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Abstract

Project code: MRG5480123

Project title: Study the Formation of G-quadruplex structures from G-rich sequence DNA

on the promoter regions

Investigator: Bodin Tuesuwan, Asst. Prof., Ph.D., R.Ph., Department of Food and

Pharmaceutical Chemistry, Faculty of Pharmaceutical Sciences, Chulalongkorn University
E-mail address: btuesuwan@pharm.chula.ac.th
Project period: 15 June 2011 — 10 April 2014

Abstract: This research mainly investigate the formation of G-quadruplex motifs adopted
by G-rich sequences in the promoter region of CDKN2A tumor suppressor gene and of
NF-KB1proto-oncogene. Spectroscopy techniques were conducted to demonstrate the
formation of a stable mixed parallel/antiparallel G-quadruplex structure in both genes.
Moreover, the G-quadruplex structure adopted by CDKN2A was further characterized by
DMS footprinting experiments to reveal a stack of three G-tetrads. The competition
experiments between duplex and G-quadruplex formation suggested that G-quadruplex
structures could be presented under specified conditions, even in the presence of the
C-rich complementary strand. By using CD spectroscopy, interestingly, various distinct
phenomena were observes, including induction, destabilization, and topological change,
with  5,10,15,20-tetrakis(N-methylpyridinium-4-yl)-21H,23H-porphyrin  (TMPyP4)  and
N-methyl mesoporphyrin (NMM). These results provide the evidence for G-quadruplex

formation within the promoter region of CDKN2A tumor suppressor gene and of
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NF-KB1proto-oncogene in vitro, which could potentially play a role as a transcriptional

regulator of this gene, and could also be manipulated by small molecules.

Keywords: G-quadruplex, CD Spectroscopy, Tumor suppressor gene, G-rich sequence

MRG5480123



N GED)
swalasIN1s: MRG5480123

#alasenis: MIAnEINTAalasIae G-quadruplex 3N G-rich sequence a3 promoter
regions

s

ZownIvw: gi:"mmmmﬁmﬁ VARTNT 97.U6UN3 FIFITIW MO THALNRTLA S

AmsNgTMaad aWIaInTalunIngna
E-mail address: btuesuwan@pharm.chula.ac.th
swxnm‘[ﬂsami: 15 ﬁq%"lil% 2554 — 10 Law 2557

YN av Xa a v A = a
unAaa: \‘1’1%’3"0&l%ﬂﬂﬂ’]ﬂ’]iLﬂ@IﬂNﬁi’]dﬁ)ﬂ'sa@mgt‘t’ﬁﬂ (G-quadruplex) anusmllsly
¢ A o a A & a
Lasua98n CDKN2A uay NF-KB1 lazanduinaiianeminlaglel Sunisessaninifia
lasewine G-quadruplex PUANRNILWING parallel / antiparallel ninata DMS footprinting
lvmuinlasead1e G-quadruplex andrauluwuSinm Tuslataasues CDKN2A Liu
2 o < ' x| . A
G-tetrad DaWN®h 3 T WRESAWUN wallugn1aeAs C-rich complementary DNA ag nov
a o/ (3 & ] . a
gusniialassadne G-quadruplex wanINNHAITNGY porphyrin UNTHATINITN
A Q v oA 2 L1 o ¥ «
mum’mﬂmnm%sm%q G-quadruplex 1em3avinle conformation U@y G-quadruplex
A as ' L7 0 a [ &
Wanuwuladly annasinanaasliiiudn vsmuesldslaimasuasdn CDKN2A uay

NE-kB1  snnsoAaidulaseasne G-quadruplex 16 uaztihazfiunuanlunszuiuns

s v F;’ ¥
ﬂ’)UQ&IﬂW?LLﬁ@OﬂBﬂ’UE}QﬁuLLﬂszﬁﬁwﬂiﬂﬂQUﬂ‘Niﬂid?ﬁ’N G-quadruplex erpaaad

A1%an: G-quadruplex, CD Spectroscopy, Tumor suppressor gene, G-rich sequence

MRG5480123 if



Executive Summary

Tasen1s39e: Study the Formation of G-quadruplex structures from G-rich sequence DNA

on the promoter regions
[ 3
20nUsedN

® To study whether G-rich sequences in the promoter of proto-oncogene
(e.g., CDKN2) or tumor suppressor gene (e.g., NF-KB1) can adopt

G-quadruplex structures.

® To determine topology (secondary structure) of G-rich sequences in the

aqueous condition.

® To study the behavior and effects of small molecules on G-quadruplex

DNA.

NISANBIHINWIDLY

We explore the G-rich sequence on the promote region of proto-oncogene and of tumor
suppressor gene. In this process, we perform some of searching a G-rich sequence for
our experiment. We have selected the part of promoter region of CDKN2A (a proto-
oncogene) and the part of promoter region of NF-KB1 (a tumor suppressor gene). The
combination of biophysical analytical methods was used to investigate the G-quadruplex
formation, its thermal stability and behavior. Then, the effects of G-quadruplex interacting
agents, such as TMPyP4, NMM, and protoporphyrin IX, on G-quadruplex induction and

stabilization were demonstrated. The binding stoichiometry and binding constant of
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TMPyP4 to the G-quadruplex structures formed were determined by using UV-absorption
titration experiments. Finally, the effect of pH and potassium salt on G-quadruplex

formation was investigated.
NR9THIVE

In our study, we demonstrate that the G-rich sequences in the promoter regions of
CDKN2A tumor suppressor gene and NF-KB1 proto-oncogene have ability to form stable
mixed parallel/antiparallel G-quadruplex structures. The mixed parallel/antiparallel
G-quadruplex structure from CDKN2A is comprised of five-base, two-base, and three-
base loops adopted by CDKN2A in the presence of KCl. The stable G-quadruplex
structures form within the promoter regions of either NF-KB1 proto-oncogene or CDKN2A

tumor suppressor gene may play an important biological role in gene regulation.

Moreover, we show that two G-quadruplex interacting agents, TMPyP4 and NMM
displayed various effects, including induction, destabilization, topological change, on the
G-quadruplex structures. The results for CDKN2A reveal stoichiometry constants of 1.76
and 1.94 with the apparent binding affinity constants of 2.50 x10° and 2.16x10° M,
whereas the values for NF-KB1 were 1.57 and 3.56 with the apparent binding affinity
constants of 1.14x1010 and 2.81x10° M-1. Ultimately, the competition experiments between
duplex- and G-quadruplex or i-motif formation of CDKN2A gene suggested that
G-quadruplex formation could present under certain conditions, even in the presence of
the C-rich complementary strand, which can hybridize with the G-rich strand to form a

stable Watson-Crick double helix.
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Study the Formation of G-quadruplex structures

from G-rich sequence DNA on the promoter regions
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Introduction

Guanine-rich sequences throughout the genome may form unusual, stable structures
called G-quadruplex. The most obvious of these guanine-rich sequences is at the
telomere. Telomeres maintain the integrity of the chromosome end and represent a
means of controlling the cellular Iifespan.1 Besides telomeric DNA, other guanine-rich
regions include a number of gene promoters 2% \which are also capable of forming
G-quadruplex structures. It is believed that there is a correlation between G-quadruplex
structure and gene function and genetic stability.“'5 The discovery of an increasing
number of proteins that interact with G-quadruplex structures and the possibility of a
biological role for G-quadruplex DNA offers a novel avenue for targeted drug discovery. In
addition to targeting these DNA structures with G-quadruplex interactive agents, other
avenues include designing molecules that interact with G-quadruplex binding/interacting

proteins.

Putative quadruplex sequences are predicted throughout the human genome (besides
telomeres), more than three hundred thousand potential quadruplexes could exist.6
Moreover, it was reported that the promoter regions (in both sense and antisense strand)
are significantly enriched in G-quadruplex motif " and was proposed that G-quadruplex
might be involved in gene regulation. Also, it has been show the correlation between
G-quadruplex formation and genetic stability. Therefore, G-quadruplex motifs on the
promoter regions may correlate with carcinogenesis. However, the molecular

mechanisms that contribute mutations are never clearly understood.
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The intent of our project is studying the possibility of forming structure of G-quadruplex
DNA arising from the variation of G-rich sequences on the promoter of tumor suppressor
gene and proto-oncogene. Also, we look for the small molecules that can bind and
stabilize G-quadruplex-forming structures which might be used for further gene expression
study and design better G-quadruplex interactive molecules. This study would bring us a
tool for further understanding of existing G-quadruplex structure on the promoter on tumor
suppressor gene/proto-oncogene and steering to control gene expression via
G-quadruplex motif. If we could manipulate the expression on tumor suppressor
gene/proto-oncogene, we may battle the cancer and several genetic disorders via this
approach. This work would extend the area of G-quadruplex DNA, one of the targets for
cancer—drug discovery. Ultimately, the knowledge in the field of G-quadruplex
interacting/stabilizing agents would facilitate the development the better compounds for

the therapeutic uses.

Objectives

® To study whether G-rich sequences in the promoter of proto-oncogene (e.g., CDKN2)
or tumor suppressor gene (e.g., NF-KB1) can adopt G-quadruplex structures.

® To determine topology (secondary structure) of G-rich sequences in the aqueous

condition.

® To study the behavior and effects of small molecules on G-quadruplex DNA.
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Literature Review

G-quadruplex structures consist of multiple stacked G-tetrads, which form from Hoogsteen

hydrogen bonding between the N1, N7, 06, and N2 of guanine bases (Figure 1).

Figure 1 Structure of a G-tetrad and an example of the folding pattern of a known

intramolecular G-quadruplex structure in c-MYC promoter region.8

Although stabilized by extensive hydrogen bonding, such orientation of guanine bases to
form a G-tetrad results in strong negative electrostatic potential created by guanine O6
oxygen atoms. Therefore, metal ions are generally assist the formation and stabilization
of G-quadruplex structures, especially alkali metals, such as Na and K'. These ions are
located in the interior channel formed at the core of each G-tetrad and coordinated with
06 atoms of the guanines in adjacent G-tetrads ° to neutralize the above-mentioned

strong negative electrostatic potential created by these guanine O6 oxygen atoms.10

G-quadruplex arrangements could be categorized in three classes: a) tetramolecular
G-quadruplex (Figure 2b) which is constructed from four separate strands, each of which
consists of at least one G-tract, b) bimolecular G-quadruplex (Figure 2c) which is
constructed from two strands, each normally having two G-tracts, ¢) monomolecular, also

called as intramolecular, G-quadruplex (Figure 2d) which is normally constructed from four
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consecutive G-tracts. If there are more than four G-tracts, many distinct G-quadruplex
structures can be formed, often in equilibrium with one arxother.9 Furthermore,
G-quadruplex structures could be classified based on their strand polarities and the
locations of the loops which connect the guanine strands to form either bimolecular or
inframolecular G-quadruplex structures,11 Class of Paraliel G-quadruplex structures is
defined when all strands are in parallel alignment and have connecting loops to link the
top G-tetrad with the bottom G-tetrad, which are called as propeller loops (other termed
chain-reversal loops or external loops) (Figure 2a). Secondly, G-quadruplex structures are
indicated as anti-parallel when at least one of the four strands is in an opposite direction
to the others. Two other types of loops are observed in these structures. Lateral (also
termed as. edge-wise) loops link adjacent G-strands (Figure 2b), and can be located either
on the same or opposite faces of a G-quadruplex structure. Another type of anti-parallel

loops is the diagonal loops, which connect opposite G-strands (Figure 2b).
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(2) (b) Lateral loops

Chain reversal loops

Diagonal loops

©) Lateral loops () Lateral loops

Chain
reversal
Lateral loops loops Latcral loops loops

Figure 2 Structures of (a) a parallel G-quadruplex structure with chain reversal loops, (b)
an anti-parallel G-quadruplex structure with a diagonal loop and two lateral loops, (c) a
hybrid [3+1] anti-parallel G-quadruplex structure with two lateral loops and a chain
reversal loop, and (d) another hybrid [3+1] anti-parallel G-quadruplex structure with two

. 9
lateral loops and a chain reversal loop.

Although G-quadruplex structures can obviously be adopted in vitro by G-rich DNA in the
presence of either Na' or K+, G-quadruplex formation might not occur in vivo. However,
there is the discovery of various G-quadruplex-interacting proteins. For example, the
repressor/activator protein 1 (RAP1) from yeasts and the B-subunit of the Oxytricha
telomere binding protein have been shown to not only bind to G-quadruplex structures,
but also facilitate G-quadruplex formation.12'13 On the other hand, helicases, such as
Simian virus (SV) 40 large T-antigen, Bloom's syndrome helicase (BLM), Sg1 helicase
(Saccharomyces cerevisiae homologue- of BLM) from yeasts, and Werner syndrome
helicase from humans have been found to unwind G-quadruplex structures.14'15’16'17 These

cellular ‘mechanisms for removing G-quadruplexes suggest that G-quadruplex formation

must occur within cells. Besides the G-quadruplex formation found within telomeres, it has
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been discovered within the promoter regions of genes, acting as transcriptional

18
regulators.

Telomeres are located at the end of chromosomes. They contain a short  single-stranded
3 overhang, which comprises 5'.-TTAGGG-3' tandem repeats. This overhang is essential
for cell survival because shortened télomeres could cause genomic instability and lead to
cell senescence.19 Immortal and/or rapidly dividing cells, such as germ cells, inflammatory
cells, and tumor or cancer cells,zo the telomere length can be maintained by telomerase,
which is a reverse transcriptase enzyme that adds TTAGGG sequence repeats to

telomeres. In contrast, telomerase is normally not found in normal somatic cells.

Since the discovery of G-quadruplex formation within the promoter region of the c-MYC
proto-oncogene,21 there have been extensive interests in such process within the
promoter regions of genes, especially proto-oncogenes, such as ¢c-MYC, VEGF, HIF-10.,
RET, KRAS, c-kit, bcl-2, PDGF-A, and c-myb. These have stitred researchers to believe
that G-quadruplex structures found within the promoter regions of genes might play a role
in the regulation of gene expression. One of several examples is cationic porphyrin
TMPyP4, a G-quadruplex-interacting compound, could down-regulate c-MYC expression
in vivo.22 Moreover, Balasubramanian et al. suggested that molecular crowding, which is
the condition that mimics high concentrations of macromolecules in the nucleus, may
stabilize the formed G-quadruplex structures, and the negative superhelicity originated
from transcription may be another dynamic force for G-quadruplex formation.13

Nevertheless, it was still unclear how G-quadruplex structures could compete with duplex

MRG5480123 7



DNA even though GC-rich sequences are actually more stable, as indicated by higher

melting temperatures than those of AT-rich sequences.

Due to the emergence of G-quadruplex structures as an attractive target for anti-cancer
drug design, several research groups have attempted to identify small organic compounds
that interact with G-quadruplex structures. To date, several classes of compounds have
been reported, for instances, TMPyP4 (a cationic porphyrin), telomestatin, BSU1051
(a 2,6-diamido anthraquinone derivative), RHPS4, (a pentacyclic quinoacridinium salt),

BRACO-19, (a tri-substituted acridine derivative).
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Materials and Methods

The structure of the G-quadruplex formed in each oligonucleotide was characterized using
a combination of CD spectroscopy and gel electrophoresis, along with DMS footprinting.
Furthermore, thermal stability was investigated using CD spectroscopy to determine the
melting temperature (T,). Then, the effects of G-quadruplex interacting agents, such as
TMPyP4, NMM, and protoporphyrin IX, on G-quadruplex induction and stabilization were
demonstrated. The binding stoichiometry and binding constant of TMPyP4 to the
G-quadruplex structures formed were determined by using UV-absorption titration
experiments. Finally, the effect of pH and potassium salt on G-quadruplex formation was

investigated.

DNA oligonucleotides derived from the promoter regions of NF-KB1 and CDKN2A genes
(HPLC-purified) were purchased from Sigma-Aldrich Co., Ltd. (Singapore), whereas
Telomere22 (Tel22) (high affinity purification(HAP)-purified) and comp-CDKN2A (PAGE-
purified) were purchased from Pacific Science Co., Ltd. (Bangkok, Thailand). All DNA
oligonucleotides were used without further purification. The stock solutions of each DNA
oligonucleotide were prepared in 1XTE buffer (100 mM Tris-HCI and 10 mM EDTA) at pH
7.4. The oligonucleotide concentrations (nQ/pL) were determined using a micro-volume
UV-visible spectrophotometer, NanoDrop 2000 (Thermo Scientific, Wilmington, DE, USA),
and subsequently converted to uM using their molecular weight obtained from the

suppliers.
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Table1 Sequences of the oligonucleotides used in this study

Name Sequence (5' to 3')
Tel22 AGG GTT AGG GTT AGG GTT AGG G
NF-KB1 GGG GCC GCT TCG GGG CGC CGG GCG AGG GG
CDKN2A GGG CAG CTG GGA GGG GAATGG G
comp-CDKN2A CCC ATTCCC CTC CCAGCTGCCC

G-quadruplex formation

Each oligonucleotide was dissolved in an appropriate buffer, which was 1XTE in the
absence of salt or 1XTE in the presence of either 100 mM NaCl or 100 mM KCI. Then,
each solution was divided into three, which were treated as follows: a) sample 1 (No
heat) was measured immediately without heating, b) sample 2 (Immediately cooled) was
heated at 95°C for 5 min, then immediately cooled down on an ice bath, and ¢) sample 3
(Slowly cooled) was heated at 95°C for 5 min, then gently cooled down to room
temperature. The appropriate condition was selected and used throughout all

experiments.

G-quadrupléx formation was monitored using circular dichroism spectroscopy. CD spectra
were recorded on a JASCO J-815 spectrophotometer (Jasco Corporation, Tokyo, Japan)
‘equipped with a temperature control system. The DNA oligonucleotide concentration used
in all CD experiments was 10 yM. For each sample, the CD spectrum obtained was an
average of three repeated scans at 25°C. Each spectrum was smoothened and

subtracted by the CD spectrum corresponding to medium.
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Thermal stability of G-quadruplex structures

CD spectroscopy was used to determine the melting temperature (T,) by monitoring a
change of ellipticity at either 295 or 260 nm as the temperature was ramped up from 5 to
95°C at a rate of 1°C/min for mixed parallel/antiparallel and parallel G-quadruplex

structures, respectively.
Structural characterization of G-quadruplex structures by DMS footprinting

5'- radiolabeled CDKN2A oligonucleotide was incubated under the optimum conditions for
G-quadruplex formation. The 5’ radiolabeled G-quadruplex DNA were purified by a non-
denaturing PAGE. DMS methylation on 5'- radiolabeled G-quadruplex DNA was allowed
for 5, 10, 20, 30, and 40 min at room temperature. The reaction Was stopped and
precipitated. The oligonucleotide pellet was subjected to heat treatment with 10%
piperidine at 95 °C for 15 min. The samples were then dissolved in formamide loading
dye and analyzed by 10% denaturing PAGE. The images were visualized by

Phospholmager.

Effects of G-quadruplex interacting agents on G-quadruplex induction and

stabilization

The effects of known G-quadruplex interacting agents, which are TMPyP4, NMM, and
protoporphyrin IX, were investigated. Induction of G-quadruplex formation by ligands was
monitored by the change in CD spectra-after the incubation of each oligonucleotide with 3

molar equivalents of ligand for 1 min. If there is any inducing effects, then thermal stability

MRG5480123 12



of induced G-quadruplex structure would be determined. For the G-quadruplex interacting -

compounds with no inducing effect, their stabilizing effects were demonstrated.
UV-Visible absorption titration

Absorption spectra were measured on an Agilent 8453 UV-vis spectrophotometer. UV-vis
absorption titrations were carried out by stepwise additions of the G-quadruplex solution
in 1XTE buffer containing 100 mM KCI to a cell containing ligand and absorption spectra
were recorded in the range of 350-500 nm at room temperature. The titration was
terminated when the wavelength and intensity of the absorption band for ligand no longer
-changed upon three successive additions of the G-quadruplex solution. For data analysis,
Scatchard plots were constructed between 7 n /Cr against 1 using Equation 1, as well as
r versus Cy using Equation 2, where 7 is the number of ligand molecules bound per mole
of quadruplex (Cp/Cpna), Cris the free ligand concentration (UM), nis the number of
equivalent binding' sites, and K is the ligand affinity for those sites. The concentration of
free ligand (C¢) and bound ligand (Cp) were calculated using Cr = Cp(1 —a) and
Cy = Cr — Gy, respectively, where Cr is the total ligand concentration. The fraction of
bound ligand (&) was calculated using the equation @ = (A — A)/(Af — Ap), where Af
and A, are the absorbance of free and fully bound ligand at the Soret maxima of ligand,
respectively, and A is the absorbance at the Soret maxima at any given point during the

titration.

T
—=nK, — K,r (1)
Cr

= anale nzKach
T+ KaaC 1+ KaaCs
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As the Scatchard analysis using Equation 2 was nonlinear regression method was

employed to evaluate the binding parameters according to Equation 3.

Kdl ‘+ Cf KdZ + Cf

r

SigmaPIot® was used for all fitting analyses. The percent hypochromicity of the Soret
band of TMPyP4 was calculated using the percent hypochromicity = [(sf - sb)/sf] %X 100,

where Ep = Ab/Cb and Sf = Af/Cf
Competition between duplex- and G-quadruplex or i-motif formation

In general, promoter regions of genes consist of two complementary strands which
hybridize to form a Watson-Crick double-helix under standard conditions.23 However, the
double-helices formed in the promoter regions containing G-rich and C-rich
complementary strands can be disrupted, as a result of the G-quadruplex formation by
the G-rich strand and/or i-motif formation by the complementary C-rich strand.24 The
stable G-quadruplex structures could be formed in the presence of potassium ions, while
i-motif structures could be formed under acidic conditions. Therefore, either the acidic pH
and/or the presence of potassium ions may motivate a transition from duplex- to
G-quadruplek or i-motif formatiion within G-rich regions. Herein, a competition between
duplex- and either G-quadruplex or i-motif formation within promoter region of CDKN2A

was studied.

Two complementary strands of CDKN2A were mixed at a concentration of 100 uM for

each strand (1:1 molar ratio). Afterwards, the mixturé was heated and then slowly cooled
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to room temperature, allowing two complementary strands to form a Watsoﬁ-Crick double
helix.‘The duplex was diluted to 10 uM of each strand with 1XTE (pH 7.4). Various
conditions were applied for inducing structural conversions, such as addition of 100 mM
KCI, decreasing the pH to 4.0 by adding HCl, as well as simultaneous addition of 100 mM
KCl and decreasing the pH to 4.0. After applying appropriate conditions, each sample
was incubated at 37°C and slightly shaken for 5 h, allowing the structural transformation.
The structural transformation was monitored using circular dichroism spectroscopy. In
addition, the melting temperatures of the resulting structures were also determined using

circular dichroism spectroscopy.
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Results and Discussion

Optimization of conditions for G-quadruplex formation

In this study, this procedure was first verified G-quadruplex formation. To optimize the
conditions to be used for G-quadruplex formation in all experiments, samples of each
oligonucleotide containing no salts, 106 mM NaCl, or 100 mM KCI were prepared and
incubated with or Without heating, followed by cooling down at two different rates. The

resulting CD patterns were then compared.

Noticeably, CDKN2A both in the absence and presence of salts exhibited distinct CD
patterns when different incubation methods, with and without heating, were used (Figure
4a). For instance, without heating, the CD spectrum of CDKN2A in the absence of salts
exhibited three characteristic peaks ‘with two positive peaks at 214 and 262 nm and a
negative peak at 245 nm (Figure 4a, blue line). In contrast, when incubated with heating,
the resulting CD spectra exhibited the same negative peak at 245 nm, but the two
positive peaks were shifted to 215 nm and 255 nm, whereas the peak intensities were
also changed (Figure 4a, green and red lines). In addition, this trend was also observed
with CDKN2A in the presence of either 100 mM NaCl or KCI. For NF-KB1 and Tel22, the
CD spectra obtained from different incubation methods showed similar patterns with
characteristic peaks at the same positions, but with slightly different intensities (Figure 4b,

c).
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Figure 4 CD spectra of G-rich DNA oligonucleotides derived from (a) CDKNZ2A, (b) NF-
KB1, and (c) Tel22 in the absence of salts (left) and presence of either 100 mM NaCl

(middle) or 100 mM KCI (right). The overlayed spectra were obtained from various
incubation methods, which are no heat (blue line), heating with immediate cooling (green

line), and heating with slow cooling (red line).

Although both cooling rates, could provide quite similar CD patterns, the latter was
selected because the slow cooling process can yield canonical quadruplex structures,
which are thermodynamically stable, as suggested by Bardin and Leroy.25 In this study,
heating with slow cooling down to room temperature overnight was used as an incubation
method in all experiments to obtain the canonical G-quadruplex structures with

thermodynamic stébility‘
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G-quadruplex structure characterization by circular dichroism

CD spectroscopy technique has been extensively used to provide primary evidence for
the G-quadruplex structures. In addition, there is much curre'ntly available information of

signature CD spectra for several well-defined solution structures of G-quadruplex.

(a) (b)

sk /
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/ - . 0*,"’,**(’\T* ‘*#"’/i ************* =
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Figure 5 CD spectra of G-rich DNA oligonucleotides derived from (a) CDKN2A and (b)

NF-KB1 genes in the absence of salts (blue line) and presence of either 100 mM NaCl

(green line) or 100 mM KCI (red line).

As shown in Figure 5a, the CD spectrum of CDKN2A in the absence of salts (blue line),
exhibited a maximum positive peak at 257 nm and a negative peak at 236 nm, which are
characteristics of unstructured oligonucleotides.26 In contrast, when exposed to salts, the
obtained CD patterns indicated the formation of G-quadruplex structures. In the presence
of 100 mM NaCl, the CD spectrum of CDKN2A (green line) demonstrated two positive
peaks near 260 and 290 nm and a negative peak near 240 nm, all of which are the
characteristic signature of a mixed parallel/antiparaliel G-quadruplex structure.27 Similarly,
CDKN2A in the presence of 100 mM KCI exhibited the CD spectrum with three

characteristic peaks corresponding to a mixed parallel/antiparallel G-quadruplex structure.
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These results indicated that monovalent cations are required to induce G-quadruplex

formation in CDKNZ2A.

For NF-KB1, Figure 5b shows that it could adopt the G-quadruplex structures both in the
absence of salts and also in the presence of either 100 mM NaCl or 100 mM KCI. All CD
spectra exhibited two positive peaks around 260 and 290 nm and a negative peak around

240 nm, which are characteristics of a mixed parallel/antiparallel G-quadruplex s’truciture.27

The previously reported G-quadruplex structures along with G-quadruplex forming
sequences revealed that G-rich sequences with two single-nucleotide loops have been
found within the promoter regions of human genes with high occurrence, and such
sequences have a predisposition towards a parallel topology. In contrast, bcl-2 promoter
sequence containing only one single-nucleotide loop at the 3' end adopted distinct
topology, which is a mixed parallel/antiparallel G-quadruplex structure. The G-rich
sequence of CDKN2A has a propensity to form G-quadruplex structures with a possible
single-nucleotide loop similar to that found in bcl-2 promoter sequence. Even though the
single-nucleotide loop within CDKN2A is located at central loop, rather than the 3' end
loop found in bcl-2, the result.s suggested that a mixed parallel/antiparallel G-quadruplex
structure was also formed in G-rich CDKN2A in the presence of either 100 mM NaCl or
KCl. In addition, such sequences have been found not only in the promoter regions of
genes, but also in 3'-untranslated regions (UTR), like in STAT3 gene. Therefore, our
results obtained with CDKN2A could also serve as additional evidence to suggest that

G-rich sequences containing a single-nucleotide loop tend to adopt a mixed
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parallel/antiparallel G-quadruplex structure, regardless of the location of the single-

nucleotide loop.

In the case of NF-KB1, the G-quadruplex topology was formed with three loops of varying
lengths, which exhibit obvious sequence similarity to HRAS-1 (GGG TTG CGGCGCA
GGG CAC GGG).28 However, HRAS-1 adopted an anti-parallel G-quadruplex structure,
while NF-KB1 adopted mixed parallel/antiparallel topology. It is very interesting that
‘G-quadruplex structures containing loops of varying lengths can be found in various
regions of genes, such as in human promoter regions (HAS-1, Rb), 5'-UTR (human
estrogen receptor O), 3'-UTR (STAT3), and also in the promoter regions of parasite
genes (Plasmodium falciparum var). Such G-rich sequences can form not only anti-
parallel G-quadruplex structures like in HRAS-1 and Rb but also mixed parallel/antiparallel
G-quadruplex structures which have been reported for human estrogen receptor O,
STAT3, and Plasmodium falciparum var gene. The preference for mixed
parallel/antiparallel G-quadruplex formation within NF-KB1 may be explained by the
length of G-tracts as it has been suggested that the “3+1” scaffold found in mixed
parallel/antiparallel topology is the most stable geometry of the G-quadruplex core built
from G-tracts containing three guanines (G3-tracts).29 In addition, the G-quadruplex
structure found within NF-KB1 is noticeably the first discovery of mixed
parallel/antiparallel G-quadruplex structures adopted by the G-rich sequences with loops

of varying lengths in the promoter regions of human genes.
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Thermal stability of formed G-quadruplex structures

The melting temperatures were determined using the melting curves constructed from the
CD ellipticity at 295 nm as a function of temperature. As shown in Figure 6, all the formed

G-quadruplex structures exhibited a monophasic melting curve.

@ (b)
— « 100 mM NaCl b = In the absence of salts
5 1 —— 166 mM KCl —— 100 mM NaCl
51 —— 100 mMKC
4
3 41 q""“-«-o_a_?_‘z‘v
D{md
CD[mdeg] 2 sralo CD[mdeg] 3
;] \a\ 5 | A A Rt S
01 “‘\“—Ln.,.a-o_@-f; 1
-1
0 20 40 60 80 100 0

0 20 40 60 100

Temperature (°C)

Temperature (°C) 80

Figure 6 Melting curves of the G-quadruplex structures formed within the promoter

regions of (a) CDKN2A and (b) NF-KB1 under the specified conditions.

Table2 Melting temperatures of the G-quadruplex structures formed within promoter

regions of CDKN2A and NF-KB1 genes.

Melting Temperature (°C)
Gene
No salt 100 mM NaCli 100 mM KCI
CDKN2A - 37 56
NF-KB1 55 64 69

The G-quadruplex structures formed in both genes exhibited the highest melting‘
temperature when 100 mM KCI was used to induce G-quadruplex formation. These
results correspond with previous reports, which suggested that potassium has higher
stabilizing power than sodium due to better coordination of potassium.so The difference in

the thermal stability on both sequences may arise from the different lengths and
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sequences of loops, which have been previously reported to play an important role in the
overall folding and stability.31 Under the same conditions, the G-quadruplex structure
adopted by the G-rich sequence of NF-1CB1 actually exhibited a higher melting

temperature than that of the G-quadruplex structure adopted by CDKN2A,

The possible loops of NF-KB1 contain high prevalence of G and C bases, which may
. provide strong base-base stacking interactions within the loops and stacking of the loops
onto G-quadruplex structures, leading to the high melting temperatures observed in this

study.
Dimethyl Sulfate (DMS) footprinting

To gain further information on the formed G-quadruplex structures, DMS footprinting
technique was applied to ideﬁtify the guanine bases involved in the formation of G-tetrads
in G-quadruplex structures.32 Normally, the N7 position of guanine bases in duplex and
single-stranded DNA is available for methylation by DMS. In contrast, this particular
position of the guanine bases is involved in Hoogsteen hydrogen bonding to form
G—tetradg in G-quadruplex structures, and thus, inaccessible for rﬁethylation by DMS.33 In

this study, the G-qQuadruplex structure adopted by CDKN2A in the presence of 100 mM

KCI was investigated using this technique.

In order to determine} the guanine bases involved in G-tetrad formation, the DMS footprint
of single-stranded CDKN2A (ssCDKN2A) was compared with that obtained after
G-quadruplex formation using 100 mM KCI (Figure 7a). The results showed that all the
guanines in ssCDKNZ2A (lanes 6 and 11) were methylated by DMS leading to bNA

cleavages, whereas several guanine bases in the G-quadruplex structure induced by 100
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mM KC! (lanes 1-5 and 12-16) were protected from DMS methylation. The G-rich
sequence within the CDKN2A promoter region has the propensity to form two plausible
three-tetrad G-quadruplex structures depending on which G residues in the four-residue
G-tract (G13-G16) that are involved in G-tetrad formation. According to the DMS footprint
of G14-G16 were fully protected from methylation, while G13 was partially protected.
Therefore, G13 should be assigned in the loop region and might not be involved in

G-tetrad formation.

Theoretically, G1-G3, G9-G11, G14-G16 and G20-G22 in the three-tetrad G-quadruplex
structure adopted by CDKN2A should be fully protected. In this study, the obtained DMS
footprints (Figure 7a) showed full protection at G2-G3, G9-G11, G14-G16, and G20-G21,
while the two terminal guanine bases at the 5' and 3' ends (G1 and G22, respectively)
were methylated by DMS. However, pronounced cleavages of the two terminal guanines
at the 5' and 3' ends of G-quadruplex structures have been commonly observed due to
breathing of the conformation.21 Based on these results, it is therefore not unusual to
predict that CDKN2A adopted a three-tetrad G-quadruplex structure. When taking into
account the results from both the CD and DMS footprinting experiments, an
intramolecular mixed parallel/antiparallel G-quadruplex structure consisting of three
G-tetrads, as well as five-base, two-base, and three-base loops, is proposed. As the
topology of the loops cannot be predicted from either CD or DMS footprinting
experiments, three plausible G-quadruplex topologies with distinct loop types and

orientations are proposed in Figure 8.
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Figure 7 (a) DMS footprints of CDKN2A in either single-stranded DNA (ssDNA) state
(lanes 6 and 11) or G-quadruplex structure adopted in the presence of 100 mM KClI after
the treatment with DMS as a function of time (5, 10, 20, 30, and 40 min) (lanes 1-5 and
12-16). Lanes 7 and 10 show a purine sequencing reaction, whereas lanes 8 and 9 show
a pyrimidine sequencing reaction. In the right panel were the same as those used to
obtain the left panel, but the samples were loaded 30 min earlier, (b) G-rich sequence of
CDKN2A with all the guanines labeled according to DMS methylation. The guanines fully
protected from DMS methylation are indicated with open circles, whereas the partially

protected ones are indicated with half-filed circles, and those with no protection are

indicated with filled circles.
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IL+1d+1P

Figure 8 Proposed . topologies for the mixed parallel/antiparallel, three-tetrad
G-quadruplex structure adopted by CDKN2A. These topologies are distinguished by
different existing loop types: (a) a lateral loop (L) and two chain reversal loops, also
known as propeller loops (P), (b) two lateral loops and a chain reversal loop, (c) a lateral
loop, a diagonal loop (d), and a chain reversal loop. Loop regions are shown as orange

lines with the arrows indicating loop directions.

Effects of G-quadruplex interacting agents on the thermal stability of G-quadruplex

structures

The effects of well known G-quadruplex interacting agents, such as TMPyP4 and NMM,
as well as a porphyrin analogue, protoporphyrin IX (PP IX), on the thermal stability of
G-quadruplex structures were examined on a basis of melting temperatures using CD
spectroscopy. In addition, the CD spectra obtained before and after performing melting

experiments were compared.

Figure 9 - Figure 17 show the effects of ligands on the G-quadruplex structures adopted
by Tel22, CDKN2A, and NF-KB1 in the absence of salts and in the presence of either
KCl or NaCl. The results obtained showed various distinct trends, which can be
categorized into two main groups. The first group mainly includes NMM and

protoporphyrin IX, the ligands that could not either induce (in the case of CDKN2A without

MRG5480123 25



salts) or affect the formed G-quadruplex structures, whereas the second group primarily
comprises TMPyP4, the ligand that could either induce or affect the formed G-quadruplex

structures.
Minimal effects of NMM and protoporphyrin IX

For the first group, upon adding of 3 eq. of the ligand, the effects of each ligand on the
G-quadruplex structures were not observed, as indicated by no change in the CD spectra
either before or after conducting melting experiments. Additionally, the changes in the CD
patterns during melting experiments were similar to those obtained in the absence of
ligands, which are in agreement with a small difference in the melting temperatures (ATm)
by only 0-1°C compared with those obtained without ligands. Obviously, these results
were observed in all the G-quadruplex structures in the presence of PP IX‘ (column d in
Figure 9 - Figure 17), suggesting that protoporphyrin IX did not have any effects on
G-quadruplex structures. According to the report by Li et al.34 PP 1X specifically binds to
parallel G-quadruplex structures. However, all the oligonucleotides used in this study
adopted either anti-parallel or mixed parallel/antiparallel G-quadruplex structures, it is
therefore not unexpected that PP IX could not interact with these G-quadruplex

structures.
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In addition, NMM also had no influence on almost all of the formed G-quadruplex
structures, except those adopted by Tel22 and CDKN2A in the presence of 100 mM KCI.
Normally, NMM acts as a weak G-quadruplex binder because at pH 7.4, which was used
in this experiment, a negative charge is generated at the terminal carboxylic group to
prevent favorable electrostatic interactions with DNA. Furthermore, NMM has also been

reported to specifically bind to parallel G-quadruplex s’(ructures.e‘5
G-quadruplex induction by TMPyP4

CDKN2A could not adopt G-quadruplex structures in the absence of salts. Only TMPyP4
could induce G-quadruplex formation, as indicated by the change in the CD pattern after
adding 3 eq. of the ligand. The positive peak near 255 nm indicative of unstructured DNA,
was shifted to around 260 nm, while an additipnal positive peak near 290 nm was
produced. These indicated the formation of a mixed parallel/antiparallel G-quadruplex
structure. The change in the chirality of the proximal chemical environment of TMPyP4
gave an additional negative peak around 440 nm as a result of the interactions between
the DNA and TMPyP4. Then, melting experiments were conducted. The CD spectra
obtained showed that as temperature was increased from 5°C to 95°C, the intensity of the
positive peak near 260 nm rapidly decreased to be comparable with that of the positive
peak near 290 nm at around 35°C, indicating the presence of mixed parallel/antiparallel
G-quadruplex structure, as evidenced by the two positive peaks near 260 and 290 nm
with equal intensities. It is possible that there was a mixture of two major G-quadruplex
structures with different melting temperatures, i.e., 30°C and 65°C, which were obtained

by monitoring the changes in the CD signals at 260 and 295 nm, representing parallel

MRG5480123 36



and mixed parallel/antiparallel G-quadruplex structures, respectively (Figure 18).
Therefore, TMPyP4 induced a mixture of structures comprising the less stable parallel
G-quadruplex structure with a T, of 30°C and the more stabilized mixed

parallel/antiparallel G-quadruplex structure with a Ty, of 65°C.

(a) (b)

CD[mdeg] CD[mdeg}

0 20 40 60 80 100 o 20 40 60 8 100

Temperature (°C) Temperature (°C)

Figure 18 Melting profiles and melting temperatures of the G-quadruplex structure
adopted by CDKN2A in the presence of 3 eq. of TMPyP4 when monitored at (a) 260 and
(b) 295 nm, respectively.

Destabilizing effects of TMPyP4

In the presence of 100 mM NaCl, Tel22 apparently adopted an anti-parallel
G-quadruplex structure, as indicated by a characteristic positive peak near 295 nm, a
negative peak near 265 nm, and a smaller positive peak near 245 nm. The anti-parallel
G-quadruplex structure demonstrated thermal stability with a melting temperature of 56°C.
After adding of 3 eq. of TMPyP4, the CD pattern remained, except for the emergence of a
negative characteristic peak of TMPyP4 binding near 440 nm. In addition, the melting
profile showed a monophasic curve with a T, of 50°C, which is 6°C smaller than that
obtained without ligands. This suggested that TMPyP4 could bind to and destabilize the
formed anti-parallel G-quadruplex structure. In addition, after adding 3 eq. of TMPyP4, the

decrease in CD intensity without major changes in the CD pattern of Tel22 was found,

MRG5480123 37



which might be caused by the loss of some G-quadruplex structures as a result of
destabilization. Our results are consistent with the previous report by Gray et al.® Their
results showed that upon adding 2 eq. of TMPyP4 to the anti-parallel G-quadruplex
structure adopted by this telomeric sequence in the presence of 100 mM NaCl, the
intensities of the two characteristic peaks around 260 and 295 nm decreased. The
authors explained this phenomenon as a topological change towards the mixed
parallel/antiparallel structure although the amount of the ligand added was insufficient to

induce complete structural transition in this study.

Stabilizing effects of TMPyP4

NF-KB1 could adopt a mixed parallel/antiparallel G-quadruplex structure in the absence
of salts. Upon adding 3 eq. of TMPyP4, the change in the CD patterns was not observed,
except for an occurrence of a negative characteristic peak of TMPyP4 binding near 440
nm. However, the melting experiments demonstrated that the binding of TMPyP4 to the
G-quadruplex structure significantly increased its thermal stability with a AT, of 22°C.
This indicated that TMPyP4 could stabilize the formed mixed parallel/antiparallel

G-quadruplex structure without any topological changes.
Induction of topological changes by TMPyP4

Tel22 could form an anti-parallel G-quadruplex structure in the absence of salts with the
T,, of 27°C. Upon the addition of 3 eq. of TMPyP4, the CD spectrum was immediately
and dramatically changed such that the maximum near 250 nm emerged, and the
maximum near 295 nm was shifted to 290 nm, whereas the minimum near 265 nm

disappeared. These results indicated the presence of a mixed parallel/anti-parallel

MRG5480123 38



G-quadruplex structure with higher thermal stability, as suggested by the 5°C increase in
the T,, value. Therefore, TMPyP4 showed the ability to reform the preformed anti-parallel

G-quadruplex structure to a more stable mixed parallel/antiparallel G-quadruplex structure.

In a similar manner, a mixed parallel/antiparallel G-quadruplex structure adopted by
CDKN2A in the presence of 100 mM NaCl was immediately converted to a parallel
G-quadruplex structure, as indicated by a more pronounced peak around 260 nm and
reduced peak intensity around 290 nm. However, the CD spectra obtained during the
melting experiments showed that not only a parallel G-quadruplex was generated, but
also another mixed parallel/antiparallel G-quadruplex structure also emerged, as
supported by the rapidly decreased intensity of the positive peak around 260 nm
compared to that of the positive peak around 290 nm when temperature was increased
from 5°C to 95°C. The emerger;ce of this mixed parallel/antiparallel G-quadruplex
structure was obviously observed at 45°C, as indicated by the presence of two positive
peaks near 260 and 290 nm with similar intensities. These results can reflect the
presence of structures with different stabilities. When the changes in the CD signals were
monitored at 260 and 295 nm, the T,, values of 38 and 63°C were obtained, respectively.
Therefore, it is possible that TMPyP4 could induce a mixture of structures, containing a
moderately stable parallel G-quadruplex structure with a Ty, of 38°C and a stable mixed

parallel/antiparallel G-quadruplex structure with a T, of 63°C.
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Figure 19 Melting profiles and melting temperatures of the G-quadruplex structure
adopted by CDKN2A in the presence of 100 mM NaCl upon adding 3 eq. of TMPyP4,

when monitored at (a) 260 and (b) 295 nm, respectively.

Similarly, the mixed parallel/antiparallel G-quadruplex structure adopted by NF-KB1 in the
presence of 100 mM NaCl also underwent topological changes induced by TMPyP4, as
indicated by the decreased intensity of the positive peak near 260 nm. An overlay of
nineteen spectra obtained during the melting experiments revealed coexistence of two
different mixed parallel/antiparallel G-quadruplex structures, as suggested by the
decreased intensity and slight red shift of the positive peak around 290 nr.n, as well as the
more pronounced intensity and slight blue shift of the positive peak around 260 nm with
increasing temperature. However, we did not observe the expected biphasic melting
profile at 295 nm with two distinct T, values for coexisting mixed parallel/antiparallel
G-quadruplex structures, which could be due to the insignificant difference of their

stabilities.

Structural changes induced by various ligands have been previously observed and
recently reviewed by Haider et al.37 They remarked that the reason for structural changes
after adding sufficient ligands could be to provide extended binding platforms for ligands

to associate by either extending G-quartet surfaces or forming additional planar
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dinucleotide pairings. Our results showed that after adding TMPyP4, G-quadruplex
topologies were changed to either parallel or mixed parallel/antiparallel G-quadruplex
structures. It is possible that parallel G-quadruplex structures containing three propeller
loops yield maximum available quartet surface area for ligand interactions at both 3' and
5' termini (Figure 20a), while mixed parallel/antiparallel G-quadruplex structures can
provide an available surface area at only one end (Figdre 20b). In the case of anti-paraliel
topology, the surface areas are shielded from ligand interactions by either the lateral or

diagonal loops present in their topologies (Figure 20c).

(a) (b) (©

Figure 20 lllustrations showing the topologies of (a) parallel, (b) mixed
parallel/antiparallel, and (c) anti-parallel G-quadruplex structures, along with the plausible

surface areas available for ligand interactions indicated by red arrows.

Topological changes by TMPyP4 after annealing

Another effect of TMPyP4 on G-quadruplex structures observed in this study was the
topological change of G-quadruplex structures that occurred after heating. Three common
features of this effect are i. no dramatic change in the CD spectrum was observed after
adding 3 eq. of ligands, ii. more pronounced positive peak around 260 nm would be

observed as the temperature was increased during melting experiments, suggesting the
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presence of a conformation with substantial parallel component, and iii. the topology of
G-quadruplex structures was changed after melting experiments. For Dbetter
understanding, the results obtained for this effect are summarized in Figure 21. In
addition, plots of the ellipticity at 260 nm as a function of temperature were constructed to

monitor the formation of parallel G-quadruplex structures.

As shown in Figure 21, TMPyP4 displayed such effect on the G-quadruplex structures

adopted by Tel22, CDKN2A, and NF-KB1 only in the presence of 100 mM KCI. In the

case of Tel22 and CDKN2A, the mixed parallel/antiparallel G-quadruplex structures
adopted in the presence of 100 mM KCl were not substantially changed after adding 3
eq. of TMPyP4, as indicated by no dramatic change in the CD spectra (1St row, columns a
and b in Figure 21). The CD spectra obtained during melting experiments (2nd row,
columns a and b in Figure 21) revealed that as the temperature was increased, a positive
peak around 295 nm was reduced, and a prominent positive peak around 260 nm was
observed. Thus, changes in the ellipticity at 260 nm were monitored as a function of
temperature (3rGI row, columns a and b in Figure 21). These results showed that a more
pronounced positive peak around 260 nm was generated at ~40°C and reached the
maximum ellipticity at ~80°C, indicating the formation of a G-quadruplex structure with

substantial parallel component as the temperature was increased. Afterwards, as the
samples were heated further, this positive peak around 260 nm continuously decreased,
implying the melting process of the recently formed G-quadruplex structure. Based on
these results, the interaction of TMPyP4 on G-quadruplex structures is proposed that both
TMPyP4 and heat could collaboratively induce a structural transition to parallel

G-quadruplex structure. To prove this model, the G-quadruplex structures adopted by
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either Tel22 or CDKN2A in the presence of 100 mM KCI and 3 eq. of TMPyP4 were
prepared, then heated at 95°C for 5 min, and slowly cooled down to room temperature. In
the case of Tel22, the CD spectrum (1St row, column a in Figure 22) displayed a similar
pattern to that previously obtained after melting experiments (Figure 21, 1" row, column
a, red line), which confirmed that the addition of 3 eq. of TMPyP4 along with heating
caused topological changes of G-quadruplex structures. However, as shown in Fig. 22
(1St row, column a), the new topology formed was not the expected parallel G-quadruplex
structure, as indicated by the presence of a positive peak around 295 nm. Hence, to
provide more information, the sample was subject to melting experiments, and the results
are shown in Figure 22 (2nd to 4th rows, column a). Two melting curves, monitored at
either 260 or 295 nm, were constructed to determine the melting temperatures of parallel
and mixed parallel/antiparallel G-quadruplex structures, respectively. The resulting melting
temperatures revealed that the sample might contain a mixture of two distinct
G-quadruplex structures with different thermal stabilities, including a thermally stable
parallel G-quadruplex structure with a T, of 80°C and a mixed parallel/antiparallel
G-quadruplex structure with a T, of 66°C. Interestingly, the Tp, value of the latter is similar
to that of a mixed parallel/antiparallel G-quadruplex structure adopted by Tel22 in the
presence of 100 mM KCI without ligands. Therefore, the mixture might contain a newly
adopted parallel G-quadruplex structure as a result of the interaction with TMPyP4 in the
presence of heat, as well as a non-interacting mixed parallel/antiparallel G-quadruplex
structure. Moreover, the same results were also observed in case of CDKN2A, as shown

in Figure 22 (column b).
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Figure 22 The results obtained from annealing experiments of G-quadruplex structures

adopted by (a) Tel22 and (b) CDKN2A in the presence of 100 mM KC! and TMPyP4. The

1* row shows the CD spectra of G-quadruplex obtained after annealing with the ligand.

The 2nd row shows the CD spectra obtained at various temperatures (5-95°C) during Tp,

experiments. The 3rd and 4th rows show the melting profiles monitored at 260 and 295

nm, respectively.
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Interestingly, the results were quite different for the G-quadruplex topology of NF-KB1 in
the presence of 100 mM KCI and 3 eq. of TMPyP4. As shown in Figure 21, although
annealing also caused some changes in the G-quadruplex topology of NF-KB1, the CD
patterns obtained during the melting experiments were distinct from the other two cases.
In fact, the positive peak around 260 nm actually decreased with temperature during the
melting experiments with a biphasic character, as shown in Figure 21 (3rd row, column c).
It is possible that the addition of 3 eq. of TMPyP4 induced coexistence of two different
mixed parallel/antiparallel G-quadruplex structures with different thermal stabilities.
However, the change in the CD pattern after the melting experiments (Figure 21, 1St row,
column ¢, red line), indicated the formation of another mixed parallel/antiparallel
G-quadruplex structure adopted during melting experiments. To prove this assumption,
NF-KB1 in the presence of 100 mM KCl and 3 eq. of TMPyP4 underwent an annealing
experiment by heating at 95°C for 5 min, and was allowed to cool down to room
temperature. A similar CD pattern (Figure 23a) was observed as compared to that
obtained after the previous melting experiment (Figure 21, 1" row, column ¢, red line).
According to in occurrence of the Aprominent peak around 260 nm during melting
experiment, the melting temperature was determined at 295 nm instead. From the
resulting monophasic melting curve (Figure 23c), the T, value was 61°C, which is 8°C
smaller than that obtained without ligands. These results suggested that TMPyP4 might
have destabilizing effects on NF-KB1 by changing its topology to a less stable

G-quadruplex structure.
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Figure 23 Results obtained from annealing experiments of G-quadruplex structures

adopted by NF-KB1 in the presence of 100 mM KCl and TMPyP4, (a) the CD spectra of
G-quadruplex obtained after annealing with the ligand, (b) the CD spectra obtained at
various temperatures (5-95°C) during T, experiments, and (c) the melting profile

monitored at 295 nm.

Topological changes by NMM after annealing

A weak G-quadruplex binding ligand, NMM, could not display any effects on the
G-quadruplex structures of our interests, except those adopted by Tel22 and CDKN2A in
the presence of 100 mM KCI. In addition, the effects of NMM were consistent with those
of TMPyP4, causing topological changes of these G-quadruplex structures after annealing
process. The obtained results along with the melting plots monitored at 260 nm are

summarized in Figure 24.
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Figure 24 Effects of NMM on the G-quadruplex structures adopted by (a) Tel22, (b)

CDKN2A and (c) NF-KB1 in the presence of 100 mM KCI. The 1* row shows the CD

spectra of G-quadruplex without ligand (blue line) compared with those obtained in the

presence of each ligand before and after T, experiments (green and red lines,

respectively). The 2nd row shows the CD spectra obtained at various temperatures

(5-95°C) during T, experiments. The last row shows the plots of ellipticity at 260 nm as a

function of temperature.
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Figure 25 Results obtained from annealing experiments of G-quadruplex structures
adopted by (a) Tel22 and (b) CDKN2A in the presence of 100 mM KCI and NMM. The 1™
row shows the CD spectra of G-quadruplex obtained after annealing with ligand. The o™
row shows the CD spectra obtained at various temperatures (5-95°C) during Ty
experiments. The 3rd and 4th rows show the melting profiles monitored at 260 and 295

nm, respectively.
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In addition, the G-quadruplex structures adopted by either Tel22 or CDKN2A in the
presence of 100 mM KCl and 3 eq. of NMM were also prepared, then heated at 95°C for
5 min, and slowly cooled down to room temperature. The results shown in Figure 25 were
also consistent with those obtainedv using TMPyP4, indicating that not only TMPyP4, but
also NMM, could cause topological changes of G-quadruplex structures when annealed

by heating.

When the G-quadruplex structures adopted by Tel22 and CDKN2A in the presence of 100
mM KCI were exposed to either TMPyP4 or NMM, a structural change to parallel
G-quadruplex structures was observed, possibly for providing maximum surface area for
ligand interactions. However, in these cases, heating was also required in addition to
presence of ligands. It is possible that those G-quadruplex structures were stabilized by
potassium with high stabilizing power,30 and thus, they were too thermally stable to
rearrange to adopt a suitable topology for ligand binding without heating. The additional
heating step might help loosen the stable G-quadruplex structure, allowing topology
rearrangement to be parallel structures upon the interactions with ligands. For better

understanding, a proposed mechanism is shown in Figure 26.
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Figure 26 Proposed mechanism for structural rearrangement of G-quadruplex structures

caused by ligands, incorporated with heating.

Although both the more potent TMPyP4 and the less potent NMM could cause structural
changes of G-quadruplex structures, the latter required the presence of potassium ions.
This phenomenon is consistent with a previous report by Nicoludis et al.,35 who suggested
that NMM could induce structural changes of the G-quadruplex structures adopted by
telomeric gequence to a parallel topology. In addition, it was mentioned that this effect of
NMM is potassium dependent although the mechanism of how NMM-induced structural

. o S . . 36
rearrangement is specific to the presence of potassium ions remains questionable.

Binding stoichiometries and binding constants of TMPyP4 to the G-quadruplex

structures by UV absorption titration experiments

Among the three studied ligands, TMPyP4 could display the most prominent effect on the
G-quadruplex structures formed by Tel22, CDKN2A, and NF-KB1. Thus, the binding
interactions between TMPyP4 and the formed G-quadruplex structures were examined

using UV-Visible absorption titration.
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Figure 27 UV-Vis absorption titration spectra of TMPyP4 (approximately 3.5 uM) with (a)
Tel22, (b) CDKN2A, and (c) NF-KB1 oligonucleotides in 1XTE (pH 7.4) in the presence of
100 mM KCI.

As shown in Figure 9, free TMPyP4 exhibited the Soret band at 422 nm. FoIIc;wing the
additions of the G-quadruplex structures, red éhiﬁs and successive decreases in the
intensity of the Soret band of free TMPyP4 were observed, the Iatter of which suggested
its decreased concentrations. In addition, to determine the numbers of equivalent binding
sites and the binding affinities of TMPyP4 for those sites, Scatchard analysis was applied.
All Scatchard plots obtained are nonlinear, which may be caused by more than one
binding sites for TMPyP4 in the G-quadruplex structures with unequal association
constants.38 Therefore, the Scatchard analysis with an assumption. that there are two

independent binding sites for TMPyP4 in the G-quadruplex structures was performed.

MRG5480123 52



Subsequently, the plots between r and C, were constructed (Figure 28), yielding
hyperbola curves that could be fitted to obtain the binding parameters (n,, n, K, K,) by
nonlinear regression. The binding stoichiometries (n,, n,) and binding constants (K, K,) of
TMPyP4 to three different G-quadruplex structures are reported in Table 4.

Table3 UV absorption titration parameters for TMPyP4 upon ftitrations with the

G-quadruplex structures formed in the presence of 100 mM KClI.

G-quadruplex [TMPyP4]a [G-quadruplex]b Soret band %Hypochromicityc
structure (uM) (4M) shift (nm)
\ Tel22 3.54 2.35 14 61.07
/ CDKN2A 3.58 2.03 16 64.65
NF-KB1 3.57 212 17 66.80

? Initial concentrations of the free TMPyP4 at the beginning of titrations.

® Final concentration of G-quadruplexes at the end of titrations.

¢ Ep = 88104, 79885, and 75105 M'1 cm'1 for Tel22, CDKN2A, and NF-KB1, respectively.
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Table 4 The binding stoichiometries (ny, ny) and binding constants (Ky, Kz) of TMPyP4
with the G-quadruplexes formed in the presence of 100 mM KCI.

G-quadruplexes n, K, (M") n, K,(M")
Tel22 1.45 3.00x10° 1.95 1.04x10°
CDKN2A 1.76 2.50x10° 1.94 2.16x10°
NF-KB1 1.57 1.14x10" 3.56 2.81x10°

In the presence of 100 mM KCI, Tel22 which is an extensively studied G-rich

oligonucleotide derived from telomeric sequence could adopt a mixed parallel/antiparallel

G-quadruplex structure, as indicated by circular dichroism results and also consistent with

many previous reports.ag"m'41 The UV-Vis absorption titration results between TMPyP4 and

this hybrid G-quadruplex showed 14 nm red shift and 61% hypochromicity. Two different

binding sites with the higher and lower affinities were evaluated by the Scatchard analysis

to give the n values of 1.45 (n,) and 1.95 (n,) with association constants of 3.00x1 o’ M’

(K,) and 1.04x1 o°m’ (K,), respectively.
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Figure 29 UV-Vis absorption titration results of TMPyP4 with Tel22 in the presence of

150 mM KCI (a) UV-Vis absorption titration spectra, (b) Scatchard plot (r/Cs versus Ci), (c)

plot of r versus Cy, and (d) UV-vis absorption parameters.

Based on our results at two different concentrations of KCI, the overall binding

stoichiometries were comparable, whereas both binding constants in the case of 100 mM

KC! were clearly higher. These observations were consistent with the report by Zhang et

al., who suggested that the increase in potassium concentration could reduce the binding

affinity of TMPyP4 to G-quadruplex s’(ructure.42
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The G-quadruplex structures adopted by CDKN2A and NF-KB1 produced larger red shifts
and greater degrees of hypochromicities associated with the Soret band of TMPyP4 (422
nm) as compared with the values for Tel 22, which may result from different binding
modes of TMPyP4 to these two G-quadruplex structures. The red shifts of 16 and 17 nm,
accompanied by the %hypochromicity of 65% and 67% were produced by CDKN2A and
NF-KB1 G-quadruplex structures, respectively. As described above, an intercalative
binding mode exhibits at least 15 nm in red shift and at least 35% in %hypochromicity.43
However, according to the report by Neidle et al., intercalation is clearly not the binding
mode of TMPyP4 with G-quadruplex structures, as indicated by crystallographic studies.44
In contrast, end-stacking of TMPyP4 on top of G-tetrads has been proposed by Phan et
al. based on NMR studies.45 In addition, external binding of TMPyP4 onto bases of the
loops has been observed in the crystal structure of TMPyP4-quadruplex complex, as
reported by Neidle et al.™ Wei et al. have suggested the same two plausible binding
modes of TMPyP4 to G-quadruplex structures with higher and lower binding affinities for

end stacking and external binding modes, respectively.”

As a result, we proposed two plausible modes of TMPyP4 to in two G-quadruplex
structures of our interest, including end stacking and external binding. The Scatchard
showed two types of nonequivalent and independent binding sites with the higher and
lower affinities, as indicated by the stronger (K,) and weaker (K;) binding constants,
representing end-stacking and external binding modes, respectively. Although the binding
parameters obtained in the cases of Tel22 and CDKN2A appeared comparable, they
were quite different from the values for NF-KB1. These observations may arise from the

different numbers of nucleotides in the loop regions. As mentioned earlier, NF-KB1 has a
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propensity to form a three-tetrad G-quadruplex structure containing long three loops
(range from 3 to 9 nucleotides), whereas the G-quadruplex structure adopted by CDKN2A
contains 5, 2, and 3 nucleotide loops. The higher stoichiometry for external binding (ny)
obtained for NF-KB1 may result from the longer loops present in the formed

G-quadruplex structure.

Effect of pH and potassium salt on a potential competition between duplex- and

G-quadruplex or i-motif formation

In this study, the competition between duplex- and either G-quadruplex or i-motif
formations within the promoter region of CDKN2A was investigated by applying various
conditions, such as addiﬂon of KC! and/or decreasing the pH, to étimulate structural
conversion of duplex to other structures, which was then monitored by CD spectroscopy,

as shown in Figure 30.

At pH 7.4 and in the absence of salts, the two complementary strands of CDKN2A could
form a B-form duplex, as indicated by the CD spectrum (Figure 30a) with two
characteristic peaks, including a positive long wavelength band around 260-280 nm and a
negative band around 245 nm.* Individual G-rich and C-rich strands could not adopt any

structures under this condition (Figure 30a).

In the presence of 100 mM KCI, the G-rich strand of CDKN2A could adopt a mixed
parallel/antiparallel G-quadruplex structure (Figure 30b). In contrast, the two
complementary strands remained in B-form duplex conformation, and were not at all

affected by the presence of 100 mM KCI.
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Figure 30 CD spectra of G-rich CDKN2A, C-rich CDKN2A, and the mixture of two

complementary strands of CDKN2A under the specified conditions.

“To investigate the effects of i-motif formation on the disruption of duplex structures,
double-stranded CDKN2A was incubated at pH 4.1 in the absence of salts. The resulting
CD spectrum (Figure 30c) showed dramatic changes when compared to those of the
B-form conformation. The characteristic broad positive band around 260-280 nm of the
B-form conformation became split into two positive peaks with diminished intensity around
260 nm and increased intensity around 280 nm. The arisen peak at 280 nm coincided
with that observed with C-rich CDKN2A (Figure 30c, red line). Therefore, this dramatic

change in the CD spectrum of double-stranded CDKN2A implied the conversion of the
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G-rich strand in the duplex to an i-motif structure. To further confirm this speculation, the
melting temperatures of various structures under these conditions were determined, and
the results are shown in Figure 31. As compared with the melting curve of duplex
CDKN2A at pH 7.4 without salts (Figure 31a), which was obviously monophasic with a
melting temperature of 50°C, the double-stranded CDKN2A in the absence of salts at pH
4.1 showed a totally different melting profile (Figure 31b), confirming that duplex CDKN2A
could be converted to other structures at a lower pH. Unfortunately, since the melting
curve exhibited an unclear pattern, it could not be used to predict a precise meting
temperature value. However, the arisen structure might be a mixture of the C-rich strand

with an i-motif structure and an unstructured G-rich strand, based on the CD data.

Ultimately, 100 mM KCI at pH 4.1 was used to induce structural conversion. The resulting
CD spectrum of double-stranded CDKN2A also showed a dramatic change, consisting of
a broad positive peak around 290 nm accompanied by a positive shoulder near 260 nm.
The arisen structure of double-stranded CDKN2A under this condition could be a mixture
of an i-motif structure adopted by the C-rich strand and a G-quadruplex structure adopted
by the G-rich strand. Thus, to prove this assumption, a melting experiment was also
constructed. As shown in Figure 31¢, the melting curve produced by the double-stranded
CDKNZ2A in the presence of 100 mM KCI at pH 4.1 obviously exhibited a biphasic pattern
with two melting temperatures of 24 and 63°C, which are consistent with the T, values of
the i-motif adopted by C-rich CDKN2A (Figure 31e) and the G-quadruplex structure
adopted by G-rich CDKN2A (Figure 31d), respectively. Thus, upon lowering the pH to 4.1
in the presence of 100 mM KCI, duplex CDKN2A was converted to i-motif and

G-quadruplex structures. As described above, the presence of 100 mM KCIl alone could
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not induce structural conversion of duplex CDKN2A. In contrast, duplex CDKN2A could
be converted to other structures by lowering the pH to 4.1, either with or without 100 mM
KCI. Therefore, a plausible mechanism of such induction is that upon lowering the pH, the
C-rich strand in the duplex was first converted to an i-motif structure, allowing the G-rich
complementary strand to either remain as single-stranded in the absence of salts or form

a G-quadruplex structure when .induced by 100 mM KCL.
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Figure 31 Melting curves of (a) B-form duplex adopted by two complementary strands of
CDKN2A in 1XTE (pH 7.4) in the absence of salts, (b) double-stranded CDKN2A in the
absence of salts at pH 4.1, (c) double-stranded CDKN2A in the presence of 100 mM KCI
at pH 4.1, (d) G-quadruplex structure adopted by G-rich CDKN2A in the presence of 100
mM KC! at pH 4.1, and (e) i-motif structure adopted by C-rich CDKN2A in the absence of
salts at pH 4.1.
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Conclusion

Herein, we demonstrate that the G-rich sequences in the promoter regions of CDKN2A
tumor suppressor gene and NF-KB1 proto-oncogene have ability to form stable mixed
parallel/antiparallel G-quadruplex structures, as indicated by CD spectroscopy and melting
experiments. In addition, a mixed parallel/antiparallel G-quadruplex structure adopted by
CDKN2A in the presence of KCl is further characterized by DMS footprinting experiments
to reveal that this G-quadruplex structure is comprised of five-base, two-base, and.three-
base loops. Moreover, the plausible topologies of the mixed parallel/antiparallel
G-quadruplex structures are proposed. The stable G-quadruplex structures form within the
promoter regions of either NF-KB1 proto-oncogene or CDKN2A tumor suppressor gene

may play an important biological role in gene regulation by inhibiting their expression.

Therapeutically, stabilization of the formed G-quadrupléx structures by small molecules
would be beneficial in the case of NF-KB1 proto-oncogene to inhibit gene expression,
whereas unwinding of those structures would be required in the case of CDKN2A tumor
suppressor gene to enhance its expression. Thus, the effects of ligands on these
G-quadruplex structures are investigated. We show that two G-quadruplex interacting
agents, TMPyP4 and NMM displayed various effects, including induction, destabilization,
topological change, on the G-quadruplex structures. In addition, UV-Vis titration
experiments use to determine binding parameters (stoichiometry and binding constants)
for the interactions between TMPyP4 and the G-quadruplex structures. The results for
CDKN2A reveal stoichiometry constants of 1.76 and 1.94 with the apparent binding

affinity constants of 2.50 x109 and 2.16x106 M'1, whereas the values for NF-KB1 were
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1.57 and 3.56 with the apparent binding affinity constants of 1.14x1 0" and 2.81x‘l06 M'1.
Ultimately, the competition experiments between duplex- and G-quadruplex or i-motif
formation of .CDKN2A gene suggested that G-quadruplex formation could present under
certain conditions, even in the presence of the C-rich complementary strand, which can

hybridize with the G-rich strand to form a stable Watson-Crick double helix.

Interestingly, both of the genes focused in this study could adopt mixed
parallel/antiparallel G-quadruplex structures with different types of loops compared with
those suggested in the literature. For further information, the solution structure of
G-quadruplex may be determined to elucidate these loops could result in the formation of
mixed parallel/antiparallel G-quadruplex structures. In addition, to design small molecules
with high affinity and selectivity to the G-quadruplex structures, the insights on their
topologies are essential. Therefore, as a further step, the G-quadruplex structures formed
within the promoter regions of both genes should undergo thorough topological
characterization of their solution structures by NMR spectroscopy and crystal structures

by crystallography.
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In our study, we demonstrate that the G-rich sequences in the promoter regions of
CDKN2A tumor suppressor gene and NF-KB1 proto-oncogene have ability to form stable
mixed parallel/antiparallel G-quadruplex structures. The mixed parallel/antiparallel
G-quadruplex structure from CDKNZ2A is comprised of five-base, two-base, and three-
base loops adopted by CDKN2A in the presence of KCIl. The stable G-quadruplex
structures form within the promoter regions of either NF-KB1 proto-oncogene or CDKNZ2A

tumor suppressor gene may play an important biological role in gene regulation.

Moreover, we show that two G-quadruplex interacting agents, TMPyP4 and NMM
displayed various effects, including induction, destabilization, topological change, on the
G-quadruplex structures. The resuits for CDKN2A reveal stoichiometry constants of 1.76
and 1.94 with the apparent binding affinity constants of 2.50 x10° and 2.16x‘l06 M'1,
whereas the values for NF-KB1 were 1.57 and 3.56 with the apparent binding affinity
constants of 1.14x1 0" and 2.81x106 M“1. Ultimately, the competition experiments between
duplex- and G-quadruplex or i-motif formation of CDKN2A gene suggested that
G-quadruplex formation could present under certain conditions, even in the presence of
the C-rich complementary strand, which can hybridize with the G-rich strand to form a

stable Watson-Crick double helix.

MRG5480123 72



Appendix

o
-
-

-

R

The 7" Princess Chulabhorn International Science Congress

CANCER FROMBASIC RESEARCH TO CURE

PROGRAM AND ABSTRACTS

November 29 - December 3, 2012

Shangri-La Hotel, Bangkok, Thailand

Organized by
Chulabhorn Research Institute

MRG5480123

73




S

The 7" Princess Chulabhorn International Science Congress

CANCER: FROM BASIC RESEARCH TO CURE

November 29 - December 3, 2012
Shangri-La Hotel, Bangkok, Thailand

Published by: Ink On Paper Company Lintited, Bangkok, Thailand

ISBN: 978-974-7408-17-1

Copyright © 2012 by Chulabhorn Research Institute
All rights reserved.

MRG5480123 74



MRG5480123

SCIENTIFIC PROGRAM

75



| OPENING SESSION |

Thursday, November 29, 2012

OPENING CEREMONY

Time “ o Grand Ballroom, Shangri-Lu Hotel
15:45 - Guests to be seated in the Ballroom
16:00 - Asrival of Professer Dr. HRH Princess Chulabhorn

- Video presentalion in honor of the celebrations of 84 years of the birth of
His Majesty King Bhumibol and 80 years of the birth of Her Majesty Quean Sirikit

1810 - Report by Or. Khunying Mathuros Ruchirawat,
Sacretary General of the National Organizing Committee

16:15 - Opening address by Professor Dr. HRH Pnncass Chutabhom
16:20 - Keynote address Abstract No.
“Environment and life-style factors contributing to cancer incidence in Asia® KA

by Professor Dr. HRH Princess Chulabhorn.

Intraduced by Professor Gerald M. Wogan

16
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NTIFIC PROGRAM
SUMMARY

Frida A wambvr 30, 2012

Time Ballroom L 11 111
= stract No.
AILAND) and Witrot RH (U -
he genormlc era arrives .
__ Bishop, JM (Nabellaureate US A)
PLENARY LECTURES;

G345 | Plenary Lecture {; Mdecular epidemiclogy: Cancer eliology and prevention PLA

Wi, C.P (ARG, FRANCE}
130 | Planary Leeturs 2 Envirc tal giid secupational deter of canger Pl

interventions for primaery preveption

Heira: MR (WHO, GENEVA)
45 | Plenary Lecture 3: Public heaith aspects of cancer PL-3

Planbangehang. §. (WHO, SEARO)
1200 LU NG H

POSTER PRESENTATION:
PA-O1 o PC-12
Display: November 30, 09:00 to December 1, 14:00
Discussion Novemtbier 30 and December 1, 12:30-14:00

14:00 |1SYMPOSIUM I:

| SYMPOSIUM I
Cancer Btiology, __\Approaches to Early
Mechanisms and _ Detection and
Eplgenetics _ |Diagnosis
IChaispersons: Chairperzons:

Trosko, LE (UB.AY
Hongkolsuk, 5. (THAILAND}

Abstract No,

Dionrisnt blood sterm celis: 84
and ¢itculating cancer
stem cells

Trumpp, A; (GERMANY)

Gaspoyne, PR.CUSA)

Frank, N (GERMANY)

| Abstract No,
Antibody-indépendent 812

_ {isolation-of cliciisting cancer

| :cells by dielectiophoretic

| fractionation

Gascoyng, PAC (LLSA)

Modulation i adult stem &
cellsin vlsro by deland
envirohmental chiemicals
alters risks tocancer later
mlifes A possibie mechanism
of the Barker hypdthesis
Trasko, JE. (USA)

| Albumin-drug conjugatess 543
“Magic bullelg™ i cancer
8| therapy and diagncsis
Frel, E. (GERMANY}

| ADPET-CT for tumor §14

| disgnostics shid therapy
Eplgenstics and canear. B 1 e A e ap ot
Hew oppértunities and to gain nonivasively molscular
shallenges bicdogical datd in patients

Herceg: 2. (ARG, FIRANCE) Swrarss, LG (GERMANY)
Grengpitic ingtability and. 84T
gene cegulalion mechanisms |
in: éis of DHAhiypomethyiation
in human cancer .
Mutrangura; A (THAILAND)

Searching fof novel 845
anli-cancer agends and
biormarkers using tancer

cell fines

© Svast, J (THAILAND)

DL (UKJ

infe mironmental 541
Proletsric analyses oflhe 8-8] oy Detection and evaliation. S-15a
oore el cyole machinery in . W | of DHA damage i varicus
Htfman cancer cells - - cecupations exposed (o
Skeinskl PO{LSA) . . different chemicals in Turkey
Sardag. S, (TURKEY)
17
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PROGRAM SUMMARY

Salurday, December 1, 2012

FPLENARY LECTURES: Abstract No,
Chalrpersonst Wogan, G.N. {U.5 A ) and Ruchirawal, M. (THALAND)

ousan | Pleiary Lecture 4; Récognition of Yoreign’ antigens by tha immune systen PL-4
Wilsan, LA (/.S A '

asn 1 Plenary Lechire 57 Infarnmation and cancer Intey ing s free radicals, cylokine and pS3 pathways PL-S
Harris, G0 SA)

y:4n | Plenary Lecture 6 Understanding eaty ife suposures in childhood snd sdult cancers PL-6

g Suk, WAUSA) :

SYMPOSIUM V:
Fetal Orlgins of Cancer
Chairpersons:

Buffer, P.A (US.A)

Suk, WA (USA)

Abstract No: |

Early life exposures and childhood $21
cancer: Epidemiciogic observations
Biter, PA: (US.A)

Turnor. genstic, epigenelic and
immung cues of the felalongio of
chifdhood teukenia

Wiernets, JL (LS A)

Humans under doubls altack 523

Gut microbicta composition, and pesinatal

fuctisations in body burdens of

envirorimental toxicants, are both

exposures that nesd more consideration
Eogestis, M. (HORWAY})

Mewbomns and genoloxic risks: 524
A summary of the NewGeneris project
Kizinians, J. (THE NETHERLANDS)

18
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PROGRAM SUMMARY

PLENARY LECTURES:
Chalrpersonal Groophan, 4. (USAYand Svasti, . (THAILAND)

oan0 | Plenary Lecture 7. Mew medicings for cancer arising from surprsing few bidogy

Schimmel, P (USA)

ga:50 | Plenaiy Leclure 8:. Thie role of cbesily, pliysical activity and metabolic factors i cancer aeticlogy

Hibol, E:(UK)

{o4n ] Plenaiy Leclure 9: Mdleculsr targets for cancer chemoprevention

Steels, VE (US.A)

Drug Discoverles
Chalrpersonst
Siegsl, J. (SWITZERLAND)
Ruchiawat, 5 (THAILAND)

Abstract No;

patural prodacts from multiple 838
sources us leads to anlicancer drugs
Newman, D.J (/.S A)

Seaweed fucdidans - A platform
for new drug discovery
Nifantiev, NE. (RUSSIA)

Peptidomimetics, proten-protein
interactions, and tumixr targeting
Burgess, K. {US.A)

Recent advances It the chemistry 541
sl Bidlogy of bloactive natiral products .
Chen, D, (SOUTH KORER)

Gliysorics as key targels for B4Z 1
therapeutic intervention
Striver, Z.H. (U8A)
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PROGRAM SUMMARY

Mounday, December 3, 2012

Cccupational Orlgins of Cancer

Moderators:
Mehirman, MA. (U.S.A)
Soffith, M. (TALY)
Abstract No,|

The IARC monographs programme; . §-53
Recent evaluations ol accupationsl and
enaronirental carcinogens

Skaif. K. (1ARC, FRANCE)

Cancer prevention: and contrdl in
filgh risk populations
Ringen. K: (U.SA}

The: carciiogenicity of aspartame 555
’ administered with the feed torats and
mice for tha life span

Soffrith, M. (ITALY)

Chromosome 5 and 7 abnomalities in* $-56
ancology personnel handing ant-cancer
drugs.

McDiarmid, M. (US.A)

Salivary biomarkers of environmental - 8-57
cancar
Koh, D.5.Q. (BRUNEI DARUSSALAM)

Chramosoms damage and the §-58
damage repalr ¢capacity in Chinese
VCM-exposed workers

Xiat, 2+ (PR CHINA)Y

12.00 e L UNH CH

 Bolbreom 0 01

|
|
g
|
|
|
E
|

13430 | CLOSING SESSION:
“ | Challenges and Opportunities: Cancer Treatment from Bench to Bedside
Moderator: Susisekharan, R.(USA]
Panelists: «. Rosenblatt, M.(USA)
» - Roychoewdnhury, D. (U.S.A)
o Kania; EM (ULSA)

) CLOSING CEREMONY Abstract No.
§ 15:30 | Closing Lecture:. Future practice of medicine cL
Ausielio, DA (ULSA)
16:45 |-« Bigning of Callaboration A bet Chulabhom R hinstifite and Center for Cancer Ressarch, Natlonal
Cancer Institule, U.S.A <" Thalfand's initlative in ics and Exp fon R i for. Liver Cancer (TIGER-LC)™

16:25 '] - & Prasentation of the Princess Chulabhorn Gold Medal Award
16:40 1 % Closing Remarks by Prolessor Dr, HRH Princess Chulabhorm

20
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POSTER SESSHONS - Princess Congress VI

PG-23

G-QUADRUPLEX MOTIF WITHIN THE PROMOTER REGION OF CDKN2ZA
TUMOR SUPPRESSOR GENE

Parichart Kedkum',Montakarn Chittchang'?, Bodin Tuesuwan’

Chemical Biology Program, Chulabhorn Graduate Institute, and the Center of Excellence on Environment
Heutth and Toxicolagy under the Science & Technology Postgraduate Education and Research Developmeni
Office (PERDQO) of the Commission an Higher Education (CHE), Ministry of Education, Bangkok, Thailand,
!Laboratory of Medicinal Chemistry, Chulabliorn Research Institute, Bangkok, Thailand, *Department of
Food and Pharmaceutical Chemistry, Faculty of Pharmaceutical Sciences, Chulalongkorn Universily,
Bangkok, Thailand

The promoter region of CDKNZA tumor suppressor gene contains a guanine (G)-rich sequence (5-
GGGCAGCTE CGAGGG GAATGG G-3') with high propensity to form G-quadruplex structures, which may play
an important biological role in géne regulation and expression. Thus, G-quadruplex motif within the promoter
region of this gene may represent a potential target for ‘anti-cancer drug design.To provide the evidence for
the formation of G-quadruplex structures, circular dichroism (CD) spectroscopy and melting experiments
were conducted to demonstrate the formation of a stable mixed parallel/antiparallel G-quadruplex structure.
Moreover, the G-quadruplex structure adopted in the presence of 100 mM KCl was further characterized by
DMS footprinting experiments to reveal a G-quadruplex structure containing three tetrads. In addition, the
competition experiments between duplex and G-quadruplex or i-motif formation suggested that G-quadruplex
structures could be formed under specified conditions, even in the presence of the C-rich complementary
strand.Ultimately, various distinct effects, including induction, destabilization, and topological change, were
observed with 5,10,15,20-tetrakis(N-methylpyridinium-4-yl}-21H,23H-porphyrin  (TMPyP4) and N-methyl
mesoporphyrin (NMM) by using CD spectroscopy. These results provide the evidence for G-quadruplex
formation within the promoter region of CDKN2A tumor suppressor gene in vitro, which could potentially play a
role as a transcriptional regulator of this gene, and could also be manipulated by small molecules.

PG-24

SEMI-SYNTHESIS AND CYTOTOXIC ACTIVITY OF 14-DEOXY-12-
HYDROXY-ANDROGRAPHOLIDE DERIVATIVES

Sakkasem Kasemsook', Uthaiwan Sirion?, Kanoknetr Suksen’, Pawinee Piyachaturawat’, Apichart

{Departiment of Chemistry and Center for lnnovation in Chemistry, Faculty of Science, Burapha Uioersity,
Chonburi 20131, Thailand, *Department of Physiology, Mahidol University, Bangkok 10400, ‘Thailand,
sDepartment of Chemistry, Faculty of Science, Ramkhamiweng University, Banghok 10240, Thailand

Andrographolide is a major component isolated from Andrographis paniculata and has been shown to exhitita
wide range of pharmacological activities including anticancer activity. In the present study, a series of 14-deoxy-
12-hydroxy-andrographolide derivatives has been synthesized from naturally occurring andrographolide by
rearrangement reaction with PDC followed by madification of three hydroxyl groups. Fifteen andrographolide
derivatives were oblained in good yields and the cylotoxicity of all analogues was evaluated against six
cancer cell lines. The resuits revealed that the conversion of hydroxy! group at C-19 of 14-deaxy-12-hydraxy-
andrographolide to trityl- or silyl-ether enhanced the cytotoxic activity. These synthetic compounds. were
found to potent against ASK cancer cell than the reference drug elfipticin and could be simply obtained uniler
mild condition. These new synthelic compounds may serve as a potential leads for the development of new
anticancer drugs.
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