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Abstract

In its simplest form, a DNA G-quadruplex is a four-stranded DNA structure that is composed of
stacked guanine tetrads. G-quadruplex-forming sequences have been identified in eukaryotic
telomeres, as well as in non-telomeric genomic regions, such as gene promoters, recombination sites,
and DNA tandem repeats. Of particular interest are the G-quadruplex structures that form in gene
promoter regions, which have emerged as potential targets for anticancer drug development.
Evidence for the formation of G-quadruplex structures in living cells continues to grow. In this
review, we examine recent studies on intramolecular G-quadruplex structures that form in the
promoter regions of some human genes in living cells and discuss the biological implications of these
structures. The identification of G-quadruplex structures in promoter regions provides us with new
insights into the fundamental aspects of G-quadruplex topology and DNA sequence-structure
relationships. Progress in G-quadruplex structural studies and the validation of the biological role of
these structures in cells will further encourage the development of small molecules that target these
structures to specifically modulate gene transcription.

1. Introduction

1.1. Beyond B-form duplex DNA

Since Watson and Crick proposed the double helix model as the basis for DNA replication
[1], extensive studies have been carried out to determine a more complete picture of the DNA
structure in cells. It is believed that the great majority of DNA is present as a B-form duplex
helix, which is built up of Watson-Crick base pairs between two complementary DNA strands
in cells [1]. Nevertheless, there are exceptions to this uniformity, because duplex DNA may
transiently form alternative DNA secondary structures within certain sequences, fueled by
dynamic molecular events. A number of non-B-form DNA secondary structures have been
identified, which include left-handed DNA (Z-DNA), triplexes (H-DNA and sticky DNA),
cruciforms, slipped hairpins, G-quadruplexes (G-tetraplexes), and i-motifs (i-tetraplexes) [2—
6]. The dynamic polymorphism of DNA conformation is determined by DNA sequence,
topology due to DNA supercoiling, ions, DNA binding proteins, and other modifications on
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DNA [7]. Publication of the complete draft of the human genome sequence provided a useful
map with which to explore the occurrence and frequency of unusual DNA secondary structures
[8-10]. One surprising conclusion from these studies is that only 1-2% of the human genome
(~20,000-25,000 genes) codes for proteins. This raises the question of the function of the
remaining 98% of non-coding genomic DNA [11,12]. Bioinformatic studies on the human
genome indicate that guanine-rich (G-rich) and cytosine-rich (C-rich) regions of chromosomes,
including rDNA, single-copy genes (promoter and coding region), recombination sites, and
repetitive sequences (satellite and telomeric DNA sequences), have the potential to form G-
quadruplex structures [13-17].

1.2. DNA G-quadruplex structures

DNA G-quadruplex structures have received increased attention since the pioneering studies
in the late 1980s from the Blackburn and Cech groups, showing that G-quadruplexes are
capable of being formed from telomeric DNA and might be biologically relevant [18,19]. A
G-quadruplex is a DNA secondary structure that consists of multiple vertically stacked guanine
tetrads. Hoogsteen hydrogen bonds between the N1, N7, O6, and N2 guanine bases associate
each of the four guanines to form a planar G-tetrad [20,21]. The involvement of N7 of guanine
in the Hoogsteen base-pairing of a G-tetrad protects the site from chemical modification, such
as methylation by dimethyl sulfate (DMS) [22]. This unique feature makes it possible to
distinguish a G-quadruplex structure from single-stranded or B-form duplex DNA by DMS
footprinting. G-quadruplexes can differ in their strand stoichiometry, strand orientation, and
loop arrangement. The basic building block, the G-tetrad, and an example of a parallel G-
quadruplex structure are shown in Figure 1. Numerous studies on G-quadruplex structure and
function have been reported, including some excellent reviews [23-29].

G-quadruplexes exhibit a remarkable dependency on alkali cations for their formation and
stabilization. K* and Na* effectively bind to and stabilize many G-quadruplex structures
[30]. In general, K* is more potent than Na* in binding to G-quadruplexes due to the better
coordination of K* with the eight carbonyl oxygen atoms present in the adjacent stacked tetrads
[30-32]. However, the same DNA oligomer may form a different G-quadruplex species in the
presence of K* or Na*. Since K* and Na* are the prevalent alkali ions in cells, and the
intracellular concentration of K* is about 140 mM, while that of Na* is about 5-15 mM [33,
34], physiological conditions are favorable for the formation of a G-quadruplex.

Most of the published studies on G-quadruplexes have been carried out using synthetic
oligomers, restriction fragments, or recombinant plasmids in a cell-free system. It has been
particularly difficult to obtain convincing evidence of the existence of G-quadruplex structures
in vitro by investigating these tiny segments of DNA chromosomes in the intact cell. However,
studies have shown that G-quadruplexes do indeed have biological relevance and functional
roles in living cells. Evidence for the formation of DNA/RNA G-quadruplexes in cells has
been published in the past decade. One compelling piece of evidence comes from a study of
the high-affinity antibody specific for the G-quadruplex formed by Stylonychia telomeric DNA
[35]. The identification of proteins specific for G-quadruplex DNA, including MyoD, the
tetrahymena G-quadruplex binding protein, and other telomeric proteins, provides further
evidence for the existence of G-quadruplex DNA in cells [28,29,36-39]. The properties and
biological roles of Gquadruplex-interactive proteins have been fully discussed in Michael Fry’s
review [40]. Recent publications demonstrating the high density of putative G-quadruplex-
forming regions in genomic regions adjacent to transcriptional start sites also support the
biological significance of these structures [13—-17]. Studies from our group have shown that a
G-quadruplex can be formed within the promoter region of c-MYC and stabilized by a small
molecule in living cells, which results in transcriptional repression of c-MYC [41-44]. It is
now believed that certain GC-rich regions of gene promoters can transiently unwind and form
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single-stranded DNA conformations in superhelical conditions [45]. Notably, the guanine
tracts of a G-rich strand can form G-quadruplex structures, and the cytosine tracts in the
complementary strand may either form i-motif structures or remain as a single-stranded DNA
loop.

In this review, we will summarize recently published contributions on the occurrence of G-
quadruplex structures in the promoter regions of some important genes and their implications
in the regulation of gene transcription.

2. Formation of intramolecular G-quadruplexes within promoter regions

G-quadruplex-forming motifs have been found in the promoter regions of a number of human
genes, including the important protooncogenes c-MY C [41-44], VEGF [45], HIF-10 [46], Ret
[47], KRAS [48], Bcl-2 [49,50], c-Kit [51-55], PDGF-A [56], and c-Myb [57], as well as a
list of genes discussed in references 17,41, and 58. Genes such as Rb [59-62], in which the G-
quadruplex is in the 5'-coding region, have not been included. These polypurine/
polypyrimidine motifs are located in the GC-rich regions of promoters and contain four or
more runs of two or more contiguous guanines in the G-rich strand. The GC-rich region in the
proximal region of these promoters is usually hypersensitive to nucleases and may form an
altered structure with a single-stranded character, which is often a feature of transcriptionally
active genes [45]. Compelling data show that intramolecular G-quadruplexes form within the
promoter regions of some genes and play a critical role in transcriptional regulation (see later).
G-quadruplexes that form in the promoter region of oncogenes have recently emerged as
promising targets for the development of anticancer drugs [42]. It has been reported that the
G-rich DNA sequences derived from the polypurine/polypyrimidine regions of the c-MYC,
VEGF, HIF-1a, Ret, Bcl-2, c-Kit, and KRAS promoters form three-tetrad G-quadruplex
structures in vitro [41-55], while PDGF-A and c-Myb form different types of G-quadruplex
structures [56,57].

Here we will summarize some examples of intramolecular G-quadruplex structures that form
in these promoter regions and, in some cases, their proposed biological roles in the control of
gene transcription. Examples of intermolecular G-quadruplexes, most notably in the MyoD
promoter [63], have also been documented and readers are referred to a recent review for a
description of these structures and their biological significance [64].

3. Formation of three-tetrad G-quadruplexes in gene promoters

The formation of three-tetrad G-quadruplex structures in the polypurine/polypyrimidine
regions of the c-MYC, VEGF, HIF-1q, Ret, c-Kit, KRAS, and Bcl-2 promoters has been
observed in cell-free systems (Figure 2A). Notably, comparison of the G-quadruplex-forming
motifs among these genes reveals an apparent sequence similarity. These unique DNA motifs
provide a general transcriptional regulation mechanism involving interconversion between a
G-quadruplex, unwound single-stranded DNA, and duplex DNA. One remarkable
characteristic of these polypurine/polypyrimidine sequences is that the 35-end of each sequence
is composed of an identical motif (G3N1G3), which is capable of forming a single-nucleotide
double-chain-reversal loop (Figure 2B). It is proposed that this G3N;G3 motif is evolutionally
selected to serve as a core-stabilizing G-quadruplex face around which to assemble the different
intramolecular G-quadruplex structures. The middle loop, which bridges the second and third
G-tracts (3'-5"), is a larger loop, containing between 2 and 9 nucleotides. The sequence of the
loop at the 5'-end of the structure contains slightly more variation than the 3'-end loop, but in
the majority of cases so far investigated, the 5’-end loop is composed of a single nucleotide.
The size of this variant 5’-end loop plays a critical role in determining the loop folding and
strand orientations of G-quadruplex structures in the different promoters. We thus propose that
the general motif G3N1G3N2_gG3N1G3 (Bcl-2 being an exception) (where N represents the
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nucleotide(s) located in the G-quadruplex loop regions) is a common indicator for the potential
of a G-rich DNA oligomer to form a three-tetrad intramolecular G-quadruplex with 3'- and 5'-
end single-nucleotide double-chain reversal loops and a larger central loop. A second c-Kit G-
quadruplex-forming region (c-Kit87up) also contains a 5’-end G3N;,G3 motif and forms a
intramolecular parallel G-quadruplex, but its folding pattern is more complex than that
described here (see later) [53]. The importance of a single-nucleotide loop on the
thermodynamic stability and topology of intramolecular G-quadruplexes has been noted
previously by us [44,47,49], the Ebbinghaus group [46], and others, including the Fox group
[65] and the Balasubramanian group [66]. In the latter study, UV melting and CD studies
showed that G-quadruplexes containing two single-nucleotide loops are constrained to form a
parallel double-chain reversal structure [66]. For a G-quadruplex-forming sequence with a
combined loop length of five nucleotides, G-quadruplexes containing two single-nucleotide
loops are more stable than G-quadruplexes with only one single-nucleotide loop [66].

3.1. G-quadruplexes formed in the c-MYC promoter

c-MYC is an important oncoprotein and transcription factor and plays an essential role in cell
proliferation and induction of apoptosis [67,68]. Overexpression of c-MYC is associated with
a significant number of human malignancies, including breast, colon, cervix, and small-cell
lung cancers, osteosarcomas, glioblastomas, and myeloid leukemias [69-73]. c-MYC
transcription is under the complex control of multiple promoters. The nuclease hypersensitivity
element 111y (NHE 111) in the proximal region of the c-MYC promoter (—142 to —115 base
pairs) controls 80-90% of the total transcriptional activity of this gene [74—78]. The 27-base-
pair core sequence of the wild-type c-Myc NHE 114 (c-MYC Pu27-mer) has an unusual strand
asymmetry: the coding strand is a homopyrimidine tract and the noncoding strand is a
homopurine tract. The sequence of the G-rich strand of c-MYC Pu27-mer is shown in Figure
3A. The sensitivity of NHE 1111 to S1 nuclease, together with selective blocking of c-MYC
transcription by a G-rich DNA oligomer, which can invade the NHE 1111 duplex DNA, suggests
that the NHE 1114 is involved in a slow equilibrium between a typical duplex helix structure
and an unwound non-B-form DNA structure [77-79]. Earlier studies on the atypical structure
of the c-MYC NHE 111, led to a hypothetical model wherein the NHE I11; might adopt a tandem
H-DNA structure that involves two intramolecular pyrimidine-purine-pyrimidine triplexes
[80]. It was speculated that special transcription factors could activate c-MYC expression by
recognizing and stabilizing the H-DNA conformation of the NHE 111,. However, the formation
of pyrimidine-purine-pyrimidine triplexes requires low pH, so this is unlikely to occur in living
cells. There is no evidence to prove the existence or determine the biological function of H-
DNA in the c-MYC promoter in cells. The observation that there are five consecutive G-tracts
in the c-MYC Pu27-mer led to the realization that this strand can adopt an intramolecular G-
quadruplex structure. Earlier studies from the Simonsson group showed that this G-rich strand
can readily form a G-quadruplex structure under physiological conditions and that the
formation of this structure is K* dependent [81]. It was also postulated that the C-rich strand
of the c-MYC NHE I11; might adopt an i-motif structure (see later) [82,83]. Although the
formation of an i-motif structure requires acidic conditions, which makes their physiological
relevance less compelling, we speculate that they may form in vitro under the driving force of
negative superhelicity and/or G-quadruplex formation in the complementary strand, and there
is some evidence for this in the VEGF promoter [45].

Considerable efforts have been made to determine the biological role of the putative G-
quadruplex structures in the c-MYC Pu27-mer in vitro. By extending our previous studies on
the mechanistic basis of the effects of the G-quadruplex-interactive agent TMPyP4 on
telomerase activity, we were fortuitously able to collect the first direct evidence of the
formation of a G-quadruplex structure in the c-MYC Pu27-mer and its function as a silencer
element to regulate c-MYC expression in cells [41]. We have previously shown that TMPyP4
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can inhibit telomerase in both a cell-free system and living cells [84,85]. Subsequently, acDNA
microarray was performed to compare the gene expression profiles in HeLa cells after treatment
with TMPyP4 and its positional isomer TMPyP2 [86]. (TMPyP2 lacks the ability to bind to
the G-quadruplex structure because of the restricted rotation around the meso bonds in this
molecule [87].) Most intriguingly, our data showed that TMPyP4, but not TMPyP2, can
specifically downregulate c-MY C expression, as well as several genes downstream of c-MYC
[86]. We also confirmed that TMPyP4 decreases c-MYC expression at the RNA and protein
levels in MIA PaCa-2 and HeLa S cells [86]. This suggests that the unique effects of TMPyP4
on c-MYC expression may be mediated through interaction with a G-quadruplex structure
formed in the c-MYC promoter. TMPYP4 has a greater affinity for the c-MYC G-quadruplex
than duplex DNA by about 20 fold [88]. However, considering the overwhelming abundance
of duplex versus G-quadruplex, it is surprising that we see such selectivity. In order to explain
this unexpected selectivity, we propose the following. First, the apparent selectivity is affected
by the dynamic equilibrium that exists between duplex, partially unwound single-stranded
conformation, and secondary DNA structures such as G-quadruplex and i-motifs. This
equilibrium is determined by the magnitude of the negative superhelicity resulting from
transcriptional activation and the presence of proteins or ligands, which trap out the various
forms (duplex, single-stranded, or G-quadruplex), together with proteins such as NM23-H2,
which may sequentially trap out partially unfolded forms of the G-quadruplex in a step-wise
manner. A high K* concentration or drugs that stabilize the G-quadruplex will shift the
equilibrium toward the G-quadruplex, which is of course the silenced form. In fact, enzymatic
and chemical footprinting studies carried out in supercoiled plasmids show that the presence
of G-quadruplex-stabilizing drugs or a high K* concentration shifts the equilibrium toward the
secondary DNA structures [45]. Once formed, the G-quadruplex is likely to act as a
thermodynamic sink for TMPyP4, which binds tightly to the G-quadruplex with a relatively
slow off-rate. When released, the TMPyP4 is trapped locally by the abundance of partially
unwound or duplex DNA from which it has a relatively fast off-rate and can then rebind to the
G-quadruplex. While the hemi-intercalated TMPyP4 bound into duplex DNA is unlikely to
have a significant effect on enzymatic processes such as transcription or replication, binding
to and stabilizing the c-MY C G-quadruplex by TMPyP4 is likely to have a much more profound
effect on the equilibrium between a fully folded G-quadruplex and partially unfolded state
required for conversion of the silenced form to the transcriptionally active form. Thus, we
propose that it is the preferential trapping of the silenced G-quadruplex form by TMPyP4,
which shifts this equilibrium between silenced and transcriptionally active form, that gives rise
to an apparent higher selectivity of TMPyP4 than would otherwise be seen. Later, we showed
that single G-to-A mutations in the c-MYC Pu27-mer, which destabilize the G-quadruplex-
forming unit, result in a 3-fold increase in basal transcriptional activity of the c-MYC promoter
[41]. This provided compelling evidence to confirm the intracellular formation of G-
quadruplex structures and define their functions.

The critical role of G-quadruplex structures in the regulation of c-MYC expression and their
potential as targets for small molecules to modulate c-MY C expression triggered considerable
interest in studying the structural details of G-quadruplexes in the c-Myc promoter. Multiple
biophysical and biochemical experimental methods have been applied to determine the
biologically relevant G-quadruplex structure of the c-MYC Pu27-mer, including circular
dichroism (CD), electrophoretic mobility shift assay (EMSA), DNA polymerase stop assay,
DMS footprinting, mutational analysis, and nuclear magnetic resonance (NMR) (reviewed in
reference 42). Comparative CD analysis of the c-MYC Pu27-mer, the HIV aptamer T30695,
the thrombin binding aptamer (TBA), and the d(GGA), oligomer of the heptad-tetrad structure
has been made to infer the topology of c-MYC G-quadruplex structures [44]. The chair-type
antiparallel G-quadruplex structure of TBA (Figure 3B) has been proposed on the basis of
NMR and X-ray crystallography [89,90], and a similar type G-quadruplex structure of T30695
was misassigned by NMR studies [91]. The CD spectrum of the c-MYC Pu27-mer is clearly
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different from TBA (Figure 3B). Moreover, the CD spectra of the c-MYC Pu27-mer and
T30695 are coincident with the d(GGA)4 oligomer, which has been unequivocally shown by
NMR to form a parallel-stranded heptad-tetrad structure [92,93] (Figure 3B). Thus, we were
able to predict that the G-rich strands of the c-MY C Pu27-mer and T30695 form intramolecular
parallel-stranded G-quadruplex structures. Indeed, NMR studies on the G-quadruplex formed
by the DNA sequences derived from the c-MY C Pu27-mer [94] published back to back with
our independent results [44] confirm that it is an intramolecular parallel-stranded G-
quadruplex.

The five G-tracts in the c-MYC Pu27-mer have the potential to form multiple different G-
quadruplex structures. In a previous study, we were able to separate two types of G-quadruplex
structures in native gel by EMSA [41]. The DMS footprinting data identified the guanines
involved in the formation of these two types of G-quadruplex structures. We proposed one type
of G-quadruplex structure as G3N1_oG3N1_2G3N1_»,G3, which is formed by the four
consecutive 3'-end runs of guanines, while the other type of G-quadruplex structure, designated
G3N;1G3NgG3N1G3, is formed by the first, second, fourth, and fifth G-tracts of the c-MYC
Pu27-mer (5'-3') [see Figure 2A, labeled as c-MYC (1:2:1) and c-MYC (1:6:1)]. It has been
shown that the G-quadruplex structures formed from the four consecutive 3'-end G-tracts of
the c-MYC Pu27-mer in K* solution are the predominant G-quadruplex structures isolated
from the native gel [41]. Using a DNA polymerase stop assay with a series of single-guanine
mutation sequences (G to A) derived from the c-MYC Pu27-mer, it was shown that the 5’-end
run of guanines (G2-G5) is not required for formation of a stable G-quadruplex structure
[44]. The degeneracy resulting from multiple G-tracts is somewhat analogous to different
conformational forms of protein kinases, where only one form is catalytically active.
Stabilization of the inactive conformational form, whether it is one conformation of a protein
kinase or the minor G-quadruplex, may turn out to be an important concept for future drug
targeting of G-quadruplex elements in promoters, since in each case the alternative
conformations may have quite different biological functions.

Since the two four-guanine G-tracts (G11-G14 and G20-G23) in the c-MYC Pu27-mer have
more guanines than required for the formation of a stable three-tetrad G-quadruplex core, it is
assumed that there may be a degeneracy in the use of these two guanine runs that results in
guanine slippage and the formation of different loop isomers (G3N1_,G3N1_»G3N1_G3). On
the basis of DMS footprinting, mutational analysis, and a DNA polymerase stop assay, we
were able to identify four loop isomers formed by the four consecutive 3'-end G-tracts of the
c-MYC Pu27-mer (Figure 3C, upper panel) [44]. Dual-mutant studies and partial-protection
patterns confirmed that guanine slippage could occur between G11 and G14 (and/or G20 and
G23) inthe c-MYC Pu27-mer, such that one guanine is involved in G-tetrad formation and the
other guanine is located within a loop (Figure 3C, upper panel). Although all the guanines of
the four 3’-end G-tracts in the c-MYC Pu27-mer are involved in the formation of G-tetrads, it
is unlikely that all four isomers occur in equal proportion. The DMS footprinting and EMSA
studies show that the 1:2:1 loop isomer ([a] isomer in Figure 3C) is the predominant isomer
within the mixture. A luciferase reporter assay study proved that all four dual mutant loop
isomers are biologically relevant to c-MY C transcriptional control and that each of these
parallel G-quadruplex structures acts as a repressor element in the c-MYC NHE 1114 [44].

The formation of a parallel-stranded propeller-type G-quadruplex within the four biologically
relevant 3'-end guanine runs in the c-MYC Pu27-mer has been confirmed by NMR
spectroscopic studies from the Patel and Yang groups [94,95]. Using a 22-mer sequence [c-
MY C (1:2:1), Figure 3D] that is derived from the four 3’-end guanine runs of the c-MY C Pu27-
mer, Patel et al. have defined the folding pattern of an intramolecular parallel-stranded
propeller-type G-quadruplex in K*-containing solution (Figure 3D). In similar experiments,
Yang et al. used a sequence with dual G-to-T mutations at positions 14 and 23 [c-MYC (1:2:1)-
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G14T/G23T, Figure 3D], which represents the predominant loop isomer formed from the four
3’-end guanine runs of the c-MYC Pu27-mer, for their NMR structure determination. Both
groups verified a parallel-stranded G-quadruplex with 1:2:1 side loops in K*-containing
solution, and both NMR studies revealed the same predominant G-quadruplex structure for the
four 3’-end guanine runs of the c-MYC Pu27-mer, which consists of three G-tetrads formed
by four intramolecularly linked parallel DNA strands with all anti guanines and linked by three
double-chain reversal side loops. Interestingly, Patel’s group also observed the formation of
an intramolecular G-quadruplex by using a mutated sequence [c-MYC (1:6:1)-G11T-G14T,
Figure 3D] derived from the c-MY C Pu27-mer [94]. This mutated sequence, in which the third
G-tract in the c-MYC Pu27-mer is substituted with a T-tract (Figure 3D), directs the formation
of a G3gN1G3NgG3N1G3 G-quadruplex. The c-MYC (1:6:1)-G11T-G14T NMR study
unequivocally confirmed that this sequence forms an intramolecular parallel-stranded G-
quadruplex structure with a large six-nucleotide loop. The identification of two stable c-MYC
G-quadruplex structures by NMR confirms that the c-MY C Pu27-mer can potentially form
multiple G-quadruplex structures in cells.

While the G-rich strand of the c-MYC Pu27-mer can adopt several G-quadruplex structures,
the complementary C-rich strand may form an i-motif structure. An i-motif structure is a
tetraplex structure formed by intercalated cytosine*™—cytosine base pairs between two parallel
duplexes, which interact into each other in an antiparallel orientation. By employing CD and
ultraviolet absorption spectroscopy in combination with EMSA, it has been shown that the C-
rich strand of c-MYC NHE Il1; can associate to form an intramolecular i-motif at moderately
acidic or even neutral pH [83]. Normally, because of the requirement for acidic pH (i.e., <5.5),
i-motif structures would not be considered to have biological relevance. However, in vitro,
other factors, such as torsional stress, may play an equal or more important role in maintaining
the i-motif structure at more physiological conditions. Preliminary data from our lab suggest
that this i-motif may play arole in both silencing and remodeling events in c-MY C transcription
in conjunction with a G-quadruplex structure (unpublished data).

3.2. Proof of concept that TMPyP4 targets G-quadruplexes to modulate c-MYC gene

expression

The biological significance of the intramolecular G-quadruplex structures formed in c-MYC
NHE 111, has been evaluated for c-MYC transcriptional inhibition by TMPyP4 in Ramos and
CA46, two Burkitt’s lymphoma cell lines [41]. The Ramos cell line retains the c-MYC NHE
I111 during translocation, whereas the CA46 cell line loses this element, together with the P1
and P2 promoters [41,96]. As anticipated, in the CA46 cell line TMPyP4 had no effect on c-
MY C transcriptional activation, whereas in the Ramos cell line, TMPyP4, but not TMPyP2,
lowered c-MYC mRNA level [41] (Figure 3E). This result further confirms that TMPyP4
mediates its transcriptional inhibitory effect on c-MYC by interaction with the G-quadruplex
formed in the c-MYC NHE Ill;. Recently, Ou et al. have confirmed the results of these
experiments using a structurally distinct group of quindolines that bind to the c-MYC G-
quadruplex and selectively inhibit c-MYC expression in the Ramos cell line [97]. We have
proposed a model in which the transcriptionally active forms (duplex or single-stranded DNA
conformations) are in equilibrium with the silenced form (G-quadruplex structure), and this
can be maintained in the silenced form in the presence of TMPyP4, which shifts the equilibrium
away from the transcriptionally active form [41,42] (Figure 3F). Our studies and those of Ou
et al. on the G-quadruplex structures formed in the c-MY C promoter highlight the importance
of secondary DNA structures in controlling gene expression and their utility as a receptor for
external control of gene expression by small molecules.

The role of proteins in the control of gene expression through secondary DNA structures has
been addressed by Fry [40]. In the case of c-MYC, at least four proteins are involved that bind
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to single-stranded DNA (hnRNP K and CNBP) [98,99], duplex DNA (Sp1) [99], and either
single-stranded or duplex DNA (NM23-H2) [100,101]. Because the c-MYC G-quadruplex is
avery stable species, it would seem necessary to identify proteins that unfold the G-quadruplex
or more likely trap out transiently unwound DNA species in a step-wise manner. NM23-H2
may function in this regard [100,101]. The formation of the secondary DNA species from the
duplex DNA may be mediated by negative superhelicity generated as a consequence of
transcription [102]. In a very recent article from the Levens lab, the first direct evidence for
the involvement of transcriptionally generated torsion superhelicity in unpairing DNA, which
mediates the formation of non-B-DNA in the c-MY C promoter, has been elegantly
demonstrated [102]. This experimental verification of the role of transcriptionally generated
negative superhelicity, even in the presence of topoisomerases, provides a critical link in how
secondary DNA structures can be generated from otherwise stable duplex DNA. This is an
extremely important observation, which counters the commonly voiced concern that it is
energetically very unfavorable for DNA secondary structures to emerge from stable duplex
DNA. Additional support for this concept comes from the observation that single-stranded
DNA binding proteins, such hnRNP K and CNBP, are important transcriptional factors
involved in activation of c-MY C transcription.

3.3. G-quadruplexes formed in the VEGF promoter

VEGEF is an important angiogenic switch in starving cancer cells, and their survival often
depends upon increased expression of this gene [103]. The polypurine/polypyrimidine tract in
the proximal promoter region of the human vascular endothelial growth factor (VEGF) gene
not only contains multiple binding sites for transcription factors, but also consists of five runs
of at least three contiguous guanines (Figure 4A), corresponding to the general motif for the
formation of an intramolecular G-quadruplex (Figure 2A) [45,103-105]. In duplex DNA
oligomers we have observed the progressive unwinding of the duplex DNA containing the
VEGF polypurine/polypyrimidine tract into single-stranded oligomers in the presence of K*,
TMPyP4, or telomestatin. This suggests that the G-tracts of the VEGF promoter can transiently
adopt G-quadruplex structures, which can be trapped out and stabilized by high concentrations
of K*, TMPyP4, or telomestatin under physiological conditions [45]. Subsequent footprinting
studies with DNase | and S1 nuclease on the supercoiled plasmid containing the human VEGF
promoter region revealed a long protected region, including the G-quadruplex-forming region,
in the presence of K* and telomestatin [45]. The 3'-side residue of the G-quadruplex-forming
region in the VEGF promoter has been shown to be hypersensitive to S1 nuclease (arrows in
Figure 4B), suggesting the formation of a G-quadruplex structure within the VEGF promoter.
In contrast, the mutant plasmid that contains the specific point mutations to abolish the G-
quadruplex-forming ability in the VEGF proximal promoter does not present the same
hypersensitivity toward DNase | or S1 nuclease in the polypurine/polypyrimindine region
(Figure 4C). Collectively, these data provide first evidence that both supercoiled conformation
and the wild-type G-quadruplex-forming sequence are required for the formation of nuclease
hypersensitivity regions in the polypurine/polypyrimindine region. Subsequently, it was
demonstrated that the CD spectrum of the G-rich strand in the VEGF promoter reveals a
parallel-stranded G-quadruplex structure [45]. The formation of a G-quadruplex structure in
this promoter has been further confirmed by a DNA polymerase stop assay, which shows a
K*-dependent arrest of DNA polymerase extension through the template DNA containing the
VEGF G-tract sequence (unpublished data). The presence of two arrest sites in the DNA
polymerase stop assay suggests that two different G-quadruplex structures, made up of
different runs of G-tracts, can be formed by the G-rich strand of the VEGF promoter. DMS
footprinting was performed on the VEGF wild-type sequence containing the G-tracts, along
with several site-mutation sequences, and the results indicate that the DNA secondary
structures formed in the VEGF promoter are three-tetrad G-quadruplexes (unpublished data).
Se2SAP has been shown to inhibit VEGF transcription in various human cell lines [106].
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3.4. G-quadruplexes formed in the HIF-1a promoter

The formation of G-quadruplex structures has been observed in the promoter region of
HIF-1a, which is an important transcription factor for regulating VEGF expression, and is
overexpressed in many tumors [107-109]. The importance of the polypurine/polypyrimidine
tract in the proximal promoter region of HIF-1a in gene transcriptional regulation has been
confirmed by the observation that mutagenesis of this region results in lower basal HIF-1a
expression [46]. To investigate G-quadruplex formation in the polypurine/polypyrimidine tract
of the HIF-1a promoter, Ebbinghaus et al. analyzed G-rich DNA oligomers derived from this
region using EMSA, CD, DNA polymerase stop assay, and DMS footprinting. The
characteristics of the CD spectrum of the native G-tract sequence of the HIF-1a. promoter
suggest that this sequence forms an intramolecular parallel-stranded G-quadruplex structure
in the presence of K*, and the DNA polymerase stop assay shows that TMPyP4 and
telomestatin are capable of binding to and stabilizing the G-quadruplex [46]. In K*-containing
buffer, DMS footprinting of the G-rich oligomer shows protection of all four runs of guanines,
which is consistent with the formation of an intramolecular three-tetrad G-quadruplex with a
central six-nucleotide loop [46] (Figure 5). The HIF-1a G-quadruplex structure, an
intramolecular parallel-stranded three-tetrad G-quadruplex with a six-nucleotide central loop,
is related to the general G-quadruplex-forming motif G3N1G3N2_gG3N1G3 (Figure 2A). This
also suggests that the G-quadruplex structure formed in the HIF-1o promoter may play a role
in regulating HIF-1a gene expression.

3.5. G-quadruplexes formed in the RET promoter

The RET proto-oncogene encodes a receptor-type tyrosine kinase that has been implicated in
the development of several human cancers, especially thyroid cancer [110]. The two GC boxes
in the proximal promoter region of RET are essential for its basal promoter activity (Figure
6A) [111,112]. The five polypurine/polypyrimidine tracts contained within this promoter
element (Figure 6A) are very dynamic in nature and have the ability to adopt different non-B-
form DNA secondary structures. We have shown that in this region the G-rich strand can fold
into a G-quadruplex structure, while the C-rich strand can adopt an i-motif structure [47]. DNA
polymerase stop assay studies demonstrate that, in the presence of 100 mM K*, the five G-
tracts in the G-rich strand of RET have the ability to adopt two different intramolecular G-
quadruplex structures [47]. One of these produces a Taq polymerase arrest site at G19 near the
3'-end of the core sequence (Figure 6B), whereas the other produces an arrest site at G14
immediately before the second 3'-end G-tract. The G-quadruplex that is responsible for the
arrest site at G19 is the major arrest product formed in the DNA polymerase stop assay,
suggesting that it is the major G-quadruplex structure formed in the RET proximal promoter
element. Comparative CD and DMS footprinting studies have revealed that this structure is a
parallel-stranded intramolecular structure containing three G-tetrads (Figure 6B). K*,
TMPyP4, and telomestatin can further stabilize this G-quadruplex structure. By applying CD
spectroscopy and Br; footprinting, we have demonstrated that the complementary C-rich strand
of the RET proximal promoter element forms an i-motif structure in vitro (Figure 6C) [47]. On
the basis of these experimental studies, we constructed a molecular model for the potential
DNA secondary structures formed in the duplex polypurine/polypyrimidine sequence of the
RET promoter that comprises a stable intramolecular G-quadruplex and an i-motif structure
having minimum symmetrical loop sizes of 1:3:1 and 2:3:2, respectively [47] (Figure 6D).

3.6. G-quadruplexes formed in the KRAS promoter

Activating mutants of KRAS are found in many human cancers [113]. The nuclease
hypersensitive polypurine/polypyrimidine elements (NHPPE) in the mouse and human KRAS
promoters are critical for gene transcription [114]. This is another compelling example of the
parallel-stranded intramolecular G-quadruplex serving as a silencer element in the promoter
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region of an oncogene comes from the mouse KRAS promoter study by Cogoi and Xodo
[48]. Consecutive runs of guanines in the mouse gene KRAS promoter, and possibly the human
gene, suggest that it may assume an intramolecular G-quadruplex structure (Figure 2A). CD
and EMSA studies on the G-rich strands of the mouse and human KRAS NHPPE show that
the structural characteristics of a DNA secondary structure formed in NHPPE are consistent
with those of an intramolecular parallel-stranded G-quadruplex structure [48]. The two arrest
sites in the DNA polymerase stop assay of the template containing the G-quadruplex-forming
motif of the mouse KRAS NHPPE indicate the formation of two different G-quadruplex
structures from different runs of guanines. On the basis of DMS footprinting results on the G-
rich DNA sequences of mouse KRAS NHPPE, along with CD, EMSA, and the DNA
polymerase stop assay, two different parallel intramolecular three-tetrad G-quadruplex
structures have been proposed. One of these structures consists of two one-base external loops
and one nine-base external loop [KRAS m(1:9:1)], while the other consists of two one-base
external loops and one five-base external loop [KRAS m(1:5:1)] (Figure 2A) [48]. These
sequences closely resemble those found in the c-Myc G-quadruplexes. Thus, the folding
topology of this structure is assumed to be similar to the c-MYC G-quadruplexes. DMS
footprinting of the human KRAS G-quadruplex-forming motif did not reveal a clear picture.
It has been shown that TMPyP4 can stack to the external G-tetrad of mouse KRAS G-
quadruplexes and increase the Ty, by ~20 °C. Transfection experiments show that the
stabilization of the mouse KRAS G-quadruplexes with TMPyP4 results in the strong inhibition
of mouse KRAS promoter activity, but TMPyP2 does not show any significant effect on KRAS
transcription [48]. Cogoi and Xodo also describe the isolation of a nuclear protein that
recognizes and binds to KRAS duplex DNA using the G-quadruplex-forming sequence of the
mouse KRAS NHPPE. Furthermore, the transfection of KRAS G-quadruplex-forming
oligomers in 293 cells induces inhibition of mouse KRAS promoter activity up to 40% of
control [48]. All of these cellular assay data strongly suggest that a G-quadruplex structure
forms within the mouse KRAS NHPPE and serves as a silencer in regulating KRAS
transcription in living cells.

3.7. Typical and non-typical G-quadruplexes formed in the c-Kit promoter

The receptor tyrosine kinase c-Kit is overexpressed in a number of cancers [115]. Recently
two conserved G-quadruplex-forming sequences have been identified in the human c-Kit
promoter [51,52]. They are both located within a nuclease hypersensitive region of the
promoter, suggesting that they can form non-B-form DNA structures [116,117]. One G-
quadruplex-forming unit (c-Kit21) (Figure 2A) is located within —140 to —160 base pairs
upstream of the transcription initiation site, while the other (c-Kit87up) (Figure 7) is found
between —87 and —109 [51,52].

One-dimensional NMR studies and ultraviolet thermal melting analysis have confirmed that
both c-Kit21 and c-Kit87up can form intramolecular G-quadruplexes in solution [51]. In the
presence of 100 mM K*, the CD spectrum of ¢-Kit21 has a strong positive signal peak at 263
nm with a negative peak at 245 nm [52], which is characteristic of a parallel folded G-
quadruplex structure. The c-Kit87up sequence in a 50 mM K* solution showed a CD spectrum
with a minimum absorbance at 240 nm and a maximum absorbance at 262 nm, which is also
consistent with the spectrum of a parallel G-quadruplex [55]. On the basis of these studies,
both c-Kit21 and c-Kit87up are expected to form parallel G-quadruplexes in the presence of
K*.

Single-molecular fluorescence resonance energy transfer studies demonstrated that in the c-
Kit21 fewer than 1% of the molecules in a duplex DNA molecule show real dynamic
fluctuations and therefore interconversion between duplex and G-quadruplex is relatively rare
[54]. We speculate that the negative superhelicity is probably required for efficient conversion.
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In a recent paper, the Balasubramanian group at Cambridge has shown that a group of 3,8,10-
trisubstituted isoalloxazines show selective binding to the c-Kit21 G-quadruplex and inhibit
c-Kit expression in MCF-7 and HGC-27 cells at 5 uM [118].

The c-Kit87up sequence contains four three-guanine tracts separated by linkers having one
base and two sets of four bases (Figure 7). Since this motif, having only one (G3N1G3)
sequence, would be expected to form a mixed parallel/antiparallel structure, it was surprising
that the c-Kit87up sequence might form a conventional parallel-stranded three-tetrad G-
quadruplex structure. Moreover, a mutational analysis of the predicted loop regions between
the G-tracts showed that none of the mutated sequences could form a similar G-quadruplex
structure under the physiological conditions that coincided with the native sequences [51]. This
suggested that the c-Kit87up G-quadruplex may contain an unusual arrangement of guanines.
An NMR-derived solution structure of the G-quadruplex structure formed by the c-Kit87up
sequence in K* solution has recently been reported (Figure 7) [53]. This study revealed a highly
unusual G-quadruplex folding topology with several unique characteristics. This structure is
composed of three G-tetrads, and the glycosidic conformations of all of the guanines are
anti, both features that are consistent with the G-tetrad core containing all parallel G-tracts.
One remarkable feature of the structure is the participation of an isolated single guanine (G10)
in the formation of a G-tetrad, despite the presence of four three-guanine tracts in the sequence.
There are four loops in the structure to bridge three consecutive G-tracts and a fourth G-tract
made up of two consecutive guanines and one guanine from a different region of the sequence
(i.e., G2-G4, G6-G8, and G21-G22, with G10 providing the additional guanine) (Figure 7).
This unique arrangement of four loops leads to the formation of a snapback parallel-stranded
G-quadruplex core. The NMR structure of c-Kit87up also revealed that three Watson-Crick
base pairs (A1:T12, A16:G20, and G17:A19) contribute to the stabilization of this unique
structure [53]. The involvement of most of the residues within the 22-nucleotide sequence in
the formation of this unique stable G-quadruplex structure confirms the previous mutational
analysis data, which showed that the loop regions play critical roles in c-Kit G-quadruplex
formation [53]. This unique scaffold for the c-Kit87up G-quadruplex may provide a platform
for designing G-quadruplex-interactive agents that specifically target the G-quadruplex in the
c-Kit promoter [53]. A bioinformatic study also shows that the 22-nt c-Kit87up sequence is
unique within the human genome [55]; furthermore, none of structurally closely related
sequences are found immediately upstream of transcriptional start sites.

3.8. Mixed parallel/antiparallel G-quadruplexes formed in the Bcl-2 promoter

The bcl-2 (B-cell CLL/lymphoma 2) gene product is a mitochondrial membrane protein that
exists in delicate balance with other related proteins and is involved in the control of
programmed cell death, functioning as an apoptosis inhibitor [119]. In the Bcl-2 promoter, one
region of particular interest is the GC-rich region located in the nuclease hypersensitive region
— 1490 to —1451 upstream of the P1 promoter [120]. This polypurine/polypyrimidine tract has
been shown to be critically involved in the regulation of Bcl-2 gene expression. The core
sequence of the polypurine/polypyrimidine tract in the Bcl-2 P1 promoter (Bcl-2 Pu39WT)
contains seven runs of at least two contiguous guanines separated by one or more bases (Figure
8A), which is different to the proposed general G-quadruplex-forming motif
G3N1G3N»_gG3N1G3. A DNA polymerase stop assay was used to investigate the ability of the
G-rich strand in Bcl-2 Pu39WT to form intramolecular G-quadruplex structures [49]. Three
primer extension arrest sites, which increased in a K*-dependent manner, were observed, which
indicates that Bcl-2 Pu39WT has the capability to form three separate but overlapping
intramolecular G-quadruplex structures. Subsequent studies using this assay show that the G-
quadruplex-interactive agents TMPyP4, Se2SAP, and telomestatin can stabilize the Bcl-2 G-
quadruplex structures, with individual selectivity toward one or more of the three G-quadruplex
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structures [49]. The formation of multiple intramolecular G-quadruplex structures in Bcl-2
Pu39WT was also confirmed by EMSA and DMS footprinting [49].

To identify the guanine tracts involved in the formation of each of the three different Bcl-2 G-
quadruplex structures, a mutational analysis of the seven G-tracts in Bcl-2 Pu39WT was carried
out. These studies confirm that three different G-quadruplex structures (Bcl-2 3'G4, Bcl-2
MidG4, Bcl-2 3'G4) could form by using three different sets of five consecutive G-tracts within
Bcl-2 Pu39WT (Figure 8A). As shown in Figure 8A, the Bcl-2 3'G4 contains five consecutive
G-tracts (G8-G10, G11/G12, G13-G17, G18-G20, and G21-G24) at the 3"-end of the G-
quadruplex-forming region; the Bcl-2 5'G4 utilizes five consecutive G-tracts at the 5’-end (G1-
G4, G5-G7, G8-G10, G11/G12, and G13-G17); and the Bcl-2 MidG4 is constructed using
the five internal consecutive G-tracts (G5-G7, G8-G10, G11/G12, G13-G17, and G18-G20)
of the Bcl-2 Pu39WT. Based upon the relative amount of K* required to produce a primer
extension arrest, the Bcl-2 MidG4 is the most stable G-quadruplex structure and subsequent
DMS footprinting confirmed this [49]. Like Bcl-2 3'G4 and Bcl-2 5'G4, Bcl-2 MidG4 has the
ability to form different loop isomers because one of its G-tracts contains five guanines. This
was confirmed by studies using a series of dual G-to-T mutation sequences within the five-
guanine G-tract in Bcl-2 MidG4. The mutant sequence, which contains G-to-T mutations in
the two 5’-end guanines in the five-guanine tract (MidG4-G15T/G16T, sequence shown in
Figure 8B), generates the most stable G-quadruplex structure, based on the minimal amount
of K* required to produce a DNA polymerase arrest [49]. Although the Bcl-2 Pu39WT closely
resembles the general three-tetrad G-quadruplex-forming motif G3N1G3No_gG3N1G3, which
has been found in c-MYC, Ret, VEGF, HIF1-0, RET, c-Kit21, and KRAS (Figure 2), the CD
spectrum of Bcl-2 Pu39WT resembles most closely that of the Tetrahymena telomeric sequence
d(T,G4)4 by displaying an absorption maximum at 264 nm and a broad shoulder at 295 nm,
which is different from the typical spectra of parallel or antiparallel intramolecular G-
quadruplexes represented by c-MYC and TBA sequences respectively (see Figure 3B and
reference 53). The mixed parallel/antiparallel G-quadruplex structure of the Tetrahymena
telomeric sequence in Na*-containing buffer has been well defined by NMR studies [121].
This suggests that the Bcl-2 Pu39WT forms a mixed parallel/antiparallel G-quadruplex
structure.

On the basis of mutational analysis, we proposed that the dual mutant Bcl-2 MidG4-G15T/
G16T (Figure 8B) is the ideal NMR candidate to determine the structure of the major G-
quadruplex formed in the Bcl-2 promoter. The unambiguous results from the NMR studies
demonstrate a novel folding of Bel-2 MidG4-G15T/G16T into an intramolecular G-quadruplex
structure with mixed parallel/antiparallel G-strands [50]. This unique G-quadruplex structure
contains three G-tetrads connected with a single-nucleotide double-chain reversal side loop
and two lateral loops, and four grooves of different widths (Figure 8B). The loop conformations
of the NMR structure fully agree with CD and DMS footprinting data The complementary C-
rich strand of the Bcl-2 MidG4 has been examined primarily by molecular absorption and CD
and found to form two intramolecular i-motif structures formed maximally at pH 4 and 6
[122]. Although the precise biological function of the G-quadruplexes and i-motifs in the Bcl-2
promoter still need to be explored, we suspect that the presence of these structures within the
Bcl-2 promoter play a critical role in regulating gene transcription.

4. Formation of four-tetrad G-quadruplexes in gene promoters

4.1. G-quadruplexes formed in the PDGF-A promoter

Overexpression of PDGF activity has been implicated in the pathogenesis of a number of
serious diseases, including cancer, as well as other disorders characterized by excessive cell
growth, such as atherosclerosis and various fibrotic conditions [123]. The proximal 5'-flanking
region of the human platelet-derived growth factor A (PDGF-A) promoter contains one
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nuclease hypersensitive element (NHE) (—120 to —33) that accounts for 80% of basal promoter
activity [124-126]. This GC-rich region is structurally dynamic and capable of adopting non-
B-DNA conformations. The importance of the unwound paranemic structure of the NHE in
PDGF-A promoter activity was confirmed by demonstration that a single-stranded oligomer,
derived from the G-rich strand (—74 to —51), inhibits the promoter activity of PDGF-A [127].
This G-rich strand contains five runs of contiguous guanines, each run separated by one base
(Figure 9A), and this motif has some similarity to that of the G-quadruplex-forming region in
the c-MY C promoter. By analogy, the G-rich strand of the PDGF-A NHE has the potential to
form a G-quadruplex under physiological conditions. We propose that the equilibrium between
the B-form DNA, the single-stranded DNA, and the intramolecular G-quadruplex is
instrumental in the determination of the binding of transcription factors to the PDGF-A NHE
[56].

The DNA oligomer PDGF-A Pu41-mer (sequence shown in Figure 9A) represents the whole
core sequence of the G-rich strand of the PDGF NHE region and exhibits a CD spectrum
characterized by a maximum positive ellipticity at 266 nm, a negative band at 240 nm, and a
minor positive band at 212 nm, which is similar to that of the c-MYC G-quadruplex [56]. This
suggests that the G-quadruplexes formed by the G-rich strand of the PDGF-A Pu41-mer are
parallel-stranded. A DNA polymerase stop assay and EMSA and DMS footprinting studies
have shown that the PDGF-A Pu41-mer can form two major intramolecular four-tetrad G-
quadruplex structures that are in dynamic equilibrium [56]. As shown in Figure 9, K* can
facilitate the formation of two G-quadruplex structures in the PDGF-A Pu41-mer. One G-
quadruplex forms at the 3'-end of the PDGF-A Pu41-mer, while the other forms at the 5’-end.
The four-tetrad intramolecular G-quadruplex formed by the three consecutive G-tracts at the
5'-end of the PDGF-A Pu4l1-mer appears to be the most stable G-quadruplex structure, based
on the minimal amount of K* required to produce DNA polymerase arrest, suggesting that it
may be the predominant G-quadruplex structure formed in the PDGF-A promoter (Figure 9)
[56].

Surprisingly, CD spectroscopy has shown that a stable G-quadruplex can exist within the
duplex DNA of PDGF-A NHE, even up to 100 °C, in K* buffer (Figure 10A). The major G-
quadruplex- forming region in the double-stranded DNA of the NHE has been identified by
EMSA and DMS footprinting (Figure 10, B and C). This G-quadruplex structure corresponds
to that at the 5’-end found in the single-stranded DNA form of the PDGF-A. This is the first
example of a G-quadruplex structure that exists in duplex DNA. This unique structure is likely
to represent the dominant biologically relevant G-quadruplex structure formed in the duplex
region of the PDGF-A promoter, while the complementary C-rich strand forms a single-
stranded DNA loop, which may be in equilibrium with an i-motif structure [56]. On the basis
of the previous data, the overall folding pattern of the parallel G-quadruplex structure in the
PDGF-A NHE duplex DNA has been defined as a G-quadruplex with four tetrads and a two-
base internal loop, which is the minimum required to bridge two runs of four guanines. In our
molecular models for the PDGF-A G-quadruplex, the 3'-face of this structure has two runs of
four guanines, which are separated by a two-base (CG) internal loop; and the opposite 5'-face
of this structure is constructed from a run of thirteen contiguous guanines, in which the DMS
footprinting pattern predicts a mixture of at least four different double-chain reversal isomers.
Each of these loop isomers (Figure 11A) has a different arrangement of nucleotides in the 5’-
end double-chain reversal loop and in the large intervening loop. A molecular model of one of
the PDGF-A G-quadruplex isomers (loop isomer [a] in Figure 11A) is shown in Figure 11B.
To provide further insight into the sequence requirement for the stability of PDGF-A G-
quadruplexes, a full mutational analysis of the three consecutive 5'-runs of guanines has been
performed. Surprisingly, all the studied oligomer having these guanine mutations, which were
originally designed to trap out different stable loop isomers, showed significant destabilization
and dramatic changes in the CD spectra, implying the formation of different G-quadruplex
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structures [56]. Therefore, we suggest that the equilibrium between the different loop isomers
in the G-quadruplexes plays a critical role in the overall stabilization of these structures [56].

We have examined the affinities of TMPyP4, Se2SAP, and telomestatin for the PDGF-A G-
quadruplex (Figure 12A). The results from DNA polymerase stop assays reveal that these three
drugs preferentially interact with and stabilize the 5’-end PDFG-A G-quadruplex (Figure 12B).
TMPyP4 exhibited stronger selectivity than either Se2SAP or telomestatin for stabilization of
the 5’-end stop product (Figure 12C). Thus, TMPyP4 appears to be an ideal candidate for
modulating PDGF-A transcription. In transfection experiments, 10 uM TMPyP4 reduced the
activity of the basal promoter of PDGF-A by about 40%, relative to the control, while TMPyP2
did not have a significant effect on the PDGF-A promoter activity, indicating that G-quadruplex
structures can form in the PDGF-A NHE in living cells (Figure 12D). On the basis of our
studies, we established that ligand-mediated stabilization of G-quadruplex structures within
the PDGF-A NHE can silence PDGF-A expression [56].

5. Formation of two-tetrad G-quadruplexes downstream of gene promoters

5.1. G-quadruplexes formed in the c-Myb promoter

The proto-oncoprotein c-Myb is a critical transcriptional factor for proliferation,
differentiation, and survival of hematopoietic progenitor cells [128]. The overexpression of c-
Myb has been observed in many leukemias and some solid tumors [129-131]. c-Myb
transcription is under the strict control of several transcription factors and cis-elements in the
gene promoter. The human c-Myb promoter contains a GC-rich region with three imperfect
copies of (GGA), located 17 base pairs downstream of the transcription initiation site (Figure
13A) [57]. This region plays a crucial role in regulating c-Myb transcription. A DNA secondary
structure of d(GGAGGAGGAGGA), containing four tandem repeats of a GGA triplet
sequence, has been determined under physiological K* conditions by NMR [92,93]. This
sequence folds into an intramolecular DNA secondary structure composed of a guanine tetrad
(T andaG(:A):G(:A):G(:A):G heptad (H), with four parallel G-G segments [92] (Figure 13B,
top left structure). Two d(GGA), sequences can form an intermolecular G-quadruplex
consisting of a dimer tetrad:heptad:heptad:tetrad (T:H:H:T) stabilized through a stacking
interaction between the heptads (Figure 13B, left), and a d(GGA)g forms an intramolecular
T:H:H:T structure (Figure 13B, right) [93]. By sequence analogy, the G-rich strand of the GGA
repeat sequence in the c-Myb promoter has the potential to form several different T:H:H:T G-
quadruplex structures. DMS footprinting and CD spectroscopy analysis confirm that the
intramolecular T:H:H:T G-quadruplex structure is formed within the GGA repeat region of the
c-Myb promoter, and any two of the three GGAGGAGGAGG repeats can form this dimer
structure (T:H:H:T) [57]. Mutational studies on the (GGA), repeats in combination with a
DNA polymerase stop assay show that there are three stable intramolecular T:H:H:T G-
quadruplexes formed by the whole core (GGA)4 repeat sequence of the c-Myb promoter
[57]. This most-preferred intramolecular T:H:H:T G-quadruplex structure is formed with two
consecutive 5’-end (GGA), repeats. On the basis of luciferase reporter studies, deletion of one
ortwo (GGA), repeats increases c-Myb promoter activity (Figure 13C) [57]. However, deletion
of all three (GGA), repeats results in complete abrogation of c-Myb promoter activity,
indicating the dual roles of the c-Myb (GGA), repeats as both a transcriptional repressor and
an activator [57]. It is speculated that equilibrium between transcription factor binding and
T:H:H:T G-quadruplex formation plays a critical role in the regulation of c-Myb transcription.
An analysis of the c-Myb (GGA), repeats reveals several consensus binding sites for the Myc-
associated zinc finger protein (MAZ). EMSA and DNase | footprinting studies confirm that
MAZ can bind to both double-stranded DNA and the intramolecular T:H:H:T G-quadruplexes
in the c-Myb promoter [57]. The transfection of MAZ expression plasmid and forced
overexpression of MAZ in cells result in a decrease of c-Myb promoter activity, indicating that
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MAZ is a repressor of the c-Myb promoter. However, it is still not clear if MAZ functions as
a transcription factor by binding to duplex DNA or to the G-quadruplex structures [57].

Conclusions

In this review we have described the diversity of G-quadruplex structures formed in the
promoter regions of a number of important oncogenes. These intramolecular G-quadruplexes
consist of two, three, or four tetrads, but in the most part form parallel G-quadruplexes in which
at least one of the faces is made up of three tetrads with a one-base double-chain reversal loop
that provides considerable thermal stability, which is a hallmark of promoter G-quadruplexes.
In all the cases described here, the region that forms the G-quadruplexes has been shown to
have importance in the control of gene expression. In one case (VEGF), a requirement for
superhelicity and the precise sequence for formation of a stable G-quadruplex has been shown
to be necessary for G-quadruplex formation in plasmid DNA. In a second case (PDGF-A), the
G-quadruplex can coexist within a duplex region. Both of these examples are important in
validating the role of G-quadruplex in the control of gene expression. Finally, direct evidence
that small molecules which target these G-quadruplexes in the case of c-Myc can repress gene
expression is critical for proof of concept that this is a valid approach to modulation of gene
expression.

Bioinformatic studies showing a concentration of putative G-quadruplex-forming elements
either upstream or downstream of the transcription start site provide additional support for the
biological relevance of these structures in transcriptional control. Our observation that these
sequences conform in large part to conserved sequences (Figure 2A) further supports this
premise. A recent paper [132], which “challenges” the idea that G-quadruplex-forming
sequences upstream of the transcription start site are likely to be involved in transcriptional
control based on a predominance of methylation sites and Sp1 binding sites in this region,
appears to us largely to disregard the evidence presented in papers published by us and groups
in Europe and Asia that are discussed in this review.

Most often these G-quadruplexes exist as a mixture of loop isomers that can generally be
trapped out by appropriate substitution of loop guanines with other bases. The region of most
diversity is in the central loop (see Figure 2A), where both loop size (2-9 bases) and
composition are different in the examples so far examined. Adenines and guanines predominate
within this loop, perhaps reflecting the need for cytosines to form i-motif structures on the
opposite strand. c-Myb is an example of a G-quadruplex structure where two tetrads suffice
for stability. The heptad structure and its dimer formation explain the stability of Myb in the
double-chain reversal. One of the c-Kit G-quadruplexes is the most surprising, containing an
isolated guanine together with a two-guanine tract to form one side of the tetrad. Last, for
PDGF-A, where a four-tetrad G-quadruplex replaces the three-tetrad G-quadruplex, a two-base
double-chain reversal loop is required.

Those G-quadruplexes so far examined appear to act as silencer elements in the promoter
regions, and therefore stabilization should lead to inhibition of oncogene expression, which
has been most clearly shown for c-Myec. In the case of RET, the folding pattern of the
accompanying i-motif has been inferred from footprinting and base substitution studies.

The publication of further examples will help define the requirements for stability of these G-
quadruplexes in promoter regions, and subsequent examples of ligands that bind to these
structures and inhibit gene expression will further validate the concept that drug modulation
of gene expression can be achieved by targeting these structures. In a recent international
meeting on G-quadruplexes held in Louisville, Kentucky (April 21-24, 2007), scientists from
Cylene Pharmaceuticals reported that a first-in-class G-quadruplex-interactive compound,
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aptly named Quarfloxin, is in phase Il clinical trials [133]. This compound, a fluoroquinolone
derived from QQ58 [134], is proposed to bind to G-quadruplexes in rDNA, which displaces
nucleolin from its binding sites on the non-template strand.

The biggest challenge to be faced by the G-quadruplex community involved in drug targeting
will be specificity. However, in this regard we are at the same point as in the early development
of kinase inhibitors, where similar reservations were expressed. We believe that this challenge
will be successfully met and G-quadruplex-interactive compounds will assume their place in
molecular therapeutics. The specificity challenge is really at two levels, the first being
discrimination between G-quadruplexes and other forms of DNA, most notably duplex DNA.
Compounds that interact with G-quadruplexes generally do so through binding to external faces
of the quadruplexes in pockets created by adjacent bases, which may provide capping
structures. This is loosely analogous to intercalation between bases pairs in duplex, but both
the electronic and steric constraints are quite different. For example, intercalation between base
pairs is expected to be much more constrained by rigid features of a dinucleotide base pair than
by flexible capping structures that are likely to exist in the G-quadruplex structures. Moreover,
the positively charged center of a tetrad and its size and shape are quite different to adjacent
base pairs. The second level of selectivity is between different G-quadruplexes, which itself
has two levels of discrimination, between different folding patterns, e.g., c-MYC, Bcl-2, and
c-kit87up, and between G-quadruplexes having the same folding pattern, e.g., c-MYC, VEGF,
Hif-1a, RET, and KRAS. For the former, the different juxtaposition of the loops to the external
tetrads should provide opportunities for discrimination, whereas in the latter the heterogeneity
of the central loop (see Figure 2) is a potential opportunity. Consequently, the design strategy
to develop selective agents should be in two steps: first, consideration of the “intercalation”
binding pocket and its steric and electronic characteristics, and second, placement of side chains
to achieve selectivity through interactions with the loops and different sized grooves in the
stacked tetrads.
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Structure of a G-tetrad and an example of the folding pattern of the known intramolecular G-

quadruplex loop isomer (1:2:1) formed in the c-MYC promoter.
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(A) Comparison of three-tetrad G-quadruplex-forming motifs (G3N1_3G3N2_gG3N1G3) within
selected gene promoters. (B) One face of a three-tetrad G-quadruplex, showing a double-chain

reversal loop containing one base.
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Figure 3.

(A) Promoter structure of the c-MYC gene, showing the c-MYC Pu27-mer sequence of the
guanine-rich strand upstream of the P1 promoter [41]. (B) CD spectra of the d(GGA)4
oligonucleotide, the c-MY C Pu27-mer, the T30695 oligonucleotide, and the thrombin binding
aptamer (TBA). (C) Proposed structures of the four different c-MYC G-quadruplex loop
isomers, in which dual G-to-T mutations at positions 11, 14, 20, and 23 result in defined loop
isomers. The upper row shows the four proposed isomers and the lower row shows the results
of dual G-to-T mutations. In this and subsequent figures, guanines = red, cytosines = yellow,
thymines = blue, and adenines = green. (D) Schematic structures of c-MYC (1:2:1), c-MYC
(1:2:1)-G14T/G23T,and c-MYC (1:6:1)-G11T-G14T determined by NMR in K* solution. (E)
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Diagram of the rearrangements involved in the Ramos and CA46 Burkitt’s lymphoma cell lines
(modified from ref. 72). Downward arrows indicate the breakage and rejoining points between
chromosomes 14 and 8 for each translocation. RT-PCR for c-MY C and -actin in Ramos (lanes
1-3) and CA46 (lanes 4-6) cell lines after no treatment (lanes 1 and 4) and treatment with 100
UM TMPyP2 (lanes 2 and 5) and TMPyP4 (lanes 3 and 6) for 48 hr. (F) Model for the activation
and repression of c-MYC gene transcription involving the conversion of the paranemic
secondary DNA structures (gene off) to purine and pyrimidine single-stranded DNA forms for
transcriptional activation. hnRNP K and CNBP are single-stranded DNA binding proteins
involved in transcriptional activation. Interaction of the parallel G-quadruplex structure with
TMPyP4 stabilizes the gene-off form by conversion to the proposed double-loop G-quadruplex
structure that stabilizes the silencer element and results in transcriptional repression [42].
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Figure 4.

(A) Promoter structure of the VEGF gene. The polypurine/polypyrimidine sequence is shown,
together with the five GC boxes [45]. (B) Plasmid footprinting of the VEGF promoter region
with S1 nuclease. The footprinting of the top strand of the supercoiled plasmid is shown in the
left panel. The densitometric scanning of the S1 footprinting on top strand is shown in the right
panel. Lane 1 = no salt, lane 2 = 100 mM KClI, lane 3 =1 uM telomestatin. Arrows indicate
the sites that are hypersensitive to S1 nuclease at the 3'-side of the G-quadruplex-forming region
[45]. Guanines in bold are those associated with the quadruplex. (C) Plasmid footprinting of
the top strand of the mutant VEGF promoter region with DNase | and S1 nuclease. The plasmid
was incubated in the absence of salt (lanes 1 and 4), in the presence of 100 mM K* (lanes 2
and 5), or with 1 uM K* (lanes 3 and 6) at 37 °C for 1 hour before treating with nuclease
[45]. Guanines in bold are those associated with the quadruplex. Asterisks indicate mutated
guanines (G to A).
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Figure 5.

DMS footprinting on the G-rich DNA oligomer derived from the HIF-1a. promoter in the
absence () or presence (+) of 140 mM K*. The sequence of the HIF-1o G-rich oligomer is
shown adjacent to the gel. Open circles indicate the guanines that are fully protected, and the
solid circles indicate the guanines that are cleaved [46].
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Figure 6.
(A) Promoter structure of the RET gene. Two GC boxes are highlighted. Five guanine tracts
(1, 11, 11, 1V, V) are indicated with braces [47]. (B) Proposed G-quadruplex structure for the

G-rich DNA oligomer of the RET promoter. The sequence of this G-rich strand DNA is shown
under the structure, together with the pol stop sites (arrows). (C) Cytosine*— cytosine base pair
in the i-motif (left). Schematic structure of an i-motif formed in the C-rich DNA oligomer of
the RET promoter (right). The sequence of this C-rich strand DNA is shown under the structure.
(D) Molecular model of the RET promoter sequence (—66 to —19) with i-motif, G-quadruplex,
and duplex DNA regions (adenine, green; guanine, red; thymine, blue; cytosine, yellow;
potassium ions, white). The symmetrical arrangement of RET C-rich and G-rich sequences is
shown below the model.
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Figure 7.

Schematic structure and folding topology of a c-kit87up G-quadruplex determined by NMR
[53]. Sequence for c-kit87up is shown below the structure. Guanines in red are those involved
in tetrad formation.
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Figure 8.

(A) Diagram of the promoter region of the Bcl-2 gene. Shown in the inset is the core sequence
of the G-quadruplex-forming region in the Bcl-2 promoter. Guanine tracts are underlined.
Different groups of five contiguous G-tracts (Bcl-2 3'G4, Bcl-2 MidG4, Bcl-2 5'G4,) within
the G-rich strand are indicated with braces [49]. (B) G-quadruplex folding pattern of the Bcl-2
MidG4-G15T/G16T determined by NMR [50].
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Figure 9.

Effect of K* and Na* on the formation of the PDGF-A NHE G-quadruplex in a Taq polymerase
stop assay. Two stop products are designated as the 5’-end product and 3’-end product. The
corresponding arrest sites are indicated on the core PDGF-A Pu41-mer sequence [56].
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(A) Effect of temperature (25-100 °C) on the CD spectra of 90-bp duplex DNA containing the
PDGF-A Pu4l-mer. At 100 °C, the 90-bp duplex DNA still generates a strong G-quadruplex
CD signal. (B) Nondenatured gel analysis of 60-mer G-rich single-stranded DNA containing
the PDGF-A Pu4l-mer (lane 1) and 60-bp double-stranded DNA, also containing the PDGF-
A Pudl-mer (lanes 2 and 3). In lanes 1 and 2, the G-rich strand was 5'-end-radiolabeled

with 32P, and the C-rich strand was 5'-end-radiolabeled with 32P in lane 3. (C) DMS
footprinting of G-rich strands of 60-bp duplex DNA band 1 (lanes 1 and 2) and band 2 (lanes
3 and 4). Lane 5 shows the CT sequencing on the G-rich strand of the 60-bp duplex DNA.
Open circles indicate the guanines that are fully protected, partially open circles indicate the
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guanines that are partially protected, and arrowheads indicate the guanines that are cleaved
[56].
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5-(2,3,2)-3 & 5'-(3,4,2)-3"

Figure 11.

(A) Proposed folding patterns of the four different loop isomers formed in the core sequence
of PDGF-A. (B) Model of the biologically relevant PDGF-A NHE G-quadruplex (loop isomer
5'-(2,5,2)-3"), which contains two 2-base double-chain reversal loops and one 5-base
intervening loop (K* ions = white). For clarity, hydrogen atoms have not been shown. In the
left panel, the two 2-base double-chain reversal loops are shown on each side of the model,
and in the right panel, the model has been rotated to show the 5-base intervening loop on the
right side of the model [56].
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Figure 12.

(A) Structures of the G-quadruplex-interactive compounds TMPyP4, telomestatin, and
Se2SAP, and the control compound TMPyP2. (B) The Taq polymerase stop assay was used
to compare the stabilization of the PDGF-A G-quadruplexes by TMPyP2 (lanes 3-7), TMPyP4
(lanes 8-12), telomestatin (lanes 13-17), and Se2SAP (lanes 18-22) by using increasing
concentrations of drugs (0.01, 0.05, 0.5, 1, and 2.5 uM) at 60 °C. Lane 1 is control and lane 2
is without drug. (C) The ratios of the major arrest products of each sample to the total product
were plotted against drug concentrations. (D) Dual luciferase assay to determine the effect of
TMPyP4 and TMPyP2 on the transcriptional activity of PDGF-A basal promoter containing
the NHE. The comparative firefly luciferase expressions (firefly/renilla) of TMPyP2 and
TMPyP4 are shown in the histograms [56].
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Figure 13.

(A) Promoter structure of the c-Myb gene and the location of key transcription factors; shown
inthe inset is the sequence of three (GGA),4 repeats downstream of the transcriptional initiation
site of the c-Myb promoter. (B) The intermolecular and intramolecular T:H:H:T G-
quadruplexes formed by d(GGA),4 and d(GGA)g. (C) Luciferase activity driven by the wild-
type and GGA-deleted c-Myb promoter constructs in CCRF-CEM cells. Deletion of R1, R2,
R3, or both R1 and R2 from the c-myb promoter increases luciferase activity in CCRT-CEM
cells. The R1, R2, and R3 deletion mutant pMybDelR1/2/3 markedly reduces luciferase activity
(* P value < 0.01) [57].
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