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■ Abstract The components and cofactors of the holoenzyme telomerase and its
substrate telomeric DNA are attractive targets for anticancer agents that act by in-
hibiting the activity of telomerase. This review outlines recent advances in telomerase
inhibition that have been achieved using antisense oligonucleotides and ribozymes
that target the telomerase mRNA or its hTR RNA template. Although these are po-
tent catalytic inhibitors of telomerase, they are challenging to implement in the clinic
due to their delayed effectiveness. Drugs that directly bind to the telomeres, the com-
plex structures that are associated at the telomeric ends, and stabilize secondary DNA
structures such as G-quadruplexes are also potent inhibitors of telomerase. Special fo-
cus is given here to the telomeres, the biological machinery that works in tandem with
telomerase to elongate telomeres, the causes of telomere disruption or dysfunction, and
the consequences of disruption/dysfunction on the activity and design of anticancer
agents.

INTRODUCTION

Human telomerase is a structurally complex ribonucleoprotein that is responsible
for the maintenance of telomeric DNA at the ends of chromosomes. Telomerase
acts to synthesize and add a simple six-base motif (of TTAGGG in the human
case) to the ends of the chromosomes, resulting in stable telomere length that
would otherwise be gradually eroded after each cell replication. Active telomerase
has been detected in a majority of human cancer, embryonic, and germline cells
but not in normal somatic cells, with the exception of some stem cells, such as
those involved in tissue renewal.

The telomerase holoenzyme core consists of a catalytic subunit, the reverse
transcriptase protein hTERT (1–3), and an RNA template subunit, hTR (4), which
are essential for telomerase activity (5). Other proteins (6, 7) and kinases (8–11) are
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important transient components of the holoenzyme and play a role in the activation,
stabilization, and regulation of telomerase. Telomerase enzyme processivity is also
dependent on the availability of the substrate telomeric DNA, dNTPs, and primer
(12, 13).

This review explores the various approaches to and recent advances in the
inhibition of telomerase, an enzyme whose activation and on-going activity are
generally accepted to be paramount to the survival and proliferation of the ma-
jority of cancer cells. The processes and mechanisms of telomerase component
assembly, activation, and activity have enabled the development of distinct targets
and strategies for the inhibition of telomerase. These targets fall into three major
categories that allow for the introduction of various agents to bring about the in-
hibition of telomerase activity. First, the processes of production and assembly of
the elements necessary for telomerase activity yield potential targets, such as the
genes (and therefore their messenger RNA) that express for the telomerase com-
ponents, and the chaperone proteins and kinases that are required in the assembly
process. Second, the active telomerase enzyme can be switched off by agents that
target its components, hTERT and hTR, or other cofactors necessary for ongoing
activity. Finally, agents can be introduced to bind to telomeric DNA, the substrate
of telomerase, thus inhibiting telomerase activity by making it unavailable to the
enzyme. Accordingly, this review deals with each of these important areas in turn;
however, particular emphasis is given to the structure and role of the telomeres and
the indicators of telomere disruption or dysfunction with a view to constructively
examine the causal relationship among telomeric DNA length, cell senescence,
and cell death.

THE TELOMERES

Structure and Function of Telomeres

Telomeres are specialized DNA protein structures that cap the ends of linear chro-
mosomes. Mammalian telomeres consist of tandem repeats of the six nucleotides
TTAGGG, which are repeated for 5–25 kilobase pairs in length 5′ to 3′ toward the
chromosome end (14–17). Several recent studies have suggested that the structure
of the ends of telomeres may be more complex than originally thought. Griffith and
colleagues have found that telomeres do not end in a linear manner (18). Instead,
the end of the telomere forms a loop structure with the 3′ G-rich strand (referred to
as the T-loop), invading the duplex telomeric repeats and forming a displacement
loop (D-loop) (Figure 1). Telomere-associated proteins may facilitate the forma-
tion and maintenance of both the T- and D-loops, suggesting the presence of a large
DNA-protein structure at the end of each chromosome. In addition, most human
telomeres appear to terminate in a single-stranded 3′ GT-rich overhang, which is
thought to play an important role in telomere structure and function (19–21). These
fundamental findings of the structure of telomeres have enormous implications for
the design of compounds that can target and disrupt the telomere structure.
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Figure 1 Cartoon showing the T-loop and D-loop and associated telo-
mere binding proteins (18).

Telomeres are highly conserved in organisms ranging from unicellular eu-
karyotes to mammals, indicating a strong preservation of their protective mecha-
nisms for preventing chromosomal ends from undergoing degradation and ligation
with other chromosomes. Without telomeric caps, human chromosomes undergo
end-to-end fusions and form dicentric and multicentric chromosomes (22–25).
These abnormal chromosomes would break during mitosis, resulting in severe
damage to the genome and the activation of DNA damage checkpoints. This
leads to cell senescence or the initiation of apoptosis cell death pathways
(26).

In addition to protecting chromosomes from end-to-end fusion, telomeres are
also thought to protect against the loss of DNA at the end of each chromosome
upon the completion of DNA replication. Dividing cells have been shown to un-
dergo a progressive loss of 25–200 DNA base pairs following each cell division
(22, 27, 28). This loss of telomeric DNA is largely due to the “end replication prob-
lem,” which refers to the inability of the DNA replication machinery to copy the
final few base pairs of the lagging strand during DNA synthesis (29, 30). Another
possible cause for loss of telomeric sequence is by a 5′ to 3′ exonuclease activity
that recesses the telomeric CA-rich strand (19, 31). Because the telomere consists
of a repetitive DNA sequence, its loss is thought to be less important to the cell
than the loss of critical gene encoding sequences that may be near the end of a
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chromosome; therefore, telomeric sequences protect from the loss of more critical
gene encoding sequences.

Crucial Characteristics Necessary for Senescence
at the Telomeres

Telomerase has been thought of as an attractive anticancer drug target because
of the compelling correlation between telomerase reactivation and cellular im-
mortalization. The difficulty in designing therapeutic strategies with telomerase
inhibitors is that to achieve telomere shortening, one would have to continuously
treat the patient for multiple tumor cell population doublings. Most solid tumors
have population doubling times of several days to several weeks, suggesting that
anti-telomerase therapies could take months to produce any effect in a patient’s can-
cer (32). These difficulties have slowed the development of telomerase inhibitors
for the clinic. A key development in the approach to targeting telomeres is the
discovery that alterations in telomere function, not the loss of telomere sequence,
initiate cell crisis events such as replicative senescence (33). This understand-
ing comes from the results of a study showing that inhibition of the function of
telomere binding proteins leads to senescence in the absence of telomere sequence
shortening (33), thereby implying that destabilization of the telomere may lead to
the same effects that have been associated with critically short telomeres, namely,
the induction of cell senescence and cell death.

The idea that telomere capping, not length, determines whether or not a telomere
is functional has been proposed (34, 35). Telomere ends are capped by the bind-
ing of a number of telomeric proteins, including TRF-1 and TRF-2 (36). These
proteins bind in a sequence-specific manner to telomeric DNA and protect chro-
mosome ends from end-to-end fusion (25). The protection of the telomere ends is
important to cell survival because loss of normal telomere capping leads to cell
death by apoptosis (37). Response to the destabilization of telomeres appears to be
mediated through an ataxia-telangiectasia mutated–dependent pathway, suggest-
ing that unprotected telomeres can be recognized as DNA damage (37). Further
evidence linking the telomere with DNA damage response pathways is the ob-
servation that components of DNA damage response pathways are localized at
telomeres and are required for normal telomere maintenance. For example, the
Ku protein involved in nonhomologous end-joining is localized to telomeres in
budding yeast and human cells. Ku is involved in the localization of telomeres at
nuclear pores, and loss of Ku function leads to end-to-end chromosome fusion
(38, 39). Taken together, these results suggest that loss or uncapping of telo-
meric sequences can be sensed as a DNA break. It has been proposed that the
DNA damage repair apparatus can allow for cell cycle checkpoint control so
that cell cycle progression will not proceed until telomere replication is com-
plete (40). The discovery of this monitoring system of telomere integrity within
the cell leads to possible strategies to target telomere integrity for the treatment of
cancer.
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STRATEGIES FOR THE INHIBITION OF TELOMERASE

Control of the Production and Assembly of
the Elements Necessary for Telomerase Activity

The assembly of the active telomerase enzyme complex in cells requires the cat-
alytic hTERT protein and the hTR template RNA, components of the enzyme
complex, as well as several accessory proteins, including Hsp90, p23, and TEP-1.
Therefore, inhibition of any one of these proteins can lead to a decrease in telom-
erase activity, making these accessory factors potential molecular targets. Various
strategies employing antisense oligonucleotides, ribozymes, or small molecules
have been used to target telomerase by regulating the expression and activity of
the proteins necessary for its assembly.

The Hsp90 and p23 proteins are molecular chaperones, which probably form
a “foldosome” that facilitates and mediates the assembly of a biologically active
telomerase complex (41). If the interaction of either Hsp90 or p23 with the cata-
lytic subunit of telomerase is blocked, the assembly of active telomerase is blocked
in vitro (41). Inhibition of Hsp90 function in cells with geldanamycin (an Hsp90
inhibitor) also blocks the assembly of active telomerase, suggesting that the tar-
geting of the assembly of telomerase may be a very attractive way of inhibiting
telomerase (41).

The hTERT messenger RNA has also been targeted with antisense oligonu-
cleotides that are designed to hybridize with complementary sequences of hTERT
mRNA. The recent clinical success of the first antisense drug provides the impetus
for further development of these strategies for selective disruption of telomerase
expression (42).

In addition to antisense targeting, hammerhead ribozymes have also been used
to inhibit the expression of hTERT messenger RNA. These ribozymes are small
catalytic RNA molecules that consist of a catalytic core flanked by antisense se-
quences that function in the recognition of the target sequence. These RNAs possess
endoribonuclease activity that allows for the degradation of target transcripts. A
hammerhead ribozyme has recently been used to cleave the hTERT mRNA in
breast epithelial cells that inhibited telomerase activity and resulted in shortened
telomeres, decreased net growth, and apoptosis (43).

Regulation of hTERT expression appears to be largely through transcriptional
control (2, 3, 10, 44–46). Several transcription factors have been identified as
having a role in the regulation of hTERT gene expression (47). Of note is the ob-
servation that c-MYCcan induce telomerase activity by increasing the transcription
of hTERT mRNA (48). There are c-MYC/MAXE-box binding sequences within
the hTERT gene promoter, and several studies have addressed the importance of c-
MYCin regulating the expression of telomerase in cancer cells (47, 49). Therefore,
inhibition of c-MYCexpression and interference with c-MYC regulation of gene
expression are additional mechanisms for preventing telomerase activity (50, 50a).
To explore this targeting strategy, we have recently identified compounds that can
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down-regulate c-MYC expression, leading to repression of telomerase activity.
These compounds recognize a specific G-quadruplex structure that forms in the
nuclease hypersensitive element within the c-MYCpromoter. The stabilization of
this G-quadruplex leads to inhibition of c-MYC expression (50, 50a). Recently,
a new DNA-binding small molecule, WP631 (Figure 2), has also been found to
inhibit the transcription of c-MYCandp53genes that induce cell arrest at the G2

checkpoint in the cell cycle and limited apoptosis in Jurkat T lymphocytes (51).
These results are consistent with altered c-MYCexpression by WP631 being linked
to cell pathways leading to growth arrest in Jurkat T lymphocytes (51) that most
likely involve inhibition of telomerase activity.

Figure 2 Structure of WP631.
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Targeting of the Telomerase Components Necessary
For and During Telomerase Activity

The intracellular introduction of synthetic molecules that bind to a specific com-
ponent (or components) of the holoenzyme telomerase can serve to literally switch
off the activity of telomerase once it is already in full-swing (as is the case in most
cancer cells). To date, the agents employed to successfully down-regulate or in-
hibit telomerase activity by directly binding to one of its components have mainly
targeted hTERT and hTR, the core subunits of telomerase. These inhibition agents
are shown in Figures 3A and 3B.

Modified short DNA and RNA molecules with novel bond linkages between the
bases have been designed with the aim to use the antisense approach by binding to
the RNA template in the hTR subunit(s) to prevent or halt transcription and thereby
act as competitive inhibitors of telomerase activity. Hence, the hTR RNA template
is unavailable to hTERT for reverse transcription (52). The various types of sugar
phosphodiester backbone modifications in these molecules are intended to confer
certain desirable characteristics or properties, such as intracellular penetration,
superior binding affinity, and therefore specificity, to the hTR RNA template and
in order to enable intact delivery to their target.

In recent years, many researchers have extensively tested the efficacy of telom-
erase inhibition by peptide nucleic acids (PNAs) that containN-(2-aminoethyl)
glycine linkages between bases (52, 53), DNA-oligomers with phosphorothioate
(PS) linkages (52), DNA-oligomers with phosphoramidite (PN) linkages (54, 55),
RNA oligomers with methyl-substituted (56, 57) or methoxyethyl-substituted (58)
ribose sugar rings (2-OMe RNA and 2-MOE RNA, respectively), locked nucleic
acid RNA oligomers that have constraining ribose ring methylene bridges (54), var-
ious substituted RNA oligomers with PS linkages (56–58), and hybrid RNA–DNA
molecules (termed as chimera molecules) consisting of a variety of combinations
of the aforementioned oligomer types (54, 56–58). These agents are stable against
intracellular degradation, such as nuclease digestion (54), and effect telomerase
inhibition at the pico- to micromolar levels, depending on the cell line assayed
(58, 59). Repeated transfection of cells with cationic lipids is required for delivery
to cells and to maintain their effectiveness against telomerase activity (60). The im-
pact of sustained treatment on telomere length, antiproliferation of cells, and even
apoptosis (due to inhibition of telomerase activity) are all critically dependent on
the initial telomere length and cell type (59). For example, in some cases treatment
with agents such as substituted RNA oligomers prevented spontaneous immortal-
ization of epithelial cells, even though cell apoptosis was not achieved (57).

The best of these agents are PNAs, which were shown to target specific regions
in the hTR RNA template, with activities at pico- to nanomolar concentrations,
an inhibition level 10 to 50 times more efficient than for PS-DNA oligomers
(52). However, PNAs were found to have poor pharmacokinetic properties and
higher toxicities relative to PS-containing oligomers (59). Also, PN-DNA oligomer
derivatives containing complementary sequences to those at specific sites in the
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Figure 3 (A) The different types of antisense oligonucleotides that inhibit telomerase
by targeting the hTR RNA template. (B) Two of the inhibitors of telomerase that target
hTERT.
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target hTR RNA template were efficient against telomerase activity at pico- to
nanomolar concentrations (55). Interestingly, the PS-DNA oligomers have an en-
hanced nonspecific type of binding to proteins in general (59) and probably inhibit
telomerase activity by interacting with the hTERT protein subunit of telomerase
rather than with the hTR RNA template (59, 61). The 2-OMe and 2-MOE RNA
oligomers and their DNA hybrids possess increased binding affinity at the tar-
get hTR RNA template and inhibit telomerase activity at the nanomolar level
(56–58). The addition of PS linkages to these substituted RNA oligomers and
hybrids confers better pharmacokinetic properties to these agents while still main-
taining similar telomerase inhibition levels (56–58), giving them promising clinical
properties (59).

Another promising approach employs a chimera molecule constituting an an-
tisense DNA oligomer with an attached 2′,5′-oligoadenylate (2-5A) to induce
massive apoptosis of ovarian cancer cells after sustained treatment over one to
two weeks, but with no effect on normal ovarian cells (62). It is postulated that
this chimera’s antisense DNA oligomer enables direct binding to the hTR RNA
template, while the 2′,5′-oligoadenylate recruits and activates an endoribonuclease
(RNase L), which then cleaves the proximal hTR RNA template, thus inhibiting
telomerase activity (62). Similarly, in several other studies the 2-5A antisense
chimeras were used against prostate and bladder cancers and malignant gliomas
in vitro and in vivo in nude mice with encouraging results (63–65).

Hammerhead ribozymes that cleave the hTR RNA template have been shown
to inhibit telomerase activity in human (66) and endometrial carcinomas (67, 68)
and in human melanoma cell extracts (69). Also, telomerase activity was down-
regulated in vitro in endometrial carcinoma and human melanoma cells (68, 69);
however, no telomere shortening was observed in the human melanoma cells
(69), and this approach to inhibition of telomerase activity has not been further
investigated.

Telomerase activity can also be inhibited by the direct binding of small non-
nucleosidic synthetic compounds to the hTERT reverse transcriptase component
of telomerase. Schnapp and coworkers have recently reported the first mixed-type
noncompetitive (70) catalytic telomerase inhibitor, (2-((E)-3-naphtalen-2-yl-but-
2-enoylamino)-benzoic acid) (BIBR1532), which causes telomere shortening and
senescence characteristics in various types of cancer cells in vitro and in vivo in
mouse xenograft models at nanomolar concentrations (71).

Last, the hTERT reverse transcriptase inhibitors do not effect their activity
by specifically and persistently binding to hTERT; rather, they act as competi-
tors for the substrate deoxyribonucleotides used by reverse transcriptases, such
as hTERT, to construct DNA chains (or more specifically for hTERT, to con-
struct telomeric DNA extensions). Small nucleoside analogues can act as reverse
transcriptase inhibitors, although only some of these compounds, such as 6-thio-
2′-deoxyguanosine 5′-triphosphate (TDG-TP), are selective against the hTERT
reverse transcriptase (72). TDG-TP is effective at low micromolar concentrations
(72) and stops telomeric DNA extension after incorporation into the DNA (73).
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Targeting of Telomeres

Inhibition of telomerase can be achieved by sequestration of the primer (the
single-stranded telomeric end) required for the reverse transcriptase activity of
this enzyme. This was first demonstrated by showing that K+ inhibited telom-
ere activity, presumably by facilitation of folding of the single-stranded telomeric
DNA into a G-quadruplex structure (74). G-quadruplexes are composed of two or
more G-tetrads (Figure 4A) assembled into either intermolecular (Figures 4B,C)
or intramolecular (Figure 4D) structures. Human telomeric DNA can form an
intramolecular G-quadruplex structure, characterized as a basket, having three
G-tetrads, each stabilized by Hoogsteen base pairing (Figure 4A) (75). Based on
the observations that K+ facilitates and stabilizes G-quadruplex structures, small
molecules that mimic the K+ effect were also found to inhibit telomerase activity

Figure 4 G-tetrad and G-quadruplexes. (A) Four guanine residues forming a planar
structure G-tetrad through Hoogsteen hydrogen bonding. (B) A parallel G-quadruplex
model. (C) An intermolecular antiparallel G-quadruplex model. (D) An intramolecular
basket G-quadruplex model. Each parallelogram in (B), (C), and (D) represents a
G-tetrad.
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(76). The first proof of this principle was that telomerase inhibition did not take
place until sufficient telomeric repeats were assembled by telomerase extension
of the DNA primer to form a G-quadruplex structure (76). Consequently, the di-
rect telomerase assay (77) (Figure 5), alongside the polymerase stop assay (78)
(Figure 6), provides important cell-free signatures of G-quadruplex-interactive
compounds. In addition to cell-free assays, in vitro and in vivo assays have also
been used to characterize the effects of G-quadruplex-interactive compounds. In
in vitro systems, inhibition of telomerase (79), telomere shortening (80), cell
senescence, and delayed growth inhibition (80) have been demonstrated with
G-quadruplex-interactive compounds. Unlike telomerase inhibitors, G-quad-
ruplex-interactive compounds would be expected to affect cells that maintain
telomeres by telomerase-dependent as well as telomerase-independent mecha-
nisms because the latter involve recombination mechanisms quite possibly involv-
ing G-quadruplex structures (81). The formation of G-quadruplex structures in
regions other than telomeres, for example, in the promoter region of c-myc, may
also lead to effects on telomerase because c-myc controls hTERT. Indeed, the
G-quadruplex-interactive compound TMPyP4, but not its isomer TMPyP2, which
does not interact with G-quadruplex, is able to down-regulate c-myc and hTERT
(50, 50a).

As described before, an altered telomere state may be a more important con-
sequence than critical telomere shortening (33). Thus, disruption of telesomes
by either depletion of proteins involved in telomere binding (e.g., telomerase)
or sequestration of telomere ends by stabilization of G-quadruplex structures, or
both, may lead to chromosome end-to-end fusion in presenescence cells. In fact,
TMPyP4 and the fluoroquinophenoxazines have both been demonstrated to pro-
duce anaphase bridges, a hallmark of chromosome end fusions, in relatively short
periods of time (78).

It has been frequently pointed out that G-quadruplex-interactive compounds
lack the cancer cell selectivity imparted by the fairly selective occurrence of
telomerase in cancer cells. However, uncapping and recapping of telomerase-
dependent cells may provide some opportunities for selectivity of G-quadruplex-
interactive compounds. In cells switching between these two states, this most
likely occurs in S or G2/M phases in the cell cycle. In cancer cells, where it is
necessary to add telomeric sequences via a telomerase-dependent or telomerase-
independent mechanism, the single-stranded DNA template becomes exposed
in the uncapped state, and if either telomerase is deficient or G-quadruplex-
interactive compounds are present, which facilitate folding of the G-quadruplex
(e.g., TMPyP4, telomestatin), irreversible uncapped telomeric ends and chromo-
some end-to-end fusion may result (78). In contrast, normal cells that do not
need to elongate their ends may remain stable through multiple cell divisions
(35).

The natural occurrence of G-quadruplex in human telomeric sequences re-
mains unproven, although a recent report provides convincing evidence of their
occurrence inStylonychia lemnaetelomeres (80). Nevertheless, the existence of
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Figure 5 Effect of BSU-1051 on the time-course of telomerase activity using (A) the 18-
mer telomeric primer d[TTAGGG]3 (1 µM) without (left-hand lanes) or with (right-hand
lanes) BSU-1051 added at 10µM (76). The boxes identify the 40-min samples, which show
altered multiple band patterns due to 3′-exonuclease activity. (B) Time-course of total amount
of [α-32P]-dGTP incorporated into the extension products of the d[TTAGGG]3 primer in the
presence and absence of BSU-1051. (C) Time-course incorporation of [α-32P]-dGTP into the
22-mer, 28-mer, and 34-mer and comparison of patterns of sets of multimers for the 22-mer
and 28-mer in the presence and absence of BSU-1051. The diagrams between the two sets
of results show the proposed structures of the species formed at each step.
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Figure 6 Inhibition of Taq polymerase with increasing concentrations of the fluoro-
quinophenoxazine QQ58. (A) Cartoon of the assay and structure of QQ58. (B) Autoradiogram
of the sequencing gel showing enhanced DNA synthesis pausing at the G-quadruplex site
with increasing concentrations of QQ58 (lanes 1–7). The free primer, the pause site, and the
full-length product are indicated. (C) Graphical representation of the quantification of the
sequencing gel shown in (B), showing the concentration of QQ58 to the ratio of intensity of
the bands obtained for the pausing site/total intensity per lane.

helicases such as Sgs1 and Cdc13p in yeast and Werner’s and Bloom’s helicases in
human cells, which resolve G-quadruplex structures, suggests that such structures
may exist at least transiently (82–86). Whether or not these structures form natu-
rally, it is likely that their formation and subsequent resolution need to be controlled
so that free single-stranded telomeric primer can be available for telomerase reverse
transcriptase. Therefore, if G-quadruplex-interactive compounds interfere with the
dynamics of interconversion between G-quadruplex or single-stranded telomeric
sequences, they will likely have effects on telomeric states of DNA. It was first
demonstrated with a perylene (PIPER) that G-quadruplex-interactive molecules
could facilitate the formation and also inhibit the Sgs1 helicase unwinding of
G-quadruplex structures (87, 88). Subsequently, a number of other compounds, in-
cluding the cationic porphyrins, telomestatin, and 9-anilino-proflavins, have been
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shown to facilitate or inhibit G-quadruplex conversion to single-stranded DNA
(89–91).

The first G-quadruplex-interactive compounds were relatively nonpotent (IC50

in the micromolar range) (92) and nonselective for G-quadruplex versus other
forms of DNA. More recently, more potent and selective molecules have been
designed or discovered (78, 80, 90, 93–95). Of particular interest are 9-anilino
proflavine, the triazines, the fluoroquinophenoxazines, telomestatin, and the pen-
tacyclic acridines (Figure 7).

The 9-anilino proflavine derivative was designed to optimize the interaction
with the intramolecular G-quadruplex from human telomere and minimize that
with duplex DNA. These compounds have 60 to 100 nM potency in a modi-
fied TRAP assay and corresponding low cytotoxicity (93). The triazines have
been demonstrated to produce telomere shortening, which is associated with de-
layed growth arrest and cell senescence (80). The fluoroquinophenoxazines are
redesigned topoisomerase II poisons that now interact more specifically with
G-quadruplex structures, and this activity is correlated with production of anaphase
bridges (78), a property also shared by the cationic porphyrin TMPyP4 (96) and

Figure 7 Chemical formulae of some of the inhibitors of telomerase that target its substrate
(telomeres).
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the triazines (80), both of which are also G-quadruplex-interactive compounds.
Telomestatin, a natural product, is the most potent of the telomerase inhibitors
(97) and also a G-quadruplex-interactive compound (90). This compound shows
remarkable specificity for intramolecular versus intermolecular G-quadruplex
structures. The pentacyclic acridine RHPS4, like the other G-quadruplex-interac-
tive compounds reported above, produces cellular effects within a two- to three-
week period at noncytotoxic concentrations. A number of reviews on drug targeting
of G-quadruplex have appeared (60, 98–100).

In addition to the exciting developments described previously, leading to more
potent and G-quadruplex-specific agents, underlying concepts for how G-quad-
ruplex-interactive compounds may affect biological processes have been advanced.
It is likely that, in most cases, the occurrence of G-quadruplex in genomic DNA is
undesirable unless the facile conversion between duplex or single-stranded DNA
and G-quadruplex DNA can be achieved (101). In the latter case, their involve-
ment as switch signals in transcriptional control might be a useful and even pri-
mordial mechanism for regulation of gene expression. Therefore, agents such as
the perylene and cationic porphyrins, which both facilitate the formation of G-
quadruplex (91) and inhibit their resolution by helicases such as Sgs1 (87, 91), are
likely to affect the natural equilibrium between duplex and single-stranded DNA
and G-quadruplex structures, and thus have effects on biological processes me-
diated either by duplex or single-stranded DNA or by G-quadruplex DNA forms
(101).

Last, Brad Chaires has developed an extremely useful method to determine
the DNA structural selectivity for binding of ligands to different forms of DNA
(102). Thus it is possible to determine if there is a correlation between binding
affinities to G-quadruplex and biological activities for a range of analogues. How-
ever, for this to be predictive, the biologically relevant G-quadruplex must first be
known.

CONCLUSIONS

Telomerase has alternately waxed and waned as a potential cancer-specific target.
The first expectations following the discovery of telomerase were overly opti-
mistic in accordance with the lack of appreciation of the processes that maintain
telomere length. It is more than a decade since these halcyon days, but telom-
erase is now enjoying a revival as a more validated molecular target. The concept
of altered telomere states that prompt chromosomal end-to-end fusion in prese-
nescence cells, thus negating the need for critical telomere shortening, will af-
fect the way we think about treating cancer cells with telomerase inhibitors and
telomere-interactive compounds. For us to take full advantage of this new concept,
we need more complete information on the uncapping and recapping of telom-
eres. Compounds such as the G-quadruplex-interactive drugs, which interfere with
telomere structures and presumably produce altered telomere states, assume new



13 Dec 2002 12:20 AR AR176-PA43-15.tex AR176-PA43-15.sgm LaTeX2e(2002/01/18)P1: FHD

374 REZLER ¥ BEARSS ¥ HURLEY

significance under this new insight. Moreover, compounds that lower c-myc and
hTERT and interfere with telomere integrity assume even more significance. From
the discovery of small organic compounds to larger synthetically modified oligonu-
cleotides that target defined macromolecular structures, the field has moved to
measuring effects on telomerase, telomeres, and associated biological processes.
Methodologically driven, the telomere/telomerase research area is moving toward
clinical trials of the best chemical agents. One hopes that the first clinical trials
will be conducted in a manner such that if the results are negative, there will be a
sufficient level of science so that a poor study design will not lead to the premature
demise of this exciting area.

ACKNOWLEDGMENTS

Supported by grants from the National Institutes of Health and the Arizona Disease
Control Research Commission. We are grateful to Dr. David Bishop for preparing,
proofreading, and editing the final version of the text and figures.

The Annual Review of Pharmacology and Toxicologyis online at
http://pharmtox.annualreviews.org

LITERATURE CITED

1. Nakamura TM, Morin GB, Chapman KB,
Weinrich SL, Andrews WH, et al. 1997.
Telomerase catalytic subunit homologs
from fission yeast and human.Science
277:955–59

2. Meyerson M, Counter CM, Eaton EN, El-
lisen LW, Steiner P, et al. 1997. hEST2,
the putative human telomerase catalytic
subunit gene, is up-regulated in tumor
cells and during immortalization.Cell
90:785–95

3. Kilian A, Bowtell DD, Abud HE, Hime
GR, Venter DJ, et al. 1997. Isolation
of a candidate human telomerase cat-
alytic subunit gene, which reveals com-
plex splicing patterns in different cell
types.Hum. Mol. Genet.6:2011–19

4. Feng J, Funk WD, Wang SS, Weinrich
SL, Avilion AA, et al. 1995. The RNA
component of human telomerase.Science
269:1236–41

5. Harrington L, Zhou W, McPhail T, Oulton
R, Yeung DS, et al. 1997. Human telom-
erase contains evolutionarily conserved

catalytic and structural subunits.Genes
Dev.11:3109–15

6. Akalin A, Elmore LW, Forsythe HL,
Amaker BA, McCollum ED, et al. 2001. A
novel mechanism for chaperone-mediated
telomerase regulation during prostate can-
cer progression.Cancer Res.61:4791–
96

7. Forsythe HL, Jarvis JL, Turner JW, El-
more LW, Holt SE. 2001. Stable associ-
ation of Hsp90 and p23, but not Hsp70,
with active human telomerase.J. Biol.
Chem.276:15571–74

8. Yu CC, Lo SC, Wang TC. 2001. Telom-
erase is regulated by protein kinase
C-ζ in human nasopharyngeal cancer
cells.Biochem. J.355:459–64

9. Kang SS, Kwon T, Kwon DY, Do SI.
1999. Akt protein kinase enhances human
telomerase activity through phosphoryla-
tion of telomerase reverse transcriptase
subunit.J. Biol. Chem.274:13085–90

10. Li H, Zhao L, Yang Z, Funder JW, Liu JP.
1998. Telomerase is controlled by protein



13 Dec 2002 12:20 AR AR176-PA43-15.tex AR176-PA43-15.sgm LaTeX2e(2002/01/18)P1: FHD

TELOMERE INHIBITION AND TELOMERE DISRUPTION 375

kinase Cα in human breast cancer cells.J.
Biol. Chem.273:33436–42

11. Kharbanda S, Kumar V, Dhar S, Pandey
P, Chen C, et al. 2000. Regulation of
the hTERT telomerase catalytic subunit
by the c-Abl tyrosine kinase.Curr. Biol.
10:568–75

12. Sun D, Lopez-Guajardo CC, Quada J,
Hurley LH, Von Hoff DD. 1999. Reg-
ulation of catalytic activity and proces-
sivity of human telomerase.Biochemistry
38:4037–44

13. Peng Y, Mian IS, Lue NF. 2001. Analy-
sis of telomerase processivity: mechanis-
tic similarity to HIV-1 reverse transcrip-
tase and role in telomere maintenance.
Mol. Cell 7:1201–11

14. Blackburn EH, Gall JG. 1978. A tandemly
repeated sequence at the termini of ex-
trachromosomal ribosomal RNA genes in
Tetrahymena.J. Mol. Biol.120:33–53

15. Allshire RC, Dempster M, Hastie ND.
1989. Human telomeres contain at least
three types of G-rich repeats distribu-
ted non-randomly.Nucleic Acids Res.17:
4611–27

16. de Lange T, Shine L, Myers RM, Cox DR,
Naylor SL, et al. 1990. Structure and vari-
ability of human chromosome ends.Mol.
Cell Biol. 10:518–27

17. Moyzis RK, Buckingham JM, Cram LS,
Dani M, Deaven LL, et al. 1988. A
highly conserved repetitive DNA se-
quence, (TTAGGG)n, present at the telo-
meres of human chromosomes.Proc.
Natl. Acad. Sci. USA85:6622–26

18. Griffith JD, Comeau L, Rosenfield S,
Stansel RM, Bianchi A, et al. 1999. Mam-
malian telomeres end in a large duplex
loop.Cell 97:503–14

19. Makarov VL, Hirose Y, Langmore JP.
1997. Long G tails at both ends of human
chromosomes suggest a C strand degrada-
tion mechanism for telomere shortening.
Cell 88:657–66

20. Wright WE, Tesmer VM, Huffman KE,
Levene SD, Shay JW. 1997. Normal
human chromosomes have long G-rich

telomeric overhangs at one end.Genes
Dev.11:2801–9

21. Colgin LM, Reddel RR. 1999. Telom-
ere maintenance mechanisms and cellular
immortalization.Curr. Opin. Genet. Dev.
9:97–103

22. Harley CB, Futcher AB, Greider CW.
1990. Telomeres shorten during ageing of
human fibroblasts.Nature345:458–60

23. Counter CM, Avilion AA, LeFeuvre
CE, Stewart NG, Greider CW, et al.
1992. Telomere shortening associated
with chromosome instability is arrested in
immortal cells which express telomerase
activity. EMBO J.11:1921–29

24. Harley CB. 1995. Telomeres and aging. In
Telomeres, ed. EH Blackburn, CW Grei-
der, pp. 247–63. Plainview, NY: Cold
Spring Harbor Lab.

25. van Steensel B, Smogorzewska A, de
Lange T. 1998. TRF2 protects human
telomeres from end-to-end fusions.Cell
92:401–13

26. de Lange T, Jacks T. 1999. For better or
worse? Telomerase inhibition and cancer.
Cell 98:273–75

27. Hastie ND, Dempster M, Dunlap MG,
Thompsson AM, Green DK, Allshire
RC. 1990. Telomere reduction in human
colorectal carcinoma with aging.Nature
346:866–68

28. Mehle C, Ljungberg B, Roos G. 1994.
Telomere shortening in renal cell carci-
noma.Cancer Res.54:236–41

29. Watson JD. 1972. Origin of concate-
meric T7 DNA.Nat. New Biol.239:197–
201

30. Olovnikov AM. 1973. A theory of
marginotomy. The incomplete copying
of template margin in enzymic synthesis
of polynucleotides and biological signifi-
cance of the phenomenon.J. Theor. Biol.
41:181–90

31. Wellinger RJ, Ethier K, Labrecque P, Za-
kian VA. 1996. Evidence for a new step in
telomere maintenance.Cell 85:423–33

32. Friberg S, Mattson S. 1997. On the
growth rates of human malignant tumors:



13 Dec 2002 12:20 AR AR176-PA43-15.tex AR176-PA43-15.sgm LaTeX2e(2002/01/18)P1: FHD

376 REZLER ¥ BEARSS ¥ HURLEY

implications for medical decision making.
J. Surg. Oncol.65:284–97

33. Karlseder J, Smogorzewska A, de Lange
T. 2002. Senescence induced by altered
telomere state, not telomere loss.Science
295:2446–49

34. Blackburn EH. 2000. Telomere states and
cell fates.Nature408:53–56

35. Blackburn EH. 2001. Switching and sig-
naling at the telomere.Cell 106:661–73

36. Broccoli D, Smogorzewska A, Chong L,
de Lange T. 1997. Human telomeres con-
tain two distinct Myb-related proteins,
TRF1 and TRF2.Nat. Genet.17:231–35

37. Karlseder J, Broccoli D, Dai Y, Hardy S,
de Lange T. 1999. p53 and ATM depen-
dent apoptosis induced by telomeres lack-
ing TRF2.Science283:1321–25

38. Galy V, Olivo-Marin JC, Scherthan H,
Doye V, Rascalou N, Nehrbass U. 2000.
Nuclear pore complexes in the organiza-
tion of silent telomeric chromatin.Nature
403:108–12

39. Baumann P, Cech TR. 2000. Protection
of telomeres by the Ku protein in fission
yeast.Mol. Biol. Cell11:3265–75

40. Gasser SM. 2000. A sense of the end.Sci-
ence288:1377–79

41. Holt SE, Aisner DL, Baur J, Tesmer VM,
Dy M, et al. 1999. Functional require-
ments of p23 and Hsp90 in telomerase
complexes.Genes Dev.13:817–26

42. Webb A, Cunningham D, Cotter F, Clarke
PA, di Stefano F, et al. 1997. BCL-2
antisense therapy in patients with non-
Hodgkin lymphoma.Lancet349:1137–41

43. Ludwig A, Saretzki G, Holm PS, Tiemann
F, Lorenz M, et al. 2001. Ribozyme cleav-
age of telomerase mRNA sensitizes breast
epithelial cells to inhibitors of topoiso-
merase.Cancer Res.61:3053–61

44. Li H, Zhao LL, Funder JW, Liu JP. 1997.
Protein phosphatase 2A inhibits nuclear
telomerase activity in human breast can-
cer cells.J. Biol. Chem.272:16729–32

45. Ku WC, Cheng AJ, Wang TC. 1997. Inhi-
bition of telomerase activity by PKC in-
hibitors in human nasopharyngeal cancer

cells in culture.Biochem. Biophys. Res.
Commun.241:730–36

46. Bodnar AG, Kim NW, Effros RB, Chiu
CP. 1996. Mechanism of telomerase in-
duction during T cell activation.Exp. Cell
Res.228:58–64

47. Kyo S, Takakura M, Taira T, Kanaya T,
Itoh H, et al. 2000. Sp1 cooperates with
c-Myc to activate transcription of the hu-
man telomerase reverse transcriptase gene
(hTERT). Nucleic Acids Res.28:669–
77

48. Wang J, Xie LY, Allan S, Beach D, Han-
non GJ. 1998. Myc activates telomerase.
Genes Dev.12:1769–74

49. Greenberg RA, O’Hagan RC, Deng H,
Xiao Q, Hann SR, et al. 1999. Telomerase
reverse transcriptase gene is a direct target
of c-Myc but is not functionally equiva-
lent in cellular transformation.Oncogene
18:1219–26

50. Grand CL, Han H, Mu˜noz RM, Weit-
man S, Von Hoff DD, et al. 2002. The
cationic porphyrin TMPyP4 downregu-
lates c-MYC and hTERT expression and
inhibits tumor growth in vivo.Mol. Can-
cer Ther.1:565–73

50a. Siddiqui-Jain A, Grand CL, Bearss DJ,
Hurley LH. 2002. Direct evidence for a
G-quadruplex in a promoter region and its
targeting with a small molecule to repress
c-MYC transcription.Proc. Natl. Acad.
Sci. USA99:11593–98

51. Villamarin S, Ferrer-Miralles N, Mansilla
S, Priebe W, Portugal J. 2002. Induction
of G(2)/M arrest and inhibition of c-myc
and p53 transcription by WP631 in Jur-
kat T lymphocytes.Biochem. Pharmacol.
63:1251–58

52. Norton JC, Piatyszek MA, Wright WE,
Shay JW, Corey DR. 1996. Inhibition of
human telomerase activity by peptide nu-
cleic acids.Nat. Biotechnol.14:615–19

53. Hamilton SE, Simmons CG, Kathiriya IS,
Corey DR. 1999. Cellular delivery of pep-
tide nucleic acids and inhibition of human
telomerase.Chem. Biol.6:343–51

54. Braasch DA, Corey DR. 2001. Locked



13 Dec 2002 12:20 AR AR176-PA43-15.tex AR176-PA43-15.sgm LaTeX2e(2002/01/18)P1: FHD

TELOMERE INHIBITION AND TELOMERE DISRUPTION 377

nucleic acid (LNA): fine-tuning the recog-
nition of DNA and RNA.Chem. Biol.8:1–
7

55. Gryaznov S, Pongracz K, Matray T,
Schultz R, Pruzan R, et al. 2001. Telom-
erase inhibitors—oligonucleotide phos-
phoramidates as potential therapeutic
agents.Nucleosides Nucleotides Nucleic
Acids20:401–10

56. Pitts AE, Corey DR. 1998. Inhibition of
human telomerase by 2′-O-methyl-RNA.
Proc. Natl. Acad. Sci. USA95:11549–54

57. Herbert B, Pitts AE, Baker SI, Hamilton
SE, Wright WE, et al. 1999. Inhibition
of human telomerase in immortal human
cells leads to progressive telomere short-
ening and cell death.Proc. Natl. Acad. Sci.
USA96:14276–81

58. Elayadi AN, Demieville A, Wancewicz
EV, Monia BP, Corey DR. 2001. Inhibi-
tion of telomerase by 2′-O-(2-methoxy-
ethyl) RNA oligomers: effect of length,
phosphorothioate substitution and time
inside cells.Nucleic Acids Res.29:1683–
89

59. Corey DR. 2002. Telomerase inhibi-
tion, oligonucleotides, and clinical trials.
Oncogene21:631–37

60. Perry PJ, Arnold JR, Jenkins TC. 2001.
Telomerase inhibitors for the treatment
of cancer: the current perspective.Expert
Opin. Investig. Drugs10:2141–56

61. Mergny JL, Riou JF, Mailliet P, Teulade-
Fichou MP, Gilson E. 2002. Natural
and pharmacological regulation of telom-
erase.Nucleic Acids Res.30:839–65

62. Kushner DM, Paranjape JM, Bandyopad-
hyay B, Cramer H, Leaman DW, et al.
2000. 2-5A antisense directed against
telomerase RNA produces apoptosis in
ovarian cancer cells.Gynecol. Oncol.
76:183–92

63. Kondo Y, Koga S, Komata T, Kondo S.
2000. Treatment of prostate cancer in vitro
and in vivo with 2-5A-anti-telomerase
RNA component.Oncogene19:2205–11

64. Koga S, Kondo Y, Komata T, Kondo S.
2001. Treatment of bladder cancer cells

in vitro and in vivo with 2-5A antisense
telomerase RNA.Gene Ther.8:654–58

65. Kondo Y, Komata T, Kondo S. 2001. Com-
bination therapy of 2-5A antisense against
telomerase RNA and cisplatin for ma-
lignant gliomas.Int. J. Oncol.18:1287–
92

66. Kanazawa Y, Ohkawa K, Ueda K, Mita
E, Takehara T, et al. 1996. Hammerhead
ribozyme-mediated inhibition of telom-
erase activity in extracts of human hepa-
tocellular carcinoma cells.Biochem. Bio-
phys. Res. Commun.225:570–76

67. Yokoyama Y. 2001. Hammerhead ri-
bozymes to modulate telomerase activity
of endometrial carcinoma cells.Human
Cell 14:223–31

68. Yokoyama Y, Takahashi Y, Shinohara A,
Lian Z, Wan X, et al. 1998. Attenuation
of telomerase activity by a hammerhead
ribozyme targeting the template region
of telomerase RNA in endometrial carci-
noma cells.Cancer Res.58:5406–10

69. Folini M, Colella G, Villa R, Lualdi S,
Daidone MG, Zaffaroni N. 2000. Inhibi-
tion of telomerase activity by a hammer-
head ribozyme targeting the RNA com-
ponent of telomerase in human melanoma
cells.J. Invest. Dermatol.11:259–67

70. Pascolo E, Wenz C, Lingner J, Hauel N,
Priepke H, et al. 2002. Mechanism of hu-
man telomerase inhibition by BIBR1532,
a synthetic, non-nucleosidic drug candi-
date.J. Biol. Chem.277:15566–72

71. Damm K, Hemmann U, Garin-Chesa
P, Hauel N, Kauffmann I, et al. 2001.
A highly selective telomerase inhibitor
limiting human cancer cell proliferation.
EMBO J.20:6958–68

72. Fletcher TM, Cathers BE, Ravikumar KS,
Mamiya BM, Kerwin SM. 2001. Inhibi-
tion of human telomerase by 7-deaza-
2′-deoxyguanosine nucleoside triphos-
phate analogs: potent inhibition by 6-thio-
7-deaza-2′-deoxyguanosine 5′-triphos-
phate.Bioorg. Chem.29:36–55

73. Tendian SW, Parker WB. 2000. In-
teraction of deoxyguanosine nucleotide



13 Dec 2002 12:20 AR AR176-PA43-15.tex AR176-PA43-15.sgm LaTeX2e(2002/01/18)P1: FHD

378 REZLER ¥ BEARSS ¥ HURLEY

analogs with human telomerase.Mol.
Pharmacol.57:695–99

74. Zahler AM, Williamson JR, Cech TR,
Prescott DM. 1991. Inhibition of telom-
erase by G-quartet DNA structures.Na-
ture350:718–20

75. Wang Y, Patel DJ. 1993. Solution struc-
ture of the human telomeric repeat
d[AG3(T2AG3)3] G-tetraplex.Structure1:
263–82

76. Sun D, Thompson B, Cathers BE, Salazar
M, Kerwin SM, et al. 1997. Inhibition
of human telomerase by a G-quadruplex-
interactive compound.J. Med. Chem.40:
2113–16

77. Sun D, Hurley LH, Von Hoff DD. 1998.
Telomerase assay using biotinylated-
primer extension and magnetic separation
of the products.BioTechniques25:1046–
51

78. Duan W, Rangan A, Vankayalapati H,
Kim MY, Zeng Q, et al. 2001. Design
and synthesis of fluoroquinophenoxazines
that interact with human telomeric G-
quadruplexes and their biological effects.
Mol. Cancer Ther.1:103–20

79. Izbicka E, Wheelhouse RT, Raymond E,
Davidson K, Lawrence L, et al. 1999.
Effects of cationic porphyrins as G-
quadruplex interactive agents (QIAs) in
human tumor cells.Cancer Res.59:639–
44

80. Riou JF, Guittat L, Mailliet P, Laoui A,
Renou E, et al. 2002. Cell senescence and
telomere shortening induced by a new se-
ries of specific G-quadruplex DNA lig-
ands.Proc. Natl. Acad. Sci. USA99:2672–
77

81. Dunham MA, Neumann AA, Fasching
CL, Reddel RR. 2000. Telomere mainte-
nance by recombination in human cells.
Nat. Genet.26:447–50

82. Ellis NA, Groden J, Ye TZ, Straughen
J, Lennon DJ, et al. 1995. The Bloom’s
syndrome gene product is homologous to
RecQ helicases.Cell 83:655–66

83. Karow JK, Chakraverty RK, Hickson ID.
1997. The Bloom’s syndrome gene prod-

uct is a 3′–5′ DNA helicase.J. Biol. Chem.
272:30611–14

84. Lin Y-C, Shih J-W, Hsu C-L, Lin J-J.
2002. Binding and partial denaturing
of G-quartet DNA by Cdc13p ofSac-
charomyces cerevisiae. J. Biol. Chem.
276:47671–74

85. Suzuki N, Shimamoto A, Imamura O,
Kuromitsu J, Kitao S, et al. 1997. DNA he-
licase activity in Werner’s syndrome gene
product synthesized in a baculovirus sys-
tem.Nucleic Acids Res.25:2973–78

86. Yu CE, Oshima J, Fu YH, Wijsman EM,
Hisama F, et al. 1996. Positional cloning
of the Werner’s syndrome gene.Science
272:258–62

87. Han H, Bennett RJ, Hurley LH. 2000. In-
hibition of unwinding of G-quadruplex
structures by Sgs1 helicase in the pres-
ence of N,N′-bis[2-(1-piperidino)ethyl]-
3,4,9,10-perylenetetracarboxylic diimide,
a G-quadruplex-interactive ligand.Bio-
chemistry39:5295–302

88. Han H, Cliff CL, Hurley LH. 1999. Accel-
erated assembly of G-quadruplex struc-
tures by a small molecule.Biochemistry
38:6981–86

89. Li J-L, Harrison JH, Reszka AP, Brosh
RM Jr, Bohr VA, et al. 2001. Inhibition of
the Bloom’s and Werner’s syndrome he-
licases by G-quadruplex interacting lig-
ands.Biochemistry40:15194–202

90. Kim MY, Vankayalapati H, Shin-Ya K,
Wierzba K, Hurley LH. 2002. Telomes-
tatin, a potent telomerase inhibitor that in-
teracts quite specifically with the human
telomeric intramolecular G-quadruplex.
J. Am. Chem. Soc.124:2098–99

91. Han H, Langley DR, Rangan A, Hur-
ley LH. 2001. Selective interactions of
cationic porphyrins with G-quadruplex
structures.J. Am. Chem. Soc.123:8902–
13

92. Mergny JL, Mailliet P, Lavelle F, Riou
JF, Laoui A, Hélène C. 1999. The devel-
opment of telomerase inhibitors: the G-
quartet approach.Anti-Cancer Drug Des.
14:327–39



13 Dec 2002 12:20 AR AR176-PA43-15.tex AR176-PA43-15.sgm LaTeX2e(2002/01/18)P1: FHD

TELOMERE INHIBITION AND TELOMERE DISRUPTION 379

93. Read M, Harrison RJ, Romagnoli B, Tan-
ious FA, Gowan SH, et al. 2001. Struc-
ture-based design of selective and po-
tent G-quadruplex-mediated telomerase
inhibitors.Proc. Natl. Acad. Sci. USA98:
4844–49

94. Koeppel F, Riou JF, Laoui A, Mailliet
P, Arimondo PB, et al. 2001. Ethid-
ium derivatives bind to G-quartets, in-
hibit telomerase and act as fluorescent
probes for quadruplexes.Nucleic Acids
Res.29:1087–96

95. Gowan SM, Heald R, Stevens MF, Kel-
land LR. 2001. Potent inhibition of
telomerase by small-molecule pentacyclic
acridines capable of interacting with G-
quadruplexes.Mol. Pharmacol.60:981–
88

96. Izbicka E, Nishioka D, Marcell V, Ray-
mond E, Davidson KK, et al. 1999.
Telomere-interactive agents affect pro-
liferation rates and induce chromoso-
mal destabilization in sea urchin em-

bryos. Anti-Cancer Drug Des.14:355–
65

97. Shin-Ya K, Wierzba K, Matsuo K, Ohtani
T, Yamada Y, et al. 2001. Telomestatin,
a novel telomerase inhibitor fromStrep-
tomyces anulatus. J. Am. Chem. Soc.
123:1262–63

98. Mergny JL, Hélène C. 1998. G-quadru-
plex DNA: a target for drug design.Nat.
Med.4:1366–67

99. Han H, Hurley LH. 2000. G-quadruplex
DNA: a potential target for anti-cancer
drug design.Trends Pharmacol. Sci.21:
136–42

100. Kerwin SM. 2000. G-Quadruplex DNA as
a target for drug design.Curr. Pharm. Des.
6:441–78

101. Hurley LH. 2002. DNA and its associated
processes as targets for cancer therapy.
Nat. Rev. Cancer2:188–200

102. Ren J, Chaires JB. 1999. Sequence and
structural selectivity of nucleic acid bind-
ing ligands.Biochemistry38:16067–75


