EMBO

reports

meeting report

Quartets in G-major

The First International Meeting on Quadruplex DNA

Paula Bates'*, Jean-Louis Mergny*>>** & Danzhou Yang*>%++*
"University of Louisville, Louisville, Kentucky, USA, 2INSERM, U565, and *CNRS, UMR5153—MNHN USM503, Paris France,
*College of Pharmacy, The University of Arizona, *Arizona Cancer Center and °BIO5 Institute, The University of Arizona, Tucson,

Arizona, USA

The First International
Meeting on Quadruplex
DNA took place between

First International Meeting on Quadruplex DNA
Aprif 21-24, 2007

Lovisville, KV
21 and 24 April 2007, in
Louisville, Kentucky, USA.
¥ The meeting followed two

regional workshops (pan-
Pacific and European) in
Hawai (2005) and Slovenia
(2006), and was organized
by J. Chaires and L. Hurley.

Keywords: DNA structure;
G-quartet; quadruplex;
telomeres

Jonathan 8. Chaires & Lovrence M. Murley, Orgenizers

Oy, ore
P Bates, B Maizels, J.-L Mergry, M. Sugtyems, J. Tremr

EMBO reports (2007) 8,1003-1010. doi:10.1038/sj.embor.7401073

"Brown Cancer Center, Department of Medicine and Department of Biochemistry

& Molecular Biology, University of Louisville, 580 S. Preston Street, Louisville,
Kentucky 40202, USA

2INSERM, U565, Acides Nucléiques: Dynamique, Ciblage et Fonctions Biologiques, and
*CNRS, UMR5153—Muséum National d’Histoire Naturelle USM503 Régulation

et Dynamique des Génomes, Département de Régulations, Développement et Diversité
Moléculaire, 43 Rue Cuvier, CP26, Paris Cedex 5, F-75231, France

*College of Pharmacy, The University of Arizona, 1703 E. Mabel Street, Tucson,
Arizona 85721, USA

°Arizona Cancer Center, 1515 N. Campbell Avenue, Tucson, Arizona 85724, USA

BIO5 Institute, The University of Arizona, 1140 E. South Campus Dr, Tucson,

Arizona 85721, USA

*Corresponding author. Tel: +1 502 852 2432; Fax: +1 502 852 23565

E-mail: paula.bates@louisville.edu

**Corresponding author. Tel: +33 1 40 79 36 89; Fax: +33 1 40 79 37 05;

E-mail: mergny@mnhn.fr

**Corresponding author. Tel: +1 520 626 5969; Fax: +1 520 626 6988;

E-mail: danzhou.yang@pharmacy.arizona.edu

Submitted 8 July 2007; accepted 9 August 2007; published online 28 September 2007

©2007 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Introduction

The conference literally started with a bang! The meeting brought
together around 110 scientists from all over the world to present
their most recent data on quadruplex DNA, and the opening
reception coincided with Thunder Over Louisville, a massive fire-
works display marking the start of the Kentucky Derby Festival. The
focus of the conference was the family of nucleic acid second-
ary structures known as guanine (G)-quadruplexes. These can be
formed by certain guanine-rich sequences in the presence of mono-
valent cations and are stabilized by G-quartets (Fig 1). Interest in
this area has intensified in recent years because G-quadruplex
structures have roles in crucial biological processes and can be
targeted for therapeutic intervention (Maizels, 2006; Neidle &
Balasubramanian, 2006; Riou, 2004). G-quadruplexes might also
have applications in areas ranging from supramolecular chemistry
and nanotechnology to medicinal chemistry (Alberti et al, 2006;
Davis, 2004; Petraccone et al, 2005). The aim of this meeting was
to assess the current status of this unusual DNA structure, which
was discovered more than 40 years ago by our plenary lecturer,
D. Davies (Bethesda, MD, USA), and his colleagues (Gellert et al,
1962). The meeting also coincided with the tenth anniversary of a
seminal paper that catalysed much interest in the field and laid the
foundations for therapeutic possibilities (Sun et al, 1997). Here,
we summarize a few of the highlights from the broad range of
topics discussed.

Structural diversity of quadruplexes

Quadruplexes can be formed with one, two or four G-rich strands
(Fig 1). Tetramolecular quadruplexes generally adopt a well-defined
structure, in which all guanines are in the anti-glycosidic
conformation and all strands are parallel, and might be useful for
biotechnology applications. J.-L. Mergny (Paris, France) described
the stability and kinetics of tetramolecular quadruplexes. He
reported that tetramolecular quadruplexes with stacked G-quartets
are extremely stable and that quadruplex ligands can act as
molecular chaperones to increase the normally slow rate of tetra-
molecular quadruplex association, so that they form in minutes
rather than days (De Cian & Mergny, 2007).
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Fig1 | The quadruplex. (A) A tetrameric, dimeric and monomeric
G-quadruplex composed of three G-quartets (top). (B) A schematic model of
DNA secondary structure composed of compact-stacking multimers of the
hybrid-type quadruplex structures (top and middle) in human telomeres. The
model of the compact-stacking multimers of the parallel-stranded structures is
also shown (bottom).

Intramolecular G-quadruplexes formed by a single DNA strand
have attracted much interest because they might form in telomeres,
oncogene promoter sequences and other biologically relevant
regions of the genome. In contrast to tetramolecular quadruplexes,
intramolecular structures form quickly and are more complex, show-
ing great conformational diversity, such as folding topologies, loop
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conformations and capping structures (Fig 2). Different sequences
adopt distinct topologies, but a given sequence can also fold into
various different conformations, which can coexist. One of the best
illustrations of this complexity are human telomere sequences, in
which variants of the minimal four G-tract core sequence of the
human telomere, 5'-(GGGTTA),GGG, have been synthesized and
studied by high-resolution nuclear magnetic resonance (NMR) or
crystallography. Although the structure in Na* solution was reported
more than a decade ago (Wang & Patel, 1993), the ‘potassium struc-
ture’ has been the subject of intense investigation, largely because
the high intracellular concentration of K*ions suggests that it should
be the more biologically relevant form. The crystal structure of the
human telomeric G-quadruplex in the presence of K* was reported
five years ago (Parkinson et al, 2002) and is a parallel-stranded
monomer, which is different from the Na* solution structure that
contains antiparallel strands. Recently, several groups—including
those of H. Sugiyama (Kyoto, Japan), D. Yang (Tucson, AZ, USA) and
D. Patel (New York, NY, USA)—reported the folding patterns and
molecular structures of intramolecular telomeric G-quadruplexes
in K* solution (Ambrus et al, 2006; Luu et al, 2006; Xu et al, 2006).
A. Phan (Nanyang, Singapore) reported an NMR structural study of
two distinct intramolecular quadruplexes formed by natural human
telomere sequences in K* solution. He discovered a new folding
topology, called Hybrid-2 (Phan et al, 2006), which differs from the
previously reported Hybrid-1 folding.

At this meeting, Yang presented the determination of the Hybrid-2
three-dimensional structure using a 26-nucleotide wild-type
telomeric sequence—5'-(TTAGGG),TT—the first reported for the
native biological sequence in K* solution (Dai et al, 2007a).
This structure has mixed parallel/antiparallel strand orientations.
She reported that the two distinct conformations—Hybrid-1 and
Hybrid-2—have a low energy barrier between them and appear to
coexist in solution. Her results emphasized the importance of
capping structures on selective quadruplex conformation. Yang
also mentioned the possibility that hybrid-type structures could
participate in forming higher order structures consisting of
compact stacking G-quadruplexes (Fig 1), as first suggested for the
parallel-stranded form (Parkinson et a/, 2002).

Potential quadruplex-forming sequences are also widespread
throughout the genome, especially in gene promoters (Fig 3). These
structures are expected to be different from telomeric quadru-
plexes—not least because they will be in the context of double-
stranded DNA—although by no means less complicated. In contrast
to the uniform repeating G-rich sequence in telomeres, the G-rich
sequences of gene promoters are often composed of more than four
G-tracts with each G-tract containing unequal numbers of guanines
and separated by various numbers of bases. Therefore, each
sequence is able to form many possible quadruplex structures by
using different combinations of G-tracts or guanines within a tract.
An interesting feature of the promoter quadruplexes is the
occurrence of stable structures with single-nucleotide double-
chain-reversal loops (Dai et al, 2006a). Such single-nucleotide
double-chain-reversal loops have previously been found in the
c-myc promoter G-quadruplexes (Phan et al, 2004; Seenisamy et al,
2004). Phan reported a new quadruplex fold formed in a wild-type
sequence of the c-kit promoter. This scaffold is extremely unusual in
that an isolated guanine is involved in G-tetrad core formation,
despite the presence of four guanine tracts (Phan et al, 2007).
Notably, this structure also contains single-nucleotide-sized loops.
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Fig2 | Quadruplex polymorphism. Examples of intramolecular G-quadruplexes with different folding and capping structures. Intramolecular G-quadruplex structures

are all derived from a single-stranded DNA (top). The conformational diversity suggests that these G-quadruplex structures might be specifically recognized by various

proteins and small molecule ligands. c-myc reprinted with permission from Ambrus et al (2005), copyright 2005 American Chemical Society; bcl-2 reprinted with

permission from Dai et al (2006b); hTel-1 reprinted with permission from Dai et al (2007b); hTel-2 reprinted with permission from Dai et al (2007a).

S. Balasubramanian (Cambridge, UK) reported on a different region
of the c-kit promoter that also forms a stable intramolecular quad-
ruplex, which shows little dynamic interaction. Importantly, this
second c-kit quadruplex could be detected within a naturally
extended DNA duplex by using single-molecule fluorescence
resonance energy transfer (Shirude et al, 2007).

Several speakers described systematic investigations to charac-
terize further the relationship between sequence and structure, in
terms of quadruplex features such as glycosidic bond angles, strand
orientations, loop positions and groove widths. M. Webba da Silva
(Coleraine, UK) reported on his group’s effort to establish rules to
predict the folding patterns of intramolecular G-quadruplexes
based on nucleotide sequences. He suggested that there could be
other folding topologies in addition to those identified so far. Phan
discussed the known G-quadruplex structures and performed a sys-
tematic analysis of their folding and structures. Other groups have
approached this from a different angle, attempting to manipulate
folding topology by various substitutions. R. Shafer (San Francisco,
CA, USA) reported that the conformation could be controlled by
selective substitution of riboguanosine (rG) for deoxyriboguanosine
(dG), because rG strongly prefers the anti-glycosidic conformation.
Conversely, 8-bromoguanine prefers syn-glycosidic conformation
and can also affect the G-quadruplex folding topology, as described
by Sugiyama. J. Sponer (Brno, Czech Republic) provided a criti-
cal assessment of using molecular dynamics simulations to study
quadruplex DNA, pointing out both the potential usefulness and
present limitations—which are mainly related to inadequate force
fields—of this approach.

©2007 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Quadruplexes in telomeres or quadruplexes everywhere?
For many years, the question facing biologists in the quadruplex
field was whether quadruplex structures really exist in vivo. There is
now overwhelming evidence that they do (Maizels, 2006) and the
field has moved forward to focus on understanding the biological
functions of various quadruplexes.

D. Rhodes (Cambridge, UK) and H. Lipps (Witten, Germany)
provided an overview of their work studying telomere regulation in
the ciliate Stylonychia, in which quadruplex formation in telomeres
can be directly observed in vivo using specific antibodies. By stain-
ing with the antibody throughout the cell cycle, they showed that
telomeric quadruplex structures are resolved during replication.
Their recent research also indicates that this quadruplex unfold-
ing is mediated by telomerase, which is recruited to telomeres by
phosphorylated telomere end binding protein p (TEBP-p). It will be
interesting to see what these elegant studies can teach us about the
biology of mammalian telomeres. N. Maizels (Seattle, WA, USA)
described non-telomeric sequences that have a high potential
for quadruplex formation, with particular emphasis on immuno-
globulin heavy-chain switch regions. She made the important point
that, for quadruplex formation to occur within the context of dou-
ble-stranded DNA, duplex unwinding must occur. Therefore, quad-
ruplex formation is most likely to be seen during processes such
as transcription, replication or recombination, when the DNA
duplex is actively denatured. Maizels discussed several proteins
that bind to quadruplex-containing structures, including nucleolin,
MutS-a, heterogeneous nuclear ribonucleoproteins (hnRNPs) and
RecQ family helicases, such as BLM (Bloom syndrome) helicase.
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Fig 3 | Quadruplex in a gene promoter. Alternative forms of the NHE III, of the c-myc promoter associated with transcriptional activation or silencing. CNBP,

cellular nucleic acid binding protein; hnRNP, heterogeneous nuclear ribonucleoprotein; NHE III, nuclease hypersensitive element III; TBP, TATA binding protein.

Quadruplex-binding proteins were also a theme in the talk from
M. Fry (Haifa, Israel). He examined an RNA, rather than a DNA,
quadruplex target. He described the effects of (CGG), repeat expan-
sion on the translation of the Fragile X syndrome-associated Fragile X
mental retardation 1 (FMRT) mRNA. In carriers of the Fragile X’
pre-mutation’ (n=56-200), the efficiency of FMRT translation is
reduced by 5-10-fold compared with unaffected individuals (n < 55),
and itis hypothesized that this is due to quadruplex formation in the
mRNA. Expression of proteins such as CArG box binding protein-A
(CBF-A) or hnRNP A2, which destabilize the (CGG), quadruplex
in vitro, were found to increase the translational efficiency of
reporter mMRNAs containing pre-mutation size (CGG), tracts. As the
Fragile X pre-mutation is associated with ovarian failure in women
and ataxia in men, quadruplex-disrupting agents could prove to be
therapeutic for this condition.

The prevalence and relevance of G-quadruplexes in non-
telomeric genomic DNA was one of the most debated subjects at
the meeting. Recent whole-genome analyses by several groups
have revealed that potential quadruplex-forming sequences
are surprisingly common. For example, it is estimated that there
might be more than 370,000 potential quadruplex-forming
sequences in the human genome (Huppert & Balasubramanian,
2005; Todd et al, 2005). However, one should emphasize that
these sequences remain putative, and that many sequences found
in the human genome might well never adopt a quadruplex
structure for several reasons. Certainly, with the possible excep-
tion of the c-myc promoter (Fig 3; Siddiqui-Jain et al, 2002), the
biological functions of these putative quadruplexes are uncer-
tain at present. However, much circumstantial evidence to sup-
port the biological relevance of these suspected quadruplexes
was presented at the meeting. F. Johnson (Philadelphia, PA,
USA) described his work in Saccharomyces cerevisiae, in which
he found a 14-fold enrichment of potential quadruplex-forming
sequences in gene promoters relative to the genome as a whole.
Interestingly, many of the genes altered in S. cerevisiae treated
with a specific quadruplex ligand had a high potential for forming
G-quadruplexes in their promoters. Furthermore, a mutant lack-
ing the quadruplex-specific helicase Sgs1 had a general decrease
in the expression of genes in which open reading frames have a
high potential to form quadruplexes. He also pointed out several
genetic links suggesting quadruplex-based coordination between

VOL 8 | NO 11 | 2007

telomere shortening and transcriptional regulation, possibly medi-
ated by repressor/activator protein 1 (RAP1). Maizels reported
that, within the human genome, the potential for quadruplex for-
mation was high within oncogenes but low for tumour suppressor
genes. She suggested a link between quadruplex-forming potential
and genomic instability. Tumour suppressors might have evolved
a low level of quadruplex-forming potential to avoid instability.
The high quadruplex-forming potential within proto-oncogenes
might reflect some form of shared regulation at the level of tran-
scription, RNA processing or translation, but makes these genes
susceptible to translocations. Balasubramanian presented data
analysing upstream elements within the human genome that
revealed a strong correlation between nuclease-hypersensitive
elements, which are indicative of unusual DNA structures, and
quadruplex-forming potential.

A direct comparison of these genome-wide analyses was dif-
ficult, as each group used a different algorithm to map potential
quadruplex-forming sequences—some using a rather restrictive
definition, whereas others used a much larger window. The rela-
tive advantages and disadvantages of each algorithm are so far
unknown, but the conclusions reached are likely to depend on
which one is chosen. By the end of the meeting, there seemed to be
a consensus that these widespread potential quadruplex-forming
sequences probably do have an important role in transcriptional
regulation. Their most likely functions seem to be related to coordi-
nating gene expression in response to certain stimuli, but the iden-
tity of the stimuli and the molecules that regulate the process have
not yet been reported.

Quadruplex ligands

The intramolecular telomeric G-quadruplex has been considered
to be an attractive target for anticancer drug design ever since
quadruplex ligands were found to inhibit telomerase, an enzyme
thatis activated in most cancer cells but not in most non-cancerous
cells (Sun et al, 1997). In addition to the slow erosion of telomeres
caused by blocking telomerase, it has recently become appar-
ent that quadruplex ligands can induce rapid apoptosis owing to
displacement of telomere-binding proteins. Many quadruplex-
specific ligands have been identified and the crystal structures
that are available, together with NMR data, provide a consistent
view of how many ligands bind. Terminal stacking at the end of the
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quadruplex is the most frequently encountered method, whereas
groove binding is indicated for a few molecules. E. Lewis (Flagstaff,
AZ, USA) found two methods of interaction for a cationic porphyrin,
one of them suggestive of an intercalation between two G-quartets.
D. Wilson (Atlanta, GA, USA) indicated that some quadru-
plex ligands might also recognize the grooves of a quadruplex,
and used surface plasmon resonance to study the affinity and
specificity of such molecules. For some ligands—for example,
TMPyP4  (5,10,15,20-tetra(N-methyl-4-pyridyl)porphine  chlo-
ride)—the preference for quadruplexes over duplexes was found
to be quite low. All attendees agreed that structural information on
ligand binding is an area that requires further investigation.

The presentations at the meeting provided many reasons to be
optimistic about the therapeutic potential of telomere-targeting
agents—several agents have now shown anticancer activity in
animals and clear evidence of a telomere-based mechanism.
S. Neidle (London, UK) provided an update on BRACO19 (3,6,9-tri-
substituted acridine 9-[4-(N,N-dimethylamino)phenylamino]-3,6-
bis(3-pyrrolodinopropionamido) acridine), a tri-substituted acridine
that shows cancer-selective toxicity in cultured cells and reduces
tumour growth in mice. Its biological effects depend on the dose
and include a reduction in telomere length, induction of senes-
cence and the production of end-to-end chromosomal fusions—all
of which are consistent with a telomere-based mechanism. In vivo,
BRACO19 also produces molecular changes that are consistent
with its proposed mechanism of telomere uncapping—for example,
human telomerase reverse transcriptase (hTERT) relocalization and
DNA damage response. However, extensive pre-clinical studies
concluded that the therapeutic window for BRACO19 is small and
improved analogues are now being developed. J.-F. Riou (Reims,
France) described mechanistic studies on telomestatin, a potent and
selective quadruplex-binding agent first reported by Shin-ya et a/
(2001). Telomestatin could displace protection of telomeres 1
(POTT) from telomeres, whereas overexpression of POT1 protected
cells against telomestatin. Interestingly, telomestatin also displaced
telomeric repeat binding factor 2 (TRF2) in cancer cells but not in a
non-malignant line. Riou also described DNA damage responses
induced by telomestatin and a triazine derivative. In cells treated
with low doses of telomestatin, y-H2AX only partly co-localized
with POTT1, suggesting that some damage response is occurring at
other sites, as well as at the telomeres. He reported ATR-like (ATR
for ataxia telangiectasia related) responses at low doses of triazine,
whereas protein phosphatase 1D magnesium-dependent, delta iso-
form (PPM1D) responses were predominant at higher doses. Riou
suggested that these quadruplex ligands work by blocking the activ-
ity of a quadruplex resolvase and mentioned topoisomerase Ill as a
possible candidate. Sugiyama and his group took a novel approach
to developing new agents and targeted the cavity between two indi-
vidual quadruplexes within the proposed higher order telomere
structure (Fig 1). They synthesized a series of cyclic helicenes with
various ‘wedge” angles and tested for specific binding to the natural
telomere ‘dimer’. Some of the helicenes displayed enantioselective
binding, were active in a modified telomere repeat amplification
protocol (TRAP) assay and had modest selectivity for quadruplex
compared with duplex DNA.

Although time constraints allowed only a handful of talks on
quadruplex ligands, this is clearly a very active area of research as
there were at least 14 posters describing new ligands. These new
molecules covered a range of chemical entities, including analogues
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of existing agents, new small molecules, natural products and peptide
nucleic acids.

Quadruplexes in the clinical arena

One of the most exciting aspects of this meeting was the presenta-
tion of data from two quadruplex-related agents that have already
made it into the clinic. J. Whitten (San Diego, CA, USA) described
the development and mechanism of CX-3543 (quarfloxin; Cylene
Pharmaceuticals, San Diego, CA, USA), a small molecule that is now
in phase Il clinical trials. CX-3543 was originally designed to target
the c-MYC promoter quadruplex, and was observed to have potent
and tumour-selective activity in a wide range of cultured cancer cells
and in vivo models. However, CX-3543 showed no direct inhibitory
effect on c-MYC expression, suggesting that an alternative mecha-
nism was operative. CX-3543, which autofluoresces, localizes to
cancer cell nucleoli that contain many copies of the genes encoding
rRNAs. These genes—known as IDNA—contain a very high density
of potential quadruplex-forming sequences, some of which have
been shown to bind to nucleolin protein (Maizels, 2006). CX-3543
disrupts the formation of the complex formed between rDNA quad-
ruplexes and nucleolin, and leads to a protein-DNA complex that is
amplified in cancer cells. Consequently, CX-3543 induces nucleolin
redistribution, the inhibition of ribosome biogenesis and the induc-
tion of apoptosis in cancer cells. Interestingly, CX-3543 was not
found to accumulate in the nucleoli of non-cancerous cells, which
presumably contributes to its cancer-specific activity. It is not yet
clear whether the mechanism of CX-3543 reflects its preference for
rDNA quadruplexes over other quadruplex forms or just the high
density of quadruplexes present in rDNA.

Another molecule—a  26-nucleotide  quadruplex-forming
oligonucleotide named AS1411 (Antisoma, London, UK)—has com-
pleted phase I clinical trials. P. Bates (Louisville, KY, USA) described
how she discovered AS1411 in collaboration with D. Miller and
J. Trent (Louisville, KY, USA) after noticing that certain G-rich DNA
sequences could specifically inhibit cancer cell proliferation.
Mechanistic studies indicate that quadruplex formation is essential
for the activity and nuclease-resistance of AS1411. Furthermore,
the activity of AS1411 is strictly dependent on its binding to nucleo-
lin protein but, in contrast to CX-3543, AS1411 does not inhibit
ribosomal biogenesis. Instead, AS1411 seems to bind to cell-
surface nucleolin inducing internalization of the oligonucleotide
into the cell where it affects several other nucleolin functions
(Fig 4). Bates suggested that the cancer-selectivity of AS1411 is due
to preferential uptake in cancer cells, which is related to high levels
of nucleolin on their surface. Miller presented data from the phase
I clinical trial of AS1411. He reported that 30 patients with various
types of advanced cancer received continuous infusions of AS1411
at doses up to 40 mg kg-'day" for 7 days and no serious side effects
were observed. Miller also highlighted encouraging signs of clinical
activity in patients receiving AS1411, particularly those with meta-
static renal cell carcinoma. He reported that of the 12 renal cell car-
cinoma patients in the trial, one had a complete response, one had
amarked partial response, seven had disease stabilization and three
had disease progression. Several of the patients had responses or
stabilization lasting 12 months or more. Miller noted that the timing
of the observed responses was unusual, with some patients having
initial disease stabilization followed by a gradual tumour reduction
over many months after just one treatment with AS1411. Phase I
clinical trials of AS1411 have recently begun.
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Fig 4 | Quadruplexes in biology and as therapeutic agents or targets. Cartoon illustrating some possible roles of quadruplex formation in vivo and therapeutic
strategies based on quadruplex formation. Antiparallel quadruplexes are shown for simplicity, but actual structures might vary. (A) Quadruplex formation in
the single-stranded regions of telomeres. Ligands that stabilize the quadruplex might lead to cellular senescence by preventing telomere extension mediated
by telomerase (TEL), and might also induce rapid apoptosis by displacing telomere-binding proteins, for example, protection of telomeres 1 (POT1).

(B) Quadruplex formation in the context of duplex DNA is now suspected for many gene promoter regions, especially oncogene promoters. The quadruplex
structure is a transcriptional repressor for some oncogenes, for example, c-MYC, and quadruplex-stabilizing ligands might act to block transcription.

(C) Quadruplexes can also form in RNA and might hinder translation. (D) Ribosomal genes (rDNA), which are located in the nucleolus of the cell, contain

a high concentration of potential quadruplex-forming sequences. These rDNA quadruplexes seem to be the target of CX-3543, a quadruplex-binding small
molecule that is now in clinical trials as an anticancer agent. CX-3543 localizes to nucleoli and prevents nucleolin protein (NCL) from binding to rDNA
quadruplexes, leading to inhibition of ribosome biogenesis. (E) AS1411 is a quadruplex-forming oligonucleotide that is now being tested in human clinical

trials. This molecule also targets nucleolin protein and seems to bind to the cell surface form of the protein, which is present at high levels in cancer cells,

leading to internalization of the complex. AS1411 can affect the molecular interactions and transport of nucleolin, thereby inhibiting many cancer cell

survival pathways.

Applications of quadruplexes: bio- and nano-technologies
Not all applications of quadruplexes are directed towards thera-
peutics. J. Davis (College Park, MD, USA) analysed the self-
assembly of lipophilic G-quadruplexes, with the ultimate aim of
building an artificial ion channel. N. Sugimoto (Kobe, Japan)
described why DNA is an attractive entity for designing nano-
structures and nanodevices, and could even be useful for comput-
ing. He showed how DNA logic gates could be built by using
quadruplexes and how long G-wires constructed with G-rich oligo-
nucleotides containing a bipyridine loop can switch conformations
in the presence of Ni?* ions. Mergny talked about intramolecular
quadruplexes with very long loops—up to 21 nucleotides—which
might have an application as molecular beacon biosensors to
detect specific DNA or RNA sequences.

The non-therapeutic applications of quadruplexes were perhaps
covered too briefly with only a few talks, but several posters on rel-
evant topics were also presented. Topics included ion exchange
within a quadruplex, the use of quadruplexes for detection of metal
cations by NMR, self-assembly of guanosine derivatives into large
columns, quadruplex-containing aptamers and DNAzymes, and an
energy-converting machine containing i-motif DNA.

1008 EMBO reports VOL 8 | NO 11 | 2007

Perspectives, unresolved issues and future directions

Of course, and fortunately for researchers, there remain many
unanswered questions about quadruplexes. For example, most
participants would agree that a quadruplex is a very stiff structure,
but its persistence length is at present unknown and its electrical
conductivity has yet to be shown. Another under-explored issue
concerns the kinetics of quadruplex folding. Although we under-
stand the kinetics of some simple quadruplexes, little is known
about rates of duplex—quadruplex transitions and quadruplex
interconversion events. Considerable effort should now be made
to understand the kinetics of these systems, which would help to
define the intermediate states, especially the rate-limiting state.

It should also be noted that—belying the title of the meeting—
several groups have shown that quadruplex formation is not
limited to the DNA backbone. G-quadruplexes have also been
suggested to form in RNAs, most recently in (CGG), trinucleotide
repeats (see above) or in the 5'-UTR of the NRAS proto-oncogene
(Kumari et al, 2007). The formation of quadruplexes in various
RNAs will probably become the subject of several future studies
as other polymers are also compatible with quadruplex formation,
especially peptide nucleic acid (PNA). Another interesting issue
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is the structure of complementary C-rich oligonucleotides, which
might adopt a completely distinct quadruplex structure called the
i-motif under acidic conditions. Although the biological relevance
of this motif is still controversial because its stability is generally
limited at pH7, data presented at the meeting suggest that the
C-rich sequence in the myc promoter can form an i-motif structure
at near physiological pH.

With respect to quadruplex ligands, an unresolved controversy
is whether a ‘true’ intercalation mode exists. Although no high-
resolution structure has shown this possibility, some biophysical
results support it. Other groups argue that intercalation suggests
unstacking of two adjacent quartets, which would be energetically
unfavourable and therefore unlikely. A more general observation
is the increasing demand for commercially available quadruplex
ligands, which could be used as reference molecules for biophysi-
cal, biochemical and biological studies. It was noted that the avail-
able molecules, such as TMPyP4, NMM (N-methylmesoporphyrin
IX) or diaminoanthraquinones, have only limited specificity or
affinity. Questions about the mechanism and clinical potential of
quadruplex ligands also remain, especially in the light of the fre-
quency of potential quadruplexes in the human genome. For
example: what are the primary mechanisms of existing quadruplex-
binding agents? Do these agents have a high enough selectiv-
ity for quadruplex DNA compared with duplex DNA? Is it possi-
ble, or necessary, to develop agents that can distinguish between
quadruplex types—for example, telomere versus promoter, or
parallel versus antiparallel? Another important point that came up
at the meeting was the limitation of the TRAP assay, which is rou-
tinely used for measuring telomerase inhibition by quadruplex lig-
ands. Mergny reported that ligands can interfere with the PCR of a
G-quadruplex sequence while leaving the internal control sequence
unaffected. Consequently, the inhibitory effect of many quadruplex
ligands might be overestimated. The use of a direct assay to measure
telomerase inhibition or removal of the ligand after the elongation
step of the TRAP assay is therefore recommended.

For biological studies, it seems there is a need for better analy-
tical tools. Perhaps the most useful would be antibodies against
various human quadruplexes. Antibodies allowed the first visu-
alization of quadruplex formation in vivo, in the macronuclei of
a ciliate, but those antibodies do not crossreact with mammalian
sequences. Alternative probes that might be helpful for cell-based
and in vivo studies, such as quadruplex ligands linked to a nuclease
or covalently binding platinum derivatives, were also suggested.

Finally, this meeting allowed us to identify several ways to
improve the accessibility and visibility of quadruplex research.
Many of the speakers with interests in structure emphasized the
need for a standardized nomenclature, especially relating to folding
topologies and loop conformations, as many different terms are now
used to indicate the same thing. Although everyone seemed to agree
to use quartet/quadruplex rather than tetrad/tetraplex, no consensus
was reached on loop descriptions; for example, whether it should
be ‘propeller” or ‘chain reversal’, ‘edgewise’ or ‘lateral’. The descrip-
tion of genome-wide searches for potential quadruplexes is another
area that might benefit from standardization, both in terms of defin-
ing what constitutes a quadruplex-forming sequence and the adop-
tion of standard abbreviations, such as PQS (potential quadruplex
sequence) and G4P (quadruplex potential). The creation of a website
dedicated to the quadruplex community was unanimously agreed
to be desirable. In addition to the genomic servers that are already

©2007 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

reviews

available to search for quadruplex-forming sequences, a site provid-
ing an introduction to this area and the various researchers in the
field would be welcome. A database of quadruplex structures and
folds would also be invaluable, and J. Huppert (Cambridge, UK) is
happily enrolled in that task.

Final thoughts

Many participants agreed that this was one of the best meetings
they had ever attended. The size and organization of the event
allowed many discussions between scientists from different disci-
plines. Thanks to the generous support of sponsors, especially the
James Graham Brown Cancer Center, registration fees were very
reasonable and many junior researchers were able to attend. The
posters—more than 80 of them—uwere discussed during lunch and
during two dedicated sessions; so many were interesting that it was
impossible to discuss all of them here. By the close of the meeting,
a consensus was reached to repeat such a symposium every two
years; therefore, the ‘Second International Quadruplex Meeting’
will be held in 2009, probably in Europe.
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