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Abstract
The presence and biological importance of DNA secondary structures in eukaryotic promoters are
becoming increasingly recognized among chemists and biologists as bioinformatics, in vitro, and
in vivo evidence for these structures in the c-Myc, c-Kit, KRAS, PDGF-A, hTERT, Rb, RET and
Hif-1α promoters accumulates. Nevertheless, the evidence remains largely circumstantial. This
minireview differs from previous ones in that here we examine the diversity of G-quadruplex and
i-motif structures in promoter elements and attempt to categorize the different types of
arrangements in which they are found. For the c-Myc G-quadruplex and Bcl-2 i-motif, we
summarize recent biological and structural studies.

Introduction
Although recent reviews on G-quadruplexes in telomeres have been published [1–3], in this
minireview we focus on the increasingly observed complexity of G-quadruplex (G-rich
strand) and i-motif (C-rich strand) folding patterns and structures in the promoter regions of
oncogenes. Accompanying minireviews in this issue discuss other aspects of the biology of
G-quadruplexes [4,5]. In previous bioinformatics searches [6,7], relatively simple algorithms
have been used to examine promoter regions for G-quadruplexes, but it is likely that more-
defined subcategory algorithm searches might yield more useful information on the relative
distribution of different classes of G-quadruplexes present in promoter regions. Our
minireview begins by examining the diversity of G-quadruplex structures associated with
the six hallmarks of cancer and then makes a first attempt to categorize different types of G-
quadruplexes and i-motifs that have been identified in promoter regions. We then select
examples from two different types of G-quadruplex-containing promoters and discuss these
in more detail to illustrate the different principles that we believe are important in
considering how these G-quadruplexes and i-motifs function from a biological standpoint.
Finally, we point to critical questions that need to be addressed for this exciting new area to
be launched from a solid scientific basis.

Examples of G-quadruplex structures in oncogene promoters representing
the six hallmarks of cancer

In a review to characterize the gene ontology of promoters that contained putative G-
quadruplex-forming motifs, Eddy and Maizels discovered a significant enrichment of these
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motifs in oncogenes [8]. Consistent with this finding, G-quadruplex motifs within several
oncogene promoters have been shown to transition to stable G-quadruplex structures. More
importantly, altered expressions of these oncogenes are recognized as hallmarks of cancer.
At the turn of the century, Hanahan and Weinberg proposed six vital cellular and
microenvironmental processes that are aberrantly regulated during oncogenic transformation
and malignancy [9]. These include self-sufficiency for growth signals, insensitivity to anti-
growth signals, evasion of apoptosis, sustained angiogenesis, limitless replicative potential,
and tissue invasion and metastasis. When each of these categories is examined, a critical
protein or proteins can be found with a G-quadruplex in the core or proximal promoter (Fig.
1). This is especially significant when one realizes how young the G-quadruplex field is, and
that new genes regulated by these structures are being continually identified. This
observation led to our recent discussion of the G-quadruplexes of cancer [10], highlighting
c-Myc, c-Kit and KRAS (self-sufficiency); pRb (insensitivity); Bcl-2 (evasion of apoptosis);
VEGF-A (angiogenesis); hTERT (limitless replication); and PDGF-A (metastasis).

Promoters in each of these oncogenes are able to form G-quadruplexes with vast diversity in
their folding patterns and loop lengths, making them putatively amenable to specific drug
targeting [10]. These G-quadruplexes include varying numbers of tetrads, most commonly
three, but sometimes two or four. They also vary in their loop directionality, either parallel,
antiparallel or mixed parallel/antiparallel. Most often the tetrads are continuously connected,
but a snap-back configuration has been confirmed in at least one naturally occurring G-
quadruplex formation, c-Kit. The greatest variability among these secondary structures is
found in loop lengths and constituent bases. Although the G-tetrad stacks are almost
exclusively formed from guanines, there are no such limitations on bases in the loops.
Shorter loops, especially in double-chain reversals, help stabilize the G-quadruplex.
However, loop lengths have been seen to vary from only 1 base (the minimum required) to
as many as 26 (forming their own secondary loop–stem structure in the hTERT promoter)
[11]. Most commonly the loops are 1–9 bases long. All of these variations, detailed in
Brooks & Hurley [10] for the G-quadruplexes of cancer, lead to the formation of 3D
structures with distinctive binding pockets that offer sites for specific targeting with drugs.
This diversity expressed in different folding patterns (e.g. parallel vs. mixed parallel/
antiparallel), loop sizes and base composition (e.g. one to seven and bases that have specific
interactions), number of tetrads (i.e. two, three or four) and inter-quadruplex binding sites in
c-Myb and hTERT represents opportunities for specific binding interactions. Some of these
drug–G-quadruplex interactions have been addressed in recent reviews [12–14]. In addition
to the unique G-quadruplex structures, the formation of i-motifs also provides even more
potential for potent and specific drug targeting (see later).

Classes of G-quadruplex/i-motif complexes found in promoter elements
In a first attempt to categorize promoter G-quadruplex folding patterns and structures, we
have identified four classes of quadruplexes (Fig. 2). These classes differ in the number of
G-quadruplexes that can be formed (1 = Classes I and IV, 2 = Classes II and III). Classes I
and IV differ in that Class IV can form multiple G-quadruplexes that overlap in a region
containing multiple G-tracts. Classes II and III differ in their relative positions in the
promoter, either distant, so that direct interaction is less likely to occur (Class II), or
adjacent, so that they can have inter-quadruplex stacking interactions (Class III). We
recognize that there are other possible means of classifying G-quadruplexes in promoter
regions, such as by folding patterns or whether the biological function is suppression or
activation of gene expression; however, for the purpose of thinking beyond a single G-
quadruplex in a promoter element, we propose that this is an important starting point. We
also suspect that as new promoter elements containing G-quadruplexes are characterized, we
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will need to expand and revise this initial classification, which is admittedly based on quite
limited information.

Class I (Fig. 2A) is seemingly the simplest case, in which a single G-quadruplex
predominates, but there may be loop isomers, so although the same guanine runs are used,
the loop sizes may vary. The c-Myc G-quadruplex is the prototypical member of this class,
in which four contiguous guanine runs are used, producing four isomers having loop sizes of
5′-(1:2:1)-3′, 5′-(2:1:1)-3′, 5′-(1:1:2)-3′ and 5′-(2:1:2)-3′ [15]. Of these, the predominant loop
isomer is the 5′-(1:2:1)-3′, in which the four 5′ guanine runs from the six guanine runs are
utilized [16]. Unimolecular G-quadruplexes possessing an all-parallel folding pattern are
found in the RET, Hif-1α, PDGF-A and VEGF promoters [17]. They differ in the central
loop size, which can vary from two (c-Myc) to five (PDGF-A). The biological consequence
of formation and stabilization of G-quadruplexes in these promoter elements is gene
silencing [17]. For this class, the c-Myc system is the best characterized, and this is
discussed later.

The second class is one in which there are two distinctly different G-quadruplexes separated
by about three turns of DNA (Fig. 2B). There is only one known example here, the c-Kit
[18–20]. For the c-Kit G-quadruplexes, NMR studies have shown that the downstream G-
quadruplex has an unusual folding pattern in which a 2 + 1 discontinuity exists for one of the
edges, but overall a parallel-stranded G-quadruplex exists [19]. The upstream G-quadruplex
is an all-parallel structure having a 5′-(1:5:1)-3′ loop arrangement [21]. As is also the case
for Class I, ligand stabilization of the G-quadruplexes results in inhibition of c-Kit gene
expression [18,22]. The third class also includes a pair of G-quadruplexes, but they are
sufficiently close that they have been shown to form tandem G-quadruplexes, and together
these tandem structures are more stable than the individual G-quadruplexes. Thus there are
intermolecular interactions between the two adjacent G-quadruplexes. The two examples are
c-Myb [23] and hTERT [11] (Fig. 2C). The first example occurs in the c-Myb promoter,
where there are three potential tandem G-quadruplexes, but only two co-exist at one time.
For c-Myb, the heptad–tetrad is not stable under physiological conditions, but the
interactions between the two heptads provide the additional stabilizing focus so that the
tandem G-quadruplexes form a stable structure. The two linker sizes are either 4 or 19 bases.
The second example of a tandem repeat is found in the hTERT promoter, which is proposed
to have an unusual G-quadruplex with a large hairpin loop containing 25 or 26 bases (Fig.
2C). Unlike c-Myb, the two hTERT G-quadruplexes are dissimilar, with the upstream G-
quadruplex forming a standard parallel structure having loop sizes of 5′-(1:3:1)-3′, whereas
the downstream G-quadruplex most likely forms a mixed parallel/antiparallel structure with
loop sizes of 5′-(3:26:1)-3′, similar to the folding pattern of the major Bcl-2 G-quadruplex
(see later). The intermolecular G-quadruplex linker size of the hTERT is seven bases. In
both cases, the duplex GC elements sequestered by the tandem G-quadruplexes contain
multiple Sp1 binding sites [11,23]. For hTERT, stabilization of the tandem G-quadruplex
complex leads to inhibition of gene expression, thus providing a direct mechanism to inhibit
telomerase expression rather than by interaction with telomere G-quadruplexes [11].

The fourth class, in which multiple overlapping G-quadruplexes exist, is found in Bcl-2 [24]
and platelet-derived growth factor receptor β (PDGFR-β) [25] (Fig. 2D). For Bcl-2, three
equilibrating G-quadruplexes exist (5′G4, MidG4 and 3′G4), overlapping in a 39-base region
containing six runs of three or more guanines. Of the three equilibrating G-quadruplexes, the
MidG4 is the most stable and has been shown by NMR to have a mixed parallel/antiparallel
folding pattern [26]. Recently, we have uncovered another complex G-quadruplex-forming
region in the PDGFR-β promoter that covers 38 bases and contains four overlapping G-
quadruplex-forming sequences (5′-end, mid-5′, mid-3′ and 3′-end) that appear to produce
one or more unusual folding patterns [25]. These folded structures probably contain a 2 + 1
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discontinuity, because dimethyl sulfate (DMS) footprinting shows isolated guanines that are
protected as well as runs of two or four guanines that are also protected from DMS cleavage
[25].

Altough there is less data on the i-motifs formed in promoter complexes, they also appear to
belong to multiple classes (Fig. 3), which we have classified as small-loop (Class I) and
large-loop (Class II) i-motif structures. Because slightly acidic pH values are required to
stabilize the i-motifs formed from single-stranded DNA templates, the driving force for i-
motif formation arises from maximizing the number of cytosine+–cytosine hemiprotonated
base pairs [27]. Under negative supercoiling, the i-motif forms under physiological
conditions, and in this case it is more likely that stabilizing capping interactions may drive
the formation of a favored i-motif [16]. For example, in the case of the Bcl-2 i-motif,
specific interactions between bases in the loops are believed to be responsible for the
stability of the i-motif [28]. Fluorescence and mutational studies demonstrate the importance
of these interactions in stabilizing the structure. Thus it is necessary to be cautious in
drawing conclusions from experiments in which acidic conditions are used to drive i-motif
formation. With this caveat in mind, the two classes of i-motifs shown in Fig. 3 can be
identified. In Class I, the loop sizes are 5′-(2:3–4:2)-3′ with either four, five or six
cytosine+–cytosine base pairs and members include VEGF, RET and Rb. In Class II, the
loop sizes are 5′-(6–8:2–5:6–7)-3′, with Bcl-2 having the larger cumulative loop size (20).
Only in the case of c-Myc have the conditions for formation of the i-motif relied upon
negative superhelical stress, rather than acidic pHs [16].

The role of negative supercoiling, NM23-H2 and nucleolin in the control of
c-Myc gene expression via the nuclease hypersensitive element III1

There are two legitimate objections to the biological role of secondary DNA structures such
as those described in this review: (a) how can these structures evolve from duplex DNA; and
(b) once formed, how are they dissipated (at least in the case of the G-quadruplex, they can
be very stable structures)? Indeed, the c-Myc G-quadruplex has a melting point in excess of
85°C. To address these issues directly, we set out to examine conditions such as supercoiling
that might provide the torque necessary for conversion of duplex DNA to G-quadruplexes
and to identify proteins that might serve to facilitate the formation and then resolve the G-
quadruplex and i-motif structures in the nuclease hypersensitive element (NHE) III1 of the c-
Myc promoter. We reasoned that if we could show that the G-quadruplexes and i-motifs
could be formed under physiological conditions from duplex DNA, and if we could identify
the proteins involved in the control of this process, then this would go a long way toward
convincing skeptics that these ‘odd’ DNA structures are important components of eukaryotic
transcriptional regulation. The experiments described below, taken from recent publications,
provide this evidence. The importance of supercoiling and these proteins in modulating the
effects of drugs on c-Myc transcription is described in more detail in a recent review [10]. A
more complete description of the transcriptional factors and their role in the control of c-
Myc via the NHE III1 are also described in a separate review [29].

The role of negative supercoiling in conversion of duplex DNA to G-
quadruplex/i-motif structures in the NHE III1

Supercoiling has been known for many years to be an important factor in gene transcription
in both eukaryotic and prokaryotic organisms [30,31]. Furthermore, it has been more
recently shown that transcription itself can be a source of this supercoiling in eukaryotic
cells [32]. We employed a system in which the negative supercoiling induced upstream of
the transcription site is mimicked in a supercoiled plasmid [16]. Using this system, a wild-
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type and mutant sequence of the NHE III1 in the c-Myc promoter were inserted into a Del4
plasmid [16]. A comparison of chemical (DMS, KMnO4 and Br2) and enzymatic (S1
nuclease, DNase 1) footprinting on the wild-type and mutant inserts provided the evidence
that supports the conclusions shown in Fig. 4. Figure 4A shows the equilibrium between
duplex (i), locally unwound duplex (ii), single-stranded DNA (iii) and the G-quadruplex/i-
motif structure (iv) formed as a consequence of negative supercoiling. Because the one-base
mutant is unable to form a stable G-quadruplex, but is nevertheless a polypurine/
polypyrimidine tract, it becomes locally unwound (i–iii) but is unable to form the G-
quadruplex/i-motif complex that is evident with the wild-type sequence (i–iv). Figure 4B
shows the asymmetric positioning of the G-quadruplex and i-motif in the NHE III1 deduced
from the DMS and Br2 footprinting experiments.

The importance of NM23-H2 in transcriptional activation of c-Myc
The ubiquitous human non-metastatic 23 isoform 2 protein (NM23-H2) occurs as a hexamer
and has been known for more than 15 years to be an important factor in c-Myc
transcriptional activation [33]. However, until recently its precise role has remained
controversial. This controversy centered around the identification of the favored DNA
species for binding to NM23-H2 (duplex, single-stranded purine or pyrimidine strands) and
whether enzymatic-induced cleavage of the NHE III1 occurred. It now appears that NM23-
H2 binds to both the purine and pyrimidine strands of NHE III1 but not to duplex [34], and
the purported DNA strand cleavage [35,36] was due to a contaminating protein that is either
an accessory protein or a minor recombinant protein [34]. Studies show that an R88A
mutation (arginine to alanine) in the nucleotide-binding site eliminates binding of the
NM23-H2 to single-stranded DNA. Because NM23-H2 is a hexameric protein with six
nucleotide-binding sites that favor purine residues [37], we propose that NM23-H2
sequentially traps out the single-stranded purine and pyrimidine strands as it unfolds the G-
quadruplex and i-motif (Fig. 5A, B). Furthermore, the NM23-H2–DNA complex is highly
reversible [34], so we propose that the transcriptional factors CNBP and hnRNP K readily
displace the NM23-H2 to activate c-Myc transcription (Fig. 5A–C). Conditions in which the
G-quadruplex is stabilized, such as with the compound TMPyP4 or the monovalent cation
KCl, should inhibit NM23-H2 activation, and indeed this has been shown to be the case
(Fig. 5A–E) [34].

Identification of nucleolin as a c-Myc G-quadruplex binding protein
To identify potential c-Myc G-quadruplex-binding proteins, an affinity chromatography
method was used followed by LC-MS/MS sequencing analysis [38]. Of the proteins
identified, nucleolin was the most abundant, and many of the other proteins identified were
known to bind to nucleolin. Subsequent studies with nucleolin showed that it facilitated the
formation of the c-Myc G-quadruplex from the single-stranded purine-rich strand and then
stabilized the resulting structure [25]. Furthermore, nucleolin bound more avidly to the c-
Myc G-quadruplex than its previously suggested RNA substrate and had a specificity for
this G-quadruplex over other promoter G-quadruplexes [38]. Chromatin
immunoprecipitation analysis showed that nucleolin bound to the NHE III1 [38].
Furthermore, experiments with a nucleolin expression plasmid and using a luciferase
reporter gene showed a dose-dependent decrease in c-Myc expression and inhibition of a
Sp1-induced transcription [38]. Finally, inhibition of c-Myc transcription occurred
preferably over VEGF and PDGF-A (unpublished results). The role of nucleolin in the
inhibition of c-Myc gene expression is shown in Fig. 5(A–D).
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The next logical series of experiments will examine the differential binding of Sp1, Pol II,
CNBP, hnRNP K, nucleolin and NM23-H2 to the NHE III1 by chromatin
immunoprecipitation analysis following activation or inhibition of c-Myc gene expression.

The Bcl-2 promoter element forms an i-motif with an unexpected 8:5:7 loop
isomer opposite the multiple G-quadruplex-forming purine-rich strand

Similar to the c-Myc promoter region, within close proximity to the transcriptional start site
(−46 to −28 base pairs upstream) in the Bcl-2 promoter there is a GC-rich element that has
the potential for DNA secondary structure formation. However, in contrast to the c-Myc G-
quadruplex-forming sequence, the Bcl-2 promoter G-rich element has been shown to adopt
three different G-quadruplex structures [24]. Interestingly, the most stable G-quadruplex
utilizes the middle four runs of guanines, because it requires the least amount of KCl for
stabilization in comparison with the 5′- and 3′-end runs [24]. This raises the question as to
the purpose of the additional guanine runs. Although an equilibrium between the three G-
quadruplex structures may exist, recent studies involving the complementary strand suggest
that the 5′- and 3′-end runs are necessary for providing the cytosines for i-motif formation.
This has a similarity to the c-Myc G-quadruplex, in which the addition of two 3′-runs of
guanines not used in G-quadruplex formation (Fig. 4B) are required because the i-motif on
the opposite strand uses all six cytosine runs.

In contrast to the G-quadruplex, the i-motif may favor larger loop sizes for stability and
therefore requires a longer sequence of nucleotides. Indeed, the complementary Bcl-2 C-rich
promoter sequence has been shown to form a stable i-motif structure that requires the entire
pyrimidine-rich element [28]. Studies similar to those using the G-quadruplex-forming
sequence were performed using the Bcl-2 C-rich sequence; however, none of the truncated
sequences (5′, middle or 3′ cytosine runs) displayed an i-motif with as high stability as the
full-length sequence. Further analysis with the full-length sequence revealed that the most
stable Bcl-2 i-motif consists of an 8:5:7 loop conformation requiring all six cytosine runs
(shown in Fig. 3) [28]. Presumably these large loops enable capping structures to form and
further stabilize the Bcl-2 i-motif, contributing to the significant stability that is reflected by
the high transitional pH of ~ 6.6 [28]. Formation of the G-quadruplex and i-motif structures
within the Bcl-2 promoter region may play a role in the complex transcriptional regulation
of this oncogene. The majority of Bcl-2 transcription is driven by the P1 promoter, and to a
lesser extent by the P2 promoter [39]. There are several negative and positive transcriptional
response elements within the P1 promoter region with the double-stranded binding protein
WT-1, a known repressor of Bcl-2 transcription and the most extensively studied. WT-1 has
been shown to interact with the same GC-rich sequence that has the potential to form DNA
secondary structures [39,40]. We propose that the formation of a G-quadruplex and i-motif
upstream of the Bcl-2 P1 promoter prevents the binding of WT-1 and abrogates the
transcriptional repression, thereby allowing activation of Bcl-2 transcription. Although a
number of whole-genome studies have demonstrated a potential activating role for G-
quadruplexes and i-motifs [7,41–43], if the hypothesis regarding the role of these
nontraditional DNA secondary structures in the Bcl-2 promoter turns out to be true, this
would be the first demonstration of an activating G-quadruplex in a specific promoter.
Because a relatively small number of promoters containing G-quadruplexes have been
studied, it would not be at all surprising to find activating G-quadruplexes and i-motifs, and
they may even be relatively common.

Future important issues to be addressed
Although there is considerable circumstantial evidence from cellular and in vivo studies that
G-quadruplexes and i-motifs are functionally relevant in promoter regions, some of which is
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summarized in this minireview, direct evidence for their existence in cells is still not
available. This objective and other future important issues that need to be addressed are
listed below.

1. Direct evidence for the existence of G-quadruplexes and i-motifs in the promoter
regions of cells is the most important issue to be addressed.

2. Direct evidence for the interaction of G-quadruplex-interactive compounds with G-
quadruplexes in promoter regions is needed.

3. The structure of composite G-quadruplex/i-motif assemblies is the next important
structural objective.

4. Up to now the G-quadruplexes in promoter regions have been targeted for drug
discovery; the next frontier is bringing i-motifs into focus as drug targets.
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Fig. 1.
The six hallmarks of cancer [9] shown with the associated G-quadruplexes found in the
promoter regions of these genes. As described in the text, the various G-quadruplexes differ
by folding pattern, number of tetrads, loop size and constituent bases. In this a subsequent
models, bases are colored as follows: guanine, red; cytosine, yellow; thymine, blue; adenine,
green.
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Fig. 2.
Proposed classes of unimolecular G-quadruplexes found in eukaryotic promoter elements.
Class I (A) is represented by the single G-quadruplex found in the c-Myc promoter element.
Class II (B) contains a pair of different G-quadruplexes separated by about three turns of
DNA. Class III (C) is represented by the tandem G-quadruplexes from the hTERT promoter.
Class IV (D) represents multiple overlapping G-quadruplexes. The example shown is from
the Bcl-2 promoter and the G-quadruplex shown (MidG4) is the most stable of the three
structures. A more complete description is found in the text.
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Fig. 3.
Sequences and folding patterns of i-motifs in the two proposed classes of i-motifs found in
eukaryotic promoter elements. Class I, having small loop sizes, is found in the VEGF, RET
and Rb promoter elements, and Class II, having larger loop sizes, is found in the c-Myc and
Bcl-2 promoter elements. See text for additional details.
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Fig. 4.
(A) Proposed equilibrating forms of the NHE III1 produced under negative supercoiling. The
resistance/sensitivity to S1 nuclease, DMS, KMnO4 and Br2 of the various forms is shown
in the left-hand panel. Requirements for transition to the single-stranded form or G-
quadruplex/i-motif species are shown in the right-hand panel. (B) Asymmetric positioning
of the DMS-protected G-quadruplex (top bracket) and Br2-protected i-motif (bottom
bracket) together with 14- and 5-base overhangs. An asterisk marks the position of the G-to-
A mutant in the G-quadruplex loop isomer [16].
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Fig. 5.
Cartoon showing the involvement of NM23-H2, nucleolin and a G-quadruplex-interactive
compound in modulating the activation and silencing of the NHE III1 in the c-Myc
promoter. (A) shows the G-quadruplex/i-motif form of the NHE III1, which is the silencer
element. (A) to (C) via (B) illustrates the remodeling of the G-quadruplex/i-motif complex
by NM23-H2, in which a stepwise unfolding of the secondary DNA structure is proposed to
take place. Binding of nucleolin (A–D) or a G-quadruplex-interactive compound (A–E) to
the silencer element prevents conversion by NM23-H2 to the transcriptionally active form of
the NHE III1 (C) [10].
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