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Anticancer agents that target DNA are some of the
most effective agents in clinical use and have produced
significant increases in the survival of cancer patients
when used in combination with drugs that have differ-
ent mechanisms of action. But, unfortunately, they are
extremely toxic1. Consequently, much effort has been
put into finding agents that are more selective, and
there is considerable excitement that the identification
of cancer-specific molecular targets will yield a new
generation of less toxic therapeutics; indeed, STI-571
(Gleevec), which targets the ABL (Abelson leukaemia
viral oncogene) kinase in patients with chronic myel-
ogenous leukaemia, is the forerunner of this new gen-
eration of compounds2. Do such agents signal the ulti-
mate demise of DNA-interactive drugs as a mainstay of
cancer chemotherapeutic agents, or are there still
opportunities for novel therapeutics that target DNA
and its associated processes?

DNA as an evolving target for cancer therapy
Alkylating agents. The evolution of DNA as a molecular
target is illustrated in FIG. 1. Interestingly, it was the conse-
quences of chemical warfare during World Wars I and II
that spawned the modern era of cancer chemotherapy3.
For example, observations made by physicians treating
mustard-gas victims of a World War II tragedy led to
important clinical insights4. A German bombing raid 
on the coastal waters of Italy in December 1943 resulted 
in the sinking of an American ship that contained 

mustard-gas bombs. This gas, when mixed with fuel oil,
dispersed on the surface of the water; men exposed to
this mixture soon showed lymphotoxic symptoms.

Although sulphur mustards were first used in chemi-
cal warfare, it was the more stable nitrogen mustards that
were developed for cancer chemotherapy5. Research
before and during World War II led to an appreciation of
the biological effects of the nitrogen mustards, and, in
1946, Alfred Gilman and Frederick Phillips correctly
determined that the toxic effects were due to ALKYLATION.
They reported that the side effects of exposure to nitro-
gen mustard — nausea, vomiting and MYELOSUPPRESSION

— resembled those from exposure to X-rays6.As these
specific organ toxicities are related to the high prolifera-
tive rates of these tissues (epithelia of the gastrointestinal
tract and bone-marrow cells), it seems likely that cancers
such as leukaemias and lymphomas, which also have
high proliferative rates compared with most normal tis-
sues, might be particularly susceptible to these agents.
Indeed, nitrogen mustards caused remissions when they
were used to treat lymphomas, and this marked the
beginning of the modern era in cancer chemotherapy7.
So, it was established that cancers with high proliferative
rates could be treated with alkylating agents, such as the
nitrogen mustards, and that their selectivity was depen-
dent on quantitative differences in the rates of division
between cancer and normal cells: side effects were most
often associated with normal tissues that shared these
characteristics.
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ALKYLATION

The replacement of hydrogen on
an atom by an alkyl group. The
alkylation of nucleic acids
involves a substitution reaction
in which a nucleophilic atom
(nu) of the nucleic acid displaces
a leaving group from the
alkylating agent: nu-H + alkyl-Y
→ alkyl-nu + H+ + Y–.

MYELOSUPPRESSION

A decrease in the ability of the
bone-marrow cells to produce
blood cells, including red blood
cells, white blood cells and
platelets.

DNA AND ITS ASSOCIATED
PROCESSES AS TARGETS FOR
CANCER THERAPY
Laurence H. Hurley

DNA is the molecular target for many of the drugs that are used in cancer therapeutics, and is
viewed as a non-specific target of cytotoxic agents. Although this is true for traditional
chemotherapeutics, other agents that were discovered more recently have shown enhanced
efficacy. Furthermore, a new generation of agents that target DNA-associated processes are
anticipated to be far more specific and effective. How have these agents evolved, and what are
their molecular targets?
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such as chlorambucil and mephalan, were found to
crosslink the two complementary strands of DNA,
rather than just alkylating one strand9 (see BOX 1). More
recently, imaginative approaches to targeting specific
cancer types by site-specific delivery or metabolic activa-
tion have been used. In many cases, these approaches
depend on modern advances in molecular biology10–12

(see BOX 2).

Antitumor antibiotics. The almost miraculous success of
antibiotics in treating bacterial infections in the middle
part of the twentieth century naturally led to parallel
efforts in the United States, Europe and Asia to discover
an equivalent arsenal of drugs for the treatment of can-
cer. Retrospectively, it was perhaps naive to think that
natural products could be discovered that would dis-
criminate between normal and cancer cells based purely
on cell growth-inhibition assays, which select com-
pounds that tend to target DNA or other structures,
such as tubulin, that are common constituents of all
eukaryotic cells. Nevertheless, although not nearly as
successful as antibiotics in the treatment of infections,
antibiotics that target cancer cells, such as doxorubicin
and bleomycin, have made an important impact on the
treatment of cancer patients since the 1960s (REF. 13;

TABLE 1). Perhaps of equal importance is the understand-
ing of how these antibiotics recognize and interact with
DNA and its associated targets. Knowledge of these and
other natural products, such as distamycin (see later),

Over the next two decades, a wide range of alkylating
agents were synthesized in an attempt to control their
inherent chemical reactivities (TABLE 1). Temozolomide,
which is a monoalkylation drug, methylates guanine
residues in DNA following a DNA-facilitated rearrange-
ment8. The most potent and efficacious agents, however,

Summary 

• DNA is the molecular target for many anticancer drugs.

• Alkylating agents generally interact non-specifically with DNA: the more effective ones
tend to crosslink DNA.

• Antitumour antibiotics tend to be more specific in their interactions with DNA and are
most often associated with modest sequence selectivity and targeting protein–DNA
complexes.

• Code-reading molecules target either the major or minor groove of DNA and can read
1–2 turns of the helix. Polyamides target the minor groove, and triplex-forming
molecules target the major groove.

• The efficacy of the small molecules that react with DNA is more dependent on their
effect on DNA structure than on their sequence selectivity.

• Secondary DNA structures, such as G-quadruplex structures, represent a new class of
molecular targets for DNA-interactive compounds that might be useful for targeting
telomeres and transcriptional control.

• There is good reason to expect DNA to be a clinically important target for many years
to come. More selective and less toxic compounds are in preparation and strategies to
use the newer agents that target molecular receptors, in combination with DNA-
reactive drugs, will maintain interest in DNA as a molecular target.
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Figure 1 | Classes of DNA-interactive agents and their molecular interactions with DNA. a | A timeline for the discovery and evolution of DNA-interactive
agents up to the present. b | Illustrates the types of modifications that can form on DNA, including, from left to right, crosslinks, intercalation, DNA-strand cleavage and
code-reading molecules. The DNA helix is also shown associated with proteins, such as topoisomerase II, and as secondary DNA structures — for example, 
a G-quadruplex. c | Detail of models showing the different types of DNA modification.
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INTERCALATION

Insertion of a flat aromatic
molecule between adjacent base
pairs of the double helix.

protein (for example, topoisomerase I or II), so cells
with elevated levels of topoisomerase would be more
susceptible to doxorubicin, and a basis for enhanced
cancer-cell selectivity emerges19. Despite the general
acceptance that the topoisomerase-II–DNA complex
is an important molecular target for doxorubicin, it is
likely that other mechanisms, such as direct oxidative
damage to DNA20, might contribute to the overall
efficacy of doxorubicin, and the relative importance
of molecular targets will vary from one tumour to
another. In contrast to most other therapeutic drugs,
such as those used in treating heart disease, cancer
chemotherapeutic agents that have more than one
mechanism of action seem to be preferred. So, DNA-
interactive agents that also have downstream effects on
cell-cycle checkpoints might have a clinical advantage
over an agent with a single mechanism of action.

Code-reading drugs. As early as 1964, Irving Goldberg
and co-workers introduced the idea that small mole-
cules, such as actinomycin D, that interact with DNA
could have sequence selectivity21 (TABLE 1). In 1968,
Donald Crothers and co-workers provided biophysical
evidence for the INTERCALATION of actinomycin D into

has led to the design of a new generation of DNA-tar-
geted agents — DNA code-reading molecules — that
are superb tools for molecular and cellular biology14,15.
Their value as synthetic DNA-targeted therapeutics for
clinical use, however, has yet to be proved.

In contrast to non-specific alkylating agents, anti-
tumour antibiotics, such as doxorubicin, seem to
have greater selectivity for cancer cells than normal
cells, based on their improved clinical efficacy. As
doxorubicin is a non-specific DNA-intercalating
agent16, it was surprising that its enhanced selectivity
for cancer cells could be obtained. Some insight into
the basis of this selectivity was gained when it was
discovered that doxorubicin induces protein-associ-
ated strand breaks17 by trapping topoisomerase II
that is covalently bound to DNA18. This important
discovery encouraged researchers to consider
processes that occur on DNA — such as transcrip-
tion, replication and repair — as molecular events
that might be more susceptible to DNA-interactive
drugs in cancer cells than in normal cells. Because
these processes require protein binding to DNA, the
selectivity of agents that target these processes might
be dependent on the level of the associated target

Table 1 | DNA-targeted drugs that are used, or in trials, for the treatment of cancer 

Drugs Clinical use Mechanism of action

Cyclophosphamide Neuroblastoma; Interstrand DNA crosslinker
non-Hodgkin’s lymphoma;
retinoblastoma; breast cancer;
small-cell lung cancer

Melphalan Multiple myeloma Interstrand DNA crosslinker 

Mitomycin C Stomach and gastrointestinal tract Interstrand DNA crosslinker
cancer

Bizelesin Phase I clinical trials Interstrand DNA crosslinker

Cisplatin Testicular cancer; ovarian cancer; Intrastrand DNA crosslinker
head and neck cancer

Doxorubicin Rhabdomyosarcoma; breast cancer; Stabilizes topoisomerase-II–DNA cleavable 
adult acute leukaemia; complex
endometrial cancer; stomach cancer;
cervical cancer; non-Hodgkin’s lymphoma

Etoposide Testicular cancer; small-cell lung cancer Stabilizes topoisomerase-II–DNA cleavable 
complex

Mitoxantrone Leukaemias (ALL, ANLL and CML); Stabilizes topoisomerase-II–DNA cleavable
breast cancer; ovarian cancer; complex
prostate cancer

SN-38 Colon cancer Stabilizes topoisomerase-I–DNA complex

Et-743 Sarcomas TC-NER poison, reversal of MDR1

Actinomycin D Choriocarcinoma; soft-tissue sarcomas; Inhibition of DNA-directed RNA synthesis
rhabdomyosarcoma; 
Ewing’s sarcoma; Wilms’ tumours

Bleomycin Testicular cancer; non-Hodgkin’s Radiomimetic drug causes double-stranded
lymphoma breaks in DNA

TLK286 Phase I/II trials for: non-small- GST P1-1 cleaves to release cytotoxic drug
cell lung cancer; platinum-resistant
ovarian cancer; colorectal cancer

SGN-15 Phase I/II trials for: Antibody-targeted doxorubicin
breast cancer; colon cancer;
prostate cancer

ALL, acute lymphoblastic leukaemia; ANLL, acute non-lymphocytic leukaemia; CML, chronic myelogenous leukaemia; Et-743,
Ecteinascidin 743; GST P1-1, glutathione S-transferase enzyme; DR1, multidrug resistance 1; TC-NER, transcription-coupled nucleotide
excision repair.
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Quadruplex-interactive drugs. Since 1962, special
sequences in DNA that can form secondary DNA struc-
tures — such as four-stranded structures in which con-
secutive runs of guanines are found — have been
observed27. These remained structural curiosities until
the late 1980s, when biological roles for these structures
were proposed28. More credence was given to these ideas
when proteins were discovered that either bind to the
preformed secondary structures or are involved in the
formation or resolution of these structures29. Their pos-
sible role in regulating the activity of telomerase through
formation of G-quadruplex structures led to the first
effort to target these unusual DNA structures30.

Protein–DNA complexes as molecular targets
DNA is not only a repository of encoded sequence
information, but also the scaffold on which DNA-
binding proteins assemble. The precise assembly of
these proteins — which are involved in packaging,
transcription regulation, replication, recombination
and repair — is crucial for normal cellular growth;
indeed, without these proteins, processing of the
information within the genome is impossible. Because
of the intimate relationship between these proteins
and DNA, it is not surprising that many of the DNA-
interactive drugs that have been identified so far inter-
fere with the processes that are associated with these
protein assemblies (FIG. 2).

Blocking proteins from binding to DNA is the simplest
way of interfering with protein–DNA complexes31.
However, as most minor-groove-binding or -intercalating
molecules interact with a maximum of 4–5 bp (2–4 bp is
more common)32, it is unlikely that drugs that merely pre-
vent protein binding by either steric blockage or distortion
of DNA will have sufficient DNA sequence specificity to be
selectively toxic to tumour cells.

DNA-interactive drugs can also work by acting as a
type of enzyme inactivator (for example, topoiso-
merase I and II poisons). Topoisomerases control
DNA structure by maintaining the correct superheli-
cal state within the cell, as well as by resolving inter-
twined DNA strands33. This requires the formation of
transient breaks in DNA. Topoisomerase I generates
single-stranded breaks34, and topoisomerase II intro-
duces double-stranded breaks35. The cytotoxicity of
topoisomerase I and II poisons is due to stabilization
of the enzyme–DNA covalent cleavage intermediates,
which are referred to as cleavage complexes (FIG. 2a,b).
Compounds that simply block access of topoiso-
merases to DNA do not show clinical efficacy; how-
ever, compounds that trap an intermediate in which
the protein is covalently bound to DNA result in
potent cytotoxicities when they subsequently
encounter a replication fork or some other DNA pro-
cessing event34,35. Clinically effective drugs that are
believed to show their cytotoxicities through this
mechanism include topotecan and SN-38 (topoiso-
merase I), and doxorubicin and mitoxantrone (topo-
isomerase II) (TABLE 1). The cleavage complexes are
reversible once the topoisomerase poisons dissociate
from the ternary topoisomerase–DNA–drug complex,

DNA22. X-ray crystallographic studies by Hank Sobell
and colleagues at the University of Rochester provided
molecular insight into the basis for this sequence selec-
tivity23. These studies, although profound in them-
selves, went largely unnoticed by the chemical commu-
nity until the first X-ray structures of restriction
enzymes bound to DNA refocused interest on small
molecules that could recognize DNA. The discovery of
minor-groove-recognition molecules, such as dis-
tamycin and netropsin24, paved the way for considering
the design and synthesis of DNA code-reading mole-
cules that might ultimately target a unique sequence:
a 13–16 base-pair (bp) sequence is required to select a
unique sequence in a human genome of 2.3 × 109 bp.
Major-groove-recognition molecules followed25,26, and
the race was on to direct genetic events by targeting
duplex DNA with either minor- or major-groove-
recognition molecules.

Box 1 | Monoalkylation and crosslinking chemistry of alkylating agents

In alkylation chemistry
(see a), chlorine is a good
leaving group that
facilitates nucleophilic
attack of nitrogen to form
an imminium ion (R

3
N)

in a strained ring system.
This readily undergoes
alkylation at N7 of
guanine to form a
monoalkylation adduct
(see b). This process can
then be repeated to form
the crosslinked DNA.
Crosslinking can occur
either between two
complementary strands of
DNA (interstrand), as
generated by
chlorambucil and
melphalan, or within a
strand of DNA
(intrastrand), as generated
by cisplatin (see b).
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Box 2 | Increasing specificity of DNA-interactive drugs in cancer

Increased cancer-cell specificity can be achieved by intracellular activation of cytotoxic
drugs. For example, TLK286 is a glutathione S-transferase (GST)–cytotoxic drug
conjugate that is cleaved intracellularly by a glutathione S-transferase enzyme (GST P1-1)
to release the cytotoxic drug10. Antibodies can also be used to target drugs: SGN-15 is an
antibody conjugate in which doxorubicin is conjugated to a monoclonal antibody. This
can be targeted to a tumour-specific antigen on the cancer cell, which gives rise to
tumour specificity11. ADEPT (antibody-directed enzyme prodrug therapy) provides
highly selective, site-specific chemotherapy. This is achieved using a two-step procedure.
First, an antibody with an attached enzyme component is administered and allowed to
localize specifically on the surface of tumour cells. Second, a prodrug — that is a
substrate of the enzyme — is administered and is cleaved by the enzyme to release the
cytotoxic entity in a site-specific manner12.
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between DNA and its binding proteins, such as TATA
binding protein (TBP), human upstream binding factor
(hUBP), high mobility group 1 (HMG1), high mobility
group 2 (HMG2) and sex-determining region Y protein
(SRY)32 (FIG. 2c). These are all proteins that bind to DNA
to enforce bending of DNA. Trapping of these proteins,
either at their natural binding sites or at sites that are
not normally occupied by them, leads to enforced archi-
tectural changes or unnaturally imposed architectural
changes. However, the repercussions of trapped pro-
tein–DNA complexes, such as those described for cis-
platin, are not limited to enforced bends at natural or
unnatural sites, but might lead to other effects. For
example, protein binding could mask DNA lesions such
as the cisplatin–DNA adduct from the NUCLEOTIDE 

EXCISION REPAIR (NER)40 machinery, or simply deplete
important proteins that are involved in transcription41,
particularly when the proteins are trapped at unnatural
sites — for example, as in the decoy mechanism 
proposed by John Essigmann and colleagues41.

Although the repercussions of cisplatin binding to
DNA provide intriguing concepts to explain how drug
toxicity could be mediated, they do not readily explain

so residence time of the drug within the ternary com-
plex is an important criterion for drug efficacy36. In
contrast to doxorubicin, which binds to DNA even in
the absence of topoisomerase II, etoposide (VP-16)
does not bind to DNA in the absence of topoiso-
merase II (REF. 37), and therefore does not interfere
with other processes that occur on DNA (for example,
transcription and replication) (TABLE 1).

Although topoisomerase I and II are the best-known
enzyme inactivator proteins for DNA-reactive drugs,
other clinically useful drugs also target proteins and
result in trapped ternary complexes on DNA. In the
1960s, while studying the effects of electric fields on
Escherichia coli bacteria, the physicist Barnett Rosenberg
serendipitously discovered that a platinum-based com-
pound, cis-diamminedichloroplatinum(II) or cisplatin,
markedly inhibited the proliferation of bacteria cells and
induced filamentous cell growth38 (TABLE 1). Cisplatin
primarily binds covalently to adjacent guanines in the
major groove of DNA and as a result bends DNA in the
direction of the major groove39. It is this distortion of
DNA — while allowing access to DNA-binding proteins
in the minor groove — that stabilizes the interactions

NUCLEOTIDE EXCISION REPAIR

(NER). A process carried out by
mammalian cells that involves
the recognition, removal and
resynthesis of the restored DNA
following DNA damage by bulky
lesions.
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Figure 2 | Transcription can be targeted by DNA-interactive drugs. a, b | Doxorubicin and SN-38 interact with, and stabilize,
the topoisomerase (topo)-II–DNA or topo-I–DNA complexes, respectively, to produce a ‘cleavable complex’, as DNA strand
breakage is associated with the protein–DNA complex. c, d | Human upstream binding factor (hUBF) and Sp1 bind to DNA that has
been architecturally modified by cisplatin and (+)-CC-1065, respectively. Adapted from REF. 19. e | Ecteinascidin 743 (Et-743) binds
within the transcription-coupled nucleotide excision repair (TC-NER) complex to immobilize it on the DNA. f | Pluramycin binds
peripherally to the TATA-binding protein (TBP)–TATA box complex. Alkylation by pluramycin is enhanced by TBP binding to the TATA
box, and as a result TBP is immobilized on the DNA. The arrows from hUBF and Sp1 indicate protein–protein interactions with the
transcriptional activation factors (TAFs). RNAP II, RNA polymerase II. 
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to hijack proteins such as the transcription factor Sp1
and those involved in transcription-coupled (TC)-NER on
DNA; however, it is different from cisplatin because it
occupies the minor groove and bends DNA into the
major groove48, so the target proteins are different.
Et-743 might also be analogous to topoisomerase poi-
sons, such as SN-38, because one study reports that it
can cause protein-associated strand breaks, probably as
a result of a halt in (TC)-NER49 (FIG. 2e), although these
strand breaks were not observed in a subsequent
study50. In any event, the unique features of the
drug–DNA complex (major-groove bend associated
with minor-groove occupancy, extrahelical protrusion
and hydrogen-bonded stabilization of the helix)46 pro-
vide Et-743 with structural and biological properties
that set it apart from other known agents. Analogous
to the effects of topoisomerase I and II poisons — for
which depletion of proteins leads to drug resistance —
deficiencies in TC-NER proteins also leads to resis-
tance to the effects of Et-743 (REF. 49), and cells selected
to be resistant to Et-743 inactivate XPG, a gene that is
important for NER and is mutated in xeroderma pig-
mentosum49. There could be an additional advantage
to sequestering repair proteins that are involved in 
TC-NER, as it is predicted to result in the persistence of
DNA lesions, such as the cisplatin–DNA adduct, if
Et-743 and cisplatin are given in combination. This, in
turn, would result in synergy if the persistence of
cisplatin–DNA adducts is related to efficacy51.

Et-743 has a second mechanism of action that
involves reversal of multidrug resistance52. MDR1 (mul-
tidrug resistance 1) is a broad specificity pump that
exports drugs from cancer cells, and Et-743 prevents this
efflux. The underlying mechanism for this is not yet
clear53. Whereas Et-743 competes for binding of the
transcription factor NF-Y to its cognate sequence in the
transcriptional region of the MDR1 gene54, the concen-
trations of Et-743 required to do this are 103-fold higher
than those required to suppress MDR1 in cells.

With both cisplatin and Et-743, drug and protein
binding take place on opposite sides of the DNA helix.
This is in accordance with complementary shape
recognition of DNA by each pair of drug–protein
complexes. The pluramycins, which have both major-
and minor-groove-recognizing substituents linked by
an intercalating chromophore, are structurally more
complex than drugs such as cisplatin and Et-743
because they ‘thread’ the DNA helix. Trapping of
either major- or -minor-groove-binding proteins by
complementary shape recognition in an analogous
way to Et-743 or cisplatin therefore cannot explain the
mechanism of action of pluramycin. However, DNA
alkylation by pluramycin — at a specific site down-
stream of the TATA box — is enhanced when TBP is
present. This DNA alkylation then results in TBP
being trapped at the TATA box55 (FIG. 2f). These coop-
erative interactions — which are mediated at adjacent
sites on DNA — lead to the intriguing possibility that
transcription events can be disrupted with specificities
that are much greater than anticipated, based purely
on the sequence specificity of the drug.

the extraordinary sensitivity of some cancers (for exam-
ple, testicular cancer) to this drug.As with DNA-interac-
tive drugs such as doxorubicin, other molecular targets
(DNA or otherwise) might be important in enhancing
the susceptibility of particular cancers. It is intriguing that
many drugs, including cisplatin, interact preferentially
with guanines in DNA. The human telomeric sequence
(TTAGGG)

n
is guanine rich and is a particularly good tar-

get for cisplatin42. Perhaps the coincident damage to non-
telomeric regions and critically short telomeres42, inter-
faced with protein hijacking and inefficient NER, leads to
preferential cell killing in certain cancer cells.

The cooperative binding of transcription factors to
DNA often requires the sequence-specific conformational
flexibility of DNA between or within the transcription-
factor binding sites. Sequences that have inherent confor-
mational flexibility or can exist in alternative conforma-
tions, such as stretches of adenosines (A-tracts), have such
properties. Small molecules that bind to AT sequences,
such as distamycin, can prevent conformational changes
by imparting rigidity to DNA24; however, other small
molecules, such as Bizelesin (TABLE 1) and (+)-CC-1065,
can trap out one or another of the alternative conforma-
tional forms of A-tracts43 to mimic the architectural
enforcement properties of proteins that recognize the
same conformational forms of DNA44 (see FIGs 2d, 3b).

Ecteinascidin 743 (Et-743) — a complex natural
product that is produced by a marine tunicate45 — also
seems to work by trapping DNA-binding proteins at
sites where structural distortion of the DNA is recog-
nized46,47. It is therefore similar to cisplatin as it seems
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Preferential removal of lesions
from the DNA strands in genes
that are actively transcribed by
RNA polymerase II.
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Figure 3 | Direct versus indirect readout for sequence-specific recognition of DNA. 
a | Direct readout of sequence information by donor–acceptor interactions between Ecteinascidin
743 (Et-743) and the sequence 5A•6G•7C (DNA backbone, pink) and the complementary strand
18G•19C•20T (DNA backbone, white). This stereoview of the DNA-triplet region shows
hydrogen bonding (yellow dotted lines) between the DNA and Et-743 (yellow)64. b | Indirect
readout of sequence information by Bizelesin and (+)-CC-1065. Bizelesin and (+)-CC-1065 both
recognize A-tracts, but Bizelesin binds to the straight form and (+)-CC-1065 binds to the bent
form. As A-tracts can exist in both conformational forms, the two drugs selectively recognize and
covalently bond to a specific conformation43.
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minor groove, the field made little progress. The new
motif — the side-by-side pyrrole–imidazole amino-
acid pairing, or 2:1 ligand:DNA complex57 — can dis-
tinguish all four Watson–Crick base pairs (G•C, C•G,
A•T and T•A)58 (FIG. 4). As molecular tools and reagents,
these compounds are superb. Using the 2:1 motif for
recognition of the minor groove, a 6-bp sequence can
be read at subnanomolar concentrations — an affinity
that is comparable with that of DNA-binding proteins59.
Clever strategies have been implemented to address
structural problems, such as those that arise from over-
curvature of the polyamides60, and to increase potency
by attaching alkylating groups61,62. Nevertheless, target-
ing DNA sequences that are large enough to selectively
modulate gene transcription in mammalian cells
requires large molecules that are poorly taken up by the
nucleus — characteristics that impose severe limitations
on these agents as useful cancer chemotherapeutic
drugs. Their initial use might be in targeting sequences
in prokaryotic organisms in which the molecular sizes
of the drugs are more manageable as therapeutic enti-
ties, and cellular/nuclear permeability is less problem-
atic. This is because bacteria have smaller genomes than
eukaryotic cells and lack nuclear membranes.

In addition to molecules that interact non-covalently
with the minor groove, molecules that read minor-
groove information and covalently react with DNA
through either N2 of guanine or N3 of adenine have
been investigated to determine their molecular mecha-
nism of sequence recognition and antitumour efficacy.
These antitumour antibiotics — represented by mito-
mycin C, the anthramycins, (+)-CC-1065 and Et-743 —
have significantly greater DNA sequence selectivity than
the classical alkylating agents. So, whereas nitrogen mus-
tards such as cyclophosphamide alkylate N7 of guanine
(the central guanine in runs of three or more guanines),
which has the greatest molecular electrostatic potential63,
these natural products are weaker alkylating agents and
recognize DNA sequence information by either direct
readout of H-bonding (Et-743)64 or indirect readout of
sequence flexibility ((+)-CC-1065). Of these com-
pounds, only mitomycin C, which is a DNA–DNA
crosslinker65, and Et-743 have proven clinical value
(TABLE 1). In both cases, DNA sequence recognition does
not seem to be sufficient to endow the compounds with
clinical efficacy. The clinical effect is more likely to be due
to distortion of DNA following covalent modification.

Reading the major groove. Proteins can recognize and
bind to DNA by reading sequence information in either
groove, but most often by major groove recognition.
Non-peptidyl compounds show the reverse preference;
that is, they bind in the minor groove, potentially allow-
ing simultaneous major groove recognition by proteins.
It would be desirable to have major-groove-binding mol-
ecules that could block access to proteins that recognize
the same groove, if sufficient affinity and sequence selec-
tivity could be achieved. Duplexes that are made up of
polypurine–polypyrimidine sequences can be read by
oligomers that bind in the major groove and hydrogen
bond with bases on the purine strand. These are called

Code-reading molecules target DNA
Reading the minor groove. Small molecules, as well as
DNA-binding proteins, use direct and/or indirect
readout to read sequence information56 (FIG. 3). Some
small molecules, such as those that require distortion
of DNA for binding, would be expected to preferen-
tially bind to sequences that are easily distorted in a
complementary manner43, whereas others read DNA
directly through donor–acceptor interactions, shape
complementarity, or both (FIG. 3).

Distamycin and netropsin belong to the latter class
and rely on direct readout of hydrogen bonding for
their modest DNA-sequence recognition24. These
antiviral compounds, which were discovered in the
1950s, were the prototypes for the development of a
family of sequence-reading molecules in which the
minor groove of DNA is the molecular recognition tar-
get. Netropsin reads five A•T base-pair tracts, and bind-
ing is disrupted by the sterically protruding exocyclic
amino group of guanine in sequences that have mixed
A•T/G•C base pairs24. Considerable effort was put into
redesigning netropsin so that it could read both A•T and
G•C base pairs, but until a paradigm shift occurred with
the discovery of a new motif that directly recognizes the
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their chromosomal targets in cells. So, an experiment in
which a TFO was linked to the DNA crosslinking
reagent psoralen resulted in mutations, deletions and
insertions at a site in the HPRT gene68, which was the
target gene.

The availability of both code-reading molecules such
as TFOs, and the conjugation chemistry that is necessary
to attach small molecular weight DNA-interactive mole-
cules for which the molecular target (duplex DNA or a
protein–DNA complex) is also known, led to advanced
strategies for targeting specific sequences or processes
on DNA. So, in addition to mere stabilization of the
TFO on DNA by intercalation or alkylation69, the TFMs
can be conjugated to a drug such as 10-carboxycamp-
tothecin that will recruit an enzyme (topoisomerase I)
with a DNA-cleaving chemistry70. In this manner, the
toxic effects of individual drugs might be minimized by
markedly increasing their sequence selectivity.

Efforts to bring TFMs to the point at which they
might be useful therapeutics have been continuing for
more than a decade. The obstacles to be overcome are,
in many respects, similar to those faced by antisense
oligodeoxynucleotides, with the added complexities that
are imposed by a target that is double stranded rather
than single stranded and without the aid of a nuclease,
which degrades the heteroduplex formed. As for anti-
sense oligonucleotides, the main issues are cellular
uptake, stability and selectivity. Uniquely, TFMs have the
added problem of triplex instability. Although consider-
able progress has been made by backbone modification
of TFOs using phosphoramidite oligonucleotides,
which increase triplex stability, additional modifications
are needed that will increase nuclease resistance and cel-
lular uptake and, for G-rich TFOs, prevent competing
self-associating structures such as G-quadruplexes from
forming. For PNAs, many of the same issues exist, with
cellular uptake being the main problem.

DNA structures: molecular receptors 
RNA has long been considered to be the nucleic acid
that is richest in terms of structural diversity. A quick
glance at the structures of tRNAs, ribosomes and the
RNA components of nucleoprotein complexes, such as
telomerase, reveals a vast range of secondary structural
motifs. DNA, by comparison, requires the uniformity of
the Watson–Crick duplex structure for compaction of
information within the human genome. Nevertheless,
there are exceptions to this uniformity, because certain
sequences can form unique secondary DNA structures.
Most notably, intermittent runs of guanines can form
G-quadruplex structures71, and the complementary
runs of cytosine can form I-MOTIF structures72.
G-quadruplexes have been studied far more extensively
than i-motifs, not only because they were discovered
first, but also because they readily form under physio-
logical conditions. Conversely, formation of i-motif
structures requires acidic conditions, which makes their
physiological relevance less likely, but still possible.

G-quadruplex structures can vary in several differ-
ent ways, including strand stoichiometry and strand 
orientation (FIG. 6a), but there is greatest variation at

triplex-forming oligonucleotides (TFOs)25, and the orien-
tation of the third strand relative to the duplex is depen-
dent on the sequence15. An alternative form of major
groove recognition is by peptide nucleic acids (PNAs)66.
These are different from TFOs in two respects. First, the
backbones of TFOs are oligonucleotides or their modified
analogues, whereas PNAs have a peptide-like backbone.
Second, TFOs bind within the existing major groove of
duplex DNA, whereas PNAs invade the helix to form 
a triplex67, which then results in displacement of the 
non-complementary oligopyrimidine DNA strand.

As with the minor-groove-recognition molecules,
the objective of targeting the major groove is to artifi-
cially modulate biological processes, such as transcrip-
tion, by designing TFOs and PNAs with sufficient
sequence selectivity and affinity (FIG. 5). Inhibition of
transcription can either result from competition with
transcription-factor binding or from physical arrest of
the RNA polymerase (FIG. 5a,b). For activation of tran-
scription, the TFO is covalently linked to an activation
domain; alternatively, PNAs can be used to induce
strand displacement and formation of a D-loop, which
is then sufficient to initiate transcription in vitro and in
cell culture (FIG. 5c,d). Although outside the scope of this
review, other processes — such as replication, homolo-
gous recombination, directed mutagenesis and gene
cleavage — can also potentially be directed by triplex-
forming molecules (TFMs). Directed mutagenesis has
been used as a proof of principle that TFOs can find

I-MOTIF

A tetrameric DNA structure
with protonated
cytosine–cytosine base pairs.

a  b

c  d
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AD

Displaced
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Figure 5 | Mechanisms of triplex-mediated interference
with DNA information processing. Transcription can be
inhibited by two mechanisms. a | Triplex-forming
oligonucleotides (TFOs) can compete with transcription factors
for binding to DNA. b | TFOs can physically arrest RNA
polymerase (RNAP II) at the triplex site during the elongation
phase of transcription. Transcription can also be activated by
two mechanisms. c | Triplex-forming peptide nucleic acids that
open DNA by a strand displacement reaction can create a new
transcription start site. d | TFOs can stimulate transcription
when they are conjugated to transcription activation domains
(ADs). Adapted with permission from REF. 69 © (2000)
Macmillan Magazines Ltd.
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between the different forms of DNA points to a
potential weakness in the system, as secondary
‘trapped’ DNA structures might disrupt signalling
mechanisms or prevent replication (FIG. 6b).

The original purpose for the design of G-quadru-
plex-interactive molecules was inhibition of telomerase
by sequestration of the single-stranded DNA primer as a
G-quadruplex structure, thereby eliminating the sub-
strate required for the reverse transcriptase activity of
telomerase30. This approach to inhibition of telomerase
differs from catalytic inhibition of the enzyme, but both
approaches have inherent problems. The selectivity
imparted by the absence of a requirement for telomerase
from all but germ-line cells in normal tissues gives rise to
the anticipated selective toxicity to cancer cells that
uniquely require this activity for telomere maintenance
and survival; however, the prolonged time for sufficient
telomere erosion is potentially a major therapeutic prob-
lem75. By contrast, telomere disruption by stabilization of
G-quadruplex structures lacks the selectivity associated
with the unique requirement for telomerase in cancer
cells and depends instead on whether or not telomere
disruption is more detrimental to cancer cells than to
normal cells. So far, data are lacking that would define
such differences, although it is likely that the onset of
events triggered by telomere disruption is much faster
than those mediated by telomerase inhibition. Strategies
that depend purely on the disruption of telomeres lack a

the ends, which if capped by looping structures can
consist of any of the four bases in loop sizes of 2–6
bps. The interconversion between double- or single-
stranded DNA and G-quadruplex in cells is depen-
dent on chaperone proteins, such as the β-subunit of
the telomere binding protein from the ciliate proto-
zoan Oxytricha73, that facilitate G-quadruplex forma-
tion, as well as on helicases such as Sgs1 from yeast74,
which resolve these structures (FIG. 6b). Proteins such as
RAP1 are also known to bind to and stabilize these 
G-quadruplex structures29.

The facile interconversion, at physiological condi-
tions, between double- or single-stranded DNA and
G-quadruplex structures, together with the known
occurrence of G-quadruplex-binding or chaperone
proteins, makes these secondary DNA structures
attractive candidates for biological signalling mole-
cules, on the basis of their unique molecular recogni-
tion properties in contrast to duplex DNA28. In many
respects, the folding of single-stranded DNA into 
G-quadruplex structures is analogous to the folding of
peptides into proteins, as the primary base sequence is
the main determinant of the folded G-quadruplex
structure. However, as the genetic information that is
encoded by DNA must be passed on to the next gen-
eration, a mechanism for interconversion between
secondary DNA and duplex DNA structures must be
available. This requirement for interconversion

a  Examples of G-quadruplex structures
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Figure 6 | G-quadruplex structures. a | G-quadruplexes can exist in four-strand (parallel), two-strand (hairpin) or one-strand
structures. The one-strand structures can be in the form either of a basket or of a chair, depending on whether the loops are
diagonal or lateral. The yellow squares are guanine tetrads. b | Examples of DNA sequences that can form G-quadruplexes include
telomeres and promoters that contain a polypurine-rich strand. The equilibrium between the double-stranded DNA structures and
the G-quadruplexes is dependent on helicases that unwind the quadruplex and chaperone proteins that are required for its
formation. G-quadruplex-interactive drugs can either inhibit helicases or facilitate formation of new quadruplexes (perylene and
cationic porphyrins) or can sequester newly formed G-quadruplexes (telomestatin).
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the secondary DNA structures inactivate transcription,
and their conversion to the duplex region is required for
transcriptional activation. G-quadruplex-stabilizing mol-
ecules that would prevent this transition would therefore
inactivate c-MYC expression. As downregulation of c-
MYC expression in tumour cells by only 30% leads to a
marked reduction in their transformation by RAS or
RAF79, the selective stabilization of G-quadruplex struc-
tures in the promoter regions of c-MYC should lead to
selective effects on cancer cells (BOX 3).

Future directions
Almost all the DNA-targeting agents that are used in
cancer chemotherapy are derived from compounds in
which the mechanism of action was only determined
after their antitumour activity had been established. This
is the reverse of strategies that are being used to identify
cancer therapeutics. In the usual course of events, a
unique cancer target is identified and validated, and
screening or structure-based strategies are implemented
to discover a drug lead. This approach, if successful, will
reduce the failure rate for new agents that are introduced
into the clinic and provide an entirely new repertoire of
cancer-selective therapeutics.Although there is a contin-
ued, but reduced, effort to find new DNA-reactive drugs
that are similar to those previously used (for example,
screening of natural products libraries and synthesis of
analogues of existing compounds) (BOX 4), increased
effort is now focusing on rational approaches. These rely
on insight into the design of DNA code-reading mole-
cules, on the targeting of cytotoxic drugs using cancer-
specific antibodies, and on the selective activation of
cytotoxic drugs in target cells that are normally too toxic
for therapeutic use (see FIG. 4 and BOX 2). Methodologies
for reading the minor- and major-groove codes of DNA
have been described before, and these technologies have
matured to the point at which molecular and cellular
processes can be manipulated in very precise ways with
appropriately designed and synthesized molecules. The
remaining challenges are not so much related to phar-
macodynamic properties as to issues that relate to
obtaining sufficient concentrations of the drug in target
cells and, more specifically, in the cell nucleus, to achieve
modulation of the molecular target without undue side
effects. Similar reservations existed about antisense

solid rationale for selective therapeutics for cancer.
Nevertheless, encouraging evidence is emerging showing
that even in the absence of significant telomere shorten-
ing, telomeric disruption (presumably through trapping
of G-quadruplex structures) results in short-term bio-
logical effects, such as formation of anaphase bridges,
apoptosis and cell death76 (FIG. 6b). A recent report from
Carol Greider’s laboratory77, which shows that it is the
shortest telomere, not average telomere length, that
determines chromosomal stability and cell viability, has
important implications for both strategies. Cancer cells
with just one abnormally short telomere will presumably
be made more sensitive than normal cells to catalytic
inhibitors of telomerase. They might also be more sensi-
tive to G-quadruplex-interactive compounds if telomere
modification by these agents leads to degradation of the
telomere. It remains to be seen whether clinical efficacy
will result from these strategies.

G-quadruplex-forming sequences are also found in
several transcriptional regulatory regions of important
oncogenes, including c-MYC, c-MYB, c-FOS and 
c-ABL78. Because of the polypurine–polypyrimidine
nature of these duplex sequences, which contain four or
more runs of clusters of three or more guanines on the
purine-rich strand, they often show a single-stranded
character and hence are hypersensitive to nucleases. In the
c-MYC promoter, the purine- and pyrimidine-rich
strands bind transcription factors (cellular nucleic-acid-
binding protein, CNBP, and heterogeneous nuclear
ribonucleoprotein, hnRNP) that are required for tran-
scriptional activation78. As these elements can also form
G-quadruplex and i-motif structures, it is possible that

PHARMACODYNAMICS

The study of the biochemical
and physiological effects of
drugs and their mechanisms of
action.

PHARMACOKINETICS

The study of the time course of a
drug and its metabolites in the
body after administration by any
route.

Box 3 | Accessibility of cellular DNA to drugs 

An important aspect of targeting DNA is the accessibility of the DNA sequence to
the binding agents. Drug accessibility can be modulated most obviously by
nucleosomal structure, but if secondary structures, such as G-quadruplexes, are to
be targeted, the existence of DNA in the secondary rather than the duplex form
might be an important issue.

For large molecules, such as triplex-forming oligonucleotides (TFOs), that target the
major groove, nucleosomal or non-nucleosomal involvement of the sequence is
crucial84. By contrast, the pyrrole–imidazole polyamides, which target the minor groove,
can bind to and read DNA in the presence of nucleosomes85. Nucleosomes can affect
small molecule recognition of DNA by modulating site selectivity, as well as by
rephasing nucleosomal core particles86.

Nuclear DNA in non-protein-bound sequences is expected to have the same
recognition properties as free DNA, unless supercoiling affects the structure. The effect
of superhelicity might be particularly important in facilitating transitions between
duplex and secondary DNA structures. So, polypurine–polypyrimidine tracts might
more freely interconvert between duplex and G-quadruplex structures if the duplex
DNA is predisposed to have a partially single-stranded nature.

The G-quadruplex-interactive drugs themselves might affect this equilibrium.
Cationic compounds such as TMPyP4 (REF. 87) can facilitate the formation of
intermolecular G-quadruplex structures, and, at least in the case of perylenes, the
invasion of duplex DNA within the nuclease hypersensitivity region of the c-MYC
promoter results in conversion to a G-quadruplex structure88.

Finally, timing might be important in access to target DNA sequences. Although
accessibility controlled by nucleosomes might vary from one time to another, the single-
stranded DNA sequence at the telomeric end might only be accessible at a brief time in
the cell cycle during replication.

Box 4 | Antitumor screening systems

Screening methodologies for anticancer drugs have
improved markedly in the past few years. Some human
cell lines have been validated as more predictive of
clinical response. For example, MiaPaCa is the best
predictive cell line for response to pancreatic cancer.
Other screening systems, such as the NCI 60 cell-line
bank and microarray data, can be used to quickly
determine the uniqueness of a new lead for which the
molecular targets(s) might not be known.
Nevertheless, in vivo data are still the most predictive
of clinical response, as it takes into account
PHARMACOKINETIC as well as PHARMACODYNAMIC

characteristics of the lead compound.
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Genetic variability can be tackled more directly at the
genome level than at the protein level, and if we have
strategies to take advantage of these differences with,
for example, individually designed DNA code-reading
molecules, this will provide exciting opportunities for
cancer therapy.

The observation that some of the earliest cancer
chemotherapeutic agents were DNA-targeted agents —
and the reality that these compounds are still in use —
should be considered as a positive attribute, not as a
negative connotation. It is true that these agents have
associated toxicities, but now — with more sophisti-
cated approaches to gene targeting — we do not need to
wreck the train to derail a troublesome carriage; instead,
we can employ an engineer to uncouple and sideline
this carriage without damaging the rest of the train.

For many of the newer targeted therapeutics that
are in development for the treatment of cancer, it is
expected that they will be used in combination with
the more traditional agents, such as cisplatin, doxo-
rubicin or SN-38. This is particularly true with
chemotherapy of later-stage tumours, in which there
are many genetic abnormalities and hitting a single
target might not be sufficient to cause a response when
used alone. In combination with a DNA-interactive
drug, however, the chemotherapeutic agent might
have considerably enhanced clinical efficacy. The
future challenge will be to pair these agents appropri-
ately in a pre-determined way on the basis of firm sci-
entific principles. It is not yet clear how this rational
pairing will be achieved. The complexities of interact-
ing cell signalling pathways83 make this a daunting
proposition. Conceivably, the newer tools from
genomics and proteomics will provide the solution.

Most importantly, DNA should no longer be con-
sidered as just a nucleophilic sink for reactive alkylating
agents, but as a true molecular receptor that has cogni-
tive (molecular recognition) features and response ele-
ments — like many signalling molecules — which
transmit signals through protein interactions. We can
already design and synthesize molecules that read DNA
sequence information, and we are starting to appreciate
the molecular consequences of specific binding interac-
tions. We have certainly not seen the last of DNA as a
molecular target for cancer therapeutics, but we are
only just beginning to appreciate its real identity as a
true Cinderella.

approaches, but encouraging clinical data — for exam-
ple, the effectiveness of antisense oligonucleotides to
BCL2 in non-Hodgkin’s lymphoma80 — indicate that
these new strategies might take their place among other,
more usual, drug forms. This is encouraging news 
for anti-gene approaches. Strategies that involve anti-
body targeting can protect normal tissues, while taking
advantage of the inherent potent cytotoxicities of
existing DNA-reactive compounds, which could 
not normally be used because of dose-limiting 
myelosuppressive effects.

An objective of the anti-gene approaches that use
polyamide or triplex DNA is to achieve binding affini-
ties and sequence selectivities that are comparable
with those of DNA-binding proteins, such that tran-
scriptional control or gene transcription can be dis-
rupted in a gene-specific manner. A similar level of
selectivity can be reached by molecules that have a
more modest sequence selectivity, if the target
sequence is repeated with sufficient frequency81. AT
islands, which are associated with MATRIX-ATTACHMENT

REGIONS, consist of clusters of A•T base pairs that are
large enough for AT-specific, 6-bp crosslinking agents,
such as the bis-cyclopropapyrroloindole crosslinker
Bizelesin, to achieve genomic selectivity that is com-
parable with a much higher molecular weight
sequence-specific probe that targets single-copy
sequences 81. In Drosophila, targeting of AT-RICH SATEL-

LITES by ingestion of polyamides has remarkably been
shown to lead to a defined gain or loss of functional
phenotypes82. The advantage of this strategy is that
the molecular size of the DNA-interactive drug is
minimized while still maintaining a low background
of hits outside the target zone. The disadvantage of
this strategy is that the target sequences are more
highly restricted than even the triplex technology.
Nevertheless, this approach is worth evaluating.

The reductionist approach to modern cancer
treatment is providing cancer-specific molecular tar-
gets and associated drugs with some encouraging
clinical responses. But cancer is a complex disease in
which genetic variability is restricted not only to dif-
ferent cancer types, but also to different patients with
the same cancer. In the next phase of cancer thera-
peutics, the complexity of cancer and individualiza-
tion of therapy will require tailor-made drugs in
combinations that are specific for individual patients.
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