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Abstract

DNA G-quadruplexes are DNA secondary structures formed in specific G-rich sequences. DNA
sequences that can form G-quadruplexes have been found in regions with biological significance,
such as human telomeres and oncogene-promoter regions. DNA G-quadruplexes have recently
emerged as a new class of novel molecular targets for anticancer drugs. Recent progress on structural
studies of the biologically relevant G-quadruplexes formed in human telomeres and in the promoter
regions of human oncogenes will be discussed, as well as recent advances in the design and
development of G-quadruplex-interactive drugs. DNA G-quadruplexes can readily form in solution
under physiological conditions and are globularly folded nucleic acid structures. The molecular
structures of intramolecular G-quadruplexes appear to differ from one another and, therefore, in
principle may be differentially regulated and targeted by different proteins and drugs.

DNA has now been recognized to not only play a passive role in genetic-information storage
but also an active role in biological processes. In addition to the Watson—Crick duplex, DNA
is able to transiently form alternative DNA secondary structures within specific sequences and
as a consequence of dynamic molecular events. In particular, DNA G-quadruplexes, DNA
secondary structures formed in specific G-rich sequences (Figure 1), have been shown to
potentially form in regions of biological significance, such as human telomeres and oncogene
promoter regions. Consequently, DNA G-quadruplexes have recently emerged as a new class
of novel molecular targets for anticancer drugs. In this review, we will discuss the recent
progress on structural studies into the biologically relevant G-quadruplexes formed in human
telomeres and in the promoter regions of human oncogenes. The well-defined targets and
structural information of DNA G-quadruplexes are essential for understanding their biological
functions, as well as for the rational design of small molecules targeting these structures. We
will also discuss the recent progress in the design and development of G-quadruplex-interactive
drugs.
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G-quadruplex structure

G-quadruplexes are four-stranded DNA secondary structures that deviate from the normal
duplex form of DNA. They consist of stacked G-tetrads, square-planar platforms of four
guanines connected by cyclic Hoogsteen hydrogen bonding (Figure 1A), instead of the
Watson-Crick hydrogen bonding in a B-DNA duplex. The guanine residues in a G-tetrad can
adopt either syn or anti glycosidic conformation, in a G-strand-directional manner, with the
tetrad guanines from parallel G-strands adopting the same glycosidic conformation and those
from antiparallel G-strands adopting the opposite (Figure 1B). G-quadruplexes can be formed
with one, two, or four-G-rich strands (Figure 1). Tetramolecular G-quadruplexes are, in
general, parallel-stranded with tetrad guanines adopting anti glycosidic conformation.

Although the unusual ability of guanine-rich DNA solutions to form gelatinous aggregates was
first noted in 1910, their exact nature was not discovered until 1962, when Gellert and co-
workers proposed that these gels form planar guanine tetramers that stack into cyclic
arrangements [1]. G-quadruplex formation and stabilization requires monovalent cations, in
particular K* and Na*, which coordinate with the eight electronegative O6 atoms of the adjacent
stacked G-tetrads (Figure 1) [2,3]. Since K* and Na* are the main cations in vivo, G-quadruplex
formation is favored under physiological conditions. A G-rich sequence may adopt different
structures in the presence of different cations. The K* form is considered to be more
biologically relevant due to its higher intracellular concentration (~140 mM) than that of
Na* (5-15 mM). The precise location of cations between tetrads depends on the nature of the
ions: Na* ions are observed in a range of geometries, whereas K* ions are always equidistant
between each tetrad plane. K* in general is preferred over Na* by G-quadruplexes as K* has
a better coordination with eight guanine O6s and a lower dehydration energy [3].

Intramolecular G-quadruplexes formed by single-stranded DNA are of intensive current
research interest due to their potential formation in telomeres [4—6] and oncogene promoter
sequences [7]. In contrast to tetramolecular quadruplexes, intramolecular structures form
quickly and are more complex, exhibiting great conformational diversity, such as in folding
topologies, loop conformations and capping structures (Figure 1C). Not only do different
sequences adopt distinct topologies, but, in addition, a given sequence can fold into a variety
of different conformations, as in the case of the human telomeric DNA sequence. With the
recent progress in the structural studies of G-quadruplexes, numerous rules governing G-
quadruplex folding have been recognized (see later discussion). However, complete prediction
of a G-quadruplex conformation appears to be difficult, thus structural characterization of G-
quadruplexes seems be necessary to understand each G-quadruplex structure and its ligand
interactions.

Formation of DNA G-quadruplexes in biological systems

The first biologically relevant G-quadruplex formation was observed in telomeric DNA. This
was based on the observed association of guanine—guanine base-paired hairpin structures in
single-stranded telomeric terminal sequences of several organisms [8], which was further
characterized in the telomeric DNA of Tetrahymena [9]. The importance of monovalent cations
inthe induction and stabilization of these structures was revealed by Williamson, who proposed
that cations bind in the cavity formed by the guanines in each tetrad [10]. The most direct
evidence of the in vivo existence of G-quadruplexes was established using specific antibodies
against parallel and antiparallel G-quadruplexes formed in telomeric DNA of the ciliate
Stylonychia lemnae [11]. The antibody specific for the antiparallel G-quadruplex was detected
in macronuclei but not in the corresponding micronuclei of ciliates, and the signal was cell
cycle-dependent and absent during replication [11]. More recently, using the same antibody in
ciliates, it was shown in vivo that the telomere end-binding proteins TEBPao and TEBP are
required to control G-quadruplex formation and that TEBP phosphorylation is needed to
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resolve G-quadruplex structures during replication [12]. Additional evidence for G-quadruplex
formation in vivo was provided by detection of G-quadruplex formation at human chromosomal
ends by using the radiolabeled G-quadruplex ligand 360A (2,6-N,N'-methyl-quinolinio-3-yl-
pyridine dicarboxamide) [13] or the fluorescent G-quadruplex ligand BMVC (3,6-bis(1-
methyl-4-vinylpyridinium) carbazole diiodide [14].

While most of the evidence for the in vivo existence of G-quadruplexes is in telomeric DNA,
there is a growing body of compelling evidence for the biological relevance of G-quadruplexes
in noncoding regions of the genome, especially gene promoters. A significant enrichment of
quadruplex-forming motifs has recently been shown in the promoter regions of human genes
near transcription start sites (TSS), with a strong correlation between nuclease-hypersensitive
elements (indicative of unusual DNA structures) and the G-quadruplex-forming motifs [15,
16]. It was suggested that quadruplex formation most likely occurs during processes such as
transcription, replication or recombination, when the DNA duplex is actively denatured [17].
The biological relevance for the G-quadruplexes formed in gene promoters will be discussed
in more details later.

In addition, G-quadruplexes have been found in other biologically relevant regions of the
genome, such as immunoglobulin switch regions [17], ribosomal DNA [18] and certain regions
of RNA [19-21]. For example, the quadruplex formed in the extended (CGG),, repeat of the
Fragile X syndrome was found to inhibit the translation of FMR1 protein. Expression of
proteins such as CBF-A or hnRNPAZ2, which destabilize the G-quadruplex in vitro, was found
to increase translational efficiency [22,23].

G-quadruplex-interactive proteins

A growing list of proteins has been identified as interacting with DNA G-quadruplex structures,
strongly pointing to the existence of qua-druplex DNA in vivo [17,24,25]. The formation of
G-quadruplex structures in vivo within plasmid genomes transcribed in Escherichia coli cells
was detected by electron microscopy and verified by interactions with G-quadruplex-specific
nuclease GQN1 and the high-affinity G-quadruplex-binding protein nucleolin [26]. Both the
f subunit of the Oxytricha nova telomere-binding protein TBP [27] and the Saccharomyces
cerevisiae repressor-activator protein 1 (RAP1) [28], which are essential for telomere
maintenance, promote G-quadruplex formation. Human topoisomerase | (Topo I) also
promotes the formation of G-quadruplexes and binds to preformed G-quadruplexes [29,30].
The mammalian nucleolar protein nucleolin binds with high affinity to G-quadruplex structures
[31]. MutSa. protein, which is involved in mismatch repair, targets G-quadruplex in G loop
segments and promotes synapsis of transcriptionally activated immunoglobulin switch regions
[32]. Activation-induced cytosine deaminase (AID) also binds to G-quadruplex and plays a
role in immunoglobulin class switch recombination [33]. On the other hand, a group of G-
quadruplex destabilizing proteins has been identified. Human Pot1 is a highly conserved
telomeric protein that binds to the 3’ end of single-stranded telomeric DNA and plays an
importantrole in telomere end-capping and protection [34,35]. hPot1 has been shown to disrupt
telomeric G-quadruplex structures to restore the activity of telomerase [36]. Potl also
stimulates the activity of WRN/BLM helicases to unwind telomeric DNA [37]. Replication
protein A (RPA), another highly conserved eukaryotic protein, is essential for telomere
maintenance [38,39], and also unfolds telomeric G-quadruplexes [40]. Also, several single-
strand binding proteins of the heterogeneous nuclear ribonucleoprotein (hnRNP) family,
including hnRNP A1 [41], its derivative UP1 [42] and hnRNP D [43], resolve telomeric G-
quadruplexes, presumably by trapping the single-stranded form of telomeric DNA. In addition
to noncatalytic G-quadruplex-resolving proteins, the RecQ family of helicases, such as Sgs1
and Cdc13p in S. cerevisiae, Werner’s syndrome protein (WRN) and Bloom’s syndrome
protein (BLM) helicases in human cells, preferentially bind and disrupt DNA G-quadruplex
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structures and are suggested to participate in telomere maintenance by facilitating replication
or recombination at telomeric ends [44-49]. The lack of RecQ helicases is associated with
genomic instability, premature senescence, and accelerated telomere erosion. RecQ helicases
catalytically unwind DNA G-quadruplex structures with a single-stranded 3’ tail, which
requires energy from ATP hydrolysis and the presence of Mg?*. It is important to note that G-
quadruplex-interactive agents inhibit telomerase activity and the unwinding of G-quadruplex
structures by Sgs1 and WRN/BLM helicases [44,50]. Moreover, G-quadruplex processing is
most likely facilitated by G-quadruplex-specific nucleases such as yeast KEM1/SEP1 [51],
human GQN1 [52] and yeast Mrellp [53], which can all cleave single-stranded DNA that
neighbors G quartets. Interestingly, neither KEM1/SEP1 nor GQN1 can cleave duplex DNA,
and Mrel1p has much higher affinity for G-quadruplex DNA than for single- or double-
stranded DNA. It is noteworthy that most proteins appear to bind to the loop regions of G-
quadruplexes.

G-quadruplexes formed in human telomeres

Introduction

Telomeres are specialized DNA—protein complexes that cap the ends of linear chromosomes
and provide protection against gene erosion at cell divisions, chromosomal nonhomologous
end-joinings and nuclease attacks [54-56]. Human telomeres consist of tandem repeats of the
hexanucleotide d (TTAGGG),, 5-10 kb in length, which terminate in a single-stranded 3'-
overhang of 35-600 bases [57—61]. Telomeric DNA is extensively associated with various
proteins, such as Potl, TRF1 and TRF2, as well as TIN2, Rapl and TPP1 [57,62-64]. The
structure and stability of telomeres are closely related to cancer [4,65], aging [66], and genetic
stability [56,67]. In normal cells, each cell replication results in a 50- to 200-base loss of the
telomere [68-70]. After a critical shortening of the telomeric DNA is reached, the cell
undergoes apoptosis [68]. However, telomeres of cancer cells do not shorten on replication,
due to the activation of a reverse transcriptase, telomerase, that extends the telomeric sequence
at the chromosome ends [71]. Telomerase is activated in 80-85% of human cancer cells [72]
and has been suggested to play a key role in maintaining the malignant phenotype by stabilizing
telomere length and integrity [73]. The G-rich sequence of human telomeric DNA has a strong
propensity to form the DNA G-quadruplex secondary structure, which can inhibit the activity
of telomerase [74]. In addition to the formation at the telomere end, which most likely involves
intramolecular G-quadruplex structures, intermolecular G-quadruplex formation may also be
involved in the T-loop invasion complex [75,76] and in meiotic chromosome synapsis and
homologous recombination [9,77-79].

G-quadruplex-targeting compounds have been shown to inhibit telomerase activity, thereby
making the intramolecular human telomeric DNA G-quadruplex an attractive target for cancer
therapeutic intervention (Figure 2A) [4,6,65,80,81]. More recently, G-quadruplex-targeting
compounds have been shown to disrupt telomere capping and induce rapid apoptosis (Figure
2B) [4,82]. As telomeric DNA is extensively associated with various proteins, disruption of
telomere capping and maintenance, such as disruption of TRF2 and Pot1, can be sensed as
DNA damage, which in turn rapidly activates the apoptotic pathways in the absence of telomere
shortening [34,83,84]. Furthermore, G-quadruplex-targeting compounds have also been shown
to inhibit the alternative lengthening of telomeres (ALT) pathway [85-87], which maintains
telomere stability in a telomerase-independent manner in cancer cells (~15%) wherein
telomerase is not activated.

Human telomeric G-quadruplex structures & polymorphism

Understanding of the human telomeric G-quadruplex structure under physiologically relevant
conditions has been the subject of intense investigation. A 22-nt human telomeric sequence 5'-
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AGGG(TTAGGG)3-3' (wtTel22) (Figure 3A) has been shown by NMR to form a basket-type
G-quadruplex in Na* solution [88], which is a mixed antiparallel-parallel stranded
intramolecular structure with three G-tetrads connected by one diagonal and two lateral
(edgewise) TTA loops (Figure 4Ai). The same 22-nt human telomeric sequence has more
recently been shown in the crystalline state in the presence of K* to form a parallel-stranded
intramolecular G-quadruplex consisting of three G-tetrads connected with three symmetrical
propeller (double-chain-reversal) TTA loops (Figure 4Aii) [89]. However, when examined in
K* solution by NMR, this wtTel22 sequence does not form a single G-quadruplex structure
(Figure 3Bi) [90]. Recent structural studies have shown that the hybrid-type intramolecular G-
quadruplex structures (Figure 4Aiii) appear to be the major conformations formed in the human
telomeric sequences in K* solution (Figure 3A) [90-95], even in the co-presence of high
concentrations of Na* [90]. The telomeric G-quadruplexes are always in dynamic equilibrium
between two conformations, the hybrid-1 and hybrid-2 structures [91]. Each hybrid-type G-
quadruplex structure has distinct capping structures that may provide specific drug-binding
sites. The hybrid-type conformations suggest a straightforward means for multimer formation
with effective packing in the human telomeric sequence. Itis important to note that the structure
polymorphism appears to be intrinsic to the highly conserved human telomeric sequence and
may be exploited in biological systems [5]. In this review we will focus on the structure studies
from our group.

Hybrid-1 & -2 human telomeric

G-quadruplexes are closely related yet distinct in their folding structures: Large numbers
of variant four-G-tract sequences containing the core wtTel22 with different flanking segments
have been screened by TH NMR [90]. A few sequences, including the 26-nt sequence Tel26
(Figure 3A), form one stable major G-quadruplex in K* solution (Figure 3Bii). The 3'-flanking
segment has been found to be critical for the formation of a stable G-quadruplex. The folding
topology and the molecular structure of the G-quadruplex formed by Tel26 in K* solution,
which is a hybrid-1 type intramolecular G-quadruplex with three G-tetrads, have been
determined by NMR (PDB ID 2HY?9) (Figure 4Aiii left & Figure 5B) [90,92].

Tel26 was found to quickly adopt two conformations when freshly dissolved in K* solution
and to become stabilized in the hybrid-1 conformation [92]. Careful examination of the wild-
type 26-nt human telomeric sequence wtTel26 (TTAGGG)4TT (Figure 3A) showed a major
intramolecular G-quadruplex, which accounts for approximately 70% of the total population
in K* solution (Figure 3B) [91]. Albeit quite challenging, the folding topology and molecular
structure of the major G-quadruplex formed by wtTel26 in K* solution, which is a hybrid-2
type intramolecular G-quadruplex with three G-tetrads, have also been determined by NMR
(PDB ID 2JPZ) (Figure 4Aiii right & Figure 5A) [91].

While both hybrid-type telomeric structures contain three G-tetrads linked with mixed parallel/
antiparallel G-strands, they differ in loop arrangements, strand orientations, G-tetrad
arrangements, and capping structures (Figure 4Aiii & Figure 5A-D). The hybrid-1 structure
has sequential side-lateral-lateral loops with the first TTA loop adopting the double-chain-
reversal conformation, whereas the hybrid-2 structure has lateral-lateral-side loops with the
last TTA loop adopting the double-chain-reversal conformation. Both hybrid-type structures
contain three parallel G-strands and one antiparallel G-strand, five syn guanines and
asymmetrical G-arrangements. The first G-tetrad (from the 5’ end) has a reversed G-
arrangement from the other two G-tetrads; for the hybrid-1 structure the first G-tetrad is
(syn:syn:anti:syn) and the bottom two are (anti:anti:syn:anti), whereas for the hybrid-2
structure the first G-tetrad is (syn:anti:syn:syn) and the bottom two are (anti:syn:anti:anti).
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Loop conformations & capping structures determine the selective formation of
hybrid-1 or hybrid-2 telomeric

G-quadruplex structures: The wild-type telomeric sequence wtTel26 and the modified Tel26
sequence contain the same four-G-tract core segment wtTel22, with Tel26 containing the
modified 5'- and 3'-flanking AA instead of the native TT (Figure 3A). However, in K* solution,
wtTel26 forms a major hybrid-2 structure, whereas Tel26 predominantly forms a hybrid-1
structure (Figure 4Aiii) [91,92]. The NMR structures of the two hybrid-type human telomeric
G-quadruplexes are both well defined, including the two flanking sequences and the three TTA
loops (Figure 5A-D). The molecular structures indicate that specific capping structures
selectively stabilize the specific hybrid-type telomeric G-quadruplex. The molecular structure
of the hybrid-2 G-quadruplex formed by wtTel26 in K* shows a T:A:T triple capping structure
specific to the hybrid-2-type human telomeric G-quadruplex (Figure 5A). The well-defined
T:A:T triple platform forms with T8 and A9 of the first TTA lateral loop and T25 of the 3'-
flanking segment, capping the bottom end of the hybrid-2 human telomeric G-quadruplex
(Figure 5C) [91]. The importance of the T:A:T capping structure in stabilizing the hybrid-2
human telomeric G-quadruplex structure has been demonstrated by mutational analysis of
wtTel26 with single A-to-T and T-to-U substitutions [91]. This T:A:T triple capping structure
is specific to the hybrid-2 folding and is not possible in the hybrid-1 folding (Figure 4Aiii). In
the Tel26 sequence (Figure 3A), T25 is mutated to A25 and the T8:A9:T25 triple can no longer
form (Figure 4Aiii); therefore, the hybrid-2 structure is no longer favored. Rather, Tel26 forms
a hybrid-1 structure in K*. Two capping platforms, specific to the hybrid-1 structure, are
observed in the Tel26 structure (Figure 5B): an adenine triple structure of three naturally
occurring adenines, A21, A3 and A9, at the top end (Figure 5D) and an A:T base pair structure
at the bottom end of the G-quadruplex [92]. The A:T base pair-capping structure involves the
mutated A25 and explains the specific stabilization effect of the hybrid-1 type structure by
T25A mutation [90].

The two hybrid-type telomeric G-quadruplexes both contain a 3-nt TTA double-chain-reversal
loop, which are the first and third loops in the hybrid-1 and hybrid-2 structures, respectively
(Figure 4Aiii) [91,92]. As will be discussed in the promoter G-quadruplex structures, a double-
chain-reversal loop conformation usually favors short loop sizes of 1 and 2 nt, likely due to
the lack of stacking interactions of the groove-positioned loop residues. This may explain why
the parallel-stranded telomeric G-quadruplex with three double-chain-reversal 3-nt TTA loops
is not favored in K* solution. Actually, in the molecular structures of the two hybrid-type
telomeric G-quadruplexes, the adenines of the 3-nt TTA double-chain-reversal loops (i.e., A9
in hybrid-1 and A21 in hybrid-2) both adopt a conformation which is partially stacked with
the top G-tetrad (Figure 5A & B). Interestingly, the presence of a TTA loop in double-chain-
reversal conformation in the hybrid-type structures allows the 5’ and 3’ ends to point in opposite
directions. Thus the 3-nt double-chain-reversal loop in the hybrid-type telomeric structures
may be selected to avoid the steric interference of the two ends. It is noteworthy that the
presence of a 3-nt double-chain-reversal loop in the hybrid-type structures may contribute to
the structural flexibility and polymorphism of human telomeric G-quadruplexes (see following
discussion).

Hybrid-type structures are the predominant conformations for human telomeric
sequences in K* solution, even in the copresence of a high concentration of
Na*—Hybrid-type structures (Figure 4Aiii) appear to be the predominant conformation for
wtTel26 and Tel26 in K* solution, even in the co-presence of a high concentration of Na*.
Addition of K* to the Na* solution readily converts the preformed basket-type Na* structure
to the hybrid-type K* structure (Figure 3C) [90]. In contrast, addition of Na* to a 50-mM K*
solution, even to a concentration of 200 mM, does not change the hybrid-type K* structure to
the basket-type Na* structure (Figure 3C). The same results are also observed for the truncated
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22-nt wtTel22 sequence. Full conversion of the Na* structure to its K* structure of Tel26 takes
several hours to an overnight incubation, depending on the K* concentration, whereas
conversion of the Na* structure of wtTel22 to its K* structure is faster than can be detected by
either CD or NMR [90]. In contrast to the wtTel22 sequence that forms a single well-defined
basket-type G-quadruplex in Na* solution [88], the extended sequences wtTel26 and Tel26 do
not form a single G-quadruplex conformation in Na* solution [90,91].

Potential of the hybrid-type human telomeric G-quadruplexes to form higher-
order multimers—Significantly, both the hybrid-type human telomeric G-quadruplexes
structures provide an efficient scaffold for a compact-stacking structure of multimers in human
telomeric DNA (Figure 5e). Human telomeric DNA terminates with a 3’ single-stranded
overhang of 35-600 nt. The 5’ and 3’ ends of the hybrid-type structures point in opposite
directions, allowing the hybrid-type G-quadruplex to be readily folded and stacked end-to-end
in the elongated linear telomeric DNA strand. Intriguingly, the capping structures (the adenine
triple in the hybrid-1 structure and the T:A:T triple in hybrid-2 structure) can provide not only
stacking interactions between the two adjacent telomeric G-quadruplexes but also specific
binding sites for small-molecule ligands to target G-quadruplexes in human telomeres (Figure
5e). Indeed, a recent study indicated that the most plausible structure of a 44-nt single-stranded
human telomeric DNA is a dimer structure with each quadruplex in a different hybrid form
[96]. However, different results have been shown by some other studies [97-99].

Structure polymorphism of human telomeric G-quadruplexes: is it related to the highly
conserved human telomeric sequence?

For extended four-G-tract human telomeric sequences, both hybrid-1 and hybrid-2 forms
appear to coexist in K* solution; the hybrid-2 form appears to be the major conformation
(Figure 3A) [91]. For example, the hybrid-2 form accounts for approximately 70% in wtTel26
and less than 65% in wtTel27, but the hybrid-1 form can also be detected in both sequences.
By contrast, for human telomeric sequences with no 3'-flanking segment (wtTel23 and
wtTel24), the hybrid-1 structure appears to be the major conformation. This is consistent with
the T:A:T capping structure in the hybrid-2 structure, which requires the 3'-flanking T (Figure
5C). One specific four-G-tract telomeric sequence, wtTel21-T, has very recently been found
to form an interesting basket-type G-quadruplex with only two G-tetrads [100,101]. However,
the two-tetrad conformation is unlikely to be a stable form of the extended human telomeric
sequence, as it can hardly be detected in any telomeric sequence with a 5'-flanking segment.

While the energy difference of the two hybrid forms is quite small, so that the two forms can
coexist in the extended telomeric sequences, the kinetics of the interconversion between the
two forms appears to be rather slow, as very few exchange peaks were observed in Nuclear
Overhauser Effect correlation spectroscopy experiments [91]. The slow kinetics of the inter-
conversion indicates a high-energy barrier intermediate(s) for transition. We have proposed a
model for the interconversion between the hybrid-type K* form and the basket-type Na* form
telomeric G-quadruplex structures through a strand-reorientation mechanism (Figure 4B)
[90,101]. The 5’ G-strand of the basket-1 type G-quadruplex may dissociate from the structure
and swing back to the other side of the second G-stand to form a parallel-stranded structural
motif with a double-chain-reversal loop. A similar strand-reorientation could occur at the 3'-
end for the interconversion between the hybrid-2 and basket forms. Interestingly, the two-G-
tetrad basket-type structure appears to fit the intermediate state in the proposed transition model
and is likely to be a transition intermediate of the interconversion between different telomeric
G-quadruplex forms [101]. The presence of a metastable intermediate state is consistent with
recent reports in which the unfolding processes of the telomeric G-quadruplexes have been
shown to have multiple intermediate states [102,103].
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Unlike the G-rich sequences in gene-promoter regions that will be discussed later, the telomeric
DNA sequence contains the same tandem repeats. Both hybrid-type G-quadruplexes are
asymmetric structures (Figure 4Aiii), which are related to the intrinsic asymmetric residue
distribution of the tandem TTA loops in the human telomeric DNA sequence. It is this intrinsic
asymmetry that determines the possibility of the formation of the two very closely related but
distinct hybrid-type structures. The linker segment in the telomeric sequences of human (and
vertebrate) is TTA, whereas those of lower organisms contain only thymines. The presence of
adenine in the TTA loop adds an asymmetry in human telomeric sequences, thereby providing
a more selective basis for different capping structures, such as the T:A:T triple in the hybrid-2
structure and the adenine triple in the hybrid-1 structure, which appear to play an important
role in stabilizing different forms (Figure 5A—C). The human telomeric sequence is highly
conserved. Nature may have chosen this specific sequence with its asymmetry and the low
energy difference between various forms. The structural polymorphism of the human telomeric
sequence may provide a means of controlling the biology of human telomeres, such as
imparting different protein recognition. The small energy difference between various forms
may present an attractive means for drug targeting, which may readily surpass the small energy
barrier and, subsequently, change the dynamics and protein recognition of human telomeres.
On the other hand, this structural polymorphism may also present a challenge for specific drug
targeting.

G-quadruplexes formed in human oncogene promoters

Introduction

The potential occurrence of DNA G-quadruplex has been discovered in the promoter regions
of genes involved in growth and proliferation [104,105]. These genes are mostly TATA-less
and all contain G/C-rich tracts in the proximal regions of promoters. It has been shown that
the potential for quadruplex formation is higher within oncogenes compared with tumor
suppressor genes [106]. The first experiments that suggested the existence of unusual forms
of DNA in gene promoters were reported in 1982, based upon the nuclease hypersensitivity of
promoter elements in the chicken B-globulin gene [107]. This was also independently
demonstrated by another group [108]. These unusual DNA structures were subsequently shown
to be associated with runs of guanines. Since then, the occurrence of these elements in the
promoters of other genes have been reported, such as those of insulin [109], human c-MYC
[110,111], human VEGF [112], human HIF-1e [113], human BCL-2 [114-116], human
SMtCK [117], human and mouse KRAS [118], human ¢-KIT [119,120], human RET [121] and
human PDGF-A [122], in addition to chicken B-globulin [123] and mouse o7 integrin [124].

In contrast to the repeating tandems in the human telomeric sequence, the G-rich sequences of
gene promoters are often composed of G-tracts with unequal numbers of guanines and various
numbers of intervening bases. The promoter sequences may contain more than four-G-tracts
and each of these sequences appears to be unique in its number and length of G-tracts and
intervening bases [7]. Thus the G-rich promoter sequences in general are capable of forming
multiple possible quadruplex structures using different combinations of G-tracts or Gs within
a tract and are often a mixture of multiple conformations and loop isomers. A notable feature
of the promoter quadruplexes is the prevalent occurrence of the Ga3NG3 sequence motif, which
forms a robust parallel-stranded structure motif with a 1-nt double-chain-reversal loop (Figure
6). Indeed, the G3NG3 motif is so widespread that it has been proposed to be evolutionarily
selected to serve as a stable core in the promoter intramolecular G-quadruplex structures.

The c-MYC gene promoter is the most extensively studied system for the G-quadruplex
formation. c-MYC is a potent oncoprotein and transcription factor that plays an essential role
in the control of cell growth as well as in cell fate determinations related to the induction of
apoptosis [125,126]. c-MYC overexpression is associated with a large number of human
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malignancies, including colon, breast, prostate, cervical, and small-cell lung carcinomas,
osteosarcomas, glioblastomas, B-cell and T-cell lymphomas and myeloid leukemias [127-
131]. The transcriptional regulation of c-MYC expression is complex, with P1 and P2 being
the predominant promoters [132]. A highly conserved 27-base-pair nuclease hypersensitivity
element 1117 (NHE I114) in the proximal region of the c-MYC promoter controls 80-90% of the
transcriptional activity, regardless of whether the P1 or P2 promoter is used (Figure 7A)
[133-135]. In vivo footprinting using KMnO,4 showed that a silenced form of the c-MYC
promoter NHE I114 is different from the transcriptionally active state and is consistent with G-
quadruplex formation [136]. More recently, the NHE 1111 has been shown to be a silencer
element and the formation of a DNA G-quadruplex structure is critical for c-MYC
transcriptional silencing (Figure 7B) [111]. Compounds that bind to and stabilize the G-
quadruplex conformation have been shown to reduce c-MYC expression and are anti-
tumorigenic [137-139].

A special requirement for promoters is that the G-quadruplex element must be generated in a
region of duplex rather than single-stranded DNA, as is the case for telomeres. A report from
the Levens laboratory at the National Cancer Institute demonstrated in vivo the effect of tran-
scriptionally induced supercoiling in the c-MYC promoter that controls the rate of promoter
firing [140,141]. The transcriptionally induced supercoiling can melt and convert DNA to a
non-B-DNA form in the far upstream element (FUSE) in the c-MYC promoter, which is 1.7
Kb upstream of the P1 promoter, even in the presence of topoisomerases. The NHE I11;element,
which is the G-quadruplex forming region in the c-MYC promoter, is much closer to the source
of induced negative superhelicity, the replication machinery, and is thus likely to be subjected
to greater torsional stress than the FUSE. Indeed, a report from the Hurley laboratory showed
that the negative superhelicity facilitates secondary DNA structure formation under
physiological conditions in a supercoiled plasmid system [142]. These results provide
compelling evidence for adynamic equilibrium between duplex, single-stranded and secondary
DNA structures that determine the transcriptional state of the c-MYC promoter.

Importantly, two protein players involved in gene transcription have been shown to interact
with the c-MYC promoter G-quadruplex. Nucleolin, which specifically binds and stabilizes the
c-MYC promoter G-quadruplex, functions as a transcription repressor [143], while NM23-H2
destabilizes the c-MYC promoter G-quadruplex by binding to the single-stranded form and
functions as a transcription activator [144,145]. In addition to the c-MYC promoter, it has been
demonstrated in vivo that the G-quadruplexes form in supercoiled duplex DNA in the VEGF
promoter [112], and in vitro, using single-molecule fluorescent resonance energy transfer, that
a c-KIT promoter quadruplex was able to form within the context of double-stranded DNA
[146].

Parallel-stranded G-quadruplex structure formed in the human c-MYC promoter

G-quadruplexes formed in the c-MYC promoter—The 27-mer NHE 111, G-rich
sequence MycPu27 is comprised of five consecutive runs of guanines (with three runs
composed of four guanines each and two runs composed of three guanines each) (Figure 8A)
and can form multiple G-quadruplex structures [110].

Native gel EMSA and DMS footprinting data showed that the 5’-run of guanines (G-tract 1) is
not involved in the formation of the major G-quadruplex structure of Pu27 [111]. The major

G-quadruplex formed by the four consecutive 3’ runs of guanines (Myc2345) is a mixture of

four loop isomers. The predominant loop isomer has been shown to be the one with G14 and
G23 in the loop region, using DMS cleavage and EMSA data [147]. The folding topology of
the major c-MYC G-quadruplex Myc2345 has been shown to be parallel-stranded [147,148].
The minor G-quadruplex formed in Pu27 using the 1,2,4,5 G-tracts (Myc1245) [111] has also
been shown to adopt a parallel-stranded folding (Figure 8B) [148].
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Molecular structure of the major G-quadruplexes formed in the c-MYC promoter
—We have determined the solution structure of the major G-quadruplex in the c-MYC silencer
element by NMR (Figure 8B), the first molecular structure of a G-quadruplex found to form
in the promoter region of an oncogene [149]. The selected sequence MYC22 (Figure 8A)
contains two G-to-T mutations at residue positions 14 and 23 of the wild-type c-MY C sequence,
which restrict the mixture of loop isomers to the single predominant conformation of the c-
MY C G-quadruplex in K* solution. The line width and resolution of MYC22 are much
improved compared with that of the wild-type sequence (Figure 8C). Many inter-residue NOE
crosspeaks are observed in 2D-NOESY (Figure 8D), which define the overall conformation of
the major c-MYC G-quadruplex, Myc2345. The NOE connectivities were used for NOE-
restrained molecular dynamics (RMD) calculation, which produced a family of 20 lowest-
energy refined structures, with the average rms deviation being 0.88 A including all atoms
[149].

A representative structure of the NMR-refined solution structures of the major c-MYC G-
quadruplex formed by MY C22 is shown in Figure 9. This is the first molecular structure
showing the parallel-stranded motif with a single-nucleotide double-strand-reversal loop
(G3NGs), a robust motif that appears to be prevalent in the G-quadruplex-forming promoter
sequences. The intramolecular Myc2345 G-quadruplex consists of three G-tetrads with four
parallel DNA strands that are linked by three double-strand-reversal side loops, including a
double-nucleotide loop and two single-nucleotide loops. The four grooves of this G-quadruplex
are of medium width. Both of the single-nucleotide loops adopt a similar conformation, with
an extended sugar backbone strand while the thymine base sticks out into the solvent. The
sugar backbone of the double nucleotide T14A15 loop is not as extended as the single thymine
loop, with the thymine T14 base sticking out into the solvent and the adenine A15 base located
toward the G-tetrad groove with the H2 end pointing to the top of the quadruplex.

The stability of the single-nucleotide parallel-stranded motif is nicely explained by the
molecular structure. The right-handed twist of the two adjacent guanine strands makes the 3'-
end of one G-strand very close in space to the 5’-end of the next G-strand, so that the single-
nucleotide double-strand-reversal loop is very favored (Figure 9A). In fact, the single-
nucleotide loop appears to be more stable than the double-nucleotide loop based on the variable
temperature study, which indicates that the two ends (G16 and G13) of the TA-loop are the
first melting points of the Myc2345 G-quadruplex [149].

The Myc2345 G-quadruplex structure contains very well-defined capping structures at both
ends. The 5’-TGA flanking strand adopts a more or less left-handed twist backbone
conformation. The A6 residue stacks very well with the G7 of the bottom tetrad, while the G5
residue lays on the side of G7 and G20 (Figure 9A). The 3'-flanking TAA adopts a well-defined
fold-back structure, capping the 3’-end of the c-MY C G-quadruplex structure (Figure 9B). The
terminal A25 folds back to stack with the G9 of the top G-tetrad, whereas the T23 base stacks
on top of the G22 residue and forms Hoogsteen hydrogen bonding with A25. The A24 residue
is stacked on top of the T23:A25 base pair. T23 is a mutation from the wild-type G23. Our
molecular dynamics modeling of this G-quadruplex structure with the wild-type 3'-flanking
GAA sequence demonstrated a similar stable fold-back conformation, with G23 nicely base-
paired with A25 using Hoogsteen hydrogen bonding [149] (Figure 9C). The melting
temperature of MYC22 is over 85°C, comparable to that of the wild-type mycPu27. The wild-
type c-MYC promoter DNA mycPu27 has extended flanking DNA sequences and can adopt
the necessary capping conformations to stabilize the major G-quadruplex conformation. It is
noteworthy that the unique capping structures of the Myc2345 G-quadruplex may provide
potential binding sites for drug targeting.
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Hybrid-type G-quadruplex structure formed in the human BCL-2 promoter

The BCL-2 gene product is a mitochondrial membrane protein that exists in delicate balance
with other related proteins and functions as an inhibitor of cell apoptosis [150,151]. BCL-2
has been found to be aberrantly overexpressed in a wide range of human tumors, including B-
cell and T-cell lymphomas and breast, prostate, cervical, colorectal and nonsmall cell lung
carcinomas [152-157]. The major promoter P1 of the human BCL-2 gene isa TATA-less, GC-
rich promoter containing multiple transcriptional start sites and is located within a nuclease
hypersensitive site (Figure 10A) [158]. A 39-bp GC-rich region adjacent to the 5’-end of the
P1 promoter has been implicated as playing a major role in the regulation of BCL-2
transcription [159,160] and has been shown to bind to multiple transcription factors [158,
160-162].

The 39-mer G-rich strand of the DNA in this region contains six runs of guanines separated
by one or more bases, with one run of five guanines, two runs of four guanines each and three
runs of three guanines each, capable of forming multiple intramolecular G-quadruplex
structures (Figure 10B). By using the polymerase stop assay and DMS footprinting, it has been
demonstrated that the G-quadruplex structure formed from the central four runs of guanines
was the most stable G-quadruplex (bcl2Mid, Figure 10B) [115]. However, the 23mer BCL-2
promoter DNA (bcl2Mid) of this middle region contains a run of five guanines, thus it is
possible to form three loop isomers in which the three consecutive guanines involved in the
G-tetrads are either at the 3'- or the 5’-end, or in the middle, straddled by one guanine on each
side (Figure 10B). Using mutational analysis and NMR spectroscopy, we tested a set of 23-
mer BCL-2 promoter sequences with dual G-to-T mutations to isolate each loop isomer; we
found the 15,16-G-to-T dual mutant (bcl2Mid-15,16T) forms the most stable intramolecular
G-quadruplex in this BCL-2 promoter DNA (Figure 10C) [116]. Additionally, the two mutated
guanines G15 and G16 give rise to the clear DMS cleavage pattern found in the wild-type
sequence, indicating that these two guanines are not involved in the G-tetrad formation of the
major G-quadruplex under physiological conditions [115].

Folding topology and molecular structure of the major G-quadruplex formed in
the BCL-2 promoter—Using NMR spectroscopy, the folding topology of this major G-
quadruplex formed in the BCL-2 promoter region has been determined [116]. Bcl2Mid-15,16T
forms a hybrid-2 type intramolecular G-quadruplex structure with mixed parallel/antiparallel
G-strands that are connected by a single-nucleotide double-chain-reversal side loop and two
lateral loops (Figure 11A). The first, third and fourth G-strands are parallel with each other
and the second G-strand runs antiparallel to the other G-strands. The first three-nucleotide CGC
loop in the BCL-2 promoter sequence forms a lateral loop and appears to largely determine the
overall folding of the bcl2Mid-15,16 T G-quadruplex.

The molecular structure of this major G-quadruplex formed in the BCL-2 promoter has also
been determined using a NOE-restrained distance geometry and RMD approach [114]. A total
of 476 NOE distance restraints, of which 168 are from inter-residue NOE interactions, were
incorporated into the structure calculation. The bcl2Mid-15,16 T G-quadruplex structure is very
well defined, as the average rms deviation is 1.04 A for the core G-tetrads and the first CGC
loop of the 10 lowest energy structures. A representative model of this well-defined G-
quadruplex structure is shown in Figure 11B. The G-quadruplex consists of three G-tetrads
with mixed G-arrangements (the top two with anti:syn:anti:anti and the bottom with the
reversed syn:anti:syn:syn G-arrangements) and four accessible grooves of different widths
(one wide, one narrow and two medium). The three loops interact with the core G-tetrads in
specific ways that define and stabilize the unique bcl2Mid-15,16 T G-quadruplex structure. The
first C4-G5-C6 loop adopts a lateral loop conformation with G5 and C6 stacking over the top
G-tetrad, while the C4 residue falls into the wide groove I (Figure 11C). The unique
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conformation of C4 explains the unusual NOE interactions observed between C4 and G3/G5.
A10 and T15 of the second lateral loop A10-G11-G12-A13-A14-T15-T16 are uniquely paired
using reversed Watson-Crick hydrogen bonding, and are well stacked with the bottom G-tetrad
(Figure 11D). The remaining four residues of this long lateral loop are not very well defined
and are mostly exposed to the solvent.

We have carried out systematic analysis of the bcl2Mid BCL-2 promoter sequence with mutated
loop residues to determine their functional role in G-quadruplex formation and stability
[114]. The mutational analysis agrees very well with the NMR structure. For example, the two
mutated residues, T15 and T16, display much higher tolerance, indicating a greater
conformational flexibility of these two positions. C4 is positioned in the groove and cannot
tolerate any substitution, while A10, involved in a well-defined H-bonded conformation, stacks
extensively with G9 of the bottom tetrad and also cannot tolerate a substitution. The rest of the
loop residues display much higher flexibility and can tolerate most substitutions. Indeed, G11
and G12, which adopt an extended loop conformation, show enhanced cleavage in the DMS
footprinting study. Finally, the C20 single-nucleotide double-chain-reversal loop appears to
be able to tolerate various substitutions.

Importantly, the major BCL-2 promoter G-quadruplex (Figure 11B) is distinct from the one
formed in the c-MYC promoter (Figure 9A) with different folding patterns, loop conformations
and capping structures. It is noteworthy that the major BCL-2 G-quadruplex also contains a
parallel-stranded structure motif with a single-nt double-chain-reversal loop, the C20 loop,
whose conformation is similar to those observed in the c-MYC G-quadruplex.

Snapback G-quadruplex structure formed in the human c-KIT promoter

The c-KIT protein is a receptor tyrosine kinase that is overexpressed in many human cancers.
Two G-quadruplex-forming sequences (c-KIT21 and ¢c-KIT87up) within a nuclease
hypersensitive region of the c-KIT promoter have been discovered [119,120]. An
intramolecular parallel-stranded G-quadruplex has been suggested to form in c-KIT21 in the
presence of K* [120]

The ¢c-KIT87up sequence has four runs of three contiguous guanines separated by 1, 4 and 4
nt (Figure 12A). The G-quadruplex formation was first shown by NMR and UV thermal
melting analysis on ¢c-KIT87up in K* solution [119]. Interestingly, NMR studies showed that
this c-KIT promoter c-KIT87up sequence forms a unique intramolecular G-quadruplex
structure, namely the snapback parallel-stranded G-quadruplex (Figure 12B) [163]. The NMR
structure of this snapback G-quadruplex showed that, despite the presence of four three-
guanine runs in this sequence, the backbone of one G-strand corner of the G-tetrad core was
interrupted, with a single guanine (G10) from the linker and two consecutive guanines (G21
and G22) from the fourth three-guanine run (Figure 12A). The G-quadruplex has three G-
tetrads and the guanines all have anti glycosidic conformations, both features that are consistent
with parallel-stranded G-quadruplexes. However, in addition to three double-chain-reversal
loops that are observed in the normal intramolecular parallel-stranded G-quadruplex, the
snapback parallel-stranded G-quadruplex also contains a lateral loop. Notably, this G-
quadruplex structure also contains one G3NG3 sequence, which forms a parallel-stranded
structure motif with a single-nt double-chain-reversal loop, which may serve as the starting
point of this snapback structure (Figure 12A).

G-quadruplexes formed in other human promoters

The proximal promoters of the other human oncogenes, such as VEGF, HIF-1a, RET, and
KRAS, PDGF-A and c-MYB also contain polyG/C potential regulatory elements and have been
shown to form intramolecular G-quadruplex structures [112,113,118,121,122,164]. The G-
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quadruplexes formed in the proximal promoter regions of VEGF, HIF-1a, RET, and KRAS
have been proposed to be of parallel-stranded folding with three G-tetrads [112,113,118,
121]. The proximal promoter region of PDGF-A (Figure 12C) has been proposed to form a
mixture of parallel-stranded G-quadruplexes with four-G-tetrads [122]. The GC-rich proximal
promoter of human c-MYB is unique in its sequence, which contains three imperfect copies of
(GGA), (Figure 12D). The DNA secondary structure formed by (GGA), in K* solution has
been determined by NMR, consisting of a stacked heptad and tetrad (Figure 1Cv) [165]. Two
d(GGA)4 sequences form an intermolecular dimer consisting of a tetrad:heptad:heptad:tetrad
(T:H:H:T), which is stabilized through the stacking interaction between the two heptads, and
a d(GGA)g sequence forms an intramolecular T:H:H:T structure [166]. The CD and DMS
footprinting studies showed that any two of the three GGAGGAGGAGG repeats of the c-
MYB promoter can form the intramolecular T:H:H:T dimer structure [164]. The mutational
analysis indicated the most preferred intramolecular T:H:H:T G-quadruplex structure is formed
with two consecutive 5’ end GGAGGAGGAGG repeats. The luciferase reporter analysis
showed that deletion of one or two (GGA), repeats increased c-MYB promoter activity, while
deletion of all three (GGA)4repeats resulted in complete abrogation of c-MYB activity [164].

Insights into possible rules for the folding patterns of intramolecular G-quadruplexes

The BCL-2 promoter sequence exhibits some degree of sequence similarity to one of the mutant
c-MYC promoter sequence (Myc1245, Figure 6). Both sequences contain an extended second
loop (7 nt in bcl2Mid and 6 nt in Myc1245) and a 1-nt third loop; however, the first loop in
the bcl2Mid is 3 nt in length whereas the first loop in Myc1245 is 1 nt. The bcl2Mid forms a
hybrid-type G-quadruplex in K* solution [114,116], while Myc1245 forms a parallel-stranded
G-quadruplex [148]. The 3-nt first loop of bcl2Mid adopts a lateral loop conformation
connecting two antiparallel G-strands, while the 1-nt first loop of Myc1245 adopts a double-
chain-reversal loop conformation connecting two parallel G-strands. Consequently, the
extended second loop of bcl2Mid is a lateral loop connecting two antiparallel G-strands, while
the extended second loop of Myc1245 is a double-chain-reversal loop connecting two parallel
G-strands (Figure 6). The 3-nt first loop of bcl2Mid appears to largely determine the overall
folding of the hybrid-type, mixed parallel/anti-parallel-stranded BCL-2 G-quadruplex. It is
thus clearly indicated that the parallel-stranded structure motif with double-chain-reversal loop
favors short-sized loops such as 1- or 2-nt loops, with the 1-nt loop being the most favored, as
observed in the G3NG3 sequence motif.

Both the BCL-2 and c-MYC promoter sequences contain the same G3NG3 sequence motif,
which forms a stable parallel-stranded structural motif with the 1-nt double-chain-reversal loop
in K* solution. The robust parallel-stranded structural motif formed by G3NG3 may serve as
a stable foundation for the formation of each G-quadruplex structure. It is interesting to note
that the GgsNG3 motif is commonly observed in the G-rich proximal promoter regions of human
oncogenes (Figure 6). Similar to the c-MYC promoter sequence, the major G-quadruplex-
forming sequences of the promoter regions of c-KIT (c-KIT21), VEGF, HIF-1a and REI contain
the G3NG3 sequence motif at both ends and are suggested to form parallel-stranded
intramolecular G-quadruplexes as well.

G-quadruplexes as potential anticancer drug targets

Introduction

Recognition of the biological significance of DNA G-quadruplexes has intensified research
and development into G-quadruplex interactive compounds. Drug targeting of secondary DNA
structures represents an entirely novel approach to anticancer drug design and development.
The therapeutic possibilities of targeting G-quadruplexes were first reported by Sun et al. in
1997 [167], namely, that quadruplex ligands can inhibit telomerase, an enzyme that is activated
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in most cancer cells. The subsequent discovery of the perylene derivative PIPER, which drove
the formation of G-quadruplexes [168] and inhibited Sgs1-mediated G-quadruplex unwinding
[44], laid the foundation for the existence of a broader mechanism for G-quadruplex ligands.
Since then, diverse families of small-molecule compounds with improved specificity and
affinity have been identified and/or developed, and the search for better agents is ongoing.
Approaches include in silico and conventional screening methods, as well as rational structure-
based drug design [4]. Structural data have been playing an important role in the design and
development of G-quadruplex-interactive compounds. A common feature among the G-
quadruplex-targeting ligands is the presence of a fused-ring system that is capable of stacking
interactions with the terminal G-tetrads. Many of these ligands also contain side-chain
substituents with cationic charges that have the propensity to interact with G-quadruplex
grooves.

The compounds discussed in this review have all been reported to selectively bind the G-
quadruplex structure over other forms of DNA. Different G-quadruplex-interactive compounds
appear to selectively bind different types of G-quadruplexes, and this selectivity is likely to be
related to their biological activity. For example, telomestatin has been shown to be a highly
potent inhibitor of telomerase by facilitating and stabilizing the formation of the basket-type
telomeric G-quadruplex [169,170]. A G-quadruplex-targeting drug, quarfloxacin® (CX-3543,
Cylene Pharmaceuticals in San Diego, CA, USA), shows excellent in vivo activity in various
solid tumors and is currently in Phase |1 clinical trials. Some other G-quadruplex-interactive
compounds have become prospective anticancer agents that display relatively low cytotoxicity.
In fact, G-quadruplex-interactive compounds themselves have contributed immensely to
understanding G-quadruplexes as a therapeutic target.

G-quadruplex-interactive compounds

Quarfloxin—Quarfloxin (Figure 13A) is a first-in-class drug currently in Phase |1 clinical
trials as a single-agent therapy for neuroendorine tumors. Quarfloxin is well tolerated in
patients, and is anticipated to be in additional Phase Il trials for other indications owing to its
potent in vivo efficacy in a broad range of tumors and its considerable therapeutic window.
Quarfloxin originated from the design of G-quadruplex-interactive fluoroquinolones by
Laurence Hurley and his laboratory [171]. Using fluoroquinolones, a class of drugs that target
duplex DNA~gyrase or DNA-topoisomerase Il complexes, as a scaffold from which to design
a G-quadruplex-interactive compound, the Hurley lab first developed QQ98 from norfloxacin
via QQ58. QQ98 is a dual topoisomerase 11/G-quadruplex-interactive compound. Based on
QQ98, Cylene Pharmaceuticals developed the fluoroquinolone CX-3543 (quarfloxin) as a first-
in-class G-quadruplex-interactive drug. No major toxicities have been observed with
quarfloxin, and its selectivity appears to arise from both its selective uptake into the nucleolus
in cancer cells and its ability to target a G-quadruplex found in rDNA versus duplex DNA
(400-fold selectivity) [18]. Quarfloxin was originally designed to target the G-quadruplex
found in the c-MYC promoter, and was shown to be highly selective for the G-quadruplex
versus duplex or single-stranded DNA, and selective for the c-MY C G-quadruplex versus other
G-quadruplexes. Quarfloxin lacks topoisomerase-1I and -1 poisoning activities and has shown
potent and tumor-selective activity in vitro and in vivo. A subsequent study by Cyclene showed
that quarfloxin targets a G-quadruplex found in ribosomal DNA (rDNA), which is of the same
type as the c-MYC promoter G-quadruplex. rDNA contains vast sequences that can form G-
quadruplexes, some of which have high affinity for the nucleolin protein [17]. Quarfloxin has
been found to accumulate in the cell nucleolus and disrupt the binding of rDNA quadruplexes
and nucleolin, redistribute nucleolin, inhibit ribosome biogenesis and induce apoptosis quite
specifically in cancer cells, but not in normal cells.
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BRACO19—BRACO0L109, 3, 6, 9-tri-substituted acridine 9-[4-(N,N-dimethylamino)
phenylamino]-3,6-bis(3-pyrrolodinopropionamido) acridine (Figure 13B), is a rationally
designed trisubsti-tuted acridine derivative that appears to directly target telomeres. BRACO19
was one of the series of the compounds designed by computer modeling to exploit the unique
structural features of G-quadruplex DNA, namely, to interact with three grooves of G-
quadruplexes in addition to stacking on the terminal G-quartet [172,173]. A disubstituted
acridine molecule that was known to bind with quadruplexes was used as a starting model and
different substitutions were carried out at the third position. BRACO19 has very low cyto-
toxicity but much higher G-quadruplex-binding and telomerase-inhibitory activity than its
parent compound. Subsequently, BRACO19 was shown to inhibit the catalytic function of
telomerase in human cancer cells and destabilize the telomere capping complex [87].
BRACO19 also induced extensive end-to-end chromosomal fusions that are consistent with
telomere uncapping. A distinct difference between BRACO19 and direct hTERT inhibitors
that result in gradual telomere loss, is that BRACO19 produces anti-tumor effects soon after
treatment. BRACO19 induced significant tumor regression within 7-10 days of the initiation
of treatment in a DU-145 prostate cancer xenograft [174]. The exposure of 21NT human breast
cancer cells to nonacute cytotoxic concentrations of BRACO19 resulted in a marked reduction
in cell growth after only 15 days [175]. BRACO19 shows high in vivo activity against different
types of cancers. In a xenograft model established from UXF1138L uterus carcinoma cells,
BRACO-19 inhibited growth by 96% compared with controls, paralleled by loss of nuclear
hTERT protein expression and an increase in atypical mitosis indicative of telomere
dysfunction [176]. Despite all its favorable characteristics, the major limitations of BRACO19
are its lack of membrane permeability and small therapeutic window, which must be addressed
before it can be developed into an effective clinical agent [177]. Importantly, studies of
BRACO19 have contributed greatly to understanding telomeric G-quadruplex as a therapeutic
target.

Telomestatin—A natural product isolated from Streptomyces anulatus 3533-SV4,
telomestatin (Figure 13C) is the most potent small-molecule inhibitor of telomerase identified
so far [169,178]. Based on the structural similarity between telomestatin and a G-quartet, its
propensity to be a G-quadruplex ligand was recognized and subsequently confirmed by
experimental data and molecular modeling studies [170]. Telomestatin was found to interact
preferentially with intramolecular versus intermolecular G-quadruplex structures and has a 70-
fold selectivity for intramolecular G-quadruplex structures over duplex DNA [171].
Telomestatin displays promising anticancer activity in human cancer cells. Treatment of
different multiple myeloma cell lines with telomestatin for 3-5 weeks at the minimal effective
concentration inhibited telomerase activity, reduced telomere length and caused apoptotic cell
death [179]. Telomestatin treatment of primary and established acute leukemia cell lines
resulted in telomere shortening and apoptosis [180,181] and increased chemosensitivity of
these cells [181]. In xenograft studies, tumor tissue from telomestatin-treated animals exhibited
marked apoptosis without noticeable toxicity [182]. Telomestatin has also been actively studied
for its mechanism of action. Telomestatin can induce telomere dysfunction and impair
chromosome integrity. Specifically, it induces the activation of ATM and Chk?2 and,
subsequently, increases the expression of p21 (CIP1) and p27 (KIP1), probably by inducing
the ATM-dependent DNA damage response [183]. This response is probably at least in part
due to the inhibition of DNA binding of POT1 and TRF2 and to the erosion of G-tails, as a
consequence of G-quadruplex induction and stabilization by telomestatin [184,185]. In
addition to being a promising drug candidate, the exceptional telomerase-inhibiting potency
and G-quadruplex selectivity make telomestatin one of the most useful molecules in G-
quadruplex research.
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TMPyP4—TMPyP4, 5, 10, 15, 20-tetra(N-methyl-4-pyridyl) porphine chloride (Figure 13D),
is the product of a structure-based drug-design attempt, selected based on its physical
properties, such as the presence of a fused planar ring system, positive charge and appropriate
size to stack with the G-tetrads [186]. As expected, it stabilized G-quadruplexes and effectively
inhibited human telomerase in HelLa cell extracts [186]. TMPyP4 exhibited significant
selectivity for quadruplex DNA over duplex DNA, stacking externally with the G-tetrad. The
selectivity of TMPyP4 was further substantiated in comparison with its close analogue
TMPyP2, which is a poor G-quadruplex-interactive compound and has much-reduced
telomerase-inhibitory activity [168]. In vivo data consistent with these in vitro data have also
been obtained, in which, unlike TMPyP2, TMPyP4 decreased the rate of proliferation of sea
urchin embryos and trapped the cells in mitosis. It generated anaphase bridges and displayed
a chromosome destabilization-mediated antiproliferative effect [187]. Recent elucidation of
the mechanism of TMPyP4 has revealed that it interacts with the G-quadruplex formed in the
promoter region of c-MYC gene [111]. Consequently, TMPyP4 downregulates c-MYC, and
this may contribute to the observed effects on telomerase by lowering hTERT, a downstream
target of c-MYC [137]. However, a major hurdle in its development as a G-quadruplex target
agent is its ability to bind to duplex DNA [188], RNA, RNA-DNA hybrids [189] and triplex
DNA [190]. Thus, attempts have been made to generate second-generation cationic porphyrins
with high selectivity for G-quadruplexes [191].

307A—307A is a 2, 6-pyridine-dicarboxamide derivative (Figure 13e) that was identified
based on its high selectivity of G-quadruplex-forming oligo-nucleotides compared with
mutated ones that cannot form G-quadruplexes [192]. It was further shown to be equipotent
against c-MYC and telomeric G-quadruplex-forming sequences, and to be potentially useful
in inhibiting c-MYC gene transcription in tumor cells. 307A and other members of this series
inhibited cell proliferation at very low concentrations and induced apoptosis within a few days
inadose-dependent manner in telomerase-positive glioma cells. They also had antiproliferative
effects in SAOS-2, a cell line in which telomere maintenance involves the ALT mechanism.
The apoptosis induced by these compounds was preceded by multiple alterations of the cell
cycle, and these effects were not associated with telomere shortening but directly related to
telomere instability involving telomere-end fusion and anaphase-bridge formation [193]. In a
more recent study, the role of 307A and its close analog 360A in G-quadruplex stabilization
were further substantiated, wherein incubation of oligomers with these compounds resulted in
extensive formation of G-quadruplexes in vitro. 360A was also shown not only to bind to and
lock into preformed quadruplexes, but also to act as a chaperone for tetramolecular complexes
[194].

RHPS4—The five-ring acridine, 3, 11-difluoro-6,8,13-trimethyl-8H-quino[4,3,2-KkI]
acridinium methosulfate (Figure 13F), RHPS4 was initially thought to inhibit telomerase owing
to structural similarities to previously identified G-quadruplex interactive telomerase inhibitors
[86]. Long-term exposure of 21NT breast cancer or A431 vulval cancer cells to nonacute
cytotoxic concentrations of RHPS4 resulted in a decrease in cell growth after 15 days, as well
as a marked reduction in cellular telomerase activity and cell cycle changes. An interesting
observation is the lack of reduction in telomere length during this period. Further studies
showed that the short-term biological activity of RHPS4 was not caused by telomere shortening
but by telomere dysfunction, based on the presence of telomeric fusions, polynucleated cells
and typical images of telophase bridges in treated cells [195]. RHPS4 was also shown to interact
with quadruplexes by stacking at the end. The efficacy of RHPS4 as a part of a combination
therapy has been studied; the combination of RHPS4 with paclitaxol (or taxol), doxorubicin
(or adriamycin) and the experimental therapeutic agent 17-(allylamino)-17-
demethoxygeldanamycin conferred increased sensitivity to RHPS4-treated MCF-7 cells
[196]. In another study, the combination of RHPS4 with taxol caused tumor remissions and
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further enhancement of telomere dysfunction [197]. RHPS4 is a highly promising G-
quadruplex ligand in preclinical development and it is anticipated to enter the clinic in the near
future [198].

Triazines—Triazines are a new series of G-quadruplex agents that exhibit potent and specific
antitelomerase activity with an 1Cgq in the nanomolar range [85]. 12459 (Figure 13g) and
another triazine known as 115404 were initially chosen based on the delayed growth arrest in
tumor cells treated with subapoptotic doses in a long-term study [85]. Initial studies on the
activity of 115404 in telomerase-negative ALT cells showed a mechanism different from
telomerase inhibition. Subsequent studies with 12459 showed that telomerase activity is not
the main target for 12459 but hnTERT functions are likely to contribute to a resistance phenotype
[199]. In addition to senescence, 12459 also induces apoptosis on short-term treatment of the
human lung adenocarcinoma A549 cells [85], with a parallel rapid degradation of the telomeric
G-overhang [200]. The apoptosis is mediated, at least in part, by BCL-2, which is not a critical
determinant of the long-term senescence induced by 12459 [200]. Interestingly, 12459 also
works by a novel mechanism for a G-quadruplex ligand, impairing the splicing machinery of
hTERT by stabilizing quadruplexes located in the hTERT intron 6 [201].

Other potential G-quadruplex-targeting drugs

Numerous other G-quadruplex-interacting pharmacophores and agents, including
diamidoanthraquinones such as GSU1051 [167,202], perylenes such as PIPER [203] and
quindoline derivatives [204], have shown various levels of selectivity and potency in binding
to G-quadruplexes. Many such agents are currently in various stages of preclinical testing and
some of them will likely enter the clinic in the near future. In addition to being potential drug
targets, DNA G-quadruplexes have also been shown to be potential cancer therapeutics
themselves. AS1411 (Antisoma, London, UK) is an unmodified 26-base G-quadruplex-
forming oligonucleotide that can inhibit the growth of malignant cells by inducing apoptosis.
AS1411 is currently in Phase Il trials for the treatment of renal cancer and acute myeloid
leukemia. AS1411 has been shown to have cancer-selective antiproliferative activity against
a wide range of malignant cell types [205]. The mode of action of AS1411 is suggested to be
related to its binding to cell surface nucleolin, whose density is much higher in cancer cells, to
induce internalization of the oligonucleotide into the cells where it affects other nucleolin
functions. Mechanistic studies indicated that stable G-quadruplex formation and binding to
nucleolin protein were necessary for the nuclease resistance, cellular uptake and activity of
AS1411. Finally, antibodies that can specifically bind G-quadruplexes are being developed
[11,206].

Conclusion

The DNA G-quadruplex secondary structures have been demonstrated to be potential
regulatory elements in regions of biological significance, such as in human telomeres and in
the promoter regions of a number of important growth-related genes. Significantly, DNA G-
quadruplexes can readily form in solution under physiological conditions. One important
feature for the intra-molecular DNA G-quadruplexes is that they are globularly folded nucleic
acid structures, which are uniquely determined by the primary nucleotide sequences up to 20—
30 bases in length, in a manner analogous to protein folding from a primary amino acid
sequence. Thus, unlike duplex B-DNA, NMR solution structures of globularly-folded
intramolecular G-quadruplexes can be calculated from an arbitrary extended single-stranded
DNA as a starting model. The presence of G-quadruplexes in different regions of the genome
may provide a design challenge for targeted drug development; however, the molecular
structures of intramolecular G-quadruplexes appear to differ from one another and, therefore,
in principle, can be differentially regulated and targeted by different proteins and drugs. As
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discussed in this review, the great conformational diversity of the G-quadruplex DNA
secondary structures comes not only from different folding patterns, but also from specific loop
conformations and capping structures. These specific folding and loop structures provide
unique drug-binding pocket(s) for each G-quadruplex.

Future perspective

More studies are expected to emerge on promoter DNA G-quadruplexes and their structures,
as more gene promoters are found to be able to form G-quadruplexes and multiple G-
quadruplexes may form in a single gene promoter. Structural studies of promoter quadruplexes
are expected to provide new insights into G-quadruplex topology and DNA sequence-structure
relationships. While more quadruplex-specific ligands are being identified, understanding of
their binding is currently limited as few structures are available. More structural studies on
drug-G-quadruplex complexes are anticipated to address this need. In addition, a better
understanding of the biological roles of G-quadruplexes and G-quadruplex-interactive proteins
should emerge from research targeting these issues. We also expect to see more reports on
quadruplexes formed in RNAs.

From a drug-development perspective, research on developing quadruplex-interactive
compounds is expected to be highly active. Small-molecule compounds will still remain the
focus for quadruplex-interactive drug design, with a particular emphasis on the selectivity
toward G-quadruplex structure over duplex DNA. New quadruplex ligands are also expected
to cover a wide range of chemical entities. While the interest in telomere-targeting agents is
likely to continue, more interest will be seen in promoter G-quadruplex-targeting agents.
Additional quadruplex-targeting compounds are expected to enter preclinical and clinical
studies in the near future. More studies are also expected to come out on the mechanism and
clinical potential of quadruplex ligands, especially in view of the frequency of potential
quadruplexes in the human genome.

Executive summary

¢ DNA G-quadruplexes have recently emerged as a new class of novel molecular
targets for anticancer drugs.

e Agrowing list of proteins has been identified to interact with DNA G-quadruplex
structures, strongly pointing to the existence of quadruplex DNA in vivo.

¢ Intramolecular G-quadruplexes are of intensive current research interest due to
their potential formation in telomeres and oncogene promoter regions.
Intramolecular structures form quickly in solution under physiological conditions
and exhibit great conformational diversity, such as in folding topologies, loop
conformations and capping structures.

e The first biologically relevant G-quadruplex formation was observed in telomeric
DNA. G-quadruplex-interactive compounds can inhibit telomerase activity,
thereby making the intramolecular human telomeric DNA G-quadruplex an
attractive target for cancer therapeutic intervention.

e Intramolecular G-quadruplexes formed in extended human telomeric sequences
in K* solution appear to be two equilibrating hybrid-type structures determined by
loop conformations and capping structures, with the hybrid-2 form being the major
conformation; both forms provide an efficient scaffold for a compact-stacking
multimer structure in human telomeric DNA.
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The highly conserved human telomeric sequence with the same tandem repeats
can adopt various G-quadruplex forms with low energy differences; structural
polymorphism appears to be intrinsic to the human telomeric sequence.

The potential occurrence of DNA G-quadruplex has been found to be concentrated
in the proximal promoter regions of genes involved in growth and proliferation.
The formation of G-quadruplex secondary structures in a gene promoter appears
to be closely related to transcription-induced supercoiling.

The G-rich sequences of gene promoters are often more complex, with each
promoter sequence being unique and capable of forming multiple quadruplex
structures.

A highly conserved NHE 1115 in the proximal region of the c-MYC promoter
controls 80-90% of the c-MYC transcriptional activity and forms parallel-stranded
G-quadruplexes, which have been shown to be a silencer element. The molecular
structure of the major c-MYC promoter G-quadruplex provides insights into the
robust formation of the single-nucleotide parallel-stranded motifs (G3NG3) in
K* solution.

The major G-quadruplex formed in a G/C-rich region in the proximal promoter of
the BCL-2 gene adopts a hybrid-type G-quadruplex structure, distinct from that
formed in the c-MYC promoter.

A unique snapback G-quadruplex structure is formed in the human c-KIT promoter
sequence.

The c-MYC, BCL-2, and c-KIT promoter regions, as well as the promoter regions
of VEGF, HIF-1a, RET, and KRAS, all contain the G3NG3 sequence motif. The
robust 1-nt loop parallel-stranded structural motif formed by G3NG3 may serve as
a stable foundation for G-quadruplex formation.

Recognition of the biological significance of DNA G-quadruplexes has intensified
research and development of G-quadruplex-interactive compounds, some of which
are prospective anticancer agents that display relatively low cytotoxicity. A G-
guadruplex-targeting drug has entered Phase Il clinical trials.
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Numerous oncogenes have been found to be TATA-less and contain
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Telomeric DNA Chromosome ends, consisting of tandem repeats of the hexanucleotide

(TTAGGG), for humans, 5-10 kb in length, terminating in a single-
stranded 3'-overhang of 35-600 bases. The G-rich human telomeric
DNA has a strong propensity to form the DNA G-quadruplex
secondary structure, which can inhibit the activity of telomerase

Quadruplex Conformational variations of quadruplexes, including different
structure diversity folding topologies, different loop and capping conformations
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(A) G-tetrad, a square-planar alignment of four guanines connected by cyclic Hoogsteen
hydrogen bonding between the N1, N2 and O6, N7 of guanine bases (left). The H1-H1 and
H1-H8 connectivity patterns detectable in NOESY experiments is also shown. A schematic
tetrameric and dimeric G-quadruplex composed of three G-tetrads (right). Cations (K* or
Na*), shown as blue balls, are needed to stabilize G-quadruplexes by coordinating with the
eight electronegative carbonyl oxygen O6 atoms of the adjacent G-tetrads. (B) The guanines
in a G-tetrad can adopt either syn or anti glycosidic conformation. The guanines from the
parallel G-strands adopt the same glycosidic conformation and the guanines from the
antiparallel G-strands adopt the opposite glycosidic conformations. (C) Examples of
monomeric (intramolecular) G-quadruplexes with different folding structures.
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Figure 2.

(A) Mechanism of telomerase inhibition by G-quadruplex-targeting compounds. (B)
Mechanism of drug-mediated interference of telomere capping by G-quadruplex-targeting
compounds.
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Figure 3.

(A) Four-G-tract human telomeric sequences with different flanking sequences. The
numbering system is shown above wtTel27. The major conformation formed in each sequence
is indicated. (B) The imino proton region of the 1D H NMR of (i) wtTel22, (ii) Tel26 with
assignment and (iii) wtTel26 with assignment in K* solution. (C) Titration experiments of
K™ in the presence of 150 mM Na* for Tel26 (left), and titration experiments of Na* in the
presence of 100 mM K* for Tel26 (right), monitored by circular dichroism spectroscopy.
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Figure 4.

(A) Folding topology of the basket-type intramolecular G-quadruplex formed by wtTel22 in
Na* solution as determined by NMR (i). Folding topology of the propeller-type parallel-
stranded intramolecular G-quadruplex formed by wtTel22 in the presence of K* in crystalline
state (ii). Folding topologies of the hybrid-1 (major conformation in Tel26) (iii, left) and
hybrid-2 (major conformation in wtTel26) (iii, right) intramolecular G-quadruplexes in K*
solution. The numbering system is based on wtTel26. Yellow box: (anti) guanine; red box:
(syn) guanine. (B) A model of the interconversion between the basket-type (Na*) and the
hybrid-type (K*) telomeric G-quadruplexes through a strand-reorientation mechanism. A two-
tetrad form is likely to be a transition intermediate of the interconversion between different
telomeric structures.
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Figure 5.

(A) Stereo view of the representative NMR structure of the hybrid-2 telomeric G-quadruplex
formed by wtTel26 in K* solution. (B) Stereo view of the representative NMR structure of the
hybrid-1 telomeric G-quadruplex formed by Tel26 in K* solution. (C) The bottom view of the
T:A:T triple capping the bottom G-tetrad (blue) of hybrid-2 telomeric G-quadruplex, with the
potential hydrogen bonds shown as dashed lines. (D) Top view of the adenine triple (red)
capping the top G-tetrad (cyan) of hybrid-1 telomeric G-quadruplex. The top (from 5’-end) G-
tetrad is in cyan, the middle G-tetrad is in magenta, and the bottom G-tetrad is in blue. (E) A
model showing a DNA secondary structure composed of compact-stacking multimers of
hybrid-type G-quadruplexes in human telomeres, with an equilibrium between hybrid-1 and
hybrid-2 forms in K* solution. The representative NMR structures, which are distinct, of
hybrid-1 and hybrid-2 telomeric G-quadruplexes are shown (guanine: yellow; adenine: red;
thymine: blue).
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Comparison of G-quadruplex-forming sequences in selected gene promoters. The telomeric
sequence is also shown as a comparison. All the promoter G-rich sequences shown contain the
G3NG3 motif; except for the BCL-2 sequence, they have all been shown to form parallel-
stranded G-quadruplexes.
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(A) The promoter structure of the human c-MYC gene. The G-rich NHE 115 is shown, with
guanine runs underlined. (B) Alternative forms of the NHE 1114 of the c-MYC promoter

associated with transcriptional activation or silencing.
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Figure 8.

(A) The c-MYC promoter sequence and its modifications. (B) The folding structure of the major
G-quadruplex formed in the c-MYC promoter, Myc2345(1:2:1) (left) and the minor G-
quadruplex, Myc1245 (right). (C) 1D NMR spectra of the T-Myc2345 sequence (bottom) and
its major loop isomer Myc22 (top). (D) Inter-residue NOEs of MY C22, which forms the major
G-quadruplex of the c-MYC promoter. The NOE connectivities clearly define the quadruplex
conformation and provide distance restraints for structure calculation.
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Figure 9.

(A) Representative NMR structure of the major c-MYC promoter G-quadruplex formed by
Myc22, a parallel-stranded structure, in two opposite views. Two potassium ions coordinated
between the G-tetrads are included for the calculation and are shown as green spheres.
(Guanine: yellow; adenine: red; thymine: blue) The 3'-end view of the G-quadruplex with
mutant T23 (B) and wild-type G23 (C). The hydrogen bonds of the top tetrad (black) and the
T/G23:A25 base pair (green) are shown in dashed lines.
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Figure 10.
(A) Promoter structure of the human BCL-2 gene. The G/C-rich region of the promoter is

shown, with guanine runs underlined. (B) The BCL-2 promoter sequence and its modifications.
(C) 1D NMR spectrum of the bcl2Mid-15,16T, with assignments, which forms the major G-
quadruplex in the BCL-2 promoter.
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Figure 11.

(A) Folding structure of the major G-quadruplex formed in the BCL-2 promoter. (B) A
representative NMR structure of the major BCL-2 promoter G-quadruplex. The (C) 5’-end and
(D) 3'-end view of the major BCL-2 promoter G-quadruplex. The hydrogen bonds of the
A10:T15 base pair are shown in dashed lines.
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Figure 12.

(A) Sequence of one G-rich region of the human c-KIT gene promoter (c-KIT87up). (B) The
folding topology of the NMR-determined structure formed by c-KIT87up [168]. (C) The
sequence of the G-rich region of the human PDGF-A gene promoter. (D) The sequence of the
G-rich region of the human c-MYB gene promoter.
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G-quadruplex-interactive small-molecule compounds.
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