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Abstract

Cancer is a leading cause of death worldwide. Despite the mechanism of causing cancer is not very
clear at present, the overexpression of some oncogenes and their corresponding proteins such as
RAS GTPase, RAF kinase, receptor tyrosine kinase KIT and transcription factor MYC in cancer
cells usually leads to the suppression of antitumor mechanism and flavor the abnormal cancer cell
proliferation. Currently, some drugs such as AMG 510, Sorafenib and Regorafenib have been
developed and found able to target several cancers clinically; however, the in vivo cytotoxicity
selectivity and off-target side effects of these clinical drug remain a great challenge to be overcome.
In addition, there are still number of critically important and undruggable targets of cancer which
result in a low survival rate and limited treatment options. One of the typically undruggable target
of cancer hallmarks is encoded from the RAS family genes. The mutated genes express RAS
proteins, the mutated GTPases, for abnormal cancer cell proliferation and only one drug is available
for treating KRAS-driven cancers currently. Over the past decades, many studies have revealed
that nucleic acids consisting of guanine(G)-rich sequences can adopt a four-stranded structure in
vitro, which is termed G-quadruplex (G4), and play important roles in both gene transcription and
translation in cancer cells. It is reported that the mRNA of oncogenes contains G-rich regions,
particularly in the 5’-untranslated region, that may form G4 structures. These mRNA G4s may
provide alternative drug targets for their undruggable RAS proteins including KRAS, NRAS and
HRAS. It is because the protein expression can be inhibited at translational level through targeting
RAS mRNA G4 structures with small-molecules. In this study, we designed and synthesized a
series of novel fluorescent ligands that is able to interact and stabilize RNA G4s. Among eighteen
ligands synthesized and examined in various in vifro and cellular bioassays, one of the ligands,
B3C, was identified to show the best affinity and selectivity interacting with NRAS mRNA G4s.
We found that the ligand markedly downregulated NRAS proteins, arrested the progression of cell
cycle and induced apoptosis in HeLa cells in a dose-dependent manner. Further experiments

suggested that the downregulation of NRAS might restore the activation of DNA damage response,



initiate the DNA repair mechanism, cause S phase prolongation for DNA repair, and ultimately
induce apoptosis. To the best of our knowledge, this is the first study targeting NRAS mRNA G4
with RNA G4-ligand and provides evidence on restoring the DNA damage response that abrogated
by RAS proteins in cancer cells. Cell-based MTT results also showed that B3C exhibit a low 1Cso
value about 6.5 against cancer cell lines HeLa, and a relatively high ICso value in non-cancer human
cell line HFF1. The results obtained may illustrate that the use of small ligands selectively targeting
mRNA G4s of oncogenes such as NRAS is a promising anticancer strategy. Our study may provide

novel insights into the development of effective therapy against RAS-related cancers.
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Chapter 1. Introduction

Nucleic acids including deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) carry critically
important genetic information for all organisms. DNA is a macro-molecule constructed by
nucleobases, phosphate groups, and sugars called deoxyribose. The nitrogen-containing
nucleobases such as adenine (A), thymine (T), cytosine (C) and guanine (G) connect with
deoxyribose sugar groups to give a nucleoside. These nucleosides are joined with one another by
phospho-diester linkage, which results in an alternating sugar-phosphate backbone. The connection
of two separate polynucleotide strands through hydrogen bonds according to base-pairing rules (A
pairs with T and C pairs with G) makes the well-known canonical double helix DNA.[1] RNA is
similar to DNA but they have some distinctive features different from each other. Apart from
lacking the complementary strand, the major structural differences of RNA are the 2’-hydroxyl
group in the sugar backbone and the displacement of thymine (T) with uracil (U). For DNA
secondary structures, in addition to the classical double helix structure, other noncanonical
structures such as G-quadruplexes and i-motif are also reported and these special structures are

generally believed taking important biofunctions in cells.[2-4]

1.1. Discovery of DNA and RNA G-quadruplexes

It was long thought that DNA was far less varied in both primary and secondary structure because
there were only four types of building blocks for DNA construction. In 1988, Sen and Gilbert
observed the formation of a non-helical secondary structure from a G-rich single-stranded DNA
sequence.[5] Under physiological salt concentration, the G-rich sequence were self-associated and
gave a four-stranded G-quadruplex (G4) structure. Further studies revealed that the formation of
G4 structure showed effects on meiosis. The discovery of the noncanonical DNA secondary
structures and its relevance to vital biological functions attracted great attention. The exploration
of the G4s then began. Later studies revealed the existence of potential G4-forming sequences

(PG4Ss). PG4Ss are the sequences that have at least 4 consecutive guanine residues and each



consecutive has at least 2 guanine nucleotides. PG4Ss usually have the sequence pattern of G Ni.
7 G>2 Ni7 G2 Ni7 G. A study predicted that the number of PG4Ss found in the human genome
was more than 700,000 if intra and intermolecular structures of G4s are included.[6] For the DNA
G4s identified in mammalian cells, they are found mainly located in functional regions, such as
gene promoters, telomeres, and ribosomal DNA(rDNA).[7] Three years after the discovery of DNA
G4s, RNA G4s were also discovered. In the study, Kim et al. extracted a short sequence from
Escherichia coli, which was a rRNA located at the 3’-end region and was able to fold into G4s.[§]
This finding was regarded as the first proof of the existence of RNA G4s. Over the past two decades,
various studies have evidently demonstrated the formation of RNA G4s in vitro. As RNA
contributes to post-transcriptional processes, it was believed that most of the RNA G4s were located
in untranslated regions(UTRs). However, with more studies, RNA G4s were found not only in
different classes of RNAs but also in various functionally distinct regions with the same type of
RNA. For instance, in a sequence of mRNA, G4s can be presented in 5’-UTR, open reading frame

(ORF), and 3’-UTR, which are the three functional regions of mRNA.[9]

1.2. Structure and properties of G-quadruplexes

G4s are a class of non-canonical secondary structure of nucleic acids formed by the guanine-rich
sequence in both DNA and RNA. G4s are constructed by stacking of G-quartets, a square-planar
arrangement of four guanine nucleobases assembled through Hoogsteen hydrogen bonding (Figure
1.1). The self-stacking of two or more G-quartets generates a G4 structure, which is further
stabilized by cations between each of the stacks via the interaction with the 6’ carbonyl oxygen of
guanine. However, it was found that not all cations were suitable for the stabilization of G4s. Some
early studies suggested that the stability of monovalent cations to G4s was in the order of K" > Rb"
> Na" > Li".[10] Nonetheless, for divalent cations, Sravani ef al. suggested that the stability order
is Sr** > Ba®" > Pb** > Ca®" > Mg?"[11] At the same time, not all divalent cations contributed to

G4-stabilization. It was also reported that Zn**, Cd*", Ni**, and Mn?" disrupted G4 structures even



(a) (b)

Figure 1.1. The basic structure of G-quadruplex. (a) A planar arrangement G-quartet. (b) The

stacking of G-quartet to form a G4-structure stabilized with metal ions.

in the presence of K* ions. Altogether, the stabilization ability of ions can be attributed to the ionic
radius, dehydration energy, and binding strength of ions to guanine O6.[12] However, due to the
physiological existence of potassium ions and sodium ions, and potassium ions have higher

stabilizing, potassium ions are thus frequently used to stabilize G4s in experiments.

G4s can be formed with various topologies that are affected by the orientation of strands. Generally,
the topologies are divided into three types, including parallel, antiparallel, and hybrid.[4] Among
these two topologies, both DNA and RNA G4s show similar rise, twist, and planar shapes within a
single G4 (Figure 1.2a). Parallel G4s have their strands orientated in the same direction, while for
antiparallel G4s, at least one of their strands is orientated in a different direction. For the specific
structural difference, it is depending on the loop of the linker nucleotide between the continuous
G-nucleotides. Three kinds of loops including propeller loop, lateral loop, and diagonal loop were
identified from early studies (Figure 1.2b).[4] For propeller loops, the loop joins an adjacent
phosphate backbone on the opposite G4 surface. As this loop orientates all the strands from bottom
to top (or top to bottom), which show the same direction, it is the only loop that shows in parallel
G4s. At the same time, the loop that links the adjacent strand on the same G4 surface is the lateral

loop. The diagonal loop is the loop that connects two opposite strands on the same surface. Both



(b)
Lateral Loop
03'

Propeller
Loop

il
Diagonal Loop

Figure 1.2. A G4 structure showing the (a) rise, twist, and planar shape; (b) the propeller loop,

lateral loop, and diagonal loop.

lateral loop and diagonal loop orientate the strands on the same surface. In other words, as they
show different directions of the strands, the two loops will be classified as antiparallel topologies.
For DNA G4s, they can exist in the forms of parallel, anti-parallel, or hybrid topologies. However,
RNA G4s mostly fold into parallel topology. This is due to the presence of 2’-hydroxyl groups in
the RNA backbone.[13] Compared with DNA, the ultimate structural differences come from the
existence of 2’-hydroxyl group and the absence of 5’-methyl group in uracil(U) in RNA. Among
them, the 2°-hydroxyl groups appear to show higher importance due to their larger size when
compared to the 2’-proton in DNA. As a result, there are additional steric constricts at the glycosidic
bond, which is the bond between bases and sugar. This forces the glycosidic bonds to be in an anti-
confirmation. Therefore, the topology of RNA G4s is mostly parallel. Besides, among each
topology, the G4-structure formed can be intramolecular, bimolecular, or tetramolecular. For
example, in a tetramolecular G4, four short sequences of d(TGGGGT) are associated together and
thus called tetramolecular G4s. On the other hand, two sequences of linkers containing continuous
G-nucleotides such as d(GGGGTTTGGGG) associate into bimolecular G4s. Last but not least, the

self-folding of a single sequence into G4s is called intramolecular G4s.



In terms of stability, although DNA and RNA G4s generally showed an increase in stability when
the loop length decreased, it was reported that RNA G4s had higher thermodynamic stability than
DNA G4s. For this distinct difference, it is attributed to the presence of 2’-hydroxyl groups in RNA.
There are two mechanisms in which the 2’-hydroxyl groups stabilize the RNA G4s. First, it
provides additional intramolecular interaction in terms of several hydrogen bond donors and
acceptors. For instance, hydroxyl groups contact with O4’ atoms in ribose, phosphate group, and
nitrogen atoms in guanines that are involved in the G-quartet. With all the additional interactions,
the structure of RNA G4s is more ordered. Many studies have been performed to compare the
stability of DNA and RNA G4s. From an early study, Sugimoto et al. chose a naturally existing
sequence, a BCL-2 gene, for comparison.[14] After experiments, they confirmed that RNA G4s
had higher stability than DNA G4s. By doing more tests, they revealed that there was a notable
difference in hydration patterns. As the DNA and RNA from of BCL-2 shared almost no difference,
like G4 topology and nucleotides, apart from the ribose and deoxyribose, the significant difference
in hydration pattern seemed to be critical in terms of stability. Later, a study reported by Sacca and
co-workers further confirmed the importance and functions of 2’-hydroxyl groups on G4-
stability.[15] They performed experiments by modifying the substituent at the C2-position,
phosphate group, and T/U bases. The results illustrated the destabilization of G4s once 2’-hydroxyl
groups were removed. Combined the finding of the other similar studies, it was found that 2’-

hydroxyl groups contributed to the high thermodynamic stability of RNA G4s.

Furthermore, RNA G4s showed a higher G4 folding tendency than DNA G4s. The main reason is
probably due to the absence of a complementary strand.[15, 16] As mentioned above, RNA G4s
have higher thermodynamic stability than the equivalent DNA G4s. Given that G4s are a more
stable secondary structure, the sequences thus tend to fold into G4s if there is no other competitor
for stabilization. As a result, compared to single-stranded RNA, the formation of RNA G4s
structure is more favorable. While for DNA G4s, as they contain complementary strands, they are

stabilized by the complements. The folding of G4s is thus relatively less favored.



1.3. Bio-functions of G-quadruplexes

13.1. Bio-functions of DNA G-quadruplexes

DNA G-quadruplexes containing genes have been implicated in various regulation processes, from
telomeres to genomic regions, as well as oncogenes and tumor suppressors. Some typical examples

on DNA G4s associated regulation processes are discussed in the following sections.

1.3.1.1. Telomere regulation

Telomere is the end of the chromosomes that consist of a hexanucleotide repeating sequence
d(TTAGGG), playing a crucial role in genomic integrity.[17] The telomeric DNA has a length
around three to seven kilobases. It is interesting that the last 100 to 200 nucleotides at the 3’ end
are single-stranded instead of the well-known double-stranded DNA structure.[18] Although
single-stranded overhang is associated with a number of single-strand telomere binding proteins
such as POT1[19] for telomere end-protection and thus G4s are not extensively formed, this G-rich
ssDNA is in principle available to form G4s as it is free from the Watson-Crick base pairing. In
fact, several studies already revealed that the induction and stabilization of G4s in 3’ single-
stranded end was effective to hinder the elongation of telomere.[20-23] It is due to fact when
telomerase, such as human telomerase reverse transcriptase (hTERT), assembles the nascent
telomeric DNA to the 3’ single-stranded telomeric DNA by hybridizing with the complementary
RNA template from telomerase, the 3’ end telomeric DNA must be single-stranded in the absent of
other single-strand telomere binding proteins. Thus, the enzymatic activity of telomerase is

inhibited when the 3’ single-stranded end is converted into the G-quadruplex motif.

1.3.1.2. Transcription regulation

In parallel with telomeric regulation with G4s, the expression of gene is also regulated through G4s
formation in genomic regions. In fact, numerous G4s are found in different oncogenes. For instance,
the oncogene c-MYC has a 27-nt G-rich DNA sequence that adopts an intramolecular parallel-

stranded G4 conformation.[24, 25] This G-rich sequence is located at position -142 to -115



upstream the P1 promoter, termed hypersensitivity element III; (Pu27), in which 85-90% of c-
MY C transcriptions are activated and controlled by Pu27.[26-28] Grand[29] and Long[30] reported
that the stabilization of Pu27 with ligand in vitro and in vivo inhibited the transcription of the gene
and the expression of c-MYC. Apart from ¢c-MYC, the oncogene ¢-KIT was identified containing
two G-rich sequences located upstream the promoter near the SP1 (an activating transcription factor)
and the sequences were able to fold into G4s.[31] Bejugam et al.[32, 33] reported that the stabilized
c-KIT G4s in promotor region down-regulated the expression of c-KIT. These examples illustrated
that the G4-ligand complex could be an effective impediment toward the association of
transcription factor. Furthermore, several tumor suppressive genes were found containing G-rich
sequences that were able to form G4 structures. The retinoblastoma (Rb) gene encoded the tumor
suppressor protein, pRB, and played a critical role in preventing excessive cell growth by inhibiting
cell cycle from progressing.[34] In addition, Murchie[35] and Xu[36] demonstrated that there was
an antiparallel intramolecular G4s formation in the G-rich region of RB gene promoter. The
formation of G4s in RB gene was also associated with genomic rearrangement breakpoints, which

were contributed to double-strand breaks(DSB) and destabilization of gene.

1.3.2. Bio-functions of RNA G-quadruplexes.

RNA G4s participate in a lot of intracellular regulations. Although RNA G4s primarily affect the
post-transcription, various kinds of RNA G4s play different roles before proteins being expressed.
As a lot of RNA G4s are reported implicating in the regulation of proteins expression. Some

important examples are selected for discussion in the following sections.

1.3.2.1. Translational regulation

Generally, RNA G4s for translational regulations attract the most attention and they are divided
into two types including repression and augmentation. In terms of repression, the first finding of
translational repression by RNA G4s was reported by Kumari and co-workers.[37] They found that

the thermodynamically stable G4s in 5’-untranslated regions (UTR) of the transcript of human



neuroblastoma RAS (NRAS) proto-oncogene down-regulated its protein expression. Although the
studies were performed by cell-free translation reporter assay, which was an in vitro experiment,
their results had important implications for RNA G4s in terms of regulating translations. Later
studies reported by Arora et al. revealed the inhibition of proteins expression by inducing the
formation of RNA G4s in 5’-UTR of human Zic-1 in eukaryotic cells.[38] These examples further
illustrated the function of using RNA G4s in translational regulation. Apart from the inhibition of
proteins expression, the up-regulation of protein expression was found carried out by RNA G4s.
Morris and co-workers illustrated the up-regulation of protein expression by the G4s within the 5°-
UTR of human VEGF mRNA.[39] They found that the G4s within the 5’-UTR of human VEGF
mRNA were capable to initiate the cap-independent translation by recruiting 40S ribosomal subunit.
The results indicated that human VEGF mRNA did not require a 5' cap to initiate scanning from
the 5' end of the mRNA until the start codon before expressing this protein. Based on these studies,
researchers suggested that RNA G4s may function as a roadblock to stop the progress of the
ribosome complex, recruit inhibitory factors to repress mRNA translation, and interact with

activating factors to enhance protein expressions.

1.3.2.2. Transcription termination

In addition to translational regulation, RNA G4s were found capable of terminating the
transcription process. Wanrooij et al. reported that a G-rich RNA sequence found in mitochondria,
during transcription of conserved sequence block II (CSB II), could fold into a G4-structure and
weaken the interaction between mitochondrial DNA and mitochondrial RNA polymerase
(POLRMT).[40] They performed several experiments to investigate the termination efficient by
disrupting the G4-structure formed in the sequence. The results indicated that there was a
significant decrease in termination after the mutation of the RNA G4 sequence. In other words, the
result could support that RNA G4s were the main determinant of premature transcription

termination by blocking polymerases from passaging.



1.3.2.3. mRNA maturing

One of the most important steps to mature mRNA is 3’-end processing. This essential step ensures
that the mRNA is endonucleolytically cleaved and a poly-A tail is added. Beaudoin and co-workers
reported that a G4 in the 3’UTR of FXR1 mRNA could alternately polyadenylate the mRNAs.[41]

As a result, several short transcripts were generated and thus the gene regulations were affected.

1.3.2.4. Alternative splicing

It is common in cells to undergo alternative splicing, which is a process to produce various protein
products from a limited number of genes, to express various proteins. In fact, RNA G4s participate
to mediate the regulations. Gomez et al. reported that the RNA G4s located in intron 6 of hTERT
pre-mRNA could inhibit the intronic splicing.[42] Consequently, the expression of proteins would
be inhibited. In contrast, another study reported by Blice-Baum and co-workers illustrated G4s in
exon 15 of FMR1 pre-mRNA could enhance its alternative splicing[43]. From these examples,

RNA G4s show regulatory functions to up- or down-regulate pre-mRNA splicing.

1.4. G4-ligands targeting RNA G-quadruplexes and their applications

RNA G4s are known important higher-order biomolecules that serve for cellular regulations by
performing translation regulation, transcription regulation, mRNA maturing and alternative
splicing. Theoretically, when RNA G4s are formed in-situ, despite the folding process may be just
transient, the structure could be targeted and stabilized with G4-ligands. In addition, because of the
abundance of G4-strcutures in RNA sequences, RNA G4s are found valuable in treating RNA
related diseases, which could be from diagnosis to therapeutics. In the following, four most studied
fields including molecular sensing and live cell imaging, cancer therapy, neurological disorders,

and viral pathogenesis are discussed.
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Figure 1.3. Discovered RNA G4 ligands in various fields of application.

14.1. Molecular sensing and live cell imaging

After the unravelling of the existence of G4s, studies to prove the locations and functions of both
DNA and RNA G4s were performed. Fluorescent binding ligands were commonly used as a
chemical tool because of their high sensitivity of fluorescence and the convenience of measuring
enhanced fluorescence upon the addition of nucleic acid sequence for in vitro screening. Yu et al.
reported a series of RNA G4 binding ligands (BEDO-1 to BEDO-3).[44] By using molecular
modelling, the ligands were designed, optimized, and synthesized rationally based on BEDO-0, an
RNA fluorescent probe. The result showed that BEDO-3 (Figure 1.3) had high selectivity toward
RNA G#4s. In addition, the limit of detection (LOD) calculated for the detection of RNA G4 FMR1
in buffer and in cells were found to be 0.43 nM and 1.08 nM, respectively. Comparing to a
commercial RNA G4 specific fluorescent probe, QUMA-1, the LOD of BEDO-3 was 5-fold higher.
It indicated that the BEDO-3 was capable to be an RNA G4s sensor due to its highly sensitive
property. Another study reported by Chen ef al. showed a novel RNA G4s fluorescent probe that

binds to both RNA G4-structure and the tail sequence in a manner of G-quadruplex-triggered
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fluorogenic hybridization (GTFH) [45]. The results illustrated the high selectivity of this ligand
binding to 5’-UTR of NRAS mRNA. By mutating the nucleotides in sequences to disrupt G4-
structure formation, the fluorescent signals were reduced significantly. It was thus confirmed that
the binding site of the ligand was the G-quadruplex. Besides, live cells imaging studies by
transfecting a long RNA into cells showed that the fluorescent foci had the similar trend as the in
vitro result. This GTFH probe revealed a new pathway for further development of RNA G4-

selective probes.

14.2. Cancer therapy

The investigation of RNA G4 ligands in cancer therapy is one of the most popular research topics.

It is probably because of the crucial roles RNA G4s playing in cancer cell proliferation such as

metastasis, angiogenesis, replication, self-sufficiency, and apoptosis. Thus, RNA G4s are regarded

as a promising drug target for anticancer therapy. Three important G4-ligands targeting different

hallmarks of cancer are selected for discussion in the following. RR82, a ligand reported by Bugaut

et al., was found able to bind to the G4s formed from 5’-UTR of NRAS mRNA.[46] NRAS mRNA
is a kind of oncogenes that contribute to cancer and encodes protein p21, which responds for

mediating signal transduction pathways for cell proliferation and differentiation. The interaction

and stabilization of NRAS mRNA G4s with ligands could inhibit the translation of the oncogene.

RR82 could be able to inhibit the cancer cells from undergoing self-sufficiency. Gomez and co-

workers adopted another approach by targeting the human telomerase reverse transcriptase (W"TERT)
RNA G4s.[42] According to the study, the ligand, C-12459 (Figure 1.3), was illustrated to bind to

the G4s in hTERT pre-mRNA in the PCR-stop assay. Then, by using RT-PCR, they found that C-

12459 could significantly down-regulate the expression of the hTERT transcript by altering the

splicing pattern of its pre-mRNA. The result showed that the active +a and +f transcripts which

responded to the over-expression of telomerase for cancer immortalization were almost

disappeared. In addition, the inactive -f transcripts became the dominant among +a, +f and -

transcripts. This phenomenon was probability due to the result of the alternative splicing of mRNA,
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which suggested the feasibility of using RNA G4 ligands to control the splicing of pre-mRNA. This
work provided new insights into addressing the limitless replication of cancer cells through RNA
G4s. Another study reported by Wang ef al. demonstrated the use of a quinazoline derivative
(Figure 1.3) to down-regulate the human vascular endothelial growth factor (hVEGF)
translation.[47] The hVEGF is an angiogenic growth factor that plays important roles in tumor
progression. Over-expression of this protein may enhance the vascular formation in tumor. As a
result, more blood and nutrients were supplied to the tumor and thus supporting the fast growth of
tumor. The interaction of the ligand with G4s of VEGF mRNA destabilized the G4-structure and
inhibited the expression of VEGF proteins. Finally, the growth of tumor cells was inhibited. This
study indicated an indirect approach to control cancer cell growth, and this is an inhibition of the

sustained angiogenesis of cancer cells.

1.4.3.  Neurological disorders therapy

In addition to cellular regulations in cancer cells, RNA G4s may be involved in the activation of
neurological disorders. Dai et al. reported a strategy to inhibit the formation of B-amyloid(Ap), the
neurotoxic peptides that may lead to Alzheimer’s disease (AD), by stabilizing the G4 in 5°-UTR of
ADAMI0 mRNA with RNA G4s ligand (Figure 1.3) [48]. In general, the neurotoxic APs are
generated from the amyloidogenic process by amyloid precursor protein (APP). Interestingly, the
final protein produced could be cleaved by three different kinds of secretases, termed as the a, f3,
and vy secretases. Under the cleavage of B and y secretases, neurotoxic ABs were produced. While
a-secretase liberates another product, the neuroprotective sAPPa. The activities of this a-secretase
were greatly affected by ADAM10 mRNA. In the study, the ADAM10 mRNA G4 selective ligand
showed a dual-function, which enhanced the activities of a-secretase and competed out the
cleavage from B and y-secretase to inhibit the formation of AB. They also found that the ligand
functioned by interfering proteins binding to RNA G4s. Overall, this study revealed a new

molecular strategy to modulate the translation of neurological-related proteins.
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144, Antivirus

Last but not least, RNA G4s ligands could be applied for viral therapy. Jaubert et al. reported the
use of G4 binding ligand, Phen-DC3 (Figure 1.3), to inhibit the replication of the Hepatitis C virus
(HCV) in cells.[49] In the study, they revealed that the last 157 nucleotides at the 3’ end of HCV
(-) strand containing a highly conserved G4-prone sequence that was located in the stem-loop. Also,
the existence of this G4 structure was found essential for viral replication. The results showed that
there was a 30% decrease in RNA replication when G4-structures were induced by KCL
Furthermore, the incubation of PhenDC3 with an RNA template and HCV RNA-dependent RNA
polymerase (RdRp) was found to reduce the RNA synthesis in the virus by 76%. In addition, the
RdRp activity had not been affected. The results indicated that the stabilized G4s in HCV could
affect the RNA replication. This work provides new insight into the inhibition of the virus from

growing by targeting the viral RNA G4s.

1.5. The advantages of targeting RNA G-quadruplexes for cancer therapeutic study

After the discovery of DNA G4s, a lot of researchers focused on its structure and already revealed
various significant results including the potential DNA G4s sequences, bio-functions of DNA G4s,
potential G4s binding scaffold, and specific DNA G4s targeting ligands. The research is now
moving to the utilization of G4-ligands to target a specific DNA G4 sequence. This directs the
research topic from the understanding of G4-structures to the control of their bioactivities with G4-
ligands in live cells. From literature, it is reported that DNA G4 ligands could be used to treat
cancers. Furthermore, many ligands have been successfully developed to inhibit the expression of
oncogenes that contribute to cancers. Some of these G4-ligands such as CX-3543[50] and CX-
5461[51, 52] have been tested in clinical trial against cancers. These examples may brighten the
future of using G4-structure as the drug target in drug discovery against human disease. In recent
years, a lot of studies have reported that RNA G4s frequently take part in cellular regulations and

play important roles especially in transcription and translation. To the best of our knowledge, the
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research on RNA G4-ligand development is far less than that of targeting DNA G4s. The reasons
might be due to the difficulty in targeting RNA G4s with ligands in cells. There are several
difficulties for targeting RNA G4s with ligands compared to DNA G4s. First, the reason could be
due to the requirement of highly specific ligands to a single RNA sequence among a large amount
of G4-folding RNA sequence, proteins, and organelles. To achieve higher selectivity and binding
affinity to RNA G4s, the design of ligands should be based on the ordered structures and the spatial
environment, such as the length and the nucleotides of loops, of the RNA G4-strucure. However, it
is difficult as there is only one crystal structure of RNA G4s reported so far.[53] Besides, the
lifetime of RNA is short, which can be as short as several minutes.[54] This restricted the
application of small molecules on several important G4s containing RNA sequence. Despite a few
ligands have been reported to be selective to RNA G4s in recent years, there are a lot of unknown
aspects regarding the rational design of RNA G4-specific ligands, the bio-function of RNA G4s,
the mechanism in regulation of RNA G4s function with the ligand and the potential of using RNA

G4s as the drug target in disease therapeutics.

Over the past decade, the therapeutic potential against human cancers and other diseases by
targeting RNA G4s have been an emerging research topic because the induction and stabilization
of RNA G4s with potent and specific small organic ligands may be able to provide alternative
strategy for targeting undruggable mutated proteins, such as the mutated RAS family. Targeting
RNA G4s compared to that of DNA could show some advantages in drug discovery. It was found
that DNA G4s may cause replication stress by obstructing the progression of DNA replication.[55,
56] The replication stress generates double-strand breaks and cause genome instability
eventually.[2] Previous studies in Xenopus laevis, a clawed fog model, revealed that the absence of
G4s unwinding helicase, such as FANCJ or Pifl, or the presence of G4-stabilizing ligands increased
genomic instability[57, 58]. In contrast, because RNA acts as temporary translational molecules,

the stabilization of RNA G4s by ligands may reduce the possibility of genomic instability. In
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addition, RNA G4s sequences are found usually over-represented in the 5’-UTR of many human
proto-oncogene, and with high stability and strong self-folding tendency. Therefore, RNA G4s
could be considered as a better alternative of DNA G4s for being used as a potential drug target for
chemical biology and drug discovery. For this purpose, our group have attempted to explore novel
and fluorescent RNA G4-selective ligands for understanding their biological effect in RN A-related

process.

1.6. Discovery of novel ligands targeting NRAS mRNA G4s for anticancer study in this
project

The neuroblastoma RAS (NRAS) is a proto-oncogene and belongs to the superfamily of three RAS
oncogenes (NRAS, KRAS, and HRAS), which encode for highly homologous monomeric small (20-
25 kDa) guanosine triphosphate (GTP)-binding proteins.[59, 60] The RAS proteins play a crucial
role as molecular switches governing the activation of a network of signaling pathway.[61] Briefly,
the extracellular growth factors activate RAS by recruiting guanine nucleotide exchange factors
(GEFs) that catalyze the exchange from RAS-guanosine diphosphate (RAS-GDP) for RAS-
guanosine triphosphate (RAS-GTP), in which the GTP-bound RAS is the active form for
transmitting signals to downstream effector proteins such as RAF-MEK-ERK (also known as the
mitogen-activating protein kinase, MAPK, pathway), and phosphatidylinositol 3-OH kinase (PI3K)
for cell growth, proliferation, and differentiation.[62] Upon hydrolysis by GTPase-accelerating
proteins (GAPs), the active RAS-GTP is exchanged back to RAS-GDP and the signals are thus
terminated.[63, 64] However, the mutated RAS, such as mutated NRAS proteins, binds to GTP
more tightly and impairs the GTP to GDP hydrolysis by GAPs. Therefore, the protein complexes
are locked in an active state and transmitting the signals continuously for abnormal cell
proliferation[65]. According to literature, RAS is critical for inducing abnormal cell proliferation,
migration, and survival in cancer cells.[62] Also, it is reported that the mutation of NRAS accounts

for about 15% of RAS related human malignancies, which are in codon 61 of NRAS: CAA
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(glutamine) to CGA (arginine) or AAA (lysine).[66-68] Thus, targeting NRAS is considered as a
promising strategy for anticancer therapy. However, unlike the FDA approved KRAS inhibitor
AMGS510,[69] NRAS-mutated human malignancies do not have any approved targeted inhibitor or
therapy currently.[70] The reason of failure on directly targeting NRAS is due to the extremely
high affinity of NRAS to the high intracellular concentration of GTP. Drugs, such as small
molecules, are thus unable to compete out the GTP from RAS. Several strategies are raised by
targeting upstream effectors of NRAS, downstream effectors of NRAS, combining MAPK
inhibitors and PI3K inhibitors, and combining MAPK inhibitors with cell cycle regulator protein
inhibitors. Some of these strategies were even entered the clinical trials. However, all of them failed
because of the low inhibiting efficient, unaccepted toxicity or the compensatory of signaling within
pathways.[65] Recent studies revealed that there is a G-rich sequence in 5’-UTR of the human
NRAS proto-oncogene mRNA, which is located 222-nt upstream of translation start site (TSS).[37]
The G-rich sequences are capable of forming G4-structures, which may play a various of regulation
roles. The strategy of targeting and stabilizing NRAS mRNA G4s could be a potential therapeutic

to direct downregulate the undruggable mutated NRAS proteins.

In the present study, we designed a series of fluorescent ligands to target mRNA G4s. Among the
new G4-ligands synthesized and screened in vitro, the ligand, B3C, was identified interacting with
NRAS mRNA G4s with strong affinity, downregulating the cellular NRAS protein expression,
arresting cell cycle and inducing apoptosis of cancer cells in a dose-dependent manner. The
experimental details of ligand design and synthesis, in vitro screening assays, cellular binding
assays, and anticancer mechanism upon B3C treatment in human cancer cells will be discussed in-

depth in the following chapters.

In chapter 2, the rational design and synthesis of new fluorescent G4-ligands and the screening
methods to investigate the interaction between the ligands and various nucleic acid substrates

including DNA and RNA G4s will be a focus of discussion. Besides, the validation of the target of
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ligand both in vitro and in cellulo will be discussed. The results obtained from the experiments
performed with UV-Vis spectrometry, circular dichroism spectroscopy, isothermal titration

calorimetry, and confocal laser scanning microscopy are reported.

In chapter 3, in attempts to explore the biofunctions of RNA G4s in cancer cells, the anticancer
mechanism after the treatment of ligand are analyzed. A series of cellular based assays including
RNA expression, proteins expression, cell cycle analysis, apoptosis study, and immunofluorescence
were applied for the study. These studies may provide understanding and experimental evidence
on how the mRNA G4-selective ligand induce anticancer effects by targeting NRAS mRNA G4s in

cancer cells.

1.7. Objective of the project
The primary objective of the present study is to develop novel fluorescent mRNA G4-selective
small molecules as a chemical tool to understand and investigate the biofunction of RNA G4-

structure, particularly NRAS mRNA G4s, in human cancer cells.
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Chapter 2. Discovery of small-sized ligands targeting RNA G-

quadruplexes

2.1. Synopsis

The G-rich RNA sequences are possibly folded into G4-structures and each sequence may form a
unique G-quadruplex structure depending on the sequence of nucleotides, length of the loops, and
the number of stackings of G-quartet. To have a better understanding on the structural property of
RNA G4s and their in vitro and intracellular interactions with G4 ligands, we have designed and
synthesized a series of novel RNA G4-ligands for investigations. Several in vitro and cellular
bioassays were performed to study the RNA G4-target selectivity, cellular localization of the ligand

in live human cells, and their cytotoxicity against a panel of cancer cells.

2.1. Rational design of RNA G-quadruplexes ligands

In the design of G4-ligands, the benzothiazole was adopted as the basic molecular scaffold for
structural modification because this small scaffold is commonly reported for designing G4-DNA
selective ligands. In addition, Thioflavin T (ThT) and Thiazole Orange (TO) are the fluorescent
ligands with similar structures and are well-known binding to G4s with good enhanced
fluorescence signal upon interaction despite these ligands are not selectively targeting G4s.[71-73]
In particular, the ligand TO binds double-stranded DNA with a high affinity and is usually used as
a nucleic acids stain. Interestingly, both ThT and TO share the same benzothiazole moisty, which
have been demonstrated as a useful scaffold for G4-DNA ligand interaction, probably due to the
similar size and shape of molecular structure of benzothiazole and guanine.[74] Furthermore, many
studies have revealed that benzothiazole-based ligands may exhibit excellent selectivity toward
some G4-forming sequences (Figure 2.1).[74-77] More importantly, the moiety of benzothiazole
could also be readily modified to couple with other planar conjugated molecular unit via a
methylene or ethylene bridge. This rotatable design can provide the ligand a degree of flexibility

to match with the rigid G4-binding pocket. In addition, an aromatic planar system can be extended
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through the rotatable and conjugated bond, which allow the induction of fluorescence response (a
fluorescence turn-on switch) upon interactions between ligand and G4s. The enhanced fluorescence
response provides a convenient and sensitive mean to study the interaction between the ligand and

G4s in live cells with confocal imaging techniques.
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Figure 2.1. Diagrams showing the molecular structures of non G4-selective ligands ThT and TO,
and the reported benzothiazole bearing G4-selective ligands. The colored scaffolds are used to
discriminate different parts of component within the ligands, in which the benzothiazole moiety,
rotatable bonding, and the extended aromatic system are represented in blue, red and violet,

respectively.

In addition to the basic benzothiazole moiety, the use of other aromatic ring to form a larger
conjugated planar system is critical to increase the G4-ligand n-n interaction. Various studies have
demonstrated that the use of different aromatic ring groups can target G4-structure selectively.[23,
44,59, 78, 79] To the best of our knowledge, only a few studies demonstrated a systemic structural
modification to study the G4-ligands and their structural influence in the selectivity targeting G4s.
There are still a lot of unknown on the design of G4-specific ligands. In the present study, we
modified the benzothiazole moiety by extending its aromatic system with the aromatic ring of

different size, locations and functional groups as shown in Figure 2.2.
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Figure 2.2. The selected aromatic rings conjugated to the benzothiazole moiety based on the size,

functional groups, and the locations.

In attempts to target RNA G-quadruplexes with small molecules, it is important to consider the key
difference between RNA and DNA. Apart from the difference of two unique nucleotides, Uracil
(U) replacing Thymine (T), between RNA and DNA, the most significant difference is the 2°-OH
group on the ribose group in RNA (Figure 2.3a and 2.3b). These 2’-OH groups are important in
terms of stability of RNA G4 as it may provide an additional intramolecular interaction with ribose
group, phosphate group, and nitrogen atoms in guanines of the G-quartet for a ordered G4-
structure.[14] By comparing the 2°-H in DNA and 2’-OH in RNA, the 2’-OH may result in the
RNA G4s being more polar than DNA G4s in nature. Therefore, the RNA G4 ligands designed with
a relatively high polarity may benefit from the nature of RNA G4s to achieve better selectivity and

affinity because it is supposed to follow the general rules of like-dissolve-like principle.

In the present study, we attended to design and modify the ligands by adding a side chain bearing

either a polar functional group or a negative charge onto the nitrogen atom of benzothiazole (Figure
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2.3¢). The polar terminal group including hydroxyl group, carboxamide group and carboxyl group
were selected for the synthesis and totally 18 new ligands were synthesized for investigation. In
addition to the polarity, the carboxyl group is generally in the form of carboxylate ion under
physiological conditions (pH 7.4). This special design of the ligand allows the study of the
interaction between the ligand bearing a negative charged functional group and the negatively

charged nucleic acid.
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Figure 2.3. Diagram showing (a) deoxyribose group in DNA, (b) ribose group in RNA, and (c) the

three side chains introduced on the ligands.
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2.2. Result and discussion

2.2.1. Synthesis and characterization of G4-ligands

The general synthetic procedure to the ligands was described in Chapter 4, Section 4.2.1 and 4.2.2.
The synthetic routes and molecular structures of the target ligands were shown in Figure 2.4 and
Table 2.1. All ligands obtained were characterized with HRMS, 'H NMR, and '*C NMR. The

detailed characterizations for the ligands were given in the section of Appendix.
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Figure 2.4. The synthetic route of (i) reaction of 2-methylbenzothiazole and 3-bromopropanol (or
3-bromopropionamide or 3-bromopropionic acid) in acetonitrile in pressure vessel at 110 °C under
stirring condition for 24-48 hours; extraction of crude product in H>O with ethyl acetate to obtain
intermediate a with 60-80% yield. (ii) reaction of intermediate al (or a2 or a3) and corresponding
aromatic aldehyde with potassium carbonate as a base in 1-butanol at 100 °C for 5 hours; after
filtration, purification of product by flash silica gel column chromatography to obtain ligand B1S
to B3Cou with 60-90% yield.

22



Table 2.1. Molecular structures of the new G4-ligands synthesized in the present study
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2.2.2. Screening of ligands selective to RNA G-quadruplexes and cytotoxicity evaluation

Fluorescence spectroscopy is a convenient and sensitive method to investigate the interaction
between ligands and nucleic acids in vitro and cellularly. Attributed to the special structural design
in which two aromatic rings are connected by the double bond, an enhanced fluorescent response
can be measured upon the ligand interacted with the nucleic acid substrates in the solution for the
study of G4-ligand interactions. This enhanced fluorescence signal can be explained by the
restriction of the free rotation of the ligands.[71, 80, 81] In a solution state, the ligand rotates freely
through the methylene bridge. These motions enhance the non-radiative deactivation of excited
states of the ligand. Thus, the fluorescence of the ligands is weak. Upon the addition of nucleic
acids, the ligand binds to the substrate. The interaction limits the free rotation of the ligand, and
thus the non-radiative deactivation pathway is significantly reduced which enhances the
fluorescence of the ligand. As the enhanced fluorescence signal is correlated with the interaction
of the substrate and the ligand, it may possibly provide a convenient way to compare the binding
selectivity of ligands toward different nucleic acids under the same titration conditions. In the
present study, several DNA-G4 sequences (Telomere related: Telo2] and 224 G; oncogene related:
c-KIT and Pu27), RNA-G4 sequences (Telomere related: TERRA and TRF2; oncogene related:
NRAS, KRAS, and VEGF), non-G4 DNA sequences (dsDNA and Da2l), and non-G4 RNA
sequences (hairpin RNA) were selected as the model substrates to investigate the selectivity of the

new ligands.

To facilitate a quick screening of 18 ligands toward various nucleic acid sequences, the
concentration of nucleic acid at 100-equivalent of the ligand was used for the in vitro interaction
study in buffer. The results were shown in Figure 2.5. From fluorescence titration results, six
ligands which include B113C, B213C, B3I3C, B1C, B2C and B3C were found showing a higher
selectivity toward RNA G4s than DNA G4s. Comparing the titration results, we also observed that

B3I3C with a terminal carboxylic group enhanced the selectivity toward RNA G4s over DNA.
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Figure 2.5. The enhanced fluorescent response of ligands upon addition of 100-folds of different DNA and RNA substrate.
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In addition, we found that the introduction of a terminal carboxyl group at the side chain of the
ligand generally showed a much weaker fluorescent response toward double-stranded
DNA(dsDNA) as compared with G4s. The results may indicate that dSDNA have a weaker ability
to restrict the free rotation of the ligand compared to that of RNA G4s under the same conditions,
which may be due to their weak ligand-dsDNA interaction. The reported study suggests that the
design of G4-ligands should possess positive side chains to enhance the binding affinity with
nucleic acids.[14] In the present study, we demonstrated that the introduction of negative charged
functional group could be an alternative approach for designing G4-selective ligands against
dsDNA. Furthermore, the ligands with a carboxamide group were found generally showing a higher
induced fluorescent response toward both DNA and RNA G-quadruplexes sequences. This result
could be possibly due to the additional hydrogen bonding interactions with nucleic acids and that
effectively restricts the free rotation of the ligand. Taken together, for the ligands that are capable
of interacting with both G4s and dsDNA, the introduction of a carboxylate at the terminal group
could generally enhance the in vitro discrimination ability of the ligand toward RNA G4s from

dsDNA.

Apart from the terminal group effects, the aromatic scaffold integrated with benzothiazole via an
ethylene bridge also shows critical influence to the selectivity of the ligand toward RNA G4s. From
ligand series of B112C and B3I3C, a significant increase in the enhanced fluorescent response was
observed for RNA G4s when the integrated molecular scaffold varied from 2-methyl-1H-indole to
3-methyl-1H-indole. The results suggest that the 13C series may have a better stacking on the G-
quadruplexes because it is structurally similar to G-quartet compared to its analogues of 12C series.
By analyzing the results of enhanced fluorescent responses obtained from fluorescence titrations,
we identified six ligands, including B113C, B2I3C, B3I13C, B1C, B2C and B3C, having a high
potential to bind to RNA G4s with a relatively high selectivity because these ligands generally
generated stronger interaction signal toward RNA G4s than DNA G4s. In addition, considering the

discrimination ability of ligands against dsSDNA which is the key intracellular competitor, four
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ligands including B113C, B2I3C, B3I3C and B3C were selected for further investigations.

Targeting G4s to inhibit their corresponding protein expression may be able to affect cell functions
and induce apoptosis eventually.[3, 82, 83] We then performed cell-based 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays to evaluate the cytotoxicity of the RNA G4-
targeting ligands screened. MTT assay is a colorimetric assay for evaluating the cell metabolic
activity. Upon the addition of MTT, the NAD(P)H-dependent cellular oxidoreductase enzyme will
reduce the MTT dye to the insoluble formazan. As only live cells contain active NAD(P)H-
dependent cellular oxidoreductase enzyme, the number of formations of formazan is then
proportional to the number of live cells, which can be used for assessing the half maximal inhibitory
concentration (IC50). Among the 18 new ligands, for the carbazole series ligands, B1C, B2C and
B3C, they were found having the IC50 at around 6.5-8.1 pM against human cervix cancer HeLa
cell lines. More importantly, the IC50 of these three ligands against the non-cancer human
fibroblast cell line (HFF1) were found greater than 50 uM (Figure 2.6 and Table 2.2). The results
may indicate certain degree of cytotoxic selectivity of the ligands. It is reported that G4s generally
are abundance in oncogenes in cancer cells compared to normal cells.[15] The results of the cell-
based MTT assay imply that the ligand may possibly interact and stabilize the RNA G4s of certain
oncogenes. Thus, the expression of the corresponding proteins may be inhibited or disrupted by the
G4-ligand and that may cause cell death. By analyzing the MTT results and the ligand selectivity
toward RNA G4s, ligand B3C was found generally exhibiting good performance and thus was

selected for further investigations in live cells.
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Figure 2.6. The cytotoxicity of eighteen ligands to different cancer cells and normal cell line, which were measured by MTT assay.
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Table 2.2. Evaluation of the cytotoxicity (uM) of new compounds synthesized against human

cancer cells and noncancerous cells with MTT assays.

Cell lines
Ligands
HcT 116 HeLa A375 PANC-1 HFF1
BI1S >50 >50 >50 >50 >50
B2S 329+45 >50 >50 >50 >50
B3S >50 >50 >50 >50 >50
BIN 3.5+0.2 >50 41+0.6 56+0.8 17.7+2.4
B2N >50 47.6+1.9 >50 >50 >50
B3N >50 >50 >50 >50 >50
B112C >50 >50 >50 >50 >50
B2I12C 35.1+4.7 >50 >50 >50 94+27
B3I12C 222+ 1.7 >50 >50 >50 >50
B113C 16.8+ 1.0 243+1.2 16.1£0.7 189+1.3 11.5+0.9
B2I3C >50 >50 >50 >50 >50
B3I3C >50 >50 >50 >50 >50
BI1C 99+0.7 8.1+0.61 15.0+ 0.6 36.6 2.9 >50
B2C 153+£1.9 6.8+0.6 >50 >50 >50
B3C 259+1.4 6.5+0.3 >50 >50 >50
B1Cou 15.0£0.9 44.5 £ n.d. 155+ 1.0 193+1.2 159+3.2
B2Cou 40.4+5.2 >50 >50 49.5+6.1 >50
B3Cou 347+3.5 >50 9.6+1.0 38.8+£9.3 28.2+15.9
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2.2.3. Live cell imaging of the ligand targeting RNA G4s

In attempts to investigate RNA G-quadruplexes in live cells, the cellular localization of the ligand
is critically important as most RNAs are in cytoplasm. We therefore performed live cell imaging
for the ligand with confocal microscopic techniques to study the cellular location of the ligand after
entering the cells. In the previous sections, our experimental results demonstrate that B3C shows
high preference to interact with RNA G4s in vitro and generate strong fluorescence signal. From
the live cell confocal image shown in Figure 2.7a the fluorescent foci of B3C were mostly located
in cytoplasm while almost no fluorescent foci could be found in the nucleus of the cells. The results
support that the ligand is not targeting nucleus. To illustrate B3C are actually localized in cytoplasm,
immunofluorescent colocalization of lysosome associated membrane protein 1(LAMP-1) with
B3C in cells was conducted. From Figure 2.7b, green fluorescent foci (B3C) and red fluorescent
foci (LAMP-1) were found localized in a similar region and showed some colocalizations. The
immunofluorescence colocalization study supports that both B3C and LAMP-1 in cells may have
the same or similar location, which is presumably the cytoplasm .Mitochondria are the organelles
located in cytoplasm and also contain DNA-G4s and RNA-G4s.[16, 17] In addition, a high
potential different between the mitochondrial matrix (-220 eV) and cytoplasm may render the
positively charged ligand entering the mitochondria easily.[18] We therefore investigated whether
B3C entered and localized in mitochondria. In the live cell imaging experiments, B3C was co-
stained with MitoTracker Deep Red in HeLa cells. As shown in Figure 2.7b, it was found that there
was no observable colocalization between B3C and MitoTracker Deep Red. The results support
that mitochondria are also not the cellular target of B3C and therefore the ligand may be most likely

localized in cytoplasm and interacts with the cytoplasmic RNA-G4 to generate strong fluorescence.
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Figure 2.7. (a) Confocal images of live HeLa cells co-stained with 5 puM B3C and 2 uM Hoechst
(b) Immunofluorescent images of fixed HeLa cells colocalized of B3C (5 pM) and lysosome-
associated membrane protein-1, LAMP-1, to demonstrate that B3C localize in cytoplasm. (c)

Confocal images of live HeLa cells co-stained with 5 uM B3C and 20 nM Mito-tracker DeepRed.

2.2.4.  The study of B3C-nucleic acid interaction in vitro

To investigate the interaction of B3C with different nucleic acids, the photophysical properties of
ligands upon the addition of nucleic acids were measured and analyzed. We first performed
ultraviolet-visible (UV-vis) spectrophotometric titrations to study the binding mode of B3C. The
result of UV-vis titrations of B3C toward different nucleic acids were shown in Figure 2.8a and
2.8b. The result shows that there is a decrease in absorption of B3C and a red shift of peak when
RNA G4s and DNA G#4s are added into the buffer solution containing B3C. The appearance of red
shift may possibly be due to the enlargement of conjugate system of B3C.[84] Thus, the energy
gap of m to m* is reduced and a peak appears at a higher wavelength region (520 nm). It indicates
that B3C may bind to the planar G-quartet of the G4-structure through n-n stacking interactions.
Among all the G4 sequences examined, we observed that there was only slightly or no red shift of

B3C upon the addition of telo21 and 22AG. As the topology of telo21 and 22AG is hybrid (Figure
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2.10b) in buffer solution with 60 mM K" ion, the result indicates that the B3C may not interact
with hybrid or antiparallel G4s through n-n stacking with the G-quartet, which may be due to the
steric diagonal loop. For RNA hairpin, dsDNA, and Da21, all these substrates only show a decrease
in absorption which may indicate that B3C does not interact with them through n-n stacking. Taken
together, the result of UV-vis titration suggests that the molecular design of B3C may render the
ligand more favorable to interact with parallel G4s through the mode of n-r stacking interactions.
Almost all RNA G4s are in the parallel topology[85] and that may possibly facilitate their

interactions with B3C.

To investigated whether B3C induced the conformation change of the G4-structure upon
interaction in vitro, circular dichroism (CD) measurements were performed. From the results shown
in Figure 2.9a and 2.9b, the CD spectra show that there is an increase in both positive peak (264
nm) and negative peak (240 nm) of RNA G4 sequence after the addition of B3C in the buffer
without K™ ions. The result indicates that the folding of a parallel RNA G4-structure is increased
after B3C interacting with the RNA G-rich sequences and also suggests that B3C may possibly

induce the formation of RNA G4-structure in vitro.

Furthermore, we observed that there was very little or even no changes in the magnitude of peaks
toward RNA hairpin, DNA G4 sequences, dsDNA, and Da21 after the addition of B3C in the same
buffer condition. The results may imply that B3C can selectively induce the formation of RNA G4-
structure. We then performed the same experiments in a 60 mM K" ions buffer to investigate the
induced circular dichroism (ICD). ICD is the spectroscopic phenomenon for characterizing the
structural changes and dynamic properties of the target biomolecules upon the addition of binding
molecules. From the CD spectra from Figure 2.10a, no observable ICD was found on the RNA G4
sequences from 400 nm to 600 nm after the introduction of B3C. Under the same condition, there
is also no significant ICD signal found for the DNA G4 sequences examined (Figure 2.10b). This

suggest that B3C may not interact with the loop or flanking residues of the G4-structure. Taken
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together with the result of UV-vis titration experiments, we found that the ligand B3C may induce
G4s formation in vitro and bind to the G-quartet of the RNA G4-structure via m-m stacking

interactions. The in-situ formed B3C-G4 complex is thus formed.
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Figure 2.8. UV-vis spectra of B3C (5 uM) titrated with (a) RNA substrates, and (b) DNA substrates
in a Tris-HCI buffer (10 mM, pH 7.4) containing 60 mM KCI.
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Figure 2.9. CD spectra of (a) RNA (5 uM) and (b) DNA (5 uM) substrates binding with or without
the addition of B3C (25 uM) in a Tris-HCI buffer (10 mM, pH 7.4) without KCL.
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Figure 2.10. CD spectra of (a) RNA (5 uM) and (b) DNA (5 uM) substrates binding with or without
the addition of B3C (10 and 25 uM ) in a Tris-HCI buffer (10 mM, pH 7.4) containing 60 mM KCI.
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To compare the stabilization ability of B3C toward different RNA and DNA sequences, CD melting
experiments were carried out. The normalized CD melting curves of 5 uM RNA and DNA
substrates before and after the addition of 25 uM B3C were shown in Figure 2.11. The results
illustrate that B3C may stabilize most of the RNA and DNA G4-structures with an increase of
melting temperature approximately from 0.4 to 8.6 °C and 0.2 to 5.5 °C, respectively. It is
noteworthy to mention that the change in melting temperature (ATm) of dsDNA after the addition
of B3C is very low. It may further suggest that the interaction between B3C and dsDNA is relatively
weak. The results are found consistent with those observed from the fluorescence titration and CD
experiments. Taken together, B3C may have a higher ability to stabilize the RNA G4s. To further
confirm the stabilization ability of B3C, we performed an isothermal titration calorimetry (ITC) to
determine the binding affinity of B3C toward different RNA G4s including TERRA, TRF2, NRAS,
KRAS and VEGF. From the results of ITC assays (Figure 2.12), the estimated affinity (K4) of B3C
toward TERRA, TRF2, NRAS and KRAS were found to be 4.53, 8.75, 6.66 and 40.7 uM, respectively.
For the Ks of B3C binding to VEGF, the thermal energy was too low to be detected by the
instrument. Therefore, there was no binding determined for VEGF. Considering the result of ATm
from CD melting curves and the binding affinity in terms of K, obtained from ITC assays as shown
in Table 2.3, a similar trend for both binding affinity and stabilization ability of the ligand was
observed, which suggested that B3C could possibly interact with RNA G4s and also stabilize the
complex formed in vitro. Based on the results obtained thus far, the ligand B3C appears to be a
potential RNA G4-tageting ligand with good selectivity, particularly against the double-stranded

DNA.

37



—_—
28
o

o

0.5+

Normalized Circular Dichroism
Normalized Circular Dichroism
Normalized Circular Dichroism

AT,=86°C AT,=25°C o AT,=37°C
= 5uMTERRA (T,= 625 °C) = 5uMTRF2(T,=83.7°C) = 5UMNRAS (T,= 805 °C) .
089 & 5 M TERRA+ 25 uM B3C (T, = 71.1 °C) 009 = 5.MTRF2+ 25 M BIC (T, = 86.2°C) 009 & 5 M NRAS+ 25 M B3C (T, = 84.2 °C)
3‘0 4‘0 5:0 éﬂ 7'0 BIO 9‘0 1 (I)ﬂ 3'0 4'0 5‘0 6‘0 7'0 BIO 9‘0 1 (I)ﬂ JIU 4‘0 5:0 5'0 7‘0 Slﬂ 9'0 1 60
Temperature (*C) Temperature (°C) Temperature (°C)
104 104

0.5 054

Normalized Circular Dichroism
Normalized Circular Dichroism
Normalized Circular Dichroism

AT,=-36°C AT,=0.4°C AT,=-08°C E .

= 5pMKRAS (T, =61.2°C) - = 5pMVEGF (T,=625°C) = 5 pM Hairpin (T, = 59.4 °C) Wt
0014 5 UM KRAS+ 25 pM B3C (T,,= 57.6 °C - 0014 5 pM VEGF+ 25 pM B3C (T,= 62.9 °C) 0014 5 UM Hairpin+ 25 uM B3G (T, = 58.6™C)
T T T T T T T T T T T T T T T T T T T T T T T T
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
Temperature (°C) Temperature (*C) Temperature (°C)

—_—
O
—"

o

0.5+ 0.5 0.5

Normalized Circular Dichroism
Normalized Circular Dichroism
Normalized Circular Dichroism

AT,=02°C AT,=03°C - 3 AT,=55°C
= 5puM Telo21 (T, =67.3 °C) = 5uM22AG (T, =61.4°C) . :h.- = 5pM Pu27 (T =717 °C)
009 & 5 M Telo21+ 25 uM B3C (T, = 67.5 °C) 009 o« 5uM224G+ 25 yM B3C (T,=61.7°C) * " 009 & 5uM Pu27+ 25 yM B3C (T,=77.2°C)
3‘0 4‘0 5:0 éﬂ 7'0 BIO 9‘0 1 (I)ﬂ 3'0 4'0 5‘0 6‘0 7'0 3.0 9‘0 1 (I)ﬂ JIU 4‘0 5‘0 5'0 7‘0 Slﬂ 9'0 1 60
Temperature (*C) Temperature (°C) Temperature (°C)
AT,=-09°C
. 1.0 = 101 w5 M Ds26 (T, = 68.2°C)
8 5 = 5uMDs26+ 25 uM B3C (T, = 67.3 °C)
5 e -
5 5 .
[=] [=]
5 5
g 8
o 0.5 [s] 0.5
o o
a8 S8
: 2
5 5
4 AT,=53°C =
= 5uMcKIT(T,=628°C) oo
007 & 5 M c-KIT+ 25 uM B3G (T, = 68.1 °C) =
3 4 50 60 70 8 80 100 30 40 50 60 70 80 90 100

Temperature (°C) Temperature (*C)

Figure 2.11. CD melting curves of (a) RNA (5 uM) and (b) DNA (5 uM) with or without the
addition of B3C (25 uM) in a Tris-HCI buffer (10 mM, pH 7.4) containing 20 mM KCI.
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Figure 2.12. ITC assays for the study of B3C in KH>PO4 binding to (a) TERRA, (b) TRF2, (¢)
NRAS, (d) KRAS, and (e) VEGF in KH2PO4 buffer solution (25 mM, pH 7.4) containing 60 mM
KCI. (Cell: 10 uM B3C in KH2POg4buffer solution; titrant: 100 uM RNA substrates, both containing
0.1% DMSO).
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Table 2.3. The value of ATm and Ky of binding of B3C to various RNA substrates.

CD melting assay ITC assay
RNA substrates
ATm (°C) Kaq (UM)

TERRA 8.8 4.53
TRF?2 2.5 8.75
NRAS 3.7 6.66
KRAS 3.6 40.7
VEGF 0.4 Not determined

2.2.5. The study of B3C interaction with intracellular RNA G4s in cells

To verify the cellular target of B3C, confocal microscope imaging of fixed HelLa was performed
after the treatment of DNase and RNase. The result of enzymatic digestion assays was shown in
Figure 2.13a to 2.13c. After the digestion of RNA by RNase, the fluorescent foci of B3C were
almost completely disappeared (Figure 2.13c). On the contrary, the treatment of DNase did not
affect the intensive fluorescent signal of B3C but the signal of the DNA stain, DAPI, was greatly
reduced. This result revealed that DNA were digested. Therefore, the results of cell imaging suggest
that the staining targets of B3C are possibly RNA and not DNA. We then performed another assay
with confocal imaging to examine the intracellular targets stained with the ligand are most likely
RNA G4s. In the assay, immunofluorescent colocalization of a G4-specific antibody, BG4,[86] with
B3C in cells was conducted. From Figure 2.13d, several green fluorescent foci (B3C) and red
fluorescent foci (BG4) were found well-colocalized. The overlapped foci were highlighted with
arrows in the figure. The immunofluorescence colocalization study supports that both B3C and

BG4 in cells may have the same or similar cellular target, which is presumably a G4-structure.
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Figure 2.13. Confocal microscope fluorescent images of fixed HeLa cells co-stained with B3C (5
uM) and DAPI (2 uM) (a) without enzyme treatment, (b) with DNase I treatment, and (c) with
RNase A treatment. (d) Confocal microscope fluorescent images of fixed HeLa cells colocalized of

B3C (5 uM) and G4 specific antibody, BG4, in the immunofluorescence experiments.
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2.3. Summary

In summary, eighteen new ligands were designed and synthesized for in vitro interaction
investigations with various nucleic acid substrates. The ligands were evaluated for selectivity,
cytotoxicity, and the cellular localization. The results revealed that ligands including B1I3C,
B2I3C, B3I3C, and B3C showed a relatively high selectivity toward RNA G4 than DNA G4 and
dsDNA. Among these ligands, B3C exhibited a low ICso value, down to 6.5 against human cervix
cancer HeLa and a relatively high ICso value in non-cancer human cell line. The result may indicate
that the ligand could possibly bind to target G-quadruplexes in cells. Live cell imaging of B3C also
showed that the ligand mainly localized in cytoplasm instead of nucleus and mitochondria in live
cells. Moreover, different in vitro experiments including UV-vis titration, CD melting study and
ITC analysis revealed that B3C could interact with the G-quartet of the G4-structure and the ligand
was demonstrated to be able to induce and stabilize the RNA G4-structure. In addition, the binding
affinity (Kq) of the ligand toward the RNA G4s examined was found ranged from 4.53 to 40.7 uM.
Furthermore, enzymatic digestion assays and BG4 co-localization assays showed that B3C
possibly interacted with RNA G4s in cells. The results obtained thus far suggest that B3C may be
a RNA G4-selective ligand and it inhibits cell proliferation effectively for a number of human
cancers, particularly HeLa cancer cells. The anticancer mechanism was investigated, and the results

were discussed in detail in Chapter 3.
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Chapter 3. Study of anticancer mechanism of B3C

3.1. Synopsis

From the in vitro interaction and cellular imaging studies with the ligand targeting RNA G4-
structure conducted in Chapter 3, B3C was found to be a potential RNA G4-selective ligand and
capable to inhibit the proliferation of a panel of cancer cells. In attempt to investigate the anticancer
mechanism of B3C targeting RNA G4s in cellulo, a series of experiments were carried out to study
the response of the cells, such as the influence in the expression of DNA, RNA, and proteins, after

the treatment of B3C in cancer cells.

3.2. Result and discussion

3.2.1. Study on the effect of gene and protein expression by B3C.

Targeting RNA G4s with small molecules to inhibit the corresponding protein expression is
believed to be a promising strategy against oncogenic proteins. To directly access the impact of
B3C on cellular processes, an evaluation of ability of B3C to modulate the transcription of different
DNA to RNA in HeLa cells was first conducted. From previous studies shown in Chapter 2, it was
found that B3C induced and stabilized the G4-structure of TERRA, TRF2, and NRAS with a binding
affinity (Ka) of 4.53 to 8.75 uM. These results suggest that B3C may affect cellular functions of
cells through targeting these oncogenic RN A G4-structures. Thus, the RNA level of TERRA, TRF2,
and NRAS in HeLa cells were measured with gRT-PCR after the cells being cultured with 0, 5, 10,
and 20 uM B3C for 48 h. As shown in Figure 3.1, only little changes of the mRNA level of NRAS
was detected. This suggests that B3C may not affect transcription for expressing the NRAS mRNA
from its corresponding DNA because the ligand is RNA-selective and thus it is less fovarable

binding to DNA.

In addition, a significant increase in the mRNA level of TERRA and TRF2 were found while B3C
did not entery the nucleus to influence the DNA transcription. TERRA is a long non-coding RNA
with G-rich repeating sequence of 5’-d(UUAGGG)-3’ and is transcribed from telomeric DNA
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sequences from multiple chromosome ends.[87-89] Recent studies have revealed that the binding
of TERRA RNA to TRF2 proteins facilitates the heterochromatic foramtion to stabilize the DNA at
telomere repeats.[90] It has also been reported that the mRNA level of TERRA and TRF?2 are
upregulated upon DNA damage.[91-93] As both RNA levels of TERRA and TRF2 were
significantly upregulated in a concentration-dependent manner after the treatment with B3C, the

results indicated that DNA damage was induced by the ligand in HeLa cells.
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Figure 3.1. The relative transcription of 7TERRA RNA, TRF2 mRNA and NRAS mRNA in HeLa
cells treated with B3C (0, 5, 10, and 20 uM) for 48 h, and GAPDH was used as the endogenous

control (N= 3, mean + SD).

RNA G4s play a crucial role as translational repressor.[46, 94] Therefore, we further investigated
the expression of proteins in HeLa cells by western blot asssays after the treatment with B3C for
48 h. It was observed that the the protein level of NRAS was significantly reduced in a dose-
dependent manner (Figure 3.2). It indicates that the translation of NRAS is possibly repressed by
B3C because the ligand is RNA G4-selective and shows strong interaction and stabilization ability

toward NRAS mRNA G4-structure. Considering the all results obtained, we may conclude that B3C
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could most likely interact with the NRAS mRNA G4s and stabilize the structure in cells and then
inhibit the expression of NRAS protein via translational but not transcriptional pathway. On the
contrary, the protein level of TRF2 only shows changes sightly upon the treatments of different

concentration of B3C. It indicates that B3C may not repress the translation of TRF2 protein.
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Figure 3.2. (a) Western blots assay to determine the translation of NRAS, TRF2, y-H2AX, Phos-
p53 (S15), PARP-1, Cleaved Caspase 3, and B-actin in HeLa cells treated with B3C (0, 5, 10 and
20 uM) for 48 h. (b) The relative proteins expression of HeLa cells after the treatments with B3C

of different concentration (N =3, mean + SD).

To better understand about the upregulation of the RNA of TEERA and TRF2 observed from the
qRT-PCR assays, we perforemed western blot again to determine the expression of y-H2AX, a
DNA damage marker for double-strand break (DSB).[95] It is because DNA damage could be a
cause for upregulating the RNA of TEERA and TRF2. As shown in Figure 3.2, the expression of y-
H2AX is remarkably increased in a dose-dependent manner. When the HeLa cells were treated
with 20 uM B3C for 48 h, a 5-fold increase in y-H2AX is observed, which clearly supports that

B3C induces DNA damage in HeLa cells.

From previous literature, studies reported that the treatment of small molecules in cells may trigger
the formation of reactive oxygen species (ROS) which may damage the cellular DNA and also

induce mitochondrial-related apoptosis.[96-98] To investigate the mechanism on the upregulation
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of cellular y-H2AX after the cells being treated with B3C, live cells imaging was performed to
evaluate the level of cellular ROS. We first studied the ROS level inside mitochondria by MitoSOX
Red. As shown in Figure 3.3, the red fluorescent signals are weak after the treatment with B3C at
different concentration for 24 h. The cell imaging results indicate that B3C does not induce ROS
production inside mitochondria.

We then further investigated the ROS level in the cytoplasm by using CellROX Deep Red reagent

hex= 405 nm hex= 488 nm Merged Merged (Bright Field)
A =20 uym

Hoechst/ 0 pM B3C MitoSOX/ 0 ptM B3C Hoechst + MitoSOX/ 0 pM B3C Hoechst + MitoSOX/ 0 pM B3C

Hoechst/ 5 pM B3C MitoSOX/ 5 ptM B3C Hoechst + MitoSOX/ 5 pM B3C Hoechst + MitoSOX/ 5 pM B3C

Hoechst/ 10 pM B3C MitoSOX/ 10 pM B3C Hoechst + MitoSOX/ 10 ntM B3C Hoechst + MiFQ,SOX/ 10 pM B3C

Hoechst/ 20 pM B3C MitoSOX/ 20 pM B3C Hoechst + MitoSOX/ 20 ntM B3C Hoechst + MitoSOX/ 20 ptM B3C

Figure 3.3. Confocal live cell imaging to investigate the ROS level in mitochondria with the use

of MitoSOX after the treatment of B3C (0, 5, 10, and 20 puM) for 24 h.

with tert-butyl hydroperoxide (TBHP) as positive control. The live cell imaging results (Figure 3.4)
show that the red fluorescence is marginal weak when comparing to the fluorescent signal from
TBHP. The results from two ROS staining assays suggest that the treatment with B3C in HeLa

cells may not trigger the formation of cellular ROS. In addition to the generation of ROS, we
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performed the TMRE (tetramethylrhodamine, ethyl ester) staining assays to study the change on
mitochondrial membrane potential. TMRE is a red-orange dye that accumulates in active
mitochondria. TMRE cannot enter mitochondria if there is a change on the mitochondria membrane
potential. Therefore, the fluorescent signal is reduced significantly. From the result shown in Figure
3.5, no significant change on the red fluorescent foci from TMRE were found after the treatment

with B3C at different concentrations for 24 h, indicated that the mitochondria membrane potential

hey= 405 NM he,= 635 NM Merged Merged (Bright Field)
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Hoechst/ 5 ptM B3C CellROX/ 5 pM B3C Hoechst + CellROX/ 5 pM B3C Hoechst + CellROX/ 5 pM B3

Hoechst/ 10 pM B3C CellROX/ 10 uM B3C Hoechst + CellROX/ 10 yM B3C | Hoechst + CellROX/ 10 uM B3C

20 pm

Hoechst/ 20 pM B3C CellROX/ 20 pM B3C Hoechst + CellROX/ 20 pM B3C Hoechst + CellROX/ 20 'p.M B3C
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Hoechst/ 5 pM BYB CellROX/ 200 pM TBHP Hoechst + CellROX/ 200 pM TBHP | Hoechst + CéllROX/ 200

Figure 3.4. Confocal live cell imaging to investigate ROS levels in cytoplasm with CellROX Deep
Red after the treatment of B3C (0, 5, 10, and 20 uM) and TBHP (200 uM) for 24 h.

of the cells was not influenced by the ligand. The results strongly support that B3C may not show
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obvious effects on the integrity of mitochondrial membrane. Taken together, the treatment with
B3C is not likely to generate cellular ROS and induce mitochondrial-related apoptotic pathway.
On the other hand, Abulaiti et al illustrated that the expression of RAS proteins caused

chromosomal instability.[99] The damaged DNA promotes the cells to exhibit transformation such

Aex= 405 nm Aex= 561 nm Merged Merged (Bright Field)

Hoechst/ 0 ptM B3C TMRE/ 0 pM B3C Hoechst + TMRE/ 0 pM B3C

Hoechst/ 5 ptM B3C TMRE/ 5 pM B3C Hoechst + TMRE/ 5 ptM B3C

Hoechst/ 10 uyM B3C TMRE/ 10 pM B3C Hoechst + TMRE/ 10 ptM B3C

Hoechst/ 20 pyM B3C TMRE/ 20 pM B3C Hoechst + TMRE/ 20 ptM B3C

Figure 3.5. Confocal live cell imaging to investigate the change of mitochondrial membrane

potential with the use of TRME after the treatment of B3C (0, 5, 10, and 20 uM) for 24 h.

as alteration in cell morphology, growth regulation, and dedifferentiation. Strikingly, it was found
that the survived cells were a lack of y-H2AX and also had a low activation on p53. They further
treated the survived cells with a DNA-damage agent and found that the cells were not able to
undergo cell cycle arresting nor induce the formation of y-H2AX. These findings indicate that the

RAS expressed cancer cells may be impaired in their ability to respond to DNA damage and leading
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to defective repair despite the existing of chromosomal instability. These examples inspired us
whether the downregulation of NRAS by B3C could be able to restore the ability of cells to respond
to DNA damage by reactivating DNA damage response (DDR). In other words, the upregulation
of y-H2AX may not be a consequence of oxidative DNA damage induced by B3C, but it could be

probably due to the repression of NRAS protein.

The study from Abulaiti et al. indicated that another biofunction of NRAS protein is to induce
chromosome instability and abrogate the DDR by suppressing the phosphorylation of p53. As y-
H2AX functions to assemble various DNA repair proteins at the sites of damaged chromatin for
initiating the DNA repair mechanism,[95, 100] the increasing in cellular level of y-H2AX after
treatment of B3C observed may indicate the restoration of DDR and the activation of DNA
repairing. To understand the mechanism on the restoration of DDR, western blotting was performed
to study the expression level of phosphorylated-p53 (phos-p53 (S15)). The result (Figure 3.2)
clearly showed that the expression level of phos-p53 (S15) was upregulated after B3C treatment in
a dose-dependent manner. Taken together, the result suggested that the downregulation of NRAS
by B3C may increase the phosphorylation of p53 on the Serine 15 site significantly, and then DDR
may be able to be activated the by phos-p53 in HeLa cells. Therefore, y-H2AX was recruited to

repair the damaged DNA caused by NRAS itself.

3.2.2. Study on the arresting of cell cycle and the induction of apoptosis by B3C

NRAS protein acts as the molecular switches to govern the activation of a number of signaling
pathways, such as the RAF-MEK-ERK and PI3K-AKT-mTOR pathway, to regulate the cellular
processes by enabling the cell cycles from processing.[66] As NRAS protein was downregulated
together with the activation of DDR after the B3C treatment, the cell cycles may be affected from
processing.[101, 102] Thus, cell cycle analysis was carried out to evaluate whether the activation
of DDR after the downregulation of NRAS protein by B3C is able to inhibit cancer cells by

arresting the cell cycles. After treating HeLa cells with different concentration of B3C for 24 h, the
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cells were harvested, penetrated, and incubated with PI to analyze the proportion of cells in each
phase (Go/G1, S, and G2/M) by flow cytometry. From the result of cell cycle (Figure 3.6), it was
found that the proportion of cells in S phase remarkably increased after B3C treatment and was
found to be concentration dependent, in which a maximum increase of 48% ( 0 uM: 14.2%; 10 uM:
21.0%) was found in S phase. In term of Go/G1 and G2/M phases, they both showed a decreasing
trend as the concentration of B3C increased in the treatment. The results indicate that B3C is likely
to induce the S phase arresting upon downregulating the expression of NRAS protein at
translational level and that leads to cell growth inhibition. In addition, it is noteworthy that DNA
damage is one of the key causes of S phase arresting[ 103, 104] as the cells may elongate S phase
in order to repair the damaged DNA before entering G2/M phase for cell division. In other words,
it may support that the downregulation of the translation of NRAS protein by B3C may induce
DDR, activate cell cycle checkpoints, and ultimately lead to S phase arresting in HeLa cells for

repairing the damaged DNA. The detailed mechanism will be discussed further in the following.
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Figure 3.6. (a) Cell cycle analysis with PI staining to determine the proportion of HeLa cells in
each phase after treating with B3C (0, 2.5, 5 and 10 uM) for 24 h. (b) The percentage of HeLa cells
in different phases in the cell cycle after the treatments with B3C of different concentration (N= 3,

mean £ SD).
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Cell cycle is a series of basic biological activities for cell growth and division.[105-107] Among
the phases, S phase is the stage for DNA and histone synthesis before DNA division.[108] The
arresting of cell cycle at S phase inhibits the replication of DNA to undergo mitosis. The lacking
of necessary DNA for cell division may inhibit the cell proliferation and lead to apoptosis
eventually.[98] Therefore, the apoptotic effect caused by B3C in HeLa cells was studied by flow
cytometry with the use of Alexa Fluor 647 conjugated Annexin V. The results (Figure 3.7) show
that apoptosis of HeLa cells was induced from 4.8 % (Control group) to 7.5 %, 13.0 %, and 20.1
% upon the treatment with B3C of 5, 10 and 20 uM for 24 h, respectively. In addition to the
apoptotic study by Annexin V, the expression of two apoptotic proteins, Poly [ADP-ribose]
polymerase 1 (PARP-1) and cleaved caspase-3, were analyzed via western blot assays to confirm
the induced apoptosis by B3C. From the result shown in Figure 3.2, a significant increase in the
expression of cleaved PARP-1 (lower band) and cleaved caspase-3 was observed in a dose-
dependent manner. Considering the results obtained from Annexin V staining study and western

blots assays, B3C may induce apoptosis in HeLa cells effectively.
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Figure 3.7. (a) Apoptosis analysis with Alexa Fluor 647 conjugated Annexin V to determine the
apoptotic HeLa cells after treating with B3C (0, 5, 10 and 20 uM) for 24 h. (b) The percentage of

apoptotic HeLa cells after the treatments with B3C of different concentration (N= 3, mean + SD).

3.2.3. Study on the cell growth inhibition mechanism by B3C

Some recent studies have revealed that cell cycle arresting may be related to sencescence and
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Figure 3.8. (a) SA-B-gal assays to investigate the induced senescence on HeLa cells after
treatment with B3C (0, 2.5, 5, and 7.5 uM) and BARCO19 (3 uM) for 3 and 6 days. (b) Ki-67
immunofluorescent assay with the use of confocal microscope to investigate the cell

proliferation of HeLa cell after treatment with B3C (20 uM) for 24 h.

resultin apoptosis of cancer cells.[109, 110] In order to explore the mechanism on the induction of
apoptosis by B3C, -Galactosidase (SA-B-gal) staining assays were performed to investigate the
senescence of HeLa cells treated with B3C at different concentrations for 3 and 6 days. In the assay,
a commerial telomere G4-ligand, BRACO19, was used as a positive control for comparison. As
indicated from the result of SA-B-gal assays (Figure 3.8a), the blue staining in HeLa cells was
found very weak despite the treatment with B3C at 7.5 uM was carried out for 6 days. On the
contrary, the positive control, BRACO19, showed a much stronger blue staining, which revealed
clearly the induction of HeLa cells senescence by the ligand. Compared to the effects from
BRACO19, this result indicates that B3C may not as effective as BRACO19 in inducing HeLa
cell senescence. However, it may support that B3C does not interact with cellular telomeric G4s

that are located in the nucleus to cause senescence.
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As previously indicated, NRAS protein is responsible for the signal transduction for cell
proliferation.[61] Thus, a immunofluorescent imaging was carried out by staining Ki-67 protein, a
proliferation marker, to study the effect on cell proliferation when NRAS was downregulated by
B3C. From Figure 3.8b, a remarkable reduction in the fluorescent signal of Ki-67 staining was
found after the treatment with B3C at 20 uM for 24 h. This result clearly suggests that B3C may
inhibit the HeLa cells from proliferating actively, which is consistent with the functions of NRAS
in cells. Taken together, the downregulation of NRAS by B3C most likely inhibits HeLa cells by
suppressing the cellular proliferation through signaling pathway such as disrupting cell cycle but

not inducing senescence.

3.3. Summary

In summary, it is found that the treatment of B3C downregulated the translation of NRAS in HeLa
cells but with no observable effects on transcriptional level. The results also suggest that B3C may
target the cellular NRAS mRNA G4s, repress the corresponding NRAS expression and inhibit the
HeLa cells in a dose-dependent manner. Besides, it was observed that B3C upregulated DDR
related protein, phos-p53 and y-H2AX, caused cell cycle arresting at S phase, and induced
apoptosis in a dose-dependent manner. We further investigated the inhibition mechanism for cell
proliferation by performing the bioassays including SA-B-gal assays and confocal microscopic
imaging assays. The results indicate that B3C inhibits the HeLa cells from active proliferating but
with non-significant effects on both cellular senescence and ROS generation. This result is in
alignment with the function of NRAS, which transducts the signal for cell proliferation. Reported
studies revealed that RAS may impair the cell from activating DDR. The increase in the expression
of phos-p53 and y-H2AX without oxidative DNA damage by ROS indicate that the downregulation
of NRAS may contribute to the reactivation of DDR, initiation of the DNA repair mechanism,
causing S phase prolongation for DNA repair, and ultimately inducing apoptosis. These results
obtained thus far clearly supported that the downregulation of NRAS protein can oppose the two

main functions of NRAS, which showed a good alignment with the previous studies on RAS
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proteins.[99] To the best of our knowledge, this is the first study targeting NRAS mRNA G4 with
RNA G4-ligand and provides evidence on restoring the DNA damage response that abrogated by
RAS proteins in cancer cells. The anticancer mechanism of B3C that effectively downregulates
NRAS by targeting the proto-oncogenic NRAS mRNA G4 in HeLa cells may provide new insights

into drug discovery against RAS-driven cancers.
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Chapter 4. Experimental Section

4.1. Materials

4.1.1. Chemicals

2-Methylbenzothiazole, 3-bromopropanamide, 4-(methtlthio)benzaldehyde, indole-2-
carboxaldehyde, indole-3-carboxaldehyde, and N-ethylcarbazole-3-carboxaldehyde were
purchased from Tokyo Chemical Industry (TCI). 3-Bromopropanol, 3-bromopropanoic acid, 4-
(dimethylamino)benzaldehyde, 7-(diethylamino)-2-ox0-2H-chromene-3-carbaldehyde, 1-butanol,
potassium carbonate, tris(hydroxymethyl)aminomethane (Tris), hydrochloric acid, potassium
chloride, potassium phosphate dibasic, and potassium phosphate monobasic were purchased from
Sigma-Aldrich. Dimethyl sulfoxide-d6 (DMSO-ds) was purchased from Cambridge Isotope
Laboratories. All reagents and solvents were purchased from commercial sources and used without

further purification.

4.1.2. Oligonucleotides and primers
All oligonucleotides and primers used in the present study were synthesized and purified via HPLC

by BGI Genomics and their sequences were listed in Appendix (Table. S1 and S2)

4.1.3. Cell cultures
Dulbecco's Modified Eagle Medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640
Medium, Fetal Bovine Serum (FBS) (United Stated), and Penicillin-Streptomycin (10,000 U/mL)

(P/S) were purchased from Gibco™ .

4.2. Synthesis

4.2.1. General synthetic procedures for intermediates al-a3

2-Methylbenzothiazole (1g, 6.7mmol) and 3-bromopropanol (0.932g, 7.37mmol) (or 3-
bromopropionamide or 3-bromopropionic acid) were added to a pressure vessel and then 5.0 mL

acetonitrile was added into the mixture. The vessel was then closed. The reaction mixture was
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heated up for reaction under stirring at 110 °C under stirring conditions for 24-48 hours. Reactions
were monitored by TLC. Upon completed reaction, the reaction vessel was cooled down in room
temperature for 15 minutes. Subsequently, 30 mL of ethyl acetate were added to the mixture. The
precipitated solid was collected by suction filtration. The solid obtained was dissolved in minimum
amount of D.I. H>O and then was extracted with 15 mL ethyl acetate for 3 times. Intermediate al
(or a2 or a3) was obtained by removing D.I. H>O under vacuum and then was used for synthesis

in the next step without further purification.

4.2.2.  General synthetic procedures of ligands B1S-B3Cou

To the mixture of intermediate al (50 mg, 0.173 pmol) (or a2 or a3) and 4-
(methtlthio)benzaldehyde (31.7 mg, 0.208 pmol) (or other aromatic aldehyde such as 4-
(dimethylamino)benzaldehyde,  indole-2-carboxaldehyde,  indole-3-carboxaldehyde, = N-
ethylcarbazole-3-carboxaldehyde, and 7-(diethylamino)-2-oxo-2H-chromene-3-carbaldehyde) in 1
mL 1-butanol, 5Smg potassium carbonate was added as a base. The reaction mixture was heated up
to 100 °C for reaction under stirring condition for 3-5 hours. After that, the reaction mixture was
cooled down in room temperature for 15 minutes. The precipitated solid was washed with ethyl
acetate and collected under suction filtration. The solids collected were then further purified by

column chromatography using a mixture of chloroform and methanol (10-30%) as an eluent.

4.2.3.  The characterization of ligands synthesized

(E)-3-(3-hydroxypropyl)-2-(4-(methylthio)styryl)benzo[d]|thiazol-3-ium Bromide (B1S).
Isolated yield= 67%. '"H NMR (400 MHz, DMSO-ds) & 8.45 (dd, J=8.2, 1.3 Hz, 1H), 8.27 (d, J =
8.5 Hz, 1H), 8.23 (d, J = 15.8 Hz, 1H), 8.06 — 7.96 (m, 3H), 7.88 (ddd, J = 8.5, 7.3, 1.3 Hz, 1H),
7.82-7.75 (m, 1H), 7.43 (d, /= 8.4 Hz, 2H), 4.97 (t,J= 7.1 Hz, 2H), 4.87 (s, 1H), 3.55 (t, J=5.7
Hz, 2H), 2.58 (s, 3H), 2.05 (p, J = 6.5 Hz, 2H). 3*C NMR (101 MHz, DMSO-ds) 6 171.97, 148.48,
145.12, 141.35, 130.31, 130.19, 129.46, 128.33, 128.15, 125.47, 124.42, 116.68, 112.32, 57.35,

46.42,31.42, 14.00. HRMS calculated m/z for C1oH20NOS,": 342.0986; found 342.0989.
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(E)-3-(3-amino-3-oxopropyl)-2-(4-(methylthio)styryl)benzo|d]thiazol-3-ium Bromide (B2S).
Isolated yield= 80%. 'H NMR (400 MHz, DMSO-ds) & 8.44 (dd, J= 8.2, 1.3 Hz, 1H), 8.26 (d, J =
8.5 Hz, 1H), 8.22 (d, J = 15.8 Hz, 1H), 8.08 (d, J = 15.8 Hz, 1H), 7.98 (d, J = 8.4 Hz, 2H), 7.87
(ddd, J=8.5,7.3, 1.3 Hz, 1H), 7.81 — 7.75 (m, 1H), 7.58 — 7.49 (m, 1H), 7.43 (d, /= 8.5 Hz, 2H),
7.11 (s, 1H), 5.11 (t, J = 6.7 Hz, 2H), 2.79 (t, J = 6.6 Hz, 2H), 2.58 (s, 3H). 3C NMR (101 MHz,
DMSO-ds) 6 172.34, 170.79, 148.29, 145.12, 130.38, 130.18, 129.44, 128.32, 128.01, 125.48,
124.39, 116.87, 112.83, 45.31, 33.70, 14.01. HRMS calculated m/z for C19H9N>0OS,": 355.0939;

found 355.0939.

(E)-3-(2-carboxyethyl)-2-(4-(methylthio)styryl)benzo[d]|thiazol-3-ium Bromide (B3S).
Isolated yield= 81%. "H NMR (400 MHz, DMSO-ds) & 12.71 (s, 1H), 8.44 (dd, J = 8.1, 1.3 Hz,
1H), 8.29 (d, J=8.5 Hz, 1H), 8.22 (d, /= 15.7 Hz, 1H), 8.08 (d, /= 15.8 Hz, 1H), 8.01 (d, /= 8.5
Hz, 2H), 7.86 (ddd, J= 8.5, 7.2, 1.3 Hz, 1H), 7.81 — 7.75 (m, 1H), 7.45 — 7.39 (m, 2H), 5.08 (t, J =
7.2 Hz, 2H), 2.96 (t, J = 7.1 Hz, 2H), 2.58 (s, 3H). 3C NMR (101 MHz, DMSO-ds) & 172.66,
171.50, 148.53, 145.13, 141.11, 130.36, 130.30, 129.46, 128.29, 127.99, 125.42, 124.38, 116.86,

112.74, 44.74, 32.53, 14.01. HRMS calculated m/z for C19H;sNO2S,": 356.0779; found 356.0778.

(E)-2-(4-(dimethylamino)styryl)-3-(3-hydroxypropyl)benzo[d]thiazol-3-ium Bromide (B1N).
Isolated yield= 61%. '"H NMR (400 MHz, DMSO-ds) & 8.31 (dd, J = 8.1, 1.2 Hz, 1H), 8.14 - 8.06
(m, 2H), 7.89 (d, /= 8.7 Hz, 2H), 7.78 (ddd, J = 8.5, 7.3, 1.3 Hz, 1H), 7.71 — 7.60 (m, 2H), 6.84
(d,J=8.8 Hz, 2H), 4.90 (t,J=4.9 Hz, 1H), 4.83 (t,J="7.1 Hz, 2H), 3.55 (q, /= 5.6 Hz, 2H), 3.11
(s, 6H), 2.01 (p, J= 6.6 Hz, 2H). *C NMR (101 MHz, DMSO) § 171.24, 153.53, 150.39, 141.25,
132.85,128.95,127.41,127.10, 123.97,121.48, 115.80, 111.97, 105.89, 57.35, 45.48, 39.77,31.25.

HRMS calculated m/z for C20H23N20S™: 339.1531; found 339.1534.
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(E)-3-(3-amino-3-oxopropyl)-2-(4-(dimethylamino)styryl)benzo[d] thiazol-3-ium Bromide
(B2N). Isolated yield= 92%. 'H NMR (400 MHz, DMSO-ds) & 8.30 (dd, J=8.1, 1.2 Hz, 1H), 8.13
— 8.04 (m, 2H), 7.90 (d, J = 8.8 Hz, 2H), 7.80 — 7.74 (m, 1H), 7.73 — 7.64 (m, 2H), 7.58 (s, 1H),
7.10 (s, 1H), 6.85 (d, J = 8.8 Hz, 2H), 4.98 (t, J = 6.7 Hz, 2H), 3.11 (s, 6H), 2.74 (t, J = 6.7 Hz,
2H). 3C NMR (101 MHz, DMSO) § 171.46, 170.88, 153.56, 150.33, 141.06, 132.88, 128.89,
127.39,126.97, 123.92,121.55, 115.96, 111.99, 106.28, 44.47,39.76, 33.63. HRMS calculated m/z

for C20H22N30S™: 352.1483; found 352.1484.

(E)-3-(2-carboxyethyl)-2-(4-(dimethylamino)styryl)benzo[d]thiazol-3-ium Bromide (B3N).
Isolated yield= 87%. 'H NMR (400 MHz, DMSO-de) § 12.70 (s, 1H), 8.30 (dd, J = 8.1, 1.2 Hz,
1H), 8.12 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 15.2 Hz, 1H), 7.92 (d, J = 8.7 Hz, 2H), 7.76 (ddd, J =
8.5,7.3, 1.3 Hz, 1H), 7.71 — 7.64 (m, 2H), 6.83 (d, J = 8.8 Hz, 2H), 4.95 (t, /= 7.2 Hz, 2H), 3.10
(s, 6H), 2.90 (t,J=7.2 Hz, 2H). 3C NMR (101 MHz, DMSO-dc) § 171.74, 171.57, 153.56, 150.58,
140.99, 133.02, 128.91, 127.36, 126.95, 123.91, 121.55, 115.92, 111.93, 106.17, 43.89, 32.38.

HRMS calculated m/z for C20H21N202S™: m/z: 353.1324; found 353.1325.

(E)-2-(2-(1H-indol-2-yl)vinyl)-3-(3-hydroxypropyl)benzo[d]thiazol-3-ium Bromide (B112C).
Isolated yield= 72%. '"H NMR (400 MHz, DMSO-ds) & 12.15 (s, 1H), 8.42 (dd, J = 8.2, 1.2 Hz,
1H), 8.27 (d, J=15.6 Hz, 1H), 8.23 (d, J= 8.4 Hz, 1H), 7.97 (d, J = 15.6 Hz, 1H), 7.86 (ddd, J =
8.5,7.3,1.3 Hz, 1H), 7.80 — 7.74 (m, 1H), 7.70 (d, J= 8.1 Hz, 1H), 7.52 (dd, J = 8.3, 1.1 Hz, 1H),
7.37-17.29 (m, 2H), 7.10 (ddd, J= 8.0, 6.9, 1.0 Hz, 1H), 4.88 (t,J=7.2 Hz, 2H), 4.83 (s, 1H), 3.61
(t, J = 5.8 Hz, 2H), 2.09 (p, J = 6.4 Hz, 2H). '3C NMR (101 MHz, DMSO-ds) & 171.12, 141.30,
139.53, 138.23, 134.34, 129.34, 128.07, 127.91, 127.86, 126.20, 124.34, 122.16, 120.62, 116.39,
113.58, 111.92, 110.64, 57.66, 46.60, 31.40. HRMS calculated m/z for C20Hi19N20S™: 335.1218;

found 355.1215.
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(E)-2-(2-(1H-indol-2-yl)vinyl)-3-(3-amino-3-oxopropyl)benzo|d]thiazol-3-ium Bromide
(B212C). Isolated yield= 82%. 'H NMR (400 MHz, DMSO-de) § 12.40 — 12.18 (m, 1H), 8.40 (dd,
J=28.2,12Hz 1H),8.30—-8.17 (m, 2H), 8.05 (d, /= 15.6 Hz, 1H), 7.84 (ddd, /=8.5, 7.2, 1.2 Hz,
1H), 7.78 — 7.72 (m, 1H), 7.69 (d, /= 8.0 Hz, 1H), 7.66 — 7.59 (m, 1H), 7.51 (dd, J=8.3, 1.1 Hz,
1H), 7.37 = 7.27 (m, 2H), 7.16 — 7.05 (m, 2H), 5.02 (t, J = 7.0 Hz, 2H), 2.83 (t, /= 7.0 Hz, 2H).
BCNMR (101 MHz, DMSO-de) § 171.93,171.08, 141.53, 140.05, 138.69, 134.88, 129.75, 128.52,
128.39, 128.18, 126.72, 124.74, 122.67, 121.09, 117.11, 114.12, 112.40, 111.36, 45.71, 34.19.

HRMS calculated m/z for C20H1sN30S™: 348.1171; found 348.1244.

(E)-2-(2-(1H-indol-2-yl)vinyl)-3-(2-carboxyethyl)benzo[d]thiazol-3-ium Bromide (B312C).
Isolated yield= 84%. 'H NMR (400 MHz, DMSO-ds) & 12.47 (s, 1H), 8.40 (d, J = 8.0 Hz, 1H),
8.27 (dd, J=12.0,3.5 Hz, 2H), 8.12 (d, /= 15.6 Hz, 1H), 7.83 (t, /= 7.8 Hz, 1H), 7.74 (t, J="7.7
Hz, 1H), 7.68 (d, J = 8.0 Hz, 1H), 7.50 (d, J= 8.3 Hz, 1H), 7.31 (q, /= 5.9, 4.6 Hz, 2H), 7.08 (t, J
=7.5Hz, 1H), 5.01 (t,J=7.3 Hz, 2H), 3.01 (t, J = 7.3 Hz, 2H). '3*C NMR (101 MHz, DMSO-ds) &
172.17, 171.81, 141.53, 140.09, 138.81, 134.93, 129.76, 128.49, 128.37, 128.18, 126.70, 124.72,
122.66, 121.06, 117.11, 114.20, 112.43, 111.43, 45.04, 32.99. HRMS calculated m/z for

C20H17N202S": 349.1011; found 349.1010.

(E)-2-(2-(1H-indol-3-yl)vinyl)-3-(3-hydroxypropyl)benzo[d]|thiazol-3-ium Bromide (B1I3C).
Isolated yield= 78%. 'H NMR (400 MHz, DMSO-ds) & 12.54 (s, 1H), 8.52 — 8.40 (m, 2H), 8.34
(dd, J=8.1, 1.2 Hz, 1H), 8.29 — 8.22 (m, 1H), 8.16 (d, /= 8.4 Hz, 1H), 7.79 (ddd, J=8.5,7.3, 1.3
Hz, 1H), 7.69 (t,J=7.6 Hz, 1H), 7.65 — 7.51 (m, 2H), 7.34 (tt, J= 7.3, 5.7 Hz, 2H), 5.05 (t, /= 4.8
Hz, 1H), 4.87 (t,J= 7.0 Hz, 2H), 3.57 (q, J = 5.4 Hz, 2H), 2.08 (q, J = 6.4 Hz, 2H).*C NMR (101
MHz, DMSO-ds) 6 171.63, 144.50, 141.27, 138.60, 128.89, 127.25, 126.81, 124.80, 123.95, 122.54,
121.01, 115.68, 114.64, 113.37, 105.01, 57.10, 45.29, 30.98. HRMS calculated m/z for

C20H19N20S™: 335.1218; found 335.1217.
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(E)-2-(2-(1H-indol-3-yl)vinyl)-3-(3-amino-3-oxopropyl)benzo|d]thiazol-3-ium Bromide
(B213C). Isolated yield= 87%. 'H NMR (400 MHz, DMSO-de) § 12.59 — 12.47 (m, 1H), 8.43 (dd,
J=28.9, 6.4 Hz, 2H), 8.37 — 8.30 (m, 2H), 8.14 (d, /= 8.4 Hz, 1H), 7.79 (ddd, /= 8.5, 7.3, 1.3 Hz,
1H), 7.72 — 7.66 (m, 2H), 7.61 — 7.52 (m, 2H), 7.38 — 7.31 (m, 2H), 7.15 (s, 1H), 5.01 (t, /= 6.4
Hz,2H), 2.82 (t,J = 6.3 Hz, 2H). > C NMR (101 MHz, DMSO-ds) § 172.27,171.05, 144.71, 141.11,
138.14, 138.12, 138.02, 128.90, 127.35, 126.77, 124.63, 123.98, 122.55, 121.12, 115.93, 114.54,

113.16, 105.93, 44.59, 33.52. HRMS calculated m/z for C20HsN3OS™: 348.1171; found 348.1168.

(E)-2-(2-(1H-indol-3-yl)vinyl)-3-(2-carboxyethyl)benzo[d] thiazol-3-ium Bromide (B3I3C).
Isolated yield= 86%. 'H NMR (400 MHz, DMSO-ds) § 12.68 (s, 2H), 8.43 (d, J = 16.1 Hz, 2H),
8.31 (dd, J = 8.1, 1.2 Hz, 1H), 8.29 — 8.23 (m, 1H), 8.14 (d, J = 8.4 Hz, 1H), 7.78 (ddd, J = 8.5,
7.2, 1.3 Hz, 1H), 7.72 = 7.62 (m, 2H), 7.62 — 7.55 (m, 1H), 7.39 — 7.28 (m, 2H), 5.01 (t, /= 6.7 Hz,
2H), 2.96 (t, J = 6.7 Hz, 2H). 3C NMR (101 MHz, DMSO-dc) § 172.46, 171.88, 144.66, 141.08,
137.99, 137.91, 128.92, 127.36, 126.77, 124.75, 123.98, 123.92, 122.49, 120.89, 115.93, 114.44,

113.21, 105.90, 44.03, 32.41. HRMS calculated m/z for C20H;7N202S": 349.1011; found 349.1008.

(E)-2-(2-(9-ethyl-9H-carbazol-3-yl)vinyl)-3-(3-hydroxypropyl)benzo[d] thiazol-3-ium

Bromide (B1C). Isolated yield= 71%. '"H NMR (400 MHz, DMSO-ds) & 8.88 (d, J= 1.7 Hz, 1H),
8.49 — 8.38 (m, 2H), 8.31 — 8.16 (m, 3H), 8.05 (d, J = 15.6 Hz, 1H), 7.90 — 7.81 (m, 2H), 7.81 —
7.70 (m, 2H), 7.57 (ddd, J=8.3, 7.2, 1.2 Hz, 1H), 7.35 (t,J= 7.5 Hz, 1H), 4.98 (t,J = 7.1 Hz, 3H),
4.54 (q,J= 7.1 Hz, 2H), 3.60 (s, 2H), 2.09 (t, J= 6.4 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). *C NMR
(101 MHz, DMSO-ds) 6 171.92, 150.88, 142.21, 141.29, 140.29, 129.23, 128.04, 127.96, 127.69,
126.85, 125.22, 124.23, 123.93, 122.93, 122.22, 120.78, 120.25, 116.34, 110.10, 110.07, 109.83,
57.41, 46.17, 37.44, 31.44, 13.84. HRMS calculated m/z for C2sH2sN>OS™: 413.1688; found

413.1689.
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(E)-3-(3-amino-3-oxopropyl)-2-(2-(9-ethyl-9H-carbazol-3-yl)vinyl)benzo|[d] thiazol-3-ium
Bromide (B2C). Isolated yield= 81%. 'H NMR (400 MHz, DMSO-ds) & 8.88 (d, J = 1.8 Hz, 1H),
8.47 — 8.37 (m, 2H), 8.22 (dt, J= 8.9, 2.7 Hz, 3H), 8.11 (d, J = 15.6 Hz, 1H), 7.88 — 7.81 (m, 2H),
7.75 (dd, J=14.6, 7.8 Hz, 2H), 7.62 — 7.53 (m, 2H), 7.35 (t, J=7.5 Hz, 1H), 7.14 (s, 1H), 5.13 (t, J
= 6.7 Hz, 2H), 4.54 (q, J= 7.1 Hz, 2H), 2.83 (t, J= 6.6 Hz, 2H), 1.37 (t, J= 7.1 Hz, 3H). 3C NMR
(101 MHz, DMSO-ds) & 172.33, 170.85, 150.78, 142.25, 141.15, 140.32, 129.24, 128.01, 127.81,
127.59, 126.89, 125.30, 124.23, 124.06, 122.91, 122.21, 120.63, 120.32, 116.58, 110.30, 110.21,

110.15, 45.06, 33.75, 13.85. HRMS calculated m/z for C26H24N30S": 426.1640; found 426.1640.

(E)-3-(2-carboxyethyl)-2-(2-(9-ethyl-9H-carbazol-3-yl)vinyl)benzo[d]thiazol-3-ium Bromide
(B3C). Isolated yield= 81%. 'H NMR (400 MHz, DMSO-dc) § 12.72 (s, 1H), 8.88 (d, J = 1.7 Hz,
1H), 8.48 — 8.38 (m, 2H), 8.24 (t, J = 8.3 Hz, 3H), 8.09 (d, J = 15.6 Hz, 1H), 7.84 (t, / = 8.3 Hz,
2H), 7.75 (dd, J = 15.3, 8.0 Hz, 2H), 7.57 (t, J = 7.7 Hz, 1H), 7.35 (t, J = 7.5 Hz, 1H), 5.11 (t, J =
7.2 Hz, 2H), 4.54 (q, J = 7.1 Hz, 2H), 3.00 (t, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). 1*C NMR
(101 MHz, DMSO-ds) & 172.65, 171.55, 151.00, 142.25, 141.09, 140.30, 129.26, 127.98, 127.91,
126.87, 125.27, 124.20, 122.89, 122.21, 120.65, 120.31, 116.55, 110.20, 110.15, 110.14, 44.47,

37.45, 32.54, 13.85. HRMS calculated m/z for Co6H23N20,S™: 427.1480; found 427.1478.

(E)-2-(2-(7-(diethylamino)-2-o0x0-2H-chromen-3-yl)vinyl)-3-(3-hydroxypropyl)

benzo[d]thiazol-3-ium Bromide (B1Cou). Isolated yield= 62%. '"H NMR (400 MHz, DMSO-dj) §
8.63 (s, 1H), 8.38 (dd, /= 8.1, 1.2 Hz, 1H), 8.23 (d, /= 8.5 Hz, 1H), 8.05 (q, /= 15.4 Hz, 2H), 7.83
(ddd, J= 8.6, 7.3, 1.3 Hz, 1H), 7.74 (t, /= 7.7 Hz, 1H), 7.58 (d, /= 9.1 Hz, 1H), 6.86 (dd, J=9.1,
2.4 Hz, 1H), 6.65 (d, J= 2.3 Hz, 1H), 4.81 (t, J=10.7 Hz, 3H), 3.53 (p, /= 7.1, 6.1 Hz, 6H), 2.04
(p, J = 6.5 Hz, 2H), 1.16 (t, J = 7.0 Hz, 6H)."*C NMR (101 MHz, DMSO-ds) § 171.67, 159.54,
157.22, 153.30, 148.25, 144.57, 141.43, 131.85, 129.34, 128.01, 127.75, 124.27, 116.40, 112.05,
111.11, 110.89, 108.91, 96.46, 57.51, 46.42, 44.69, 31.15, 12.46. HRMS calculated m/z for

C2sH27N>03S": 435.1742; found 435.1741.
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(E)-3-(3-amino-3-oxopropyl)-2-(2-(7-(diethylamino)-2-oxo0-2H-chromen-3-

yl)vinyl)benzo[d]thiazol-3-ium Bromide (B2Cou). Isolated yield= 71%. 'H NMR (400 MHz,
DMSO-ds) 6 8.63 (s, 1H), 8.37 (d, /= 8.1 Hz, 1H), 8.23 (d, /= 8.5 Hz, 1H), 8.09 (d, /= 15.4 Hz,
1H), 7.99 (d, J=15.3 Hz, 1H), 7.82 (t, J=7.9 Hz, 1H), 7.72 (t, J = 7.7 Hz, 1H), 7.63 — 7.51 (m,
2H), 7.09 (s, 1H), 6.86 (dd, J=9.2, 2.4 Hz, 1H), 6.66 (d, J=2.4 Hz, 1H), 4.94 (t, /= 6.8 Hz, 2H),
3.52(q,J = 7.0 Hz, 4H), 2.79 (t, J = 6.8 Hz, 2H), 1.16 (t, J = 7.0 Hz, 6H). '*C NMR (101 MHz,
DMSO-ds) 6 172.03, 170.55, 159.51, 157.24, 153.31, 148.18, 144.50, 141.21, 131.84, 129.26,
127.99, 127.59, 124.20, 116.66, 112.07, 111.38, 110.90, 108.92, 96.49, 45.17, 44.70, 33.42, 12.47.

HRMS calculated m/z for C2sHasN303S™: 448.1695; found 448.1695.

(E)-3-(2-carboxyethyl)-2-(2-(7-(diethylamino)-2-ox0-2H-chromen-3-

yl)vinyl)benzo[d]thiazol-3-ium Bromide (B3Cou). Isolated yield= 69%. 'H NMR (400 MHz,
DMSO-ds) & 12.74 (s, 1H), 8.62 (s, 1H), 8.38 (dd, /= 8.1, 1.3 Hz, 1H), 8.27 (d, J = 8.5 Hz, 1H),
8.11 (d,J=15.4 Hz, 1H), 8.02 (d, J=15.3 Hz, 1H), 7.83 (ddd, J=8.6, 7.2, 1.3 Hz, 1H), 7.74 (t,J
=7.7 Hz, 1H), 7.58 (d, J=9.1 Hz, 1H), 6.88 (dd, /=9.1, 2.4 Hz, 1H), 6.69 (d, J = 2.4 Hz, 1H),
4.94 (t,J="7.2 Hz, 2H), 3.55 (q, /= 7.0 Hz, 4H), 2.95 (t, /= 7.2 Hz, 2H), 1.17 (t, J = 7.0 Hz, 6H).
BCNMR (101 MHz, DMSO-de) § 172.20, 171.36, 159.57, 157.25, 153.32, 148.14, 144.55, 141.19,
131.86, 129.31, 127.99, 127.60, 124.21, 116.62, 112.07, 111.30, 110.91, 108.93, 96.49, 44.71,

44.57,32.38, 12.47. HRMS calculated m/z for C2sHasN2OsS™: 449.1535; found 449.1545.

4.3. Cell culture

Cell lines of human colon cancer HcT 116 (CCL-247), human cervix cancer HeLa (CCL-2), human
skin cancer A375 (CRL-1619), human pancreatic duct cancer PANC-1 (CRL-1469), and human
fibroblast HFF-1 (SCRC-1041) were purchased from ATCC. The cell lines were cultured in
different complete medium as shown below: HcT 116 was cultured in RPMI 1640 (Gibco)

supplemented with 10% FBS (Gibco) and 1% P/S (Gibco). HeLa, A375, PANC-1, and HFF-1 was
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cultured in DMEM supplemented with 10% FBS and 1% P/S. The cells were incubated in incubator
at 37 °C with 5% COs.. In all experiments needed for cell collection, the cells were trypsinized by

0.25% trypsin-EDTA (Gibco) and suspended in various buffers for further analysis.

4.4. Enhanced fluorescent response for molecular interaction of the ligand with substrates

The fluorescence interaction experiments were performed with the use of fluorescent 96 well-plates
(Corning#3650). In a 96-wells plate, 50 uL. 1 uM ligand solutions (10 mM Tris, pH 7.4, 60 mM
KCI) were mixed with 50 uL 100 uM oligonucleotide (10 mM Tris, pH 7.4, 60 mM KCIl) such that
the solution contained 0.5 uM ligand and 50 pM oligonucleotides (10 mM Tris, pH 7.4, 60 mM
KClI), and were added into other wells. After standing for 15 mins, the samples were subjected to

multimode microplate reader (TECAN) for enhanced fluorescent response measurements.

4.5. UV-Visible titration assay

UV-Visible titration assay was performed with the use of BioDrop Duo+ UV-Visible
spectrophotometer (Biochrom) and a 1 cm x 2 mm quartz cuvette. Briefly, 5 uM ligands were
dissolved in Tris-HCl buffer (10 mM, pH 7.4, containing 60 mM KCI), and different
oligonucleotides (10 mM, pH 7.4, containing 60 mM KCI) were added slowly until the

concentration of oligonucleotides reaching 15 pM.

4.6. Circular Dichroism (CD) measurements

46.1. CD spectra measurements

The RNA and DNA sequences were characterized with CD for their secondary structures. These
RNA and DNA sequences were ordered in powder form (BGI Genomics) and were dissolved in 10
mM Tris buffer (pH 7.4 with or without 60 mM KCIl) prepared by diethyl pyrocarbonate (DEPC)-

treated water (ThermoFisher Scientific). The RNA and DNA sequences (5 pM) were mixed with

63



or without ligands (25 uM) and subjected to CD spectra measurement by J-1500 circular dichroism
spectrophotometer (JASCO) with the use of 2 mm quartz cuvette under the following conditions:
1 nm bandwidth, 1 nm data pitch, 2 s digital integrated time (D.1.T), 220-700 nm scanned range,

100 nm/min scanning rate and performed at 25 °C.

4.6.2. CD melting temperature measurements

The melting temperature of RNA and DNA sequences (at 5 uM) with or without ligand was
measured by J-1500 circular dichroism spectrophotometer with a Peltier-heating unit. The
wavelengths with the highest CD peak (obtained from section 4.6.1) were used for measuring the
melting temperature. Briefly, the RNA and DNA sequences dissolved in 10 mM Tris-HCl buffer
(pH 7.4 with 20 mM KCI) were prepared by DEPC-treated water and were mixed with 5 and 25
uM ligands separately. The measurements were performed under the following conditions with the
use of 2 mm quartz cuvette: 1 nm bandwidth, 1 nm data pitch, 2 s D.I.T., temperature range from
251095 °C, 1 °C interval and 2 °C/min gradient. The melting temperature (Tm) was defined by the
temperature when half of ellipticity was gone. The different in melting temperature (ATm) of RNA
or DNA mixed with or without ligands was defined by the different of their own melting

temperature.

4.7. Isothermal Titration Calorimetry (ITC) Measurements

ITC experiments were performed at 25 °C with a MicroCal PEAQ-ITC automated ultrasensitive
isothermal titration calorimeter (Malvern Instruments, Ltd). Syringe filled with 100 uM RNA
substrates were titrated into the sample cell containing 10 uM B3C. The buffer system of both
sample cell and syringe were prepared at 25 mM KH>PO4 (containing 60mM KCl) and 0.1%
DMSO in DEPC-treated water. An initial injection of 0.4 pL of PI2 was performed followed with
another 18 injections of 2 pL each. An injection duration of 2 seconds followed by 180 seconds
equilibration time was applied. Constant stirring speed was set at a rate of 1000 rpm. Analysis of

ITC data was done by MicroCal PEAQ-ITC Analysis software.

64



4.8. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

Cell lines of HcT 116, HeLa, A375, PANC-1 and HFF-1 were seeded at a density of 3 x 10°
cells/well in a 96-well plate (TPP). After overnight incubation, the cells were treated with various
concentrations of ligands for 72 hours. After the treatment, the cell viability of different cell lines
was determined by MTT assay (ThermoFisher Scientific). Briefly, the cells after treatment with
ligands for 72 hours, 10 pL of 5 mg/mL MTT was added to each well. The cells were incubated in
an incubator at 37 °C with 5% CO; for 3 hours. After incubation, the medium was replaced with
100 uL of DMSO (ThermoFisher Scientific). The optical density (OD) of the plates was measured

at 540 nm.

4.9. Confocal microscopy

4.9.1. Live cell imaging of ligands

HeLa cells were seeded on a 15 mm glass bottom culture dish (NEST Biotechnology) at a density
of 5 x 10* cells/dish. After incubated for overnight, the cells were first stained with 5 uM ligand for
15 mins. The cells were washed with DMEM and then were treated with 2 uM Hoechst 33342
(ThermoFisher Scientific) for 10 min. After washing with medium for three times, the dishes were
subjected to TCS SPE confocal microscope (Leica) for confocal imaging. Briefly, Hoechst 33342
and ligands were excited at 405 nm and 488 nm with lasers respectively. The emitted signals were

recorded sequentially with a photomultiplier tubes (PMT) detector.

4.9.2. MitoTracker co-staining and live cell imaging

HeLa cells were seeded on a 15 mm glass bottom culture dish at a density of 7.5 x 10 cells/dish.
After overnight incubation, the cells were first stained with 20 nM MitoTracker™ Deep Red
(ThermoFisher Scientific) for 20 mins. Then, the cells were washed with DMEM for three times
and were treat with 5 uM ligand for 15 mins. After washing the cells with DMEM for three times,
the cells were incubated with 3 uM Hoechst 33342 (ThermoFisher Scientific) for 10 min. After

washing with DMEM for three times, the dishes were subjected to TCS SPE confocal microscope
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(Leica) for confocal imaging. Briefly, Hoechst 33342, ligands, and MitoTracker™ Deep Red were
excited at 405 nm, 488 nm, and 635 nm with lasers, respectively. The emitted signals were recorded

sequentially with a PMT detector.

4.9.3. RNase and DNase digestion assay

HelLa cells were seeded on a 15 mm glass bottom culture dish (NEST Biotechnology) at a density
of 10 x 10* cells/dish. After overnight incubation, the cells were first washed with DMEM for three
time. To the washed cells, it was first stained with 5 pM ligand for 15 mins. And then the cells were
washed with PBS for three times and fixed with 4% paraformaldehyde for 30 mins at room
temperature. The cells after being fixed were washed with PBS for another three times to remove
the paraformaldehyde and treated with 200 units/mL RNase or DNase in PBS. The cells were then
incubated at 37 °C for 2 hours. After enzyme digestion, the fixed cells were washed with PBS for
three times. Then, the cells were stained with 2 uM DAPI (ThermoFisher Scientific) at room
temperature for 10 mins. After washing with PBS for three times, the dishes were subjected to TCS
SPE confocal microscope (Leica) for confocal imaging. Briefly, DAPI and ligands were excited at
405 nm and 488 nm with lasers respectively. The emitted signals were recorded sequentially with

a PMT detector.

4.9.4. BG4 immunofluorescence co-localization assay

BG4 immunofluorescence co-localization assays were performed by applying anti-DNA/RNA G-
quadruplex structures, clone BG4 antibody (EMD Millipore Corporation, Cat. # MABE917).
Briefly, HeLa cells were seeded on a 15 mm glass bottom culture dish (NEST Biotechnology) at a
density of 50 x 10* cells/dish. After overnight incubation, the cells were first washed with DMEM
for three time. To the washed cells, it was first live stained with 5 uM ligand for 15 mins. And then
the cells were washed with PBS for three times and fixed with 4% paraformaldehyde for 30 mins
at room temperature. Subsequently, the cells were permeabilized by incubating in 0.3% Triton-X

containing PBS for 1 hour in room temperature. After washing with PBS for three times, the cells
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were further blocked with 1% BSA (with 0.3% triton-X in PBS). After that, the cells were directly
incubated with BG4 antibody (1:750 in PBS containing 1%BSA and 0.3% triton-X) at 4 °C. After
overnight incubation, the cells were first washed with ice-cooled PBS for 5 times and were
incubated with rabbit anti-FLAG (CST#2368) in 1:1000 dilution (PBS containing 1% BSA and
0.3% triton-X) at room temperature for 2 hours. After secondary antibody incubation, the cells were
washed with ice-cold PBS for 3 times. The cells were further incubated with goat anti-rabbit IgG
Alexa Fluor 568 (ThermoFisher Scientific) in 1:1000 dilution (PBS containing 1%BSA and 0.3%
triton-X100) for another 1.5 hours. After tertiary antibody incubation, the cells were washed with
ice-cold PBS for 3 times. Then, the cells were stained with 2 uM DAPI at room temperature for 10
mins. After washing with PBS for three times, the dishes were subjected to TCS SPE confocal
microscope (Leica) for confocal imaging. Briefly, DAPI, ligands, and Alexa Fluor 568 were excited
at 405 nm, 488 nm, and 561 nm with lasers respectively. The emitted signals were recorded

sequentially with a PMT detector.

4.9.5. Ki-67 immunofluorescence staining assay

Ki-67 immunofluorescence staining assays were performed by applying Ki-67 Rabbit Monoclonal
Antibody (Beyotime, Cat. # AF1738). Briefly, HeLa cells were seeded on a 15 mm glass bottom
culture dish (NEST Biotechnology) at a density of 50 x 10* cells/dish. After overnight incubation,
the cells were first washed with DMEM for three time. To the washed cells, it was first live stained
with 5 uM ligand for 15 mins. And then the cells were washed with PBS for three times and fixed
with 4% paraformaldehyde for 30 mins at room temperature. Subsequently, the cells were
permeabilized by incubating in 0.3% Triton-X containing PBS for 1 hour in room temperature.
After washing with PBS for three times, the cells were further blocked with 1% BSA (with 0.3%
triton-X in PBS). After that, the cells were directly incubated with Ki-67 antibody (1:1000 in PBS
containing 1% BSA and 0.3% triton-X) at 4 °C. After overnight incubation, the cells were first
washed with ice-cooled PBS for 5 times and were incubated with goat anti-rabbit IgG Alexa Fluor

647 (ThermoFisher Scientific) in 1:1000 dilution (PBS containing 1%BSA and 0.3% triton-X100)
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for another 1.5 hours. After secondary antibody incubation, the cells were washed with ice-cold
PBS for 3 times. Then, the cells were stained with 2 uM DAPI at room temperature for 10 mins.
After washing with PBS for three times, the dishes were subjected to TCS SPE confocal microscope
(Leica) for confocal imaging. Briefly, DAPI, ligands, and Alexa Fluor 647 were excited at 405 nm,
488 nm, and 635 nm with lasers respectively. The emitted signals were recorded sequentially with

a PMT detector.

4.9.6. MitoSOX Red staining imaging

HeLa cells were seeded on a 15 mm glass bottom culture dish at a density 7.5 x 10* cells/dish. After
overnight incubation, the cells were treated with different concentration of ligand (0, 5, 10, and 20
uM) for 24 hours at 37 °C with 5 % COaz. The cells were then washed with DMEM for three times,
and stained with 5 pM MitoSOX Red (ThermoFisher Scientific) for 10 min. After further washing
with DMEM for three times, the cells were stained with 3 uM Hoechst 33342 (ThermoFisher
Scientific). Subsequently, cells were washed with DMEM and subjected to TCS SPE confocal
microscope (Leica) for confocal imaging. Hoechst 33342, and MitoSOX Red were excited at 405
nm and 488nm with lasers, respectively. The emitted signals were recorded sequentially with a

PMT detector for analysis.

4.9.7. CellROX Deep Red staining imaging

HeLa cells were seeded on a 15 mm glass bottom culture dish at a density 7.5 x 10* cells/dish. After
overnight incubation, the cells were treated with different concentration of ligand (0, 5, 10, and 20
uM) and tert-butyl hydroperoxide (TBHP; 200 uM) for 24 hours at 37 °C with 5 % CO.. The cells
were then washed with DMEM for three times, and stained with 5 uM CellROX Deep Red
(ThermoFisher Scientific) for 30 min at 37 °C with 5 % COa». After further washing with DMEM
for three times, the cells were stained with 3 uM Hoechst 33342 (ThermoFisher Scientific).
Subsequently, cells were washed with DMEM and subjected to TCS SPE confocal microscope

(Leica) for confocal imaging. Hoechst 33342 and CellROX Deep Red were excited at 405 nm and
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635 nm with lasers, respectively. The emitted signals were recorded sequentially with a PMT

detector for analysis.

4.9.38. TMRE staining imaging

HeLa cells were seeded on a 15 mm glass bottom culture dish at a density 7.5 x 10 cells/dish. After
overnight incubation, the cells were treated with different concentration of ligand (0, 5, 10, and 20
uM) for 24 hours at 37 °C with 5 % CO». The cells were then washed with DMEM for three times,
and stained with 1x TMRE (Beyotime) for 30 min. After further washing with DMEM for three
times, the cells were stained with 3 uM Hoechst 33342 (ThermoFisher Scientific). Subsequently,
cells were washed with DMEM and subjected to TCS SPE confocal microscope (Leica) for
confocal imaging. Hoechst 33342, and TMRE were excited at 405 nm and 561 nm with lasers,

respectively. The emitted signals were recorded sequentially with a PMT detector for analysis.

4.10. Flow cytometry

4.10.1. Apoptosis analysis

The apoptosis analysis was performed by Alexa Fluor 647 conjugated Annexin V (ThermoFisher
Scientific). HeLa cells were seeded at a density of 10 x 10* cells/well in a 6-wells plate. After
overnight incubation, the cells were treated with ligands at different concentration for 24 hours.
After treatment, the cells were collected by trypsinization with 0.25% trypsin with EDTA and
suspended in PBS. The cells were then stained with Alexa Fluor 647 conjugated Annexin V with
Annexin V-PE Apoptosis Detection Kit (Beyotime) according to the manufacturer’s instructions
but replacing Annexin V-PE with Alexa Fluor 647 conjugated Annexin V. The stained cells were

then subjected to flow cytometry (BD Accuri C6 flow cytometer) for apoptotic analysis.

4.10.2. Cell cycle analysis
The cell cycle analysis was performed by Cell Cycle and Apoptosis Analysis Kit (Beyotime). HeLa

cells were seeded at a density of 20 x 10* cells/well in a 6-wells plate. After overnight incubation,
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the cells were treated with ligands at different concentration for 24 hours. After the treatment, the
cells were collected by trypsinization with 0.25% trypsin with EDTA and suspended in ice-cooled
PBS. After centrifugation at 1500rpm for 5 mins to remove the supernatant, ImL ice-cooled 70%
Ethanol (in PBS) were added, mixed well, and incubated at 4 °C for 2 hours. After fixation, the
cells were centrifuged at 3000 rpm for 5 min to remove supernatant. The cells were then stained
with propidium iodide (PI) according to the manufacturer’s instructions. The stained cells were

subjected to flow cytometry (BD Accuri C6 flow cytometer) for cell cycle analysis.

4.11. Quantitative Real time RCR (qRT-PCR)

4.11.1. Total RNA extraction

HeLa cells were seeded on a 10 cm culture dish at a density of 100 x 10* cells/dish. After overnight
incubation, the cells were treated with the ligand at different concentration for 48 hours. After the
treatment, the cells were washed with PBS for three times. Then, 1 mL of Trizol solution (Beyotime)
were added to the treated cells. The cells were mixed well with Trizol solution by pipetting up-and-
down. The mixture was then incubated at 4 °C for 10 mins. After digestion, the mixture was
transferred to a RNase-free 1.5 mL tube and 200 pL chloroform were added. The mixture was then
mixed well by shaking vigorously until 2 portions were observed. The mixture was allowed to
incubate at 4 °C for 15 mins. After incubation, the mixture was centrifuged at 12000 rpm for 15
mins at 4 °C. The upper transparent portion was then transferred into another RNase-free 1.5 mL
tube and mixed with 500 pL isopropanol to precipitate the RNA. The mixture was mixed by flicking
and was incubated at 4 °C for 10 mins. The supernatant was then removed by centrifuging at 12000
rpm for 10 mins at 4 °C. To the settled RNA pallet, 1 mL 70% ethanol (in DEPC water) was added
and mixed well. The mixture was centrifuged again at 7500 rpm for 10 mins at 4 °C to remove the
supernatant. 20-40 uL DEPC water were added to dissolve the extracted RNA. After quantifying
the concentration by BioDrop Duo+ UV-Vis spectrophotometer (Biochrom), the RNA was stored

at -80 °C before use.
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411.2. gRT-PCR

The total RNA was diluted to 0.5 pg/uL. The gqRT-PCR mixtures were done with BeyoFast™ SYBR
Green One-Step qRT-PCR Kit (Beyotime) according to the manufacturer’s instructions in which 2
uL 0.5 pg/ul RNA solution, 2 pL. of 3 uM forward and reverse primer mixture solution, and low
ROX were used in each PCR reaction. The RNA mixtures were then subjected to QuantStudio™ 5
Real-time PCR system (Applied Biosystems). The conditions of qRT-PCR were listed as follows:
one cycle of 50 °C for 30 mins, followed by one cycle of 90 °C for 2 mins, followed with 40 cycles

of 95 °C for 15 seconds, 60 °C for 30 seconds, and 72 °C for 30 seconds. All experiments were run

in triplicate and the gene expression level was normalized with housekeeping gene GAPDH.

4.12. Western Blot

4.12.1. Protein extraction

HeLa cells were seeded on a 10 cm culture dish at a density of 100 x 10* cells/dish. After overnight
incubation, the cells were treated with ligands at different concentration for 48 hours. After
treatment, the cells were washed with PBS for three times, trypsinized, centrifuged, and
resuspended in PBS to remove trace amount of trypsin. After that, centrifugation was performed
again to remove supernatant and the cells were lyzed at 4 °C in RIPA buffer (Beyotime)
supplemented with protease and phosphatase inhibitors (Beyotime) with sonication of 20 cycles of
15s sonication and 15s resting. Subsequently, the lysate was allowed to further incubate with RIPA
buffer at 4 °C for 30 mins under rolling. The lysate was then centrifuged at 12000 rpm for 10 mins
at 4 °C. The supernatant was transferred to another new 1.5 mL tube and the concentration of
proteins was determined by Detergent Compatible Bradford Protein Assay Kit (Beyotime)
according to the manufacturer’s instructions. The proteins were then subjected to a heat plate for
denaturing at 95 °C for 10 mins. Before loading of proteins, the proteins were aliquoted and stored

in -80 °C.
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4.12.2. Sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) Gel preparation

The glasses were first wiped with ethanol solution. Then, the casting equipment was assembled
such that the short plate was placed in front of the 1.0 mm spacer plates. Add water into the spacer
to ensure that there is no leakage. The 12% (8%) separating gel was prepared by mixing 1.65 mL
(2.3 mL) Milli-Q water, 2 mL (1.35 mL) 30% Acrylamide/Bis solution (Bio-rad), 1.25 mL 1.5M
Tris-HCI (pH 8.8) (Beyotime), 100 uL 10% SDS (Beyotime), 100 uL 10% APS (dissolved in Milli-
Q water) (Sigma-Aldrich), and 4 uL TEMED (Bio-rad). After removing the water from spacer, 4.7
mL separating gel solution was added into the spacer with 95% ethanol on top as cover and the
unpolymerized gel was allowed to polymerize around 30-45 mins. After polymerization, the 95%
ethanol was poured out and trace of it was removed with tissue paper. The stacking gel was prepared
by mixing 1.05 mL Milli-Q water, 0.25 mL 30% Acrylamide/Bis solution, 0.19 mL 1.0M Tris-HCI
(pH 6.8), 15 uL 10% SDS, 15 pL 10% APS, and 1.5 pL TEMED. Then, the stacking gel solution
was added on top of the polymerized separating gel as soon as prepared to the top of the spacer. A
10-wells comb was inserted into the stacking gel and then the gel was allowed to polymerize for
around 30-45 mins. After polymerization, the comb was removed vertically. The gel was then
wrapped by plastic wrap filled with small volume of SDS-PAGE running buffer (Bio-Rad; 25 mM

Tris, 192 mM glycine, 0.1% SDS, pH 8.3) and was store in 4 °C before use.

4.12.3. SDS-PAGE gel electrophoresis

For the protein samples, equal amounts of proteins (20 pg of proteins were used for most of the
Western blotting experiments; 5 pg of proteins were used for PARP-1 blotting; and 40 pg of
proteins were used for cleaved caspase 3 blotting) were mixed with 4x Laemmli sample buffer
(Bio-Rad) (added with reducing agent B-mercaptoethanol) and boiled for 10 mins at 95 °C.
Subsequently, the samples were loaded on the SDS-PAGE (prepared in section 2.8.2). The samples
were first stacked by electrophoresis at 60 V for 30 mins in running buffer (Bio-Rad; 25 mM Tris,
192 mM glycine, 0.1% SDS, pH 8.3). After stacking, the samples were separated by electrophoresis

at 150 V for 1-1.5 hours in the same running buffer
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4.12.4. Immunoblotting

Upon completion of SDS-PAGE gel electrophoresis, the gel was separated from the spacer and
immersed into Western Transfer Buffer (Beyotime). The 0.2 um PVDF membrane (Beyotime) was
first activated with Soaking and Activation Buffer for PVDF Membrane (Beyotime) for 5 mins and
was rinsed with Western Transfer Buffer (Beyotime) for 2 times. The transfer stack was assembled
from bottom to high as follow: black side of cassette-2 foam pads-filter paper-gel-activated PVDF
membrane-filter paper-2 foam pads-transparent side of cassette. After placed the transfer stack to
the tank, cooling unit and transfer buffer were put into the chamber. The proteins were transferred
from gel to PVDF membrane at a constant voltage of 150 V for 1-2 hours. To prevent the overheat
during protein transfer, ice was added to surround the tank within a foam box. Upon completion of
protein transfer, the PVDF membrane was took out and rinsed in TBST (20 mM Tris, pH 7.5, 150
mM NaCl, and 0.1% Tween 20). Subsequently, the PVDF membrane was cut according to the
molecular weight of target proteins. The PVDF membranes were then rinsed in TBST for 10 min
for three times and blocked with 5% skim milk (Beyotime) (in TBST) for 2 hours in room
temperature. After blocking, membranes were incubated with the primary antibodies (diluted in 5%
BSA containing TBST) at 4 °C overnight. Primary antibodies used were listed as follow: TRF2
(Abcam, ab108997), NRAS (Abcam, ab300431), gamma H2A.X (phospho S139) (Abcam,
ab22551), phospho-p53 (Serl5) (ThermoFisher, MAS5-15229), PARP-1 (CST#9532), cleaved
Caspase-3 (CST#9664),and beta Actin (Abcam, ab8226). The concentrations of primary antibodies
were prepared based on the recommendation of the manufacturer. After incubation and repeated
washing with TBST at room temperature for 5 mins three times, membranes were incubated with
Goat anti-Rabbit IgG (H+L), horseradish peroxidase (HRP)-conjugated secondary antibody
(ThermoFisher Scientific #65-6120) or Goat anti-Mouse IgG (H+L), horseradish peroxidase
(HRP)-conjugated secondary antibody (ThermoFisher Scientific #62-6520) for 2 hours. After
incubation, membranes were extensively washed with TBST for three times and subjected to
chemiluminescence detection using BeyoECL Star (Beyotime) according to the manufacturer’s

instructions under ChemiDoc MP Integrated Imaging System (Bio-rad).

73



4.13. B-Galactosidase (SA-B-gal) staining of cell senescence

HeLa cells were seeded at a density of 20 x 10* cells/well in a 6-wells plate. After overnight
incubation, the cells were treated with the ligand at different concentration (0, 5, 10, and 20 uM)
and 3 uM BRACO-19 as a positive control. Then, the HeLa cells were incubated for 3 and 6 days.
The medium containing different concentrations of ligands and BRACO-19 was changed every 3
days. After incubation, Then, the medium was discarded, and the cells were washed with PBS for
3 times. The cells were then performed the SA-B-gal staining with Senescence B-Galactosidase
Staining Kit (Beyotime) according to the manufacturer’s instructions. After staining, the cells were
first rinsed with 70% ethanol (in PBS) followed by two PBS washing. The cells were then subjected

to Primovert Inverted Microscope (Zeiss) for imaging.

4.14. Statistical test

Statistical analysis was done by one-way ANOVA with Tukey as statistical hypothesis test using
GraphPad Prism. All bioassays were repeated at least three times (N > 3, mean = S.D.); (*) P <
0.05, (**) P < 0.01 and (***) P < 0.001, significantly different from each data set; ns, not

significantly different from each data set.
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Chapter 5. Conclusion

In the present study, eighteen new fluorescent G4-ligands were synthesized and characterized. A
series of assays was performed to investigate their selectivity, cytotoxicity, the cellular localization

of ligands and the influence on cellular activity against cancers by targeting NRAS mRNA G4s.

In term of the criteria to design the functional fluorescent ligands targeting RNA G4s, it was found
that increasing the overall polarity of the ligands may benefit the interaction between the ligands
and RNA G4s. Among all the side groups, it was also found that carboxylic side group may have
higher selectivity to RNA G4s. This may be due to the low selectivity of carboxylic group to
double-stranded DNA. This phenomenon can be explained by the repulsion force between the
negatively charged carboxylic ion and the negative charged triphosphate groups surrounded groove
of double-stranded DNA. As it may lower the driving force to drive the ligands into the double-

stranded DNA rich nucleus, ligands may stay in the cytoplasm to interact with the RNA G4s.

Among the ligands, B3C was identified to show a high selectivity toward RNA G4s than DNA G4s
and dsDNA. The ligand also exhibited a low ICso against human cervix cancer HeLa cells (6.5 pM)
while a relatively high ICso against non-cancer human cell line, HFF1 (>50 uM). The results
indicate that this new RNA G4-ligand shows a certain degree of cytotoxicity selectivity. Moreover,
the binding studies including UV-Vis titration, CD melting study and ITC analysis reveal that B3C
may induce and stabilize the RNA G4-structure upon interaction. The binding affinity ranged from
4.54 to 40.7 uM toward different RNA G4-substrates was obtained. Furthermore, confocal cell
imaging studies including live cell imaging, enzymatic digestion assays and BG4 co-localization
assays showed that B3C was primarily localized in cytoplasm but not nucleus and it most likely
interacted with the cellular RNA G4s to generate strong emissive interaction signals and the

interaction probably induced anticancer activity against a panel of human cancer cells.
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The anticancer mechanism of B3C targeting NRAS mRNA G4s in HeLa cells was investigated.
The result obtained from western blot and qRT-PCR showed that B3C inhibited the translation of
NRAS protein while the ligand showed no significant effects on gene transcription because the
ligand was RNA selective and primarily located in cytoplasm. Moreover, the DNA damage marker
(y-H2AX), S phase arresting, and apoptosis were significantly induced in a dose-dependent manner
by B3C in HeLa cells. In addition, SA-B-gal assays and Ki-67 immunofluorescent imaging assays
were conduced to study the possible pathway of cell growth inhibition with the ligand. It was found
that B3C showed no significant effect on inducing senescence but suppressed the cellular
proliferation. This finding is in a alignment witih the function of NRAS that is a signal transduction
for cell proliferation. It is reported that the expression of RAS protein in cancer cells may abrogate
the DNA damage repair (DDR) by suppressing the phosphorylation of p53 despite the existing of
chromosomal instability. In order to study the mechanism on the upregulation of y-H2AX caused
by B3C, confocal imaging was performed to evaluate the formation of ROS that may be caused by
B3C. The result showed that the treatment of B3C may not induce ROS in HelLa cells. On the other
hand, the expression of phosphorylated p53 was studied through western blot, and the result
showed that more p53 were phosphorylated after B3C treatment. The phos-p53 may then activate
the DDR. Therefore, the upregulation of y-H2AX in the HeLa cells treated with B3C is most likely
attributed to the restoring of DDR pathway via downregulating the expression of NRAS by the
ligand, B3C, that targets NRAS mRNA G4s. The activated DDR prolong the S phase in cell cycle
in order to get more time to repair the damaged DNA in the cells. This thus causes S phase arresting
and inhibits the cell proliferation. Ultimately, apoptosis is induced. The present study demonstrated
the use of a novel fluorescent ligand to selectively target the cellular NRAS mRNA G4s with strong
affinity and followed to induce anticancer effects. The finding provides experimental evidence for
an anticancer pathway via the re-activation of DDR against RAS-driven cancers. Our results may
also provide significant insight into the molecular design of potent and specific anticancer drugs

targeting RNA G4-structures.
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Nonetheless, the bioavailability of B3C such as water solubility could be further improved because
this may restrict the application. Secondly, the binding affinity of the ligand targeting RNA G4s
could be further enhanced in order to achieve higher anticancer potency. Some functional group
such as pyrrolidine, piperidine, piperazine, and morpholine could be adapted for structural
modification of the ligand as some studies have reported that these groups may increase the binding
affinity to G4-structures.[23, 30, 48, 111] Moreover, despite B3C was found effective against
several cancer cell lines, its in vivo efficacy need to be further investigated. Therefore, the future
study of the project would be focused on the optimization of the ligand to increase its water
solubility and binding affinity to RNA G4-structure. Furthermore, cellular based assays such as
dual luciferase assays and RNA immunoprecipitation could be performed to further verify the
targeting sequence and the mechanism of translational inhibition. Last but not least, in vivo
experiment such as animal study may be applied to access the efficacy of the ligand against RAS-

driven cancers.
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1. List of Supporting Table

Table S1. Sequences of oligonucleotides used in the present study.

Abbreviation Sequence (5’ to 3°) Origin ?
Telo21 GGGTTAGGGTTAGGGTTAGGG Telomere DNA G4
22AG AGGGTTAGGGTTAGGGTTAGGG Telomere DNA G4

Pu27 TGGGGAGGGTGGGGAGGGTGGGGAAGG Promotor DNA G4
c-KIT CGGGCGGGCGCGAGGGAGGGG Promotor DNA G4

CAATCGGATCGAATTCGATCCGATTG

Ds26 Double-stranded DNA
GTTAGCCTAGCTTAAGCTAGGCTAAC

Da2l AAAAAAAAAAAAAAAAAAAAA Single-stranded DNA
TERRA GGGUUAGGGUUAGGGUUAGGG Telomere RNA G4
TRF2 CGGGAGGGCGGGGAGGGC 5’-UTR mRNA G4
NRAS AGGGAGGGGCGGGUCUGGG 5’-UTR mRNA G4
KRAS GGCGGCGGCAGUGGCGGCAGG 5’-UTR mRNA G4
VEGF GGAGGAGGGGGAGGAGGA 5’-UTR mRNA G4

HP CAGUACAGAUCUGUACUG RNA Hairpin

# The structure was confirmed by circular dichroism (Section 4.6.1)
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Table S2. Sequences of primers used in the present study.

Primer

Sequence (5’ to 3°)

TERRA-Forward
TERRA-Reverse
TRF2-Forward
TRF2-Reverse
NRAS-Forward
NRAS-Reverse
GAPDH-Forward

GAPDH-Reverse

AAAGCGGGAAACGAAAAGC
GCCTTGCCTTGGGAGAATCT
ACTCCAGCCTTGACCCACTC
TCCCAAAGTACCCAAAGGC
CAGAGGCAGTGGAGCTTGA
GCTTTTCCCAACACCACCT
GGGAAACTGTGGCGTGAT

GAGTGGGTGTCGCTGTTGA
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Table S3. Spectroscopic data of ligands

Ligand Absorbance (nm) Aex (Nm) Aem (NM) Stokes Shift (nm)
B1S 422 418 560 142
B2S 423 426 561 135
B3S 421 427 561 134
BIN 516 530 593 63
B2N 526 544 597 53
B3N 517 531 594 63

B112C 450 464 535 71

B212C 449 463 550 87

B3I12C 449 461 543 82

B113C 455 460 510 50

B2I3C 459 463 516 53

B3I3C 455 459 516 57
B1C 458 473 591 118
B2C 465 472 584 122
B3C 459 470 587 117

B1Cou 530 560 641 81

B2Cou 544 575 646 71

B3Cou 534 575 650 75

82
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Figure S1. 'H NMR, *C NMR and HRMS of B1S.
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Figure S2. 'H NMR, *C NMR and HRMS of B2S.
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Figure S5. 'H NMR, *C NMR and HRMS of B2N.
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Figure S6. 'H NMR, *C NMR and HRMS of B3N.
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Figure S7. 'H NMR, *C NMR and HRMS of B112C.
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Figure S8. '"H NMR, '3C NMR and HRMS of B2I2C.
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Figure S9. 'H NMR, *C NMR and HRMS of B312C.
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Figure S10. 'H NMR, *C NMR and HRMS of B1I3C.

102



S0
-S000

(4 500

4000

3500

3000

2500

2000

LS00

FLO0G
Y]

=

o

T
—

w0
]
~

r—

B213C

H,N

=007¢

=007¢

F1071T

T
740
Il {ppm)

3400
3200

3000

2800

2600

2400

2200

2000

L1800

LE00

1400

L1200

L0

800

el

5'eE—

65—

$6'501
aLeLL
PSTLL
6511
zLLzL
557zl
g86'c7 1
£9'rzL
LL9z1
sezi X
06'8Z1/

z0'8s1
z18s _W
S.mm_\

_._.._.w_.\
LLvrL

SOLL L~
LeesL 1"

L10

140

170

L8O

T
190

Il {ppm)

103



10 # |+ES| Scan (0.237-0.387 min, 10 Scans) Frag=175.0V 55.d Subtract

3481168

43715340

3351212
82413 | 329261 33372 4169353 | 4605240 4909320

L Lok Loal L

3l0 320 330 340 350 360 370 2380 300 400 410 420 430 440 450 460 470 450 450 500 510
Counts vs. Mass-to-Charge (m/z)

Figure S11. 'H NMR, '*C NMR and HRMS of B2I3C.

104



105

= = = = = =
.5 ¥ .4 5 & 8 5 F % 2 T .7 5 F L F P8 9 7 F % 85 F 9 T

=
mm,w._ e
9624 .
8624 =
66 .
10°S |~
708 | =
QF’L L7ZE— -
T4 Lo
e u —_—
g ———— Ty 0T 3 coby—
VEL =
s/ R M
SE°L -
9L
(81 Lo
15 7.
geif e 2007 |2
mm,h._
6541 o
6574 L=
0941 @ 06'50 1
1941 | LZel
LENS L il Lo
994 -mm £6'SLL
soul = 68°0Z L1
297/ L e - 6F €e Ly
0Li-E T Y]]/ Nm.MN_.._ﬁ

o L= )

o — = 86'€7 L
wiE | - sLpzL W
9L'4] | = £L9T 1Nt
8L L= 95" /7L
8L - z6'8z1/
mh,h“ Lo 6Ly
08’ _ 66°L51
084 L= )
9 Y,
T8 = o =
ceg] o m s
927’8 L2
978 el e
g ¥, 9 =
8278 o L= 88'LL LA,
0£'8 N+ - 97zL LY
168 w Nﬁ |_..\I/..h
43 / % : Tma -
£€78 =
'8 -
St'8 =
89'¢Td | =

170 160 150 140 130 120 110 100 90
[1 (ppm)

150

190




x104 |+ES| Scan (0.103-0.286 min, 12 Scans) Frag=175.0v S6.d Subtract

371.0823

225 437.1938

1.5 3451008
1.254

221 393.0646
0.25 3342720 ‘ 3602244
Fu) PO Y [WPTORNRT PO

408.3088
381.2380 4252133 I 4452833 4610518 4751a72
| Lo . L i L, L

TRy | i " had o] [ ded L

330 330 340 3_0 360 30 380 390 400 410 450 430 430 450 4E0 470 480
Counts vs. Mass-to-Charge (miz)

Figure S12. 'H NMR, *C NMR and HRMS of B3I3C.
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Figure S13. 'H NMR, *C NMR and HRMS of B1C.
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Figure S14. '"H NMR, *C NMR and HRMS of B2C.

110



2800
2600
2400
2200
2000

- L200
1600
1400

1200
1000
(0
a0
400
200

[-200

9ET
h_m:_uv —

6E'T

L

86T
Dm,mv e

LS LY

N

=00t

=00

Foot

[1 (ppm)

L4000
L3000
L2000
L1000

10000
Fau00
F5000
F7u00
L6000
5000

S8¢l—

rsze’

L7

PLOL LT
SL°0L LT
0T 0L L7
55911
L£'0Z 1
59°021 |
Lz'zziy
6872 1L
ozrz LY
LTST L
£8'97 L
szt
L6 £Z Lf
B6LZL}
ozezL!
ogorl

mo.:iw
sezvl’

00°LSL—

S5°LL L~
59'ZLL

60

110

14i)

170

150

T
190

[1 (ppm)

111



x104 |+ESI Scan (0.155-0.265 min, 5 Scans) Frag=175.0V 55.d Subtract
5_
45 4491299
4
35
3 4371837
2.5
2_
1.5 —
4271478
1- —_ |-
. 4711118 517.1172
ol T30 408.3031 A | 450.2685 4831224 L 539.0386 )
370 380 390 400 410 420 430 440 450 460 470 480 450 500 510 520 530 540 550 560
Counts vs. Mass-to-Charge (miz)
DAD1 A, Sig=254,4 Ref=360,4 (C:\CHEM32\...ILY-20221201_LIGANDS_30MIN50-100MEOH 2022-12-01 17-48-08\B3C.D)
mAU 5
250 g
200 ‘I
1503 :
: [
100 _ 1 _ g o
50 g 3 /| R phacii g
E = W IR :\:—' cu:b)g
0] S S A M R
5 10 5 20 25 30 35 min
Area Percent Report
Sorted By Signal
Multiplier 1.0000
Dilution 1.0000
Do not use Multiplier & Dilution Factor with ISTDs
Signal 1: DAD1 A, Sig=254,4 Ref=360,4
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] %
e B R R |<nmmeee |<nmmenee |-nmeeeee |
1 5.040 BB 9.2175 31.71553 2.31990 8.6322
2 15.841 BB 0.3517 48.03683 1.87017 8.9575
3 20.223 BB 0.2341 4862.02979 298.40802 96.9155
4 24.761 BB 9.2055 15.58688 1.09890 8.3107
5 30.238 BB 0.1381 11.40798 1.25453 9.2274
6 30.568 BV 0.1450 14.68199 1.54256 08.2927
7 30.790 W 9.1287 10.78080 1.24844 9.2149
8 30.960 VB 0.1274 12.30385 1.47313 9.2453
9 31.666 BB 0.1509 10.23013 1.03888 0.2039
Totals 5016.77378 310.25452

Figure S15. '"H NMR, '*C NMR, HRMS and HPLC of B3C.
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Figure S16. 'H NMR, *C NMR and HRMS of B1Cou.
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Figure S17. 'H NMR, *C NMR, HRMS of B2Cou.
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Figure S18. 'H NMR, *C NMR and HRMS of B3Cou.
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