
antibody is visualized as foci (red) present within the cell. b) Schematic representation
of MC-4 stabilized G-quadruplex and BG4 antibody interaction. c) Graphical
representation of the number of BG4 foci in the nucleus of untreated and treated K562

cells.
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Ligand BG4 Merged
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Figure 3.17. Fluorescence microscrope images of MC-4 (3 uM) and MD-11 (5.5 uM)
treated K562 cell line showing localization of MC-4 (green) and MD-11 (green) in the

cells. The red puncti of BG4 antibody indicate presence of G-quadruplex structures.
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MD-4 induced gene regulation of c-KIT

mRNA quantification

To gain more conclusive insights into the effect of the ligands in the context of
cellular machinery and gene regulation, gene expression studies were undertaken. qRT-
PCR was performed to examine the effect of MC-4 on c-KIT transcriptional regulation
(Figure 3.18 and Table 3.2). In addition MD-11 was taken as a negative ligand and the
well-explored TMPyP4 was taken as a positive control to obtain a broader perspective for
the gene regulation studies. K562 cells were treated with two different doses of MC-4 (3
uM and 6 uM), MD-11 (5.5 uM and 11 pM) and TMPyP4 (2 uM and 4 uM) for 24 hrs,
and the expression of each gene (cKIT, ¢c-MYC and BCL-2) were normalized with the
expression of housekeeping gene /8s. MC-4 led to the reduction of the c-KIT oncogenic
expression by 28% and 73% at 3 uM and 6 puM concentrations, respectively. In addition,
treatments with the negative ligand MD-11 induced a downregulation of >1% and 3%,
whereas the positive control TMPyP4 induced a downregulation of 30% and 48%

respectively.
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Figure 3.18. a) Determination of gene regulation at the level of mMRNA in K562 cells
treated with different doses of MC-4 (3 and 6 uM), MD-11(5.5 and 11 uM) and TMPyP4
(2 and 4 pM) using gRT-PCR to measure the expression of c-KIT, c-MYC and BCL-2
genes; b) Fluorescence sigmoidal curves of real-time PCR measuring the amplification of
SYBR Green.
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Additional genes of c-MYC and BCL-2 were also studied and showed a lesser decrease in
gene expression with downregulation of 15% and 19% in c-MYC gene and a decrease of
29% and 39% in BCL-2 after treatment with MC-4. A significant decrease of gene
expression of c-KIT associated with anti-apoptotic BCL-2 gene suggests a relation between
the stabilization of ¢-KIT G-quadruplex by MC-4 and apoptosis. However, c-MYC showed
an upregulation of 23% and 31% and BCL-2 showed 23% upregulation and 5%
downregulation respectively after treatment with MD-11. Expectedly, the G4 binder
TMPyP4 (2 and 4 uM) showed a dose dependent downregulation of 19 and 43% in c-MYC
and a downregulation of 57% and 45% in BCL-2 gene expression. This suggests that the
carbazole derivative MC-4 can efficiently reduce the transcription of ¢- KIT oncogene and

lead to a downregulation of up to 73%.

Table 3.2. Cycle threshold (CT) values:

18s c-MYC BCL-2 c-KIT
Control 7.18 18.89 23.54 27.57
MC-4 (3 utM) 7.65 19.60 24.50 28.48
MC-4 (6 pnM) 7.18 19.20 24.25 29.44
MD-11 (5.5 uM) 7.60 19.00 23.85 28.00
MD-11 (11 pM) 7.47 18.78 23.90 27.90
TMPyP4 (2 pM) 7.48 19.35 24.50 28.38
TMPyP4 (4 pM) 7.70 20.22 24.90 29.01

Promoter Luciferase assay

For further validation into the binding interactions with G-quadruplexes and their
effect on gene expression reporter luciferase and dual-luciferase reporter assays were
performed with different genes. Plasmid constructs containing wild type promoter
sequences of the genes (c-KIT, c-MYC, BCL-2) with G4 forming sequences located
upstream of the renilla (¢-KIT construct) and firefly (c-MYC and BCL-2 constructs) coding

genes were used for the study. Transfected K562 cells were further treated with different
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doses of MC-4, MD-11 and TMPyP4. The luciferase expression was obtained for the
ligand treated transfected cells and normalized against the RLTK expression or estimated
protein (Figure 3.19a-b). MC-4 treated cells exhibited c-KIT downregulation in a dose-
dependent manner with 22% and 69 % decrease at 3 uM and 6 uM respectively. In contrast,
MD-11 showed only 3.3% and 7.6% of decrease at 5.5 uM and 11 uM concentrations and
the positive control treated with TMPyP4 showed a decrease of 20.12% and 34.08% at the
concentration of 2 and 4 pM respectively. In addition, much smaller degree of changes
were observed in ¢-MYC and BCL-2 constructs transfected cells treated with MC-4 (c-
MYC=6.0 and 12.3%, BCL-2="7.8 and 15.8% and MD-11 (c-MYC = 3.2 and 10.1%, and
BCL-2=9.5 and 14%) at both their respective dose concentrations. TMPyP4 treated cells
all showed downregulation (c-MYC =34.4 and 45.3%, and BCL-2 = 20.7 and 39.7%)
suggesting that the G4 binding TMPyP4 downregulates the expression of all promoter
luciferase vectors by stabilizing the G-quaduplexes in the promoter regions of the
oncogenes. These observations further corroborates that ligand MC-4 induces
downregulation of ¢-KIT gene expression in cancer cells whereas it does not induce any
significant changes in theexpression of c-MYC, and BCL-2 luciferase constructs by

interacting with their respective G-quadruplexes.
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Figure 3.19. a) Schematic representation of the promoter luciferase assay using plasmid

constructs containing the G-quadruplex forming sequence in the promoter region which
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can be stabilized with small molecules to decrease the luciferase expression; b) The relative
luciferase expression of c-KIT c-MYC and BCL-2 G4 containing luciferase-expressing
plasmids transfected in K562 cells treated with different doses of MC-4, MD-11 and
TMPyP4.

Western Blotting assay

Western Blotting assay was performed to confirm the results of ¢cK/7 gene inhibition
by the lead ligand. MC-4 treated K562 leukemia cells showed a dose dependent
downregulation of ¢cKIT with 23.3 % and 65.5 % expression at 3 and 6 uM ( Figure 3.20).
Negative control ligand, MD-11 treated cell showed very small changes in the expression
of c-KIT I with a small downregulation of 7.8% at 5.5 uM dose and an upregulation of
15.8 on treatment with a higher dose (11 uM). Expectedly, TMPyP4 showed a
downregulation of ¢-KIT (~10 and 20%) suggesting that it inhibits the protein expression

of c-KIT gene but at a much lesser extent .

b)

T

a)

TMPyP4 TMPyP4 MD-11 MD-11 MC-4 MC-4
Control (2pM)  (4uM) (5.5uM) (11 pM) (3 M) (6 pM)

GAPDH e S S S S S —

c-KIT

Relative Protein Expression (%)

Figure 3.20. a) Protein expression of housekeeping gene GAPDH and gene of interest c-
KIT in K562 cells treated with different doses of MC-4, MD-11 and TMPyP4 over a period
of 24h; b) Bar diagram of relative protein expression of c-KIT gene in K562 cells after
treatment with respective doses of MC-4, MD-11 and TMPyP4.
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MC-4 triggers cell cycle arrest, DNA damage and apoptosis in cancer cells
Cell cycle assay

Flow cytometric studies were conducted to investigate the relationship between the
inhibitory effects of MC-4 and the possible arrest of cancer cells in any phase of the cell
cycle. MC-4 (3 uM and 6 uM) and MD-11 (5.5 uM and 11 uM) treated K562 cells were
stained with propidium iodide (PI) to determine the number of cells in each phase of the
cell cycle (Figure 3.21). MC-4-treated cells exhibited cell cycle arrest in a dose-dependent
manner. The cells were arrested at important checkpoints of GO/G1. At 3 uM MC-4, an
increase in cell population was observed in GO/G1 phase with an arrest of 74.1% of cells
compared to 68.6% under control conditions. At a higher dose (6 uM) the cells arrested at
GO0/G1 increased to 79.7%. This suggests that MC-4 arrests the cancer cells in GO/G1 phase
of the cell cycle. This observation supports current literature, where G4 binding ligands are
observed to arrest cells at G1 phase of the cell cycle.!>* 1°° In addition, the MD-11 treated

cells did not show any significant changes in the cell populations in any cycle phase.
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Figure 3.21. a) Flow cytometric analysis of cell cycle parameters after treatment of K562 cells
with MC-4 (3.0 and 6.0 uM) and MD-11 (5.5 and 11 puM) and bar diagram representing the
percentage of cells in each cell cycle phase after treatment with M-series of ligands.
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DNA Damage assay

Additional flow cytometric studies to evaluate ligand-induced DNA damage were
conducted using Alexa-fluor 645 tagged YH2AX antibodies (Figure 3.22 ). Flow cytometric
detection of YH2AX in cells is a reliable method for quantitation DNA damage. Analysis
of MC-4 (3 and 6 uM) treated K562 cells showed DNA damage in 38.6% and 67.1 % of
the cell population. In contrast, MD-11 (5.5 and 11 uM) treated cells did not show an
appreciable DNA damage (27.6 and 30.3%).

MC-4 (3 uM) MC-4 (6 uM)

o+
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Alexa Fluor 647-yH2AX

Figure 3.22. a) Flow cytometric analysis of DNA damage after treatment of K562 cells
with MC-4 (3 and 6 uM) and MD-11 (5.5 and 11 uM); b) bar diagram representing the

percentage of cells in each cell cycle phase.
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Apoptosis assay

Flow cytometry was carried out to investigate the mode of death induced by in cancer
cells the carbazole and dibenzofuran derivatives, MC-4 and MD-11 respectively (Figure
3.23). K562 cells treated with 3 uM and 6 uM of MC-4 and 5.5 uM and 11 uM of MD-11
were analyzed upon Annexin V and PI dual staining. Dot plot analysis indicated.that MC-
4 induced dose dependent apoptosis in K562 cells in a dose-dependent manner, with
increasing rates of apoptotic cells observed at both doses of ligand concentrations. At 3 uM
concentration, MC-4 induces 35 % of cell death whereas, at the second dose of 6 uM, an
increase of apoptotic cells to 63% was observed with a more significant shift from early to
late apoptosis. On the other hand, MD-11 induced apoptosis in 1 and 11% of the cell

population at 5.5 and 11 uM concentrations respectively.

Control MC-4 (3 uM) MC-4 (6 uM)
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Figure 3.23. Flow cytometric analysis of the mode of cancer cell death after treatment with MC-
4 (3.0 and 6.0 uM) and MD-11 (5.5 and 11 pM); and bar diagram representing the percentage of

apoptotic, necrotic and viable cells in control and ligand treated K562 cells.
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Overall, the flow cytometric studies revealed that MC-4 containing the carbazole is
capable of arresting the K562 leukemia cells in GO/G1 phase of the cell cycle. It also
triggers DNA damage and leads to apoptosis in cells likely by interacting and stabilizing
the c-KIT 1 G4.

Conclusion

In summary, we have synthesized a library of 14 small molecules consisting of
carbazole (MC) and dibenzofuran (MD) scaffolds with a series of identical side chain
modifications The aim was to explore the role of fused heteroaromatic ring systems and
side chain modifications in G4 recognition and selective stabilization. Our findings
revealed that both the heteroaromatic scaffold and side chain are crucial for recognizing
and binding to specific G4 structures, with predominant binding being driven by the
aromatic scaffold. However, the initial G4 binding by the M-series makes way for more
selective recognition with emphasis on the role of the side chain modification. Despite
containing the same carbazole moiety, among the MC molecules, only MC-4 emerged as
a lead ligand capable of interacting with c-KIT I G4 (Figure 3.24). In contrast, the MD
molecules did not show any ability to stabilize the studied G4s. Although MC-4 and MD-
11 contain the same carboxamide side chain and differ only in the heteroaromatic ring
system, the comparative biophysical studies revealed MC-4 to be the lead ligand for c-KIT
1 G4 over the other molecules of the M-series. The biophysical analyses further corroborate
the cytotoxic profiles of both compounds towards c-KIT positive and negative cancer cells,
suggesting one heteroaromatic scaffold’s ability to selectively stabilize a G4 over the other

scaffold.
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Figure 3.24. Schematic representation of the binding of the best binder, MC-4 which is a
carbazole derivative containing a carboxamide side chain and stabilizes the c-KIT G-

quadruplex and induces downregulation of c-KIT gene expression.

As observed using biophysical assays of FRET, fluorescence spectroscopy, and ITC,
MC-4 selectively interacts with c-KIT 1 G4 with a low K4 value and high stabilization
compared to other G4s and dsDNA. In addition, confocal microscopy and flow cytometric
studies show that MC-4 can easily enter cancer cells, arrest the cells in GO/G1 phase, trigger

DNA damage and induce apoptosis. Furthermore, MC-4 treated K562 cells contain more
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number of G-quadruplex structures as visualized by the G4-specific antibody BG4. This
indicated the presence of a higher number of G-quadruplexes compared to untreated cells.
MC-4 can modulate gene expression inside cancer cells, and decrease the transcription and
translation of the ¢-KIT gene studied by mRNA quantification and promoter luciferase
assay. Therefore, the modulation of c-KIT oncogene is achieved by the selective interaction
of MC-4 with the c-KIT I G-quadruplex, whereby the aromatic planar scaffold of the ligand
promotes stacking on 5’ G-tetrad of the G4 and the positively charged carboxamide side
chain enhances electrostatic interaction with the phosphate backbone of the G4. The
findings of this study further subtantiates a better binding of G4 by carbazole containing
scaffold compared to debenzofuran containg ones. This enhanced interaction maybe due to
the presence of a nitrogen atom in the heterocyclic scaffold of carbazole which is
protonated at physiological conditions. The findings also indicate that optimization of side
chain for carbazole compounds can lead to selective binding with cellular G4s based on
differential recognition of specific G4 topology. Fine-tuning side chains of protonable
scaffolds further taps into the possibility of rationally designing synthetic carbazole
derivatives to enhance targeting of biomolecular G4s which demonstrate variable
topologies. The study also paves the way for future functionalization of carbazoles to
achieve a higher degree of selectivity for different DNA conformations to modulate the

expression of cancer and other faulty gene expressions.
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Introduction

The mammalian target of rapamycin (m7TOR), is an evolutionarily conserved
serine/threonine kinase that integrates signals from growth factors, nutrients, and stresses
to regulate multiple processes like mRNA translation, cell-cycle progression, autophagy,

and cell survival (Figure 4.1).156 157 158-160

mTOR was initially discovered in the early 1990s
during investigations into the mechanism of action of rapamycin (sirolimus), a macrolide
that was originally found as an antifungal agent and was later recognized as having
immunosuppressive and anticancer properties.'®"> 12 The mTOR signaling pathway has

been involved in multiple diseases, including cancer,!®® 64

neurodegeneration and
diabetes,'®®> emphasizing the importance of identifying and understanding the function of

the components of the mTOR gene and the mTOR signaling network.

The mTOR signaling pathways are critical for maintaining cell homeostasis
through regulation of various biological functions, such as cell growth, metabolism,
survival, and immune response. These functions are mainly regulated by mTOR, primarily
through the formation of two distinct complexes, namely, mTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC?2).!5% 166-168 Thjg signaling pathway is commonly activated
in tumors and it controls cancer cell metabolism by altering the expression and/or activity
of a number of key metabolic enzymes.'® "’ The compelling evidences linking activated
mTOR signaling to cancer has generated significant interest in developing m TOR inhibitors
for targeted cancer therapy or chemotherapy.!’!* 17> Rapamycin and its analogs (rapalogs)
have been reported as specific allosteric inhibitors of m7TOR and represent first-generation
mTOR inhibitors.'!”> 1"* Rapalogs like everolimus/RADO001 and temsirolimus/CCI-779 are
approved by the Food and Drug Administration (FDA) for treatment of certain cancers
such as metastatic renal cell carcinoma, pancreatic neuroendocrine tumors, and
postmenopausal hormone receptor-positive advanced breast cancer.!”® Apart from mTOR,
the other best studied targets for inhibiting mTOR signalling pathway are the cell growth
effectors S6K1 and 4E-BP1.17% 77 Great efforts have been made to develop second-
generation ATP competitive mTOR kinase inhibitors (TORKinibs) such as INK128, Torin
1, and AZD8055, which suppress mTORC1 and mTORC?2 activity, as potential cancer

therapeutic agents.
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Figure 4.1. Schematic representation of the cellular stimuli that mediated the function of

mTOR complex 1 to regulate different cellular processes.

However, rapalogs, have been shown to have little efficacy and use of second-
generation TORKinibs might be limited by more severe toxicities.!”" 1’8 Given the
prominent role of mTOR in cancer drug resistance and the yet limited clinical success with
mTOR inhibitors, we aim to identify novel therapeutic options for cancer cells having
mTOR-dependent drug resistance. However, most of the therapeutic studies have been
focused on the targeting of mTOR protein itself or in conjunction with its complex forming
proteins.! 7?18 Regulation of mTOR gene expression can be considered as an attractive
alternative approach for mTOR inhibition. However, the number of studies carried out to
control mTOR gene expression at the DNA and RNA level remains scarce. Secondary
structures of DNA are implicated to have high tunability in gene expression via modulation
of DNA conformation, leading to changes in transcription and translational machineries of

the cell.'¥” Based on these facts, we envisage to investigate the presence of any DNA/RNA
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secondary structures in the promoter or untranslated domains of m7TOR gene, which may

present an attractive alternative approach for mTOR inhibition.

G-quadruplexes (G4) are widely present throughout the human genome especially
in the promoters,'®” 18 telomeres,*® 13% 10 UTRs, 3% °! intronic regions of genes involved
in development, survival and proliferation.!”> 193 These four-stranded nucleic acid
structures are also increasingly being recognized as regulatory elements for replication,
transcription, and other important regulatory roles.'** Computational studies estimate that
over 3,00,000 sequences in the human genome may potentially fold into a G4 structure.'*
19:195 Owing to the G4s’ abundant presence and significant biological role in the genome,
the G-quadruplex is considered an excellent target for chemical intervention of gene
expression using small molecules.*” 161 Bioinformatic studies show that mTOR has
several stretches of GC-rich sequences in the promoter/UTR region and thus presents a
promising domain for the search of potential G-quadruplex folding sequences. As the

)19 are almost absent in the mTOR

putative sequence rule (G>3Ni—7G>3N1-7G>3N1-7G>3
promoter and 5’-UTR regions, the G-quadruplexes have not been identified yet in mTOR
gene. Therefore, analysis of a primary sequence of mTOR gene (NCBI accession number:
NG _033239.1) on chromosome 1 along with a 1500 bp stretch present at the upstream
region, 5° UTR and coding region of the human mTOR gene was undertaken to detect
Putative G-quadruplex Sequences (PQSs) that could potentially tune the transcriptional
machinery of mTOR gene expression. The presence of multiple G-rich tracts in the
regulatory regions were observed. In this report, the presence of a potential G-quadruplex

forming sequence in the upstream region of mMTOR mRNA and its functional implications

have been discussed in detail.
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Results and Discussion

G-rich sequence of mTOR DNA and 5’-UTR region of mTOR mRNA folds into

stable intramolecular G-quadruplex structure under influence of K*
Narrowing down the search for G4s in mTOR gene

Owing to multiple reports citing the G-quadruplex occurrence in promoter regions
and UTRs of multiple genes being relevant in the biological functions and their regulation,
a search to identify potential PQSs in the genetic sequence of mTOR gene (NCBI accession
number: KJ399980.1 and NG 033239.1) was conducted. The mTOR gene, promoter and
mRNA sequence were obtained from NCBI and exon/intron sequence was assigned from
Ensembl. The QGRS mapper!?-?°! software was used to identify the PQSs in the mTOR
gene. Though the entire genetic sequence of mTOR showed a total of 649 probable G-
quadruplex foldable regions, the investigation was limited to the most crucial regions near
the transcription start site (-1000 to +500bp). G-quadruplexes are generally form with a
minimum of three G-tetrads, though two G-tetrads folded G4s have recently been
evidenced as well.??? In accordance with these observations, the G4-forming sequences
with both three-tetrad and two-tetrad probabilities were given equal consideration during
the study. PQS searching studies have explored five potential DNA stretches (P1-P5) in the
upstream and downstream region of transcriptional start site (-1500 to +800) of mTOR gene
which have a high GC content and a potentially a crucial role in regulating the gene
expression machinery (Figure 4.2). Each PQS contained flanking regions consisting of
three nucleotides at both 3’ and 5° ends for enhanced stability of proposed G-
quadruplexes.’”® These PQSs were named P1-P5 for the current study. Each sequence
presented high frequency of G-tract repeats accompanied with the potential loop regions
which may play critical role in G-tetrad formation and aid the structure to adopt a stable
G-quadruplex conformation. The length of the identified PQSs lie between 29-35

nucleotide long and contain 4-6 G-tracts.

The P1 PQS was found in the upstream promoter region and its G-tracts contain
four arrays of two guanosines (Gz). P2-P5 PQSs were identified in the +1 to +400 region

of mTOR gene. The P2 sequence is comprised of six arrays of G-tracts: four containing >3
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guanosines (Gs.s) and the other two contain only two guanosines (Gz). The P3 and P5
contain six and four G stretches, respectively and the P4 sequence has two arrays of G»
and G3 stretches. The linkers between G-stretches differ in both length and sequence.
Interestingly, when the 5’-UTR region of mTOR mRNA was searched for potential POSs,
we could only detect the presence of P2 and P3 PQS which may be the effect of post-

transcriptional modifications.

“4— Promoter —»

TTTGGTTAAAMACTTGGCTATGGTTTCTCTGGAGT

_ P1 ] +54  +320
_______________ e P3 P5
mTOR gene on =IF:=‘:::::::::
chromosome 1 1500 +1
- - P2 P4 +163021
NG 0332391 566 +19  +114

ﬂ transcription/splicing

P2 P3
-l ATG
mRNA [T 1
NM_001386501.1 +1 +122 +8612
+—>» serine/threonine-protein kinase mTOR
5UTR 2549 aa protein

P P1: TITGGTTAAAACTTGGCTATGGTTTCTCTGGAGT

P2 : AGCGGGGAAGGCGGGCGGTGGGGCAGGGGGCCT
Q P3 : AGCGGCGGTACCGGTGCTGGCGGCGGCAG
S P4 : CTAGGGCCTGGCACGACCCCTCTAGGGCGGCGT

P5 : TTCGGCCCGCGGTACGTCCGCCCGAAGGCCGGCCC

Figure 4.2. Schematic representation of the putative G-quadruplex sequences (PQS) in the

DNA (P1-P5) and the 5> UTR of the mRNA (P2-P3) of mTOR gene.
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Circular dichroism spectroscopy

Depending on the guanine glycosidic bond angle conformation of either syn or anti,
the G-quadruplex structures can be categorized as parallel (a positive and negative peak at
260 and 240 nm respectively), anti-parallel (a positive and negative peak at 290 nm and
260 nm respectively) or hybrid (two positive peaks near 260 and 290 nm and a negative
peak at 240 nm) conformations. To assess the folding patterns of these G-rich sequences
P1-P5, Circular Dichroism (CD) spectroscopy, a widely used method for characterization
of G-quadruplexes was employed. Circular dichroism signatures were obtained for each of
the PQS, P1-P5 in a buffer solution containing no ion or K", Na" and Li" ions at
physiological pH of 7.4 (Figure 4.3a-¢). Among these PQSs, P2 exhibited an ion dependent
secondary structure formation whereas P1, P3, P4 and P5 did not show appreciable
differences in their CD profiles in presence of different ions. P2 containing six stretches G-
tracts (G2 and Gs.5) showed characteristic CD spectra of a G-quadruplex in the presence of
K"; a prominent maxima at 262 nm, a smaller maxima at 286 nm and a negative minima at
239 nm. This characteristic peak of P2 was highly diminished in presence of Na* and Li*
as well as in the absence of ions suggesting that the Gas-structure is only stable in the

presence of K ion.

In case of P1, the observed peaks without any ion or in the presence of each
monovalent cation showed features of random coil conformation, with a positive CD band
near 275 nm and a negative band near 245 nm (Figure 4.3a). P3, P4, and P5 exhibited broad
positive bands with comparatively lower intensity in the range of 260-280 nm in presence
of different ions (Figure 4.3c-e), suggesting that these sequences could not adopt G4
secondary structure in the presence of a metal ion. P2 PQS emerged as the only potential
G4 forming sequence capable of forming a stable G-quadruplex structure in the presence
of K. The CD signature of P2 (positive maxima at 262 and 286 nm and a negative minima
at 239 nm) indicated that the P2 sequence could potentially fold into a mixed parallel/anti-

I204, 205 and

parallel G-quadruplex with characteristic peaks similar to the BCI/-2 promote
vegfi-2 promoter G-quadruplexes.??’ Interestingly, the CD spectra of P2 in presence of K*
showed a much more distinct CD signature compared to the P2 spectrum in the presence
of Na" or without any ion (Figure 4.3b). In addition, it was observed that P2 lost the G4

structural conformation in presence of Li" ion, an ion known to destabilize the G-
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quadruplex structure.?°® 2°7 The preliminary results suggest that P2 DNA sequence may
preferentially adopt a hybrid G4 structure in presence K" over Na® and the structure is

disrupted in presence of Li".
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Figure 4.3. Circular dichroism spectra of putative G4 sequences (5 uM) without ions and
in presence of different ions (K*, Na" Li") where ,a) P1, b) P2, ¢) P3, d) P4,e) P5. All
experiments were performed in respective buffers of 100 mM Tris with 100 mM HCI, 100

mM Tris with 100 mM KCI, 100 mM Tris with 100 mM NaCl and 100 mM Tris with 100
mM LiCl. The ph oaf all the buffers was maintained at 7.4.

Circular dichroism melting assay

Additionally, CD melting experiments were conducted to monitor the thermal denaturation
patterns of P1-P5 sequences in a buffer containing 100 mM K ion at a strand concentration
of 5 uM (Figure 4.4a-e). G4s reportedly possess higher stability than duplex DNA/random
coil DNA owing to the presence of Hoogsteen hydrogen bonds. This additional stability
results in higher Ty, value of the G4 compared to non-structured DNA. The PQSs were
subjected to gradual heating from 20 °C to 90 °C and the CD spectrum was recorded for

—
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every 10 °C rise in temperature. The CD melting experiments demonstrated that a
significant Tr, value was successfully acquired only for P2 which is at 66.6 °C while the
melting profiles of the rest of the PQSs could not be acquired satisfactorily (Figure 4.4f).
This result prompted us to investigate the G-quadruplex forming potential of P2 in more

detail, especially in the mRNA counterpart (rP2) as it lies in the 5> UTR of the mTOR
mRNA.
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Figure 4.4. CD melting spectra of DNA sequences exhibiting the change in the CD spectra
from 10-100 °C recorded at intervals of 10 °C, a) P1, b) P2, c) P3, d) P4,e) P5. All
experiments were performed in 100 mM Tris with 100 mM KCI buffer (pH- 7.4).

As the P2 and P3 sequence is also found in the 5° UTR of mTOR mRNA, both of
their RNA counterparts (rP2 and rP3) was also investigated in presence of different metal
ions (K, Na" and Li") using CD spectroscopy(Figure 4.5). Interestingly, a similar
formation of G-quadruplex was observed for rP2 with a prominent positive peak at 263

and a smaller merged peak at 290nm and a negative peak at 239nm. This rP2 G4 also
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showed a maximum stability in K, closely followed by Na" and without ion. The rP2
structure showed least stability in presence of Li* ion which probably destabilizes the
structure. The rP3 RNA sequence failed to show any ion-dependent changes in the CD
spectra suggesting that it does not form any ion-dependent secondary conformation such
as G-quadruplex. Interestingly, both the DNA and RNA sequence of P2 and rP2
respectively are capable of forming stable G4 structures which exhibit highest stability in

presence of K.

| without ion Without ion
a) 151 —Kcl b) 151 rP3 Kcl
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Figure 4.5. Circular dichroism spectra of putative RNA G4 sequences (5 uM) without ions
and in presence of different ions (K", Na" Li") where , a) rP2, b) rP3. All experiments were
performed in respective buffers of 100 mM Tris with 100 mM HCI, 100 mM Tris with 100
mM KCI, 100 mM Tris with 100 mM NaCl and 100 mM Tris with 100 mM LiCl. The ph

oaf all the buffers was maintained at 7.4.

In accordance to the promising rsults obtained from the CD spectroscopy investigation sof
P2, detailed CD studies for rP2 was also carried out. The CD spectra of rP2 at different
strand concentrations (5 puM, 10 uM, 25 uM, 50 uM and 100 pM) was investigated to
monitor the effect of strand concentrations on G4-stability (Figure 4.6a). A direct relation
between strand concentration and the G4-characteristic peak intensity was observed; the
G4-forming potential of rP2 was increased with increased strand concentration in the

presence of K. Interestingly, the positive maxima at 262 nm became more prominent as

—
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compared to the other positive maxima at 286 nm at 100 uM strand concentration. Thermal
denaturation profile was also analyzed at different rP2 strand concentrations in order to
validate the stability of the G4 structure formed by P2 (Figure 4.6¢c-d). The T, was found
to be 68+2 °C at strand concentrations of 5 uM, 10 uM and 100 uM respectively (Figure
4.6¢). This suggests that at different strand concentrations, rP2 maintains its overall Tm
value further indicating that P2 could acquire a higher-order G4 DNA structure that are

stable in the presence of K ion.
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Figure 4.6. Circular dichroism spectra of putative RNA G4, rP2 at different conditions; a)
P2 at different strand concentrations in presence of K, b-d) CD melting spectra of rP2 at
5 uM, 10 uM and 100 uM strand concentration. The spectra from 20-100 °C were recorded
at intervals of 10 °C, e) Normalized melting graph of rP2 at different stand concentrations.

All experiments were performed in 100 mM Tris with 100 mM KCI (pH-7.4).
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Electrophoretic Mobility Shift assay

Further investigations to visualize the formation of secondary structures in the studied
DNA (P1-P5) and RNA (rP2 and rP3) sequences were conducted. Electrophoretic mobility
shift assay (EMSA) is a reliable method to study the movement of folded DNA and RNA
structures compared to unfolded structures. EMSA of the structures showed that only P2
and rP2 are able to form secondary structures of nucleic acid especially in presence of K*
(Figure 4.7). These observations are in agreement with the CD spectroscopy results
suggesting that P2 and rP2 are putative G-quadruplex sequences which are capable of

forming G-quadruplexes.

P1 P2 P3 P4 P5 rP2 rP3
K*

Inter G4

=

s

Figure 4.7. Electrophoretic mobility shift assay demonstrating the formation and
movement of folded nucleic acid structures, P2 DNA (left panel) and rP2 RNA (right
panel). The nucleic acidconcentration was 10 uM and the movement of the
oligonucleotides were observed in 15% PAGE. The oligonucleotide samples were prepared

in 100 mM Tris with 100 mM KCI (pH-7.4).

]
107 |

—



Chapter 4

NMR Spectroscopy

For further insights into the possibility of P2 and rP2 folding into a G4, 1D H! NMR was
performed with the P2 and rP2 sequences in the presence of the K™ containing buffer (pH
7.4). Both G4 sequences demonstrated characteristic imino protons from 9.5 to 12.0 ppm
which correspond to G-tetrad formation. The NMR spectra of P2 PQS showed
characteristic features of Hoogsteen bond formation further suggesting that P2 may
potentially form a potential G-quadruplex structure (Figure 4.8). Characteristic peaks
indicative of Hoogsteen bond formation was observed for P2 and rP2 PQS in the region of
10.2 to 11.7. These evidences further suggest that P2 and rP2 may be induced to form the

G-tetrad stacked G-quadruplex structure in the presence of K™ ion.

P2
. ; . i . .
125 120 115 11.0 10.5 10.0
f1 (oom)
b)
rP2
12.5 12.0 11.5 11.0 10.0

10.5
f1 (ppm)

Figure 4.8. Nuclear magnetic resonance spectra of a) P2 (500 uM) and c) rP2 (500uM) in
100 mM Tris with 100 mM KCI (pH-7.4).
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The implications of an RNA G4 in the 5’UTR region of mTOR were studied in
greater detail. The rP2 oligonucleotide with a sequence of r(GsN2G2N1G3N1G2N1G4N2Gs)
can fold into a stable G-quadruplex structure. However, among these six G-tracts of rP2,
only four could be involved in G-quadruplex formation. In the next set of experiments, the
aim was to identify which G-tracts of rP2 are responsible for the formation of G-quadruplex

structure.

In the biological context, the functional implications of a G-quadruplex in the non-
template DNA strand is lesser than in the 5’UTR. This is due to the direct relation between
5’UTR G4 and translation of the protein. Thus further investigations in this study was

focused majorly on the rP2.

4.2. Investigation to decipher the contribution of individual G-tracts in the

stability of the rP2 G-quadruplex in vitro and in gene expression

Mutation studies

To evaluate the role of each of the G-tracts comprising the rP2 sequence as a possible
contributor of G-quadruplex formation, different mutations were introduced into each G-
tract of the rP2 PQS (Figure 4.9). Initially, the CD signatures of the partial rP2 mutants
(rP2.1ato rP2.6a) were analyzed (Figure 4.10a-h), where G— A mutations were introduced

separately in each G-tract.
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a)
Name Sequence L?ncuigggﬁ ' ﬁal}tu ar:; 0(::
in G-tract
rP2 WT AGCGGGGAAGGCEGGCGGUGGGGCAGGGGGCT - None
rP2.1a AGCGAAGAAGGCGGGCGGUGGGGCAGGGGGCC 1 Partial
rP2.2a AGCGGGGAAGACGGGCGGUGGGGCAGGGGGCC 2 Partial
rP2.3a AGCGGGGAAGGCGAGCGGUGGGGCAGGGGGCC 3 Partial
rP2.4a AGCGGGGAAGGCGGGCGAUGGGGCAGGGGGCC 4 Partial
rP2.5a AGCGGGGAAGGCGGGCGGUGAAGCAGGGGGCC 5 Partial
rP2.6a AGCGGGGAAGGCGGGCGGUGGGGCAGAAAGCC 6 Partial
rP2.7a AGCGAAGAAGACGAGCGAUGAAGCAGAAAGCC 1,2,3,4,56 Partial
b) _
Name Sequence L?ncuiggglf ' ﬁal}tu ar:; 0‘::
in G-tract
rP2 WT AGCGGGGAAGGCGGGCGGUGGGGCAGGGGGCT - None
rP2.1b AGCAAAAAAGGCGGGCGGUGGGGCAGGGGGCC 1 Full
rP2.2b AGCGGGGAAAACGGGCGGUGGGGCAGGGGGCC 2 Full
rP2.3b AGCGGGGAAGGCAAACGGUGGGGCAGGGGGCC 3 Full
rP2.4b AGCGGGGAAGGCGGGCAAUGGGGCAGGGGGCC 4 Full
rP2.5b AGCGGGGAAGGCGGGCGGUAAAACAGGGGGCC 5 Full
rP2.6b AGCGGGGAAGGCGGGCGGUGGGGCAAAAAACC 6 Full
rP2.7b AGCAAAAAAAACAAACAAUAAAACAAAAAACC 1,2,3,4,56 Full

Figure 4.9. List of mutations introduced in the rP2 Wild Type (WT) sequence to study

changes in folding dynamics.

]
110 |

—



Chapter 4

In rP2.1a, tP2.3a, rP2.5a and rP2.6a sequences, the central positions of the 1%, 3™,
5" and 6™ Gs.s tracts were mutated and in sequences rP2.2a and rP2.4a, the second position
of the 2" and 4™ G, tracts were mutated into A, respectively. The mutations are designed
in such a way that the respective mutated G-rich tract in the oligonucleotide sequence could
not be involved in G-quadruplex formation. The CD spectra of the mutated sequences
revealed that the peak intensity at 262 nm was significantly decreased for rP2.5a (mutation
in tract 5: GGGG—GAAG) and rP2.6a (mutation in tract 6: GGGGG—GAAAQG),
indicating their sure involvement in G-quadruplex formation (Figure 4.10). The sequence
rP2.2a (mutation in tract 2: GG—GA) showed comparatively less decrease in the peak
intensity (at 262 nm). For rP2.1a (mutation in tract 1: GGGG—GAAG) and rP2.4a
(mutation in tract 3: GGG—GAG), no significant change in the peak signal was observed;
indicating that the formed G-quadruplex may not involve tract 1 and 4. But interestingly
with rP2.3a (mutation in tract 4: GG—GA), the signal at 262 nm was decreased but a new
peak was generated at 295 nm, illustrating the formation of another G-quadruplex
conformation having major positive peak at 295 nm and a minor positive peak at 262 nm
along with the negative peak at 240 nm. This G-quadruplex of another conformation may
be formed by the other non-mutated G-tracts which become available for G4 formation

upon mutation in 4% G-tract.

The rP2.7a sequence containing partial mutations in all six G-tracts led to no
specified CD signal indicating the absence of any G-quadruplex conformation due to lack
of G-rich tract. Overall, these CD profiling of partial mutated sequences (rP2.1a-rP2.6a)
indicate that tracts 5 and 6 may have critical role in G-quadruplex formation but the
distortion and decrease in the CD signals could not confirm the involvement of tract 1-4 in
G4 formation. It seems that when each of the G-tracts at position 1-4 has been mutated, the
other G-tracts compensate for the missing G-tract and may thus be involved in G-

quadruplex formation.
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Figure 4.10. a-h) CD spectra of rP2 partial mutants (rP2.1a-rP2.7a) containing G to A

mutations in a part of the G-tracts. All experiments were carried out in 100 mM Tris with

100 mM KCI buffer (pH-7.4).
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In order to fully confirm the involvement of the G-tracts in G4 formation, we next
evaluated the effect of introducing complete or full tract mutations in each G-tract of the
rP2 PQS (rP2.1b to rP2.6b) (Figure 4.11a-h). The introduction of full tract mutations in G-
tract 5 (sequence rP2.5b) and 6 (sequence rP2.6b) resulted in significantly decreased peak
intensities at 262 nm while mutant P2.1b exhibited a complete disruption of the signature
CD peak at 262 nm (Figure 4.11f). This is quite interesting as we have previously observed
that the rP2.1a sequence having partial mutations in tract 1 did not lead to any significant
change in the G-quadruplex peak intensity. These observations thus validated the
involvement of tract 1, 5 and 6 in P2 G4 formation as introduction of full G—A mutations
in these G-tracts critically hamper the G4 formation. However, the rP2.2b and rP2.4b
sequences (having complete G— A mutations in tract 2 and 3, respectively) did not lead to
any significant disruption or decrease in the G-quadruplex peak intensity, suggesting that
tract 2 and 4 may not be involved in G4 formation. In case of rP2.3b, the peak intensity at
262 nm was decreased but to a lesser extent in comparison to rP2.1b, P2.5b and rP2.6b
(Figure 4.11f1). Therefore, it can be inferred but tract 3 may contribute to G-tetrad formation
to generate P2 PQS G-quadruplex structure.

The concomitant complete mutation of all G-tracts (rP2.7b), as expected, led to an
absolute absence of a specified folded structure like our previous observation in its partially
mutated counterpart (rP2.7a). Together these results suggest that tracts 3, 5 and 6 may play
a critical role in the P2 G-quadruplex formation, loss of which disrupts the formation of a
G-quadruplex structure, while tract 1 is also highly critical for the G-quadruplex formation.
We hypothesize that the loss of the internal-guanosines in tract 1 (as in rP2.1a) may lead to
an alternate participatory role of the G-nucleotides from the adjacent tract 2, thereby
allowing the G-quadruplex to form with elements of both tract 1 and tract 2 as a
compensatory mechanism to still fold into the G-quadruplex structure with a decreased
peak intensity. In addition to this, we further observed that the mutation of tract 1 and 6
leads to significant disruption of the CD signature peaks at 262 nm, whereas in case of full
tract mutations of tract 3 and tract 5, a lesser degree of CD peak disruption is observed.
This may be due to a compensatory action of the adjacent G-tracts 4 and 5 which allows a
lesser perturbation if one of the tracts are mutated. Based on these observations, we can

conclude that tracts 1, 3, 5 and 6 are primarily involved in G4 formation of the rP2 PQS.
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Figure 4.11. a-h) CD spectra of rP2 full mutants (rP2.1b-rP2.7b) containing G to A

mutations in a part of the G-tracts. All experiments were carried out in 100 mM Tris with

100 mM KCI bufter (pH-7.4).
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DMS Footprinting

Furthermore, dimethyl sulphate (DMS) footprinting assay was performed to
ascertain which G-tracts of rP2 are involved in the G-quadruplex formation (Figure 4.12).
The N7atom of a guanine residue in a G-quadruplex is protected from methylation by DMS
and subsequent chemical cleavage by piperidine. These Gs involved in G4 formation can
be identified by the pattern of cleavage bands using the DMS footprinting method. 5’-FAM
labeled rP2 was methylated with DMS followed by chemical cleavage by Piperidine. The
resulting samples with and without K™ displayed distinct cleavage bands suggesting that
the G4 contributing G-tracts are 1, 3, 5 and 6. The cleavage bands for tracts 2 and 4 showed
similarly high intensities in both samples with and without K", suggesting that they are not
involved in the formation of the G-quadruplex. These results are in agreement with the
previous observations where the CD spectroscopy consisting of multiple mutations were
used to investigate the tracts involved in G4. Interestingly, the cleavage bands for the Gs
in G-tracts 4 and 5 were very less in intensity even in absence of K™ which were further
discriminable on addition of K™ to show that only three Gs in each G-tract are involved in
the formation of rP2 G-quadruplex. The DMS footprinting results also suggest that even in
the absence of K, the rP2 structure is partially stable as observed in the CD spectroscopy

experiments.
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Figure 4.12. Dimethyl sulphate (DMS) footprinting assay of rP2 (100 uM) in absence and
presence of K*. The guanines (G) are shown in red indicate the probability of being

involved in the G-quadruplex formation.

4.3. The binding of TMPyP4 with P2 G4 interferes with replication of m7TOR
DNA

UV/Vis Spectroscropy

Small molecules have emerged as G-quadruplex stabilizing ligands to modulate
expression of critical genes. To determine the capability of G-quadruplex binding agent to
stabilize our sequence of interest, we carried out a number of interaction profile studies
with the cationic porphyrin 5, 10, 15, 20-tetra-(N-methyl-4- pyridyl) porphine, TMPyP4 in

association with our target sequences, P2. Firstly, the UV-Vis absorption spectroscopy-

—
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based titration of TMPyP4 with incremental additions of P2 was carried out (Figure 4.13).
The absorbance peak of TMPyP4 was observed at 421 nm and was followed by incremental
additions of pre-folded P2 sequence. A hypochromic shift accompanied with bathochromic
red shift of approx. 15 nm was observed upon titration of TMPyP4 with P2. The
dissociation constant was also calculated in the micromolar range where the Kq value of

2.1 uM was observed.

Absorbance

350 400 450 500

Wavelength(nm)

Figure 4.13. UV/Vis spectroscopy study demonstrating the titration of TMPyP4 (0.5uM)
with P2 DNA G4 sequence. The experiments were carried out in 100 mM Tris with 100
mM KClI buffer (pH-7.4).

Fluorescence spectroscopy

Furthermore, fluorescence spectroscopic investigation was undertaken to study the
interaction of TMPyP4 and P2 sequence (Figure 4.14). The fluorescence measurement of
TMPyP4 was initially observed and found to form a broad peak with Amax at 681nm. Upon
incremental additions of pre-folded P2, a gradual quenching of TMPyP4 emission spectra
was observed. The quenching led to the breakdown of the initial broad peak into two sharp

peaks at 660nm and 721nm. This result is consistent with previous observations of
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TMPyP4 interaction with folded G-quadruplexes suggesting that P2 PQS is able to form a
folded secondary conformation of G-quadruplex. Thus, both UV-Vis and Fluorescence
spectroscopic studies suggest that P2 can form a G-quadruplex structure capable of
interacting with the porphyrin structure of TMPyP4.

4.0x10°

2.0x10° 4

Fluorescence Intensity

760 | 800
Wavelength(nm)

Figure 4.14. Fluorescence spectroscopy study demonstrating the titration of TMPyP4

(0.5uM) with P2 DNA G4 sequence. The experiments were carried out in 100 mM Tris

with 100 mM KCI buffer (pH-7.4).

FRET melting assay

Forster resonance energy transfer (FRET) melting assay was performed with dual
fluorophore tagged (5 FAM and 3° TAMRA) P2 sequence in presence of incremental
concentrations of TMPyP4 (0.5, 1, 3, 5, 7, 10 uM) (Figure 4.15). It was observed that
TMPyP4 increased the AT of our target sequence by 19.1 °C at ligand concentration of
0.5 uM. Higher concentrations of TMPyP4 resulted in further stabilization of P2 PQS with
observed ATm 0f 21.9 °C, 22.8 °C, 23.1 °C, 25.8 °C, and 27.1 °C at 1 uM, 3 uM, 5 uM, 7
puM, 10 uM respectively.
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05 1 3 5 7 10
TMPyP4 (uM)

Figure 4.15. FRET melting assay of dual fluorophore tagged (5°’FAM and 3° TAMRA)
mTOR P2 sequence (0.2 uM). with increasing concentrations of TMPyP4 (0.5, 1,3,5,7
and 10 uM). All experiments were carried out in 60 mM Potassium Cacodylate buffer
(pH-7.4).

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed with P2 sequence in presence
of TMPyP4 to ascertain the thermodynamic stability of the DNA ligand complex (Figure
4.16). The pre-annealed P2 PQS was titrated with incremental concentration of TMPyP4
through 30 regular injections in regular intervals of time and the isotherm was obtained for
the DNA-ligand complex. The stoichiometry of binding was found to be 1.0 and a Kq4 of
2.3 uM was observed for the DNA-porphyrin interaction. The K4 found is in agreement
with the UV/Vis calculation.
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Figure 4.16. ITC heat curve and isotherm of the titration of P2 DNA G4 sequence (5 uM)
with increasing concentrations of TMPyP4. The experiment was carried out in 100 mM
Tris with 100 mM KCI buffer (pH-7.4).

Polymerase stop assay

The potential regulatory role of the P2 G-quadruplex in the gene expression of
mTOR is a valuable aspect to explore. Initially, a Tag-DNA polymerase stop assay was
performed to observe whether the DNA sequence of interest could fold into a G4 structure
in the presence of a G4-binder such as TMPyP4 and act as a roadblock to Taq Polymerase,
stalling replication and leading to a decreased amplification efficiency (Figure 4.17a). With
increasing concentrations of TMPyP4, we observed pausing of DNA Pol extension and
decreased amounts of full-length products. This indicated that stabilization of the P2 G4
structure by TMPyP4 could inhibit DNA elongation by Taq-DNA polymerase. In contrast,
Tag-DNA polymerase stop assay performed with increasing concentration of K* (Figure
4.17b) did not exhibit a dose dependent stalling in the elongation process by Tag-DNA
polymerase, suggesting that the K* presence is the only determinant in P2 G4 formation

and increasing concentrations of K* has no significant effect on the G4 stabilization.
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Figure 4.17. Polymerase stop assay of P2 sequence in presence of increasing

concentrations of a) TMPyP4 and b) K.

4.5. The binding of TmPyP4 with rP2 G4 interferes with translational

machinery of mTOR gene

The P2 sequence was observed to be stabilized by the G4 binder TMPyP4 and
hinder the activity of polymerase to arrest the replication process. In this line of
investigation, rP2 was also studied to moniter the any interaction of TMPyP4 with rP2
RNA G4. Initially, the UV-Vis absorption spectroscopy-based titration of TMPyP4 with
incremental additions of rP2 was carried out using UV/Vis spectroscopy and Fluorescence
spectroscopy (Figure 4.18a-b). Similar results were observed as with P2 and TMPyP4
interaction. In case of UV/Vis spectroscopy, the characteristic decrease in absorbance
intensity was followed by hypochromic shift accompanied with bathochromic red shift.
The shift was found to be 22nm. In addition, fluorescence-based titration of TMPyP4 with
rP2 showed decrease in fluorescence and the breaking of the broad emission peak into two

separate peaks, characteristic of TMPyP4 binding with a G4 sequence. Both these
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spectroscopic studies yielded positive results for the interaction of rP2 with TMPyP4
suggesting that the G4 binding ligand interacts and binds with the rP2 sequence with high
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Figure 4.18. Spectroscopy studies demonstrating the titration of TMPyP4 (0.5uM) with
rP2 DNA G4 sequence using the techniques of a) UV/Vis spectroscopy and b) Fluorescence
spectroscopy. All experiments were carried out in 100 mM Tris with 100 mM KCI buffer
(pH-7.4).

Isothermal Titration Calorimetry

Further investigation to study the binding of TMPyP4 with rP2 was carried out. The
rP2 RNA G-quadruplex was titrated with TMPyP4 over 30 injections of equal volume and
the change in the thermal profile was monitored (Figure 4.19). The K4 value for the
interaction was found to be 1.1 uM with a stoichiometry of 1. This suggests that TMPyP4
bind rP2 with high affinity and when compared to the interaction of TMPyP4 with P2, it
was found that TMPyP4 stabilizes rP2 with a higher affinity.
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Figure 4.19. ITC heat curve and isotherm of the titration of rP2 RNA G4 sequence (5 pM)
with increasing concentrations of TMPyP4. The experiment was carried out in 100 mM

Tris with 100 mM KCI buffer (pH-7.4).

Reporter Luciferase Assay

The regulatory influence of rP2 G4 formation on the efficiency of translation was
evaluated using luciferase reporter assay. A luciferase expressing vector (pGL4.73)
containing cloned WT UTR sequence of 125 bp (containing rP2) upstream of the renilla
luciferase gene was used to measure the level of luciferase expression (Figure 4.20). A
similar cloned Mutant UTR (containing Mut rP2) sequence containing mutations (G=>A)
incapable of folding into a G4 was used to study the role of G4 formation in the expression
of the gene. The respective plasmids were transfected into HeLa cells and subjected to

treatment with TMPyP4 to show the effect of ligand interaction where necessary.
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Figure 4.20. Schematic map of the renilla luciferase (rLuc) expressing plasmid contruct
(pGLA4.72) containing either wild type sequence (P2/rP2) or the mutant sequence (G to A
mutation) in the UTR region of the RLuc gene. SV40 was used as the promoter.

The isolated cells lysates were measured for luciferase expression and normalized
against their estimated protein respectively. The luciferase expression of WT rP2
containing plasmid was taken as 100% and the rest of the samples were evaluated
accordingly (Figure 4.21). The renilla luciferase expression of RLTK plasmid was taken as
the positive control whereas untransfected cells without the luciferase expressing plasmid
were taken as the negative control for the experiment. The luciferase expression of Mut
rP2 containing plasmid showed ~42% increase in translation efficiency relative to the WT
system suggesting that the G4 formation in the 5’UTR region suppresses translation. In
addition, when the rP2 and Mut rP2 systems were treated with TMPyP4 (4 uM) and
BRACO-19 (2 uM), the translation efficiency of rP2 system decreased by ~30% whereas
the translation efficiency of the Mut rP2 system continued to express ~40% increased

efficiency. These results indicate that the native G4 formation in the 5° UTR region leads
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to inhibition of the translation process which is further stabilized in presence of G4 binder
TMPyP4. The regulation of translational of genes mediated via the 5° UTR is generally
intricate and rP2 G4 may be one of the elements that can be further explored to understand

this complex mechanism.

0 20 40 60 80 1[|]D 12|D 1:1[]
Relative Luciferase Expression (RLU)

Figure 4.21. The relative luciferase expression of untreated and ligand treated (TMPyP4
and BRACO-19) luciferase expressing plasmid containing the Wild Type (WT) and Mutant
(Mut) rP2 inserted in the 5’UTR region.

Western Blotting assay

Western blotting assay was performed to confirm the regulation of mTOR
translation via the rP2 G4 stabilization with G4 binders. Relative protein expression of
untreated and TMPyP4 treated HeLa cells was assessed for mTOR gene and its
downstream effectors and related proteins responsible for various biological processes

including autophagy, cell survival and apoptosis. In addition to TMPyP4, another well
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studied G4 binder, BRACO-19 was also used as an additional ligand in the study. It was
observed that mTOR showed a dose-dependent downregulation of 20 and 32% on treatment
with TMPYP4. A much greater dose dependent response was observed for BRACO-19
treated HeLa cells which showed a downregulation of 30 and 73%. This suggests that the
mTOR inhibition is due to the stabilization of the 5’UTR rP2 G4 which leads to
downregulation of the translation of m7OR and reduced protein expression. This
observation is also in agreement with the results of the reporter luciferase assay where the
G stabilizers TMPYP4 and BRACO-19 induced a similar inhibition in gene expression.
Owing to the crucial role of mTOR in the mTOR signaling pathway, the inhibition of m7TOR
may have a complex and multifaceted impact on various cellular factors. These factors are
involved processes like apoptosis, autophagy, and cell survival, and their regulation is
intricately connected to mTOR signaling. One of the processes directly inhibited by mTOR.
Inhibition of mTOR can have significant effects on various factors involved in autophagy.
Therefore, two such factors ATG7 (Autophagy-related gene 7) and ATGI2 (Autophagy-
related gene 12) were investigate to study the impact of rP2 stabilization on their activities.

Control TMPYP4_1 TMPYP4_2 BRACO19_ BRACO19_

1 2
caror (D D N NS S

mTOR

ATG 7

ATG12
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SR

BCL-2
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Figure 4.22. Protein expression of GAPDH, mTOR, ATG7, ATG2, Bax, BCL-2 and c-MYC
in HeLa cells treated with different doses of TMPyP4 (2 and 4 uM) and BRACO-19(1 and
2 uM).
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ATG?7 is essential for autophagosome formation as A7TG7 acts as an initiator of
autophagosome biogenesis. The observed protein levels of ATG 7 showed an upregulation
of 8 and 15% with TMPYP4 and downregulation of 38% and upregulation of 40% with
BRACO-19. ATG 12, another important protein crucial for the elongation and closure of
the autophagosome membrane also showed an upregulation of on treatment with TMPyP4
(40 and 85%) and BRACO-19 (20 and 46%). This suggests that the inhibition of mTOR
reduces its suppressive effects on autophagy, promoting autophagosome formation and

resulting in the autophagy machinery to become more active. ATG 12:

Increased autophagy can promote apoptosis by activating pro-apoptotic factors or
through interactions with apoptotic signaling pathways. Bax (Bcl-2-associated X protein)
and BCI-2 (B-cell lymphoma 2) are key regulators of apoptosis, or programmed cell death.
Bax promotes apoptosis, while BC/-2 functions as an inhibitor of apoptosis. As the balance
between these two proteins is crucial for determining cell fate, their protein expression was
also scrutinized. It was observed that the expression of Bax increases (TMPyP4=40 and
63% and BRACO-19=18 and 72%) while the expression of BCL-2 decrease (TMPyP4=86
and 56% and BRACO-19=82 and 59%) in presence of TMPyP4 and BRACO-19. This
may be due to the decreased expression of m7TOR on treatment with G4 stabilizers which

trigger apoptosis in cancer cells.

Conclusion

In summary, we have identified a novel G-rich DNA sequence in the 5° UTR region
of mTOR mRNA which can fold into the G-quadruplex structure as well as play a crucial
role in regulating gene expression. In addition to this finding, it is also notable to observe
that mTOR promoter and UTR does not have many potential G4 sequences and that only
one G-rich sequence was observed to fold into the G4 conformation out of all the studied
G-rich PQSs. Furthermore, the occurrence of a G4 in the non-template DNA strand
prompted and eventually led to the study of the RNA G4 formation in the mRNA of mTOR
which exercises a higher degree of control on mTOR translation. This makes the finding

even more unique and therapeutically relevant as the rP2 sequence can have a high degree
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of tunability in terms of regulating translation of mTOR. A series of biophysical techniques
including CD spectroscopy, mobility shift assay, NMR spectroscopy and DMS footprinting
was employed to observe the folding pattern of rP2 G4. The contribution of individual G-
tracts in the folding of G4 formed by rP2 was also evaluated and resulted in the observation
of four non-consecutive G-tracts emerging as highly significant in the formation of the G-
quadruplex. The mutation of even a single G-tract involved in G4 formation results in

appreciable perturbation of the G4 formation.
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Figure 4.23. Schematic representation of the formation of mTOR G-quadruplexes in the
DNA (in nucleus) and RNA (in cytoplasm) with cellular effects on the processes of

replication and translation.

The relevance of rP2 in mTOR gene expression is further confirmed by the binding
studies and gene expression investigations of mTOR carried out in the presence of
extensively well studied G4 ligands like TMPyP4 and BRACO-19. This raises the

possibility that the transcriptional/translational control of critical genes like mTOR can be

—
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modulated by the use of G-quadruplex-interactive agents. The lack of any additional G4s
near the TSS of mTOR gene and the UTR region of the mTOR mRNA makes this finding
even more significant. The degree of tunability exercised by the rP2 G4 sequence can result
in regulation of mTOR gene, making this finding highly relevant for future studies. This
study aimed to identify and investigate a novel G4 secondary structure present in a highly
critical gene of interest involved in multiple fundamental processes of the cell. Thus unique
structural scaffold provides a specific nucleic acid target for future design and synthesis of
mTOR specific nucleic acid targeting ligands. This study also serves to identify diverse
targets for alternative therapeutic approaches to control overexpression of mTOR gene

paving the path for detailed studies for therapeutic intervention in this frontier.
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All DNA and RNA oligonucleotides were purchased from Sigma-Aldrich. The oligonucle-
otide (unlabeled and labeled with fluorophores) sequences were purchased from Sigma
Aldrich. Cell culture reagents were purchased from Thermo Fisher Scientific and Himedia
unless stated otherwise. The XTT reagent, Annexin V-FITC kit for apoptosis assay,
propidium iodide and BG4 antibody were purchased from Thermo Fisher Scientific. The

luciferase reporter assay kit was purchased from Promega.
5.1. FRET Melting Assay

FRET melting assay was carried out using dual fluorophore labeled (6-FAM at 5’-end and
TAMRA at 3’-end) oligonucleotides. The oligonucleotides were annealed at a
concentration of 400 nM by heating and holding the temperature at 95 °C for 5 min in 60
mM potassium cacodylate buffer (pH 7.4) followed by gradual cooling to room
temperature at a controlled rate of 0.1 °C/min and kept overnight at 4 °C. The working
dilutions of the labeled DNA were made by diluting in 60 mM potassium cacodylate buffer
(pH 7.4) to a final concentration of 200 nM. The samples were loaded into 96 well plates.
Ligands dilutions of ligands were added at respective concentrations (1 uM, 3 uM, 5 pM,
7 UM and 10 uM) to the samples and incubated in dark for 1 h.

Competitive FRET assay was performed using dual labeled c-KIT 1 (5’FAM-
GGGAGGGCGCTGGGAGGAGGG-TAMRA3’) DNA and unlabeled double-stranded
calf thymus (CT) DNA as the DNA competitor. MC-4 and MD-11 were added at 1 uM
concentration to pre-folded labeled c-KIT 1 G4. Several fold excess concentrations of CT
DNA was added (0, 1, 5, 10, 50, 100 eq. excess of the labeled G-quadruplex DNA) to the
samples compared to the labeled G4 (200 nM) and incubated. The samples were heated up
to 94 °C, and the fluorescence of the donor FAM (emission at 530 nm) in a LightCycler
480-11 System (Roche). The melting profiles of labeled DNA were processed and analyzed

in Origin Pro 2018 software and the Tm values were obtained.

All samples were incubated in the dark for 1 h at 25 °C. The samples were heated up to 94
°C, and the fluorescence of the donor FAM (emission at 530 nm) was monitored at intervals
of 1 °C in the range of 37-95 °C in a LightCycler 480-11 System (Roche). The melting

profiles of labeled DNA were processed and ana-lyzed in Origin Pro 2018 software from
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the first derivative curves, and the Tm values were obtained. The following

oligonucleotides have been used in the study.

c-KIT1 5’FAM-GGGAGGGCGCTGGGAGGAGGG-TAMRA3J’

BCL-2 5’FAM-AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG-
TAMRA3Y’

mTOR P2 5’FAM- AGCGGGGAAGGCGGGCGGTGGGGCAGGGGGCCT-TAMRA3?
VEGF 5’FAM-CGGGGCGGGCCGGGGGCGGGGT-TAMRA3’
h-TELO S’FAM-TTGGGTTAGGGTTAGGGTTAGGGA-TAMRA3’
dsDNA 5’FAM-CAATCGGATCGAATTCGATCCGATTG-TAMRA3’

5.2.Fluorescence spectroscopy.

Fluorescence spectra were recorded on a HORIBA Jobin Yvon FluoroLog 3
spectrofluorometer in a 1 mm path-length quartz cuvette. All experiments were carried
out in 0.5 mL final volume of ligand in 100 mM Tris KCI buffer (pH 7.4). The ligands
were excited at absorbance maxima (MC-4 — 281nm, TMPyP4 - 421 nm ) to obtain
fluorescence emission spectra . Titrations were carried out using 1 uM ligand
concentration of ligand with successive additions of different pre-annealed G-quadruplex
DNAs and dsDNA until saturation. All the binding constants of the fluorescence spectral

data have been calculated using the following equation with the help of Origin 2018.

(Fmax - FO)[DNA]
K, + [DNA]

F=F0+

c-KIT 1: 5° -GGGAGGGCGCTGGGAGGAGGG-3’

c-KIT 2: 5°-FAM-GGGCGGGCGCGAGGGAGGGG-3’

BCL-2: 5’~-AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGLTG-3’
VEGF: 5’-CGGGGCGGGCCGGGGGCGGGGET-3’

h-TELO: 5>-TTGGGTTAGGGTTAGGGTTAGGGA-3’
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c-MYC: 5°- TGGGGAGGGTGGGGAGGGTGGGGAAGG-3’
MTOR P2: 5°- AGCGGGGAAGGCGGGCGGTGGGGCAGGGGGCCT-3’
mTOR rP2: 5’- AGCGGGGAAGGCGGGCGGUGGGGCAGGGGGCCU-3’

dsDNA: 5’-CAATCGGATCGAATTCGATCCGATTG-3’

5.3.Fluorescence intercalating displacement assay

Fluorescence intercalating displacement assay was performed using thiazole orange (TO)
as the intercalator and pre-folded quadruplexes. For each sample, 10 uM of unlabeled G4
forming were diluted to 0.25 uM in 60 mM K-cacodylate buffer (pH 7.4) and TO was
added to the final concentration of 0.5 uM. The fluorescene spectrum of mixture of DNA
and TO was recorded and then then the TO-DNA mixture titrated with ligands 1Q1 and
1Q2 (20 uM stock in respective buffer) and the fluorescence spectrum was recorded after
a 3-min equilibration period in Horiba JobinYvonFluorolog 3 fluorescence spectrometer.
The final percentage of TO displacement was calculated from the fluorescence area (FA,
510-700 nm, Aex = 501 nm), using,

% of TO displacement= 100-[FA x 100/FAo]

FAo being the fluorescence area from TO bound DNA without ligand addition. The
percentages of TO displacement were plotted as a function of the concentration of the

ligands. The DNA sequences used in this study are:
h-TELO 5>-TTGGGTTAGGGTTAGGGTTAGGGA-3’

dsDNA 5’-CAATCGGATCGAATTCGATCCGATTG-3’

5.4.Circular Dichroism spectroscopy.

CD spectra were recorded on a JASCO J-815 spectrophotometer by using a 1 mm path
length quartz cuvette in the region of 200 nm to 350 nm. Aliquots of ligands were added
in increments to the pre-annealed G-quadruplex DNA (15 uM) in Tris KC1 (100 mM)
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buffer at pH 7.4. Each CD spectrum represents an average of three scans, smoothed, and
zero corrected. The final analysis of the data was carried out by using Origin 2018. The
DNA and RNA sequences of the G-quadruplexes are as follows:

c-KIT 2: 5’-GGGCGGGCGCGAGGGAGGGG-3’

h-TELO: 5>-TTGGGTTAGGGTTAGGGTTAGGGA-3’

mTOR P1: 5°~-AGCGGGGAAGGCGGGCGGTGGGGCAGGGGGCCT-3’
MmTOR P2: 5>-TTTGGTTAAAACTTGGCTATGGTTTCTCTGGAGT-3’
mTOR P3 : 5’-AGCGGCGGTACCGGTGCTGGCGGCGGCAG-3’

mTOR P4: 5°-CTAGGGCCTGGCACGACCCCTCTAGGGCGGCGT-3’
MTOR P5:- 5’>-TTCGGCCCGCGGTACGTCCGCCCGAAGGCCGGLCCC-3°
mTOR 1P2: 5> AGCGGGGAAGGCGGGCGGUGGGGCAGGGGGCCU-3’

MTOR rP3: 5>-AGCGGCGGUACCGGUGCUGGCGGCGGCAG-3’

5.5.CD Melting assay

CD spectra were recorded on a JASCO J-1500 spectrophotometer equipped with a peltier
by using a 1 mm path length quartz cuvette. All scans were taken in the range of 200-350
nm with a scanning speed of 100 nm/min. Respective sample concentrations of PQS and
the P2 mutants were prepared in 10 mM Tris.HCI buffer (pH 7.4) in the presence or absence
of 100 mM KCI or NaCl or LiCl respectively. Samples were annealed by heating to 95 °C
for 5 min followed by slow cooling to room temperature. At least three scans were averaged

at 25 °C and the buffer baseline was subtracted for each CD spectrum.

For the determination of T, values, the samples were prepared at concentrations of 10 puM,
25 puM and 50 uM, 100 uM and annealed as per stated above. The molar ellipticity was
measured at 262 nm over a range of 20 °C-90 °C and the melting temperature (Tm) was
determined. The data were plotted as ellipticity vs temperature and the T was determined

at half maximum reading. The data analysis was carried out by using Origin Pro 2018.
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c-KIT 2: 5’-GGGCGGGCGCGAGGGAGGGG-3’

h-TELO: 5>-TTGGGTTAGGGTTAGGGTTAGGGA-3’

MTOR P1: 5’-~-AGCGGGGAAGGCGGGCGGTGGGGCAGGGGGCCT-3’
MTOR P2: 5>-TTTGGTTAAAACTTGGCTATGGTTTCTCTGGAGT-3’
mTOR P3 : 5’-AGCGGCGGTACCGGTGCTGGCGGCGGCAG-3’

MTOR P4: 5’-CTAGGGCCTGGCACGACCCCTCTAGGGCGGCGT-3’
mTOR P5:- 5’-TTCGGCCCGCGGTACGTCCGCCCGAAGGCCGGCCC-3’

mTOR 1P2: 5> AGCGGGGAAGGCGGGCGGUGGGGCAGGGGGCCU-3’

5.6.UV/Vis Spectroscopy

Samples of the ligands were prepared by diluting to a concentration of 100 uM in 100 mM Tris.HCI,
100 mM KCI buffer (pH 7.4). The samples were added in 96 well plate and the absorbance maxima
was measured using

Absorption spectra were recorded Cary Win 300 ultraviolet-visible spectrophotometer using quartz
cuvette of path length 1 mm at 25 °C. Sample of 5 uM TmPyP4 (Sigma, Alrich) was prepared in
10mM Tris.HCI, 100 mM KCI buffer (pH 7.4). The scans were recorded in the range of 200-800
nm. The sample was titrated with increasing concentrations of the pre-annealed PQS until
saturation was reached. UV/Vis spectra were recorded after each addition of concentrated PQS.
The buffer measurement was subtracted for each experiment. The data was analysed using Origin

Pro 2018 and binding co-efficient (Kq) was found.

5.7.1sothermal titration calorimetry

Isothermal titration calorimetry (ITC) studies were carried out on a Microcal PEAQ-ITC
microcalorimeter (Malvern, USA). Each prefolded G4 DNA was diluted to a working
concentration of 5 uM in 100 mM Tris-HCI, and 100 mM KCI buffer (pH 7.4). DNA to

ligand ratio was taken as 1:10, and the titration was carried out at 25 °C with 30 injections
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at uniform intervals. The ITC profiles were fitted to a single binding site model. DNA

sequences used for ITC studies are as follows.

c-KIT1 5’-GGGAGGGCGCTGGGAGGAGGG-3°

c-MYC: 5-FAM-TGGGGAGGGTGGGGAGGGTGGGGAAGG-TAMRA- 3
BCL-2 5’-AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG-3’
VEGF 5’-CGGGGCGGGCCGGGGGCGGGGT-3’

h-TELO 5’-TTGGGTTAGGGTTAGGGTTAGGGA-3’

dsDNA 5’-CAATCGGATCGAATTCGATCCGATTG-3”

5.8.Molecular Docking

Molecular docking was performed using the Auto-Dock 4.2 program to study the
interactions of the monocarbazole derivative MC-4 with a series of quadruplexes. The
energy-minimized structure of MC-4 was obtained with Gaussian 03 using density
functional theory (DFT) analysis B3LYP/6-31+G(d) level. The structures of the G-
quadruplexes were obtained from RCSB-Protein Data Bank and used for docking. 20
docking calculations were performed using the Lamarckian genetic algorithm with the
default parameters from Auto-Dock 4.0 program. All Docking calculations were performed
without water and counter ions. A maximum of 25 million energy evaluations were applied
for the experiment. The docked complex structures were imaged using Chimera 1.11.2
software. The PDB IDs of the G4s used in the study are as follows: BCL-2 G4 (PDB ID:
2F8U); VEGF G4 (PDB ID: 2M27); ¢-KIT 1 G4 (PDB ID: 4WO02); c-KIT 2 G4 (PDB ID:
2KQH), h-TELO (PDB ID: 2JPZ) and ¢c-MYC (PDB ID: 1XAV).

5.9.NMR Spectroscopy

All NMR experiments were performed using Briiker ADVANCE 600 MHz NMR
spectrometer. DNA oligonucleotides were prepared in 100 mM K* buffer (pH 7.4) solution

to make a final concentration of 500 uM. The DNA and RNA samples were annealed at 95
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°C for 5 mins followed by slow cooling to room temperature. 10% D0 (v/v) was added to
the sample and the sample was transferred to NMR tube for measurement. A sample of
10% D20 (v/v) containing 100 mM K™ buffer (pH 7.4) solution was taken as a control
solution to exclude the effect of the buffer. Tetramethylsilane (TMS) was taken as internal
control. 1D *H spectra were recorded at 25 °C and in water suppression parameter with 68

scans. The sequences of the oligonucleotide used in the study is as follows:

mTOR P2 5’- AGCGGGGAAGGCGGGCGGTGGGGCAGGGGGCCT-3’
MTOR rP2 5’- AGCGGGGAAGGCGGGCGGUGGGGCAGGGGGCCU-3°
5.10. NMR Titration

The h-TELO DNA was purchased from Eurofins MWG Operon in HPSF purity grade and
further purified with HPLC, lyophilized, and desalted by using ultrafiltration devices
(Vivaspin, MWCO 2 kDa). During the titration the DNA was provided as a 100 pM
solution in 25 mM Tris-HCI buffer (pH 7.4) with 100 mM KCI in 5% d 6 -DMS0/95% H
2 0. Small amounts of the ligand stock solution in 100% d 6 -DMSO were added directly
into the NMR tube with a final DMSO concentration of less than 7%. 2,2-dimethyl-2-
silapentane-5-sulphonate (DSS) was used as internal reference. Gradient-assisted
excitation sculpting pulse sequences or jumpreturnEcho were used for water suppression.

The sequence of the oligonucleotide used in the study is as follows:

h-TELO 5’-TTGGGTTAGGGTTAGGGTTAGGGA-3’

5.11. Cell cytotoxicity assay

Cervical cancer cells (HeLa), Myelogenous leukemia cells (K562), breast cancer cells
(MCF-7) as well as HEK293 non-cancerous human cells, were seeded on 96-well plates
and treated with different ligand concentrations (5-20 uM). The cells were cultured in 10%
Fetal Bovine Serum (FBS) containing respective medium (HeLa-DMEM, K562 —RPMI,
MCF-7-MEM and HEK293- DMEM). After 24 h of treatment with ligands at 37 °C in 5%
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CO2, 25 uL of XTT/PMS solution was added to each well containing respective media and
further incubated for 2 h. The XTT/PMS reagent was prepared by mixing 4 mg of XTT in
4 mL of culture media and then by adding 10 pL of 10 mM PMS solution (in PBS). The
absorbance of XTT formazan was read at 450 nm on a Multiskan FC microplate
spectrophotometer (Thermo Scientific). All the experiments were performed in triplicates.
The cytotoxicity was evaluated based on the percentage of cell survival in a dose-dependent
manner with respect to the control. The percentage of cell viability was calculated by using

the following equation:

Absorbance of treated cell
Absorbance of DMSO Control

x 100

% of cell viability =

5.12. Cell imaging

HeLa cells were cultured in 10 % FBS supplemented DMEM media on coverslips in six-
well plates. The cells were treated with 2 uM of 1Q1 and 1Q2 for 24 h inside CO2 (5%)
incubator at 37 °C. The cells were harvested and washed twice with 1x PBS and fixed with
chilled 1:1 acetone-methanol (1:1) for 12 min at - 20 °C. Cells were again washed thrice
with 1x PBS at intervals of 10 minutes. Cells were stained with DAPI (Invitrogen) and

mounted on glass slides. Images were taken in Zeiss microscope.

5.13. Immunofluorescence assay

K562 cells were cultured in RPMI supplemented with 10 % FBS and treated with 3 uM of
MC-4 and 5 uM of MD-11 and incubated for 24 h inside CO2 (5%) incubator at 37 °C.
The cells were washed twice with 1x PBS and fixed with chilled 1:1 acetone-methanol
(1:1) mixture for 12 min at - 20 °C. Cells were then washed thrice with 1x PBS at intervals
of 10 minutes and treated with 0.03 % saponin for 30 min at RT. The cells were washed
thrice with 1x PBS at intervals of 10 minutes and treated with 3% BSA. The cells were
incubated overnight with BG4 antibody (1:100). Cells were washed thrice with 1x PBS
followed by the addition of Alexa fluor 647 (1:1000) tagged secondary antibody for 2 h at

RT. Cells were washed thrice with 1x PBS and mounted on slides. Images were taken in
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Leica DM18 Stellaris 5 mi-croscope. The foci were analyzed and counted in Image J. An

average of foci in different fields was calculated for final number of foci.

5.14. gRT-PCR

HeLa or K562 cells were cultured in 6-well plates and treated with respective ligands. After
24h, the cells were harvested Total RNA was isolated after 24 h ligand treatment using
TRIzol reagent (Invitrogen, Life Technologies). RNA was quantified, and 1 pug of RNA
was used for cONA preparation using the Verso cDNA synthesis kit. The relative transcript
expression level for genes was measured by quantitative real-time PCR (Roche Light
Cycler 11) using SYBR Green-based method. ACt values were calculated by the difference
in threshold cycles (Ct) between test and control samples. 18s rRNA gene was used as an
internal control for normalizing the cDNA concentration of each sample. Primers used for

monitoring the gene expressions are as follows;

18s rRNA Forward: 5’-GATTCCGTGGGTGGTGGTGC-3°

18s rRNA Reverse: 5’-AAGAAGTTGGGGGACGCCGA-3’
c-KIT Forward: 5'-CGTGGAAAAGAGAAAACAGTCA-3
c-KIT Reverse: 5'-CACCGTGATGCCAGCTATTA-3’

hTERT Forward: 5°- GCCTGAGCTGTACTTTGTCAA-3’
hTERT Reverse: 5°-~AGGCTGCAGAGCAGCGTGGAGAGG-3’
c-MYC Forward: 5'- CTGCGACGAGGAGGAGGACT-3’
c-MYC Reverse: 5'-GGCAGCAGCTCGAATTTCTT-3’

BCL-2 Forward: 5'-ACAACATGGCCCTGTGGATGAC-3’

BCL-2 Reverse: 5'-TTGTTTGGGGCAGGCATGTT-3’

We used the comparative cycle threshold method (CT method) for relative quantification

of gene expression.
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Then the ACT values are calculated by the following equation:

ACT = CT target - CT reference ...... (1)

where, c-MYC, BCL-2 c-KIT and hTERT are the target genes and 18s is the reference gene.
Then the AACT values are calculated by:

AACT = -(ACrt test sample - ACr calibrator sample) ...... 2)

In our experiment, the ACT values of the untreated cells are the calibrator sample and the

ACT values of the treated cells are test samples.

Lastly, the relative mRNA expression of the target genes was calculated by:

5.15. Polymerase stop assay

Polymerase stop arrest assay was performed using the P2 PQS template, and a primer
sharing reverse complementarity with the terminally located G-tracts. DNA Taq
polymerase (Invitrogen) was used to amplify DNA. The experiment was conducted in 25
I reaction containing 1X PCR buffer, 4.25 mM MgCly, 2 uM template, 0.33 mM dNTPs,
2.5 units of Taq polymerase. TMPyP4 was added in respective samples in a dose-dependent
manner followed by PCR amplification. PCR was performed in Veriti 96 well thermal
cycler (applied Biosystems) with the thermal cycle of an initial denaturation at 95 °C for 5
mins, 25 cycles of 95 °C for 30 s, 64 °C for 30 s and a final extension at 72 °C for 1 minute.
The PCR amplification products were resolved on 15% PAGE gel stained with ethidium

bromide and visualized in Chemi-Doc (Bio-Rad Laboratories).
The sequences of the template and the primer are as follows:
Template sequence: 5’AGCGGGGAAGGCGGGCGGTGGGGCAGGGGGCCT 3’

Primer sequence: 5’-CAAAGCTAATCGATCGAGGCCCCCTGC-3
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5.16. Luciferase expressing plasmid construct

A 120 bp DNA fragment containing wild type and Mutant mTOR sequence was synthesized
and inserted in the downstream region of the SV40 promoter just before the coding
sequence of the renilla luciferase expressing gene in pGL4.72 plasmid construct

(Addgene). The construction and sequencing were done by Biobharati Life Sciences, India.
The inserts containing the P2 WT and Mutant sequences are as follows:

mTOR WT insert:

5’CTCCCGGCTTAGAGGACAGCGGGGAAGGCGGGCGGTGGGGCAGGGGGCCT
GAAGCGGCGGTACCGGTGCTGGCGGCGGCAGCTGAGGCCTTGGCCGAAGCC
GCGCGAACCTCAGGGCAAGCTCGA-3’

mTOR Mutant insert:

5’CTCCCGGCTTAGAGGACAGCGAAGAAAACGAGCATTGAAGCAGAAAGCCT
GAAGCGGCGGTACCGGTGCTGGCGGCGGCAGCTGAGGCCTTGGCCGAAGCC
GCGCGAACCTCAGGGCAAGCTCGA-3’

5.17. Reporter Luciferase assay

0.5 pg of respective plasmid constructs(c-KIT, c-MYC,and BCL-2) (Addgene) containing
the promoter region of c-KIT G-quadruplex sequence, c-MYC G-quadruplex sequence,
BCL-2 G-quadruplex sequences respectively were transfected into K562 cells using
Lipofectamine 2000 (Invitrogen). Transfection was performed in serum-free RPMI
medium, and after 8 h, media was replaced with complete media and treated with respective
doses of the ligands. For mTOR renilla luciferase expressing plasmid (0.5 pg) containing
the mTOR insert in the S’UTR region and SV40 as the promoter in PGL4.72, the
transfection was carried out in HeLa cells cultured in DMEM and supplemented with 10%
FBS. After 36 h, cells were harvested, lysed with passive lysis buffer, and luciferase
activities of cell lysate were measured using a Dual-Luciferase reporter assay kit (Promega)
on SpectraMax iD3 (Molecular Devices). The measurements were normalized against the

estimated protein concentrations of each sample

5.18.DMS Footprinting assay
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FITC- labeled RNA samples (100 mM, 10 pL) without K* and with K* were prepared by
diluting with MilliQ water and Tris KCL buffer respectively. The samples were heated
upto 95° C , temperature was held for 5 min and then the samples were allowed to cool
gradually and stored overnight in 4° C. Then the samples were treated with dimethyl sulfate
(DMS) in ethanol (10%, 10 mL) for 3 min. The reactions were stopped by addition of 10
pL of DMS stop solution, which consists of sodium acetate buffer (3 M, pH 7.0,)/2-
mercaptoethanol /tRNA (100 mg/mL)/MilliQ (25/21/1/9, vivIviv). Ethanol (300 pL) was
added to the resulting solutions at -80 °C, and these reaction mixtures were incubated for
30 min at -80 °C. The samples were centrifuged at 15,000 rpm for 30 min at 4 °C, and the
supernatants were removed. To the DNA pellets were added sodium acetate buffer (3 M,
10 pL), MilliQ (100 pL) and ethanol (250 pL), and centrifugation was repeated under the
same conditions as before. The resulting supernatants were removed to leave the DNA
pellets. Ethanol in MilliQ (70%, 800 pL) was added to each sample. After centrifugation
at 15,000 rpm for 5 min at 4 °C, the supernatants were removed to leave the DNA pellets
(this was repeated twice). The resulting DNA pellets were air-dried, incubated with
piperidine solution in MilliQ (10%, 100 pL) for 30 min at 95 °C, and then freeze-dried.
The DNA pellets were taken up in 5.0 puL of loading buffer, which consists of
formamide/EDTA (0.5 M, pH 8.0)/MilliQ (197/10/43, viviv), and the resulting samples
were heated at 95 °C for 3 min, then cooled rapidly to 4 °C. Finally, 5.0 pL aliquots were
loaded on 20% polyacrylamide gel containing 7 M urea and developed at 800 V for 2.5 h,
in 1XxTBE (Tris-Borate-EDTA) buffer. The gels were visualized in gel doc (Bio-rad).

5.19.Western Blotting assay

HelLa or K562 cells were cultured in 6-well plates and treated with respective ligands. After
24h, the cells were harvested. The cells were washed with 1X PBS, lysed with cell lysis
buffer (20 mM Tris, 100 mM NaCl, 1 mM EDTA in 0.5% Tri-ton X-100) for 30 min,
centrifuged at 12000g for 15 min and the supernatant was collected. The supernatants were
used for protein determination by Folin-Lowry method. Gel electrophoresis was carried
out after loading equal amounts of protein (50 pg) in 8 % SDS/PAGE, followed by

electrophoretic transfer of proteins onto nitrocellulose membranes. After transfer, the
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membranes were blocked with 4 % BSA for 1 h and incubated over-night at 4 °C with
respective primary antibodies (1:1000) with gentle shaking. The membranes were washed
thrice with 1x TBST and then incubated for 2 h with HRP linked secondary antibodies.
Blots were washed thrice with 1x TBST and then once with 1x TBS. The bands were
visualized by addition of chemiluminescent substrate (Pico PLUS and West Femto
Chemilu-minescent Substrate, Thermo Fisher Scientific). Relative band intensities were
determined using ImageJ software. Primary antibodies used are as follows:

Anti GAPDH antibody - Mouse origin (Invitrogen)

Anti hTERT antibody - Rabbit origin (Santa Cruz Technologies)
Anti ¢c-KIT antibody - Rabbit origin (Cell Signaling Technologies)
Anti mTOR antibody - Rabbit origin (Abcam)

Anti ATG 7 antibody - Rabbit origin (Cell Signalling Technologies)
Anti ATG 12 antibody - Rabbit origin (Cell Signalling Technologies)
Anti TRF 1 antibody - Rabbit origin (Santa Cruz Technologies)

Anti c-MYC antibody - Rabbit origin (Cell Signalling Technologies)
Anti BCL-2 antibody - Rabbit origin (Invitrogen)

Anti Bax antibody - Mouse origin (Invitrogen)

5.20.Cell cycle assay.

HeLa or K562 cells were cultured at a density of 1 x 106 cells per well in six-well plates
and allowed to grow for 24 h. In a fresh growth medium, cells were then treated with
respective doses of ligands. After treatment with ligands for 24 h, cells were washed with
1XPBS, and trypsinized, and collected by centrifugation at 3000 RPM, washed twice with
cold 1XPBS. Fixation of cells was done with 2 mL chilled 70% ethanol and the cells were
incubated overnight at 4 °C. The cells were pelleted and washed twice with 1XPBS.
Finally, the cells were resuspended in 350 pL. 1XPBS containing 0.5 pg/ mL RNase A
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(Invitrogen) and incubated for 30 min at 37 °C, followed by the addition of 5 uL of 1
mg/mL propidium iodide (PI) to each sample. Cell distribution data in different cell cycle
phases were collected on a flow cytometer (BD Biosciences). A total of 10,000 events were
recorded, and cell distribution among cell cycle phases was evaluated using BD FACS
Diva 8.0.2 (BD).

5.21.DNA Damage Assay

HeLa cells were cultured at a density of 1 x 108 cells per well in six-well plates and allowed
to grow for 24 h. Ligand treatment was done with different doses of ligands and incubated
for 24 h. Cells were then centrifuged at 3000 rpm and washed with 0.1% FBS containing
PBS (wash buffer) and resuspended in 1% paraformaldehyde (500 puL) and 0.03% saponin
(500 pL) for 20 min at room temperature. Cells were washed with 0.1% FBS containing
PBS and resuspended in 50 pL of diluted Alexa 647 tagged y-H2AX antibody solution for
approximately 4 h. Samples were run in flow cytometer (BD Biosciences) and a total
number of 10,000 events were recorded for each sample. Cytogram analysis was done
using the BD FACS Diva 8.0.2 (BD) and data was processed in Origin Pro 2018 software.

5.22.Apoptosis assay.

HeLa or K562 cells were cultured in six-well plates and grown for 24 h. Cells were treated
with different concentrations of ligands for 24 h. After 24 h incubation, the cells were
washed with 1xPBS, collected by centrifugation, and resuspended in 350 pL of 1x
Annexin-V binding buffer (0.01 M HEPES, pH 7.4, 0.14 M NacCl, 2.5 mM CaCl,). For
detection of apoptosis, 5 pl 7AAD-annexin V and 2 pL Propidium Iodide (1 mg/mL) were
added to the samples and incubated for 30 min in dark at 37 °C. Analyses of cells were
performed on a BD FACS Diva 8.0.2 (BD) flow cytometer. A total of 10 000 events were
recorded for each sample and final data processing and analysis was done in Origin Pro
2018 software.
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5.23.Caspase 3/7

HelLa cells were cultured in six-well plates and grown for 24 h. Cells were treated with
different concentrations of ligands for 24 h. After 24 h incubation, the cells were harvested
and resuspended in 300 pl of DMEM culture media. 10 uL of 30X FLICA (FAM-DEVD-
FMK caspase-3 and -7 reagent, Invitrogen) reagent was added to each sample and
incubated in dark for 1h at 37 °C and 5% CO.. The tubes were flicked twice twice during
incubation to minimize cell settling. After incubation, the cells were washed twice with 1x
wash buffer and resuspended in 400 uL of 1x wash buffer. Analysis was performed on flow
cytometer (BD Biosciences) with 488 nm excitation and green emission for the FLICA-
stained cells. A total of 10 000 events were recorded for each sample and final data

processing and analysis was done in Origin Pro 2018 software.

5.24.Caspase 8

HeLa cells were cultured in six-well plates and grown for 24 h. Cells were treated with
different concentrations of ligands for 24 h. After 24 h incubation, the cells were harvested
and resuspended in 300 pl of DMEM culture media. 10 pL of 30X FLICA (FAM-LETD-
FMK caspase-8 reagent, Invitrogen) reagent was added to each sample and incubated in
dark for 1h at 37°C and 5% CO.. The tubes were flicked twice twice during incubation to
minimize cell settling. After incubation, the cells were washed twice with 1x wash buffer
and resuspended in 400 pL of 1x wash buffer. Analysis was performed on flow cytometer
(BD Biosciences) with 488 nm excitation and green emission for the FLICA-stained cells.
A total of 10 000 events were recorded for each sample and final data processing and

analysis was done in Origin Pro 2018 software.

5.25.ROS detection assay

HeLa cells were cultured in six-well plates and grown for 24 h. Cells were treated with
different concentrations of ligands for 24 h. The cells were harvested and resuspended in

serum-free media containing 10 uM of DCFDA reagent (Invitrogen) followed by
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incubation in dark for 30 min at 37 °C. Positive control sample was treted with 25 uM of
H20.. Increase in fluorescence intensity was examine in flow cytometer (BD Biosciences)
monitored at 530nm with 488 nm excitation. A total of 10 000 events were recorded for

each sample.

5.26.Telomerase Repeat Amplification Protocol (Q-TRAP) assay

Telomerase enzyme activity was measured in response to the ligand treatment of ligands
at different doses using quantitative telomerase repeat amplification protocol (Q-TRAP)
assay with TRAPeze Telomerase Detection Kit (Merck). HeLa cells were cultured in
DMEM containing 10% FBS. The cells were harvested and washed with 1X DEPC-PBS
followed by lysis with CHAPS lysis buffer and incubate on ice for 30 mins .The cells were
centrifugation at 14000rpm for 20 mins at 4 °C and the protein was isolated. Telomerase
based extension was performed using 5Sug of the isolated cell extract in presence of 1X
TRAP buffer, 150 pg TS primer, 10 mM dNTP and respective concentration of the ligands.
Protein extract subjected to heat-inactivation was used as negative control. The PCR
extension was performed followed by removal of excess ligands by DNA product
extraction using with phenol/chloroform/isoamyl alcohol (50:48:2). The telomerase
extended DNA products were treated with 2.5 M ammonium acetate and 3 volumes of
100% EtOH and kept at — 80 °C overnight. The DNA pellet was washed with 75% EtOH
and dissolved in PCR grade water. Finally, Q-PCR amplification was performed with
SYBR Green. The relative telomerase activity (RTA) of the each sample was measured
and processed in Origin Pro 2018 software with respect to the standard curve of the cell

extract using the equation:

RTA of the sample = 10[(Ct of the sample — m)/slope]
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Summary

This thesis aimed to analyze and identify the G-quadruplexes which could be modulated
using rationally synthesized small molecules capable of selective recognition, interaction,
and regulation of gene expression in cancer cells. Moreover, the possibility of novel and
unreported G-quadruplexes in the mTOR DNA and mRNA has been carried out and studied
in detail to decipher their roles in the functioning of the mTOR gene and mTOR signaling

pathway.

Chapter 1 provides a detailed outline of the G-quadruplex secondary structure found in
DNA and RNA. It also delves into the regulation of this unique conformation using well

reported small molecules to address treatment strategies for disease physiology.

Chapter 2 addresses the need to inhibit telomerase activity in cancer cells. The
stabilization of the telomeric G-quadruplex is envisioned as an alternative therapeutic
strategy to induce apoptosis in immortalized cancer cells. A library of rationally designed
and synthesized 1Q ligands were screened for their efficacy in binding to and consequently
stabilizing the telomeric G-quadruplex known as h-TELO. Two small molecules, 1Q1 and
1Q2 emerged as lead ligands with 1Q2 showing a much higher affinity for h-TELO G. A
series of biophysical methods were employed to study this interaction. Further biological
investigations of these ligands showed that both these ligands have cytotoxic effects on
cancer cells, activate the 3/7 caspase cascade, arrest cancer cells in G2/M phase of the cell
cycle, trigger DNA damage in cells and increase the generation of reactive oxygen species
further propelling the cells towards apoptosis. Furthermore, 1Q1 and 1Q2 cause significant
decrease in relative telomere activity. In all biological investigations, 1Q2 was shown to
induce a more significant biological response in cells as compared to 1Q1. Thus, a multi-
faceted indoloquinoxaline ligand capable of inducing a graded response in triggering DNA
damage and inducing apoptosis may be a potential drug candidate to explore further in the

future.

Chapter 3 delineates the stabilization of c-KIT 1 G-quadruplex using small molecules by
exploring the optimal molecular architecture of aromatic chemical scaffold and side chains

to achieve maximum binding interaction and cellular response in cancer cells. A library of

]
147 |

—



Chapter 6

carbazole (MC) and dibenzofuran (MD) derivatives with identical side chain modifications
were investigated for binding ability to G-quadruplexes. Biophysical evaluations revealed
that the carbazole derivative MC-4 efficiently stabilizes the c-KIT 1 G-quadruplex. MC-4
induced cytotoxicity and amplified the number of stabilized G4s in c-KIT expressing K562
cells. qRT-PCR assay and reporter luciferase assay further corroborated by the western blot
assay establish that MC-4 downregulates the expression of the c-KIT gene in K562 cells.
MC-4 was also found to arrest K562 cells in GO/G1 phase, triggers DNA damage and
induces apoptosis. MC-4 is a novel carbazole containing molecule that can provide an

alternative approach to treat cancer cells with c-KIT upregulation.

Chapter 4 provides experimental evidences to support the presence of potential G-
quadruplex in mTOR mRNA (rP2) which is present at the key location of the 5> UTR.
Initial investigations to search for computationally predicted G-quadruplexes in the mTOR
genome yielded the presence of a G-quadruplex, P2 in the non-coding strand of the mTOR
gene near its TSS site. This sequence was found to interact with a well-explored porphyrin
derivative, TMPyP4, known as one of the best G4 binders and capable of hampering the
replicative machinery. Further analysis into the sequence let to the finding of a highly
critical G-quadruplex, rP2 in the 5° UTR region of the mMTOR mRNA which shares a similar
structure with the P2 counterpart. rP2 was found to have an inhibitory role in the regulation
of the translation of mTOR protein. The rP2 mutant was used to observe that without the
G4 formation in the UTR region, the translation machinery can be upregulated.
Investigations into the G-tracts responsible for formation of rP2 G-quadruplex showed that
four non-consecutive G-tracts contribute to the G4 conformation. The effect of G4 binder,
TMPyP4 with rP2 using biophysical and biological assays showed that small molecules

can downregulate mTOR gene expression via stabilization of G-quadruplex.

Hence, G-quadruplex structures present in both DNA and RNA exert regulatory influence
over a spectrum of biological processes encompassing the central dogma within living
cells. Perturbations in G4 dynamics are presumed to contribute to diseases, foremost
among them being cancer, and the modulation of these structures through G4 ligands offers
a promising avenue for cancer therapy. The work of this thesis has attempted to design and

study pre-clinical drug candidates that hold potential in anti-cancer therapeutics. Another
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aspect of the work has focused on identifying novel biomolecular targets such as mTOR
which may be regulated using small molecules. In summation, the study of G4 structures,
which represent a distinct three-dimensional conformation of nucleic acids, has ushered an
era of biological exploration and innovative approaches in molecular medicine which needs

further exploration and this thesis work has been an effort in this frontier.
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Triazolyl Dibenzo[a,c]lphenazines Stabilize Telomeric G-quadruplex

and Inhibit Telomerase

Sarmistha Pal*,®®®

Jyotirmayee Dash*®

Abstract: We herein report the synthesis and biophysical
evaluation of triazolyl dibenzola,clphenazine derivatives as
a novel class of G-quadruplex ligands. The aromatic core
facilitates ;-7 interaction and the flexible, protonable side
chains interact with the phosphate backbone of DNA via
electrostatic interactions. Forster resonance energy transfer
(FRET) melting assay and isothermal titration calorimetry
(ITC) studies suggest that these ligands show binding
preference for the hTELO G-quadruplex over G-quadru-
plexes found in the promoter region of various oncogenes
and duplex DNA. The in vitro telomeric repeat amplification
protocol (Q-TRAP) assay reveals that these ligands reduce

telomerase activity in cancer cells.

G-quadruplex (G4) structures are non-canonical higher-order
structures formed by guanine-rich (G-rich) DNA sequences."”
These structures consist of G-quartets, formed by the associa-
tion of four guanine bases through the hydrogen bonding
interactions of Hoogsteen type base-pairing."” They are preva-
lent at crucial positions of the genome, including telomeric
ends, promoter regions (e.g., cMYC,® BCL 2, c-KIT® VEGF"
KRAS™), introns,® untranslated regions (UTRs),®'” etc.®*'"'? G4s
present in the telomeric region in particular, were among the
first G4 structures found to be biologically relevant."® In normal
cells, single-stranded overhang region containing repetitive
hexanucleotide sequence of [TTAGGG], in telomeres plays
crucial role in maintaining chromosomal stability and preven-
tion of end-to-end fusion." The length of the telomere is
shortened at each cell division, leading to cellular aging,
senescence and apoptosis."” Reverse transcriptase telomerase
maintains telomere length and this is further protected from
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degradation by shelterin, a six-subunit protein complex."® In
85-90% malignant cells, telomerase activity is significantly
upregulated, resulting in telomere lengthening and immortality
of the cell"7®

Telomerase plays a key role in tumorigenesis by length-
ening the G-rich repeats at the telomeric ends and inducing
cellular immortalization. The 3’ end of telomeric G-rich
sequence can adopt monomeric or multimeric G4 structures.
Small molecules can stabilize G4 and indirectly inhibit telomer-
ase activity. The inhibition of telomerase is caused due to the
lack of 3’ single-stranded telomeric DNA critical for hybrid-
ization with RNA subunit of telomerase enzyme for addition of
TTAGGG repeats by the telomerase reverse transcriptase protein
(Figure 1). Therefore, the telomeric hexanucleotide repeats
represent a potential target in anticancer therapy. As a result,
the stabilization of telomeric G-quadruplexes by small mole-
cules has emerged as an attractive strategy for the develop-
ment of anticancer drugs."®2"

Small molecule 2,6-diamidoanthraquinone was the first
telomeric G4 interacting ligand to exhibit telomerase
inhibition.”? Since then, a number of studies explored the
therapeutic potential of telomeric G-quadruplex. Small mole-
cules like telomestatin,®™ BRACO-19,** 5,10,15,20-Tetrakis-(N-
methyl-4-pyridyl)porphine (TMPyP4),”®' fluoro-isoquinolines,*
3,11-difluoro-6,8,13-trimethyl-8H-quino[4,3,2-kfllacridinium  me-
thosulfate (RHPS4),*” pyridostatin,”® berberine,”” phenanthro-
line-dicarboxamide (PhenDC3),%” bisquinolinium pyridodicar-
boxamide (PDC-360A),%" Epiberberine (EPI),*? naphthalene
diimides (NDI),®¥ oxazole telomestatin derivatives (OTD),?¥
phthalocyanine,®™ BMPQ-1,5? and a few more®*® are known
for selective targeting of telomeric G4. We herein report triazole
substituted dibenzo[g,clphenazine derivatives (DPa-c) as hTELO
quadruplex ligands with the ability to inhibit telomerase
activity.

o 5" TTAGG‘ & #G‘G.Qr G
'i o Telomere

Self-assembly

G-quadruplexes

Figure 1. Inhibition of telomerase activity by G-quadruplex formation in
telomeric region.
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Regulation of gene expression by targeting DNA secondary

structures
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Abstract. G-quadruplexes (G4s) are guanine rich and i-motifs are cytosine rich non-canonical four-
stranded DNA secondary structures present throughout the genome. Their presence in important regulatory
regions of the genome marks their significance in biology. This perspective discusses the importance of both
G-quadruplex and i-motif structures and highlights their discovery, structural uniqueness, prevalence, and
role in the biological system. Herein, we discuss the ligands developed in our laboratory that target
G-quadruplexes and i-motifs and modulate gene expression in cancer cells. We also shed light on some recent
techniques developed by us to simplify the synthesis and screening of G4 and i-motif specific ligands and
their importance in anti-cancer therapeutics.

Keywords. Anti-cancer therapeutics; Dynamic combinatorial chemistry; G-quadruplex; I-motif; In situ

click chemistry.

1. Introduction

DNA is considered as the inheritable threads of life as
it stores and transfers genetic information from one
living organism to another. Usually, it adopts a right-
handed double-helical structure stabilized by Watson
Crick hydrogen bonding." However, nucleic acids are
highly polymorphic and under certain physiological
conditions, DNA takes up various non-canonical
structures like G-quadruplexes,™ i-motifs,* hairpin
loops,” triplexes,® etc. In this perspective, we have
focused on G-quadruplexes and i-motifs and describe
their structural features, function, and role in gene
regulation. Both G-quadruplexes and i-motifs share a
similarity in structure as both are non-canonical four-
stranded nucleic acid secondary  structures.
G-quadruplexes and i-motifs are prevalent in the
telomeric region as well as in the promoter region of
various oncogenes like c-MYC, c-KIT, BCL2, KRAS,
VEGF, etc. The nearly globular structure of
G-quadruplexes formed in oncogene promoters stalls
the RNA polymerase and prevents oncogene tran-
scription. Thus, the stabilization of G-quadruplexes by
small-molecule ligands is being considered an effec-
tive and alternative strategy to regulate oncogene

*For correspondence
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expression. On the other hand, i-motifs have been
implicated to regulate gene expression in a manner
that could either upregulate or downregulate tran-
scription (Figure 1). Apart from the crucial role of
G-quadruplexes in gene regulation, there are exciting
examples of utilizing G-quadruplexes and i-motifs in
nanotechnology. Their structural oddities and tunable
properties make them attractive candidates for the
fabrication of synthetic ion channels, biosensors,
biomolecular devices, etc.

2. Structural features of G-quadruplexes

G-quadruplexes are four-stranded DNA secondary
structures, consisting of stacked planar G-tetrads,
with either intra or intermolecular association. The
four guanines of each tetrad are connected by cyclic
Hoogsteen hydrogen bonding, stabilized by mono-
valent cations (K*, Nat, Figure 2). Sequences that
can form G-quadruplexes are found throughout the
human genome (376,000 sequences),’ prevalently in
the telomeres, and gene promoters (c-MYC®, VEGF,’
BCL2'°, KRAS,'' and c-KIT") and exhibit high
kinetic and thermal stability. G-quadruplexes can be
distinguished from each other by their differences in



Biologia
https://doi.org/10.1007/s11756-023-01473-9

ORIGINAL ARTICLE o

®

Check for
updates

The effect of temperature on the activity and stability of the
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Abstract

A novel thermostable caffeine dehydrogenase enzyme was isolated from Pichia manshurica strain CD1. At increased
temperatures, the enzyme caffeine dehydrogenase exhibits increased activity. The enzyme also exhibits high stability
after the heat treatment and remains up to 56% stable at 100 °C compared to its untreated condition. A Comprehensive
analysis was carried out to monitor the thermodynamic parameters (£,, 4G, 4H, and AS) of the enzyme. In this study,
the conformational changes of caffeine dehydrogenase in native and thermally treated states were investigated by CD
spectroscopy and intrinsic tryptophan fluorescence spectroscopy. The far-UV CD spectra results showed that the protein
was able to maintain its alpha-helical structure after the heat treatment and the near-UV CD spectra results showed that
temperature had no such effect on the protein’s tertiary structure. The results of tryptophan fluorescence spectroscopy of
the enzyme showed a temperature-dependent dynamic quenching. The fluorescence intensity of the protein was decreased
as the degree of freedom in the tryptophan- region of the protein was increased with temperature. Thus, the enzyme does
not undergo denaturation at high temperatures and can maintain its conformation to remain catalytically active. Therefore,
it can be concluded that the thermal stability of caffeine dehydrogenase is an essential key factor in increasing commercial
interest due to its high catalytic efficiency and specificity.

Keywords Pichia manshurica CD]1 - Caffeine dehydrogenase - Thermostability - Secondary structure - Fluorescence
spectroscopy

Introduction for its ability to directly oxidize caffeine (Mohapatra et al.

2006). The enzyme is caffeine-specific, has less affinity for
Caffeine dehydrogenase (E.C.1.17.5.2) is an intracellular ~ theobromine, and has no affinity for xanthine (Mohanty et
enzyme that is also known as caffeine oxidase in the scien-  al. 2012). Caffeine enzymatic catabolism in microbes has
tific literature. The enzyme is a member of the oxidoreduc-  been reported to be performed by N-demethylation and oxi-
tase family(Yu et al. 2008). The enzyme is most well-known  dation pathways with demethylases and dehydrogenase or
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1. Introduction

“Finding a needle in the haystack” 1s the main aim of any ligand that is
supposed to find and interact selectively with its sole target, especially in the
cellular context where all biomolecules reside together and perform specific
tasks to keep the system alive. The goal behind the design and synthesis
of'a ligand 1s its potential to bind with the target and to modulate its biolog-
ical function for therapeutic purposes. In this regard, non-canonical four
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