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PREFACE
Chemistry, and organic chemistry in particular, is a very broad subject that bears a
profound relationship with all phases of drug discovery, design, and develop-
ment. The involvement of many facets of chemistry is needed for the translation of
the knowledge of the cellular, molecular, and genetic bases of cancer into effective
therapies. In the past decades, the boundaries between biology and chemistry are
becoming increasingly diffused because biology is close to becoming a chemical
science. Indeed, it can be easily verified that in the past years manyNobel prizes in
chemistry have been awarded for discoveries that are biological in nature. As our
understanding of the basic chemistry of life increases, we begin to understand the
complex phenomena at molecular levels, and this level of understanding allows
for the design of molecular entities that are selectively suited to interact with a
given biological target, since drug action is always a consequence, more or less
immediate, of a chemical interaction.

Cancer is presently responsible for about 25% of deaths in developed countries
and for 15% of all deaths worldwide. It can therefore be considered as one of the
foremost health problems, with about 1.45 million new cancer cases being
expected yearly. Antitumor chemotherapy is nowadays a very active field of
research, and a huge amount of information on the topic is generated every
year. Although there is a large amount of information available dealing with
clinical aspects of cancer chemotherapy, we felt that there was a clear need for
an updated treatment from the point of view of medicinal chemistry and drug
design. Thus, we have attempted to produce a concise but reasonably compre-
hensive treatment that fills the gap between the elementary medicinal chemistry
textbooks and the primary literature and helps readers to achieve a deeper
understanding of the molecular basis of the action of antitumor drugs. Our
focus has been on the mechanism of action of antitumor drugs from the atomistic
point of view of chemistry and on the relationship between chemical structure and
chemical and biochemical reactivity of antitumor agents, aiming at the rationali-
zation of the action of these drugs in order to allow the design of new active
molecules. We have purposefully excluded the discussion of antitumor drug
synthesis, not because we believe that it is not pertaining to a book devoted to
medicinal chemistry, but because it would have required a full volume in itself to
do some justice to the impressive achievements made in this field. Because of the
huge number of agents that have shown high in vitro antitumor activities, in
compiling the information presented in this book we have needed to make some
difficult decisions on the inclusion of certain topics. With some exceptions, most
notably in chapters 11 and 12, we have limited our discussion to agents that have
been already approved in chemotherapy or chemoprevention regimes or that
have at least entered in clinical trials. The organization of the book is based on
ix



x Preface
targets and mechanisms of action from a molecular point of view because we
believe that this is the best possible approach to the study of drug design. In this
classification, we have attempted to use the main mechanism of action of each
drug as the criterion, although some decisions that we have taken in this regard
may be debatable. Whenever possible, we have attempted to present concepts in a
pictorial way, and hence the large number of figures in the book.

This book is expected to be useful to undergraduate and postgraduate students
of medicinal chemistry and their instructors, in courses related both to chemistry
and to the health sciences. It should also have some appeal for students of
pharmacology or biochemistry courses where a concise overview of the biochem-
istry of cancer is of interest. We hope that the inclusion of a large number of
references to the review and primary literature will also make the book useful for
researchers and practitioners of health professions.

We thank some colleagues that contributed to the clarity of the text by thor-
oughly reviewing parts of the manuscript, especially Drs. Pilar Iniesta, Pilar
López-Alvarado, Rosario Perona, and Marı́a Teresa Ramos. We are obviously
responsible for any remaining errors, and will welcome constructive criticism
from readers in this regard.

Carmen Avendaño
José Carlos Menéndez

Madrid, November 2007
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1. SOME GENERAL REMARKS ABOUT CANCER AND
CANCER CHEMOTHERAPY

Cancer is a collective term used for a group of diseases that are characterized by
the loss of control of the growth, division, and spread of a group of cells, leading to
a primary tumor that invades and destroys adjacent tissues. It may also spread to
other regions of the body through a process known as metastasis, which is the
cause of 90% of cancer deaths. Cancer remains one of the most difficult diseases to
treat and is responsible for about 13% of all deaths worldwide, and this incidence
is increasing due to the ageing of population in most countries, but specially in the
developed ones.

Cancer is normally caused by abnormalities of the genetic material of the
affected cells. Tumorigenesis is a multistep process that involves the accumulation
of successive mutations in oncogenes and suppressor genes that deregulates the
cell cycle. Tumorigenic events include small-scale changes in DNA sequences,
such as point mutations; larger-scale chromosomal aberrations, such as transloca-
tions, deletions, and amplifications; and changes that affect the chromatin struc-
ture and are associated with dysfunctional epigenetic control, such as aberrant
methylation of DNA or acetylation of histones.1 About 2,000–3,000 proteins may
have a potential role in the regulation of gene transcription and in the complex
B. V.
ved.
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2 Medicinal Chemistry of Anticancer Drugs
signal-transduction cascades that regulate the activity of these regulators.
Cancer is not only a cell disease, but also a tisular disease in which the normal
relationships between epithelial cells and their underlying stromal cells are
altered.2

Cancer therapy is based on surgery and radiotherapy, which are, when possible,
rather successful regional interventions, and on systemic chemotherapy.
Approximately half of cancer patients are not cured by these treatments and may
obtain only a prolonged survival or no benefit at all. The aim of most cancer
chemotherapeutic drugs currently in clinical use is to kill malignant tumor cells
by inhibiting some of the mechanisms implied in cellular division. Accordingly, the
antitumor compounds developed through this approach are cytostatic or cytotoxic.
However, the knowledge of tumor biology has exploded during the past decades
and this may pave the way for more active, targeted anticancer drugs.3 The intro-
duction of the tyrosine kinase inhibitor imatinib as a highly effective drug in chronic
myeloid lekemia and gastrointestinal stromal tumors4 was a proof of the concept of
effective drug development based on the knowledge of tumor biology.5

Effective targeted therapies may be suitable only for small subgroups
of patients.6 Pharmacogenetics, which focuses on intersubject variation in thera-
peutic drug effects and toxicity depending of polymorphisms, is particularly
interesting in oncology since anticancer drugs usually have a narrow margin of
safety. The dose of chemotherapeutic agents is generally adjusted by body surface
area, but this parameter is not sufficient to overcome differences in drug disposi-
tion.7 DNA microarray technology permits to study alterations in the transcrip-
tional level of entire genomes, and may become an important tool for predicting
the chemosensitivity of tumors before treatment.

It is obvious that cancer chemotherapy is a very difficult task.8 One of its main
associated problems is the nonspecific toxicity of most anticancer drugs due to
their biodistribution throughout the body, which requires the administration of a
large total dose to achieve high local concentrations in a tumor. Drug targeting
aims at preferred drug accumulation in the target cells independently on the
method and route of drug administration.9 One approach that allows to improve
the selectivity of cytotoxic compounds is the use of prodrugs that are selectively
activated in tumor tissues, taking advantage of some unique aspects of
tumor physiology, such as selective enzyme expression, hypoxia, and low extra-
cellular pH. More sophisticated tumor-specific delivery techniques allow
the selective activation of prodrugs by exogenous enzymes (gene-directed and
antibody-directed enzyme prodrug therapy). Furthermore, the increased perme-
ability of vascular endothelium in tumors (enhanced permeability and retention,
EPR effect) permits that nanoparticles loaded with an antitumor drug can extrav-
asate and accumulate inside the interstitial space, where the drug can be released
as a result of normal carrier degradation (see also Section 4).10

Another problem in cancer chemotherapy is drug resistance. After the develop-
ment of a resistance mechanism in response to a single drug, cells can display
cross-resistance to other structural and mechanistically unrelated drugs, a phe-
nomenon known as multidrug resistance (MDR) in which ATP-dependent
transporters have a significant role.11
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Finally, a major problem in the development of anticancer drugs is the large
gap from promising findings in preclinical in vitro and in vivomodels to the results
of clinical trials. The problems found in this transition arise because experimental
cancer models greatly differ from patients, who very often suffer from a much
more complex therapeutic situation. Although a large number of clinical trials are
in progress and new results are continuously being published, the real clinical
efficacy of most of these treatments is usually disappointing and a statistically
significant benefit is observed for very few of them.12 It has been claimed that
development and utilization of more clinically relevant cancer models would
represent a major advance for anticancer drug research.
2. A BRIEF ACCOUNT OF THE ROLE OF CHEMISTRY IN
CANCER CHEMOTHERAPY

Chemistry has had varying roles in the discovery and development of anticancer
drugs since the beginning of cancer therapies.13 In its early history, chemical
modification of sulfur mustard gas led to the serendipitous discovery of the still
clinically useful nitrogen mustards. Since those years, synthetic chemistry has
been extensively used to modify drug leads, especially those of natural origin, and
to solve the problem of the often scarce supply of natural products by developing
semisynthetic or synthetic strategies (see Section 3).

Since the 1950s, chemistry has also generated many antitumor drug leads
through in vitro screening programs promoted by the National Cancer Institute
(NCI) in the United States by using a range of cancer cell lines. In this early period,
transplantable rodent tumors models characterized by a high growth rate were
used for in vivo screening. Later on, human tumor xenografts, based on transplan-
tationof human tumor tissue into immune-tolerant animals, becamealso important
tools for selecting antitumor drugs because the xenograft models allowed to simu-
late a chemotherapeutic effect under conditions closer to man. In the late seventies
and early eighties, the role of chemotherapy was extended to preoperative and
postoperative adjuvants, radiosensitizers to enhance radiation effects, and
supportive therapy to increase the tolerance of the organism toward toxicity.14

The rationale for the use of conventional cytotoxic antitumor drugs is based on
the theory that rapidly proliferating and dividing cells are more sensitive to these
compounds than the normal cells.15 The interactions of cytotoxic agents with
DNA are now better defined, and new compounds that target particular base
sequences may inhibit transcription factors in a more specific manner. DNA can
be considered as a true molecular receptor that is capable of molecular recognition
and of triggering response elements which transmit signals through protein
interactions.16 The binding properties of DNA ligands can be rationalized on the
basis of their structural and electronic complementarity with the functional
groups present in the major and minor grooves of particular DNA sequences
which are mainly recognized by specific hydrogen bonds.17

AlthoughDNA continues to be an essential target for anticancer chemotherapy,
much recent effort has been directed to discover antitumor drugs specifically
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suited to target molecular aberrations which are specific to tumor cells.18 This new
generation of antitumor agents is based on research in areas such as cell signaling
processes, angiogenesis and metastasis, and inhibition of enzymes that, like telo-
merase, are reactivated in the majority of cancer cells.19 These goals may use small
moleculedrugs or othermacromolecular structures, such asmonoclonal antibodies
that bind to antigens present preferentially or exclusively on tumor cells. The aimof
other research programs is to develop compounds that interfere with gene expres-
sion to suppress the production of damagedproteins involved in carcinogenesis. In
the antisense approach, the mRNA translation is interfered thereby inhibiting the
translation of the information at the ribosome, while in the antigene therapy,
a direct binding to the DNA double strand inhibits transcription.20

The knowledge of the three-dimensional structure of these new target macro-
molecules, which are normally proteins, by using X-ray crystallography, permits
the rational design of small molecules that mimic the stereochemical features of
the macromolecule functional domains. The principal steps in structure-based
drug design using X-ray techniques are summarized in Fig. 1.1. In the absence of a
three-dimensional structure of a target protein, homology criteria may be applied
using the experimental structure of similar proteins, which is especially useful in
the case of individual subfamilies. The knowledge of the three-dimensional struc-
ture of a target also permits to design and generate virtual libraries of potential
drug molecules to be used for in silico screening.

Progress in the development of potential drug molecules is often problematic
because it is difficult to convert them into ‘‘druggable’’ compounds, that is, into
molecules with adequate pharmaceutical properties. To this end, it is absolutely
necessary to know the chemical properties of a lead compound, especially
solubility and reactivity, because these properties are relevant for cellular uptake
and metabolism in order to transform this lead compound into a real drug. The
‘‘druggability’’ of a drug candidate describes their adequate absorption, distribu-
tion, metabolism, and excretion (ADME) properties. In this task, the structural
knowledge of important metabolic enzymes, such as cytochrome P450 3A4
(CYP3A4), will permit to improve the effectiveness and patient tolerance for anti-
tumor compounds. A preliminary knowledge of ADME properties may be now
gained by using in silico techniques, although an experienced chemist can provide
Define a target
macromolecule

Isolate, purify and
crystallize the target

macromolecule

X-Ray three-dimensional
structure determination

of the target macromolecule

Find a ligand from
a known lead compound

or from screening 

Corecrystallize the complex
ligand-macromolecule

and determine its structure

Propose a model
of interaction

Propose and obtain ligands
with improved interactions

Undertake cell-based and
other biological assays

FIGURE 1.1 Main steps in X-ray-guided drug design.
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accurate insights into this picture only by simple inspection of a given structure.
The chemical properties of a drug candidate also govern its proposed formulation.

In this list of contributions to the development of antitumor agents, it has to be
mentioned that chemistry has also made possible important advances in prodrug
development and in related targeted approaches, such as antibody-coupled drugs
or photoactive agents.
3. NATURAL PRODUCTS IN CANCER CHEMOTHERAPY

Plants, micoorganisms, and, more recently, marine organisms of various types
have traditionally represented a main source of cytotoxic anticancer agents since
the beginning of chemotherapy.21 Even if the new technologies of combinatorial
chemistry and high-throughput screening (HTS) represent an important step in
drug discovery, the role of natural sources in providing new cytotoxics should not
be disregarded for the future.22 The number of microbial species studied in this
regard is still very low, and the marine ecosystem is largely unexplored.

Around half of the drugs currently in clinical use as anticancer drugs are of
natural product origin, and it has been estimated that about 60% of new chemical
entities (NCEs) introduced in the 1981–2002 period in this field were natural pro-
ducts or were derived from a natural lead compound.23 Despite this statistic,
pharmaceutical companies have neglected in the recent past the development
of potential natural drug candidates in favor of combinatorial chemistry and
high-throughput synthesis of large compound libraries. The main reason of this
reluctance to use natural products as drug candidates lies primarily in supply
problems that make the development of synthetic routes necessary, which
are often long and difficult to scale-up owing to their structural complexity. It is
becoming increasingly apparent, however, that the unguided production of vast
libraries of compounds is unlikely to result in the identification of new drugs.

Ingeneral, naturalproductshaveseveral functionalgroupswhichare located into
a precise three-dimensional position providing specific interactions with target
molecules. It is often assumed that secondary metabolites in nature organisms have
been optimized through evolution to exert their still not well-defined effects. Conse-
quently, they may be considered as highly advanced lead compounds in which
furtheroptimizationofactivity isdifficult.24 Inmanycases, somepartsof thecomplex
structure of a natural product act only as a framework to position determined atoms,
andmore simple analogsmaybedevelopedwithout considerable loss of activity. For
this reason, structural modification of natural products is often directed to find the
simplest portion that maintains most of the biological activity, that is, its pharmaco-
phoric unit. One example of this approach is the development of the antitumor agent
E7389 thatarose fromstudiesonthe total synthesisof thecytotoxicmarinecompound
halichondrin B and is currently in Phase III clinical trials. The development of
synthetic strategies to obtain halichondrin B revealed that deletion of a large portion
of this compound, as well as the replacement of the unstable lactone by a ketone
function, did not affect its antimitotic properties.25



6 Medicinal Chemistry of Anticancer Drugs
O

O
O

O

O

O

O

O

O
O

HO

H
H

H

H

O
O

H

O

O

O

HO

HO

O

CH3

CH3

H2C

H2N

CH3

CH2

CH3

CH2

CH3

H

H

H

H H
O

O
H

O
O

H

O

O

O

O

H2C

H

H3CO
OH

E7389Halichondrin B

The notion that the use of natural product templates combined with chemical
modifications leading tomore selective analogswill have a better chance of success
than combinatorial approaches is gaining acceptance. In other words, it is becom-
ing more and more clear that, at least in the anticancer field, nature has already
carried out the combinatorial chemistry and all we have to do is refine the struc-
tures.26 These ideas are leading to a renaissance of natural products as drug
candidates.27
4. A BRIEF COMMENT ABOUT CANCER NANOTECHNOLOGY

Nanotechnology is a field of applied science that covers a broad range of topics in
which matter is controlled on a scale of 1–1,000 nm. Its application to cancer
chemotherapy includes the use of nanovectors for the targeted delivery of anti-
tumor compounds and imaging contrast agents, aiming at increasing the efficacy
per dose of therapeutic or imaging contrast formulations.28

Liposomes, which are the simplest forms of nanovectors, use the EPR effect to
increase drug concentration at tumor sites, and were first applied to anthracy-
clines in order to avoid their cardiotoxicity. The refinement of liposomes and their
application in cancer chemotherapy is still an active field of research, although
other novel drug delivery modalities have appeared.29,30 In general, a nanovector
has a core constituent material, a therapeutic and/or imaging payload, and
biological surface modifiers to enhance biodistribution and tumor targeting.
Among several types of nanoparticles directed to enhance the properties of
magnetic resonance imaging (MRI) contrast agents,31 dendrimers, which are
self-assembling polymers, have been used in mouse models of breast cancer to
study the lymphatic drainage by MRI.32

Several nanotechnologies are realistic candidates for the precise patterning of
biological molecules, including DNA microarrays and surface-enhanced laser
desorption/ionization time-of-flight (SELDI-TOF) mass spectrometry.33

DNAmicroarrays are devices used for molecular diagnostics, genotyping, and
biomarking. They are single-stranded DNA probes that are prepared through a
sequential procedure that implies selective ultraviolet deprotection of hydroxyl
groups. With the ability to control the molecular depositions of polynucleotides in
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a nanometer range, the information might be packed in nanoarrays directed at
nucleic acids34 or at the detection of proteomic profiles.35
5. CONCLUSION

The goal of developing superior therapies that have a meaningful impact on the
lives of cancer patients is seen with optimism by considering the huge number of
molecules, especially signal transduction signals, that may be targeted. Very high
expectations are also being placed on the multiple technologies available to achieve
a selective distribution of cytotoxic drugs or to selectively bioactivate prodrugs in a
particular tumor. It is also generally accepted that classical anticancer approaches,
such as DNA interacting agents, will remain in the antitumor therapeutic arsenal,
and that natural products will continue to be an invaluable source of drug
prototypes.
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1. INTRODUCTION

Antimetabolites can be defined as analogs of naturally occurring compounds that
interfere with their formation or utilization, thus inhibiting essential metabolic
routes.Although theenzymes inhibitedbyantimetabolites arealsopresent innormal
cells, some selectivity toward cancer cells is possible due to their faster division rates.

Most antimetabolites interfere with nucleic acid synthesis and for this reason
we will study in this chapter the antitumor compounds that hamper the
production of DNA or RNA by a variety of mechanisms including:

a. Competition for binding sites of enzymes that participate in essential biosyn-
thetic processes.

b. Incorporation into nucleic acids, which inhibits their normal function and
triggers the apoptosis process.

Because of this mode of action, most antimetabolites have high cell cycle
specificity.

A brief outline of DNA biosynthesis is given in Fig. 2.1, including the main
steps where antimetabolite drugs discussed in this chapter exert their action.

Although clinically useful antimetabolites ultimately inhibit DNA (and some-
times RNA) synthesis, their site of action may be many steps removed from these
reactions. Specific interference with the de novo nucleic acid pathways in cancer
cells is probably not possible because tumor and normal cells use the same
biosynthetic routes. Nevertheless, some antimetabolites are remarkably effective
against some human cancers and are still one of the bases of cancer chemotherapy.
2. INHIBITORS OF THE BIOSYNTHESIS OF URIDYLIC ACID

The biosynthesis of pyrimidine nucleotides starts with the construction of the
heterocyclic system by carbamoylation of aspartate followed by cyclization to
dihydroorotate. Its dehydrogenation gives orotate, which then reacts with
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FIGURE 2.1 Types of anticancer drugs that interfere with DNA biosynthesis.
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phosphoribosyl pyrophosphate (PRPP) to give orotidylate. Finally, uridylic acid
(uridine monophosphate, UMP) is generated by decarboxylation (Fig. 2.2). UMP
is the precursor to other pyrimidine nucleotides, after its conversion to the
corresponding nucleoside triphosphate (UTP).

Among the many compounds known to inhibit reactions of this pathway,
we will only mention N-phosphonoacetyl-L-aspartate (PALA), an inhibitor of
aspartate transcarbamoylase that acts as a transition state analog (Fig. 2.3). This
compound has undergone some clinical trials, normally in combination with
5-fluorouracil (5-FU), another pyrimidine antimetabolite.1
3. INHIBITORS OF THE BIOSYNTHESIS OF 20-DEOXYRIBONUCLEOTIDES
BY RIBONUCLEOTIDE REDUCTASE (RNR)

The biosynthesis of 20-deoxyribonucleotides, which are the immediate precursors
of DNA, involves the replacement of the 20-OH group by a hydrogen atom (Fig. 2.4).
This reaction takes place on ribonucleoside-50-diphosphates and is catalyzed by the
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enzyme ribonucleotide reductase (RNR), also known as nucleoside diphosphate
reductase (NDPR).
3.1. Structure and catalytic cycle of RNR

RNR plays a central role in cell growth and proliferation by ensuring a balanced
supply of nucleotide precursors for DNA synthesis. The most extensively studied
RNR is that from Escherichia coli, which is considered as a suitable prototype for
the mammalian enzyme. In eukaryotes, RNR has two subunits containing each a
tyrosine that generates and stabilizes a tyrosyl radical through a redox process
that transforms the initial Fe (II) complex into a binuclear oxo-bridged Fe (III)
complex. A high-resolution X-ray diffraction study has shown that the first iron
atom is pentacoordinate, although it maintains an octahedral structure, while the
second one is hexacoordinate2 (Fig. 2.5).

Although the Tyr-122 radical triggers the reductive process, it is too far away
from the catalytic site. Therefore, it must generate a second radical in the vicinity
of the substrate, probably a thiyl radical from Cys-439. The cysteine radical then
abstracts the C30–H atom of the nucleoside diphosphate substrate and generates
the anion-radical 2.1, with prior or simultaneous deprotonation of the C30–OH
group by the Glu-441 residue of the enzyme. Two cysteine residues, probably
Cys-225 and Cys-462, form the redox-active sulfhydryl pair responsible for the
reduction of this radical. Thus, protonation of the C20–OH and subsequent elimi-
nation of a molecule of water yields a cation that is stabilized by migration of the
unpaired electron from C-30 to C-20 to give 2.2. The Cys-462 mercapto group
transfers a proton and one electron to this radical to give 2.3, with concomitant
formation of a disulfide anion radical, which then transfers one electron to the
carbonyl group in 2.3, leading to 2.4. Radical 2.4 is transformed into 2.5 by a
mechanism reverse to the one that produced 2.1, and the active center of the
enzyme is finally regenerated by reduction of the newly formed disulfide unit
by thioredoxin, a ubiquitous protein that has a pair of proximal cysteine residues,
which reacts with the oxidized form of RNR via disulfide exchange (Fig. 2.6).3

It is interesting to note that the enzymatic reaction of RNR is initiated by the
formation of free radical 2.2, even though the reactions leading to reductive
elimination of the C20–OH group are ionic. The reason for this type of mechanism
may be the enhanced stability of 2.2 through the stabilizing effect of the radical at
C-3 on the intermediate carbocation formed at C-2, as shown by the resonance
structures in Fig. 2.7.
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3.2. Radical scavengers as inhibitors of RNR

The best-known inhibitor of RNR is hydroxyurea, a cell cycle phase-specific
(S-phase) inhibitor that is also known to behave as a radiosensitizer. After oral
administration, this compound is well absorbed and transported into cells, where
it quenches the tyrosyl radical at the active site of RNR, inactivating the enzyme
(Fig. 2.8).4 Hydroxyurea is primarily used in the management of myeloprolifera-
tive disorders, such as chronic granulocytic leukemia, polycythemia vera, and
essential thrombocytosis, and is sometimes combined with other antitumor drugs
such as the tyrosine kinase inhibitor imatinib.5 Hydroxyurea is also useful in the
treatment of sickle cell anemia because it eases the pain of the patients, which has
been attributed to its ability to generate nitric oxide, a potent vasodilator.6 Nitric
oxidemay also contribute to the antitumor effect of hydroxyurea, since it is known
to inhibit RNR probably because it contains an unpaired electron and therefore it
is able to quench the tyrosine radical.7

Thiosemicarbazones, represented by triapine, are another important class of
inhibitors of RNR that are being the subject of Phase I studies.8 Besides quenching
the tyrosyl radical similarly to hydroxyurea, triapine is an iron chelator, which
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enhances its potency because of the key role of iron in RNR. Other promising
related inhibitors are hydroxamic acid derivatives such as didox and trimidox.
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3.3. Substrate analogs as RNR inhibitors

RNR substrate analogs are normally modified at C-20, which is the position that
undergoes reduction in the natural substrate. Many of these compounds bind
covalently to the enzyme.

Tezacitabine (fluoromethylenedeoxycytidine, FMdC) is a nucleoside prodrug
that shows a dual mechanism of action. Following intracellular phosphorylation,
the tezacitabine diphosphate irreversibly inhibits RNR, while the tezacitabine
triphosphate can be incorporated into DNA during replication or repair, resulting
in DNA chain termination.9 After initially promising clinical data, analysis of the
data from a Phase II trial in patients with gastroesophageal cancer prompted the
decision to discontinue further development of tezacitabine.
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The mechanism of RNR irreversible inhibition by tezacitabine starts by its
conversion into tezacitabine diphosphate 2.6, which, similarly to the natural
substrate of the reaction, undergoes H-30 abstraction by Cys-439, leading to a
radical that is stabilized by delocalization onto the adjacent C¼C double bond
(structure 2.7). The subsequent evolution of this radical has been studied through
theoretical calculations, and the mechanistic pathway that has been proposed
to be the major one is summarized in Fig. 2.9.10 The main steps involved are
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abstraction of the Cys-225 mercapto hydrogen by 2.7 to generate 2.8 in which the
30-OH is deprotonated by Glu-441. The resulting enolate 2.9 evolves through
partial protonation of the fluorine atom by Cys-439, which facilitates displacement
of HF to give 2.10. Final abstraction of a hydrogen atom by the Cys-225 radical
leads to the proposed final reaction product, the stable radical 2.11.

Gemcitabine (difluorodeoxycytidine, dFdC) is another nucleoside prodrug
that has DNA polymerase inhibition as its primary mechanism of action (see
Section 8.1), but it also has some activity as a RNR inhibitor.
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The mechanism of the interaction of gemcitabine diphosphate (2.12) with the
active site of RNR is very similar to that of the natural substrate, and it only
deviates from the natural course after the formation of the bisulfide bridge, as
shown by theoretical calculations.11 The first steps are the abstraction of the 30-OH
proton by the Glu-441 residue and the abstraction of the 30-H atom by the radical
sulfur of Cys-439, leading to anion radical 2.13. Protonation of the a-fluorine atom
by the Cys-225 thiol group facilitates the elimination of a molecule of HF and
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the formation of radical 2.14, where the unpaired electron is stabilized by the
neighboring carbonyl group and fluorine atom. Transfer of one electron from
the Cys-225 anion gives enolate 2.15, which is protonated by Cys-462 to generate
the neutral species 2.16. The formation of a bisulfide bond and simultaneous transfer
of a proton from Glu-441 back to the 30-O atom leads to radical 2.17, which on
elimination of HF generates the C-2 radical 2.18. Abstraction of a hydrogen atom
from the mercapto group of Cys-439 gives the sulfur radical 2.19. Although in the
natural substrateCys-439doesnot reach thea faceof the ribose ring, the conditions in
this case are different because 2.19 cannot be stabilized by hydrogen bonds with the
active site residues Glu-441 (which are charged) nor with Cys-225 and Cys-462,
which are oxidized to a disulfide. This fact, together with possible interactions with
the eliminated HFmolecules, allows some degree of deviation of the position of the
inhibitor, making possible for Cys-439 to reach the 40-H atom and allowing
the generation of the stable radical 2.20 (Fig. 2.10). This prevents the reaction of
Cys-439 with Tyr-122 and hence the regeneration of the essential tyrosine radical
(see the transformation of 2.4 into 2.5 in Fig. 2.6).
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The stability of 2.20 is due to the captodative effect of the tetrahydrofuranone
oxygen atoms (page 103), since the unpaired electron is adjacent to both an
electron-withdrawing and an electron-releasing group (Fig. 2.11).
3.4. Allosteric inhibition of RNR

Therapeutically significant inhibition of RNR can also be achieved through a
feedback mechanism by accumulation of deoxyguanosine triphosphate (dGTP) as
a consequence of the inhibition of purine nucleoside phosphorylase (PNP), the
enzyme that catalyzes the phosphorolysis of the N-ribosidic bonds of purine
nucleosides and deoxynucleosides to form purine and a-D-phosphorylated ribosyl
products. This inhibition leads to increased blood levels of one of its substrates,
deoxyguanosine (dG), which is specifically transported and phosphorylated by
T-cell deoxynucleoside kinases. This process leads to pathologically elevated levels
of dGTP in these cells, which result in allosteric RNR inhibition (Fig. 2.12). PNP is
thus a suitable target for inhibitor development aiming at T-cell immune response
modulation, and more specifically in the treatment of relapsed or refractory T-cell
lymphoblastic lymphoma, acute leukemia, and T-cell prolymphocytic leukemia.12

Immucillin H (forodesine) is a 9-deazanucleoside with a pyrrolidine ring
replacing the ribose tetrahydrofuran. It behaves as a very potent inhibitor of
PNP because of the analogy of its protonated form with the structure of the
transition state, which has oxacarbenium ion character with partial positive
charge near C-10. Immucillin-H has an NH group at N-7 and its charge distribu-
tion resembles that of the transition state when N-40 is protonated to the
corresponding cation (Fig. 2.13).13,14

We will finally mention that some clinically relevant deoxyadenosine deriva-
tives acting primarily as inhibitors of DNA polymerases are also allosteric inhibi-
tors of RNR after their conversion into the corresponding 50-triphosphates, as will
be discussed in Section 8. Therefore, these compounds have a dual action that has
been described as ‘‘self-potentiation.’’
4. INHIBITORS OF THE BIOSYNTHESIS OF THYMIDILIC ACID

4.1. Thymidylate synthase

Thymidylate synthase (TS) catalyzes the conversion of deoxyuridine monopho-
sphate (dUMP) to thymidylate (TMP), in a reductive methylation that involves the
transfer of a carbon atom from the cofactor 5,10-methylenetetrahydrofolate to the



FIGURE 2.12 Feedback inhibition of ribonucleotide reductase.
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5 position of the pyrimidine ring. This transformation, that is the only de novo
source of thymidylate, is part of the so-called thymidylate cycle (Fig. 2.14), where
two other enzymes take part, namely serine hydroxymethyl transferase (SHMT)
and dihydrofolate reductase (DHFR). SHMT catalyzes the formation of 5,10-
methylenetetrahydrofolate from tetrahydrofolate (THF), coupled with the conver-
sion of serine into glycine, with pyridoxal phosphate (PLP) as a cofactor. In the
reaction catalyzed by TS, the 5,10-methylene-THF thus formed donates its methy-
lene group to dUMP, being transformed into dihydrofolate (DHF) by a mecha-
nism that will be discussed below (see Fig. 2.15). DHFR finally closes the cycle by
reducing DHF to THF. Although methylation of uracil is apparently a small
structural change, the extra lipophilicity and bulk associated with the methyl
group is essential for the proper discrimination of thymine from the other three
bases present in DNA chains by transcription factors, repressors, enhancers, and
other DNA-binding proteins.
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4.2. 5-fluorouracil (5-FU) and floxuridine

The main inhibitors of TS are 5-FU and its deoxynucleoside floxuridine (5-FUdR),
and these fluoropyrimidines represent the most widely prescribed class of anti-
cancer drugs worldwide.15 In particular, 5-FU is widely used in the treatment of
cancers of the aerodigestive tract, breast, head, and neck, and especially in colo-
rectal cancers in combination therapies with oxaliplatin and irinotecan.16,17 Admi-
nistered as a cream, it is also useful for the treatment of some skin cancers. 5-FU
was developed in the 1950s following the observation that rat hepatomas utilized
uracil at a higher rate than normal tissues, which suggested that uracil metabolism
could be a relevant antitumor target. Floxuridine is employed in the treatment of
colorectal cancer metastatic to the liver. Because of its nucleoside structure it has a
very poor oral bioavailability and is administered in intra-arterial injection.

5-FU is a prodrug that enters the cell using the same facilitated transport
mechanism as uracil and is activated to 5-fluoro-20-deoxyuridine-monophosphate
(5-FdUMP) through the complex pathway summarized in Fig. 2.15. Floxuridine
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requires a much simpler bioactivation, consisting of its monophosphorylation.
Besides TS inhibition, an additional mechanism that explains the cytotoxic
effect of these drugs is based on the misincorporation of their nucleotide and
deoxynucleotide triphosphates to RNA and DNA, respectively.

The catalytic cycle of TS involves a two-stage process. Initially, dUMP binds to
its recognition site and induces a conformational change that opens an adjacent
binding site for the cofactor (5,10-CH2-THF). A cysteine residue in the active site
undergoes a Michael addition with the unsaturated carbonyl system in dUMP to
give intermediate enolate 2.22. The nucleophilic attack of this enolate onto the
methyleneiminium cation 2.21, generated from the cofactor, yields the covalent
ternary complex 2.23. An enzyme-catalyzed abstraction of the acidic H-5 proton
promotes a b-elimination reaction of a molecule of THF (2.24) and generates the
methylene intermediate 2.25. The last step of the sequence involves reduction of
2.25 by hydride transfer from 2.24, leading to thymidine monophosphate
(TMP) and DHF (Fig. 2.16). The overall reaction involves the oxidation of 5,10-
methylene-THF to DHF, which must then be recycled by reduction by DHFR and
subsequent methylenation, as will be discussed in Section 5.

Fluorine (1.47 Å) and hydrogen (1.20 Å) have very similar van der Waals radii,
and this allows 5-FdUMP to bind to TS in the same site and with the same affinity
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as dUMP. The strong electron-withdrawing effect of the fluorine atom increases
the electrophilicity of the unsaturated carbonyl system and facilitates the forma-
tion of 2.26, but the final b-elimination reaction is not possible due to the presence
of the fluorine atom at C-5 and therefore the ternary complex 2.27 is stable
(Fig. 2.17). Because of the need for an activation step by nucleophilic attack of a
cysteine residue of TS prior to enzyme inhibition, 5-FdUMP can be considered as a
suicide inhibitor.

TS inhibition leads to depletion of TMP and subsequent depletion of dTTP,
which induces alterations in the levels of other deoxynucleotides through various
feedback mechanisms. These imbalances result in an alteration of the dATP/TTP
ratio, among others, which disrupts DNA synthesis and repair and leads to the so-
called thymineless death.18 A cytotoxicity mechanism alternative to TS inhibition
is based on the generation of 5-fluoro-20-deoxyuridine-triphosphate (5-FdUTP),
which acts as a false substrate of DNA polymerase and is misincorporated into
DNA. As a consequence of the accumulation of dUMP after TS inhibition, dUTP
can also be generated and incorporated into DNA. Ultimately this change halts
DNA synthesis and promotes DNA fragmentation by repair enzymes. Similarly,
transformation of 5-FUDP, a metabolite of 5-FU, into the corresponding triphos-
phate allows the misincorporation of fluoronucleotides into RNA, leading
to profound effects on cell metabolism and viability. Both TS inhibition and
misincorporation of 5-FU metabolites in DNA result in the stabilization of p53, a
tumor suppressor that maintains DNA integrity by activating genes that arrest
cell cycle in response to DNA damage or trigger apoptosis (Fig. 2.18). In vitro
studies have proved that loss of p53 function is associated to a reduced sensitivity
to 5-FU.19

The clinical efficacy of 5-FU may be decreased by several mechanisms, the first
of which is diminished incorporation of 5-FUTP into RNA as a consequence of
competition from high intracellular levels of UTP. On the contrary, the formation
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of the ternary TS-FdUMP-CH2-THF complex induces TS expression due to the
inhibition of a negative feedback mechanism whereby TS binds to its own mRNA
and inhibits the translation process. The ternary complex is not able to bind to
this mRNA, leading to increased expression of TS and constituting a possible
resistance mechanism. Finally, TS inhibition leads to an increase in intracellular
dUMP pools, which eventually compete with 5-FdUMP for binding with TS.
4.3. 5-FU prodrugs

5-FU requires intravenous administration, and a number of oral prodrugs have
been designed to circumvent this limitation. One of them is ftorafur (tegafur),
which is completely absorbed in the gastrointestinal tract andmetabolized to 5-FU
through two major pathways. The first of them involves microsomal hydroxyl-
ation of the C-50 position of the tetrahydrofuran moiety by cytochrome P450,
followed by spontaneous decomposition to 5-FU and succinic aldehyde. An
hydrolytic pathway due to cytosolic hydrolases (pyrimidine nucleoside phos-
phorylase) is also possible, giving 5-FU and 2-tetrahydrofuryl phosphate
(Fig. 2.19). Ftorafur was introduced in the clinic in 1967 and showed a significant
antitumor response. However, due to severe digestive and cardiac toxicities, it
was soon replaced by its combinations with several other enzyme inhibitors,
especially UFT and S-1 (see Sections 4.4.1 and 4.4.3).

The levels of the hydrolytic enzyme thymidine phosphorylase (TP) are signifi-
cantly higher in several solid tumors, such as colorectal, breast, and kidney
cancers, compared with normal tissues. This led to assay doxifluridine
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(50-deoxy-5-fluorouridine) as a 5-FU prodrug, but this compound showed gastro-
intestinal toxicity (diarrhea) after oral administration due to release of 5-FU
by intestinal pyrimidine nucleoside phosphorylase (Fig. 2.20). It is worth men-
tioning that because TP is identical to PDGF (platelet-derived endothelial cell
growth factor) and is believed to have angiogenic properties, it is currently
being considered as a new cancer target.20

Efforts to circumvent the problem of gastric toxicity led to the development
of capecitabine as a multiple prodrug, designed to be activated specifically in
tumor cells by a three-enzyme cascade process. Because of the increased lipophi-
licity associated to the presence of the pentyloxycarbonyl chain, this prodrug is
rapidly absorbed unaltered after oral administration and metabolyzed by carbox-
ylesterase in the liver to 50-deoxy-5-fluorocytidine. Subsequent activation steps
include deamination by cytidine deaminase and finally transformation into 5-FU
by TP (Fig. 2.21). The last step takes place up to 10 times more efficiently in cancer
cells than in normal cells, leading to selective delivery of 5-FU into the tumors.
In fact, pharmacokinetic data indicate a low systemic exposure to 5-FU and
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intratumor concentrations of this compound higher than those achieved by
administration of equitoxic doses of 5-FU. Capecitabine is indicated as first-line
treatment of patients with metastatic colorectal carcinoma when treatment with
fluoropyrimidine therapy alone is preferred, and also in combination chemother-
apy. Several anticancer drugs such as paclitaxel, docetaxel, and cyclophospha-
mide enhance the level of TP, facilitating the generation of 5-FU from
capecitabine. The combination of capecitabine and some of these drugs (e.g.,
docetaxel) is under clinical trials for the treatment of patients with metastatic
breast cancer after failure of prior anthracycline-containing chemotherapy.21

Emitefur is another orally active 5-FU prodrug that avoids high-peak 5-FU
levels and decreases the accumulation of toxic metabolites. It is in clinical trials for
colorectal cancer.22
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Another prodrug of 5-FU is 5-fluoro-2-pyrimidinone (5-FP), which is activated
by hepatic aldehyde oxidase after oral or intravenous administration (Fig. 2.22).
4.4. Modulation of 5-FU activity

Great efforts have been made to modulate the activity of 5-FU, which have
focused on (1) decreasing its degradation, (2) enhancing its potency as a TS
inhibitor, and (3) increasing 5-FU activation.
4.4.1. Decreased degradation of 5-FU
More than 80% of administered drug is degraded in the liver by dihydropyrimi-
dine dehydrogenase (DPD), which reduces the pyrimidine double bond of 5-FU
to give dihydrofluorouracil (DHFU).23 This metabolite is inactive because it can-
not give the initial Michael addition with the nucleophilic site of the active center
in TS (Fig. 2.23).

Two different approaches have been developed to improve the biostability of
5-FU. The first of them consists in the coadministration of a large amount of uracil,
which saturates the DPD enzyme because uracil is its natural substrate; for
instance, the formulation known as UFT uses a 4:1 combination of uracil and the
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5-FU prodrug ftorafur.24 Alternatively, the coadministration of 5-FU with DPD
inhibitors, such as 5-chloro-2,4-dihydroxypyridine (CDHP, gimestat) and enilur-
acil (5-ethynyluracil),25 is being investigated, as well as the use of the UFT
combination plus DPD inhibitors.26 Eniluracil has received FDA orphan drug
designation for its use in combination with fluoropyrimidines in the treatment
of hepatocellular cancer.

4.4.2. Enhancement of the inhibition of TS by 5-FU
The action of TS requires the presence of 5,10-methylene-THF, and for this reason
the coadministration of precursors of this cofactor increases the cytotoxicity of
5-FU in many cancer cell lines. For instance, the combination of 5-FU or ftorafur
with leucovorin (LV, 5-formyl-THF) gave superior response rates than the single
agents, and particularly the use of leucovorin to modulate UFT leads to a three-
component combination called orzel that has been proposed as first-line chemo-
therapy of colorectal cancer.27 Leucovorin enters the cell via the reduced folate
carrier (RFC) and is metabolized to 5,10-methylene-THF, without requiring the
participation of DHFR, by cyclization to 5,10-methynyl-THF followed by NADP-
mediated reduction of the iminium function (Fig. 2.24).

4.4.3. Enhancement of 5-FU activation
It has been proposed that pretreatment with methotrexate (MTX), an antifolate
agent, enhances the activity of 5-FU28 because MTX inhibits the biosynthesis
of tetrahydrofolic acid (THF), which is necessary for some steps of purine
biosynthesis (see Section 6). This leads to accumulation of PRPP, essential for
the activation of 5-FU, even though the levels of the TS cofactor should also be
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diminished (see Section 4.4.2). Clinically, this combination has not always shown
increased antitumor activity.29 On the contrary, several Phase II studies have
shown amodest clinical benefit of 5-FUmodulation utilizing MTX and leucovorin
in patients with metastatic colorectal cancer.30

Diarrhea is the most common dose-limiting toxicity associated to prolonged
infusion of 5-FU. In order to prevent this gastrointestinal toxicity, some oral
formulations have been proposed that contain oxonic acid, a potent inhibitor of
the phosphoriboxylation of 5-FU in the gastrointestinal mucosa. One of these
formulations is S-1, which contains ftorafur, oxonic acid, and the previously
mentioned gimestat (CDHP), an inhibitor of DPD (see Section 4.4.1).31 The basis
for some of these combinations is summarized in Fig. 2.25.
4.5. Folate-Based TS inhibitors

As previously mentioned, TS inhibition by the fluoropyrimidines is not specific
because of the effect of fluorinated nucleotides on other pathways, especially
related to RNA (Figs. 2.15 and 2.18). Also, the accumulated dUMP may compete
with the antitumor drug for TS. For this reason, there has beenmuch interest in the
design of inhibitors that recognize the folate-binding site of TS, which should not
have these shortcomings and thus behave as specific TS inhibitors. Four of them
(raltitrexed, pemetrexed, ZD-9331, and nolatrexed) have reached therapeutic use
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or are under advanced clinical evaluation. These compounds have been designed
by manipulation of the folic acid structure.
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Raltitrexed (TOM) was the first specific TS inhibitor to be approved for clinical
use, and it is employed for advanced colorectal cancer. Its structure contains two
classical bioisosteric modifications, namely replacement of the pteridine ring of
folate by a quinazoline unit and replacement of the benzene ring of folate by a
thiophene. This drug is transported into the cells by the reduced folate carrier
(RFC), and its terminal glutamate residue is converted into a polyglutamate by
folylpolyglutamate synthetase (FPGS). The polyglutamate form is more potent as
an enzyme inhibitor and it is retained intracellularly, leading to a prolonged
action (Fig. 2.26). A related TS inhibitor is pemetrexed (alimta, LY-231514),
which also inhibits several other folate-related enzymes and will be discussed in
Section 6.2.

ZD-9331 is also a potent inhibitor of TS that is under advanced clinical
evaluation32 and differs from the previously mentioned compounds in several
respects. One of them is the presence of a methyl group at C-7, which was
designed from X-ray diffraction studies of TS that suggested that a 7-alkyl
group would contribute to binding. Another difference is the 20-fluorine substitu-
ent that also increased activity. One final interesting feature of ZD-9331 is the
isosteric g-carboxyl-tetrazole replacement at the glutamic portion which prevents
polyglutamation. Because this drug is active against TS in a non-polyglutamated
form, it has the advantage over previously mentioned folate-based TS inhibitors of
not being subject to resistance by FPGS downregulation.

Nolatrexed (thymitaq, AG-337) is the inhibitor structurally least related to
folate. It crosses the cell membrane by passive diffusion rather than using the
RFC and, since it is not retained inside the cells because it cannot be polygluta-
mated, it requires a prolonged infusion (see Section 5.2). Phase II clinical trials



FIGURE 2.26 Active transport and polyglutamation of raltitrexed.
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showed activity in patients with hepatocellular carcinoma, head and neck
cancer,33 and adenocarcinoma of the pancreas.

The RFC is ubiquitous and is expressed in normal tissues, leading to
increased toxicity of antifolate drugs. Another related membrane transporter
is the a-isoform of the membrane folate receptor (MFR, a-FR), which has the
advantage of being overexpressed in some tumors. For this reason, it is
expected that TS inhibitors with MFR/RFC selectivity will be better tolerated.34

One of these compounds is CB-300638, which was designed on the basis of the
crystal structures of inhibitors bound to TS35 and has shown promising preclin-
ical data. This compound contains two glutamate units and cannot be further
glutamated because of the unnatural R configuration at the a carbon of the
second residue.36
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5. INHIBITORS OF DIHYDROFOLATE REDUCTASE (DHFR)

Folic acid and its metabolites (collectively known as folates) are coenzymes of
many essential biochemical transformations. Most importantly, they are involved
in the previously mentioned transfer of one carbon unit in the de novo synthesis of
thymidylic acid and purine nucleotides. Folate-dependent enzymes are obvious
targets for cancer chemotherapy, but until 1980 only DHFR was exploited in this
regard and in fact it was the first enzyme to be targeted for cancer chemotherapy.

In mammals, folic acid is taken with the diet and reduced to THF by dihydro-
folic reductase in two stages, using NADPH as a cofactor. Further transformations
of THF lead to 5,10-methylene-THF, 5,10-methenyl-THF, 5-formyl-THF, and
10-formyl-THF (Fig. 2.27), which are known as folinic acids and are involved in
the transfer of one carbon units. DHFR inhibition leads to cell death due to the
essential role of folinic acids in the synthesis of thymidylate and purine bases.

DHFR is a relatively small protein with a large active site in which DHF binds
adjacent to the cofactor, NADPH, in a pocket buried deep within the enzyme.
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FIGURE 2.27 Biotransformation of folic acid into folinic acids.
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It catalyzes the transfer of the pro-R hydrogen of the C-4 position of the dihydro-
pyridine ring in the cofactor onto the C¼N double bonds of folic acid and
dihydrofolic acid (Fig. 2.28).

The most potent inhibitors of DHFR are folic acid analogs that differ from the
natural ligand in that they bear a 2,4-diaminopyrimidine unit, as exemplified by
aminopterin (AM) and methotrexate (MTX, amethopterin). The inhibitors in
which the side chain ends in a glutamic acid residue, as in folic acid, are known
as classical antifolates. Other inhibitors with lipophilic substituents are known as
nonclassical antifolates.
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5.1. Classical DHFR inhibitors

MTX and AM were designed by replacing an OH group at C-4 of the natural
substrate (DHF) by an amino group. The implicit assumption was that the two
ligands would bind similarly and that the 4-amino group of MTX would go to the
position in the binding site normally occupied by the DHF oxygen. However,
when X-ray diffraction structures of DHFR with DHF and MTX were obtained,
different binding modes were observed, with the aminopteridine ring of MTX
flipped 180� about the C6–CH2NHR bond in regard to that of DHF (Fig. 2.29).
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Both ligands bind to the DHFR active site by hydrogen bonds and by additional
interactions with bridging water molecules. MTX is about 3 pKa units more basic
than folic acid because it contains an electron-releasing amino group conjugated
with the basic guanidine fragment instead of an electron-withdrawing carbonyl,
and therefore binds in a protonated state. The electrostatic interaction and an
additional hydrogen bond involving the 4-amino group lead to a binding about
103 times stronger than that of folate.37 The binding of MTX to DHFR is dependent
on the presence of the NADPH cofactor, and is an example of a type of enzyme
inhibition known as slow, tight-binding inhibition.38 The selective toxicity of MTX
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in malignant cells with regard to normal ones seems to be partly due to differences
in the ratio of NADPH to NADP and NADH in both types of cells.39

AM was the first antifolate to be introduced in cancer therapeutics, but it was
soon shown that MTX is less toxic and has superior pharmacokinetic properties,
and this compound is now the only classical antifolate in clinical use for the
treatment of choriocarcinoma, non-Hodgkin’s lymphoma and acute lymphocytic
leukemia, and also in many combination regimens. Its main side effects are
myelosuppression and damage to the gastrointestinal tract, kidneys, and liver.
In order to partly alleviate its bone marrow toxicity, MTX is often associated with
the calcium salt of leucovorin (N5-formyltetrahydrofolic acid), one of the folinic
acids. As previously mentioned (see Fig. 2.24), leucovorin enters the cell via
the RFC and is metabolized to 5,10-methylene-THF without requiring the
participation of DHFR thus bypassing its blockade (Fig. 2.30).

Other uses of MTX include the treatment of severe psoriasis and adult
rheumatoid arthritis, being the most widely prescribed disease-modifying anti-
rheumatic drug. Recently, MTX has been shown to be effective in inducing
abortion due to its ability to kill the rapidly growing cells of the placenta.

MTX enters the cells via the RFC and is polyglutamated by FPGS, thereby
increasing intracellular retention. Decreased polyglutamation is observed in
normal versus malignant cells, which can partly explain the selectivity of MTX
for malignant tissue. MTX polyglutamates also inhibit other folate-related
enzymes, including TS and also GARFT and AICARFT, two transformylases
that participate in the purine de novo biosynthesis (Section 6).

Besides MTX and AM, 10-alkyl-10-deaza folate analogs are also classical DHFR
inhibitors. These compoundswere developed on the basis of the observation that the
transport mechanism for normal proliferative tissue such as intestinal epithelium
distinguishesAM from itsN-alkyl derivativeMTX, leading to higher levels ofAM in
the normal proliferative tissue andhence to increased toxicity. Themain compounds
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are 10-ethyl-10-deazaaminopterin (edatrexate) and 10-propargyl-10-deazaaminop-
terin (PDX), which are under clinical investigation.40,41
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5.2. Nonclassical (lipophilic) DHFR inhibitors

Suppression of the glutamic chain leads to compounds that are not substrates
for the folate active transport systems, and enter the cells by passive diffusion.
They have the advantage of being active in cancer cells resistant to MTX because
of transport defects. On the contrary, the lack of the glutamic acid side chain
prevents polyglutamation and therefore these compounds are not retained within
the cells and require more prolonged treatments. Among these compounds,
trimetrexate is mainly used to treat pneumonias by Pneumocystis carinii and
Toxoplasma gondii, although it is also used in the treatment of certain cancers,
including colon cancer.42 Piritrexim is being assayed for similar applications,
including the treatment of psoriasis, pneumonia, and several cancers.43
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6. INHIBITORS OF THE DE NOVO PURINE BIOSYNTHESIS PATHWAY

In contrast to pyrimidine nucleotide biosynthesis, where a preformed heterocyclic
moiety is attached to PRPP, in the case of purine nucleotides the purine ring is
constructed gradually. The complete route comprises 10 steps, and is summarized
in Fig. 2.31. This de novo pathway leads to the formation of inosine monopho-
sphate (IMP), the precursor of ATP, GTP, dATP, and dGTP necessary for RNA
and DNA formation. Only the steps most relevant to antitumor drug action will be
treated in the discussion below.
6.1. Inhibitors of phosphoribosylpyrophosphate (PRPP) amidotransferase

The first irreversible step in the de novo purine biosynthesis involves the nucleo-
philic displacement of the pyrophosphate group of phosphoribosylpyropho-
sphate (PRPP) by a molecule of ammonia, generated by hydrolysis of glutamine
to glutamic acid. Both reactions are catalyzed by PRPP amidotransferase, whose
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main inhibitors are thiopurines (e.g., 6-mercaptopurine, MP), acting through
feedback mechanisms. These antitumor drugs have a complex mechanism of
action, involving the inhibition of several enzymes related to purine biosynthesis
and misincorporation into nucleic acids, and will be studied in Section 6.5.
6.2. Inhibitors of glycinamide ribonucleotide formyltransferase (GARFT)

The third reaction in the de novo purine biosynthesis is the transformation of
glycinamide ribonucleotide (GAR) into its formylderivative (FGAR) using
10-formyl-THF as the formyl donor (Fig. 2.32). The enzyme that catalyzes this
step is known as glycinamide ribonucleotide formyltransferase (GARFT).
In mammals, this enzyme is multifunctional and it also catalyzes the second
and fifth steps of the pathway.

The first selective and sufficiently potent GARFT inhibitor was lometrexol,
designed as a folate analog lacking the 5 and 10 nitrogen atoms and therefore
unable to participate in the transfer of single carbon units.44 On the contrary,
lometrexol has a 2-aminopyrimidin-4-one subunit identical to that found in the
THF cofactor, and therefore different from the 2,4-diaminopyrimidine pattern
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commonly present in DHFR inhibitors. Its glutamate side chain allows its ready
transport into cells by means of the RFC and MFR as transport systems, and
also its polyglutamation by folylpolyglutamate synthase (FPGS). Lometrexol
was investigated clinically, but unexpected observations of delayed cumulative
toxicity45 prompted a search for second-generation antimetabolites with a more
favorable profile (Fig. 2.33). Some of these compounds are LY-309887, an analog of
lometrexol designed by benzene-thiophene bioisosteric replacement with a nine-
fold greater potency as a GARFT inhibitor, and AG-2037, an analog with the
opposite configuration at C-6. Besides being well tolerated, the latter compound
shows an interesting synergism with 5-FU and is being studied in Phase II in
patients with metastatic adenocarcinoma of the colon or rectum that failed prior
fluorouracil and leucovorin calcium therapies.46

Pemetrexed (alimta, MTA, LY-231514) was discovered during structure–activity
studies of lometrexol by removal of the C-5 carbon atom and concomitant replace-
ment of the ring fused to the quinazolinone unit by an indole, leading to loss of
stereochemical information at C-6. It employs the RFC for entering the cells, and its
polyglutamation product inhibits multiple targets in the folate pathway, including
TS, DHFR, and two enzymes from the de novo synthesis of purines, namely GARFT
and aminoimidazolecarboxamide ribonucleotide formyltransferase (AICARFT).
This complex mechanism of action has led to its designation asMTA (multitargeted
antifolate). Pemetrexed has been approved for the treatment of malignant pleural
mesothelioma in association with cisplatin, and as second-line treatment of non-
small cell lung cancer.47 The interaction of pemetrexedwithDHFR has been studied
based on molecular modeling and NMR studies that suggest that it can bind to the
enzyme in a ‘‘2,4-diaminopteridine mode,’’ where the pyrrole nitrogen mimics the
4-amino group ofMTX. Replacement of the 4-oxo group by amethyl (AAG113–161)
led to a further increase in activity, explained by a hydrophobic interaction of the
4-methyl with Phe-31 and Leu-22.48
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A summary of the main targets for antifolate drugs and their relationships
with nucleic acid biosynthesis is given in Fig. 2.34.
6.3. Inhibitors of phosphoribosylformylglycinamidine synthetase

This enzyme catalyzes the reaction of formylglycinamide ribonucleotide with
ammonia to give formylglycinamidine ribonucleotide, with glutamine as a cofactor.
The enzyme activates the amide group adjacent to the ribose ring to nucleophilic
attack by its transformation into iminoether 2.28. In addition, another catalytic
site of the enzyme hydrolyzes glutamine to glutamic acid and ammonia, which is
then channeled to the first site and reacts with 2.28 by an addition–elimination
mechanism, affording the amidine 2.29 (formylglycinamidine ribonucleotide)
(Fig. 2.35).

Some analogs of glutamine bearing a diazomethyl moiety have antitumor
activity because of their ability to inhibit several reactions in which glutamine is
involved as a cofactor, specially the one catalyzed by formylglycinamidine ribo-
nucleotide synthetase. Azaserine (O-diazoacetyl-L-serine) and 6-diazo-5-oxo-L-
norleucine (DON) are two antitumor natural products, isolated from Streptomyces
broths that act as covalent inhibitors of the enzyme. Reversible attachment using
the binding points normally employed by the cofactor glutamine positions the
diazomethyl group close to a cysteine sulfhydryl group in the active site. After
protonation, this unit is transformed into a diazonium group, which covalently
links to the cysteine thiol group (Fig. 2.36). Clinical trials have shown good
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response of choriocarcinoma to DON, although in general these compounds
are too toxic.
6.4. Inhibitors of 5-aminoimidazole-4-carboxamide ribonucleotide
formyltransferase

Some antifolate drugs (e.g., MTX, permetrexed) inhibit this enzyme, although it is
not their primary target.
6.5. Thiopurines and related compounds

Among nonnatural purine derivatives assayed as antitumor agents, 6-mercapto-
purine (MP) and 6-thioguanine (TG) are the most active. These compounds are
among the oldest cancer chemotherapeutic drugs in clinical use; MP is used for
lymphoblastic andmyeloblastic leukemias, and the more toxic TG is employed for
the treatment of acute non-lymphocytic leukemia.
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6-Mercaptopurine requires intracellular metabolism by hypoxanthine guanine
phosphoribosyl transferase (HGPRT) to be transformed into the thioinosinic acid,
which shows cell cycle S-phase-specific cytotoxicity. Intracellular activation results
in the inhibition of several enzymes belonging to the de novo purine synthesis
pathway and misincorporation into DNA and RNA. Thus, thioinosinic acid,
formed by incorporation of a ribose phosphate unit to MP catalyzed by HGPRT,
inhibits PRPP amidotransferase, the first enzyme in the de novo synthesis of
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purines, through a retroinhibition mechanism. Several other enzymes which are
also inhibited resulting in lower levels of AMP and GMP are the following:

a. HGPRT itself because of competition between MP and its natural substrate,
hypoxanthine.

b. Inosinic dehydrogenase, which transforms inosinic acid (IMP) into xanthylic
acid (xantosinic acid, XMP), a precursor of guanylic acid (GMP).

c. Adenylosuccinate synthetase, which catalyzes the first step of the transformation
of inosinic acid into adenylic acid (AMP).

Finally, thioinosinic acid is transformed into thioguanylic acid, which is mis-
incorporated into DNA and RNA. This leads to single strand DNA breaks and
DNA–protein cross-links by alteration of DNA repair mechanisms (Fig. 2.37).
Thioguanine acts by a very similar mechanism, after its transformation into
thioguanylic acid by HGPRT.

The main degradative pathways of MP are its S-methylation by thiopurine
methyltransferase (TPMT) and its oxidation by xanthine oxidase to an 8-oxo deriv-
ative and further to 6-thiouric acid (TUA) (Fig. 2.38). Allopurinol is a structural
analog of hypoxanthine that is a competitive inhibitor of xanthine oxidase. It is also
a substrate for xanthine oxidase and is converted slowly to alloxanthine, which also
inhibits the enzyme. Since allopurinol interferes with the metabolism of MP,
increasing its levels and leading to an interaction between both drugs, patients
taking allopurinol should have their MP dose reduced by up to 75%. However, the
clinical benefit of this association in cancer patients taking MP is only slight and
renal damage may occur. S-Methylation is another catabolic route of MP, since the
S-methyl derivative is not a substrate for the purine phosphoribosyl transferases.

Some heterocyclic derivatives of thiopurines have been designed to afford
protection from the degradation processes described above, two examples being
the nitroimidazole derivatives azathioprine (imuran) and thiamiprine (guaneran).
These compounds act as prodrugs and are presumably activated by an SNAr
mechanism involving nucleophilic attack from thiols onto the 5 position the
4-nitroimidazole ring, followed by elimination of the thiopurine as a leaving
group (Fig. 2.39). None of these prodrugs are more effective as anticancer
agents than the parent compounds although azathioprine is an important
immunosuppressant agent, widely used in autoimmune diseases.49

Another prodrug that is activated by a related mechanism is cis-3-(9H-purin-
6-ylthio)acrylic acid (PTA), which is activated by glutathione through a Michael
addition to the acrylic acid moiety followed by elimination (Fig. 2.40).50

Considerable efforts are in progress to prepare other novel mercaptopurine and
thioguanine analogs and their nucleosides to improve their antitumor efficacy.51
7. INHIBITORS OF ADENOSINE DEAMINASE

Coformycin (CF) and pentostatin (20-deoxycoformycin, dCF) are two natural
products isolated from Streptomyces species that are analogs of inosine and
20-deoxyinosine, respectively, in which the purine ring is modified and contains
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a seven-membered ring. These compounds behave as very potent inhibitors
of adenosine deaminase, the enzyme that degrades deoxyadenosine by its trans-
formation into 20-deoxyinosine, by analogy with the transition state of this
reaction (Fig. 2.41).
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Pentostatin is combined with adenosine-derived antitumor drugs in order to
increase their half-life. On its own, pentostatin is also an antitumor agent that is
useful in the treatment of some types of leukemias, like hairy cell leukemia.
The mechanism of its antitumor activity is unclear and complex, and includes
the following events (Fig. 2.42):

a. Pentostatin is triphosphorylated and misincorporated into DNA.
b. Inhibition of adenosine deaminase leads to accumulation of adenosine, and

hence to retroinhibition of the enzyme S-adenosylhomocysteine hydrolase.
The subsequently accumulated S-adenosylhomocysteine acts as a competitive
inhibitor of most of the methyltransferases that use S-adenosylmethionine as a
cofactor, and therefore perturbs the processes related to the methylation of
nucleic acids (see Section 3.1 of Chapter 10).

c. Accumulation of deoxyadenosine also leads to high levels of deoxyadenosine
triphosphate, which is an inhibitor of RNR, the enzyme that removes the
20-hydroxy group of the ribose ring during the biosynthesis of DNA.
8. INHIBITORS OF LATE STAGES IN DNA SYNTHESIS

Several ribonucleoside and deoxyribonucleoside analogs are anticancer prodrugs
that are activated to their triphosphates by phosphorylation catalyzed by
kinases.52 After bioactivation, the triphosphates act by misincorporation into
DNA, resulting slower chain elongation and alterations in DNA repair. Another
mechanism of antitumor action of these compounds is the inhibition of DNA
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polymerase, and other mechanisms (e.g., inhibition of RNR or PNP) are known
for particular compounds (Fig. 2.43). A general problem associated with these
drugs is due to their cytotoxicity to lymphoid cells, resulting in significant and
long-lasting immunosuppression.
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8.1. Pyrimidine nucleosides

The main anticancer compounds belonging to this group are cytosine or azacyto-
sine nucleosides with a modified ribose ring, including cytarabine (Ara-C),
fazarabine, gemcitabine (dFdC), and azacitidine.
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Among the arabinose-derived nucleosides, cytarabine (Ara-C), the 20-epimer
of cytidine, is useful in several leukemias, including acute myelogenous leukemia
and non-Hodgkin lymphoma. Cytarabine is employed either as a single agent or
in combination with others, specially the anthracyclines, and is the prime example
of an antitumor drug specifically acting in the S-phase of the cell cycle because its
incorporation into DNA after being activated to the corresponding triphosphate
leads to inhibition of strand elongation (Fig. 2.44). Because of this S-phase-speci-
ficity, prolonged exposure of cells to cytotoxic concentrations is critical to achieve
maximum cytotoxic activity. However, the activity of cytarabine is decreased by
its rapid deamination by cytosine deaminase to the biologically inactive metabo-
lite uracil arabinoside.53 For this reason, the search for effective formulations and
derivatives of cytarabine that cannot be deaminated and exhibit better pharmaco-
kinetic parameters is an active field of research.54

Fazarabine is an aza analog with a very potent activity in animal models, includ-
ing solid tumors, and has been submitted to several clinical trials.55 Gemcitabine
blocks the cell cycle at the S-phase similarly to cytarabine and it is also an inhibitor
of RNR in its diphosphate form (see Section 3.3). Gemcitabine can be considered
as the leading marketed nucleoside analog and is most commonly used to treat
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non-small cell lung cancer, pancreatic, bladder, and breast cancer. It has also been
shown to be synergistic in combination with pemetrexed in Phase III studies
for pancreatic and non-small cell lung cancer because pemetrexed depletes the
intracellular stores of purine and pyrimidine nucleotides, while gemcitabine is
incorporated in nascentDNA strands.56 Finally, azacitidine and its 20-deoxy analog
are also triphosphorylated and misincorporated into nucleic acids, but it will be
studied in Chapter 10 in connection with the inhibition of DNAmethylation.

One of the main drawbacks of cytarabine is its short half-life in plasma due to
rapid deamination to its uracil analog by cytidine deaminase. During the search
for cytarabine analogs that could overcome this problem, and also in an effort to
achieve activity against solid tumors, the arabinose 2-hydroxy groupwas replaced
with other substituents.57 The 2-cyano derivative (20-cyano-20-deoxy-1-b-D-arabi-
nofuranosylcytosine, CNDAC) is particularly interesting because it acts by a novel
mechanism among nucleoside analogs, involving DNA single strand breaking
by a b-elimination reaction. CNDAC is less efficient than cytarabine and gemci-
tabine at inhibiting DNA strand elongation, and the cells can progress through
the S-phase, leading to incorporation of its nucleotides at internal positions of
DNA (2.30 and 2.31). The electron-withdrawing effect of the cyano group at the
arabinose 20-b position increases the acidity of the 20-a proton and facilitates a
b-elimination reaction in 2.31 involving an oxygen of the phosphate group at
the 30-b position that leads to single strand break that affords a DNA molecule
lacking a 30-hydroxyl. This prevents its repair by ligation and leads to inhibition
of the cell cycle at the G2 phase (Fig. 2.45).58
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The N4-palmitoyl derivative of CNDAC is an oral prodrug known as CYC-682
(CS-682), which is activated by intestinal and plasma amidases.59 This compound
has entered Phase I clinical assays.60

Another way to avoid the action of cytidine deaminase is the use of L-nucleo-
sides. For instance, troxacitabine is a dioxolane analog of b-L-deoxycytidine which
is a poor substrate for this enzyme. After activation as a triphosphate, troxacita-
bine inhibits DNA polymerase activity and leads to a complete chain termination.
This compound has shown positive responses in clinical trials in patients with
metastatic renal cancer.61
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8.2. Purine nucleosides

Fludarabine and cladribine are used in cancer therapy, especially as second-line
treatment for patients with B-cell chronic lymphocytic leukemia (CLL) that do not
respond to alkylating agents. Other purine nucleosides (clofarabine, nelarabine,
and immucillin H) have been recently introduced into clinical trials.62 These
compounds use nucleoside-specific membrane transporters to enter the cells
and must then be converted into their active triphosphate forms.
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Fludarabine is very insoluble and is administered as a phosphate prodrug that
must be cleaved back to the nucleoside prior to entering the cell. Besides the
mechanisms common to this group of drugs, it is an inhibitor of RNR and is active
against several lymphoid malignancies. Cladribine is also employed in hairy cell
leukemia and has the advantage over other adenine derivatives of being resistant
to adenosine deaminase, a property that shares with all 2-halogenated adenine
derivatives. The 20-fluoro derivative of cladribine, called clofarabine, is more acid
stable, leading to increased oral bioavailability, and has recently entered clinical
trials. Ara-G has a very poor water solubility, and this has led to the development
of its prodrug nelarabine, which is 10 times more soluble and has entered clinical
trials. Another purine nucleoside that has entered clinical trials is immucillin H,
which was studied in Section 3.
9. ANTIMETABOLITE ENZYMES

L-Asparaginase is an enzyme that behaves as an antimetabolite. Its physiological
role is the hydrolysis of the amino acid L-asparagine to aspartic acid and ammonia
(Fig. 2.46). Normal tissues can synthesize L-asparagine in amounts sufficient for
protein synthesis, but some types of lymphoid malignancies take it from plasma.
Treatment of these patients with L-asparaginase leads to the hydrolysis of circulat-
ing L-asparagine and prevents its uptake into the tumor cells, leading to interrup-
tion of protein synthesis and cell death. L-Asparaginase is normally used for the
treatment of acute lymphocytic leukemia in combination with other agents, such
as MTX, doxorubicin, cytarabine, and vincristine.

L-Asparaginase has been modified by covalent attachment of polyethylene-
glycol (PEG) compounds such as monomethoxypolyethyleneglycolsuccinimidyl
units. This PEG-modified enzyme is known as pegaspargase (see Section
3 of Chapter 11), and it is employed for the treatment of acute lymphocytic
leukemia in patients that have developed hypersensitivity to the native form of
L-asparaginase.63
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1. INTRODUCTION

Hormones, and in particular steroid hormones, are the main determinants in the
induction and growth of several types of tumors and for this reason the search for
antihormones has been one of the mainstays of cancer chemotherapy. Thus,
compounds acting on estrogen and androgen receptors (ARs) are involved in
the treatment of breast and prostatic cancers, among others, while corticosteroids
are employed in myelomas and lymphomas because of their role in the function of
lymphoid tissues.

Steroid hormone receptors are cytoplasmic or nuclear proteins that have a
binding site for a particular steroid molecule. Their response elements are DNA
sequences that bind to the complex formed by the steroid and its receptor and are
part of a gene promoter. This binding activates or represses the gene controlled by
that promoter. The steroid hormone receptors consist of at least three domains,
namely, a domain needed for the receptor to activate the promoters of the genes
being controlled, the zinc-finger domain needed for DNA binding to the response
element (a zinc finger can be defined as a configuration of a DNA-binding protein
that resembles a finger with an amino acid, usually cysteine or histidine, binding a
zinc ion), and finally the domain responsible for binding the particular hormone as
well as the second unit of the dimer.

The sequence of events leading to the start of gene transcription by an steroid
hormone is as follows (Fig. 3.1): (1) binding of the hormone to the receptor;
(2) formation of a homodimer from two molecules of receptor (not shown in
Fig. 3.1); (3) transport to the nucleus, if necessary (e.g., in the case of estrogen
hormones); (4) binding to the response element; (5) recruitment of coactivators;
and (6) final activation of transcription factors to start transcription. The ultimate
consequence is the synthesis of an mRNA molecule and the corresponding
protein, which triggers the observed biological response.
2. ESTROGENS AND THEIR INVOLVEMENT IN CARCINOGENESIS

Estrogens are a family of related steroidal molecules that stimulate the develop-
ment and maintenance of female characteristics and sexual reproduction, includ-
ing regulation of the menstrual cycle, and have several other physiological
functions. Themost prevalent forms of human estrogens are estradiol and estrone,
which are produced and secreted by the ovaries, although estrone is also
synthesized in the adrenal glands and other organs.

OH

HO

Estradiol

H3CH3C O

HO

Estrone



FIGURE 3.1 Sequence of events related to steroid hormone activity.
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The estrogen receptor (ER) is a ligand-dependent transcription factor, that is, a
DNA-binding protein that regulates the transcription of its target genes.
Although early models proposed that the ERs were cytoplasmic and were trans-
located to the nucleus after binding to the estrogen molecules, subsequent
studies with monoclonal antibodies revealed that the ERs were located in the
nucleus.

Regulation of gene transcription by estrogens is highly complex. It involves
regions of DNA called estrogen response elements (EREs) and also the binding of
several nuclear proteins (coactivators) that form a multisubunit transcriptional
complex. Occupation of the steroid binding domain in the receptor by the hor-
mone is followed by receptor dimerization, which is essential for DNA binding.
On estrogen recognition, a conformational change takes place in the receptor
protein that allows the recognition of coactivators and the start of the transcription
process.

The natural estrogens induce tumors in a variety of organs in laboratory
animals, and high estrogen levels increase the risk of breast and uterine cancer.1

Several mechanisms have been proposed that explain the development of
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estrogen-dependent tumors. In the first place, the transcription process initiated
by the binding of estrogens to their receptors ultimately induces cell proliferation
in some target tissues. Examples are breast tissue, where estrogens trigger the
proliferation of cells lining the milk glands, thereby preparing the breast to
produce milk in case of pregnancy, and the endometrium of the uterus, where
they stimulate cell proliferation in order to prepare the uterus for implantation.
This proliferative action is one of the physiological roles of estrogens, but it can
also lead to the development of breast or uterine cancer because if cells from these
tissues already possess a DNA mutation that increases the risk of developing
cancer, they will proliferate (along with normal cells) in response to estrogen
stimulation.

An alternative mechanism that explains the carcinogenesis by estrogens is the
generation of mutagenic species in their metabolism.2 Strong evidence supports
that tumors may be initiated by metabolic conversion of estradiol (E2) to the
catechol metabolite 4-hydroxyestradiol (4-OHE2), which is further oxidized to
estradiol-3,4-quinone (E2-3,4-Q) (Fig. 3.2).

Estradiol-3,4-quinone reacts with DNA as a Michael substrate forming a bond
between its C-1 atom and the N-7 atom of guanine, affording hydroquinone 3.1.
The positive charge generated at the guanineN-7 position facilitates the hydrolysis
of the glycosidic bond of 3.1, leading to the purine derivative 3.2 and depurinized
DNA (3.3) (Fig. 3.3).

Alternatively, the nucleophilic attack to the estradiol-3,4-quinone may involve
the N-3 atom of adenine residues, leading to hydroquinone 3.4. Similarly to 3.1,
these covalent adducts are unstable under hydrolytic conditions and evolve to
give purine derivatives 3.5 and depurinized DNA 3.3 (Fig. 3.4).

As shown in Fig. 3.5, the alternative catechol metabolite 2-hydroxyestradiol
(2-OHE2) produces the estradiol-2,3-quinone (E2-2,3-Q), which also gives DNA
adducts by forming a covalent bond with a nitrogen atom of a purine base, but
these adducts are much less reactive than those derived from E2-3,4-Q and have
less relevance in the carcinogenesis due to estradiol.3

The link between ovarian function and breast cancer has been known for more
than a century, and endocrine therapy can be considered as the oldest, safest, and
best-established systemic treatment for breast cancer. Many breast and endome-
trial tumors are estrogen-dependent, and for this reason their treatment is based
on the modulation of these hormones. This can be achieved directly by
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FIGURE 3.2 Metabolism of estradiol.
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administration of antiestrogens or indirectly by inhibition of aromatase, the
enzyme responsible for the biosynthesis of estrogens. Finally, estrogen production
can also be controlled by inhibition of the release of luteinizing hormone (LH)
(see Section 7).
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3. ANTIESTROGENS AS ANTITUMOR DRUGS

Antiestrogens can be defined as compounds that prevent the stimulation of
transcription by the ER. Two main types of antiestrogens are known:

a. Nonsteroidal antiestrogens, which interfere with the transcription process by
binding to the hormone recognition site in the ER and preventing the induction
of the conformational change necessary for recognition of the coactivators.
Since ERs of different target tissues vary in chemical structure, these com-
pounds may show mixed biological responses because they can behave as
antagonists in one estrogen target tissue and as agonists in another. In spite
of not being completely selective, compounds of this group are often designed
as selective estrogen receptor modulators (SERMs).

b. Pure antiestrogens are analogs of the natural hormones that bear long, flexible
side chains at C-7. These compounds bind to the ER and prevent receptor
binding to DNA, probably because the side chains bind to the receptor outside
the steroid-binding region.
3.1. Nonsteroidal antiestrogens (SERMs)

The discovery of this group of compounds is a good example of serendipity. They
are derivatives of the triphenylethylene system, developed by molecular manipu-
lation of diethylstilbestrol, the prototype nonsteroidal estrogen agonist. The key
structural features of this group of compounds, which are essential for activity, are
the presence of a triphenylethylene core and a basic aminoether side chain at the
4-position of one of the phenyl rings.4

The first discovered antiestrogen was clomiphene, but its development for the
treatment for advanced breast cancer was discontinued because of concerns about
potential side effects. In 1974, tamoxifen was the first antiestrogen to be approved
for the treatment of advanced breast cancer (Great Britain) and in 1977 a similar
approval was given by the FDA. Since then, tamoxifen has become the standard
therapy for all types of ER-positive breast cancer. In the 1990s, it was also the first
cancer chemopreventive agent approved by the FDA for the reduction of
breast cancer in pre- and postmenopausal women with high risk.5 Tamoxifen
also binds with high affinity to other targets, such as the microsomal antiestrogen
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binding site (AEBS), protein kinase C, calmodulin (CaM)-dependent enzymes,
and acyl coenzyme A:cholesterol acyl transferase (ACAT).6

Tamoxifen has estrogenic agonist effects in other tissues such as bone and
endometrium due to the nonspecific activation of their ERs. For this reason,
several antiestrogen compounds, known as SERMs, have been developed which
have a reduced agonist profile on breast and gynecological tissues.7 Some of these
compounds belonging to the triphenylethylene family include toremifene,8

droloxifene,9 and idoxifene.10
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Most of these compounds may lead to long-term toxic effects. For instance,
tamoxifen induces liver cancer in rats after prolonged administration, which has
been attributed to the generation of DNA-alkylating species from the metabolism
of the stilbene framework. It has been proposed that cytochrome P450 hydroxy-
lates tamoxifen at the allylic position of the ethyl side chain, leading to an alcohol,
which can generate a highly delocalized allylic cation 3.6 and therefore alkylate
DNA to give product 3.7 through an SN1 mechanism (Fig. 3.6).

This proposal also explains the lack of carcinogenicity of toremifene, which can
be attributed to destabilization of the positive charge in 3.8 by the inductive
effect of the chlorine substituent at the position adjacent to the allylic carbon
(Fig. 3.7).

Because of the toxic effects associated to the central double bond in tripheny-
lethylene derivatives, a new family of antiestrogens has been developedwhere the
incorporation of this double bond into a cyclic system increases its chemical and
metabolic stability. Another structural difference of these compounds with the
traditional triphenylethylene derivatives is the presence of a ketone bridging
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group linking the phenyl ring that contains the basic side chain. The main
representative of this family is raloxifene, which was identified as an antiestrogen
but it was approved by the FDA only for the prevention of osteoporosis, while
studies as a treatment for breast cancer were discontinued. However, there is a
recent renewal of the interest on raloxifene as a means for breast cancer preven-
tion, with a very large clinical study in progress involving more than 19,000
postmenopausal women at increased risk of breast cancer, aimed at comparing
the efficacy of tamoxifen and raloxifene in chemoprevention.11
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The inhibition of the ER by the triphenylethylene derivatives and by their
cyclic analogs has been rationalized using the structures of their complexes with
the receptor, as determined by X-ray diffraction data.12 The agonists and antago-
nists bind at the same site, but with different binding modes, as shown in Fig. 3.8.
Recognition of estradiol by the ligand-binding domain of the receptor involves a
combination of polar and nonpolar interactions. Thus, the A ring and the A/B
interface interact with the side chains of Ala-350, Leu-387, and Phe-404, while the
D ring contacts with Ile-424, Gly-521, and Leu-525. The hydroxyl at the phenolic
ring of ring A establishes hydrogen bonds with the carboxylate of Glu-353, the
guanidinium group of Arg-394 and a water molecule. The hydroxyl group at the
C-17 position of the D ring establishes a hydrogen bond with the His-524 residue.
The antagonists, exemplified by raloxifene, occupy the same binding sites but the
interaction is different. The imidazole ring in the His-524 rotates in order to
accommodate the difference in position of the hydroxyl group in raloxifen that
corresponds to the hydroxyl at C-17 in estradiol. The rest of the interactions are
similar in both cases, but the antagonists have additional hydrophobic interac-
tions due to the side chain, and also a hydrogen bond between the basic group
present in the side chain and the carboxylate group of Asp-351.

After binding of an agonist to the ligand-binding domain of the ER, a confor-
mational change takes place on which the helix H12 is placed against the
H3C

O

O

N NH

H

His-524

Glu-353
O

O N
HH

H2N Arg-394

Estradiol

S

O

O

O

O

N

NHN

His-524

Glu-353
O

O N
H

H2N Arg-394

H

H

Raloxifene
O

Asp-351

O
H

H H
H H

A B

FIGURE 3.8 Binding modes of ER agonists (A) and antagonists (B).
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ligand-binding cavity, projecting its inner, hydrophobic surface toward the ligand.
The outer, charged surface, which is essential for the interaction of the receptor with
coactivators, is left outside (Fig. 3.9A).13 The alignment of H12 over the cavity is
prevented by the binding of antagonists, exemplified by raloxifene, because their
side chain is too long to fit the binding cavity andprotrudes from the pocket between
H3 and H11, preventing the holding of the helix H12 and hence the transcriptional
activation function of ER (Fig. 3.9B). This helix displacement seems to be a common
feature of steroidal and nonsteroidal antiestrogens with a bulky side chain.

Some ER-positive breast tumors that also overexpress the peptide growth
factor receptor ERBB2 (also known as HER2) and/or epidermal growth factor
receptor EGFR (also known as HER1) are relatively resistant to hormonal therapy,
especially when tamoxifen is employed.14
3.2. Steroidal antiestrogens

The SERMs, especially tamoxifen and toremifene, have been the preferred first-line
hormonal therapy in estrogen-responsive postmenopausal breast cancer, but they
have several disadvantages that are related to their partial estrogenic agonistic
activity. These include tumor stimulation in some patients at the initial stages
of the treatment (tumor flare) and increased hot flashes, endometrial cancer,
and thromboembolism. These limitations stimulated the search for pure ER
antagonists.

Structurally, the main family of selective estrogen antagonists are steroids
bearing a long lipophilic chain at C-6, represented by fulvestrant (ICI-182780),
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which has been approved for the treatment of postmenopausal women with
hormone-sensitive advanced breast cancer following prior endocrine therapy.15
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Fulvestrant has a unique mechanism of action,16 comprising several different
aspects (Fig. 3.10). In the first place, fulvestrant is a competitive inhibitor of
estradiol binding at the ER, with an affinity of 89% that of estradiol. Another
consequence of fulvestrant binding is the impairment of the dimerization of ER,
an event that takes place after estrogen binding and is essential for the nuclear
localization of the receptor. Because of the inhibition of dimerization, fulvestrant
binding leads to accelerated receptor degradation due to the lower stability of the
monomer.

On the contrary, the side chain of fulvestrant obstructs the folding of the H12
helix of the receptor and therefore prevents its interaction with coactivators, as
mentioned in Section 2.1 (Fig. 3.11).

Figure 3.12 gives a summarized picture of the events associated to fully acti-
vated transcription by ER agonists, partially inactivated transcription by SERMs,
and full inactivation by antiestrogens. In the first case (Fig. 3.12A), estradiol (E)
FIGURE 3.10 Mechanism of action of fulvestrant.
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binds to the ER which in the resting state has a single domain, called activating
function (AF1), available for binding with coactivators and/or corepressors. After
binding of estradiol, a second activating function (AF2) is exposed. The complex
dimerizes and migrates to the cell nucleus, where it binds to the ERE of DNA,
leading to recruitment of coactivators by both activation functions, subsequent
stimulation of RNA polymerase activity and fully activated transcription. After
the binding of SERMs, exemplified by tamoxifene (T) (Fig. 3.12B), activation of AF2
does not take place and therefore coactivator recruitment and transcription activa-
tion are only partial. The pure steroidal antagonists, like fulvestrant (Fig. 3.12C),
bind to the ER with high affinity. This binding leads to a conformational change in
the receptor resulting in the formation of a complex inwhich neither of theAF1 and
AF2activation functions is active. This complexdoes not dimerize,which facilitates
its degradation.Also,migration to the cell nucleus ismarkedly reduced,preventing
coactivator recruitment and transcription activation.

Trilostane is another steroidal compound that has been occasionally employed
in the treatment of breast cancer and is now under reevaluation. It is an inhibitor
of 3b-hydroxysteroid dehydrogenase, the enzyme that transforms pregnenolone
into progesterone, a gestagen and also a biosynthetic precursor to all other types
of steroidal hormones. Because of this property, it has been employed in disorders
due to high levels of these hormones, such as Cushing’s disease, which is char-
acterized by high levels of cortisol. Further studies have shown that the antitumor
effects of trilostane are partially due to the inhibition of steroidogenesis and also to
allosteric inhibition of the estrogen, probably binding directly to the DNA-binding
domain.17 Because it modulates ERs differently to tamoxifen and is able to influ-
ence internal cell signals and gene expression, it is undergoing clinical trials in
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premenopausal women and in a postmenopausal group where both tamoxifen
and aromatase inhibitors have failed.
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4. AROMATASE INHIBITORS

An alternative strategy for achieving antiestrogenic effects is the inhibition of
aromatase, the enzyme responsible for the biosynthesis of estradiol and estrone
from androgens.18 In principle, this strategy has the advantage over the use of
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antiestrogens of blocking the two pathways involved in the generation of tumors
by the estrogenic hormones, which were discussed in Section 2, namely ER
activation and the generation of carcinogenic metabolites (Fig. 3.13).

Aromatase catalyzes the loss of the C-19methyl group as a formic acidmolecule,
allowing the creation of the aromatic A ring that is characteristic of estrogens
(Fig. 3.14). Aromatase inhibitors are employed for the therapy of breast cancer in
postmenopausalwomen, forwhomtheprimaryestrogensource isaromataseactivity
in adipose tissues in the breast, bone, vascular endothelium, and central nervous
system and aromatase levels are not under gonadotropin regulation. In premeno-
pausalwomen, theuseof aromatase inhibitors leads to incomplete estrogensuppres-
sion and increased gonadal stimulation due to the feedback regulatory mechanism
that increases luteinizing hormone and follicle-stimulating hormone after aromatase
inhibition (see alsoSection3.9). This complication isnot observed inpostmenopausal
women.

Aromatase inhibition, specially by third-generation drugs, results in near-
complete estrogen deprivation and for this reason some of the drugs discussed
below have improved clinical outcomes over tamoxifen in breast cancer treatment.
This difference is probably related to the previously mentioned estrogenic agonis-
tic effects of tamoxifen and to the genotoxicity of the estradiol metabolites, spe-
cially its quinones, since aromatase inhibitors prevent the generation of estradiol
while antiestrogens do not (Fig. 3.13).20 The combination of aromatase inhibitors
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FIGURE 3.13 Pathways involved in tumorogenesis by estrogens.
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with bisphosphonates to compensate for their pro-osteoporotic effects has still not
been fully evaluated, and other possible long-term effects remain unknown.21
4.1. Aromatase mechanism of action

Aromatase belongs to the group of microsomal cytochrome P450 enzymes respon-
sible for hydroxylation metabolic processes. The overall process catalyzed by
aromatase comprises a series of three oxidative steps. The first two are the
insertion of two hydroxyl groups at the C-19 methyl group of its substrates
leading to 3.9 and then to gem-diol 3.10, which is dehydrated to aldehyde 3.11.
The third reaction is only partly understood, and involves loss of the C-19 carbon
atom as a molecule of formic acid, with concomitant aromatization of ring A. One
mechanistic possibility is that a third hydroxylation takes place at C-2b, yielding
intermediate 3.12, which can be postulated to rearrange to 3.14 through the
intermediacy of the cyclic hemiacetal 3.13. Loss of a molecule of formic acid,
driven by the generation of the aromatic A ring, would finally culminate the
process, yielding the estrogens estradiol and estrone (Fig. 3.15). However, experi-
ments with [2b-18O-,19-3H]-2b-hydroxy-10b-formylandrost-4-ene-3,17-dione
failed to show incorporation of the b-hydroxyl to formic acid under enzymatic
and nonenzymatic conditions.22

Similar to other cytochrome P450 enzymes, the catalytic site of aromatase
contains a Fe (III) heme group which, after reduction to Fe (II) affording species
3.15, binds to an oxygenmolecule, which becomes activated, giving 3.16. A further
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one-electron reduction leads to peroxide anion 3.17, which can undergo a nucleo-
philic attack onto the formyl group of aldehyde 3.11. The adduct 3.18 thus
generated, probably as its enol tautomer 3.19, evolves by loss of a molecule of
formic acid via the ionic mechanism shown in Fig. 3.16, or perhaps through a
radical pathway, yielding the estrogen hormones. This mechanism is consistent
with all experimental data and is considered more likely than the one via
2-hydroxylation previously discussed and other alternatives that have been
proposed.23
4.2. Steroidal aromatase inhibitors (type I inhibitors)

Aromatase inhibitors are normally classified as steroidal (type I) or nonsteroidal
(type II). Numerous steroidal agents have been developed that exhibit either
competitive inhibition, irreversible inhibition, or mechanism-based inhibition of
aromatase.24 Mechanism-based inhibitors are bound to the catalytic site of the
enzyme, which transforms them into electrophilic intermediates that become
irreversibly attached to the enzyme, blocking its activity, and they are known as
‘‘aromatase inactivators.’’ This type of inhibitors have distinct advantages in drug
design, since they are highly enzyme specific, produce prolonged inhibition, and
exhibit minimal toxicities, and for this reason the steroidal aromatase inhibitors in
clinical use behave as mechanism-based irreversible inhibitors.25
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Although the precise chemical details are sometimes not known, many types
of compounds containing latent electrophilic groups intended to be activated by
aromatase are known. The most relevant are summarized below.

4.2.1. C-19-modified substrate analogs
The first group steroidal aromatase inhibitors are C-19-modified substrate ana-
logs. One example is the propargyl derivative plomestane, for which two main
types of mechanisms have been proposed. The first one postulates its oxidation by
aromatase to give the C-19 carbonyl derivative, leading to the Michael acceptor
3.22, a substrate for nucleophilic attack by nucleophiles at the enzyme active site.
The second mechanism is based on the one proposed for the inactivation of
cytochrome P450 enzymes by terminal acetylenic compounds and involves epox-
idation of the acetylene chain by aromatase to give the unstable oxirene 3.24 that
reacts with aromatase to give 3.27 following rearrangement to ketene 3.26
(Fig. 3.17). The development of plomestane as an antitumor drug was halted
because of ‘‘technical problems.’’26

4.2.2. 4-Hydroxyandrostenedione derivatives
The main representative of this group is formestane. This compound was first
described as a competitive inhibitor, but subsequent evidence proved that its
binding to aromatase was irreversible. The presence of the C-19 methyl group is
essential, since the 19-nor derivative is not an aromatase inactivator, and
this suggests that the 19-oxygenated metabolites are the inactivating species.
The 4-hydroxy group is also essential, and the ethers and esters of formestane at
O-4 are inactive. One possible mechanism that is consistent with these
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observations is summarized in Fig. 3.18, although the low activity found for the
formyl derivative 3.28 proposed as an intermediate would seem to cast doubt on
this proposal.

Formestane is a second-generation steroidal aromatase inhibitor, and the first
one to reach clinical use during the early 1990s.27 Its main drawback is that it
must be administered intramuscularly in order to avoid its first-pass glucuroni-
dation at the C-4 hydroxyl, a problem that renders it unsuitable for widespread
clinical use.

4.2.3. Steroids with additional unsaturations at the A and B rings
The first member of this class of compounds to be recognized as an aromatase
inhibitor was testolactone, and subsequently 1,4-androstadiene-3,17-dione. Among
other more highly unsaturated compounds, the most relevant is the 6-methylene
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derivative, known as exemestane.28 The use of testolactone in the treatment of
breast cancer started in 1960, although its ability to inhibit aromatase was not
discovered until 1979. It is a weak inhibitor, with a moderate clinical response
that has precluded its widespread use. Exemestanewas approvedmore recently for
clinical use in some countries and has the advantages over formestane of being
more potent and, specially, of allowing oral administration.29
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The presence of the double bond at C-1 is essential for activity, and it has been
suggested that the mechanism of irreversible inactivation involves its oxidation to
a cation radical that would then be intercepted by a nucleophilic group of the
active site. The generation of this radical would be facilitated by stabilization of
the unpaired electron by delocalization across the adjacent unsaturated carbonyl
system (Fig. 3.19).

4.2.4. Structure–activity relationships in steroidal aromatase inhibitors
The spatial requirements for interaction of steroidal compounds with the active
site of aromatase are very restrictive, allowing only small structural changes on
the A ring and at C-19. Some exceptions to this rule are the incorporation of small
polar substituents at the C-4 position, such as a hydroxyl group, or the addition of
aryl functionalities at the 7-position of the steroid. Inhibitors with such modifica-
tions exhibit enhanced affinity for the enzyme.24 Several enzyme structure–
function studies have revealed two regions that are important parts of the active
site and contribute to the binding of the substrate and inhibitors: the I helix, that
comprises the portion from Cys-299 to Ser-312, and a hydrophobic pocket
that comprises the portion from Ile-474 to His-480. On the contrary, some 3D
QSAR studies using steroidal aromatase inhibitors suggested that around the C-6
region of the steroids there are hydrophobic interactions involving the a-face and
the b-face with highly hydrophobic aliphatic amino acids, namely Ile-305, Ala-306,
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FIGURE 3.19 Inactivation of aromatase by exemestane.
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Thr-310, Val-369, and Leu-477. The aromatase selectivity can be attributed to the
formation of a hydrogen bond between an acceptor group of the ligand and the
hydroxyl group of Ser-478.30

4.3. Nonsteroidal aromatase inhibitors (type II)

This group of inhibitors comprises structurally varied compounds that are able to
bind to the active site of aromatase through the coordination of an heterocyclic
nitrogen atom, usually an imidazole or triazole ring, to the iron atom of the heme
group of the enzyme. Because of the similarity of aromatase with other essential
enzymes of the cytochrome P450 group, the main problem to be solved is one of
selectivity. On the contrary, they have the advantage over steroidal inhibitors of
not being subject to metabolism by the cytochrome enzyme system. The structures
of the main drugs belonging to this group are given below.
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The first nonsteroidal aromatase inhibitor was aminoglutethimide, a deriva-
tive of the sedative agent glutethimide that was initially introduced as an anticon-
vulsant. It was the first aromatase inhibitor approved for use by the FDA for
breast cancer treatment but it was withdrawn from use after reports of adrenal
insufficiency. Nevertheless, one of its enantiomers, dexaminoglutethimide, is now
undergoing clinical trials. The effects of aminoglutethimide are rather nonspecific
because it inhibits several cytochrome P450 enzymes thereby affecting a number
of hydroxylation steps in the metabolic conversion of cholesterol to active steroid
products in adrenal steroid biosynthesis.

The second nonsteroidal aromatase inhibitor to reach the clinic was fadrozole, a
fused imidazole derivative, which we will use here as a model compound for
describing the interaction of azole derivatives with aromatase. The N-2 atom of
fadrozole is involved in a coordinate bond with the heme iron, having also favor-
able interactions with the side chains of Ile-305, Ala-306, and Thr-310, while the
cyano group appears to be hydrogen bonded to the Ser-478 hydroxyl. 3D QSAR
data of fadrozole derivatives and other studies support the presence of hydrogen
bonding and hydrophobic interactions in the active site of aromatase (Fig. 3.20).31
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The third generation of nonsteroidal aromatase inhibitors includes the triazole
derivatives anastrozole, vorozole, and letrozole, which are very potent and spe-
cific aromatase inhibitors that allow almost complete estrogen suppression.32 They
have the advantage over aminoglutethimide and fadrozole of not showing affinity
for other cytochrome P450-related steroidogenic enzymes because the presence of
two electron-withdrawing nitrogen atoms in the triazole ring renders it too
electron-deficient for aromatic oxidation. The related triazole derivative finrazole,
another selective aromatase inhibitor, is under clinical studies for the treatment of
male lower urinary dysfunction, a hitherto intractable disease.
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5. STEROID SULFATASE INHIBITORS

It was previously mentioned that in postmenopausal women, who show the
highest incidence of breast cancer, estrogens are produced in adipose tissues
and in the breast by the action of aromatase on androstenedione. However, the
clinical response to aromatase inhibitors is not as high as expected, and often it is
not superior to the one obtained with antiestrogens or with other antihormones.
Furthermore, there appears to be no relationship between the clinical response
and the degree of suppression of circulating estradiol levels, which suggests
that other factors besides the classical estrogens must be involved in tumor
growth.33
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Steroids with estrogenic properties can be biosynthesized by a route involving
the steroid sulfatase (STS) enzyme, which regulates the formation of estrone by
hydrolysis of estrone sulfate (E1S) and also controls the hydrolysis of dehydroepian-
drosterone sulfate (DHEA-S) to dehydroepiandrosterone (DHEA). The latter com-
pound can be reduced to 5-androstene-3b, 17b-diol (Adiol), a steroid with potent
estrogenic properties. On the contrary, there is evidence that in postmenopausal
women DHEA is an important source of androstenedione via the peripheral action
of 3b-hydroxyesteroid dehydrogenase/isomerase (3-b-HSD/isom), as shown in
Fig. 3.21. In consequence, STS inhibitors can be useful for breast cancer therapy,
although, in contrast to aromatase inhibitors, they are still in an early stage of
development.

Aryl sulfamates have been identified as potent STS inhibitors, and some
representative compounds have entered early clinical trials. Although initial
research was focused on steroidal compounds, it was realized that many of
them were estrogen agonists. For this reason, the first STS inhibitor to enter
Phase I clinical trials for treating postmenopausal women with breast cancer
was the coumarin derivative 667 coumate (STX-64).34 Interestingly, this compound
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rapidly disappears from plasma because of its low stability, presumably due to
the facile E1cB elimination of sulfamate to give the corresponding coumarin
(Fig. 3.22), but it shows a long half-life in blood. This increased stability has
been ascribed to binding of the drug to carbonic anhydrase II in erythrocytes.
The hydrophobic environment in which the coumarin ring system is bound
according to modeling studies explains the enhanced stability, since it hampers
the generation of charged intermediates through the E1cB mechanism.35

Further research in this area is focused toward the development of nonestro-
genic steroidal inhibitors of sulfatase by structural manipulation of the A or D rings.
Another current goal is the development of dual aromatase-sulfatase inhibitors,
which is being pursued by the introduction of the critical sulfamate unit in struc-
tures with known aromatase-inhibiting properties. In this connection, it is interest-
ing to note that 667 Coumate shows some activity as an aromatase inhibitor.33
6. ANDROGEN-RELATED ANTITUMOR AGENTS

Androgens are steroidal hormones that stimulate and control the masculine
primary and secondary characteristics. They exert their action by binding to a
nuclear receptor called the androgen receptor (AR)36 and the complex acts as a
transcription factor, in a similar way to estrogens. The main androgens are
testosterone and its reduced metabolite 5a-dihydrotestosterone (DHT), which
has a higher affinity for the AR and three- to tenfold greater molar potency than
testosterone.
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Most prostatic tumors are androgen dependent, and for this reason hormone
treatment of prostate cancer is based on the modulation of testosterone to achieve
medical castration levels. This can be achieved directly by administration of
antiandrogens or indirectly by inhibition of 5a-reductase, the enzyme responsible
for the reduction of testosterone to its more active metabolite. Androgen produc-
tion can also be controlled by inhibition of the release of LH (see Section 7).
6.1. Antiandrogens

Androgen antagonists37 bind to the receptor and prevent binding of the natural
steroids, but they do not produce the correct conformational change in the receptor
that is essential to elicit normal changes in gene expression. Cyproterone is a
steroidal antiandrogen that was initially developed as a synthetic gestagen to
be used as a contraceptive, but the observation of feminization of the offspring in
gestating rats led to its identification as a competitive inhibitor of the AR. It is
used in prostatic carcinoma, but its side effects of gynecomastia and edema,
which can be attributed to its analogy with natural gestagens and glucocorticoids,
respectively, stimulated the search for nonsteroidal compounds with pure
antiandrogenic action (SARM, selective androgen receptor modulators).
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Flutamide was the first nonsteroidal antiandrogen. In itself it does not act on
ARs, but it is metabolized by hydroxylation to the active species. This metabolite
inhibits both androgen uptake and binding of androgens to their receptors in target
tissues. Other antiandrogens that are in clinical use for the treatment of prostate
cancer are bicalutamide and nilutamide, which have the advantage over flutamide
of having a higher half-life that allows its administration only once daily.
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Antiandrogens are also employed for treatment of benign prostate hyperplasia
and as topical antialopecia agents.
6.2. Inhibitors of 14a-demethylase and 17a-hydroxylase

Another way to achieve androgen deprivation consists of the inhibition of the
early stages of androgen biosynthesis. Two antitumor compounds that act in this
way are ketoconazole and abiraterone acetate.
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One procedure for the treatment of metastatic prostate cancers that do not
respond to antiandrogens is the administration of ketoconazole, an imidazole
derivative that is primarily used as an antifungal agent because it inhibits the
biosynthesis of ergosterol, a key component of fungal membranes. Ketoconazole
inhibits 14a-demethylase, a cytochrome P450 enzyme necessary for the conversion
of lanosterol to ergosterol (in fungal cells) or to cholesterol (inmammalian cells), by
coordination of the unsubstituted nitrogen atom to the iron atom in the active site.
Since cholesterol is the precursor of all steroidal hormones, in a route that involves
the participation of several other cytochrome P450 enzymes (Fig. 3.23), high doses
of ketoconazole lead to androgen deprivation.38 The use of ketoconazole as an
antiandrogen normally involves short treatments due to its toxicity, and normally
it is associated with corticoids to prevent adrenal insufficiency.

Another compound acting in this pathway is abiraterone acetate (CB7630), an
inhibitor of 17a-hydroxylase/C(17,20)-lyase, the enzyme that transforms pregnen-
olone into 17a-hydroxypregnenolone and the latter intoDHEA.A study in humans
has shown that repeated treatment of men with intact gonadal function with
abiraterone acetate can successfully suppress testosterone levels to the castrate
range, although this level of suppression may not be sustained in all patients due
to compensatory hypersecretion of LH.39 Clinical trials are underway to determine
the usefulness of abiraterone acetate in patients with prostate cancer.40
6.3. Inhibitors of 5a-reductase

The androgenic activity in the prostate is due to 5a-dihydrotestosterone (DHT),
since 95% of testosterone entering the prostate is converted to the more potent
androgen DHT by the 5a-reductase enzyme of the type 2. Hence, blockade of that
enzyme, whose expression is largely restricted to the prostate, facilitates the
inhibition of testosterone action on urogenital sinus tissue derivatives, notably
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the prostate, without blocking peripheral androgenic action due to testosterone.
Their main use so far is the treatment of alopecia and benign prostate hyperplasia,
and there is interest in their potential use as cancer chemopreventive agents.

5a-Reductase is associatedwith thenuclearmembraneand requires hydridedona-
tion fromNADH,which acts as a cofactor and is transformed intoNADþ (Fig. 3.24).

Finasteride, the first inhibitor of this enzyme to reach the market, is believed to
be a mechanism-based inhibitor acting through the mechanism shown in Fig. 3.25,
which involves the addition of hydride to the unsaturated lactam system in
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finasteride followed by trapping of the highly electrophilic NADþ molecule by
enol 3.29 generated in the first step.41

Dutasteride (GI-198745) is an analog of finasteride that behaves as a dual
inhibitor of 5-a-reductase type 1 and 2 isozymes. This compound is approved
for benign prostate hyperplasia and has been proposed for the chemoprevention
of prostate cancer in men at high risk.42
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7. REGULATION OF STEROIDAL HORMONE SYNTHESIS
AS A TARGET FOR ANTITUMOR DRUGS

7.1. Introduction

Testosterone production in men is controlled by the hypothalamic–pituitary–
gonadal axis. Secretion of gonadotropin-releasing hormone (GnRH, LHRH)
from the hypothalamus stimulates the pituitary gland to release luteinizing
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hormone (LH), which acts on testicular Leydig cells to produce testosterone. The
strategies currently employed for achieving a reduction of testosterone levels for
the treatment of prostatic cancer,43 including the ones related to the hormonal
control of the process and those studied in Section 8, are summarized in Fig. 3.26.

In women, LH liberation stimulates the onset of ovulation in the first phase of
the menstrual cycle and the production of progesterone in the second phase.
Another pituitary hormone known as follicle-stimulating hormone (FSH) stimu-
lates the secretion of estrogens in the ovary, although small amounts of LH are
also required. A summary of these steps and the drugs used in breast and
gynecological cancers discussed so far is presented in Fig. 3.27.
Hypothalamus

Pituitary gland

GnRH

LH

Testis

GnRH agonists
GnRH antagonists

Androgens

Prostate tumor

Gonadal
steroidogenesis

Antiandrogens

5a -Reductase inhibitors

Orchidectomy

FIGURE 3.26 Strategies used to reduce testosterone levels.
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7.2. GnRH (LHRH) agonists

The main clinical use of these drugs is the treatment of prostatic carcinoma. When
a GnRH agonist is given in pulses by injection, it mimics the natural action of
GnRH itself and induces the release of LH from the pituitary gland. However, if a
GnRH agonist is given continuously, the pituitary is first stimulated, but after
some days the response ceases. During the period of initial stimulation, more LH
is released and consequently there is a surge in testosterone production, called a
flare, and during this time about 1 in 10 men with metastatic cancer may experi-
ence a temporary worsening of their symptoms. For this reason, GnRH agonists
are associated with an antiandrogen or an inhibitor of androgen synthesis prior
and during the first weeks of the treatment. After a few days, the pituitary
becomes desensitized by the continuous presence of the hormone, loses its mem-
brane receptors for GnRH and stops releasing LH, leading to a decline of testos-
terone production and ending in levels similar to those achieved by orchidectomy.
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GnRH is a decapeptide with two isoforms differing in three amino acids, the
most important of which is isoform I. Because the in vivo half-life of GnRH is very
low (4 min) due to fast hydrolysis of the bond between amino acids 6 and 7, a
search began for related but more stable molecules. The main strategy employed
involved replacement of the sixth amino acid (glycine) by D-amino acids, and the
C-terminal glycinamide residue was also replaced by a variety of substituents.
The resulting compounds, besides being more stable to enzymatic degradation,
are more lipophilic due to the introduction of a side chain at the sixth residue and
have higher affinity for their receptor. Among these agonists, leuprorelin (leupro-
lide), buserelin, goserelin, and triptorelin are used for prostate cancer. They are
administered parenterally or by inhalation to avoid their degradation in the
gastrointestinal tract.

Goserelin has also proved useful in premenopausal women with ER-positive
early breast cancer, providing an alternative to their chemotherapeutic regimens
and avoiding the need for surgical ovariectomy. This means that younger women,
when they finish their goserelin treatment, can recover from their bone loss before
they reach menopause.
7.3. GnRH (LHRH) antagonists

When administered to patients with prostatic cancer, GnRH antagonists act by
direct inhibition of GnRH receptors and therefore LH secretion, leading to a faster
onset of the action (hours instead of days) and avoiding the initial rise of testos-
terone levels induced by GnRH receptor agonists.
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GnRH antagonists currently in clinical use are peptidomimetics obtained by
extensive modification of the natural GnRH hormone. The main problems to be
overcome were the tendency of the first compounds to induce the release of
histamine as well as their low solubility and propension to form gels, which
severely limits their formulation.44 The main modifications that have been
explored are the following:

a. Replacement of the first three amino acids by D-amino acids with unnatural
side chains. The most widely employed replacements are N-acetyl-D-
(b-naphthyl)alanine for the first residue, D-(4-chloro)phenylalanine for the
second, and D-(2-pyridyl)alanine or D-Trp for the third one.
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b. Modification of the sixth amino acid, which normally bears chains with amide,
urea, or guanidine substituents. The purpose of this substitution is to increase
the hydrogen bond-formation capabilities of the molecules and improve their
solubilities.

c. Modifications of the side chain in the eighth amino acid.
d. Replacement of the C-terminal glycinamide by D-alaninamide.

The first long-term clinical studies were carried out with cetrorelix and ganir-
elix. However, the first GnRH antagonist to achieve clinical use as an antitumor
agent was abarelix,45 a short acting antagonist with low histamine-releasing
activity that was approved by the FDA in November 2003 and is used as an
intramuscular injection for the palliative treatment of advanced symptomatic
prostate cancer in patients where LHRH agonist therapy and surgical castration
(orchidectomy) are not appropriate. Clinical studies have also shown the useful-
ness of some of these antagonists, like cetrorelix, in ovarian, endometrial, and
breast cancers.46

GnRH antagonists have a number of indications other than cancer treatment.47

For instance, they are employed in assisted reproduction techniques48 to prevent
LH surge in women undergoing controlled ovary stimulation, allowing the folli-
cles to mature for planned oocite collection. The rationale for this treatment is that
one of the physiological roles of LH is the initiation of ovulation during the
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menstrual cycle. When women are undergoing hormone treatment in assisted
reproduction techniques sometimes premature ovulation can occur, leading to the
release of eggs that are not ready for fertilization.
8. MISCELLANEOUS STEROID HORMONE-RELATED
ANTICANCER THERAPY

8.1. Gestagens as antitumor agents

Agonists of the gestagen receptor such as megestrol acetate, medroxyprogester-
one acetate, and norethisterone acetate are able to induce apoptosis by binding to
progesterone receptors in the cell surface. About 80% of endometrial carcinomas
and also some types of breast cancers show a positive response to these drugs.
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8.2. Glucocorticoids and inhibitors of their biosynthesis
as antitumor agents

The immunosuppressive and anti-inflammatory activities of the glucocorticoids
are well known. They exert an influence in human lymphoid tissue (e.g., they can
modify the homing of lymphocytes into lymphoid organs), and for this reason
they are often useful in the treatment in acute lymphoblastic leukemia and other
chronic and acute leukemias. Prednisone is normally employed for this purpose,
normally in association with other types of chemotherapy. Because of their anti-
inflammatory action, corticosteroids are often included in antitumor regimens to
alleviate cancer pain.49
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Mitotane (o,p0-DDD) is an analog of the insecticide DDT that has been
approved for use in the treatment of human inoperable cancer of the adrenal
gland (adrenocortical cancer), and is also being used for treatment of canine
Cushing’s disease because of its cortex-selective adrenalytic activity. It completely
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obliterates adrenal production of glucocorticoids, mineralocorticoids, and adrenal
gland-produced sex hormones.

Adrenal tissue is capable of metabolizing mitotane by action of a novel, non-
steroidogenic P450-type enzyme that catalyzes hydroxylation at the position
adjacent to the two chlorine atoms. Subsequent dehydrohalogenation of this
intermediate leads to a highly electrophilic acyl chloride, which has been shown
to react with proteins, leading to direct necrosis and atrophy of the adrenal
cortex and hence inhibition of glucocorticoid synthesis (Fig. 3.28). Another
possiblemechanism is oxidative damage through the production of free radicals.50
9. COMPOUNDS ACTING ON OTHER PROTEINS OF THE
NUCLEAR RECEPTOR SUPERFAMILY: RETINOIDS

Vitamin A and its analogs, collectively known as retinoids, have profound effects
in cell growth and differentiation, and the loss of retinoid function is linked to
carcinogenesis in some cancers. The diet-derived all-trans retinoic acid is the main
retinoid in humans. Several retinoids have shown promising activity as antitumor
and cancer chemopreventive agents by inhibiting carcinogenesis at the initiation,
promotion, and progression stages.51

The anticancer activity of retinoids is mainly due to their binding to nuclear
receptors, known as the classical retinoic acid receptors (RARs) and the nonclas-
sical retinoid X receptors (RXRs), each of which has three isoforms (a, b, and g).
They have different ligand-binding domains, and therefore they can be
targeted separately. All-trans retinoic acid selectively activates the RARs, while
9-cis-retinoic acid can activate both RARs and RXRs (Fig. 3.29). Retinoids with
selectivity for RXR are known as rexinoids.

RARs can heterodimerize with RXRs, while the latter functions as a master
regulator because it can also form heterodimers with other nuclear receptors,
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including the vitamin D receptors, thyroid hormone receptors, and peroxisome
proliferator activating receptors (PPARg). The RAR–RXR heterodimers bind to
specific DNA sequences, known as retinoic acid response elements (RARE). In the
absence of ligands, the heterodimer–DNA complex is linked to corepressors and
histone deacetylases, inducing chromatin compaction and silencing the promoter
region of the target genes (gene repression). The binding of ligands to the hetero-
dimers induces a conformational change that destabilizes the interaction with core-
pressors and allows the union to coactivators, leading to gene transcription (Fig. 3.30).

Some retinoids and their analogs are currently in use or under clinical trials for
several types of cancer.52 The most relevant success of retinoids in this field has
been achieved in the therapy of acute promyelocytic leukemia (APL), a previously
intractable disease, as well as in the prevention of several other cancers (oral
cavity, head and neck, breast, skin, and liver). APL arises from a chromosomal
translocation that produces a chimeric protein between RAR-a and promyelocyte
leukemia protein (PML). This process interferes with the normal function of both
proteins, resulting in the arrest of cell maturation at the stage of promyelocytes.
Oral administration of all-trans retinoic acid (tretinoin) induces differentiation of
these cells to produce mature neutrophils with a high rate of therapeutic success,
and a combination of tretinoin with anthracycline and ara-C has become the
standard therapy for this disease. The mechanism of action of tretinoin in this
tumor is not fully understood, although it has been shown that it induces
the cleavage of the PML portion from the chimeric protein and its degradation.53

9-Cis-retinoic acid (alitretinoin) has been approved for the topical treatment of
Kaposi’s sarcoma in combination with interferon,54 and 13-cis-retinoic acid
(isotretinoin), an RAR ligand, is one of the standard treatments for the prevention
of oral cancer.55 The threementioned retinoids are also under clinical trials formany
other tumors.



9-cis-
RA

9-cis-
RA

9-cis-
RA

9-cis-
RA

All-trans
RA

All-trans
RA

All-trans
RA

All-trans
RA

Cytoplasm

Nucleus

Gene transcription

Regulation of cell
differentiation and

proliferation

RARE

RXR RAR

RXR RAR

RXR RAR

FIGURE 3.30 Binding of ligand-coupled retinoid receptors to DNA.

88 Medicinal Chemistry of Anticancer Drugs
H3C CH3CH3CH3

CH3
CO2H

13-cis-retinoic acid
(isotretinoin)



Anticancer Drugs That Inhibit Hormone Action 89
Despite the above-mentioned successes, the full potential of retinoids as anti-
cancer agents has not yet been realized because of the problem of intrinsic or
acquired resistances. Strategies to overcome this problem include the combination
of retinoids with other chemotherapeutic agents acting by related mechanisms
and the use of nonclassical retinoids.56

Several atypical retinoids have also been assayed for cancer chemoprevention.
Fenretinide, an amide of tretinoin that acts as a ligand of RAR-b and RAR-g
receptors, has entered clinical trials showing a beneficial effect in the prevention
of premenopausal breast cancer in combination with tamoxifen.57 Polyprenoic
acid, also called acyclic retinoid, has shown RAR, RXR, and PPAR activities and
is useful in the prevention of hepatocellular carcinoma.58 Finally, adapalene
prevents cancer in patients with cervical intraepithelial neoplasia.
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Bexarotene is selective for RXRs (rexinoid) and has been approved by the FDA
for cutaneous T-cell lymphoma.59 In combination with chemotherapeutic agents,
such as cisplatin and vinorelbine, bexarotene has demonstrated encouraging results
in patients with advanced non-small cell lung cancer, and two Phase III trials are
currently under way to fully characterize its role in the treatment of this disease.60
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PPAR ligands have also been studied as antitumor agents. Promising resultswere
obtained in initial clinical trials for liposarcoma andprostate cancerswith the PPAR-g
ligand troglitazone, normally employed as an oral antidiabetic. Unfortunately, more
recent studies in colorectal and breast cancers have been disappointing.61
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1. INTRODUCTION: RADICALS AND OTHER
REACTIVE OXYGEN SPECIES

A radical (sometimes called free radical) is a chemical species capable of indepen-
dent existence that contains one or more unpaired electrons. Molecular oxygen
is the main promoter of the formation of radicals within the cells because
ground state oxygen contains two unpaired electrons, each one in a different p*
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antibonding orbital, and hence it can be considered as a biradical. Both electrons
have the same spin quantum number and therefore oxygen tends to accept
electrons one at a time because a pair of electrons in an atomic or molecular orbital
will have opposite spin numbers in accordance with Pauli’s principle, and for this
reason it will not be able to form two pairs of electrons with antiparallel spins by
combination with the oxygen molecule electrons, which have parallel spins.
Singlet oxygen species, on the contrary, do not have this restriction because the
two electrons of the p* antibonding orbitals have opposite spins and are more
potent oxidants than ground state oxygen. Addition of one electron to oxygen
gives the superoxide radical anion, and incorporation of a new electron to the
latter leads to the peroxide dianion (Fig. 4.1).

Another oxidizing species found in biological systems is hydrogen peroxide
(H2O2), arising from diprotonation of peroxide (O2�

2 ). The main source of peroxide
is the enzyme superoxide dismutase (SOD), which catalyzes the one-electron
transfer between two superoxides. Because the second electron is added to an
antibonding orbital, the O-O bond in peroxide or hydrogen peroxide is weak and
can be homolyzed under certain conditions (e.g., exposure to UV radiation),
leading to two hydroxyl radicals. Alternatively, electron transfer from superoxide
to hydrogen peroxide gives a hydroxide anion and a hydroxyl radical (Haber-
Weiss reaction, Fig. 4.2).

The production of hydroxyl radical through the mechanisms in Fig. 4.2 is very
slow, but it can be catalyzed by the presence of certain relatively common cations
like Fe2þ or Cuþ. For instance, Fe2þ can decompose hydrogen peroxide to a
hydroxyl radical and a hydroxy anion in the so-called Fenton reaction, which
is coupled to the regeneration of Fe2þ through one-electron reduction of Fe3þ by
superoxide radical (Fig. 4.3). The extremely reactive hydroxyl radical cannot
diffuse from its site of formation and therefore drugs that act through this radical
must generate it very close to the target biomolecule.
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Oxygen radicals, such as superoxide, and hydroxyl radicals, as well as some
nonradical derivatives of oxygen, like hydrogen peroxide, are collectively known
as ‘‘reactive oxygen species’’ (ROS).
2. BIOLOGICAL EFFECTS OF ROS

The main biological effect of ROS is the induction of oxidative stress, which can be
defined as a situation of imbalance between the production of radical species and
antioxidant defense systems. Oxidative stress can cause damage to all kinds of
biomolecules, including lipids, proteins, and DNA. For this reason, the mecha-
nism of action of several kinds of antitumor agents is based, at least partly, on the
production of hydroxyl radicals and other ROS and the subsequent damages that
they cause on biological molecules by a number of mechanisms that will be
summarized in this chapter.1 Most of these mechanisms have been discovered
during the course of studies on the anthracyclines.2
2.1. Membrane phospholipid peroxidation

Cell membranes are one of the biological structures more sensitive to damage by
radicals because of the presence of polyunsaturated fatty acids in them, contain-
ing methylene groups that are simultaneously adjacent to two double bonds.
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The C-H units in these methylenes are particularly suitable points of attack by
hydroxyl and other radicals because of the stabilization of the resulting carbon
radical by double resonance (Fig. 4.4).

The reaction of these polyunsaturated side chains with oxygen radicals leads
to phospholipid peroxidation and subsequent membrane injury. This process is
initiated by the attack of a hydroxyl radical to one of the previously mentioned
bisallylic positions existing in the fatty acid side chains, leading to the generation
of an alkyl radical 4.1. Superoxide radical is not sufficiently reactive to initiate
lipid peroxidation, and in any case its negative charge precludes its transport
across the highly lipophilic cell membrane. Carbon radical 4.1 reacts rapidly with
a molecule of oxygen, which is sufficiently hydrophobic to access the interior of
the membranes, generating a peroxyl radical (R-O-O�, 4.2), which can abstract a
new hydrogen atom from a doubly allylic C-H bond in the adjacent fatty acid side
chain. This leads to a hydroperoxide 4.3 and a new radical 4.1, allowing a self-
maintained radical process that extends to an expanding area of the membrane, as
long as there is sufficient oxygen (propagation phase). If traces of cations, such as
Fe2þ, are present, they can generate new oxygen radicals (RO� and HO�) from
hydroperoxides 4.3 through Fenton chemistry, contributing to the extension of the
peroxidation process (Fig. 4.5).
2.2. Malondialdehyde generation and its consequences

Peroxyl radicals 4.2 can also evolve to cyclic endoperoxides by attack onto a
neighboring C¼C double bond in the same chain, as shown in Figure 4.6 for the
case of a molecule of arachidonic acid, in a process resembling the one catalyzed
by cyclooxygenase. Peroxyl radicals 4.2 may lead to lipid peroxidation, as previ-
ously mentioned (Fig. 4.5). Alternatively, they can cyclize to radical 4.4, which
then undergoes a new cyclization, coupled with the addition a second oxygen
molecule and subsequent reduction of the hydroperoxyl radical thus generated, to
give 4.5. Together with other products, these intermediates generate malondial-
dehyde (MDA) through a retro Diels-Alder mechanism.

MDA can link covalently to amino groups in proteins, especially at Lys
residues, resulting in intra- and intermolecular protein cross-links (Fig. 4.7A).
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It may also react with DNA bases and cause mutagenic lesions, consisting of large
insertions and deletions at GC base pairs, by reaction with guanine amino groups
to give the oxopropenyl derivatives 4.6 which are finally cyclized to pyrimido-
purine derivatives 4.7, known as M1dG adducts (Fig. 4.7B).3 For many years, there
has been insufficient evidence for the implication of lipid peroxidation in the
antitumor effects of radical-generating drugs like the anthracyclines, but recent
studies have shown the involvement of MDA in DNA damage.4 In proliferating
cells, the formation of M1dG adducts is accompanied by cell cycle arrest and
inhibition of cyclin-associated kinase activities. It has been proved that antitumor
compounds of the anthracyclin group, at low concentrations, increaseMDA-depen-
dent DNA oxopropenylation several fold,5 establishing a potential link between
antitumor drug-dependent generation of ROS, induction of lipid peroxidation,
and DNA damage.6
2.3. DNA strand cleavage

Oxidative stress by hydroxyl radical also causes direct DNA damage, mainly by
strand cleavage and oxidation of pyrimidine and purine bases. DNA, because of
the negative charge of its phosphate groups, acts as an anion and is therefore
capable of binding many cations, including those required for Fenton chemistry,
like Fe2þ and Cuþ. Additionally, deoxyribose has also good iron-binding proper-
ties. This allows ‘‘site-specific’’ hydroxyl radical generation that cannot be coun-
tered by radical scavengers. Perhaps for this reason, antitumor compounds that
act by DNA strand cleavage are also normally chelating agents.
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The main products of DNA strand scission, which have been studied
mainly for the case of the antitumor drug bleomycin, are free DNA bases and
N-(3-oxopropenyl) bases, which are accompanied by 50-phosphate-modified DNA
fragments and 30-phosphoglycolate DNA derivatives (see Fig. 4.9 below). The
formation of N-(3-oxopropenyl) bases requires additional oxygen,7 while that of
free bases does not,8 as shown by isotope studies with 18O2 and H2

18O.
This process starts by the radical-induced abstraction of a proton from any

position of the desoxyribosemoiety and can lead to a large number of products. For
instance, oxidation at C-4 leads to carbon radical 4.8, stabilized by resonance with
the ring oxygen. Addition of an oxygen molecule gives the sugar peroxyl radicals
4.9, which are transformed into hydroperoxide 4.10 by incorporation of one proton
and one electron. If their source is the desoxyribose unit of another DNAmolecule,
the radical process becomes self-maintained, as shown in Fig. 4.8.

One possible degradation pathway that explains some of the products
observed in the presence of additional oxygen involves a ring expansion through
a modified Criegee rearrangement, where isotope studies with 18O2 and H2

18O
prove that hydroxide is released from 4.10.7 The stabilized cation 4.11 resulting
from the rearrangement undergoes an elimination reaction to 4.12, which is
subsequently decomposed to the observed fragments 4.13, 4.16, and 4.17, which
come from 4.14 and 4.15 by the mechanism shown in Fig. 4.9.

The liberation of DNA bases can be explained by the mechanism shown in
Fig. 4.10, where the 40-radical 4.8 evolves to the oxonium cation 4.18 by one-
electron oxidation. Nucleophilic attack by a water molecule gives the hydroxy
derivative 4.19, which then decomposes to the free base and finally to fragments
4.13 and 4.20. This mechanism predominates in oxygen-limited environments.
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2.4. Oxidation of DNA bases

Attack of hydroxyl radicals to purine or pyrimidine bases produces other DNA
damages. The structures of the degradation products arising from this reaction
have been established mainly from studies with ionizing radiation,9 but many of
them were similarly isolated from patients receiving anthracyclines for the treat-
ment of breast cancer.10

The main site for the reaction of hydroxyl radical with pyrimidines is the
5,6-double bond. For instance, thymidine is transformed into the hydroxy hydro-
peroxides 4.21, which can be reduced to give thymidine glycols (ThyGly) or be
degradated to 50-hydroxyhydantoin (50-OH-Hyd) through the intermediacy of
open intermediate 4.22. Thymidine can also suffer hydrogen abstraction from its
methyl group, giving the deoxyriboside of 5-(hydroxymethyl)uracyl (5-OH-MeUra)
after coupling with a hydroxyl radical (Fig. 4.11).

Among other reactions, hydroxyl radicals can add to the guanine C-8 position
to give radical 4.23 that can be reduced by addition of one electron and one proton
to the unstable aminal intermediate 4.24, which finally gives the ring-opened
product known as FapyGua. Alternatively, 4.23 can undergo one-electron oxida-
tion to 8-hydroxyguanine (8-OHGua). A very similar process transforms adenine
into the ring-opened derivative FapyAde (Fig. 4.12).
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The mutagenic potential of some of these degradation products has been
clearly established, as in the case of the GC-CG transversions induced by Fapy-
Gua. Furthermore, FapyGua and ThyGly block DNA replication or increase
reading error frequencies by DNA polymerase, resulting in mutations.11
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This polymerase dysfunction may also be due to oxidation-induced conforma-
tional changes in DNA. Nuclear proteins can also be attacked by radicals,
especially at Tyr residues, and the resulting protein-derived radicals can cross-
link to base-derived radicals that interfere with chromatin unfolding and DNA
repair and transcription.12
2.5. Formaldehyde generation

Another consequence of the formation of hydroxyl radicals can be the generation
of formaldehyde by reaction with certain cell components like spermine and
lipids. This mechanism seems to be relevant only in the case of some anthracy-
clines and will be discussed in Section 3.
2.6. ROS as signaling molecules

Besides their role as mediators of oxidative modifications of cell constituents,
ROS can also function as signaling molecules, even at very low concentrations.13

Some examples of this type of response are ROS activation of neutral sphingo-
myelinase leading to ceramide formation, and modulation by ROS of several
kinases or transcription factors controlling the cell cycle.14,15 One mechanism by
which ROS transmit signals is by oxidation of thiol residues in cysteines of the
target proteins to sulfenic acids. This transformation serves as a chemical switch
that can either activate or deactivate the protein function.
3. ANTHRACYCLINES AND THEIR ANALOGS

Anthracyclines are a group of antibiotics characterized by the presence of a
planar chromophore containing an anthraquinone fragment, attached to an
amino sugar. Daunomycin or daunorubicin (DNR) and doxorubicin (DOX),
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previously called adriamycin, were isolated from a Streptomyces species and
were the first anthracycline antibiotics introduced in the clinic for cancer treat-
ment. They are widely used for the treatment of human cancers, and, despite its
very similar structure, their antitumor spectra of activity differ widely. Thus,
daunorubicin is effective in acute lymphocytic and myeloid leukemia, while
doxorubicin is an essential component of the chemotherapy of a large number
of solid tumors, including breast cancer, childhood solid tumors, soft tissue
sarcomas, and aggressive lymphomas. Despite their long-standing clinical utili-
zation, their mechanism of action is still unclear and subject to controversy.2,16

We will deal here with the mechanisms related to the generation of radical
species, while some other mechanisms (intercalation into DNA and consequent
inhibition of macromolecular biosynthesis and inhibition of topoisomerase II),
will be studied in Sections 5 and 6 of Chapter 7.
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The main drawback of anthracyclines is their ability to cause chronic cardio-
myopathy, which is related to damages associated to ROS generation and conse-
quent apoptosis induction. These damages are specially important in cardiac
tissue because of the low levels of catalase and the easy inhibition of cardiac
selenium-dependent glutathion peroxidase by the anthracyclines, both being
key enzymes in the detoxification of hydrogen peroxide.17 Apoptosis induction
in cardiac tissue proceeds through activation of NF-kB.2 This is opposite to what is
observed in cancer cells in which NF-kB activation usually inhibits apoptosis
induced by anthracyclines, a difference that is still not well understood.

The production of radical species by quinone-containing antibiotics was first
demonstrated in 1975, and 2 years later DOX and DNR were shown to generate
free radicals through redox cycling.18 Because of their ability to bind to nucleic
acids, these drugs can be considered as site-specific free radical generators.

From a chemical point of view, the generation of radicals from quinones is
based on the captodative effect. While cations are stabilized by electron-releasing
groups and anions by electron-withdrawing groups, radicals are best stabilized by
the simultaneous presence of both types of substituents (captodative effect). In the
case of quinones, the ease of formation of the so-called semiquinone radicals by
one-electron reduction is due to their stabilization through the captodative effect
of the electron-releasing negatively charged oxygen atom and the electron-
withdrawing carbonyl groups (Fig. 4.13).
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The reversibility of semiquinone formation allows these radicals to induce one-
electron reduction of oxygenmolecules to superoxide radical anions, leading to an
overall increase of the electron flow to oxygen derived from the activity of
enzymes such as NADPH dehydrogenase, xanthine dehydrogenase, and the
reductase domain of nitric oxide synthase19 (Fig. 4.14).

A competitive reaction of semiquinone 4.25 can take place, involving loss of
daunosamine. Thus, two molecules of 4.25 can disproportionate to give the start-
ing quinone and hydroquinone 4.26, which is unstable and evolves by elimination
of the sugar moiety to give the anthracycline aglycon (Fig. 4.15).20 Because of their
relatively high lipophilicity with regard to the glycosides, these aglycons tend to
accumulate in the inner mitochondrial membrane. The oxidative deterioration of
mitochondrial functions due to the formation of radicals from these aglycons is
one of the factors responsible for the cardiomyopathy associated with the use of
anthracyclines.20



FIGURE 4.15 Elimination of the sugar moiety from anthracyclines.
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Another important chemical property of the anthracyclines relevant to their
antitumor activity is their chelating ability due to the presence of b-hydroxycar-
bonyl moieties in their structure, especially at the C-11 and C-12 positions.21

Probably because of ionic interactions with the phosphate groups, the
anthracycline-Fe3þ chelate binds to DNA much more tightly than the anthracy-
cline itself and can then generate Fe2þ by reaction with superoxide anion. As
previously mentioned, Fe2þ cations thus generated in situ can form hydroxyl
radicals through their Fenton reaction with hydrogen peroxide (Fig. 4.16). The
high efficiency of DNA fragmentation by these hydroxyl radicals is reflected in
the routine use of the Fenton reaction in DNA footprinting, a technique that
fragments DNA indiscriminately and allows to determine where DNA-protein
interactions take place.22

Anthracyclines also induce a severe dysregulation of iron homeostasis, possi-
bly mediated by the release of iron from intracellular stores. This helps to explain
why the Fenton reaction takes place in spite of the fact that cells normally have
very little or no free iron available,23 and is also very important in explaining the
cumulative cardiotoxicity of the anthracyclines. The main target responsible for
this dysregulation of iron homeostasis by the anthracyclines seems to be aconitase,
a Krebs cycle enzyme that reversibly isomerizes citrate to isocitrate and is char-
acterized by a catalytic [4Fe-4S] cluster. The anthracycline-mediated release of one
of the four Fe atoms from this cluster leads to loss of aconitase activity and
converts the enzyme into an iron regulatory protein called (IRP-1). This protein
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has a high affinity for mRNAs corresponding to transferrin receptor and ferritin,
an iron storage protein, resulting in an increased synthesis of the former and
decreased synthesis of the latter. The overall effect leads to an increase of iron
uptake upon iron sequestration, and therefore to an increase in available
iron (Fig. 4.17A).

Regarding the mechanism of anthracycline-mediated loss of iron from the
aconitase [4Fe-4S] cluster, it has been shown that the secondary alcohols (doxor-
ubicinol, DOXol and daunorubicinol, DNRol, Fig. 4.17B) derived from two-
electron reduction of the C-13 carbonyl in anthracyclines by NADPH-dependent
cytoplasmic reductases are more reactive than superoxide or hydrogen peroxide
toward artificially generated mimics of the cluster.24 Further research using intact
tumor cells has shown, however, that the effects of anthracyclines on IRP-RNA
binding activity are not due to DOXol or free generation of free radicals, but due to
formation of Fe complexes with DOX itself.25

In summary, while the oxidant activity of anthracycline aglycons seems to
be responsible for the acute toxicity of anthracyclines, the alterations in iron
homeostasis have been proposed to be responsible for the life-threatening chronic
toxicity of anthracyclines.26

Since ROS-associated toxicity is iron dependent, the association of anthra-
cyclines with chelating agents, such as dexrazoxane (ICRF-159), prevents
anthracycline-induced cardiotoxicity without seriously compromising antitumor
activity. This compound is a prodrug that can enter the cells easily and is then
hydrolyzed in two stages to the iron chelator ADR-925, an EDTA analog
(Fig. 4.18).27 After its approval by the FDA and other regulating agencies for
patients receiving anthracyclines and its introduction in the clinic,28 it has been
recently proved that, besides their cardioprotecting activity, dexrazoxane and
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other bis(dioxopiperazines) have antitumor activity in themselves due to topo-
isomerase II inhibition29 (see Section 6.3 of Chapter 7).

Anthracyclines have been long known to form unstable drug-DNA cross-links
at 50-GC-30 sequences after redox activation in the presence of iron, leading to
transcription blockade.30 Kinetic studies showed the presence of two bonds with
different half-lives, and a model was proposed involving a more labile covalent
bond to an isolated G base on one strand of DNA and a less labile one involving
cross-linking of both strands by the drug aglycon.31 However, during studies of
the less-labile complex, negative ion electrospray mass spectrometric studies
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showed the presence of an additional carbon atom for each cross-linked drug
molecule, the source of the extra carbon being a molecule of formaldehyde
generated from the tris buffer employed in the experiments. These mass spectral
data were consistent with the X-ray structure of a complex formed from (CG)3,
DNR, and formaldehyde, which in this case was present as an impurity of the
crystallization solvent.32 Further experiments proved that several biomolecules
such as spermine and lipids can yield formaldehyde in the presence of
anthracycline-induced ROS,33 which provided a link between these in vitro experi-
ments and the mode of action of the anthracyclines in vivo. It was shown later that
DNR and DOX react with formaldehyde to yield dimeric oxazolidine structures
called doxoform (DOXF) and daunoform (DAUF), shown in Figure 4.19, that
would liberate by hydrolysis the monomeric structures 4.27 predicted to be the
active metabolites of the anthracyclines. Coadministration of DOX and known
formaldehyde precursors, like pivaloyloxymethyl butyrate or hexamethylenete-
traamine (HMTA), increases the levels of anthracycline-DNA adducts, which can
be considered another proof of the role of formaldehyde in this process.34 Form-
aldehyde adducts, like DAUF and DOXF, are responsible for the formation of a
covalent bond with the 2-amino group of a guanine in the DNA minor groove
through the formation of an intermediate Schiff’s base 4.28, as shown in Fig. 4.19.

DAUF and DOXF can be considered as anthracycline prodrugs, and are more
active than the parent drugs in some cell lines.

Formation of species 4.29 is accompanied by intercalation and formation of
hydrogen bonds with the G-base in the opposite strands (Fig. 4.20). This combi-
nation of intercalation, covalent bond, and hydrogen bonding is known as
virtual cross-linking. This mechanism has prompted the synthesis of anthracy-
cline formaldehyde conjugates as novel drugs potentially less cardiotoxic and
active than the parent compounds against resistant cancer cells.35

Among other cardiovascular effects,36 anthracyclines are thought to be mod-
ulators of angiogenesis, a key process in tumor growth and metastasis, inducing a
breakdown of tumor vasculature. This is partly due to their effects on nitric oxide
(NO) production by inhibition of endothelial NO synthase and inhibition of the
expression of inducible NO synthase.37

Because anthracyclines are among the most widely employed antitumor
drugs, intensive research has been developed in the last two decades trying to
find a ‘‘better anthracycline,’’ lacking cumulative cardiotoxicity and susceptibil-
ity to cell efflux pumps responsible for resistance, such as P-gp (see Chapter 12),
but all studies indicate that this goal is yet to be achieved. More than 300 new
compounds have been discovered through biosynthetic studies and more than
2000 analogs have been obtained from structural modifications of natural com-
pounds or from total synthesis, but only a few of them have been submitted to
clinical studies and even fewer have reached approval.38,39 Among them, epir-
ubicin (EPI)40 and idarubicin (IDA)41 can be mentioned as useful alternatives to
DOX or DNR, respectively. EPI is an epimer of DOX at the daunosamine C(40)-
position that induces pharmacokinetic and metabolic changes related to the
increased 40-O-glucuronidation and increased elimination. In spite of this
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finding, clinical studies have shown that replacing DOX with EPI does not
eliminate the risk of chronic cardiotoxicity. IDA, an analog of DNR obtained
by removal of the methoxy group, has a broader spectrum of activity. This is
probably related to its increased lipophilicity, which facilitates the cellular
uptake and contributes to stabilize the ternary complex that forms the drug
with DNA and topoisomerase II (see Chapter 7). The last effect is important,
since a major mechanism of anthracycline activity depends on the formation of
this complex. However, the cardiac safety of IDA has not been clearly
established.
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Pirarubicin, a 40-tetrahydropyranyl doxorubicin,42 and aclarubicin (aclacino-
mycin A), a trisaccharide anthracycline,43 showed only modest improvements
over DOX and DNR in terms of drug resistance without relevant cardiotoxic
safety. Zorubicin, the daunorubicin benzoylhydrazone,44 and valrubicin,45 have
also been marketed. The latter compound is indicated for in situ intravesical
therapy46 of BCG-refractory carcinomas of the urinary bladder.47
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Among other analogs that have reached clinical trials we can mention nogala-
mycin that was first isolated in 1968 and lately modified to give menogaril
(TUT-7).48 In this compound, the daunosamine is replaced by a methoxy group
and other amino-sugar is attached to the D-ring through a glycosidic linkage and a
C-C- bond. Menogaril is active against several human lymphomas and has been
advanced to Phase II clinical trials in patients with previously treated multiple
myeloma or chronic lymphocytic leukemia.49

Another interesting compound is nemorubicin (MMRA), a DOX analog bear-
ing 2(S)-methoxy-4-morpholinyl, for which faster cell extravascular diffusion and
cell uptake and lower cardiotoxic effects were claimed,50 and which is in Phase III
clinical studies.
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Based on the concept of drug hybridization, several molecules with both
DNA alkylating and intercalation properties, such as PNU-159548, a 4-demethoxy-
30-deamino-30-aziridinyl-40-methylsulfonyl-daunorubicin,51 have been studied.
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Because of its high lipophilicity, itmay cross the blood-brain barrier and it is effective
against intracranial tumors. Another approach for designing more effective anthra-
cyclines was directed to less basic compounds having a more stable glycosidic
bond. One of them is anamycin,52 which after incorporation into liposomes went
into clinical trials. In order to increase the topoisomerase II-mediatedDNAcleavage,
some groups have prepared 8- and 10-fluoroderivatives.53
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We will finally mention that drug carrier technology, either implying specific
recognition or simply preferential drug distribution, has been widely employed
for targeting anthracyclines to tumors in the last 10 years, as will be discussed in
Chapter 11.
4. MITOXANTRONE AND RELATED QUINONES

Mitoxantrone, an anthraquinone derivative bearing polyamine side chains, can be
considered as a partial analog of the anthracyclines including the hydroxyquinone
function. This compound was obtained as an analog of ametantrone, which was
initially prepared as a ballpoint pen ink, but a routine screening by NCI led to
recognition of its antitumor activity. The reasoning that led to its design54 was
based on the observation that a large number of antileukemic agents shared a
common N-O-O triangular pharmacophore, which was also present in the anthra-
cyclines and involved the daunosamine amino group (Fig. 4.21). The introduction
of the two phenolic hydroxy groups in ametantrone allowed to envision two
sets of N-O-O triangles, and had the advantage of eliminating the daunosamine
amino group, which was considered to have some influence in the cardiotoxicity
of the anthracyclines.55

Mitoxantrone is active in breast cancer, acute promyelocitic or myelogenous
leukemias, and androgen-independent prostate cancer. Although early reports
seemed to indicate that its cardiotoxicity was lower than that of the anthracy-
clines,56 this claim has been subsequently challenged.57 Mitoxantrone has been
recently approved for treatment of secondary progressive multiple sclerosis
(MS).58 The rationale for this application stems from the fact that MS is considered
to be an autoimmune disease where a heightened immune action results in the
destruction of the myelin of the central nervous system, causing nerve impulses to
be slowed or halted and leading to the symptoms of MS. Since chemotherapeutic
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agents diminish the numbers of white blood cells, it should slow down or halt this
autoimmune destruction.

The mechanism of action of mitoxantrone has not yet been fully elucidated.
As it will be mentioned in Chapter 7, this drug is a classic intercalating agent that
acts as a topoisomerase II poison. Mitoxantrone can also be oxidatively activated
to bind DNA; although the mechanism and binding properties have not been
resolved, peroxidase-mediated free radical formation suggested that a mitoxan-
trone reactive intermediate may be involved in the observed DNA strand dam-
age.59 More recently, it was found that mitoxantrone can be activated by
formaldehyde and is able, like adriamycin, to form adducts which stabilize
double-stranded DNA, blocking the progression of RNA polymerase during
transcription and producing truncated RNA transcripts.60 This explains why
mitoxantrone is particularly active in myeloid tumors, which are known to have
increased levels of formaldehyde, formed from spermine and other polyamines
by neutrophile-generated ROS.61 Although mitoxantrone can be reductively acti-
vated to a semiquinone free radical, this process has a low efficiency and the
compound undergoes less redox cyclying in vitro than the anthracyclines.62 The
adducts of formaldehyde-activated mitoxantrone occur preferently at CpG and
CpA sequences, and their formation is stimulated by cytosine methylation.63

Thus, the reaction of mitoxantrone with formaldehyde leads to the hydroxy-
methyl derivative 4.30, which forms a covalent bond with a guanine amino
group to give the covalent adduct 4.32, presumably through iminium cation 4.31
as an intermediate. The involvement of a single covalent bond has been proved by
mass spectrometry, and further stabilization of the complex by hydrogen bonding
has been suggested on the basis of molecular modeling studies (Fig. 4.22).64
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Hetero analogs of mitoxantrone, such as pixantrone, act primarily as
topoisomerase II inhibitors and will be discussed in Chapter 7.
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5. ACTINOMYCIN D

Actinomycin D (dactinomycin) is a natural chromopeptide composed of a hetero-
cyclic chromophore and two cyclic pentapeptide lactone rings. The heterocyclic
fragment is a phenoxazine derivative, containing a quinonimine portion, and is
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responsible for the color of the compound and its intercalative ability. Actinomy-
cin D, one of the oldest anticancer drugs, is administered intravenously and used
in the treatment of gestational trophoblastic disease (GTD), Wilms’ tumor, rhab-
domyosarcoma, and Ewing’s sarcoma, among others.
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The ability of actinomycin D to generate superoxide radicals was first reported
in 1978,65 and is probably due to the mechanism summarized in Fig. 4.23. How-
ever, the clinical relevance of this mechanism is very doubtful, since the concen-
tration required to generate free radicals is approximately 10�4 M, whereas
actinomycin concentrations as low as 10�8 M are sufficient to inhibit RNA tran-
scription.66 For further discussion of the antitumor activity of the actinomycins
associated to DNA intercalation, see Chapter 7.
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FIGURE 4.23 Generation of superoxide radicals from the actinomycin D chromophore.
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6. CHARTREUSIN, ELSAMICIN A, AND RELATED COMPOUNDS

Chartreusin and elsamicin A are structurally related antibiotics with antitumor
activity.
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These compounds cause single-strand scission of DNA in the presence of
reducing agents via the formation of free radicals. ESR spin-trapping experiments
showed that the elsamicin A-iron complex produces hydroxyl radicals in the
presence of dithiothreitol as reducing agent.67 The most probable mechanism
involves reduction of either carbonyl group followed by reoxidation by oxygen
(Fig. 4.24).

Because elsamicin A is an extremely potent inhibitor of topoisomerase II, these
compounds will be further discussed in Chapter 7.
7. BLEOMYCINS

The bleomycins (BLMs) are a family of natural glycopeptidic antibiotics produced
by Streptomyces verticillus with clinical efficacy against several types of tumors,
specially squamous cell carcinoma, testicular carcinoma, and malignant lympho-
mas.68 The anticancer drug blenoxane is a mixture of compounds, consisting
primarily of the bleomycins A2 (ca. 60%) and B2 (ca. 30%). Bleomycins differ
from other chemotherapeutic agents in that they produce very little bone
marrow depression, and are routinely used in cancer chemotherapy, mostly in
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combination with radiotherapy or other chemotherapeutic agents. Their most
serious side effect is a dose-dependent induction of interstitial pneumonitis in
about 45% of patients, with 3% developing fatal lung fibrosis;69 this lung toxicity is
probably unrelated to their toxicity to tumor cells. Bleomycin A2 is the most
thoroughly studied of the DNA-cleaving reagents.

The structure of the bleomycins is complex and is shown below. A large
number of semisynthetic bleomycins, most notably BAPP and liblomycin, have
been prepared by addition of alkylamines to the fermentation media.70
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Tallysomycin S10b (TLM S10b) is another member of the bleomycin family that
has reached clinical trials in patients with advanced head and neck tumors,
showing a response similar to that of bleomycin A2.

71 Its high toxicity prompted
the development of immunoconjugates for intracellular targeting (see Section 4.5
of Chapter 11).
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The bleomycins require a reduced transition metal, Fe (II) or perhaps Cu (I),
oxygen, and a one-electron reduction to generate an ‘‘activated’’ bleomycin. The
primary mechanism of action of the bleomycins is the generation of single- and
double-strand DNA breaks and is initiated by the abstraction of a desoxyribose 40-
hydrogen. The species directly responsible for the removal of this hydrogen atom is
an ‘‘activated’’ bleomycin complex 4.35, arising from one-electron reduction of the
bleomycin-Fe (II)-oxygen ternary complex. The electron may come from external
reductors such as ascorbic acid or thiols, or from another molecule of 4.34, which
would then be transformed into the inactive Fe (III) species 4.36. Reaction of 4.35
with DNA involves abstraction of the ribose 40-hydrogen, and proceeds as previ-
ously discussed (Figs. 4.8–4.10). Finally, 4.33 can be regenerated from 4.36 by an
NADH-dependent enzyme system in the nucleus or by reduction of external thiols,
creating a cyclic process. This redox cycling (Fig. 4.25) is important for bleomycin
activity because very small amounts of the drug enter the tumor cells.

A mechanism explaining the chemical details of the activation of the bleomy-
cin ternary complex is shown in Fig. 4.26. Addition of one electron and one proton
to the bleomycin-Fe (II)-oxygen ternary complex 4.34 gives an Fe (III) hydroper-
oxy complex 4.37, which has been detected experimentally by a variety of techni-
ques.72 One possible mechanism explaining the formation of the activated
bleomycin species 4.35, which is analogous to the one postulated for the case of
heme-dependent enzymes like cytochrome P450, involves the heterolytic cleavage
of the O-O bond, initiated by a protonation step. This reaction gives a bleomycin-
Fe (V)¼O species 4.35 or its alternative Fe (IV) resonating form, which can abstract
a hydrogen atom from DNA, initiating the series of events that culminate in
strand cleavage.

Alternatively, the O-O bond in 4.37 could break homolytically, giving the
bleomycin-Fe (IV)¼O species 4.39 and a hydroxyl radical, either of which can
abstract the DNA 40-hydrogen (Fig. 4.27). A concerted reaction of 4.37 with DNA
with concomitant O-O bond homolysis to give 4.39 is also possible.73
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The bleomycin molecule is finely tuned for its function, and its various struc-
tural portions act synergistically to affect efficient DNA cleavage, with the roles
summarized in Fig. 4.28.74 The bleomycin-iron complex is formed at the metal-
binding domain, comprising the b-aminoalanine-pyrimidine-b-hydroxyhistidine
moiety. This portion of themolecule contains five nitrogen atoms at a distance suit-
able to form a stable chelate with Fe (II), leaving a sixth coordination valence
available for a molecule of oxygen. Regarding the mode of interaction of the
bleomycins with DNA, it involves two types of interactions, one of them being
electrostatic binding of the cationic or protonated amino side chain with DNA
phosphate groups, as proved by the observation that nonbasic side chains,
although more easily transported into the cells, are much less active. The role of
the bisthiazole system in DNA interaction has also been thoroughly studied, and
two binding modes seem possible, namely intercalation and binding into the
minor groove. Since DNA strand scission starts by abstraction of the deoxyribose
40-hydrogen, which lies in the minor groove, it seems likely that bleomycin binds
there, but intercalation has also been proved by the lengthening of linear DNA or
the uncoiling of circular DNA.75 Bleomycin shows selectivity toward 50-GC-30 and
50-GT-30 sequences because of hydrogen bonding recognition, either of the bithia-
zole unit or of the aminopyrimidine function.76,77 Finally, the sugar moiety may be
responsible for the uptake of the drug into cells but it does not seem to be involved
in DNA cleavage, although it has been proposed that it has a role in the capability
of the bleomycins to accommodate oxygen.78 The linker region is also essential for
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activity because it is responsible for the preorganization and stabilization of a
compact conformation implicated in DNA cleavage.74

Bleomycins are large molecules (ca. 1.5 kDa) and therefore they are probably
unable to diffuse through cell membranes. After administration, it has been pro-
posed that they bind rapidly and irreversibly to Cu (II) in plasma. It is believed that
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both the free bleomycin and the bleomycin-Cu (II) complex are transported into the
cells. The Cu (II) complex is intracellularly reduced to bleomycin-Cu (I), which can
react with oxygen to initiate a series of reactions leading to DNA strand scission.
On the contrary, this complex is less stable than the one from Cu (II) and it can
dissociate, allowing the formation of the bleomycin-Fe (II) complex and its trans-
formation into the activated bleomycin species (Fig. 4.29).68 Bleomycin transport is
probably critical to the success of chemotherapy, and the use of internalizing
antibodies for this purpose is currently being studied79 (see Chapter 11).
8. ENEDIYNE ANTIBIOTICS

This family of antitumor antibiotics contains as a common structural feature a
macrocyclic ring with a conjugated system containing at least one double and two
triple bonds. Some members of the group are neocarzinostatin (zinostatin), the
oldest of them, isolated from various microorganisms, the esperamicins/calichea-
micins, from a Micromonospora echinospora spp. Calichensis, and dynemicin A,
from Micromonospora chersina, which combines the structural features of the
anthracyclines and the enediynes. In their natural environments, these com-
pounds are stabilized by embedding in a protein, which protects the producing
microorganism from their cytotoxic action.
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Generally speaking, the enediynes are too toxic for clinical use, and only
neocarzinostatin and calicheamicin have found limited application in some
countries. For instance, a chemical conjugate of a synthetic copolymer of styrene
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maleic acid (SMA) and neocarzinostatin (NCS), known as SMANCS, has been
proposed for the treatment of hepatocellular carcinoma.80 More recently, a conju-
gate of a calicheamicin derivative with an antibody for the CD33 antigen, known
as gemtuzumab ozogamicin, has been approved for the treatment of acute mye-
loid leukemia, which is the most common type of leukemia in adults81 (see also
Section 5.2 of Chapter 10 and Section 4.5 of Chapter 11).

These compounds bind to DNA by interaction of parts of the molecule with
the minor groove82 and activation to DNA-cleaving biradical species, either by
reaction with thiols or by reduction.

The chemical basis for enediyne activation is the Bergmann reaction,83 through
which enediyne systems 4.40 undergo cycloaromatization to benzene derivatives,
with the intermediacy of the highly reactive 1,4-benzenoid biradical species 4.41
(Fig. 4.30A). In the related Myers reaction, one of the triple bonds can be replaced
by an allene unit (4.42), leading to biradical 4.43 (Fig. 4.30B). These processes do
not take place in the natural products because their spatial arrangement prevents
coplanarity of the three bonds involved in Bergmann-type chemistry, and there-
fore an activation reaction or cascade of reactions that alters the compound
geometry is necessary.

In the case of neocarzinostatin, conjugate nucleophilic addition of a thiol
results in epoxide opening and formation of a highly strained cumulene 4.45,
which has the correct geometry to undergo a Myers cycloaromatization to biradi-
cal 4.46 (Fig. 4.31A).84 In the absence of thiols, a base-catalyzed intramolecular
addition reaction takes place, leading to cumulene 4.47 and subsequently to
biradical 4.48 (Fig. 4.31B).85

The calicheamicins and esperamicins are also activated by attack of a thiol, in
this case to the trisulfide portion, giving the thiolate 4.49, which undergoes a
Michael addition to the bridgehead a,b-unsaturated ketone to give the dihy-
drothiophene derivative 4.50. The accompanying change in hybridization of the
bridgehead atom triggers a Bergmann cyclization to biradical 4.51 (Fig. 4.32).
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In the case of dynemicin A, its rigid structure keeps the alkynes separate,
preventing the Bergmann cyclization. The anthraquinone part intercalates into
the minor groove, and subsequent activation may involve nucleophilic attack by a
thiol or a reductive mechanism mediated by NADPH. In the first case, epoxide
opening gives the highly electrophilic quinonimine methide 4.52. Addition of a
thiol gives 4.53, the precursor of biradical 4.54 through a Bergmann reaction
(Fig. 4.33).

In the NAD-mediated mechanism, formation of hydroquinone 4.55 is followed
by epoxide ring opening with formation of an extended quinone methide 4.56.
This intermediate can behave both as a nucleophile (Fig. 4.34A) and as an electro-
phile (Fig. 4.34B).86 In the first case, protonation leads to 4.57 and in the second
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case trapping by water gives bishydroquinone 4.59, both compounds being suit-
able biradical precursors by Bergmann chemistry.

DNA strand scission by the enediyne biradicals involves hydrogen abstraction
from DNA molecules. Both H-40 and H-50 of DNA desoxyribose residues in the
minor groove are accessible to the biradicals. In the case of H-40 abstraction, a
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mechanism similar to that discussed in Figs. 4.8–4.10 operates, but about 80% of
DNA lesions correspond to the abstraction of H-50 from thymidine or deoxyade-
nosine residues. As shown in Fig. 4.35, radical 4.61 formed in this reaction con-
sumes a molecule of oxygen, one electron, and one proton to give hydroperoxide
4.62. Fragmentation of 4.62 by nucleophilic attack from a thiol leads to the
30-phosphate portion 4.63 and the nucleoside-50-aldehyde 4.64.
9. TIRAPAZAMINE

Tirapazamine (TPZ) is the lead compound in the benzotriazine-di-N-oxide class
of hypoxic cytotoxins that selectively act in hypoxic tumor cells through bior-
eductive mechanisms (see also Section 2.2.1 of Chapter 11).87 The mechanism for
the selective toxicity toward hypoxic cells is the result of a one-electron reduction
of the parent molecule to a free radical species that interacts with DNA to
produce single- and double-strand breaks. It has also shown activity when
combined with some chemotherapy agents, particularly cisplatin and carbopla-
tin, or radiotherapy, whose efficacy it enhances under hypoxic conditions.88

Several clinical studies have been undertaken to study the effectiveness of
these combinations in non-small cell lung cancer and other refractory solid
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tumors.89,90 It has also been shown that electric pulses combined with TPZ
and radiotherapy (electroradiochemotherapy) are more efficient than TPZ and
radiation (radiochemotherapy).91

One-electron reduction of TPZ by NADPH-dependent cytochrome P450
reductase (P450R) leads to the formation of the TPZ radical, which is rapidly
destroyed by oxygen in normal cells, leading to superoxide radical, which is
thought to be responsible for the muscle cramps seen in patients given the drug.
Under hypoxic conditions, the TPZ radical can undergo homolytic cleavage to the
reduced species SR 4317 and a hydroxyl radical. Both radicals can react with
DNA, but damage caused by TPZ can be detected both at the DNA backbone
and the heterocyclic bases and can therefore be considered as typical of hydroxyl
radicals.92 Another DNA-damaging species generated in the metabolism of TPZ is
the benzotriazinyl (BTZ) radical,93 formed by loss of water (Fig. 4.36). Double-
strand breaks are caused, at least partially, by poisoning of topoisomerase II,
either by direct damage from the radical species derived from TPZ or from
radicals generated on the DNA molecules, which are the topoisomerase II
substrates.94

Another reactive species that is generated by loss of a molecule of water from
the TPZ radical is the BTZ radical, which is also responsible for DNA and
topoisomerase damage (Fig. 4.37).

Besides its ability to generate DNA-damaging radicals, TPZ itself can also react
with DNA radicals arising from these reactions, playing a role similar to the
oxygen molecule. This dual role helps to explain the very high efficiency of TPZ
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in hypoxic cells. Thus, the reaction of DNA radical 4.65 with a molecule of
inactivated TPZ gives intermediates 4.66 and 4.67, leading to the hydroxylation
of the DNA molecule after further reduction and protonation. Evolution of 4.68
leads finally to strand breaks, as shown in Fig. 4.38.
10. PENCLOMEDINE

Penclomedine, a 2-trichloromethylpyridine derivative, entered clinical trials for
solid malignancies95 after initial observations of its strong antitumor properties
in animal brain tumor models. It has been shown to be a DNA monoalkylating
agent, and it has been proposed that its alkylating properties stem from the
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homolytic cleavage of one of the C-Cl bonds by reductive microsomal
metabolism (Fig. 4.39).
11. RADIOSENSITIZERS

Radiotherapy is one of the major approaches to cancer therapy, and can be defined
as the medical use of ionizing radiation as part of cancer treatment. It is based on
the generation of hydroxyl radicals from homolytic fragmentation of water mole-
cules on local application of ionizing radiation. This fragmentation can be
preceded by ionization of water molecules (Fig. 4.40A) or by their excitation
(Fig. 4.40B).

As previously mentioned, the main mechanism of cytotoxicity of hydroxyl
radicals is based on the generation of radicals from biomolecules (Fig. 4.41A).
Cellular defenses against this process are varied, but they are normally based on
the reaction of these radicals with an antioxidant molecule such as glutathione,
which reacts with the biomolecule radicals, repairing them and leading to a
glutathione radical. The latter species is harmless because of its tendency to
dimerize to a disulfide (Fig. 4.41B).

Damage by ionizing radiation is enhanced by the presence of oxygen by a
factor of 2- to 3.5-fold and therefore oxygen can be considered to act as a radio-
sensitizer. This so-called ‘‘oxygen effect’’ is due to the property of oxygen of
reacting with biomolecule radicals to generate other radicals that cannot be
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repaired because the action of glutathione on them does not lead back to the
biomolecule, but to an oxidized derivative (Fig. 4.42).

For this reason, tumor hypoxia is associated with resistance to radiotherapy
and also to some types of chemotherapy. In these hypoxic tumors, some types of
chemical agents can play a similar role to oxygen, and therefore they can be used
to increase the sensitivity toward radiotherapy. These compounds are known as
radiosensitizers96 and are being applied to a growing number of human cancers
like those of cervix, head and neck, or lung cancer.97 Another interesting applica-
tion of some radiosensitizers is their use as hypoxia markers to accurately
measure oxygen gradients at the cellular level.98

The first compounds that were studied in clinical trials as hypoxic radiosensi-
tizers were nitroimidazoles. The mechanism of hypoxic-cell sensitizing by the
nitro derivatives is based on their ability to react with biomolecule radicals giving
a radical adduct that cannot be repaired, thereby acting as oxygen surrogates
(Fig. 4.43A). Alternatively, addition of the biomolecule radical to the nitro group
gives nitro radical anions (Fig. 4.43B).

Nitro radical anions are cytotoxic in themselves in hypoxic environments,
although normally only at doses too high to be achieved in clinical situations.
However, this cytotoxicity is reinforced by the generation of other radical
species, some of which are shown in Fig. 4.44. It is interesting to mention in
this context that the antibacterial and antiprotozoal activity of many nitrohetero-
cycles is explained by one-electron reduction of the nitro group to nitro radical
anions.

The first nitro compounds to be clinically studied as radiosensitizers, in the
early 1970s, were metronidazole and specially misonidazole, which were studied
in a large number of clinical assays. Despite initial promise, these clinical studies
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were disappointing and the combination of misonidazole with radiotherapy
failed to show significant benefits, with some studies reported a significant neu-
rotoxicity. In 1980s, other 2-nitroimidazoles (etanidazole and pimonidazole) were
studied as radiosensitizers. Because of their lower lipophilicity as compared with
misonidazole, both compounds showed lower penetration in the nervous system
and a more rapid excretion, which result in lower neurotoxicity, but their clinical
data did not demonstrate any benefit for radiotherapy. Subsequently, some of the
newer 5-nitroimidazoles, like nimorazole and ornidazole, entered the clinical
trials, with similarly discouraging results.

In the case of RSU-1069, a high efficiency has been observed with certain
tumors such as the KHT sarcoma, but this effect seems to be due to cytotoxicity
of the compound toward hypoxic cells rather than radiosensitization. Other
bioreductive antitumor agents (hypoxic cytotoxins), particularly the previously
mentioned porfiromycin and TPZ, have shown a great efficacy in combination
with radiotherapy.99 For a more detailed discussion of the cytotoxicity of these
hypoxia-selective nitro compounds, see Section 2.2.3 of Chapter 11.
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12. PHOTODYNAMIC THERAPY OF CANCER

Photodynamic therapy (PDT) of cancer is based on the use of compounds that are
able to absorb harmless visible light energy and transfer it efficiently to other
molecules in their vicinity or alternatively use it for photochemical reactions with
biomolecules.100 These compounds are normally known as photosensitizers (PS).
After irradiation with light of the suitable wavelength, the PS molecules are
excited from the ground state (1PS0) to a singlet excited state (1PS*) that can reverse
to the ground state by nonradiative internal crossing (IC) or by fluorescent
emission (F), the latter of which can be used for imaging and detection (photo-
diagnosis). Alternatively, it may undergo an electronic rearrangement to the
excited triplet state (3PS*) by intersystem crossing (ISC, Fig. 4.45). Most reactions
of relevance to PDT take place in the triplet state, which must be sufficiently long-
lived to give intermolecular reactions before its deactivation by emission of
phosphorescence (P). In the Type 1 reactions, the PS triplet state reacts with an
organic molecule (e.g., a component of the cell membrane) and transfers an
electron to form a radical. These radicals may react further with oxygen, giving
superoxide and other ROS. In Type 2 reactions, the PS triplet state transfers its
energy directly to oxygen, leading to the formation of excited state singlet oxygen,
a very potent oxidizer that is believed to be the main damaging agent acting by
nonspecific oxidation of intracellular targets. The efficiency of these processes can
be improved by increasing the stability of the triplet state, which can be achieved
by spin-orbit coupling. In more familiar chemical terms, this involves the inclu-
sion of heavy atoms in the structure of the photosensitizer, for example, by
replacement of oxygen by sulfur, sulfur by selenium, or hydrogen by bromine
or iodine.
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Among the many compounds studied,101 only two classes have been approved
for clinical use, namely porphyrins and psoralens, although most work on PDT
has been carried out with porphyrin-based drugs. One major problem of PDT is
the lack of selective accumulation of photoactivable molecules within tumor
tissues, and for this reason the development of targeted photosensitizers is an
active research area.102

Initial preparations of hematoporphyrin were complex mixtures of porphyrin
oligomers, which were later replaced by photophrin (porfimer sodium oligomer),
which has a more regular composition.103 The semisynthetic derivative talapor-
phin (mono-L-aspartylchlorin e6) has been approved for early stage lung cancer
and, compared with other photosensitizers, it has the advantage of its high
aqueous solubility and of being associated with minimum cutaneous photosensi-
tivity. It has a long activation wavelength of 664 nm (in the red part of the visible
spectrum), allowing deeper tissue penetration (Fig. 4.46).104

An alternative treatment that has also been used in the clinic involves the use
of 5-aminolevulinic acid (ALA), a biosynthetic precursor of the natural photosen-
sitizer protoporphirin IX (Fig. 4.47). This compound is normally employed as ester
prodrugs, which have an improved absorption when administered as creams.105

Protoporphyrine thus generated is selectively accumulated in some tumors
because of their accelerated metabolism, which includes a faster processing
of ALA.

After administration of the photodynamic agent, selective irradiation of the
target tissue is achieved by use of a fiber optic diffuser inserted through an
endoscope, which leads to local activation. Because of the low stability of the
toxic species involved, diffusion to surrounding healthy tissues is not significant
and therefore the method is minimally invasive and is well tolerated, although
there are obvious limitations in light delivery to the tumor.

Porphyrin-based PDT has been in clinical use for about 20 years, initially for
skin cancers. Subsequently it has established itself as a therapeutic strategy for
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other types of cancer, such as cervical cancer, esophageal, early stage central type
lung cancer,106 and head and neck cancers,107 among other applications.108

Psoralens have been traditionally employed for skin diseases, including
psoriasis, but the only member of the group approved for cancer treatment is
8-methoxypsoralen (8-MOP, methoxsalen, Uvadex), which is used in the treat-
ment of cutaneous T cell lymphoma. This compound is administered orally and
then some blood is withdrawn, the aberrant white cells are separated and irra-
diated and then recombined with the other blood constituents and reinjected.109

In this process, after weakly intercalating into DNA, irradiation of 8-MOP pro-
motes the formation of [2þ 2] cycloadducts between its 3–4 and 5–6 double bonds
and the 5–6 double bonds of adjacent thymidine bases of DNA (Fig. 4.48). Both
possible monoadducts and bisadducts 4.71 have been isolated, the formation of
the latter leading to DNA cross-links.110
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1. INTRODUCTION

Anticancer drugs that target DNA have been used in the clinic for more than
60 years.1 Despite the recent major advances in cancer research, the mechanism by
which most clinically relevant anticancer drugs kill cells consists of interference
with replication, which can be achieved most simply by DNA alkylation. Alkylat-
ing agents can be defined as compounds capable of covalently binding an alkyl
group to a biomolecule under physiological conditions (aqueous solution, 37 �C,
pH 7.4). DNA alkylating agents interact with resting and proliferating cells in any
phase of the cell cycle, but they are more cytotoxic during the late G1 and S phases
vier B. V.
reserved.
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140 Medicinal Chemistry of Anticancer Drugs
because not enough time is available to repair the damage before DNA synthesis
takes place.

In principle, covalent bonds can arise from attack of either nucleophilic or
electrophilic species to DNA, and indeed some nucleophiles (e.g., hydrazine,
hydroxylamine, bisulfite) are known to attack DNA bases under physiological
conditions. On the contrary, with the exception of the nitrogen atoms involved in
the nucleoside bond (N9 and N1 in purines or pyrimidines), all nitrogen and
oxygen atoms of purine and pyrimidine bases are nucleophiles and, consequently,
therapeutically useful drugs always behave as carbon electrophiles.2 Attraction
between nucleophiles and electrophiles is governed by two related but indepen-
dent interactions: electrostatic attraction between positive and negative charges
(electrostatic control) and orbital overlap between the highest occupied molecular
orbital (HOMO) of the nucleophile and the lowest unoccupied molecular orbital
(LUMO) of the electrophile (orbital control). These two types of reactivities have
been termed as ‘‘hard’’ and ‘‘soft,’’ respectively. Thus, the highly electronegative
oxygen atoms tend to react under electrostatic control and are considered as
‘‘hard’’ nucleophiles, and accordingly they react with ‘‘hard’’ electrophiles, that
is, those with a more pronounced cationic character. Because nitrogen atoms of
DNA bases are softer nucleophiles than oxygen atoms and that many therapeuti-
cally useful alkylating agents are relatively ‘‘soft’’ electrophiles, they react mainly
at nitrogen sites, in the following order: N7 of guanine > N1 of adenine > N3 of
cytosine>N3 of thymine. Diazonium salts, generated from nitrosoureas and other
antitumor agents, are examples of therapeutically relevant ‘‘hard’’ electrophiles,
which tend to preferentially alkylate oxygen atoms at phosphate residues and
carbonyl oxygen atoms in DNA bases, specially O-6 of guanine. DNA alkylation is
governed to a great extent by steric effects, and nucleophilic sites placed inside the
double helix are less exposed to alkylation, while those in the major and minor
groove are more easily attacked.3

Structure and dynamics of DNA are greatly affected by base alkylation, which
leads to several types of effects. In the first place, alkylation prevents DNA
replication and RNA transcription from the affected DNA. It also leads to the
fragmentation of DNA by hydrolytic reactions and also by the action of repair
enzymes when attempting to remove the alkylated bases. Alkylation also induces
the mispairing of the nucleotides by alteration of the normal hydrogen bonding
between bases. Finally, compounds capable of bisalkylation can form bridges
within a single DNA strand (intrastrand cross-linkage). It can also lead to cross-
linking between DNA and associated proteins or between two complementary
DNA strands (interstrand cross-linkage), preventing their separation during DNA
replication or transcription (Fig. 5.1). It has been proved that bifunctional alkylat-
ing compounds are considerably more cytotoxic than their monofunctional coun-
terparts, and also that there is a direct correlation between the degree of
interstrand cross-linking and cytotoxicity.

The main types of DNA alkylating drugs that will be covered in this chapter
have been classified as follows:

� Nitrogen mustards
� Aziridines (ethyleneimines)
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FIGURE 5.1 Different modes of DNA cross-linking.
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� Epoxides
� Methanesulfonates
� Nitrosoureas
� Triazenes
� Methylhydrazines
� 1,3,5-Triazines
� Platinum complexes
� Miscellaneous alkylating and acylating antitumor agents
2. NITROGEN MUSTARDS

2.1. Introduction

Sulfur mustard (mustard gas, yperite) was used in World War I for chemical
warfare because it is an extremely irritant vesicant agent. After the war, it was
realized that it also caused systemic effects such as leukopenia, aplasia of the bone
marrow, dissolution of lymphoid tissue, and ulceration of the gastrointestinal
tract. This suggested a possible role for this compound in cancer treatment, but
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after an exploratory study it was considered too toxic for systemic use.4 A nitrogen
analog of sulfur mustard known as mechlorethamine (mustine), the first nitrogen
mustard, was also initially conceived as a chemical weapon, but it was applied to a
lymphosarcoma patient in 1943 following the observation in autopsies that expo-
sure to mechlorethamine led to profound lymphoid and myeloid suppression
after an air attack on a ship carrying a stock of this substance. This study was
classified at the time and was not published until 1946, starting the modern era of
cancer chemotherapy.5 Even at this early stage, it was soon apparent that the
therapeutic effect was limited by marrow toxicity and the development of resis-
tance, which are still a source of problems in cancer chemotherapy nowadays.
These problems notwithstanding, mechlorethamine is still used for the
chemotherapy of Hodgkin’s lymphoma as part of some antitumor regimes.
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Cl

Mechlorethamine

S

Cl

Cl
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2.2. DNA alkylation by nitrogen mustards and cytotoxicity mechanisms

Because of the relative unreactivity of alkyl chlorides as electrophiles, direct attack
of DNA nucleophilic centers to nitrogen mustards under physiological conditions
is too slow to be of therapeutic relevance. The reason why nitrogen mustards have
a high reactivity as alkylating agents under mild conditions is the anchimeric
assistance from the nitrogen atom, that is, the formation through an intramolecu-
lar nucleophilic substitution of the aziridinium cation 5.1, which is highly reactive
because of the positive charge at the leaving group and the high strain of the three-
membered ring, which is relieved in the alkylation process. Since the most nucle-
ophilic atom in DNA is the N-7 nitrogen of guanine, the most common species
arising from alkylation is 5.2 (Fig. 5.2).

As mentioned in Section 1 , one consequence of alkylation is the alteration of
the normal pairing of DNA bases between adenine-thymine and guanine-cytosine
(Watson–Crick base pairs). For instance, the three hydrogen bonds normally
linking guanine and cytosine require the existence of a carbonyl group at the
purine C-6 position. Because alkylation at N-7 creates a positive charge on this
center, which is adjacent to the partial positive charge at C-6 due to the electron
deficiency of the carbonyl group, the tautomeric equilibrium in guanine is dis-
placed to the more stable 6-hydroxy form.6 This change in the normal tautomeric
form converts hydrogen bond acceptor groups into donors, and vice versa.
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As a consequence of tautomerism, hydrogen bonding with cytosine is weak-
ened because only two bonds can be established at best. On the contrary, pairing
of the 6-hydroxy species with thymine leads to a more stable complex (three
hydrogen bonds), and hence the base pairing is altered to guanine-thymine,
leading to mutations.
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Another consequence of guanine alkylation is an increase in the electrophilicity
of positions adjacent or conjugated to the positive charge at N-7, which leads to
several hydrolytic reactions that alter the DNA structure. Thus, cleavage of the
heteroside bond in structure 5.2, although slow7, induces DNA depurination to
give 5.3. This structure is in equilibrium with the open form 5.4, which has a good
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leaving group (phosphate oxygen) at the b position with respect to the carbonyl
group. This arrangement leads to an easy elimination process whereby DNA is
fragmented to 5.5 and 5.6 (Fig. 5.3).

Another position of the purine ring with increased electrophilicity is C-8,
which is adjacent to the positive charge induced on alkylation. Water addition
to C-8 leads to intermediate 5.7, which then evolves to 5.8. This compound has an
imine structure that allows hydrolysis and gives 5.4with subsequent DNA strand
scission (Fig. 5.4).

Because nitrogen mustards are bifunctional alkylating agents, one of their
cytotoxicity mechanisms is related to the ability of DNA-monoalkylated species
5.9 to give covalent DNA interstrand and intrastrand cross-links (5.10) or DNA–
protein complexes (5.11) from the monoalkylated species 5.9, leading to disrup-
tion of replication or transcription (Figs. 5.1 and 5.5).
2.3. Structure–activity relationships in nitrogen mustards

Although mechlorethamine was an improvement over sulfur mustard, it was still
highly vesicant and chemically labile because of its very rapid reaction with
biological material and water, respectively. Replacement of its methyl group by
an aromatic ring lowers its reactivity because the electron-withdrawing effect of
this type of substituents hampers anchimeric assistance to alkylation by the
nitrogen atom. The increased stability gives enough time for absorption and
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distribution before alkylation takes place, and therefore allows oral administra-
tion. The simplest aromatic nitrogen mustard is compound 5.12, which has the
disadvantage of not being water soluble. Addition of a carboxyl group led to the
soluble analog 5.13, which was inactive. However, simple separation of the carbox-
ylic group from the aromatic ring by a spacer yielded active compounds such as
chlorambucil, which contains a butyric acid side chain. This compound is used to
treat chronic lymphocytic leukemia and lymphomas. Bendamustin is a related
nitrogen mustard where the benzene ring has been replaced by a benzimidazole.
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The butyric acid moiety modulates not only the aqueous solubility and
reactivity as alkylating agents of the nitrogen mustards, but also their metabolism.
Thus, a significant fraction of chlorambucil is metabolically degraded to an active
phenylacetic acid mustard via b-hydroxylation following the biochemical path-
way employed for fatty acid degradation. In the case of bendamustin, the active
hydroxy metabolite is more stable and is apparently not transformed into the
acetic acid analog.8
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2.4. Site-directed nitrogen mustards

Because of their high toxicity, considerable effort has been devoted to the
development of site-directed mustards. Initial strategies were based on the incor-
poration of moieties that were expected to be accumulated preferentially in tumor
cells. Thus, melphalan, which contains an L-phenylalanine unit, was postulated to
concentrate in melanomas, since melanin is a product of phenylalanine metabo-
lism. Although the original rationale was not correct, melphalan is used in certain
types of bone marrow tumors, such as multiple myeloma, and ovarian or breast
cancers. The main role of the side chain is to facilitate drug uptake by employing
two amino acid transport system to enter tumor cells, that is, the sodium-
independent L-amino acid system and the sodium-dependent ASC system for
alanine, serine and cysteine. Other compounds designed on similar principles
are uracyl mustard and estramustine, which consists of a b-estradiol unit linked
to a nitrogen mustard portion via a carbamate bridge.
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In contrast to chlorambucil, the bioavailability of orally administered melphalan
is very variable,which can be attributed to its very rapid chemical degradation to the
mono- anddihydroxyderivatives 5.14 and 5.15.9In vitro studies have shown that this
hydrolysis is pH dependent and takes place preferentially under neutral or basic
conditions,10 suggesting that the electron-withdrawing effect of the protonated
amino group hampers aziridinium ion generation and its subsequent hydrolysis
(Fig. 5.6).

The hydrolytic stability of melphalan has been improved by the preparation of
analog 5.16, containing a naphthoate portion that can be found in the antitumor
enediyne antibiotic neocarzinostatin. Design of 5.16 was based on the knowledge
of the role of this structural fragment in the complexation of neocarzinostatin to a
protein called apo-neocarzinostatin, which greatly increases its stability.11
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FIGURE 5.6 Chemical degradation of melphalan.
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Estramustine was designed as a prodrug, since the electron density of its
nitrogen atom is not sufficient to trigger aziridinium formation because of the
electron-withdrawing effect of the carbonyl group. Estramustine was thus expected
to target estrogenic hormone receptors before release of the active nitrogenmustard
group following cleavage of the carbamate ester link. However, this function was
stable to enzymatic cleavage, and therefore estramustine did not possess alkylating
activity.12 On the other hand, estramustine is also active in tissues and cell lines
which lack estrogen receptors, and therefore its antitumor activity is not hormone
related. On exposure to estramustine, cells were arrested in the metaphase and the
mitotic spindle was absent, which suggested that estramustine acts by interaction
withmicrotubules to promotemicrotubule disassembly (see Section 4 of Chapter 8).
It has been subsequently proved that estramustine acts via a direct interaction with
microtubule-associated proteins and with tubulin.13 Estramustine has moderate
activity against prostate cancers because of the existence in the prostate of the
so-called estramustine binding protein (EMBP), which facilitates its uptake.14

Another strategy for the development of site-directed nitrogen mustards can
be selective bioactivation of prodrug forms if biochemical differences can be
found between a tumor and normal tissue. Thus, a report stating that some tumors
contain high levels of phosphoramidases led to the design of prodrug nitrogen
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mustards, which were expected to be activated by phosphoramide enzymatic
hydrolysis. This assumption led to the preparation of cyclophosphamide, first
reported in 1958, which has become the main antitumor drug of the alkylating
class, being used to treat Hodgkin’s disease, lymphomas, leukemias, and often in
combination with other drugs to treat breast cancer, leukemia, and ovarian cancer.
Other uses include the treatment of Wegener’s granulomatosis, severe rheuma-
toid arthritis, and lupus erythematosus; the drug also has immunosuppressant
action in smaller doses. Ifosfamide, a related compound, is used in testicular
cancer. In both compounds, the electron-withdrawing effect of the P¼O bond
prevents their activation to aziridinium cations.
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The initial working assumption soon proved wrong, since several studies
showed that the drug is not activated by hydrolysis, but by hepatic P450 oxidation
to 4-hydroxycyclophosphamide, which is in equilibrium with its acyclic form
aldophosphamide. Hepatic alcohol dehydrogenase transforms these compounds
into the inactive metabolites 4-ketocyclophosphamide and carboxyphosphamide,
respectively, which explains the low hepatic toxicity of this drug. Some of the
hydroxycyclophosphamide is carried throughout the body by the bloodstream
and is further activated by a spontaneous elimination reaction that yields acrolein
and phosphoramide mustard, the main cytotoxic species. The negative charge on
the phosphoramidate oxygen atom balances the electron-withdrawing effect of
the P¼O group, and allows its activation to an aziridinium cation. Phosphoramide
mustard can be hydrolyzed to nornitrogen mustard, which is also active (Fig. 5.7).

In spite of their structural similarity, ifosfamide metabolism is different from
that of cyclophosphamide. Thus, although the active metabolite, isofosforamide
mustard, is generated from the 4-hydroxy derivative by the same mechanism
described for cyclophosphamide, this hydroxylation is slower than that of the
chloroethyl side chains attached to the exocyclic nitrogen, probably because of
steric hindrance on the C-4 position, which allows formation of inactive metabo-
lites by competing N-dealkylation. These differences explain the need for higher
doses to achieve the same effect, when compared to cyclophosphamide (Fig. 5.8).

Acrolein, the second product from the elimination reaction, is less active as an
antitumor agent but appears to be responsible for a major side effect of cyclophos-
phamide, that is, hemorrhagic cystitis.15 This problem can be reduced by coadmi-
nistration of a thiol acrolein scavenger, like N-acetylcystein or mesna (sodium
2-mercaptoethanesulfonate). These thiol compounds do not react with the alky-
lating species responsible for the cytotoxic activity. They are found as disulfides in
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plasma, but the disulfide is reduced by glutathione transferase in the kidney,
liberating the thiol that inactivates acrolein through a conjugate addition, giving
compounds such as 5.17 for the case of mesna (Fig. 5.9).

Another biochemical difference between some tumors and normal tissues is
based on their different reducing capacities. The inner regions of solid tumors
have little vascularization and therefore their oxygen content is low (for a more
detailed treatment of hypoxia-based strategies for tumor-specific prodrug activa-
tion, see Section 2.2 of Chapter 11). Because molecular oxygen reverts some of the
reactions of reductive metabolism, the latter is enhanced in hypoxic tissues. Some
of these reactions are nitro and azo reduction, which are multistep processes
where oxygen reverts the first equilibrium (Fig. 5.10).

On this basis, some aromatic nitrogen mustard prodrugs bearing nitro or azo
groups have been designed to be activated in these hypoxic environments. In
the simplest of them, the presence of these electron-withdrawing groups in the
p-position with respect to the nitrogen atom prevents cyclization to an
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aziridinium cation, but after metabolic reduction they are transformed into an
electron-releasing group16 (Fig. 5.11).

Similarly, some nitrogen mustard Co (III) complexes such as SN 24771 are
activated by reduction in hypoxic tumor microenvironments because one-electron
reduction of Co (III) to Co (II) greatly labilizes the Co–N bonds, causing the release
of the active nitrogen mustard (Fig. 5.12).17 See Section 2.2.4 of Chapter 11 for
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further details on the use of Co (III) complexes in hypoxia-based strategies for
tumor-specific prodrug activation.

More complex approaches are based on the distal activation concept, where
the reductive process uncovers a nucleophilic or basic center that then triggers the
liberation of the alkylating agent by reaction with a distant part of the molecule.
Thus, the phosphoramide mustard prodrug 5.18 is activated by reduction of its
nitro group to amino, which increases the basicity of the quinoline nitrogen
sufficiently to allow the elimination reaction depicted in Fig. 5.13.

A related example is based on the reduction of a quinone system, which
uncovers two nucleophilic hydroxyl groups, as shown in Fig. 5.14 for the case of
the melphalan prodrug 5.19.18 The conformation needed for the reaction that
liberates the active drug is favored by the presence of the methyl groups because
it is less sterically compressed than alternative conformations (Thorpe-Ingold
effect).
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3. AZIRIDINES (ETHYLENEIMINES)

Since the active species involved in DNA alkylation by nitrogen mustards is an
aziridinium cation, several aziridine derivatives were also tested as antitumor
agents.

Electron-releasing substituents raise the aziridine nitrogen pKa and lead to a
high concentration of aziridinium cations 5.20, which renders these compounds
too reactive to be of therapeutic value. For this reason, the aziridine units are
attached to electron-withdrawing groups, which reduce their reactivity as bases
but still allow formation of DNA-alkylation products such as 5.22, which then are
protonated to 5.21. The driving forces of this reaction are the stabilization of the
nitrogen negative charge by the electron-withdrawing group and the liberation of
ring strain on opening of the aziridium (Fig. 5.15).

Early studies showed that at least two aziridine units were necessary for good
activity, which did not improve by addition of a third or fourth aziridine, suggest-
ing that cytotoxicity is mainly due to a cross-linking mechanism, as in the case of
nitrogen mustards. The first compounds of this family to be introduced in thera-
peutics were triethylenemelamine (TEM) and thiotepa, so called because it is a
sulfur analog of triethylenephosphoramide (TEPA). Thiotepa is still used in
bladder carcinoma by intracavitary administration because of its low stability in
the acid conditions prevalent in the stomach. The previously discussed acid-
assisted activation process is probably the main mechanism of DNA alkylation
by these compounds.19
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Other antitumor compounds contain two or three aziridine rings linked to a
benzoquinone system and can act as DNA bisalkylators and cross-linking agents.
They were designed to cross the blood–brain barrier because of their high lipo-
philicity and low ionization. Some of them have been used in the clinic, as in the
case of carboquone (carbazilquinone), diaziquone (AZQ), triaziquone, and BZQ.20

AZQ, one of the most active compounds, has been studied in a number of clinical
trials up to Phase II21 and was the first ‘‘orphan drug’’ selected by the FDA in the
early 1980s, but it showed no clear advantage over preexisting drugs. BZQ and
triaziquone22 also underwent clinical trials, but they were withdrawn because of
their toxicity. EO9 contains only one aziridine moiety and has shown very good
activity in vitro but disappointing results in clinical trials that were attributed to its
short half-life.
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Generally speaking, the mechanism of DNA alkylation19 by aziridinylbenzo-
quinones involves bioreductive processes23 that are activated by the action of one-
electron or two-electron reductases. The oxidation state of the quinone function
modulates the alkylating activity, and it also bears a relationship with the genera-
tion of cytotoxic reactive oxygen species. Indeed, the quinone group is a structural
motif commonly found in reductively activated antitumor agents due to the fact
that quinones exhibit reduction potentials similar to substrates of endogenous
reductases.24 Reduction of the quinone to a hydroquinone increases the pKa of the
aziridine nitrogen because of the replacement of the electron-withdrawing carbo-
nyls by two electron-releasing hydroxy groups and therefore allows its proton-
ation to a more reactive aziridinium cation. Furthermore, intramolecular
hydrogen bonding of these groups with the aziridine nitrogen may assist this
protonation (Fig. 5.16). In some cases (e.g., BZQ) alkylation is possible in the
absence of reduction.25 Indeed, it has been proved that simple aziridinylbenzo-
quinones can cross-link DNA in the absence of reduction, in a pH-dependent
process presumably related to the protonation mechanism shown in Fig. 5.15.26

DT-diaphorase (DTD), an obligate two-electron reductase, is a particularly
interesting target for antitumor compounds27 because it is present in the cell
nucleus and its levels are increased in a number of tumors,28 although they are
varying in clinical tumors. Since the recognition of the importance of DTD in the
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activation of aziridinylbenzoquinones,29 there has been much effort to produce
novel agents that efficiently target this enzyme.30 Electron-donating groups on the
benzoquinone ring increased DNA damage, whereas electron-withdrawing
groups and sterically bulky groups at the C-6 position led to inactive compounds
or decreased their ability to produce DNA damage.31 Some of them, like Me-DZQ,
are limited by their poor solubility, which has been overcome by introduction of
hydrophilic hydroxyl groups in the side chains. For instance, RH132 is an excellent
substrate for DTD that has a good solubility and antitumor potency in vitro and
in vivo,33 and is currently undergoing Phase I clinical studies in patients with solid
tumors under the auspices of Cancer Research UK.
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Besides alkylation, other reactions are possible on the hydroquinone form of
aziridinylquinones such as 5.23 that lead to its inactivation. One of them is a
1,5-sigmatropic shift of hydrogen to give 5.24,34 which is then transformed into
ethylaminoquinone 5.25 by tautomerism or into aminoquinone 5.26 through a
second 1,5-sigmatropic shift followed by hydrolysis (Fig. 5.17).

An additional transformation that inactivates 5.23 takes place by loss of the
aziridine ring on its tautomer 5.27, leading to quinone 5.28 (Fig. 5.18).

One-electron metabolic reduction of aziridinylquinones is also possible, lead-
ing to semiquinones. Their protonated derivatives 5.29 also undergo a 1,5-sigma-
tropic shift, leading to inactive compounds 5.25 and 5.26, the same as in the
two-electron reductionprocess (Fig. 5.19).As expected, semiquinone intermediates
can also generate oxygen radical species on reaction with O2.

35

These degradation pathways have therapeutic implications, since the lower
pharmacokinetic stability of indoloquinone aziridines such as EO9 with regard to
their benzoquinone analogs is due to higher concentrations of the corresponding
protonated semiquinone 5.29 due to the fact that the electron-releasing effect of



N

OH

O
H

N

OH

O
H3C

1,5-sigmatropic 
shift

HN

O

O
H3C

1,5-sigmatropic
shift

 

H

N

OH

OH
H3C

H2N

OH

OH

O

H3C

H2O

H

O2 H2N

O

O

5.23 5.24 5.25

5.26  

FIGURE 5.17 Inactivation of aziridinylbenzoquinones through a 1,5-sigmatropic shift.

N

OH

O

H

N

OH

O
H

N

O

O

H

H+
NH

O

O

5.27

5.28

5.23

 

FIGURE 5.18 Inactivation of activation of aziridinylbenzoquinones by loss of the aziridine ring.

N

OH

O
H3C

HN

O

O
H3CH

H2N

O

O

5.24 5.255.26

N

O

O

5.29

+e 
+H+ N

O

O
H

N

O

O
H3C

+e 
+H+ +H+ 

N

O

O
H3C

+e 

 

FIGURE 5.19 Inactivation of activation of aziridinylbenzoquinones by one-electron reduction.

DNA Alkylating Agents 157



158 Medicinal Chemistry of Anticancer Drugs
the indole nitrogen leads to a low acidity for 5.29. For instance, the pKa of the
semiquinone derived from EO9 is 9.3, while the corresponding pKa values of
benzosemiquinones are below neutrality. For this reason, benzosemiquinones
are mostly deprotonated and the hydrogen sigmatropic shift cannot take place.36

Several natural products, including the mitomycins, FR-900482, and FR-69979,
among others, contain one fused aziridine ring37 but, because of their specificity
toward the minor groove, these agents will be studied in Chapter 6.
4. EPOXIDES

The high reactivity of the epoxide ring toward nucleophilic groups in biomole-
cules is the basis of the use of ethylene oxide to sterilize substances that would be
damaged by heat, including medical supplies such as bandages, sutures, and
surgical implements. It has also become quite common as a substructure in side
chains of compounds aimed at alkylating DNA38 or other macromolecular
targets.39

Diepoxybutane 5.30 is the simplest epoxide which is able to cross-link DNA.
Although this compound is not employed as such, it is nonenzymatically gener-
ated from treosulfan, a member of the methanesulfonate family (see Section 5) that
can be regarded as its prodrug, since this transformation (Fig. 5.20) is necessary
for treosulfan cytotoxicity.40 Treosulfan alkylates DNA at guanine bases, very
similar to nitrogen mustards, and is employed for the treatment of ovarian cancer.

Similarly, mitobronitol, the 1,6-dibromo analog of mannitol, is a bromohydrin
prodrug that undergoes a double intramolecular nucleophilic displacement to
give diepoxide 5.31, another DNA cross-linking reagent (Fig. 5.21). It is used for
myelosuppression prior to allogeneic bone marrow transplantation in accelerated
chronic granulocytic leukemia, showing lower toxicity than other alkylating
agents such as busulfan.41

Mixed epoxide-aziridine antitumor compounds, such as the azinomycins, are
also known. For instance, azinomycin B (carzinophilin), isolated from Streptomyces
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sahachiroi, is capable of DNA intercalation and interstrand cross-linking (Fig. 5.22)
and demonstrated submicromolar in vitro and in vivo cytotoxic activity.
5. METHANESULFONATES

Methanesulfonate is a good leaving group because of the efficient delocalization
of negative charge between three oxygen atoms. For this reason, several com-
pounds containing two methanesulfonate groups separated by a polymethylene
chain were tested as antitumor agents, finding that the optimal activity corre-
sponded to the compound with four carbon atoms (busulfan). Other members of
this family are piposulfan, improsulfan, hepsulfam, and the previously men-
tioned diepoxide prodrug treosulfan.

Busulfan is used in the treatment of chronic granulocytic leukemia and, in
high-dose combination with cyclophosphamide, to condition patients for alloge-
neic bone marrow transplantation. It is particularly toxic for pulmonary tissue,
and this toxicity may be dose-limiting.
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In contrast with nitrogen mustards, where the rate-limiting step is the unim-
olecular formation of the aziridinium ion, busulfan reacts with guanine N-7 by an
SN2 mechanism (Fig. 5.23), where the rate-limiting step depends on the concen-
tration of both reaction partners.42 The formation of interstrand DNA cross-links
has been demonstrated for busulfan43 and treosulfan.44

The study of metabolites of busulfan suggests that it is also able to alkylate
cysteine residues. Thus, the urinary excretion of compound 5.32 can be explained
by the mechanism summarized in Fig. 5.24 and involves a double nucleophilic
attack by cysteine.

6. NITROSOUREAS

In a random screen carried out by the NCI in 1959, 1-methyl-3-nitro-1-nitrosogua-
nidine showed very weak antileukemic activity. Assay of analogs of this com-
pound led to the discovery of the antitumor activity of 1-methyl-1-nitrosourea, the
lead compound of the nitrosourea group. It was soon discovered that introduction
of a 2-chloroethyl chain on the nitrogen atom bearing the nitroso group (CNUs)
led to much increased activity. These chloroethyl derivatives were lipophilic
enough to cross the blood–brain barrier and therefore were useful in the treatment
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of brain tumors, which led to the synthesis of a large number of nitrosoureas,
including lomustine (CCNU) and its methyl derivative semustine, carmustine
(BCNU), nimustine (ACNU), the water-soluble tauromustine and fotemustine,
but toxicity problems have prevented their widespread use. In 1967, streptozoto-
cin (streptozocin), a hydrophilic natural nitrosourea, was isolated from a strain of
S. achromogenes. This compound was chosen as a lead because initial SAR studies
suggested that hydrophilic nitrosoureas were more potent and less toxic, and a
number of analogs, like chlorozotocin, were prepared. Currently, the most clini-
cally important nitrosoureas are CCNU, BCNU, ACNU, and streptozotocin.
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Nitrosoureas have been widely studied from a mechanistic point of view.
The presence of the nitroso group labilizes the nitrogen-carbon bond, leading to
two electrophiles, an isocyanate 5.33 and a diazene hydroxide 5.34, which has
been detected in some cases by electrospray ionization mass spectroscopy.45 This
intermediate in turn generates a diazonium salt 5.3546 (Fig. 5.25). Alkylation seems
to be the main reaction responsible for antitumor activity, while carbamoylation
takes place primarily on amino groups in proteins, leading to inhibition of several
DNA repair mechanisms. N-Nitrosoamides and N-nitrosocarbamates, which can
behave as alkylating (but not carbamoylating) agents have also antitumor activity,
which supports the above statement.47

The above mechanism was based mainly on studies of the thermal decomp-
osition of nitrosoureas under anhydrous conditions,46 but in water solution the
reaction is much more complex and has been explained by the mechanism shown
in Fig. 5.26. Addition of a molecule of water to the nitrosourea, in its tautomeric
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form,48 gives the tetrahedral intermediate 5.36, which is decomposed into a
primary amine, carbon dioxide, and 5.34. This elimination requires an anti-
periplanar conformation for 5.37. Addition of a nucleophile other than water to
the nitrosourea tautomer explains the isolation of carbamoylated products,
formed by elimination of 5.34.

Most nitrosoureas contain one chloroethyl chain on the nitrosated nitrogen,
which allows them to act as DNA cross-linking agents. Reaction of electrophilic
diazonium species 5.37 with guanine is assumed to take place on O-6 to give 5.38
(see also Section 1). In fact, addition of O6-alkylguanine-DNA alkyltransferase, an
enzyme that breaks O-6 guanine adducts, prevents cross-linking. This monoalky-
lated product reacts subsequently with the N-3 atom of the cytosine unit in the
complementary DNA strand, by anchimeric assistance of the guanine N-1 atom
through intermediate 5.39, giving the cross-linked product 5.40 (Fig. 5.27).

In an alternative mechanism, intact nitrosourea molecules rather than diazo-
nium species can directly alkylate DNA. Thus, nucleophilic attack of guanine O-6
to the nitrosourea tautomer 5.41 gives intermediate 5.42. Although alternative
mechanisms have been proposed, according to labeling experiments it is probable
that 5.42 cyclizes to the nitrosoisoxazolidine 5.43, which is attacked by another O-6
atom of a guanine unit neighboring in the DNA sequence to give 5.44. In this
adduct, the O-6 of the first guanine is carbamoylated and the O-6 of the second
guanine is alkylated with a 2-hydoxydiazoethyl group (Fig. 5.28). Diazonium
generation and attack of N-3 from a cytosine of the opposite DNA strand, with
anchimeric assistance from guanine N-1, finally gives the carbamoylated
cross-linked product 5.45.
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Streptozotocin differs from other nitrosoureas in that it does not cross the
blood–brain barrier because of its high hydrophilicity, and it also shows a rela-
tively low myelosuppression because of decreased entry into bone marrow cells.
Its main cytotoxicity is exerted on the pancreas b cells because their glucose carrier
facilitates drug uptake to the islets. Therefore, the main applications of streptozo-
tocin are the induction of diabetes mellitus in experimental animals and treatment
of islet cell pancreatic tumors, normally in association with nicotinamide for
reasons that will be explained below. As expected from its nitrosourea structure,
streptozotocin methylates DNA, specially at the guanine N-7 and O-6 positions,49

but there is also much evidence that shows that free radicals play an essential role
in its cytotoxicity.50 It has been shown that streptozotocin induces the generation
of nitric oxide,51 superoxide and hydroxyl radicals, and also that association with
oxygen radical scavengers, such as nicotinamide, prevents streptozotocin-
induced cleavage of islet DNA.52
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7. TRIAZENES

Dacarbazine (DTIC) is employed in combination therapy for the treatment of meta-
static malignant melanoma and Hodgkin’s disease. This compound was initially
designed as an antimetabolite since it is an analog of 5-aminoimidazole-4-carbox-
amide, an intermediate in purine biosynthesis. However, its cytotoxic activity is due
to the generation during its metabolism of methyldiazonium, which methylates
DNA.53Methyldiazonium has a half-life of about 0.4 s in aqueous solution, which is
sufficient to allow it to reach its target. Amechanism for this process is summarized
inFig. 5.29,where activation of dacarbazine bymetabolic oxidative demethylation to
5.46 (5-methyltriazenoimidazole-4-carboxamide,MTIC)was proved by the isolation
of labeled formaldehyde and 5-aminoimidazole-4-carboxamide (AIC) when dacar-
bazine was labeled with 14C at one of the methyl groups. Intermediate 5.46 is then
transformed by tautomerism into 5.47, a diazonium precursor. The major methyla-
tion reaction takes place at the guanine N-7 atom, and is relatively nontoxic. Meth-
ylation at guanine O-6 also occurs, and is thought to be the main cytotoxic
mechanism.54 It is interesting to note that compounds that act as precursors to the
ethyldiazonium cation lack any DNA binding properties, which has been explained
by the lower stability in aqueous solution of ethyldiazoniumwith regard to methyl-
diazonium,55 leading to its evolution to ethylene by elimination or to ethanol by
reaction with a molecule of water before reaching DNA.

Besides its toxicity, dacarbazine has several drawbacks because of its
hydrophilicity, which leads to slow and incomplete oral absorption and therefore
intravenous administration becomes necessary. Another disadvantage is its high
photosensitivity, with a very short half-life (about 30 min), decomposing to
2-azahypoxanthine via an intermediate diazonium species (Fig. 5.30). For this
reason, intravenous infusion bags of dacarbazine must be protected from light.
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These problems have stimulated the synthesis of dacarbazine analogs, themost
important of which is temozolomide. This compound is one of the few drugs
specifically approved for a brain tumor, namely anaplastic astrocytoma, and the
first that can be administered orally. It is converted into the same intermediate 5.46
(MTIC) generated by dacarbazine, but in the case of temozolomide the bioactiva-
tion process involves a non-enzymatic hydrolysis reaction followed by spontane-
ous decarboxylation (Fig. 5.31). The absence of hepatic activation is an advantage
because metabolic individual variation in patient microsomal activity need not be
taken into account. The main problem associated with temozolomide administra-
tion is bonemarrow toxicity. Thedevelopment of temozolomide is associated to the
Universities of Nottingham, Aston, and Strathclyde and started as a purely syn-
thetic project related to the chemistry of imidazotetrazines, but screening studies
identified some of the compounds as promising anticancer targets.
8. METHYLHYDRAZINES

When a series of N,N0-dialkylhydrazine derivatives that had been prepared as
monoaminooxidase (MAO) inhibitors were routinely submitted to cytotoxicity
tests, it was shown that compounds with an N-methyl substituent had anticancer
potential. This discovery ultimately led to the development of procarbazine,
which was approved for use in combination therapy for advanced Hodgkin’s
disease. Mechanistically, procarbazine is a unique agent with multiple sites of
action that is not cross-resistant with other alkylating agents. It inhibits
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incorporation of small DNA precursors, as well as RNA and protein synthesis.
Procarbazine can also directly damage DNA through a methylation reaction,
whose precise mechanism is unclear. The major species found in plasma after
administration of procarbazine is azoprocarbazine 5.48, formed by oxidation by
P450 or MAO. This reaction also generates hydrogen peroxide that was initially
believed to be responsible for the antitumor activity, although much evidence has
accumulated against this hypothesis. Tautomerism can transform 5.48 into hydra-
zone 5.49, which gives by hydrolysis aldehyde 5.57, a precursor of the primary
excreted metabolite N-isopropylterephthalamic acid 5.58, and methylhydrazine
5.50. Although this route can potentially lead to methylating species such as 5.52,
it appears to lack physiological significance; however, it does explain the low
stability of procarbazine in aqueous solution. In contrast, azoprocarbazine (5.48) is
further metabolized by cytochrome P450 to azoxy derivatives 5.53 and 5.54. The
first of these intermediates is responsible for anticancer activity, DNAmethylation
being explained by generation of methyldiazonium 5.55. Liberation of alcohol 5.56
and subsequent oxidative metabolism of this compound explains the excretion of
acid 5.58. Alternatively, a side chain rearrangement in 5.54 to give a diazo
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compound followed by its fragmentation can also explain the generation of
methyldiazonium 5.55 and alcohol 5.56 (Fig. 5.32).
9. 1,3,5-TRIAZINES: HEXAMETHYLMELAMINE AND TRIMELAMOL

Hexamethylmelamine (HMM, altretamine) was originally prepared as a resin
precursor, but it was studied as an antitumor compound because of its structural
analogy with the previously mentioned aziridine derivative TEM. Although it is
active in several types of tumors, its main therapeutic role is in the treatment of
recurrent ovarian cancer, following first-line treatment with cisplatin. The precise
mechanism of altretamine cytotoxicity is unknown, although several proposals
have been made. The main metabolic pathway is oxidative cytochrome P450-
catalyzed N-demethylation, with carbinolamine 5.59 as an intermediate, which
yields the pentamethyl derivative 5.62, formaldehyde, and smaller amounts of
inactive compounds arising from further demethylation. Alternatively, elimina-
tion of the hydroxy group from 5.59 gives the iminium species 5.60. In the case of
altretamine, the pattern of adduct formation suggests that 5.60 is the alkylating
species,56 reacting with DNA to give 5.61 rather than the formaldehyde generated
in the demethylation process (Fig. 5.33).

Trimelamol is a tris(hydroxymethyl) analog of altretamine that has the advan-
tage of not requiring metabolic activation, although it is obviously less stable due
to the presence of its carbinolamine moieties. Involvement of formaldehyde in the
cytotoxicity of trimelamol has been established,57 as evidenced by the isolation of
adduct 5.64 from reaction of formaldehyde with two adenine amino groups,
although participation of iminium species 5.63 cannot be discarded. Reaction
with the more nucleophilic guanine N-7 should be easily reversed because of
the positive charge at nitrogen in the adduct (Fig. 5.34)
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10. PLATINUM COMPLEXES

Cisplatin (CDDP, cis-diamminedichloroplatinum II) provides an excellent
example of serendipity in the discovery of antitumor drugs. In the course of the
study of the effects of electric currents on cells, it was discovered that Escherichia
coli cells formed long filaments, but they did not divide. Further research showed
that inhibition of bacterial cell division was due to cisplatin, generated from the
platinum electrodes and the ammonium chloride present in the media.

Cisplatin is a very effective, but highly toxic, antitumor drug. Its clinical use
was initiated in the early 1970s, and it is one of the most widely employed
anticancer agents, useful in ovarian, testicular, small cell lung, and other cancers.
It is a square-planar complex, containing two labile chlorines and two relatively
inert ammonia molecules coordinated to the central Pt (II) atom in a cis configura-
tion. In plasma, the high chloride concentration prevents its hydrolysis, but when
it enters the cell the much lower chloride concentration prompts its reaction with
water to give the positively charged species 5.65 and specially 5.66 (Fig. 5.35).

The active complexes enter the nucleus and become attracted by the negatively
charged DNA. This electrostatic interaction is followed by complexation with
nitrogen atoms of purine bases, normally the N-7 atoms of two vicinal guanine
units58 that displace the two water molecules leading to intrastrand cross-linking,
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which deforms the DNA tertiary conformation as shown by X-ray crystallography
and causes its unwinding at the complexation site (Fig. 5.36).59 As a consequence,
high-mobility group (HMG) domain proteins become attached to DNA by inter-
calation of a phenylalanine unit at the unwoundDNAdamage site and the protein
lies along a widened minor groove, preventing DNA replication.60 Although,
strictly speaking, Pt coordination with DNA bases cannot be considered an
alkylation reaction, cisplatin and its analogs are normally studied among
the alkylating agents.

An additional mechanism for prevention of DNA transcription is replacement
of Zn by Pt in the so-called zinc-finger protein transcription factor. The existence
of the zinc cation is essential to coordinate amino acids of the protein, usually
cysteine and histidine, and thus pack together the DNA binding domains into a
dense structure. Replacing the zinc ion with platinum disrupts the conformation,
and binds the zinc-finger permanently to DNA-polymerase a, which is a tran-
scription enzyme vital for cell replication (Fig. 5.37). Pt-DNA adducts also activate
several cellular processes that mediate the cytotoxicity of these anticancer drugs.61
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Because of the very high toxicity of cisplatin, thousands of analogs have been
prepared in an effort to improve its selectivity and therapeutic index. The dose-
limiting toxicity is renal and can be attributed to interactions with renal compo-
nents, leading to tubular necrosis of both proximal and distal renal tubules.
Cisplatinum analogs include tetragonal Pt (II) complexes, such as carboplatin,
nedaplatin, oxaliplatin, ZD-0473, and SKI-2053R. Octahedral Pt (IV) complexes
are also known, including tetraplatin, iproplatin, and satraplatin (JM 216). The
development of these cisplatin analogs has revealed common requirements that
are necessary for their use as an anticancer drug:

� Electroneutrality, to facilitate transport through cell membranes, although the
active form may be charged after ligand exchange.

� Presence of at least two good leaving groups, preferentially cis to one another,
although trans complexes also show activity in some cases (see below).

� Presence of ‘‘inert’’ carrier ligands, usually nontertiary amine groups which
increase adduct stabilization through hydrogen bonding with nearby bases.
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Carboplatin has a mechanism of action identical to that of cisplatin, forming
cross-links with guanine in DNA. At effective doses, carboplatin produces sub-
stantially reduced nephrotoxicity because of the dicarboxylate ligands which
facilitate its excretion. Oxaliplatin has shown in vitro and in vivo efficacy against
many tumor cell lines, including some that are resistant to cisplatin and carbopla-
tin. The presence of the bulky diaminocyclohexane ring is thought to result in the
formation of Pt-DNA adducts more effective at blocking DNA replication than in
the case of cisplatin.

Oxaliplatin has a spectrum of activity different from that of either cisplatin or
carboplatin and lacks cross-resistance with them, suggesting that it has different
molecular targets and/or mechanisms of resistance.62 Unlike other platinum
complexes, oxaliplatinum is useful in the treatment of colorectal cancer, the fourth
largest cause for cancer deaths.63

Other Pt (II) compounds under clinical trials include nedaplatin, which is less
toxic than cisplatin, but only moderately successful in overcoming cisplatin resis-
tance, ZD-0473, which is able to overcome the thiol-dependent resistance with
very little nephrotoxicity and neurotoxicity,64 and SKI-2053R, with considerably
less toxicity than the parent molecule.65

Pt (IV) complexes appear to act by different mechanism, and evidence suggests
that reduction to the corresponding Pt (II) derivatives is necessary for activity. For
instance, the active species for JM 216 is believed to be JM 118 (Fig. 5.38).66

During the 1990s, it was reported that some trans-platinum complexes had
activity against tumors resistant to cisplatin, implying differences in the DNA
binding of both types of complexes. The trans isomer of cisplatin, called TDDP, is
unable to form 1,2-intrastrand adducts due to its stereochemistry, but it
forms interstrand cross-links between complementary guanine and cytosine and
1,3-intrastrand adducts, causing a different type of conformational distortion of
the double helix.67 Another type of trans-platinum antitumor compounds are
dinuclear and trinuclear Pt (II) complexes (containing two or three reactive plati-
num centers), designed to form long-range interstrand and intrastrand DNA
cross-links. Two examples are compound 5.67 and the triplatinum complex BBR
3464, which has a broad spectrum of antitumor activity and is currently under-
going clinical trials.68 BBR 3464 forms DNA interstrand cross-links as well as 1,4-
and 1,5-intrastrand cross-links, showing preference for the guanine-guanine
sequence.69
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FIGURE 5.38 Bioactivation of a Pt (IV) complex.
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11. MISCELLANEOUS ALKYLATING AND ACYLATING
ANTITUMOR AGENTS

Pipobroman is used for treatment of polycythemias, like polycythemia vera
(Vaquez’s disease), a relatively rare chronic disease of the blood in which the
red cells are increased in number,70 and essential thrombocythemia.71 Pipobro-
man has a chemical structure close to that of alkylating agents, although its exact
mechanism of action has not been demonstrated.
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Among the many DNA-damaging natural cytotoxins, leinamycin is of
particular interest because it represents a new structural type of DNA-damaging
agent, although it has not been clinically tested.72 Leinamycin was isolated from a
strain of Streptomyces found in soil samples collected in Japan.73 Early in vitro
experiments revealed that DNA damage by leinamycin is thiol-triggered and due
to its unique 1,2-dithiolan-3-one-1-oxide moiety. Leinamycin is relatively stable in
water; however, on entering the thiol-rich environment of the cell, a cascade of
chemical reactions is initiated that leads to oxidative DNA damage (and perhaps
general oxidative stress),74 as well as DNA alkylation,75 which is sequence spe-
cific.76 As shown in Fig. 5.39, the initial reaction with thiols gives intermediate
5.68, which cyclizes to 5.70 with release of hydrodisulfide 5.69 that causes oxida-
tive DNA damage. The spatial arrangement of 5.70 allows nucleophilic attack of
the alkene to the electrophilic sulfur to give the highly electrophilic episulfonium
ion 5.71, which alkylates DNA at the N-7 position of guanine residues.

Hydrodisulfides are more easily oxidized than sulfides because of their
higher acidity, which leads to complete ionization under physiological pH.
Therefore, compound 5.69 liberated from leinomycin can transfer one electron to
molecular oxygen, leading to the generation of oxygen radicals. Catalytic amounts
of 5.69 are sufficient to cause oxidative DNA damage and subsequent strand
breaking by this mechanism because polysulfides 5.72 are transformed back to
5.69 by reaction with thiols 5.73, which are thus depleted from the cell (Fig. 5.40).
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1. INTRODUCTION

Besides non-specific electrostatic interaction with phosphate groups, there are two
main ways in which a molecule can bind to DNA in a reversible way: (a) groove-
binding interactions, which do not require conformational changes in DNA and
usually shows high sequence specificity; and (b) intercalation of planar or quasi-
planar aromatic ring systems between adjacent base pairs,which requires separation
of the latter and normally takes place with low sequence specificity (Fig. 6.1).

Because of the differences in electrostatic potential, hydration, hydrogen
bonding ability, and steric hindrance, the major and minor grooves differ in
their molecular recognition properties. Thus, the major groove normally binds
to large molecules, like proteins and oligonucleotides, and the minor groove has a
tendency to bind to small molecules. Because of the curved shape of the minor
groove, molecules with torsional freedom interact with it more easily (Fig. 6.1A),
B. V.
ved.

177
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FIGURE 6.1 Main types of reversible interactions with DNA.
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and for this reason many of the compounds studied in this chapter contain
several simple aromatic or heteromatic rings linked by torsionally free bonds.
The interaction with the minor groove of some antitumor agents has been men-
tioned in previous chapters (anthracyclines in Section 3, bleomycins in Section 7,
and enediynes in Section 8 of Chapter 4).
2. NETROPSIN, DISTAMYCIN, AND RELATED COMPOUNDS

Minor groove interaction was first discovered in the natural products netropsin
and distamycin A. Although these compounds do not have relevant antitumor
activity, they are the prototype minor groove binders (MGBs) and for this reason
they will be briefly discussed below. They bind non-covalently to the minor
groove of DNA, thereby preventing DNA and RNA synthesis by inhibition of
the corresponding polymerase reaction and display a pronounced sequence
specificity, leading to much current interest in them.1
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Studies on this specificity have been carried out mainly on distamycin and
related compounds, which have shown a pronounced specificity for AT
sequences.2 Ligand recognition by the minor groove is governed, in the first
place, by hydrogen bonding interactions, involving hydrogen acceptor groups
in DNA bases, particularly N3 and C2¼O of the adenine-thymine or guanine-
citosine pairs. As shown in Fig. 6.2, these interactions are hampered in the latter
pair, mainly due to steric reasons. Additionally, the minor groove is strongly
solvated, and liberation of water molecules into the bulk solvent upon complex
formation leads to a favourable binding entropy (hydrophobic effect), since
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AT-rich regions are more hydrated than GC-rich regions and hence they provide a
bigger entropic contribution. Finally, the negative electrostatic potential is greater
in AT-rich than in GC-rich regions, thus favouring an initial electrostatic interac-
tion with positively charged groups in the ligand. Hydration of the ligand mole-
cules is also an important factor in the understanding of differences in binding
affinity.3

Hydrogen bonds involve the amido or amidino groups of the drugs as hydro-
gen donors and the N3 of adenine and C2¼O groups of thymine as hydrogen
acceptors, as shown in Fig. 6.3 for the case of distamycin A.

Theoretical and X-ray diffraction studies suggest the formation of bifurcated
(three-centred) hydrogen bonds,4 where each carboxamide is bound to two acceptor
groups belonging to bases in complementary DNA strands (Fig. 6.4). Contrary to
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FIGURE 6.3 Hydrogen bonds between distamycin A and the DNA minor groove.
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initial expectations, the protonated guanidine or amidine groups do not bind
directly to DNA phosphate groups, but line the floor of the minor groove.

The synthesis of analogues of distamycin A by increasing the number of
N-methylpyrrole-2-carboxamide units or replacement of some pyrrole nucleus
by an imidazole, and also by preparation of hybrid structures with intercal-
ating or alkylating portions, has led, in some instances, to much enhanced cyto-
toxicity.5 Two of the most promising compounds in this area are tallimustine and
brostallicin (PNU-166196).

N

HN

O

N CH3

O
N

N

N

O CH3

H

N
CH3

H
N

H

Brostallicin (PNU-166196)

NH2
HN

H

O

N
H3C

NHO

H2C Br

N

HN

O

N CH3

O

HN

H2N

NH

H
N

O
CH3

N
H3C

NH
O

Tallimustine

N

Cl

Cl

Tallimustine contains a benzoyl nitrogen mustard unit, which acts as an
alkylating moiety, attached to the distamycin A framework. This compound
exhibits a most striking DNA sequence specificity of alkylation, which has been
studied using the combinatorial selection method known as restriction endonu-
clease protection, selection, and amplification (REPSA).6 The highest affinity
tallimustine binding sites contain one of two sequences, either the expected
distamycin hexamer binding sites followed by a CG base pair (e.g. 50-TTTTTTC-30

and 50-AAATTTC-30) or the unexpected sequence 50-TAGAAC-30. It was also
found that tallimustine preferentially alkylates the N-7 position of guanines
located on the periphery of these sequences. These findings suggest a cooperative
binding model for tallimustine in which one molecule non-covalently resides in
the DNA minor groove and locally perturbs the DNA structure, thereby facilitat-
ing alkylation by a second tallimustine of an exposed guanine on another side of
the DNA. Tallimustine is a potent antitumor agent, but its severe myelotoxicity
led to discontinuing its clinical development.7 This is a common problem with
many minor groove binding agents.8

Brostallicin (PNU-166196) is a synthetic a-bromoacrylamido derivative of a
four-pyrrole distamycin in which the amidine terminal function is replaced by
a guanidine moiety. Unlike tallimustine, this compound showed a tolerable
myelotoxicity and is now under clinical investigation.9

Brostallicin is inactive in vitro, and it requires the presence of glutathione and
glutathione-S-transferase (GST) to behave as an alkylating agent.10 The mecha-
nism of alkylation involves an initial Michael attack of glutathione onto the
brostallicin a,b-unsaturated carbonyl system, which uncovers an electrophilic
alkyl bromide capable of DNA alkylation (Fig. 6.5). This unique mechanism of
action leads to synergism with cisplatin because the latter drug increases the
levels of GST in cancer cells.
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Another interesting compound that interacts with DNA in AT-rich sequences
is Hoechst 33258 (pibenzimol), initially designed as an antifilarial. Latter studies
on this compound showed antitumor activity, leading to Phase I clinical studies,
which were discontinued because of the development of hyperglycemia in some
patients.11 This observation led to a Phase II study in patients with advanced
carcinoma of the exocrine pancreas, but no relevant activity was observed.12

When complexed to DNA, this compound exhibits enhanced fluorescence under
high ionic strength conditions, which allows its use for DNA quantitation.13

The N–H groups of the benzimidazole rings in Hoechst 33258 can be considered
as bioisosters of the amide N–H groups in distamycin, and have been shown to
lead to similar binding to DNA by X-ray diffraction studies.14
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3. MITOMYCINS

Mitomycin C is a naturally occurring antitumor quinone from Streptomyces caespi-
tosus, which contains quinone and aziridine units, although not directly linked. It
has been used as a cytotoxin since the 1960 decade and is active against a variety of
tumors, including breast, stomach, oesophagus, and bladder,15 as well as non-
small cell lung cancer.16 The N-methyl derivative of mitomycin C is also a natural
product called porfiromycin, which has reached Phase III clinical studies for the
treatment of head and neck cancer in combination with radiotherapy, with
acceptable toxicity and encouraging activity.17
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Mitomycin C and porfiromycin can be considered as the prototype of reduc-
tively activated alkylating agents. The most common structural motif in these
compounds is the quinone,which has reduction potentials similar to the substrates
of reductases. These compounds are particularly useful for the treatment of hyp-
oxic tumors because in these environments the bioreduction to hydroquinones
is not reversed by oxygen, and can also act as radiosensitizers.18 Hypoxia-based
strategies for tumor-specific prodrug activation are studied in more detail in
Section 2.2 of Chapter 11.

The main mechanism of action of mitomycin is a characteristic example of an
in situ bioreductive activation19 leading to cytotoxic species (Fig. 6.6). It involves
two consecutive one-electron reduction steps to the corresponding semiquinone
6.1 and then to hydroquinone 6.2. Both forms can initiate the cascade of reactions
leading to DNA alkylation, but available evidence points at hydroquinone as the
active species.20 Furthermore, human carcinoma cell lines with high levels of
DT-diaphorase, an obligate two-electron reducing enzyme that cannot generate
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intermediate semiquinones, show greater susceptibility to mitomycin, which is
inhibited by treatment with diaphorase inhibitors.21 Spontaneous elimination of
methanol from hydroquinone 6.2 gives the iminium derivative 6.3; this reaction
takes place only in aqueous solution, which suggests that protonation of the
leaving group by water is essential.22 A similar elimination reaction is not possible
in mitomycin because the N-4 nitrogen lone pair is conjugated with one of
the quinone carbonyls, leading to a vinylogous amide structure. Indole derivative
6.4, formed by deprotonation of 6.3, contains two good leaving groups, namely the
aziridine ring and the carbamate. Protonation of the aziridine nitrogen of 6.4 and
subsequent elimination with concomitant opening of the aziridine ring affords
quinone methide 6.5. This highly reactive intermediate contains an electrophilic
position that reacts with nucleophilic groups on DNA through a Michael-type
reaction to give the unstable intermediate 6.6. This reaction proceeds with abso-
lute specificity towards certain sequences at the minor groove (see below), and
involves the guanine N-2 amino group or N-7 position as nucleophiles. Elimina-
tion of the carbamate group generates an electrophilic iminium species, which
undergoes a second alkylation by attack from a guanine 2-amino group, and leads
to DNA cross-linking products 6.7.23

Both inter- and intrastrand cross-linking by mitomycin has been observed,
although the former is predominant. Inter- and intrastrand cross-linking are
specific, respectively, to 50-CG24 and 50-GG25 sequences in the minor groove.26

This selectivity arises from the first alkylation event and has been explained in
terms of hydrogen bonding between the guanine N-2 amino group27,28 and one of
the carbamate oxygens, as shown in the models in Fig. 6.7, which are based on
high-resolution NMR and molecular modelling studies.28

Intermediates similar to 6.2 are generated from the aziridine alkaloids
FR-900482 and FR-69979, isolated from a culture broth of S. sandaenis. These
compounds give interstrand cross-linking reactions with the same selectivity as
mitomycin.29 The cascade of reactions is initiated by bioreductive activation
involving cleavage of the N–O bond to give the eight-membered ketone 6.8,
which is transformed into 6.9 by intramolecular nucleophilic attack of the amino
group thus generated onto the ketone carbonyl. Evolution of this intermediate as
described for 6.2 gives quinonemethide intermediate 6.11, which is very similar to
mitomycin intermediate 6.5, and leads to DNA cross-linking products by a similar
mechanism involving amino groups at the guanine N-2 position (Fig. 6.8).30,31

Covalent cross-linking between the DNA minor groove and DNA-binding
proteins has also been described.32

FR-900482 and FR-69979 are more efficient cross-linking agents thanmitomycin.
This can be explained in terms of the dual nucleophilic–electrophilic character of
the quinonemethide 6.5 generated from the latter,which facilitates its protonation at
C-1,33 a reaction that competes with nucleophilic attack fromDNA (Fig. 6.9). In spite
of their apparent similarity, intermediates 6.11 generated from the FR compounds
lack nucleophilic character due to the absence of aC5–OHgroup conjugatedwith the
C-1 position.

The unique mechanism of action and clinical success of mitomycin, coupled to
its high toxicity, has prompted the preparation of a large number of synthetic
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analogues, many of which belong to the mitosene group, with the general struc-
ture 6.12. Some simpler indolequinone derivatives, such as EO4 and EO9, were
also designed as mitomycin analogues.
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OR OR
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The mechanism of DNA alkylation by the mitosenes is shown in Fig. 6.10,
using the compound known as WV15 (6.13) as an example. After reductive
activation to 6.14, elimination of an acetate generates iminium cation 6.15, which
is able to alkylate DNA to give 6.16. A second elimination of a benzylic acetate
group generates cation 6.17, which can again act as a DNA alkylating species,
leading to the bis-adduct 6.18. The order of reactivity of the C-1 and C-10 positions
of the mitosenes is apparently reversed with regard to that of mitomycin C, and
the mitosene C-10 position is covalently bonded to the guanosine 2-amino34 and
adenosine 6-amino positions.35

The aziridinylquinone EO9 has undergone extensive clinical trials owing to its
good activity against hypoxic cells and its lack of bone marrow toxicity in preclin-
ical models but, in spite of achieving partial responses in Phase I studies,
it showed no antitumor activity in Phase II trials for breast, colon, pancreatic,
gastric,36 and non-small lung37 cancers. The reasons for this failure can be the very
short half-life of the drug because of fast elimination following intravenous
administration, and its poor tissue penetration. These shortcomings prevent its
systemic use but they may actually prove advantageous for local administration.
Thus, EO9 is currently being assayed for treatment of early-stage superficial
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bladder cancer by intravesical administration,38 where it has shown good activity
and the absence of major organ toxicity.39

The EO compounds were designed to alkylate DNA after reduction via forma-
tion of quinone methide species. As shown in Fig. 6.11, reduction of the drug
molecule yields the hydroquinone 6.19, activating the aziridine ring for nucleo-
philic attack by DNA (a). When X is a good leaving group, two elimination
reactions afford highly electrophilic quinone methide intermediates 6.20 and
6.21, allowing two other sites for DNA alkylation (b and c). EO4 has been
shown to give cross-linked DNA adducts involving the a and cmodes of attack,40

while in the case of EO9 both monoalkylation at the aziridine ring40 and cross-
linking41 have been described.

One of the main limitations of mitomycin and the mitosenes is the need for
reductive activation, which renders them less active in tissues where the biore-
duction can be reverted, as for instance in the presence of oxygen. In search for
mitomycin analogues with activity in non-hypoxic cells, a number of semisyn-
thetic compounds have been designed that are activated by processes other than
reduction. Structurally, these compounds are characterized by the presence of an
aminoethylene disulphide side chain as exemplified by KW-2149, which has been
examined in clinical trials,42 although serious pulmonary toxicity was observed.43

KW-2149 causes interstrand DNA cross-links and DNA–protein cross-links,
resulting in single-strand DNA breaks and inhibition of DNA synthesis.
The mechanism proposed to account for these observations is summarized in
Fig. 6.12, and involves liberation of thiol 6.22 by reaction of the drug with a
mercapto group contained in glutathione. Compound 6.22 can be activated by
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reductases through the standard mechanism, involving the formation of 6.23 and
subsequent DNA alkylation by a mechanism related to that proposed for the case
of mitomycin. On the other hand, in vitro studies have shown that 6.22 exists
predominantly as its spiro isomer 6.24; this intermediate is proposed to react with
intracellular thiols to give 6.25, thus providing an alternative route for hydroqui-
none generation that is not dependent on reductase activity.44 Due to this
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mechanism, KW-2149 is active in non-hypoxic tumor cells and in cell lines that
express low levels DT-diaphorase and are therefore resistant to mitomycin.45
4. TETRAHYDROISOQUINOLINE ALKALOIDS

Antitumor natural products belonging to the tetrahydroisoquinoline family have
been under study for the last 30 years, starting with the isolation of napthyridi-
nomycin.46 They normally bind to DNA by alkylation of specific nucleotide
sequences in the minor groove. Most of these alkaloids contain quinone moieties
and act by reductive alkylation mechanisms and also by generation of oxygen
radicals via their one-electron reduction to a semiquinone species. The presence
of either a nitrile or a hydroxy group on the position of the pyrazine ring a to
the isoquinoline nitrogen is essential for DNA alkylation, which involves the
generation of an intermediate iminium species.
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Recognition of the saframycins by the DNA minor groove shows some speci-
ficity towards 50-GGG and 50-GGC sequences,47 and is followed by alkylation.
Saframycin S, one of the most active saframycins, is active in the quinone form,
which has been explained through the formation of iminium cation 6.26 and
subsequent covalent binding to DNA involving attack by guanine amino groups
to give aminal 6.27 48 (Fig. 6.13).

In the case of saframycin S, there is a second type of covalent bindingmechanism
involving previous reduction to dihydroquinone, which facilitates the formation
of the alkylating iminium species.49 The less-reactive saframycin A only alkylates
DNA in its hydroquinone form,50 and indeed several hydroquinone analogues of
saframycin A have been shown to be up to 20-fold more active than the parent
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quinone.51 The mechanism of DNA alkylation by these hydroquinones (6.29) is
proposed to involve B-ring opening with assistance from the phenolic hydroxyl
group to give quinone methides 6.30, which subsequently cyclize again to iminium
derivatives 6.31, the actual DNA alkylating agents. The redox equilibrium between
the saframycins and their semiquinones 6.28, as intermediates in the reduction of
the natural products to hydroquinones 6.29, is also involved in the generation
of cytotoxic oxygen radicals (Fig. 6.14). Finally, we will mention that glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), a key transcriptional coactivator
necessary for entry into S-phase due to its involvement in the maintenance and/or
protection of telomeres, has been identified as a protein target of DNA–small
molecule adducts of several members of the saframycin class. Additionally,
GAPDH is also capable of forming a ternary complex with saframycin-related
compounds and DNA that induces a toxic response in cells.52

A mechanism very similar to the one summarized in Fig. 6.14 accounts
for DNA alkylation by bioxalomycin b2,

53 although a second mode of alkylation
at C-14 in structure 6.33 after quinone reduction and opening of the oxazolidine
ring has been suggested following molecular modelling studies.54 In the case of
bioxalomycins, it has been shown that the reduced form yields DNA interstrand
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cross-links with 50-CpG-30 selectivity,55 involving alkylation at C-7 following the
usual mechanism and also at C-13b, as shown in Fig. 6.15.

The ecteinascidins are broad-spectrum antitumor agents, several orders
of magnitude more potent than other tetrahydroisoquinoline alkaloids. Ecteinasci-
din 743 (ET-743, trabectedin), originally isolated from the marine tunicate
Ecteinascidia turbinata,56 has undergone extensive clinical studies57–59 and is cur-
rently being tested in Phase III for several types of cancer. This drug was
granted the status of orphan drug for treatment of soft tissue sarcoma and ovarian
cancer,60 and, more recently, it has been approved by the European Medicines
Agency (EMEA) for the former indication.

Recognition of ET-743 by the DNA minor groove is specific for certain
sequences like 50-AGC61 and involves hydrogen bonding with three different
base pairs, as shown in Fig. 6.16 (the arrows are oriented from hydrogen donor
to hydrogen acceptor groups).62,63 DNA alkylation involves attack of the guanine
amino group onto an iminium species generated at C-21 by loss of the hydroxyl
group. NMR studies have shown that the covalent adduct is protonated at N-12,
and this has led to the proposal that iminium generation is assisted by proton
transfer from N-12 to the hydroxyl acting as a leaving group.64

On the basis of gel electrophoresis and 1HNMR experiments, the site selectivity
of ET-743 has been shown to depend on the rate of reversibility of the covalent
adducts and not on the covalent reaction rate.Minor groove alkylation by ET-743 is
reversible, and it has been proposed that the differences in rate of the reverse
reaction are responsible for the observed sequence specificity, since non-favoured
sequences (e.g. 50-AGT) are dealkylated at an enhanced rate, allowingmigration of
ET-743 to the favoured ones (e.g. 50-AGC). Due to hydrogen bonding, ET-743 forms
a stable and tight complex at the 50-AGC target sequence, where the covalent
linkage is less accessible to attack by a water molecule. In the case of ET-743-
AGT adducts, the complex is less stable and has more dynamic motion, leading
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to higher conformational flexibility that renders it more accessible to solvation,
with the consequent increase in the rate of the reverse reaction, as shown in
Fig. 6.17.

The mechanism of action of ET-743 and related compounds has been the matter
of intense investigation in several laboratories.65 X-ray crystallography and NMR
studies show that ET-743 alkylates guanine amino groups in a sequence-specific
manner, binding tightly into the minor groove of DNA. This induces widening of
the minor groove and bending of the helix towards the major groove,66,67 a distor-
tion of the helix that would normally trigger nucleotide excision repair (NER) in
which the damaged part of sequence is cut out by endonuclease and repaired by
DNA polymerase (see Section 4.4.3 of Chapter 10). However, ET-743, in a unique
mechanism of action, reverses NER, causing the endonuclease components to
create lethal single-strand breaks in the DNA rather than repairing it.68,69

At biological concentrations, the ET-743-DNA adduct also interacts with some
DNA transcription factors, specially the NF-Y factor.70 A molecular modelling
study has shown that the DNA-ET-743 complex is superimposable with the
minor groove of DNA bound to the zinc finger of the transcription regulator
EGR-1, suggesting that ET-743 may target chromosome sites where zinc fingers of
transcription factors interact with DNA.71 Other studies have revealed that, like
taxol, ET-743 disrupts the microtubule network of tumor cells,72 and, at doses
higher than therapeutic, it forms a cross-link between DNA and topoisomerase I
by interaction of its spirotetrahydroisoquinoline subunit with the protein.73
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Because of the complexity of the ET-743 structure, extensive studies have been
carried out on the preparation of simpler analogues. Among them, the most
important is phthalascidin,74 with an activity similar to that of the natural product,
where the phthalimino group plays a similar role to the spirotetrahydroisoquino-
line unit in ET-743.75 Another related compound is PM00104/50, which has
recently begun Phase I clinical trials for the treatment of solid tumors.76
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5. CYCLOPROPYLINDOLE ALKYLATING AGENTS

This name, although incorrect from the point of view of chemical nomenclature, is
usually employed to design a number of antitumor compounds that contain a
cyclopropane ring fused to an indole system. The first member of this class was
the natural product CC-1065, an extremely potent cytotoxic agent isolated in
trace quantities from the culture of S. zelensis in 1978, whose unique
structure was confirmed by single-crystal X-ray diffraction in 1981. In spite of its
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very high in vitro antitumor activity, CC-1065 cannot be used in humans because
it caused deaths in experimental animals due to its delayed hepatotoxicity.77

In the search for compounds with better antitumor selectivity and DNA sequence
specificity, many CC-1065 analogues have been synthesized in an attempt to avoid
the undesired side effects while retaining its potency against tumor cells. Among
them, the duocarmycins,78,79 adozelesin, and halomethyl analogues such as bizele-
sin,80 U-80224,81 and KW-218982 may be mentioned. Among these compounds, the
water-soluble prodrug KW-2189, which is activated by carboxyl esterases, is the
most advanced one, having undergone Phase II clinical trials in patients with
advanced malignant melanoma.83 Hybrid compounds containing the cyclopropy-
lindole fragment or its precursors and minor groove binding distamycin portions
have also been prepared.84
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The structure of CC-1065 and their analogues fits the DNA minor groove
curvature, where they bind specifically to AT-rich sequences, followed by irre-
versible alkylation of adenine N-3 (Fig. 6.18A). The halomethyl compounds are
activated by cyclization to a cyclopropane derivative after hydrolysis of any
protection on the phenolic hydroxyl (Fig. 6.18B).

As shown in Fig. 6.18A, cyclopropane ring opening needs to be assisted by the
electron-withdrawing effect of the carbonyl group. Prior to interaction with DNA,
this assistance is prevented by the conjugation between the carbonyl and the indole
nitrogen atom, which form a vinylogous amide. However, the twist that the drug
molecule needs to undergo in order to be accommodated into the deep and
narrow minor groove AT regions forces the nitrogen atom out of the plane of the
unsaturated carbonyl system and therefore out of conjugation (Fig. 6.19).
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6. PYRROLO[1,4]BENZODIAZEPINES

Anthramycin, tomaymycin, and sibiromycin are natural pyrrolo[1,4]benzodi-
azepine antitumor antibiotics that react with the minor groove of DNA to
form covalently bound complexes. They show activity towards several tumors,
but their clinical use is limited by their cardiotoxicity and tissue necrosis induction.
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These compounds form a covalent bond with the 2-amino group of guanine, as
shown by X-ray diffraction,85 through the formation of an intermediate iminium
cation (Fig. 6.20).
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1. DNA INTERCALATION AND ITS CONSEQUENCES

Manyanticancer drugs in clinical use (e.g. anthracyclines,mitoxantrone, dactinomy-
cin) interactwithDNA through intercalation,which can be defined as the process by
which compounds containing planar aromatic or heteroaromatic ring systems are
inserted between adjacent base pairs perpendicularly to the axis of the helix and
without disturbing the overall stacking pattern due to Watson–Crick hydrogen
bonding. Since many typical intercalating agents contain three or four fused
rings that absorb light in the UV–visible region of the electromagnetic spectrum,
they are usually known as chromophores. Besides the chromophore, other substitu-
ents in the intercalator molecule may highly influence the binding mechanism,
the geometry of the ligand–DNA complex, and the sequence selectivity, if any.

The intercalation process1 starts with the transfer of the intercalating molecule
from an aqueous environment to the hydrophobic space between two adjacent
DNA base pairs. This process is thermodynamically favoured because of the
positive entropy contribution associated to disruption of the organized shell of
water molecules around the ligand (hydrophobic effect). In order to accommodate
the ligand, DNA must undergo a conformational change involving an increase in
the vertical separation between the base pairs to create a cavity for the incoming
chromophore. The double helix is thereby partially unwound,2 which leads to
distortions of the sugar–phosphate backbone and changes in the twist angle
between successive base pairs (Fig. 7.1). Once the drug has been sandwiched
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between the DNA base pairs, the stability of the complex is optimized by a number
of non-covalent interactions, including van derWaals and p-stacking interactions,3

reduction of coulombic repulsion between the DNA phosphate groups associated
with the increased distance between the bases because of helix unwinding, ionic
interactions between positively charged groups of the ligand and DNA phosphate
groups, and hydrogen bonding. Generally speaking, cationic species are more
efficientDNA intercalators because they interact betterwith thenegatively charged
DNAsugar–phosphate backbone in the initial stages and also because intercalation
releases counterions associated to phosphate group, such as Naþ, leading to the
so-called polyelectrolyte effect. This is a very important driving force for intercala-
tion, since it diminishes repulsive interactions between the closely spaced charged
counterions. In fact, most intercalating agents are either positively charged or
contain basic groups that can be protonated under physiological conditions.

DNAintercalators are less sequence selective thanminorgroovebindingagents,
and, in contrast with them, show a preference for G-C regions. This selectivity is
mainly due to complementary hydrophobic or electrostatic interactions, which are
due to substituents attached to the chromophorewithin themajor orminorgrooves.
DNA intercalation is also governed by the nearest-neighbour exclusion principle,
which states that both neighbouring sites on each site of the intercalation remain
empty, that is, they bind, at most, between alternate base pairs.4 This is an
example of a negative cooperative effect, whereby binding to one site induces a
conformational change that hampers binding to the adjacent base pair.

Intercalation of a drug molecule into DNA is only the first step in a series of
events that eventually lead to its biological effects.5 Structural changes induced in
DNA by intercalation lead to interference with recognition and function of DNA-
associated proteins such as polymerases, transcription factors, DNA repair
systems, and, specially, topoisomerases. The role of these enzymes in the design
of antitumor drugs will be discussed in Sections 4 and 5.
2. MONOFUNCTIONAL INTERCALATING AGENTS

2.1. Ellipticine and its analogues

Ellipticine, an alkaloid isolated from the leaves of Ochrosia elliptica and other
Apocynaceae plants, is the prototype of intercalators based on the pyridocarbazole
system and displays a broad spectrum of antitumor activity.6 Although at physio-
logical pHvalues it can exist both as a neutral species and as amonocation (Fig. 7.2),
it is the latter form that seems responsible for DNA intercalation, which leads to
RNA polymerase inhibition. Other DNA-related enzymes that are inhibited by
ellipticine include DNA polymerase, RNA methylase, and topoisomerase II,
although it is not known whether these effects are a consequence of intercalation.

Ellipticine is also known to lead to cytochrome P450 (CYP)-dependent meta-
bolites that are able to bind covalently to DNA.7In vitro experiments employing a
peroxidase–H2O2 oxidizing system have shown that one of the metabolites from
ellipticine, namely its 9-hydroxy derivative 7.1, oxidizes to quinonimine 7.28 but,
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in spite of its high electrophilicity, this intermediate seems not to be covalently
bonded to DNA. More recent studies have proved that DNA binding is associated
to other metabolites, including the N-oxide 7.3 and the hydroxymethyl derivative
7.4, which can be tentatively assumed to react through the intermediacy of
stabilized cation 7.5 to give the DNA-alkylated product 7.6, as shown in Fig. 7.3.9

Because of the higher efficiency of cations as intercalating agents, some N-2
quaternized ellipticine analogues were assayed, among which the most interest-
ing was N-methyl-9-hydroxyellipticinium (NMHE). Its quinonimine 7.7 is more
reactive than its previously mentioned analogue from ellipticine (7.2) because of
the presence of the strongly electron-withdrawing cationic heterocyclic nitrogen
atom, and has been shown to react with a variety of biologically relevant nucleo-
philes at its C-10 position to give adducts 7.9 (Fig. 7.4). However, a correlation
between the in vivo antitumor activity of NMHE and the formation of covalent
adducts has not been established; in fact, it has been shown that the extent of
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irreversible binding to DNA is similar in NMHE-sensitive and NMHE-resistant
cell lines.10 Compounds related to NMHE have been employed as the basis for the
design of bis-intercalating compounds (see Section 4).

S-16020 is another important antitumor pyridocarbazole derivative, bearing a
(dimethylamino)ethylcarboxamide side chain that increases its DNA intercalating
ability. This drug is a potent stimulator of topoisomerase II-mediated DNA cleav-
age and is not affected by resistance mediated by P-gp. Despite its close similarity
with ellipticine, both compounds show little cross-resistance. Phase I clinical trials
have indicated limited antitumor activity in head and neck cancer.11

Intoplicine is an intercalating compound that can be considered as structurally
related to the ellipticines. It behaves as a dual topoisomerase I and II poison at
cleavage sites different to those of other known topoisomerase inhibitors.12 From
spectroscopic results two types of DNA complexes have been proposed account-
ing for topoisomerase I- and II-mediated cleavages, involving a ‘deep intercala-
tion mode’ or an ‘outside binding mode’, respectively.13 Because of the high
activity of intoplicine in preclinical cancer models, original mechanism of action
and acceptable toxicity profile, it was further evaluated in several Phase I studies.14

In these trials, patients developed serious liver toxicity at dose levels below the one
believed to be necessary for antitumor activity. This toxicity was considered to be
dose-limiting.
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2.2. Actinomycins

Actinomycin D (dactinomycin) is a member of the actinomycin family of com-
pounds, which was isolated from several Streptomyces strains. It contains a phe-
noxazine chromophore attached to two cyclic depsipeptides containing five
amino acid residues. It can be considered as a hybrid compound that behaves
both as a DNA intercalator and a minor groove binding agent. Although it differs
from most intercalating drugs in that it lacks a positive charge, it has been
suggested that this is compensated by its high dipole moment, arising from a
non-symmetrical distribution of polar substituents.15 Dactinomycin is used to
treat sarcomas, pediatric solid tumors (e.g. Wilms’ tumor, a type of renal
tumor), germ cell cancers (testicular cancer), and choriocarcinoma.
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ActinomycinD is the paradigmof intercalating compoundswith sequence selec-
tivity. X-Ray diffraction16,17 and molecular modelling studies18 have been exten-
sively employed to characterize its complex with DNA. The actinomycin
chromophore favours guanine-cytosine pairs and is therefore inserted between the
G-C step. Hydrogen bonds are established between the guanine 2-amino group and
the carbonyl oxygen of threonine, and also between the guanine N-3 atom and the
NHgroup of the same threonine residue, helping to stabilize the actinomycin–DNA
complex. The proline, sarcosine, andmethylvaline residues of the pentapeptide side
chain are involved in further hydrophobic interactions with the DNAminor groove
(Fig. 7.5). Several proposals have been put forward regarding the nature of the
preferred flanking base sequences adjacent to the GC intercalation site.19 The forma-
tion of this very stable actinomycin–DNA complex prevents the unwinding of the
double helix which leads to inhibition of the DNA-dependent RNA polymerase
activity and hence transcription.20 Like in the case of other intercalating agents,
topoisomerase II inhibition may also be one of the causes of cytotoxicity.
2.3. Fused quinoline compounds

TAS-103 is a dual topoisomerase I and II inhibitor that has marked efficacy against
various lung metastatic cancers and a broad antitumor spectrum in human xeno-
grafts, and it has reached clinical trials for the treatment of solid tumors.21 DNA
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binding and unwinding assays indicate that TAS-103 intercalates into DNA,
although spectroscopic studies show that outside binding is also important.22
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(H3C)2N

HO
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2.4. Naphthalimides and related compounds

Naphthalimide derivatives bearing an aminoalkyl side chain such as mitonafide
and amonafide have shown interesting cytotoxic activity,23 which is due to interca-
lation and topoisomerase II inhibition.24 Both mitonafide25 and amonafide26 have
been extensively tested in clinical trials but have not been employed in therapeutics,
although they have been used as leads in the design of bis-intercalators (see below).
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2.5. Chartreusin, elsamicin A, and related compounds

Chartreusin and elsamicin A are structurally related antitumor antibiotics that
were isolated from Streptomyces chartreusis and from an unidentified actinomycete
strain, respectively. Chartreusin suffered from unfavourable pharmacokinetic
properties (slow oral absorption and biliar excretion) which prevented its clinical
development. Semi-synthetic chartreusin analogues with improved pharmacoki-
netics have been developed. One of them, IST-622, is under Phase II clinical trials
for the oral treatment of breast cancer.27

On the other hand, elsamicin A, one of the most potent known inhibitors of
topoisomerase II, has entered Phase I clinical studies for relapsed or refractory
non-Hodgkin’s lymphoma. The activity was modest, but the compound was
nevertheless considered promising because of the absence of myelosuppression.28
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2.6. Other monofunctional intercalating agents

Some other intercalating agents (acridines and anthracyclines) are discussed in
Section 5.
3. BIFUNCTIONAL INTERCALATING AGENTS

In efforts to increase the binding constant of intercalating compounds, bifunc-
tional or even polyfunctional compounds have been designed. Bifunctional
intercalators (bis-intercalators) contain two intercalating units, normally cationic,
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separated by a spacer chain that must be long enough to allow double
intercalation taking into account the neighbour exclusion principle (Fig. 7.6).

Ditercalinium is an interesting bis-intercalator derived from ellipticinium with
a novel mechanism of action different from that of its monomer, since topoisom-
erase II inhibition is not involved. Ditercalinium causes inhibition of enzymes that
locate and repair damaged DNA sites, specially the nucleotide excision repair
(NER) system,29 due to the unstacking and bending that it induces on DNA
because of the rigidity of the linker chain.30

Elinafide is a bis-intercalator derived from the naphthalimide pharmaco-
phore31 that exhibited excellent antitumor activity and reached Phase I clinical
trials,32 showing anti-neoplastic activity in ovarian cancer, breast cancer, and
mesothelioma. Mechanistic studies on elinafide and its analogues are still in
progress,33 but this drug suffers from neuromuscular dose-limiting toxicity that
has halted its clinical development.
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Echinomycin is an antitumor antibiotic isolated from S. echinatus, which con-
sists of two quinoxaline chromophores attached to a cyclic octadepsipeptide ring,
with a thioacetal cross-bridge. Because of its potent antitumor activity, this com-
pound has been advanced to several Phase II clinical studies,34,35 although it was
eventually withdrawn from further clinical trials because it showed a high toxicity
without any marked therapeutic benefit. More recently, echinomycin has been
characterized as a very potent inhibitor of the binding of HIF-1 (hypoxia-inducible
factor 1) to DNA. This is an interesting feature because HIF-1 is a transcription
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factor that controls genes involved in processes important for tumor progression
and metastasis, including angiogenesis, migration, and invasion.36

Several studies have proved that both echinomycin quinoxaline rings bis-
intercalate into DNA, with CG selectivity, while the inner part of the depsipeptide
establishes hydrogen bonds with the DNA bases of the minor groove region of
the two base pairs comprised between the chromophores (Fig. 7.7).37 A calorimet-
ric study has proved that the binding reaction is entropically driven, showing
that the complex is predominantly stabilized by hydrophobic interactions,
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although direct molecular recognition between echinomycin and DNA, mediated
by hydrogen bonding and van der Waals contacts, also plays an important role in
stabilizing the complex.38
4. DNA TOPOISOMERASES

Identical loops of DNA having different numbers of twists are topoisomers, that
is, molecules with the same formula but different topologies, and their intercon-
version requires the breaking of DNA strands. DNA topoisomerases are enzymes
that regulate the three-dimensional geometry (topology) of DNA, leading to the
interconversion of its topological isomers and to its relaxation. This is related to
the regulation of DNA supercoiling, which is essential to DNA transcription and
replication, when the DNA helix must unwind to permit the proper function of
the enzymatic machinery involved in these processes.

Topoisomerase I breaks a single DNA strand while topoisomerase II breaks
both strands and requires ATP for full activity. In both cases, the enzyme is
covalently attached to the DNA through tyrosine residues in the active site.
These are transient, easily reversible linkages, and for this reason this covalently
bound structure is known as the ‘cleavable complex’. Afterwards, another DNA
strand passes through the transient break in the DNA, and finally the DNA break
is resealed. The end result of the reaction is a DNA molecule which is chemically
unchanged, but closed in a different topology. The normal catalytic cycle of
both types of topoisomerases involves two transesterification steps, one for
the cleavage and other for the religation process. In the cleavage reaction, nucleo-
philic attack of an active site tyrosine forms a covalent bond with DNA by
nucleophilic attack of its hydroxy group to a phosphate group of the phosphodie-
ster DNA backbone. In the religation step, the 50-hydroxyl group from deoxyri-
bose attacks the previously formed tyrosine phosphate.

Topoisomerases are crucial for the several DNA functions (e.g. replication and
transcription) that require the DNA to be unravelled, a process that generates
tension and entanglement in DNA. Drugs that inhibit the topoisomerases include
some of the most widely used anticancer drugs.39 On the other hand, topoisomer-
ase poisons may trigger chromatid breakage to inactivate the ataxia telangiectasia
(AT) gene function, disable cell cycle control, and induce genetic instability.40 In
this connection, some alarming studies have been published, suggesting that
maternal exposure to low doses of dietary topoisomerase II poisons, including
bioflavonoids such as genistein or quercetin, may contribute to the development
of infant leukaemia.41
4.1. Topoisomerase I mechanism

In the case of eukaryotic topoisomerase I, a single strand is attacked and a 30-
phosphotyrosyl linkage is formed. Religation takes place through attack of the 50

hydroxyl to the previously formed phosphate group (Fig. 7.8).
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Topoisomerase I acts by making a transient break (nick) of a single strand
of DNA, catalyzing the passage of DNA strands through one another and
allowing release of the superhelical tension. Topoisomerase I enzymes have
been sub-divided into type IA and type IB sub-families based on their reaction
mechanism. Type I topoisomerases of the type IA sub-family form covalent
linkages to the 50 end of the DNA break, while type IB sub-family enzymes
form covalent linkages to the 30 end of DNA break (Fig. 7.9). Eukaryotic
DNA topoisomerase I is attached to the 30 DNA end of the break site, and
is therefore a type IB topoisomerase. This enzyme is located in areas of active
RNA transcription to release superhelical stress generated during mRNA
synthesis.
4.2. Topoisomerase II mechanism

Eukaryotic topoisomerase II is a homodimeric enzyme that requires ATP to
function. It makes a transient double strand break, where the tyrosines from
the active sites of both monomers attack the phosphodiester bond to the 50-side
of the phosphate, leading to a covalent 50-phosphotyrosyl linkage in each strand
(Fig. 7.10).

After binding of the enzyme to DNA, a double strand DNA break is produced
by nucleophilic attack of both tyrosine residues. These breaks between the strands
are not directly opposite to each other; instead, they are separated by a four base
pair overhang, generating a space through which another region of intact DNA
can be passed. The final steps involve religation of the DNA break, dissociation,
and release of DNA from the topoisomerase (Fig. 7.11). Several of these steps
require the binding and hydrolysis of ATP.

The catalytic cycle of topoisomerase II is complex and is summarized in
Fig. 7.12, together with the names of some drugs that have steps of this cycle as
targets.42 The enzyme assumes two different conformations, resembling an open
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clamp in the absence of ATP and a closed clamp in the presence of ATP. The open
conformation can bind two segments of DNA, forming the pre-cleavage complex.
One of these segments will be nicked by the enzyme (G segment) and another that
will be transported (T segment). Afterwards, two ATP molecules are bound,
leading to the dimerization of the ATPase domains and hence to a conformational
change from the open- to the closed-clamp structure. The nucleophilic reactions
that break both strands of the G segment of DNA then take place, generating the
post-cleavage complex. This allows the passage of the T segment through the gap
thus produced, which requires the hydrolysis of one molecule of ATP. The broken
ends of the G segment are then ligated and the remaining ATP molecule is
hydrolyzed. Upon dissociation of the two ADP molecules from ATP hydrolysis,
the T segment is transported through the opening at the C-terminal part of the
enzyme, which is then closed. Finally, the enzyme returns to the open clamp
conformation, liberating the G segment.

Some antitumor drugs acting at the topoisomerase level have inhibition of
enzymatic activity as their primary mode of action, and are known as ‘catalytic
topoisomerase inhibitors’.43–45 Other drugs targeting the topoisomerases, includ-
ing intercalating drugs, interfere with the enzyme’s cleavage and rejoining activ-
ities by trapping the cleavable complex and thereby increasing the half-life of the
transient topoisomerase catalyzed DNA break. Some of the most clinically
useful anticancer drugs are of the latter type and are normally referred to as
‘topoisomerase poisons’ because they convert the topoisomerase enzyme into a
DNA-damaging agent.

Because the level and time-course of expression of these enzymes vary in
different cell types, and the development of resistance to one type of inhibitor is
often accompanied by a concomitant rise in the level of the other enzyme, there is
an increasing interest in drugs that can act as dual topoisomerase I and II poi-
sons.46,47 Finally, it is important to mention that topoisomerase inhibitors are
among the most efficient inducers of apoptosis.48
5. TOPOISOMERASE II POISONS

This class of topoisomerase II inhibitors act by trapping the G strand enzyme
intermediate, thus blocking religation and enzyme release and leaving the DNA
with a permanent double strand break. Besides the compounds discussed
here, many intercalating agents previously mentioned in Section 2 have this
property.

5.1. Acridine derivatives

The intercalation concept was first introduced to explain the non-covalent
binding of some acridine derivatives to DNA. Interest in these intercalators
has led to the development of amsacrine (mAMSA), a drug used in the treatment
of malignant lymphomas and acute non-lymphocytic leukaemia.49,50 The main
mechanism of action of mAMSA is the formation of a ternary complex with
DNA and topoisomerase II, trapping the cleavable complex, and inhibiting the
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religation step.51 Besides amsacrine, a large number of natural and synthetic
acridines have been tested as anticancer agents and, so far, a few molecules
have entered clinical trials and have been approved for chemotherapy.52

For instance, asulacrine is a close analogue with a broader spectrum of
activity in experimental tumors but without improved clinical antitumor activity.
DACA (XR5000) is an acridinecarboxamide and a mixed topoisomerase I
and II poison that has undergone extensive clinical trials.53 Hybrid
compounds have also been designed which combine the acridine intercalating
moiety with other groups that provide secondary interactions with the DNA
minor groove.
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The pyrazoloacridone KW-2170 is a topoisomerase II inhibitor of synthetic
origin that has entered Phase II clinical trials.54 On the other hand, the related
pyrazoloacridine PD-115934 is a dual topoisomerase I and II inhibitor, and has
also entered Phase II clinical trials.55
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5.2. Anthracyclines and related compounds

The anthracycline antibiotics, which were studied in Section 3 of Chapter 4, also
intercalate with DNA. The tetracyclic A-D chromophore of these compounds is
oriented with its long axis perpendicular to the long axis of adjacent base pairs at
the intercalation site. The daunorubicin–DNA complex is stabilized by the stacking
interactions of rings B and C and by hydrogen bonding involving the hydroxyl
group at C-9 of ring A, which acts as a donor to N-3 of guanine and as an acceptor
from the amino group of the same guanine. Ring D protrudes into the major groove
and the amino sugar moiety lies in the minor groove and does not take part in the
interaction with DNA, although it is crucial for antitumor activity (see below).

As other antitumor intercalating agents, anthracyclines are topoisomerase II
poisons because of the formation of a stable drug–DNA–topoisomerase II ternary
complex and consequent inhibition of replication and transcription. The sugar
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unit is crucial for the stabilization of this complex, and suppression of the C-4
methoxy and C-30 amino groups increases topoisomerase II inhibition.56

The formation of topoisomerase-mediated DNA breaks seem to be too modest
to explain the activity of the anthracyclines unless other mechanisms are taken
into account (see Chapter 4), but some of these mechanisms are enhanced by
anthracycline intercalation and minor groove binding; for instance, intercalation
is known to favour DNA propenylation by malondialdehyde.57

In the case of nogalamycin, the presence of two sugar residues at both ends of
the chromophore leads to a special way of interaction with DNA, called threading
intercalation58 in which one of the sugar units is located at the minor groove and
the other at the major groove. The structure of the nogalamycin–DNA complex
has been studied by X-ray diffraction.59

Other anthracyclines that act primarily as topoisomerase II catalytic inhibitors,
such as aclarubicin, will be mentioned in Section 6.1.
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Mitoxantrone is a simplified analogue of the anthracyclines which has also
been discussed in Chapter 4. It has a complex mechanism of action that includes
generation of a stable drug–DNA–topoisomerase II ternary complex. Isosteric
substitution of one or more carbons of the benzene rings by nitrogen atoms has
been employed as a strategy for the design of mitoxantrone analogues with
geometries similar to those of the parent compounds, but with increased affinity
for DNA due to the presence of sites suitable for hydrogen bonding or ionic
interactions. This increased affinity allows the suppression of the phenolic hydro-
xyls of mitoxantrone, which are responsible for its chelating properties and
therefore for its cardiotoxicity through oxygen radicals generated through Fenton
chemistry. Based on this idea, some aza-bioisosters related to the anthracene-9,
10-diones have been synthesized and screened in vitro and in vivo against a wide
spectrum of tumor cell lines.60,61

Among these compounds, pixantrone has a high level of activity in blood-
related tumors and is currently being studied in Phase III trials for the treatment of
non-Hodgkin’s lymphoma.62,63 Interestingly, pixantrone was curative in some
models of lymphoma and leukaemia where currently marketed anthracyclines
only prolonged survival, but it showed no measurable cardiotoxicity compared to
them at equi-effective doses in animal models.64 Another potential application
of this drug is as an immunosuppressant in multiple sclerosis patients.65
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The mechanism of action of pixantrone involves intercalation with DNA and
interaction with topoisomerase II, causing breaks in DNA strands.66
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5.3. Non-intercalating topoisomerase II poisons

5.3.1. Etoposide and its analogues
Podophyllin resin derivatives have been used as folk medicines for centuries,
its main active ingredient being podophyllotoxin. In the 1950s, a search began
to identify a more effective podophyllotoxin derivative67 that eventually
resulted in the development of a new class of anti-neoplastic agents which
target topoisomerase II. The most important compounds are etoposide and teni-
poside, two semi-synthetic derivatives of 4-epipodophyllotoxin. Etoposide (VP-
16)68 is used mainly to treat testicular cancer which does not respond to
other treatment and as a first-line treatment for small cell lung cancers. It is
also used to treat chorionic carcinomas, Kaposi’s sarcoma, lymphomas,
and malignant melanomas. A phosphate pro-drug of etoposide (etopophos)
has been used for ADEPT therapy and will be discussed in Section 3 of Chapter
11. Teniposide is used less frequently, especially to treat lymphomas.
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Etoposide and teniposide activity is cell cycle dependent and phase specific,with
maximum effect on the S and G2 phases of cell division. They cause DNA damage
through inhibition of topoisomerase II, and their mechanism of action has been
studied specially for the case of etoposide. DNA religation inhibition by this com-
pound seems to be due to inhibition of the release of ADP from the hydrolysis of
ATP69 and to its activation through oxidation–reduction reactions to produce deri-
vatives that bind directly to DNA. It has been shown that the O-demethylated
metabolite of etoposide 7.10has the samepotency as the parent drug. This etoposide
catechol is subsequently oxidized to an ortho-quinonemetabolite 7.12which is also a



DNA Intercalators and Topoisomerase Inhibitors 217
potent inhibitor of the topoisomerase II–DNA cleavable complex.70 It has been
proposed that the presence of free radical intermediates such as semi-quinone 7.11
contribute toDNAstrand breakage,which seems to be supported by the fact that the
40-OHgroupofetoposide is essential for its activityas shownby the inactivityof its 40-
OMe derivative. On the other hand, etoposide is a substrate of myeloperoxidase, an
enzyme with tyrosinase activity that catalyses a one-electron oxidation to form the
phenoxyl radical7.13 (Fig. 7.13).However, the formationof radicals 7.11and 7.13has
been proposed to be related to the increased risk of secondarymyeloid acute leukae-
mia induced by long-term etoposide treatment.71,72

Other interesting epipodophyllotoxins under clinical assay are TOP-53 and
tafluposide. TOP-53,73 which bears a basic aminoalkyl side chain that improves its
solubility while allowing its association with phosphatidylserine resulting in
selective accumulation in lung and is in Phase I trials. The phosphate pro-drug
tafluposide74 is a lipophilic perfluorinated epipodophyllotoxin that has a dual
topoisomerase I and II inhibitory activity, has shown high in vivo activity and has
entered Phase I clinical trials for solid tumours.
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5.3.2. Salvicine
Salvicine is a semi-synthetic diterpenoid quinone compound obtained by struc-
tural modification of a natural lead isolated from the Chinese medicinal herb
Salvia prionitis. This compound is a non-intercalative topoisomerase II poison
with a potent, broad spectrum in vitro and in vivo antitumor activity, and is
currently in Phase II clinical trials. Salvicine is also an inhibitor of several resis-
tance mechanisms (see Chapter 12), including multi-drug resistance (MDR) by
down-regulating the expression of MDR-1 mRNA via the activation of c-jun, and
DNA repair by the DNA protein kinase (DNA-PK) enzyme.
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FIGURE 7.13 Reactive species generated in etoposide metabolism.
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Salvicine inhibits the catalytic activity of topoisomerase II with weak DNA
cleavage action in contrast to the classic topoisomerase II poison etoposide. It
stabilizes DNA strand breaks through interactions with the enzyme by trapping
the DNA–topoisomerase II complex.75 Molecular modelling studies predicted
that salvicine binds to the ATP pocket in the ATPase domain and superimposes
on the phosphate and ribose groups, while competition with ATP was con-
firmed experimentally.76
6. TOPOISOMERASE II CATALYTIC INHIBITORS

This group of topoisomerase II inhibitors differ from topoisomerase poisons in
that they do not stabilize the cleavable complex, but act on other steps of the
catalytic cycle. Catalytic inhibitors and topoisomerase II poisons can exert syner-
gic or antagonistic effects, depending on the treatment schedule. When cells are
treated with high concentrations of drugs for short periods of time, competition is
observed between both types of inhibitors because all available enzymemolecules
are occupied by one of them, which brings about competition for the other. On the
other hand, synergistic effects are observed after continuous exposure of cells to
low concentrations of both types of inhibitors because under these conditions not
all the available enzyme molecules are occupied by one of the drugs, and some of
them are therefore available to the other. These results resemble those observed
under clinical conditions and for this reason additive or synergistic effects are
normally observed for both types of inhibitors under clinical settings. The thera-
peutic use of catalytic topoisomerase II inhibitors as anticancer agents is limited to
aclarubicin and sobuzoxane.44
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6.1. Inhibitors of the binding of topoisomerase II to DNA: Aclarubicin

Although most anthracyclines act as specific topoisomerase II poisons, some of
them, such as aclarubicin (aclacinomycin A), can act by different mechanisms.
This drug is clinically used in the treatment of acute myelocytic leukaemia and it
behaves as a strong intercalating agent that prevents the binding of topoisomerase
II to DNA and hence as a topoisomerase II catalytic inhibitor. Subsequent studies
have shown that aclarubicin is also a topoisomerase I inhibitor at biologically
relevant concentrations.77
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6.2. Merbarone

Merbarone is a derivative of thiobarbituric acid that was discovered in the course
of a study of a large number of barbituric acid analogues by the NCI. This
compound has been shown to inhibit the induction of DNA–topoisomerase II
cleavable complexes and has been tested clinically against a large number of
tumors,78 although it showed nephrotoxicity and poor anticancer activity.
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6.3. Bis(dioxopiperazines)

As mentioned in Section 3 of Chapter 4, this class of drugs were introduced as
chelating agents, since they behave as pro-drugs to EDTA amides, and are useful
as cardioprotectors when associated with anthracyclines. They have subsequently
been shown to inhibit topoisomerase II at a point upstream to the formation of the
cleavable DNA–enzyme complex by stabilizing the closed-clamp form of



220 Medicinal Chemistry of Anticancer Drugs
topoisomerase II as a post-passage complex. This is achieved by inhibiting the
ATPase activity of the enzyme after interaction with its N-terminal domain. The
main bis(dioxopiperazines)79 are shown below.
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7. SPECIFIC TOPOISOMERASE I INHIBITORS

Compounds that inhibit topoisomerase I can be divided into following two
categories:80

a. Topoisomerase I suppressors, which are those compounds that inhibit the
enzyme but do not stabilize the intermediate DNA–topoisomerase I covalent
complex.

b. Topoisomerase I poisons, which act after DNA cleavage by inhibiting religa-
tion. This can be achieved through three different mechanisms, involving (1)
binding of the enzyme to the previously formed drug–DNA binary complex,
(2) recognition of the enzyme–DNA binary complex by the drug, and (3)
interaction of DNA with the drug–enzyme complex.81
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7.1. Camptothecins

Topoisomerase I was validated as a target for cancer chemotherapy when it was
identified as the sole target of camptothecin (CPT). This compoundwas isolated in
1966 from the Chinese tree Camptotheca acuminata and its therapeutic development
was initially limited by its poor solubility and unacceptable toxicity. The identifi-
cation of topoisomerase I as its target prompted the search for water-soluble, more
active, less toxic analogues. Structure–activity relationship studies showed that
substituents at ring A and at the C-7 position of ring B were allowed, whereas the
ring E lactone was essential for activity. Two of these compounds are widely used
in the clinic, namely topotecan for the treatment of fluoropyrimidine-refractory
ovarian and small cell lung cancers82 and irinotecan (CPT-11). Irinotecan is a pro-
drug that needs to be hydrolysed by carboxylesterase83 to its active metabolite
SN-38 (Fig. 7.14). It is used in colorectal cancer, showing synergism with
cisplatin,84 and several studies have underscored the importance of pharmacoge-
netic considerations in its clinical application.85

Other second-generation CPT analogues (e.g. lurtotecan, rubitecan,86 exate-
can,87 gimatecan, karenitecin) are currently undergoing clinical trials88,89 and
belotecan (CKD-602) has been recently launched for the treatment of ovarian
and small cell lung cancer.90 These topoisomerase I targeted drugs are S-phase
specific and therefore adequate for tumors with a high proportion of proliferating
cells but unsuitable for those tumors that have high numbers of non-cycling cells
in the G1 phase, such as prostate and kidney cancer.

These drugs share the unstable six-membered lactone ring of CPT, which is
essential for activity. This ring is rapidly converted under physiological conditions
into the inactive hydroxyacid, which readily binds to serum albumin and thus
becomes unavailable to cells (Fig. 7.15).91 The higher activity of topotecan and
irinotecan with regard to CPT has been attributed to interference of their substi-
tuents with binding to albumin.92 Homocamptothecins,93 with a seven-membered
lactone ring, have enhanced plasma stability and reinforced inhibition of topo-
isomerase I comparedwith conventional six-memberedCPTs. Themost promising
of these compounds are elomotecan and diflomotecan, which are undergoing
clinical trials for colon, breast, and prostate cancer and lung cancer, respectively.94

CPT and its analogues act as topoisomerase poisons by targeting the cleav-
able DNA–topoisomerase I complex, as shown for the cases of CPT95,96 and
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topotecan.97 The high stability of the cleavable complex is essential for antitumor
activity and is due to the unfavourable activation entropy of the reversal
process.

A model of this complex has been proposed, based on protein–DNA and
protein–drug–DNA crystal structures, where most of the CPT molecule is
included in the protein–DNA complex while the region of the C7-C10 positions
is outside, associated with water molecules from the first hydration layer of the
DNA–topoisomerase I complex. The ternary complex corresponding to topotecan
is shown in Fig. 7.16.98,99
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FIGURE 7.17 Unfavourable activation entropy for the dissociation of the camptothecin ternary

complex.
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In this model, the very high activation entropy associated with the reversal
process is due to the need for the CPT derivative to accumulate an ordered layer of
water molecules around itself, as shown in Fig. 7.17 for the case of CPT.100
7.2. Non-CPT topoisomerase I inhibitors

Indolocarbazoles are the more advanced class of non-CPT topoisomerase I
inhibitors.101 This ring system is present in several structurally related families
of compounds that can target DNA, topoisomerase I, and several protein
kinases.102 The first of these compounds was staurosporine, a natural product
originally isolated in 1977 from S. staurosporeus that has a wide range of
biological activities but is best known as an ATP-competitive kinase inhibitor.
The related UCN-01, also a natural product isolated from Streptomyces cultures,
is currently undergoing clinical studies as an antitumor agent and will be
studied in Chapter 9.103

Rebeccamycin is also a natural product, isolated from the actinomycete Sac-
charothrix aerocolonigenes, with a dual topoisomerase I and II inhibiting activity.
This compound showed an impressive cytotoxicity in vitro but could not be
further developed because of poor water solubility. Among the many water-
soluble rebeccamycin analogues that have been developed, compound NSC-
655649 (BMY-27557–14, XL-119) has entered Phase II clinical trials for renal
cancer.104 Interestingly, the presence of the aminoethyl side chain in this
compound led to specific topoisomerase II inhibitory activity.

NB-506 has been characterized as a topoisomerase I inhibitor that enhances
DNA cleavage mediated by this enzyme. Since it shows cross-resistance with
CPT, it has been suggested that they share a common binding site in the
topoisomerase I–DNA complex, although NB-506 probably targets other addi-
tional cellular processes.105 Although this compound is an intercalating agent,
intercalation is apparently not required to stabilize the topoisomerase I–DNA
complex, and in fact a regioisomer of NB-506 without capacity to intercalate into
DNA is an extremely potent topoisomerase I poison.106 Clinical studies on NB-
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506 started in 1994, and it has shown a particular good activity in ovarian and
breast cancer. The related hydroxy derivative J-107088 is more active in vitro
than NB-506 or CPT in the induction of topoisomerase I cleavage complexes.107

This compound is being studied clinically and has shown potent activity against
lung and prostate cancers, and a wider therapeutic window than many estab-
lished drugs.108 Its glycoside edotecarin has shown activity in clinical trials for
colon, breast, and other cancers. The larger size of the imide nitrogen substituent
hampers imide ring opening and glucuronidation and leads to an increased
half-life.
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Another promising class of topoisomerase I inhibitors are the lamellarins,109

isolated from marine organisms such as mollusks from the Lamellaria genus and
Didemnum ascidians. The lamellarins are weak intercalating agents, although their
cationic derivatives are more potent in this regard, as expected; nevertheless, no
correlation exists in these compounds between their intercalating activity and
their cytotoxicity. Several members of the family, especially lamellarin I, reverse
MDR by direct inhibition of the P-gp-mediated efflux.110 This pharmacological
profile opens the possibility of their use as antitumor agents in resistant cells as
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well as using them as modulators of the MDR phenotype in combination with
other antitumor compounds.

Lamellarin D, one of the most potent compounds of the series, promotes DNA
cleavage through statilization of DNA–topoisomerase I cleavable complexes.111

Since it displays potent cytotoxic activities against multi-drug-resistant tumor cell
lines and is highly cytotoxic to prostate cancer cells, it is being considered for
clinical development, together with other analogues. Structure–activity relation-
ship studies in the lamellarins112 showed little tolerance towards changes in the
substitution pattern in the natural products and underscored the importance of
the methoxy and hydroxyl groups. A molecular modelling study of the binding of
lamellarin D to the DNA–topoisomerase I complex has revealed the presence of
hydrogen bonding interactions of the hydroxyls at C-8 and C-20 with the Glu-356
and Asn-722 residues of the enzyme.113

Topoisomerase I is probably not the only target of the lamellarins, as deduced
from cross-resistance studies with CPT.
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1. INTRODUCTION

Microtubules are filamentous intracellular structures that are responsible for
several aspects of the cell morphology since they form the cytoskeleton in eukary-
otic cells and are also responsible for various kinds of cell movements because
they are part of the cilia and flagella.

Microtubules are hollow structures formed by 13 parallel protofilaments that
grow and shorten by the reversible, noncovalent addition of tubulin dimers at
their ends. Tubulin is a protein that contains two subunits called a and b in a head
to tail arrangement. Microtubules and free tubulin dimers are involved in a highly
dynamic equilibrium, which is very sensitive to external factors (Fig. 8.1).
vier B. V.
reserved.
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FIGURE 8.1 Dynamic equilibrium between microtubules and tubulin dimers.
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A very important structure generated from microtubules is the mitotic spindle,
used by eukaryotic cells to segregate their chromosomes correctly during cell divi-
sion and allow the transfer of the chromosomes of the original cell to the daughter
cells. During cell division, microtubules in the cytoplasmic network depolymerize,
and the tubulin thus liberated is again polymerized to give the mitotic spindle.

Several important antitumor drugs exert their action by disrupting these
equilibria, either by binding to tubulin and inhibiting polymerization or by
binding to the microtubules and inhibiting depolymerization by stabilizing
them.1,2 This leads to inhibition of the formation of the mitotic spindle and
therefore these compounds behave as antimitotic agents.

Microtubules are the main target of cytotoxic natural products, and most of the
drugs discussed in this chapter have been discovered in large-scale screens of
natural materials. These compounds are highly successful in cancer treatment,3

and it has been argued that microtubules represent the best known cancer target.
Drugs acting on microtubules bind to several sites of tubulin and at different

positions of the microtubules but they all suppress microtubule dynamics,
thereby blocking mitosis at the metaphase/anaphase transition and inducing
cell death. The spindle microtubules are muchmore dynamic than the cytoskeletal
ones, and exchange their tubulin units with the soluble pools with half-times of
about 15 s, explaining why drugs that interfere with microtubule dynamics are so
effective against dividing cells.

Based on their behavior at high concentrations, antitumor drugs acting on
microtubules have been traditionally classified into two groups: (1) drugs that
inhibit microtubule polymerization (microtubule-destabilizing agents) and
(2) drugs that stimulate microtubule polymerization (microtubule-stabilizing
agents). Although we will adopt this time-sanctioned classification for organizing
this chapter, it is probably overly simplistic as it has been recently shown that
at low concentrations both types of drugs act similarly by stabilizing spindle
microtubule dynamics.4,5

An interesting feature of drugs acting on microtubules is the synergistic effects
that can often be found among them that potentially allow their combination,
avoiding high doses of any individual drug.
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2. DRUGS THAT INHIBIT MICROTUBULE POLYMERIZATION
AT HIGH CONCENTRATIONS

There are three main binding sites of drugs to tubulin, which are designed
according to their best known ligands as the Vinca, colchicine, and taxol sites.
For some of them, further research has uncovered the existence of different
subsites corresponding to different ligand-structural families.
2.1. Compounds binding at the Vinca site

2.1.1. Vinca alkaloids and their synthetic analogs
Vincristine and vinblastine are complex molecules produced by the leaves of the
rosy periwinkle plant Catharanthus roseus (Vinca rosea), whose potent cytotoxicity
was discovered in 1958. They were introduced in cancer chemotherapy in the late
1960s and remain in widespread clinical usage to this day. Despite their very
similar structures and common mechanism of action, they have widely different
toxicological properties and antitumor spectra. Thus, vinblastine is currently used
in the treatment of Hodgkin’s disease and metastatic testicular tumors, where it is
combined with bleomycin and cisplatin, while vincristine is used in the treatment
of leukemia and lymphomas.

Several semisynthetic analogs of these alkaloids6 are also in clinical use, most
notably vindesine, used mainly to treat melanoma and lung carcinomas and,
associated with other drugs, to treat uterine cancers, and the nor-derivative
vinorelbine, used for non-small cell lung cancer, metastatic breast cancer, and
ovarian cancer. The fluorinated analog vinflunine is in clinical development.7
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The Vinca alkaloids specifically block cells in mitosis with metaphase arrest,
and hence are antimitotic drugs. Their biological activity is explained by their
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specific binding to the b subunit of tubulin dimers, in a region called the Vinca
domain. Binding is fast and reversible, but it induces a conformational change in
tubulin, increasing its affinity for itself and leading to the formation of paracrystal-
line aggregates. This decreases the pool of free tubulin dimers available for
microtubule assembly, resulting in a shift of the equilibrium toward disassembly
and microtubule shrinkage. These phenomena result in microtubule depolymeri-
zation and destruction of the mitotic spindles, as verified in HeLa cells at high
(10–100 nM) concentrations (Fig. 8.2). As a consequence, dividing cells are blocked
in mitosis with condensed chromosomes.

The mechanism described above led to the Vinca alkaloids being thought for
many years to act solely as microtubule-depolymerizing agents. However, recent
observations have shown that, at concentrations that are low but clinically relevant
(0.8 nM inHeLacells), the spindlemicrotubules are notdepolymerizedbutmitosis is
still blocked and cells die by apoptosis. This suggests that the block is due to
suppression ofmicrotubule dynamics rather than tomicrotubule depolymerization.

One of the drawbacks of Vinca alkaloids and their analogs is their neurotoxic-
ity, which is probably related to the fact that microtubules are a key component of
neurons. Another problem associated with the use of Vinca alkaloids is the easy
development of resistance, normally mediated by the overexpression of the
Pgp-170 transport protein (see Chapter 12).
Mitotic spindle

Free tubulin
dimers

Paracrystalline aggregates

Microtubule

Equilibria are displaced toward depolymerization

Vinca
alkaloid

FIGURE 8.2 Depoymerization of microtubules following binding of Vinca alkaloids.
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2.1.2. Marine natural products binding at the Vinca domain and their analogs
Marine organisms are a rich source of antitumor compounds that have probably
evolved as defense mechanisms in the highly competitive marine environment.
Many of these compounds are in advanced preclinical or clinical stage of devel-
opment.8 Those acting on microtubules by binding at the Vinca domain include
the halichondrins, the dolastatins, the hemiasterlins, the cryptophycins, and the
spongistatins, among others.

Halichondrin B is a complex polyether macrolide isolated from the marine
sponge Halichondria okadai, with an extraordinarily high potency as an antitumor
agent and a high therapeutic index. Although its scarcity in natural sources has
hampered efforts to develop halichondrin B as a new anticancer drug, the existence
of a route allowing its total synthesis9 has paved the way for the preparation of
structurally simpler analogs that retain the remarkable potency of the parent com-
pound, specially the closely related E7389 (ER0865) and ER-086526.10 Besides the
deletion of a large region of themolecule, the readily biodegradable lactone group in
the natural compounds has been replaced with a ketone. Although available evi-
dence points to a mechanism of action involving tubulin binding and microtubule
depolymerization, the reasons for the highpotency and broad therapeutic indexes of
these compounds are unclear. The more active of the synthetic compounds, E-7389,
is under clinical trials for breast11 and prostate12 cancers.
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Dolastatin 10, a linear peptide, was isolated in 1987 from an Indian Ocean
mollusc, the sea hare Dolabella auricularia. Although this compound progressed
through to Phase II trials as a single agent, it did not demonstrate significant
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antitumor activity against prostate cancer13 or metastatic melanoma.14 Many syn-
thetic derivatives of the dolastatins have been prepared, among which TZT-1027
(auristatin PE, soblidotin),15 cemadotin, and synthadotin have entered clinical trials.
The latter compound has the advantage of being orally active and seems to be
promising for the treatment of non-small lung cell cancer and refractory prostate
cancer.16

Dolastatin 10 was shown to bind to a site close to theVinca domainwhere other
peptidic agents bound.17 In connection with this finding, it has recently been
shown that the Vinca domain in tubulin may be composed of a series of over-
lapping domains rather than being a single entity, as different levels and types of
competition were found when selected tubulin interactive agents were used to
investigate the binding characteristics of a tritium-labeled dolastatin probe.18
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Hemiasterlin was originally reported from the South African sponge Hemias-
terella minor, although it was soon also isolated from sponges of the genus Cym-
bastela, together with the related hemiasterlins A and B. These agents inhibit
tubulin assembly and probably bind at the ‘‘peptide binding site’’ shared with
the dolastatins and cryptophycins.19 Many synthetic analogs of the hemiasterlins
have also been developed, and HTI-286 is under clinical trials.20
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Cryptophycin-1 is a depsipeptide isolated from the cyanobacterium Nostoc sp.
that was initially described as an antifungal agent21 and was later shown to have
antimitotic and cytotoxic activity. Subsequently many cryptophycins have been
isolated and prepared by synthesis, the most important one being cryptophycin 52
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(LY-355703), which is in advanced clinical trials for the treatment of solid
tumors.22 The cryptophycins are among the most potent antimitotic agents
described, and their binding is very strong and poorly reversible, making them
relatively exempt from efflux by the Pgp-170-mediated multidrug (MDR)-resis-
tance mechanism.23 The somewhat related natural product maytansine 1 is
another inhibitor of tubulin polymerization, about 1,000-fold more potent than
vincristine. Although its toxicity led to abandoning clinical trials, it is now being
considered as a candidate for antibody-drug conjugates (Chapter 11).
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Spongistatins are macrocyclic lactones containing six pyran rings, four of which
are incorporated into two spiroketal moieties that were isolated from sponges of the
Hytrios genus. The spongistatins elicit extraordinarily potent (10�11 M) cytotoxic
responses, especially in solid tumors, and are being examined in Phase I clinical
trials.24 Spongistatin 1 is a noncompetitive inhibitor of the binding of [3H]vinblas-
tine and [3H]dolastatin to tubulin, in contrast to competitive patterns obtained with
vincristine versus [3H]vinblastine and with a stereoisomer of dolastatin 10 versus
[3H]dolastatin 10. Since dolastatin 10 is itself a noncompetitive inhibitor of Vinca
alkaloid binding to tubulin, this implies the existence of at least three distinct
binding sites in the Vinca domain.25 Molecular modeling studies of the binding of
the spongistatins led to the discovery of a hydrophobic pocket containing an
unusual cluster of 10 aromatic amino acids, which allowed the rational design of
simplified analogues containing a single spiroketal system that are known as
SPIKET compounds. One of them, SPIKET-P, inhibited the division of human
breast cancer cells at low-nanomolar concentrations.26

R = Cl  Spongistatin 1
R = H   Spongistatin 2 

H2C

R

OH CH2

HO

CH3

CH3

CH3

O

O

O

O
HO

HO

OH

O

O

O

CH3
OCH2

OCH3
HO

O
O

O

OH O

CH3

H

O

H3C

H3C

O
O

HO

OH

SPIKET-P



236 Medicinal Chemistry of Anticancer Drugs
2.2. Compounds binding at the colchicine site

The colchicine site is named from the well-known tropolone alkaloid isolated
from Colchicum autumnale, a plant widely employed in traditional medicine and
still used in the treatment of gout. Several compounds binding in the colchicine
site, including the combretastatins, 2-methoxyestradiol, and ABT-751, are now
under clinical investigation. Besides their antimitotic properties, some of
these compounds are receiving much attention because of their vascular actions
(Section 5).
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Colchicine played a fundamental role in studies of mitosis, but it has not found
significant use in cancer treatment perhaps because of its toxicity. Similarly to
Vinca alkaloids, colchicine depolymerizes microtubules at high concentrations
and stabilizes microtubule dynamics at low concentrations. It first binds to soluble
tubulin, leading to a complex that copolymerizes into the ends of the microtu-
bules and suppresses their dynamics because it binds more tightly to its tubulin
neighbors than free tubulin. The structural features required for this binding were
elucidated by extensive structure–activity relationships (SAR) studies that
showed the importance of the 9-keto function and the methoxy groups at C-1,
C-2, and C-10. The 7-acetamido function is not required for binding to tubulin and
may be replaced by other substituents, although the stereochemistry of this center
is critical for antimitotic activity probably because of the effect of this substituent
in the overall conformation of the colchicine molecule. Ring B appears to be
responsible for the irreversible nature of colchicine binding to tubulin, although
it may also contribute to its toxic effects. Finally, the tropolone ring C may be
replaced by a suitably substituted benzene ring with retention of the antimitotic
activity.
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The combretastatins27 are natural products isolated from the African willow
tree Combretum caffrum.28 They bear structural similarities with colchicine, since
both possess a trimethoxyphenyl ring and the aromatic tropone ring of colchicine
relates to the isovanillinyl group in the combretastatins. The most active is com-
bretastatin A-4, a very effective antimitotic agent due to its rapid binding to
tubulin at the colchicine site. SAR studies showed that the cis configuration of
its stilbene moiety is a critical structural feature for its activity. Its low water
solubility stimulated the preparation of a number of prodrugs,29 the most studied
of which is its 4-O-phosphate (CA4P). Combretastatin A-4 and its phosphate
have striking vascular effects, which will be discussed in Section 5.

Two other compounds that bind tubulin at the colchicine domain and are
undergoing clinical trials are 2-methoxyestradiol, which is being studied for
the treatment of solid tumors,30 and the methoxybenzenesulfonamide deriva-
tive ABT-751,31 investigated in solid tumors and refractory hematological malig-
nancies.32 The lignan derivative podophyllotoxin, mentioned in Section 5.3 of
Chapter 7 as the lead compound in the development of a family of
topoisomerase II inhibitors, is also a ligand of the colchicine site.33 Its tubulin
binding is greatly reduced by epimerization at C-4 (epipodophyllotoxin) and
completely abolished by the presence of sugar molecules, as found in etoposide.
3. MICROTUBULE-STABILIZING AGENTS: COMPOUNDS
BINDING AT THE TAXANE SITE

The primary ligand for this site in tubulin is the natural terpene taxol, although
several structurally dissimilar natural products (epothilones, eleutherobin, disco-
dermolide, and others) were found to share the same mechanism of action.
Based on extensive SAR studies and molecular modeling, a plausible common
pharmacophore for those microtubule-stabilizing agents has been proposed.
3.1. Taxanes

Paclitaxel (taxol) is the most important natural product in cancer chemotherapy
and one of the most successful cancer drugs ever produced, being widely
employed in the treatment of breast, ovarian, and lung carcinomas. It was
isolated from the Pacific yew Taxus brevifolia, and its anticancer activity was
discovered in the 1960s during a large-scale plant-screening program sponsored
by the National Cancer Institute (NCI). Enormous supply problems were found
initially because the location of taxol in the bark required to sacrifice the tree to
extract it, the concentration of the compound in yew bark is low, its extraction is
complex and expensive, and the Pacific yew is a limited resource that grows
very slowly. About 4,000 trees were required to provide 360 g of taxol for the
early clinical trials, and 38,000 trees were necessary to isolate 25 kg of taxol to
treat 12,000 cancer patients after approval of the use of taxol for treating
advanced ovarian cancer in 1992. Fortunately, it was subsequently discovered
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that the twigs and needles of the European yew, Taxus baccata, were a high-
yielding (1 g/kg) and renewable source of a related compound,
10-deacetylbaccatin III, lacking the C-13 side chain and the C-10 acetyl group,
that could be transformed through a relatively simple semisynthetic route into
paclitaxel and also into its more soluble and potent analog docetaxel, which was
approved for advanced breast cancer in 1996 (Fig. 8.3). Some other suitable
baccatin derivatives have been subsequently discovered in different Taxus spe-
cies that can serve as alternative starting materials in the semisynthesis of
taxoids. Biotechnological approaches are also being considered.34

Paclitaxel arrests cells at the G2/M stage of the cell cycle by stabilizing the
spindle microtubules and thus arresting mitosis. It binds specifically at the 1–31
and the 217–233 sequences of the b-tubulin subunit, at the inner surface of the
microtubule lumen, and it shows much higher affinity for tubulin in microtubules
than for free tubulin in solution. Paclitaxel also increases the microtubule polymer
mass, a phenomenon known as microtubule ‘‘bundling.’’
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FIGURE 8.3 Semisynthesis of taxanes.
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Although paclitaxel and docetaxel are widely used for the therapy of a variety
of solid tumors and are being investigated clinically for numerous other cancers,
they have some limitations. The main ones are the impossibility of oral adminis-
tration and the frequent development of resistances mediated by tubulin muta-
tion, leading to weaker interactions, or by overexpression of the Pgp-170 transport
pump, leading to efflux from the cell. Another problem is the need to associate
them with formulation vehicles to allow their administration. Thus, paclitaxel,
very insoluble in water, is generally formulated using polyoxyethylated castor oil
(Cremophor EL) while docetaxel, more soluble in water, is formulated using
Tween 80 and ethanol. Cremophor EL is responsible for many hypersensitivity
reactions and Tween 80, albeit less toxic than Cremophor, may also be responsible
of some toxic effects.35 These problems have stimulated the search for new
taxoids, several of which are under clinical evaluation.36 Among the first-
generation analogs, we will mention BMS-188797 and BMS-184476, which have
improved pharmacokinetic properties. More substantial variations can be
observed in ortataxel, where the aromatic rings of paclitaxel have been replaced
by other lipophilic substituents and the hydroxyl at the bridgehead position is
part of a cyclic carbonate structure. Ortataxel shows increased potency with
respect to paclitaxel and is the first orally active taxoid. Another structurally
related, orally active, semisynthetic taxane is BMS-275183. Both ortataxel37 and
BMS-27518338 have reached clinical trials for solid tumors.
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The large number of taxol analogs that have been synthesized has allowed the
establishment of several structure-activity relationships (SAR)34 that can be sum-
marized as follows:

a. The hydroxyl group 1 is not essential and can be removed, epimerized, or
esterified.

b. The oxetane ring 2 (or a small-ring analog) is essential for activity.



240 Medicinal Chemistry of Anticancer Drugs
c. The presence of acyl substituents 3, 4, and 8 is essential. Other acetoxy and
benzoyloxy groups present in the natural product may be replaced by other
acyls or removed.

d. Removal of the hydroxyl 5 leads only to a slight decrease in activity.
e. A free hydroxyl group in the side chain (6) is required. Esterification is possible

if the ester group is easily hydrolyzable, leading to a variety of water-soluble
and cell-specific paclitaxel prodrugs.

f. The phenyl group at the end of the side chain (7), or a close analog, is required
for activity.

g. Reduction of the carbonyl 10 leads to slightly improved activity.

In summary, the northern half of the molecule allows more structural varia-
tions than the southern portion. The 20R-30S-isoserine side chain is also a key
element in the antitubulin activity.
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Structural and molecular modeling studies, as well as the evaluation of confor-
mationally restricted analogs, have been undertaken to explain these SAR. The
taxane core has a rigid conformation, and the side chain is the only portion of the
molecule with rotational freedom. It can adopt a variety of conformations, two of
which were identified as the potential active conformations and differ only in the
value of the H20-C20-C30-H30 dihedral angle. Further research based on electron
crystallographic analysis of tubulin sheets has led to evidence showing that taxol
adopts a T-shaped conformation when it is bound to tubulin.39 This binding model
has been confirmed by the synthesis of a macrocyclic analog that adopts the T-taxol
conformation and is significantlymore active thanpaclitaxel in both cytotoxicity and
tubulin polymerization assays.40 The model is being used in the design of new
taxanes.41

The clinical success of taxanes, many of which are under clinical develop-
ment,42 has prompted an intensive search for drugs with a related mechanism of
action. This search has led to the identification of several families of natural
products that bind to the taxane site and share the ability of taxol to promote
microtubule assembly and induce mitotic arrest, and will be discussed in Sections
3.2 and 3.3.
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3.2. Epothilones

The epothilones A and B (a name derived from its molecular features: epoxide,
thiazole, and ketone) are naturally occurring 16-membered macrolides that were
isolated in 1993 from the myxobacterium Sorangium cellulosum and first employed
as agrochemical antifungal agents. In 1995, their taxol-like mechanism of action
was discovered,43 and subsequently they have been shown to have a number of
advantages over taxoids, including a higher potency in some cases, activity
against taxol-resistant cell lines because they seem to be poor P-170 substrates,
higher aqueous solubility, and simpler structures, leading to easier access to
analogs.44,45,46 Epothilone B (EPO906, patupilone) has been granted orphan des-
ignation by the European Commission for the treatment of ovarian cancer. Epothi-
lone D, also known as deoxyepothilone B, KOS-862, or NSC-703147, displays a
much more promising therapeutic index than epothilone B despite its slightly
decreased in vitro cytotoxicity,47 and is under clinical assays as second-line ther-
apy in non-small cell lung cancer.48 Resistances to epothilone are known, but their
mechanism seems to involve mutations in tubulin rather than upregulation of
drug efflux pumps.49

One of the limitations of the natural epothilones is their metabolic lability,
resulting from the easy hydrolysis of their lactone ring by esterases. This led to the
design of metabolically more stable lactam analogs, among which ixabepilone
(BMS-247550) is under clinical trials in paclitaxel-resistant colorectal, metastatic
breast, and non-small-cell lung cancers.50,51 Although early Phase II data seemed
to indicate that ixabepilone and patupilone could be useful in taxane-refractory
tumors, this expectation has turned out to be unfounded.

Another limitation of the epothilones is their poor water solubility, which
requires their formulation with cosolubilizers. For instance, ixabepilone is formu-
lated in Cremophor, leading to hypersensitivity reactions that require the prophy-
lactic administration of oral histamine blockers.52 This has stimulated the
development of water-soluble analogs like the amino-derivative of epothilone B,
known as BMS-310705, which is under clinical assays in patients with advanced
solid cancer.53 Another compound modified at the thiazole substituent is ABJ879,
which also shows the replacement of the epoxide oxygen by a methylene group.
ABJ879 is slightly more potent than epothilone B or paclitaxel at inducing tubulin
polymerization, but much more potent as an antiproliferative agent, and has
recently entered clinical studies.54

ZK-Epothilone (ZK-EPO) is a promising, fully synthetic epothilone that was
designed to overcome MDR resistance.55 This compound, currently under clini-
cal assays,56 exhibited significant activity across a broad spectrum of preclinical
tumor models, including those resistant to widely used chemotherapeutic agents,
because it is not recognized by cellular efflux pumps. It is also more water-
soluble than taxanes and does not require a formulating agent such as
Cremophor.
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Hundreds of epothilone analogs have been prepared using conventional
solution chemistry or combinatorial strategies. Their screening has allowed to
establish a detailed SAR profile,49,57,58 which is summarized below:

a. The configuration at the stereocentres C-6, C-8, C-13, and C-15 is important and
must be that of the natural products (1).

b. The epoxide function is not essential, and it may be replaced by a C12–C13

double bond or a cyclopropane ring (2). Analogs incorporating a trans epoxide
or trans olefin structure at C12–C13 appear to be almost equipotent with the
corresponding cis isomers.

c. A methyl group at C-12 enhances activity (3).
d. Expansion to a 17-membered ring, created by the presence of a trans C11–C12

double bond and an additional methylene, leads to a compound where anti-
proliferative activity is substantially maintained (4).

e. Z can be O or NH. In the latter case, the molecule is metabolically more stable.
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f. A correct location for the nitrogen in the side chain at C-15 is significant for
activity. However, the replacement of the thiazole ring either by an oxazole or
various pyridine moieties is well tolerated (6).
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The epothilone binding site in tubulin has been studied by 3D quantitative
structure–activity relationship (QSAR) models59 and by electron crystallography,
which has allowed to identify a common binding site on tubulin for
paclitaxel, epothilone-A, and eleutherobin.60 Prior to these studies, a common
pharmacophore had been proposed for the taxanes, the epothilones, and the
sarcodictyines.61
3.3. Miscellaneous marine compounds that bind to the taxane site

Eleutherobin is a natural product isolated from an Eleutherobia marine soft coral
that is extremely potent for inducing tubulin polymerization in vitro and is
cytotoxic in vitro for cancer cells with an IC50 lower than that of paclitaxel.62 The
same as paclitaxel, eleutherobin is a substrate for Pgp and both compounds show
cross-resistance in MDR1-expressing lines. The related sarcodictyins were also
isolated from the mediterranean coral Sarcodictyon roseum and seem more
promising than eleutherobin, in spite of their lower activities, because of the
MDR sensitivity of the latter.
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The eleutherobins and sarcodictyins have been extensively modified using
conventional and combinatorial chemistry techniques, which have also allowed
the formation of hybrid molecules of the two base structures. These studies have
led to several conclusions regarding their structure-activity relationships.44,63
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a. The side chain is essential for activity. Both nitrogen atoms of the imidazole
ring are important (1).

b. Both OH (hemiketal) and OCH3 (ketal) R1 groups are tolerated, with little
difference in activity.

c. In eleutherobin, removal or modification of the sugar moiety (R2) alters the
cytotoxicity and resistance pattern. In the sarcodictyins, esters are more active
than amides (3).
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Discodermolide is apolyketide fromthespongeDiscodermiadissolutawithamecha-
nism of action similar to both paclitaxel and the epothilones. Discodermolide has
several promising features such as its broad-spectrum antitumor activity, its potent
inhibition of taxane and epothilone-resistant tumors in cell cultures and in animal
models, and its synergic effectwhen combinedwith paclitaxel.64 Early clinical evalua-
tionswith discodermolide have begun in patientswith various advanced solidmalig-
nancies,65 but because only small amounts are available from natural sources, all
discodermolide used for preclinical activities as well as for the ongoing clinical trials
has been supplied by total synthesis.66,67 This has required developing an impressive
39-stepprocess thathasbeendescribedbya leadingsynthetic chemist as ‘‘probably the
best piece of syntheticwork to come out from an industrial company.’’68

The Okinawan ocean sponge Fasciospongia rimosa and other Pacific sponges
produce a potent microtubule stabilizing agent named laulimalide or figianolide
B. Although laulimalide is less potent than paclitaxel in drug-sensitive laboratory
cell lines, it is up to 100 times more potent in MDR-resistant cell lines, again
because it is a very poor substrate of Pgp-170. Another similarity of laulimalide
with discodermolide is its synergistic action with paclitaxel.69
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4. MISCELLANEOUS ANTICANCER DRUGS ACTING
ON NOVEL SITES ON TUBULINE

Estramustine phosphate, mentioned in Section 2.4, is used in the treatment of
advanced metastatic prostate cancer, alone or in combination with other antitu-
bulin agents such as vinblastine, paclitaxel, or ixabepilone.70 It is administered as
a phosphate prodrug, which is inactive because it does not enter the cells but is
rapidly metabolized to the active species. Estramustine depolymerizes microtu-
bule networks, inhibiting cell growth and inducing mitotic arrest, by binding to a
site different from other drugs.71

NSC-639829 is a representative of the benzoylphenylurea (BPU) class of com-
pounds,72 which were developed initially as insecticides but showed antitumor
activity in random screening. It inhibits tubulin polymerization by binding to a
novel site and is being evaluated in clinical trials in patients with refractory
metastatic cancer.73 NSC-639829 is also a potent inhibitor of DNA polymerase.
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5. ANTIVASCULAR EFFECTS OF MICROTUBULE-TARGETED AGENTS

The tumor vasculature is an attractive target for tumor therapy.74 The main
approach to inhibiting vascular function in tumors is antiangiogenic therapy,
which will be discussed in Chapters 9 and 10. However, it has been shown
more recently that some compounds, especially microtubule-targeted agents,
have the ability to shut down the existing vasculature at tumors because of
depolymerization of the microtubule cytoskeleton at the endothelial cells [vascu-
lar-targeting agents (VTAs)].75,76 Furthermore, the compounds of this group that
are under development seem to damage the tumor vasculature with preference to
normal tissues. This selectivity for the microvessels of tumors may reflect, in part,
variability in the cytoskeletal makeup of rapidly proliferating endothelial cells
inherent to microvessels feeding tumor cells versus the normally proliferating
endothelial cells of microvessels serving healthy cells.77

Among the tubulin-targeted agents previously discussed, the most efficient at
harming tumor vasculature are the ones targeting the colchicine site.78 Several
compounds of this type have entered clinical trials, including some derivatives of
the combretastatins such as combretastatin A-4–3-O-phosphate, combretastatin
A-2 phosphate, AVE8062A79 the N-acetylcolchinol phosphate ZD6126,80,81 and
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the flavonoid 5,6-dimethylxanthenone acetic acid (DMXAA, AS-1404). The previ-
ously mentioned TZT-1027, which binds in the Vinca domain, is also in clinical
trials as a small-molecule vascular disrupting agent.

Another field of interest for these drugs that is also under clinical evaluation is
the therapy of various retinopathies such as the wet form of age-related macular
degeneration (AMD), where inhibition of the formation of eye vasculature is
beneficial, and other vascular diseases.
6. MITOTIC KINESIN INHIBITORS

Despite the diverse array of essential spindle proteins that could be exploited as
targets for the discovery of novel cancer therapies, all spindle-targeted drugs in
clinical use today that we have mentioned in this chapter act on only one protein,
tubulin. Kinesins are motor proteins that function to transport organelles within
cells, and one group of them (mitotic kinesins) move chromosomes along micro-
tubules during cell division, playing essential roles in assembly and function of
the mitotic spindle. Mitotic kinesins have an ATPase site that allows them to
convert chemical energy into mechanical energy for the transport of DNA.
They represent the first novel class of drug targets within mitosis to emerge in
nearly 20 years.82

The most studied mitotic kinesin is the so-called kinesin spindle protein (KSP,
Eg5), which functions at the earliest stages of mitosis to mediate centrosome
separation and formation of a bipolar mitotic spindle. Eg5 interacts with micro-
tubules in mitosis, but not with interphase microtubules, suggesting that its
inhibitors may specifically target proliferating tumor tissue, thereby avoiding
dose-limiting neuropathy observed with other antimicrotubule agents like taxanes
or Vinca alkaloids. The first characterized small-molecule inhibitor of the motor



Anticancer Drugs Targeting Tubulin and Microtubules 247
protein Eg5wasmonastrol, which is an allosteric inhibitor of the ATPase function of
Eg5 that prevents ADP release by forming a ternary complex. The b-carboline
derivative monastroline (HR22C16) was identified through a high-throughput
microscopy-based forward-chemical-genetic screen.83 Another class of inhibitors
of Eg5 function are quinazoline derivatives, which function via an allosteric mecha-
nism similar to that of monastrol. Among them, ispinesib (SB-715992) has reached
clinical trials in patients with a variety of refractory solid tumors.84
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1. INTRODUCTION: THE ROLE OF PROTEIN KINASES IN CANCER
Intra- or inter-cellular communication disorders are a major cause of pathogenic
mechanisms. For this reason, modern drug research has become increasingly
focused on signal transduction therapy and many of the recently validated targets
are transduction-related macromolecules, especially kinases.

Protein kinases (PTKs) are enzymes that regulate the biological activity of
proteins by phosphorylation of specific amino acids with ATP as the source of
phosphate, thereby inducing a conformational change from an inactive to an
active form of the protein. There are three main types of PTKs, which are classified
according to the amino acid side chain that they phosphorylate:

a. Tyrosine kinases (TKs) that phosphorylate the Tyr phenolic hydroxyl (Fig. 9.1).
b. Serine-threonine kinases that phosphorylate the hydroxy group of these two

amino acids.
c. Histidine kinases, recently discovered, that phosphorylate the nitrogen of His

residues.

Protein phosphorylation is one of the most significant signal transduction
mechanisms by which inter-cellular signals regulate crucial intra-cellular pro-
cesses such as ion transport, cellular proliferation and differentiation, and hor-
mone responses. Recently, the human genome project has revealed that 20% of the
approximately 32,000 human genes encode proteins involved in signal transduc-
tion. Among these proteins are more than 500 PTK enzymes and around 150
protein phosphatases exerting tight control on protein phosphorylation. Preclinical
and clinical data strongly support the involvement of specific PTKs in the formation
and progression of a subset of tumors, with around 16 PTKs being considered as
possible therapeutic targets.

Many PTKs are cytoplasmic enzymes, but others, known as receptor protein
kinases (RPTKs), transverse the cell membrane and have dual roles as enzymes and
as receptors. The latter proteins have an extracellular domain that recognizes an
external messenger (growth hormones, growth factors)1 and an intracellular kinase
active site that becomes activateduponbindingof themessenger, triggeringa signal-
ling cascade that ultimately controls the transcription of specific genes related to
s
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cellular proliferation and differentiation. Non-receptor PTKs have no extra-cellular
domain, and are activated by upstream signalling molecules such as G-protein–
coupled receptors and immune system receptors, and also by receptor TKs.

Targeting PTKs is a compelling approach to cancer chemotherapy because in
many cancers there is an overexpression of PTKs or their associated messengers.2–4

In fact, following the discovery in the early 1980s that the protooncogene Src was in
fact a PTK, it has subsequently beenproved thatmost PTKs are related to oncogenes.

All PTKs have a region in their active site that recognizes ATP, which is the
phosphorylating agent in all cases, as well as another for their substrates. Most
clinically used inhibitors act in the ATP recognition site. Because, in spite of
having a common substrate, the ATP binding sites are relatively different for
different kinases, some selectivity in the inhibition is possible.

A number of substructures related to kinase inhibitors have reached clinical
investigation status. These include compounds identified from screening studies
and they include 4-aminoquinazolines, oxindoles, ureas, and 2-phenylaminopyr-
imidines, natural products and their analogues such as flavonoids, staurosporine,
and structural analogues of ATP like roscovitine (seliciclib). Some representative
examples of these structural families are given in Fig. 9.2.
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These pharmacophores target a highly conserved structural determinant of the
ATP binding site in the kinase family, namely an alternating hydrogen bonding
pattern present in the so-called hinge peptide portion that connects the N- and
C-terminal domain of kinases. Inhibitors form hydrogen bonds with the protein
backbone and peripheral groups are oriented towards two hydrophobic pockets
called BR-I (binding region-I) and BR-II or towards the phosphate-binding region
(PBR). There are two typical inhibitor binding modes, shown in Fig. 9.3, and very
often structurally close compounds bind to the ATP site in different topologies
and are able to recognize different kinases. For this reason, chemical similarity
between kinase inhibitors often fails to correlate with target specificity.
2. SIGNALLING PATHWAYS RELATED TO KINASES

A brief pictorial summary of the main signalling pathways targeted by drugs
described in this chapter is given in Fig. 9.4. For a more detailed explanation, see
the individual sections.

A summary of the main kinase inhibitors that will be studied in this chapter is
given in Table 9.1. Since most of them are not completely selective for a particular
kinase, their classification has been made according to their main target.
3. INHIBITORS OF TYROSINE KINASES (TKS)

The development of specific tyrosine kinase (TK) inhibitors started by the
synthesis of hydroxyphenyl compounds as tyrosine mimics. Some of them were
derivatives of itaconic acid, a compound that inhibited the insulin receptor with no
effect on serine-threonine kinases. Another source of inspiration was the natural
product erbstatin, an inhibitor of epidermal growth factor receptor (EGFR) and



FIGURE 9.4 Main signalling pathways related to kinases.

TABLE 9.1 Selected kinase inhibitors in the market or in clinical development

Type Target Agents

Tyr kinases EGFR (HER-1) Small-molecule inhibitors

4-Anilinoquinazolines

Gefitinib (ZD-1839)

Erlotinib (OSI-774)

Lapatinib (GW-2016)
Canertinib (CI-1003)

EKI-785

EKB-569

HKI-272

Monoclonal antibodies

Cetuximab (IMC-C225)

ABX-EGF

EMB-72000
RH-3

MDX-447

Panitumumab

EGFR (HER-2) Monoclonal antibodies

Trastuzumab

IGFR-1 Small-molecule inhibitors

AEW-541

(continued)
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TABLE 9.1 (continued )

Type Target Agents

VEGFR Small-molecule inhibitors

Oxindoles

Semaxanib (SU-5416)

SU-6668

Sunitinib (SU-11248)
Quinoxalines

Vatalanib (PTK-787, ZK-222584)

Anthranilamides

AAL-993 (ZK-260255)

Quinazolines

Vandetanib (ZD-6474)

AZD-2171

Indazoles
Axitinib (AG-013736)

Staurosporine analogues

Cephalon (CEP-7055)

Monoclonal antibodies

Bevacizumab

PRO-001

Ribozymes

Angiozyme
PDGF Small-molecule inhibitors

Suramin

FLT-3 Small-molecule inhibitors

4-Anilinoquinazolines

Tandutinib (MLN-518, CT-53518)

Staurosporine analogues:

CEP-701

PKC-412
BCR-ABL Small-molecule inhibitors

ATP mimics

Imatinib (STI-571)

Nilotinib (AMN-107)

Tyrosine mimics

Adaphostin

ON-012380

BCR-ABL/Src Small-molecule inhibitors

BMS-354825

SKI-606

AZD-0530

(continued)
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TABLE 9.1 (continued )

Type Target Agents

Serine-

threonine

kinases

CDKs Small-molecule inhibitors

Alvocidib (flavopiridol, HMR-1275)

Seleciclib (roscovitine, CYC-202)

BMS-387032

Indisulam (E-7070)

PDK1 Small-molecule inhibitors

UCN-01

AKT Small-molecule inhibitors

A-443654

Perifosine

AKT via HSP 90 Small-molecule inhibitors

Geldanamycin analogues

17-AAG

17-DMAG
PDK-1 Small-molecule inhibitors

UCN-01

MTOR Small-molecule inhibitors

Rapamycin analogues

Tensirolimus (CCI-779)

Everolimus (RAD-001)

AP-23573

Aurora kinases Small-molecule inhibitors

VX-680

PKCs Small-molecule inhibitors

Staurosporine analogues

UCN-01

CGP-41251

Ruboxistaurin (LY-333531)

Enzastaurin (LY-317615)

PKC-412
Bryostatin 1

Antisense oligonucleotides

ISIS-3521 (CGP-64128a)

ISIS-5132

Ras–Raf–

MEK

pathway

Ras Antisense oligonucleotides

ISIS-2503

Farnesyltransferase inhibitors

AZD-3409

BMS-214662

(continued)
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TABLE 9.1 (continued )

Type Target Agents

Tipifarnib (R-115777)

L-778123

Lonafarnib (SCH-66366)

SCH-226374

Raf Small-molecule inhibitors

Sorafenib (BAY43–9006)

Antisense oligonucleotides

ISIS-5132

MEK Small-molecule inhibitors

PD-184352

ARRY-142886 (AZD-6244)

258 Medicinal Chemistry of Anticancer Drugs
other kinases. The first potent inhibitor to arise from this work was tyrphostin
(AG-213). Conformational restriction strategies by cycle formation in this com-
pound eventually led to the identification of the quinoxaline system as a very useful
pharmacophore in the design of TK inhibitors (Fig. 9.5). Interestingly, they act as
ATP mimics rather than as substrate analogues, which was the original rationale
behind this work.5
3.1. Inhibitors of EGFRs (HER-1)

The epidermal growth factor (EGF) was one of the first isolated growth factors.
Its receptor (EGFR) is overexpressed or mutated in several cancers due to a
mutation of a normal gene to an oncogene, and many tumors that overexpress
this receptor also overexpress its ligands. Among several types of EGFRs, the
best understood are HER-1 (normally used as a synonym to EGFR) and HER-2.
An added complication is that the active form of the receptor is actually a dimer
of two HER types, and they seem to be able to mix-and-match.

EGFR is considered as a suitable target for lung cancer, colorectal cancer,
myeloid leukaemia, and hormone-dependent or independent breast cancer.6 It is
a 170-kDa membrane TK that is activated by EGF, but in cancer cells is also
stimulated by the transforming growth factor a (TGF-a), which is overexpressed
in tumors. Ligand binding leads to activation of its kinase activity through homo-
dimerization of two protein receptors (or heterodimerization with a receptor
belonging to the same family) followed by autophosphorylation at the Tyr-1068
residue, which in turn leads to the activation of a range of cell signalling pathways
(e.g. BTAT3, MAPK, and AKT). Transduction of signals to the nucleus and the
activation of gene transcription by several factors lead to the induction of several
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processes that are essential for tumor cell growth, including cell proliferation,
survival, angiogenesis, invasion, and metastasis. Small-molecule inhibitors of this
kinase inhibit ATP binding to its site at the TK domain (Fig. 9.6). Many anti-EGFR
agents are known, some of which are used in clinical practice or are under clinical
development. They can be classified in following two groups:

a. Small molecules that compete with ATP binding to the TK domain of the
receptor, inhibiting autophosphorylation and blocking signal transduction.

b. Monoclonal antibodies (mAbs) that are directed at the extra-cellular portion
of the EGFR. These antibodies compete with the receptor ligands, EGF and
TGF-a, and also inhibit receptor dimerization.
3.1.1. Small-molecule EGFR inhibitors
During studies aimed at characterizing the catalytic domain of EGFR-TK using
high-throughput techniques, it was discovered that 4-anilinoquinazolines were
promising inhibitors.7 Investigation of substituent effects on biological activity led
to the conclusions summarized in Fig. 9.7.8

Among 4-anilinoquinazolines, gefitinib (ZO-1839) was the first small-molecule
anti-EGFR agent, and the first non-cytotoxic compound, to be approved for



FIGURE 9.6 Events triggered following activation of the EGFRs.
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clinical use as a monotherapy for the treatment of patients with locally advanced
non-small lung cell cancer (NSCLC) following failure of platinum and docetaxel
treatments.9,10 A subsequent large randomized study failed to demonstrate a
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survival advantage for gefitinib in the treatment of this cancer. However, gefitinib
response has been shown to be primarily linked to the presence of EGFR muta-
tions and for this reason it has been suggested that EGFR-TK inhibitors should be
tested in clinical trials of first-line treatment of lung adenocarcinomas harbouring
EGFR mutations.11

These limitations, together with the report of lethal pulmonary toxicity from
studies in Japan, led to the replacement of gefitinib by the closely related erlotinib
(OSI-774). This compound is indicated for patients with advanced or metastatic
NSCLC after failure of prior chemotherapy. As in the case of gefitinib, its combi-
nation with platinum agents did not show any clinical benefit.12,13 Another
quinazoline derivative that inhibits EGFR with similar efficacy is lapatinib (GW-
2016), a dual inhibitor of EGFR and the closely related receptor ErbB2 (or HER-2).
The latter receptor has been identified as an important therapeutic target in a
number of cancers as it is overexpressed in around 20–30% of patients with
aggressive breast cancer and other tumors. For this reason, lapatinib is under
clinical assays for several solid tumors.14
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The binding of ATP to its site at the TK domain of EGFR was initially studied
by molecular modelling techniques, based on the X-ray crystal structure of the
complex between the related cAMP-dependent PTK, an inhibitor, Mg, and ATP.
This binding involves two hydrogen bonds at the Gln-767 and Met-769, among
other interactions. The ribose unit binds to its own pocket, and the triphosphate
chain is placed in a cleft that leads to the surface of the enzyme (Fig. 9.8A). This
active site also contains unoccupied spaces, especially a hydrophobic pocket
opposite to the place where the ribose binds. This pocket shows slight differences
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between the different kinases, allowing relatively selective inhibitors, and is
normally occupied by the above-discussed drugs, which thus act as ATP mimics.
For instance, the interaction between gefitinib and the EGFR catalytic domain has
been studied by X-ray crystallography15 and can be found in Fig. 9.8B. In the case
of gefitinib, where the N-1 atom of the quinazoline ring acts as a hydrogen bond
acceptor in an interaction with Met-769, the N-3 atom interacts with Thr-830
through a bridging water molecule, and the aniline ring occupies the normally
empty hydrophobic pocket.
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Since the ATP binding site is quite spacious, other orientations are possible for
inhibitors, even belonging to the same structural class. The substitution of the
Met-790 residue for Thr leads to resistance to gefitinib and erlotinib due to steric
hindrance to binding of the inhibitor.16

ATP-competitive inhibitors need to prevail over the high endogenous concen-
trations of ATP. For this reason, ATP-competitive EGFR inhibitors are rapidly
cleared from tumors. To overcome this problem, intensive efforts have been
directed towards the development of irreversible EGFR inhibitors. Some of them
are canertinib (CI-1003), a dual EGFR-HER-2 inhibitor,17 EKI-785, EKB-569, and
HKI-272, which are under clinical evaluation.2,5 In some of these compounds, like
EKB-569 and HKI-272, the traditional quinazoline ring has been replaced by a
3-cyanoquinoline.
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The last four compounds can be considered as active site-directed irreversible
inhibitors, since they contain a 4-anilinoquinazoline structural fragment that can
be recognized by the ATP site and also an electrophilic a,b-unsaturated carbonyl
moiety, responsible for covalent binding to the enzyme. The conserved cysteine
residue Cys-773 within the ATP binding pocket seems to be responsible for the
nucleophilic attack to this Michael substrate18 (Fig. 9.9).
3.1.2. Monoclonal antibodies
Because antibodies recognize specific proteins with high specificity, they can be
used as antagonists of the binding of an overexpressed protein to its ligands,
although they show toxic effects (ADCC, antibody-dependent cell-mediated
cytotoxicity). Antibodies for EGFR prevent the binding of EGF or TGF-a, and
hence receptor dimerization and signal transduction, in addition to causing
receptor internalization and proteosomal degradation.
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Cetuximab (IMC-C225) is a chimeric monoclonal antibody* that has been
approved for clinical use as a second-line treatment for EGF-expressing colorectal
cancer. Despite not having demonstrated an improvement in survival it is being
tested in combination therapies. Other antibodies directed to the same receptor
that are under clinical evaluation are ABX-EGF, EMD-72000 (humanized), RH3,
MDX-447, and panitumumab (fully human).2
3.2. Inhibitors of other receptors of the EGFR family: HER-2

As previously mentioned, HER-2 is a member of the EGFR family of receptors that
has been identified as an important therapeutic target because it is overexpressed
in around 20–30% of patients with aggressive breast cancer.

Besides the previously mentioned EGFR-HER-2 dual inhibitors such as lapa-
tinib and canertinib, somemonoclonal antibodies are directed at this receptor. The
most important is trastuzumab, a humanized monoclonal antibody that targets
the extra-cellular region of the HER-2 receptor, leading to its internalization and
degradation. Interaction of trastuzumab with the human immune system via its
human immunoglobulin G1 Fc domain may potentiate its antitumor activities.
In vitro studies demonstrate that trastuzumab is very effective in mediating
antibody-dependent cell-mediated cytotoxicity against HER-2-overexpressing
tumor targets. In summary, the mechanism of action of trastuzumab includes
antagonizing the constitutive growth-signalling properties of the HER-2 system,
enlisting immune cells to attack and kill the tumor target, and augmenting
chemotherapy-induced cytotoxicity.19

Trastuzumab has been approved for the treatment of metastatic breast cancer
in women that have had at least two chemotherapy treatments for this type of
cancer, in combination with paclitaxel. It is also being studied in combination with
other chemotherapeutic agents. Other related antibodies that are under clinical
evaluation are MCX-210 and 2C4.
* A chimeric protein can be defined as one that is encoded by a nucleotide sequence made by a splicing together of two or
more complete or partial genes, which can even be from different species.
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3.3. Inhibitors of insulin-like growth factor receptors: IGFR-1

The insulin-like growth factors (IGFs) are peptideswith a high sequence homology
with insulin. They are part of a complex system (often referred to as the IGF ‘axis’)
that has a role in the promotion of cell proliferation and in the inhibition of
apoptosis. The IGFR-1 is another membrane TK that is inhibited by several
families of compounds. The most relevant one is AEW-541, an inhibitor of the
receptor autophosphorylation, is being developed against musculoskeletal
tumors and multiple myeloma.20
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3.4. Inhibitors of TKs with pro-angiogenic activity:
VEFGR and related kinases

Angiogenesis can be defined as the growth of new blood vessels from pre-existing
microvasculature and will be discussed in more detail in Section 2 of Chapter 10.
Since angiogenesis has a key role in tumor growth and metastasis because tumors
cannot grow beyond a certain size unless they induce angiogenesis in order
to establish a blood supply, it is an important source of anticancer drug targets.
In adults, it is triggered only locally and transiently in processes such as wound
healing, and changes in the equilibrium between pro- and anti-angiogenic
factors are associated with a number of disease states. The receptors of some
pro-angiogenic growth factors such as the vascular endothelial growth factor
(VEGF) family, including VEGFR-1 (FLT-1), VEGFR-2 (KDR), and VEGFR-3
(FLT-4); the platelet-derived growth factor (PDGF); and the fibroblast growth
factor (FGF) are TKs, and will be discussed here. The previously mentioned EGF
also has activity as a pro-angiogenic growth factor. VEGFs bind to and activate the
above-mentioned cell surface receptors (VEGFR).

VEGF signalling is critical for blood vessel formation and is involved in all
stages of angiogenesis. Inhibition of VEGF signalling, therefore, is an attractive
therapy target in a wide range of tumor types, and disruption of the VEGF has
become one dominant strategy for the angiogenesis-related treatment of cancer.



FIGURE 9.10 Events triggered after activation of VEGFR-1 and VEGFR-2.
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VEGFR-1 was the first receptor TK to be identified and its signalling can be
important in tumor growth and metastasis, including the induction of matrix
metalloproteinases (MMPs). VEGFR-2 is expressed in endothelial cells and is the
principal receptor through which VEGFs exert their mitogenic, chemotactic, and
vascular permeabilizing effects on the host vasculature (Fig. 9.10). Activation of
VEGFR-3 promotes lymphangiogenesis.
3.4.1. VEGFR inhibitors
Indolinone derivatives have in common the presence of a hydrogen bond between
the C-2 carbonyl and a hydrogen donor in a side chain, generally a pyrrole ring.
The first of them was semaxanib (SU-5416), identified in a high-throughput
library screening as an inhibitor of VEGF- and PDGF-induced tyrosine autopho-
sphorylation. This compound reached Phase III clinical trials for colorectal cancer,
but it was discontinued at that stage.21 SU-666822 and sunitinib (SU-11248)23 were
obtained by introduction of a propionic acid and a (diethylaminoethyl)carmaboyl
chain, respectively, at the C-40 position of the latter compound. Sunitinib has been
approved by the FDA for gastrointestinal and renal cancer.
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X-ray crystallographic studies of some oxindole derivatives co-crystallized
with VEGFR-1 showed that they occupy the same region as ATP (Fig. 9.11).

Vatalanib (PTK787, ZK-222584), an orally available aminophthalazine deriva-
tive, was identified through a screen of a chemical library against FLT-1.24

It potently inhibits several VEGFR kinases, and also the TK activity of c-KIT
and PDGF. This compound is currently under Phase III studies for metastatic
colorectal cancer, with results that suggest a positive effect.25

Vatalanib was used as a starting point for the development of second-
generation VEGFR inhibitors. Based upon its binding mode to the receptors, an
anthranilamide scaffold was selected for optimization leading to the identification
of AAL-993 as a potent and selective VEGFR-2 inhibitor.
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The crystal structure of the drug–protein complex showed that, similar to
imatinib, AAL-993 targets the inactive conformation of the enzyme. The binding
involves three hydrogen bond interactions (Fig. 9.12) and several hydrophobic
interactions. Thus, the phenyl ring of the anthranilamide unit is sandwiched
between the hydrophobic side chains of Val-916 and Lys-868, and the trifluoro-
methylphenyl substituent fits a lipophilic pocket.26

Vandetanib (ZD6474) belongs to the quinazoline family and is being evaluated in
several Phase II clinical trials. Quinazolines were initially developed as EGFR-TK
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inhibitors and later refined to give VEGFR-2 (KDR)-selective compounds. Vandeta-
nib occupies the ATP adenine binding site, where it forms a single hydrogen bond
involving its N-1 nitrogen and the Cys-912 residue of the protein. Several structure–
activity relationships have been deduced for this family, including an increased
activity for the 2-fluoro and 5-hydroxy derivatives, the latter effect being attributed
to the formation of an additional hydrogen bond.27

Other promising quinazoline derivatives that act on VEGFR are AZD-2171
(ZD-2171), which demonstrated >800- to 5000-fold in vitro selectivity for VEGFR-2
inhibition, compared with a range of tyrosine and serine-threonine kinases. It is
undergoing a number of clinical trials (Phase I, Phase II/III) to evaluate its role in a
range of solid tumors.28GW-786034 is another orally activequinazoline that is also in
clinical trials.29
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The indazole derivative axitinib (AG-013736) is an orally available inhibitor of
VEGFR, and also of the related PDGF and CSF-1 receptor TKs. This agent is in
clinical development for head and neck and breast cancers, among others.30,31
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Other VEGFR inhibitors have been designed as analogues of the natural
product staurosporine, a non-selective kinase inhibitor. For instance, CEP-5214,
which was identified as the best candidate from SAR studies of about 2000
analogues, has a potent pan-VEGFR kinase inhibitory activity. Its N,N-dimethyl-
glycine ester CEP-7055 is a water-soluble prodrug that can be orally administered
and is undergoing clinical trials.32
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3.4.2. Other types of anti-VEGF therapy
Bevacizumab is a recombinant humanized monoclonal IgG1 antibody against all
isoforms of VEGF-A, which are ligands of the VEGFR-1 and VEGFR-2. Bevacizu-
mab was the first approved agent to inhibit tumor angiogenesis, in 2004 by the
FDA and in 2005 in Europe. It is used in combination with other drugs such as
5-fluorouracil or irinotecan for the first-line treatment of patients with metastatic
colorectal cancer, and is expected to be approved for other tumors such as NSCLC
and renal cell cancer.33 Cytotoxic monoclonal antibodies for related kinases such
as PRO-001, an antibody for FGFR-3, are also being developed for the treatment of
FGFR-3-expressing myeloma.34

Inhibition of the VEGFR activity can also be accomplished using catalytic RNA
molecules known as ribozymes, which down-regulate VEGFR function by specif-
ically cleaving the mRNAs for the primary VEGFRs. Angiozyme35 is one of these
ribozymes, which is under clinical studies for the treatment of solid tumors.
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3.4.3. Inhibitors of platelet-derived growth factor (PDGF)
Suramin is a polysulphonated naphthylurea originally developed for the treat-
ment of trypanosomiasis and onchocerciasis. Recent studies have shown that
suramin possess a variety of biological effects, including anti-AIDS activity due
to its capacity to inhibit reverse transcriptase and to prevent HIV entry into the
cell. More recently, suramin is also been used in the treatment of cancer and it is
being evaluated in clinical trials in combination with several other chemothera-
peutic agents in patients with a variety of solid tumors.36 Suramin blocks the
activity of several angiogenic factors, especially PDGF and FGF, and is also an
inhibitor of heparanase (see Section 2.2.2 of Chapter 10). It is also internalized into
the cell where it may affect the activity of various key enzymes involved in the
intracellular transduction of mitogenic signals including protein kinase C (PKC).
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3.5. Inhibitors of FLT-3

FLT-3 is a membrane TK structurally related to PDGFR. Activating mutations
of FLT-3 are present in about 30% of acute myeloid leukaemia (AML) patients and
are associated with lower cure rates from standard chemotherapy. For this reason,
this kinase has become a very popular target for the design of drugs against AML.

Tandutinib37 (MLN-518, CT-53518) is a quinazoline derivative that selectively
inhibits FLT-3 and PDGFR and is under clinical trials for AML38 and other
cancers. Other FLT-3 inhibitors belong to the indolocarbazole family of com-
pounds because they have been designed as analogues of staurosporine. The
most studied compounds of this group are CEP-70139 and PKC-412,40 both of
which inhibit several kinases besides FLT-3 and are under clinical evaluation for
AML and other tumors.
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3.6. Inhibitors of BCR-ABL TK (Abelson kinase)

In normal cells, the bcr and abl genes are in different chromosomes and code
different proteins. Chronic myeloid leukaemia (CML) is associated to the
exchange of genetic material between the chromosomes 9 and 22, whereby the
latter is altered and becomes the so-called Philadelphia chromosome. This transfer
leads to a hybrid gene (bcr-abl), formed by transfer of one of the normal genes. This
hybrid chromosome harbours the oncogenic protein BCR-ABL, a hybrid PTKwith
deregulated and high ABL kinase activity, resulting in a high leukocyte count. The
TK domain is contained in the ABL portion of the hybrid protein, also known as
the Abelson TK, which is therefore the natural target for the design of drugs for
the treatment of CML.41
3.6.1. Compounds acting as ATP mimics
Imatinib (STI-571, from ‘signal transduction inhibitor’) is an inhibitor of BCR-
ABL, and the first protein kinase inhibitor to be approved for cancer treatment
after a particularly rapid clinical development phase.42 It is effective in about 90%
of patients with CML, although resistance is increasingly being encountered.

The lead compounds in the development of imatinib were 2-anilinopyrimidine
derivatives 9.1, identified by random screening as inhibitors of PKC, a serine-
threonine kinase. All attempts to modify the guanidine portion, shown in bold in
Fig. 9.13, were unsuccessful, which was later explained by its involvement in two
hydrogen bonds with the active site of kinases. Optimization work led to com-
pound 9.2, bearing a 3-pyridyl substituent, as a potent inhibitor of PKC, and to the
discovery that the addition of an amide group to the anilino substituent led to
compounds that are dual inhibitors of PKC and ABL, such as 9.3. One potential
problem with these compounds is their hydrolysis in vivo to aniline derivatives,
which are known to be mutagens. For this reason, the amide moiety had to be
optimized for resistance to hydrolysis, and the benzamido group shown in com-
pound 9.4 was chosen for this purpose. In efforts to eliminate the PKC inhibitory
activity, a number of analogues were prepared, and it was found that an ortho-
methyl substituent led to a selective ABL inhibitor (CGP-53716), which can be
explained by assuming that the conformational restriction imposed by this substi-
tution forces the molecule into a conformation that is suitable only for the ABL
active site. Finally, further modifications were carried out in order to improve
aqueous solubility by the introduction of basic side chains that would allow the
preparation of salts, leading to the preparation of STI-571 (imatinib).43 Unexpect-
edly, it was later shown that the piperazine ring added for this purpose also
contributed to binding at the active site (see below). Nilotinib is an imatinib
analogue with an imidazole ring replacing the piperidine moiety and a reverse
amide function.

X-ray crystallography of a simplified model compound44 and of imatinib
itself45 in the active site of ABL and related kinases46 has shown that
imatinib binds at the ATP binding site of ABL, showing specificity for an inactive
conformation of the kinase. This inactive form contains the N-terminus of the
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kinase activation loop folded into the ATP binding site and mimics a bound
peptide sustrate. The fact that imatinib binds to an unusual conformation of the
kinase may explain its high selectivity.

The drug is sandwiched between the N- and C-lobes of the kinase domain and
penetrates through the central region of the protein. In this arrangement, the
pyridine and pyrimidine rings of imatinib occlude the region where the adenine
ring of ATP binds. The rest of the compound wedges itself between the activation
loop and helix aC, whereby the kinase is maintained in an inactive conformation.
The piperazine ring lies along a hydrophobic pocket on the surface, making van
der Waals interactions reinforced by hydrogen bonds with the carbonyl oxygen
atoms of Ile-360 and His-361. All together, imatinib makes six hydrogen bond
contacts (Fig. 9.14), with a large number of complementary van der Waals
interactions.

Besides BCR-ABL, imatinib inhibits other kinases including c-KIT, a member
of the type III group of receptor kinases. This protein is mutated in a rare subset
of gastrointestinal soft-tissue sarcomas known as gastrointestinal stromal tumors
(GISTs), and imatinib inhibits this mutated c-KIT. On the basis of a series of
Phase II studies, the FDA approved the use of imatinib for GISTs in 2002. Another
target for imatinib is the PDGF-receptor TK, which has an important role in
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tumorigenesis, specially in chronic myeloproliferative diseases. On this basis, the
activity of imatinib in tumors such as glioma, prostate cancer, and small cell lung
cancer is under active research.

Together with other mechanisms involving transport by Pgp-170 and others,
resistance to imatinib has been associated to mutations in the BCR-ABL47 and
c-KIT48 kinase domains, which impair the ability of the kinase to adopt the specific
conformation to which imatinib binds.

Nilotinib (AMN-107)49 is an imatinib analogue which has a high affinity and
specificity for BCR-ABL. In addition to being more potent than imatinib against
wild-type BCR-ABL, nilotinib is also significantly active against most imatinib-
resistant BCR-ABL mutants, and is expected to be superior to imatinib in terms of
the development of resistance.50 In Phase I/II clinical trials, nilotinib has produced
haematological and cytogenetic responses in CML patients who either did not
initially respond to imatinib or developed imatinib resistance. The FDA has granted
both fast track designation and orphan drug status to nilotinib, which also received
orphan drug status from the European Medicines Evaluation Agency (EMEA).
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3.6.2. Compounds acting as tyrosine mimics
In contrast with the ATP-competitive compounds mentioned so far, another
approach to the design of BCR-ABL inhibitors has been analogy to substrate,
that is, tyrosine. Some of these compounds that are being developed for use
in the clinic for BCR-ABL mutants resistant to imatinib are adaphostin and
ON-012380.5
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3.7. Dual Inhibitors of BCR-ABL and Src TKs

Src kinases are a family of non-receptor TKs that modulate intracellular signal
transduction and whose kinase domain is about 47% identical in sequence with
BCR-ABL. Src kinases are highly regulated in most normal cells but are deregu-
lated in several human tumors, including metastatic colon and breast cancers.
Elevated Src kinase activity has been linked with poor prognosis. Src kinases
cannot recognize imatinib although they have most of the amino acids involved
in the binding to BCR-ABL, perhaps due to differences in the inactive conforma-
tions of both proteins. Some dual inhibitors of BCR-ABL and Src kinases are
known, among which we will mention dasatinib (BMS-354825), SKI-606, and
AZD-0530.

In contrast to imatinib, dasatinib binds to both the open and closed
conformations of BCR-ABL kinase, although in an opposite orientation and with
the inhibitor in different conformations in both cases.51 As a result, this
compound inhibits not only the wild type of BCR-ABL, but also 14 of the 15
reported imatinib-resistant BCR-ABL mutations.52 Dasatinib is currently under-
going Phase I clinical trials in imatinib-resistant CML patients.53 Another dual
inhibitor is SKI-606, which is a 4-anilinoquinoline-3-carbonitrile structurally
related to the previously mentioned EKB-569 and HKI-272. This compound
shows potent anti-proliferative activity against chronic myelogenous leukaemia54

and is in Phase I clinical trials.55 A structurally related quinazoline derivative,
AZD-0530, is also in early clinical studies.56
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4. INHIBITORS OF SERINE-THREONINE KINASES

4.1. Cyclin-Dependent Kinases

Cyclin-dependent kinases (CDKs) are involved in the control of the cell cycle,
being in charge of moving the cell cycle from one phase to the next. CDKs are
activated by complexation with a group of associated proteins called cyclins.
There are several types of cyclins and CDKs that play their roles at different stages
of the cell cycle. For instance, in the G1 phase, an increase in cyclin D followed by
its binding to CDK4 and CDK6 leads to the phosphorylation of the tumor sup-
pressor protein known as retinoblastoma (pRB). This molecule is normally bound
to the transcription factor, E2F which is thereby inactivated. Phosphorylation of
pRB prevents this binding, leaving the transcription factor free to bind to DNA,
leading to the synthesis of several proteins, including cyclin E, which binds to
CDK2 and the complex is necessary for the progression from the G1 to the S phase.
Other complexes that are required for the progression of the cell cycle through
subsequent stages are cyclin E-CDK2 and cyclin B-CDK1 (Fig. 9.15). On the other
hand, the cell cycle is down-regulated by CDK inhibitors, also known as CKIs (p15,
p21), which are proteins that restrain the activity of CDKs.Over-activity of cyclins or
CDKsor insufficient activity of CKIs is associatedwith several tumors,making these
processes attractive anticancer57 and antiviral58 targets.

Several structurally varied competitive inhibitors of CDKs have been devel-
oped, and some of them are in clinical trials, including flavopiridol, roscovitine,
BMS-387032, and indisulam (E-7070).



FIGURE 9.15 Control of cell cycle by cyclins and CDKs.
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Alvocidib (flavopiridol, HMR-1275) is a semi-synthetic flavone related to a
natural product extracted from two Indian plants (Amoora rohituka andDysoxylum
binectariferum), and was the first CDK inhibitor to reach human clinical trials in
patients with NSCLC, in combination with paclitaxel. Flavopiridol is a non-
selective CDK inhibitor, thus explaining G1 and G2 arrest, and is also an inhibitor
of transcription.59 InspiteofhighlypromisingPhase I trials inavarietyofcancers, the
results of Phase II studies were rather disappointing inmost cases, although encour-
aging results found in one of these studies60 have prompted a Phase III study for the
treatmentofmetastatic lungcarcinoma, in combinationwithother chemotherapeutic
agents. Flavopiridol binds to the ATP site, with the benzopyran ring lying in the
adenine binding region, establishing the hydrogen bonds shown in Fig. 9.16.61
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Seleciclib (roscovitine, CYC-202) was identified from a study of heterocycles
with close analogy to the purine of ATP and is under clinical studies for lung and
B-cell malignancies.62 (R)-Roscovitine is rather selective for CDKs, especially
CDK2, where it binds as shown in Fig. 9.17, and does not affect most other kinases.
However, it binds a non-PTK target, pyridoxal kinase, the enzyme responsible for
phosphorylation and activation of vitamin B6, where, unexpectedly, it recognizes
the pyridoxal rather than the ATP site.63

BMS-387032 is also a CDK2 inhibitor, and is currently in Phase I clinical trials
for anti-cancer therapy. This compound was developed from a lead identified as a
selective CDK2 inhibitor by high-throughput screening (BC-2626). However, it
was inactive in vitro, and it was speculated that this was due to facile hydrolysis of
the ester group. BMS-239091 was designed as a metabolically stable bioisoster,
and it showed the expected cytotoxic activity against cancer cells. Replacement of
the ethyl group by a tert-butyl in order to enhance hydrophobic interactions with
the enzyme and introduction of a piperidine moiety to improve pharmacokinetic
properties led to BMS-387032 (Fig. 9.18).64 Unfortunately, this compound appears
to be a substrate of the P-glycoprotein efflux pump, which limits its absorption.65

X-ray crystallographic studies showed that this inhibitor binds to the active
site of CDK2 by two hydrogen bonds involving Leu-83 and the aminothiazole
moiety and also through hydrophobic interactions of the thiomethylene and
tert-butyl groups and two hydrophobic pockets (Fig. 9.19).64

The sulphonamide indisulam (E-7070) has a complex mechanism of action,
partially involving interaction with CDKs. This compound decreases the expres-
sion of several cell cycle proteins (cyclins A and B1, CDK2, and CDC2). It also
suppresses CDK2 catalytic activity with the induction of p53 and p21 proteins
in lung cancer cells, disturbing the cell cycle at multiple points, including both
the G1/S and the G2/M transition.66 Indisulam is also a potent carbonic anhy-
drase IX inhibitor (see Section 4 of Chapter 12).67 Subsequent research has
located other potential targets for this drug such as of cytosolic malate
dehydrogenase, which is inhibited by preventing the binding of its cofactor



N

S S
N

O
H
N

O

HN

tBu

BMS-387032

N

S S
H
NH3C

O

OCH2CH3

O

BC-2626

High-throughput screening

N

S S
N

O
H
NH3C

O

BMS-239091

CH3

CDK2 inhibitor
Metabolically labile

More potent CDK2 inhibitor
Metabolically stable

Increased hydrophobic interactions with CDK2
Improved pharmacokinetic properties

FIGURE 9.18 Design of BMS-387032.

N S

S

N

O

N O

N
H

tBu

H

HN

OH3C
H3C

Leu-83

Ala-144

Phe-80
Val-18

FIGURE 9.19 Binding of BMS-387032 to CDK2.

278 Medicinal Chemistry of Anticancer Drugs
NADP,68 and leucine and uracil transporters.69 Indisulam has reached Phase II
studies in patients with metastatic melanoma70 and other solid tumours.71
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4.2. PDK1, AKT, and mTOR kinases

The PI3K–AKT–mTOR pathway controls many cellular processes that are impor-
tant for the formation and progression of cancer, including apoptosis, transcrip-
tion, translation, metabolism, angiogenesis, and cell cycle progression. Genetic
alterations and biochemical activation of the pathway are frequent events in
pre-neoplastic lesions and advanced cancers and often portend a poor prognosis.
Thus, inhibition of this pathway is an attractive concept for cancer prevention
and/or therapy.72,73

The sequence of events in the pathway starts by activation of PDK1, a serine-
threonine kinase. When phosphatidylinositol-3-kinase (PI3K) is activated, it phos-
phorylates inositol-containing membrane lipids like phosphatidylinositol. The
phosphorylation product PIP3 binds to AKT, another serine-threonine kinase,
and cause its translocation to the membrane where it contacts PDK1, which is
responsible for at least one of the two phosphorylations necessary to activate AKT,
namely the phosphorylation of Thr-308 in its T-loop. AKT then phosphorylates
several substrates, leading to the activation, among others, of the so-called mam-
malian target of rapamycin (mTOR). This kinase, through its effects on other
proteins, increases the translation efficiency of growth-regulatory gene products,
increasing ribosomal RNA and nucleoprotein synthesis and elaboration of cyclin D.
As previously mentioned, this is followed by activation of CDKs (Fig. 9.20).

4.2.1. AKT inhibitors
AKT exists in three isoforms, called AKT-1, 2, and 3. While the kinase domain is
highly conserved among these isoforms, the PH domain, where phosphatidylino-
sitol-3-phosphate binds, provides a target for allosteric AKT inhibitors with
potential isoform selectivity.

Two types of AKT inhibitors74 are known, namely ATP-competitive and allo-
steric inhibitors. The first group is exemplified by A-443654, a pan-AKT inhibitor
with particular activity on AKT-1. In vivo, it slows the progression of tumors when
used as monotherapy or in combination with paclitaxel or rapamycin. Tumor
growth inhibition was observed during the dosing interval, and the tumors
re-grew when compound administration was ceased.75 Among allosteric inhibi-
tors, perifosine is a lipophilic choline analogue that disrupts AKT membrane
localization and activation, possibly by interference with the interaction of natural
phosphatidylinositol phosphate groups with the PH domain of AKT. This com-
pound shows selectivity for other kinases of the same pathway, and has entered
Phase II clinical trials for solid tumours.76 Perifosine is the prototype of a new
group of anti-cancer drugs referred to as alkylphosphocholines.
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Association of these inhibitors with compounds targeting AKT-associated
kinases, such as CSNK1G3 and/or IPMK has been suggested as a way to achieve
increased efficacy and improved therapeutic index.77

Inhibition of heat-shock protein 90 (HSP 90) provides a third, indirect way to
achieve AKT inhibition,74 and will be discussed in Section 7.
4.2.2. PDK1 inhibitors
UCN-01 is a natural staurosporine derivative that was originally described as a
selective inhibitor of PKC, but further research showed that it is non-specific; for
instance, it is a potent inhibitor of CDKs, checkpoint kinase 1 (CHK-1) and PKC.
However, its antitumor activity seems to be related to CHK-1 inhibition78 and to
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disruption of the PI3K–AKT pathway through inhibition of PDK1.79 UCN-01 is
currently under clinical development.80
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The binding of UCN-01 to the active site of PDK1 has been studied by X-ray
crystallography and compared with that of staurosporine, showing the impor-
tance of the hydroxy group in the former.81 The inhibitor is located in the
ATP-binding site and the heterocyclic moiety is sandwiched with hydrophobic
residues Leu-88, Val-96, Ala-109, and Leu-98 of the N-terminal lobe, and Thr-222
and Leu-212 of the C-terminal lobe. The lactam group mimics the adenine inter-
actions in ATP and shows two hydrogen bonds with the backbone Ser-160 and
Ala-162 residues. The key hydroxyl group interacts with side chains of Gln-220
and Thr-222, the latter with the intermediacy of a molecule of water. An additional
hydrogen bond, similar to the one formed by the ATP ribose, is formed
between the methylamino group and Glu-166. A second hydrogen bond of the
methylamino group involves Glu-211 (Fig. 9.21).

4.2.3. mTOR inhibitors
The previously mentioned downstream serine-threonine kinase known as the
‘mammalian target of rapamycin’ (mTOR) is another cancer target related
to the PI3K–AKT–mTOR pathway that acts as a regulator of the translation
of specific mRNA sub-populations that are important for cell proliferation
and survival.82–84 mTOR inhibition results in the suppression of growth and
proliferation of lymphocytes and certain tumor cell lines.

The parent compound, the macrolide rapamycin (sirolimus), is a natural
product isolated from a Streptomyces hygroscopicus found in soil samples from
Easter Island (Rapa Nui). This compound has been approved as an immunosup-
pressor for the prevention of rejection following cancer transplantation, and the
experience gained in this setting has proved that it is well tolerated. Some rapa-
mycin derivatives85 are being clinically assayed as antitumor agents. They include
the water-soluble rapamycin ester prodrug tensirolimus (CCI-779) and the
O-hydroxyethyl derivative everolimus (RAD-001), both of which are in Phase III
clinical evaluation, as well as AP-23573.82 Rapamycin and its derivatives do
not bind directly to mTOR, but to an immunophilin of the FK-506 family, called
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FKBP-12, and this complex then interacts with mTOR at a region adjacent to its
kinase domain, thereby preventing the interaction of mTOR with its kinase
substrates.
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4.3. Aurora kinases

Aurore kinases are a small family formed by three serine-threonine kinases
(Aurora A, B, and C). They play a crucial role in mitosis because they are
important for centrosome maturation, chromosome segregation, and cytokinesis.
Aurora kinases are implicated in the onset and progression of many human
cancers by dysregulating the phosphorylation of histone H3 and the tumor sup-
pressor p53. They are overexpressed in a wide range of human tumors, including
50% of colorectal, ovarian, and gastric cancers, and this over-expression trans-
forms microblasts giving rise to cells containing multiple centrosomes and multi-
polar spindles, and the resulting genetic instability contributes to tumorigenesis.86

For these reasons, Aurora kinases are an emerging target in cancer chemother-
apy.87,88 The main difference between Aurora kinase inhibitors and other anti-
mitotic drugs is that the former push the cells through aberrant and irreversible
rounds of the cell cycle, resulting in a delayed but sustained response in animal
models.88

Only a few inhibitors of Aurora kinases are known, which belong to well-
known classes of ATP-competitive kinase inhibitors.88 Among them, VX-680 also
inhibits FLT-3 and entered Phase I clinical trials for haematological cancers in
2005. It was designed using the 4-aminopyrimidine template, on the basis of
the crystal structures of the ATP binding sites of the three Aurora kinases.89

Another compound that has recently entered Phase I clinical studies is AZD-
1152, which was designed by manipulation of the 4-aminoquinazoline structure,
a well-known template for kinase inhibition, particularly at the 4, 6, and 7
positions.
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Another compound that has been reported to be moderately selective against
Aurora A is PHA-739358, which is in Phase I clinical studies. The structure or
pharmacological profile of PHA-739358 has not been divulged, but it could
be related to other Aurora analogues derived from the tetrahydropyrrolo[3,4-c]
pyrazole framework reported by the same company as an adenine mimetic in the
ATP site of Aurore kinases (Fig. 9.22).90
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4.4. PKC modulators

PKC is a family of closely related serine-threonine kinases. They can be activated
by G-protein–coupled proteins that contain seven transmembrane domains. Acti-
vation of the G-protein–coupled receptor also activates phosphoplipase C (PLC),
which catalyses the hydrolysis of phosphatidylinositol diphosphate (PIP2), which
is integrated into the membrane. This hydrolysis generates two secondary mes-
sengers, namely inositol triphosphate (IP3) and diacylglycerol (DG). The latter
compound is lipophilic and remains in the cell membrane, where it activates PKC.
Once back in the cytoplasm, PKC activates Raf by phosphorylation of serine-
threonine residues, thereby providing input into the MAPK pathway (Fig. 9.23).
For this reason, PKC is an attractive anti-cancer target.91

Some analogues of the natural kinase inhibitor staurosporine have been devel-
oped as PKC inhibitors with anti-cancer activity. They include the previously
mentioned multi-kinase inhibitor UCN-01, CGP-41251,92 ruboxistaurin (LY-
333531), which is specific for the PKC-b isoform, enzastaurin (LY-317615), in
Phase II for recurrent malignant glioblastomes,93 and PKC-41294. All these
compounds are under clinical trials as anticancer agents (Fig. 9.24). These com-
pounds have other applications, and thus CGP-41251 is also being evaluated as a
multi-drug resistance reversal agent.95 An important mechanism that may medi-
ate the development of hyperglycemia-induced vascular abnormalities in the
retina is mediated by the activation of the PKC pathway, and for this reason
LY-333531 is under clinical study for the treatment of microvascular complications
of diabetes.96,97

Bryostatin 1 is one of a series of cyclic macrolides isolated from the marine
bryozoan Bugula neritina that is in clinical development as an anti-leukaemic agent
and is also in Phase II clinical trials against melanomas, lymphomas, and renal
cancer.98 The mechanism of activity of the bryostatins is not completely under-
stood, but it may be related to their ability to modulate the PKC activity. Human
clinical trials have been less promising than in vitro studies, but suggest that
bryostatins have a synergistic action with other chemotherapeutic agents such
as paclitaxel.



FIGURE 9.23 PKC-mediated activation of RAF.
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ISIS 3521 (CGP 64128A) and ISIS 5132 are two phosphorothioate antisense
oligonucleotides which hybridize to the PKC mRNA and have undergone clinical
trials in patients with locally advanced or metastatic colorectal cancer.99
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5. INHIBITORS OF THE RAS–RAF–MEK SIGNALLING PATHWAY AND
FARNESYL TRANSFERASE

The Ras proteins belong to a large family of GTP-binding proteins (GTPases), and
were among the first proteins identified as cell growth regulators. In normal cells,
the Ras activity is controlled by the GTP/GDP ratio. About 25% of human tumors,
including nearly all pancreatic cancers and at least 30% of colon, thyroid, and lung
tumors, have undergone an activating mutation in one of the Ras genes that leads
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to proteins remaining locked in an active state, especially those corresponding to
three members of the family known as H-Ras, K-Ras, and N-Ras. Because of this
large percentage of human tumors containing Ras mutants and their key role in
maintaining themalignant phenotype, interruption of the Ras signalling pathway is
an important focus of anticancer drug development,100–102 which has resulted in
more than 20 new antitumor agents in clinical trials.

The Ras proteins need to be translocated to the membrane inner side in order
to be able to recruit their target enzymes. Newly synthesized Ras is a cytoplas-
matic protein that requires a post-transtational structural modification to render
them sufficiently lipophilic to allow their anchoring in the membrane. This
modification involves several steps (Fig. 9.25):

a. Prenylation, that is, the addition of farnesyl residues by farnesyltransferase
(FTase), which recognizes the terminal CAAX sequence of Ras, where C repre-
sents cysteine, A is an aliphatic amino acid (Leu, Ileu, Val), and X is Met, Ser,
Leu, or Gln. Depending on the X residue, some Ras proteins may be geranyl-
geranylated by other transferases (GGTases).

b. Proteolysis by an endoprotease that removes the last three amino acids of the
C-terminus.

c. Esterification of the new C-terminus by a methyltransferase.
d. Introduction of two palmitoyl groups by acylation of the thiol groups of two

Cys residues by a palmitoylCoA transferase. This reaction does not take place
in K-Ras, whose interaction with the plasma membrane is promoted by elec-
trostatic bonding between a group of charged lysine residues and the charged
phospholipid head groups.

Membrane-bound Ras cycles between the quiescent GDP-bound and the acti-
vated GTP-bound forms. This activation is triggered by alteration of the affinity of
Ras for GDP, allowing exchange for GTP, by a multi-protein scaffold formed by
adaptor molecules such as growth factor receptor bound (Grb), which binds to
phosphorylated tyrosine receptors to recruit effectors such as the so-called Son of
Sevenless (SOS). The main targets recruited by the active, membrane-bound Ras
are the Raf family kinases, which in turn activate mitogen activated protein kinase
kinases (MEK) to phosphorylate mitogen activated protein kinases (MAPK, also
known as ERK) that then influence gene expression (Fig. 9.26).

While the above mechanism promotes GTP binding to Ras, a competing
process that involves the so-called GTPase activating proteins (GAPs) prevents
it by activating GTP hydrolysis (‘Ras switch’, Fig. 9.27). A single amino acid
change at codons 12 (the most common in human cancer), 13, or 61 results in
mutant Ras proteins that are not sensitive to control by GAPs and hence Ras is
maintained in a GTP-bound (on) state.

The major approaches that have yielded clinically useful compounds acting at
the Ras pathway can be summarized as follows:

a. Inhibitors of Ras protein expression.
b. Inhibitors of Ras processing by farnesyltranferase.
c. Inhibitors of downstream effectors of Ras function.



FIGURE 9.25 Processes involved in the anchoring of Ras proteins to the cell membrane.

288 Medicinal Chemistry of Anticancer Drugs
5.1. Inhibitors of Ras protein expression

Antisense nucleotides targeted at H-Ras mRNA have been developed. The most
relevant is the phosphorothioate oligodeoxynucleotide ISIS-2503, containing 20
nucleotides (50-TCCGTCATCGCTCCTCAGGG-30) that is under clinical assay for
pancreatic carcinoma in combination with gemcitabine.103
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5.2. Inhibitors of Ras processing by farnesyltranferase

Farnesylation is critical for Ras maturation and function, and is therefore an
important target for drug development.104 Farnesylation is carried out by the
previously mentioned FTase, a heterodimeric zinc metalloprotein formed by
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a and b sub-units that binds to the ‘CAAX box’ of the Ras protein, which adopts an
extended conformation with the cysteine sulphur coordinated to the zinc ion in
the active site. This coordination apparently lowers the pKa of the thiol, increasing
the local concentration of thiolate anion and facilitating its farnesylation (Fig. 9.28)

Design of inhibitors of this enzyme has been achieved using three
approaches:105–107

a. Analogues that compete with the substrate, farnesyl pyrophosphate (FPP).
b. Peptide or non-peptide peptidomimetic compounds targeted at the terminal

CAAX sequence of Ras.
c. Bisubstrate analogues that combine both structural features.
5.2.1. FPP mimics
This class of inhibitors has attracted less interest because of their potential lack of
selectivity due to the fact that FPP is a substrate for other enzymes such as
squalene synthase. Although some of these compounds (e.g. 9.1 and 9.2) are
potent inhibitors of the enzyme, they have failed to show in vivo activity.

H3C

H3C

H3C

H3C

CH3

CH3 CH3

CH3

O
N
H

O
PO3Na2

9.1

H3O2P

N
H

O

CO2H

9.2
5.2.2. Peptides and peptidomimetics that mimic the CAAX motif
Initial reports about the FTase inhibitory activity of CAAX tetrapeptides led to the
identification of Cys-Val-Phe-Met as a lead for systematic structural modification.
Most of these analogues were aimed at achieving suitable pharmacokinetic prop-
erties while retaining the thiol group, important for coordination to zinc. Some
of the changes consisted of replacing the labile peptide bonds by stable methyle-
namino or methylenoxy links (e.g. L-739750) or the use of non-proteinogenic
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amino acids like aminobenzoic acid derivatives (e.g. FTI-276). L-739750 and FTI-
276 were normally employed as ester prodrugs (L-744832 and FTI-277, respec-
tively) in order to enhance their absorption (Fig. 9.29). Despite the encouraging
in vivo data obtained for these peptidomimetics, there were reservations regarding
their clinical use because of their potential thiol-related toxicity; nevertheless,
L-744832 has reached clinical trials.108 A combination of the modifications used
for the design of L-739750 and FTI-276, with the additional modifications of the
replacement of the reduced cysteinemoiety by amercaptoproline and having both
the thiol and the carboxylic groups masked as esters, has led to the design of the
double pro-drug AZD-3409, which has reached clinical trials.

The main FTase inhibitors under clinical development109 are non-peptidic,
heterocyclic compounds such as BMS-214662, tipifarnib (R-115777), L-778123,
lonafarnib (SCH-66336), and SCH-226374 that have normally been discovered
through screening approaches. BMS-214662, tifiparnib (initially developed as an
antifungal agent) and L-778123 contain imidazole rings that are able to co-
ordinate the catalytic zinc cation competing with the cysteine unit at the CAAX
motif in Ras. Lonafarnib was discovered through library screening and it does not
have a group able to act as a zinc ligand, which led to the design of its imidazole-
bearing analogue SCH-226374.

Both tipifarnib and lonafarnib are orally bioavailable, while BMS-24662 and
L-7781123 have been studied as intravenous formulations. BMS-24662, tipifar-
nib110,111 L-778123,112 and lonafarnib113 are under clinical studies against a variety
of cancers.
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X-ray diffraction studies of BMS-214662 and tipifarnib complexedwith farnesyl
transferase show that they bind to a hydrophobic cleft formed at the interface of
the a and b sub-units, forming a ternary complex with the FPP substrate and the
enzyme, binding the catalytic zinc cation at the rim of the active site. Therefore,
they act by a peptide-competitive mechanism.114 This interaction is exemplified in
Fig. 9.30 for the case of tipifarnib, which adopts a U shape stabilized by p-stacking
interactions between the two chlorophenyl rings. Other aromatic stacking inter-
actions are important, including those between the 4-chlorophenyl unit and the
farnesyl moiety, the quinoline unit and Tyr-361b, and the 3-chlorophenyl ring and
Trp-102b and Trp-106b. The imidazole nitrogen coordinates with the zinc co-
factor at the catalytic centre, and water-mediated hydrogen bonds are established
between the quinolone carbonyl oxygen and the Phe-360b at the protein backbone,
as well as between the amino group and the FPP a-phosphate moiety. Similarly,
the imidazole ring in BMS-214662 binds to the zinc cation in the active site and the
union is stabilized by several p-stacking interactions.114

L-778123 was designed to selectively compete with the binding of the CAAX
fragment of Ras in FTase, but in vivo studies showed that it also inhibited GGTase I
in the presence of anions such as sulphate and phosphate by unexpectedly
competing with the GGPP substrate rather than with the peptide. The inhibitor
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adopts a U shape by van der Waals stacking between the cyanophenyl and
piperazine units, with the imidazole unit occupying the apex of the structure
and coordinating with the zinc cation. In FTase, FPP binds adjacently at the
corresponding site, with the pyrophosphate group occupying a positively
charged pocket (Fig. 9.31A). However, in GGTase I the inhibitor does not form a
ternary complex with geranylgeraniol pyrophosphate and instead it occupies the
lipid substrate binding pocket and a portion of the peptide substrate binding
pocket. The cationic site is occupied by a sulphate anion, which is placed where
the pyrophosphate of GGPP normally binds (Fig. 9.31B).115
5.2.3. Bisubstrate analogues
Some FTase inhibitors incorporate structural motifs from both FPP and the CAAX
sequence. One example is compound 9.3, where the thiol moiety of CAAX was
substituted by a carboxylic group and the farnesyl chain was covalently attached
to the peptide through an amide linkage.
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5.3. Inhibitors of downstream effectors of Ras function

Multiple Ras effectors are known, the best known of which is the c-Raf kinase–
MEK–ERK pathway (Fig. 9.26). Inappropriate activation of this pathway through
mutations induced via oncogenes is present in many cancers.
5.3.1. Raf inhibitors
Three Raf proteins are known, namely c-Raf (Raf-1), b-Raf, and a-Raf. Sorafenib
(BAY43–9006) is a multi-targeted TK inhibitor, which acts on c-raf/b-raf as well as
several TKs including VEGFR-2 and PDGFR-b, among others, by binding to their
ATP site. It shows activity against renal cell and hepatocellular carcinomas and it
was approved by the FDA at the end of 2005, being the first drug to be approved
for this indication since 1992. The diarylurea scaffold found in sorafenib was
initially proposed in a de novo approach to CDK4 inhibitors.61,116
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ISIS-5132 is a 20-mer phosphothiorate antisense oligonucleotide that is com-
plementary to c-Raf kinase mRNA and hence it down-regulates the expression of
Raf kinase. This oligonucleotide is in Phase II clinical trials for colorectal cancer.117
5.3.2. MEK inhibitors
MEK inhibitors were the first selective inhibitors of the MAPK pathway to enter
the clinic. Among them, CI-1040 (PD-184352)118 is an orally active, potent, and
selective inhibitor of MEK that targets a non-ATP site of the kinase. This com-
pound is undergoing clinical studies in patients with advanced NSCLC, breast,
colon, and pancreatic cancer.119 Another potent MEK1/2 inhibitor that has
reached Phase I evaluation is ARRY-142886 (AZD-6244),120 a member of a group
of compounds whose structure has been disclosed only partially but it is known to
derive from the anilinobenzimidazole 9.4.121
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5.3.3. MAPK inhibitors
Activated MEK1 catalyses the phosphorylation of ERK1 and ERK2 on both a Tyr
and a Thr residue. These MAP kinases (MAPKs, MKPs) can then phosphorylate a
variety of substrates, including transcription factors that control cellular growth.
Other similarly activated MAP kinases are JNKs and p38 MAPKs. Although MAP
kinases play a role in the regulation of the growth and survival of a range of
human tumors, their inhibitors have not reached the clinical evaluation stage as
antitumor drugs.4 Inhibitors of p38 MAPK are promising in arthritic and inflam-
matory diseases.122
6. INHIBITORS OF FARNESYLDIPHOSPHATE SYNTHASE AND
GERANYLGERANYLDIPHOSPHATE SYNTHASE

Besides Ras, there are some small GTPases like Rho, Rac, cdc42, and Rab that need
to be prenylated by transfer of farnesyl or geranylgeranyl units onto a Cys residue
in order to be anchored to cell membranes and to be able to effect protein–protein
interactions.

Nitrogen-containing biphosphonates (N-BP) are normally used in therapeutics
for the treatmentofdegenerativebonedisease suchasosteoporosis.Bisphosphonates
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belonging to the third generation, such as risedronate, zoledronate, and minodro-
nate, which contain a nitrogen heterocycle, have shown a dual anti-bone resorp-
tion and antitumor cell proliferation activity and are undergoing pre-clinical and
clinical studies for several cancers including breast, prostate, lung, renal, osteo-
sarcoma, and chondreosarcoma. The antitumor activity of these phosphonates is
due to the inhibition of farnesyldiphosphate synthase (FPP) and geranylgeranyl-
diphosphate synthase (GGPP) and hence the farnesylation or geranylgeranylation
of small GTPases.84
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7. ANTICANCER DRUGS ACTING ON APOPTOTIC
SIGNALLING PATHWAYS

Apoptosis is normally defined as programmed active cell death. Although at first
sight cell death might be viewed as a pathological phenomenon, each second
about one million cells in a human body undergo apoptosis. Several genes
involved in the apoptosis process have been found to be defective in cancer
cells, specially the BCL2 and caspase-family genes.123

Apoptosis is caused by a group of cysteine aspartyl specific proteases called
caspases, which cleave their substrates at aspartic acid residues. Caspases are
produced as inactive zymogens, which are activated by a hydrolysis reaction at
Asp sites. Because both the activation of caspases and the cleavage of their
substrates take place at Asp sites, they can act in proteolytic cascade processes.

Most of the caspase-related molecules are not typical drug targets (e.g. cell
surface receptors), and for this reason small-molecule drugs are only of limited use
and other approaches (monoclonal antibodies, antisense oligonucleotides) are often
needed. Many anti-cancer drugs discussed elsewhere in the book, specially those
that can induce DNA strand breaks or microtubule damage, are also apoptosis
inducers, but this section is dedicated only to those drugs that are aimed at specific
targets in the apoptotic pathways,124–126 which are summarized in Fig. 9.32.
7.1. BCL-2 proteins

BCL-2 is a family of 25 apoptotic and anti-apoptotic proteins. Their main function
seems to be the regulation of the release of cytochrome c from the mitochondria,
which is promoted by pro-apoptotic BCL-2 proteins and inhibited by the anti-
apoptotic ones. The ratios of pro-and anti-apoptotic BCL-2 proteins dictate the



FIGURE 9.32 Drug targets in apoptotic pathways.
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ultimate sensitivity or resistance of cells to a number of apoptotic stimuli (hypoxia,
radiation, oxidants, Ca2þ overload, ceramide, and growth factor/neurotrophin
deprivation). BCL-2 proteins are over-expressed in a large number of cancers,
including 90–100% of hormone-refractory prostate cancers, 90% of malignant
melanomas, 80–90% of estrogen-positive breast cancer, and 50% of non-Hodgkin’s
lymphoma, among others.

Antisense oligonucleotides that reduce the expression of anti-apoptotic BCL-2
genes are currently undergoing clinical trials.127 Thus, oblimersen sodium is an
18-mer oligonucleotide that, in combination with dacarbazine, has been shown to
lead to stabilized or improved disease in 57%malignant melanoma patients, while
the standard malignant melanoma therapy leads only to 1–20% positive
response.128 Other anti-cancer drugs have been associated with oblimersen for a
number of other indications, including chronic lymphocytic leukaemia and acute
myelogenous leukaemia. Some small-molecule inhibitors have also been reported
that bind to anti-apoptosis BCL-2 proteins,129 although they have not reached the
clinical stage yet. One example are the members of antimycin A family, a group
of closely related bis-lactones previously known as inhibitors of mitochondrial
electron transfer.130
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7.2. p53 proteins

As a transcription factor, the p53 protein does not participate directly in the apopto-
sis pathway, but it regulates a large number of other genes that lead to apoptosis,
and indeed the tumor suppressor gene (TP53) is mutated in many cancers. Two
TP53 gene therapy drugs that use an adenovirus as the delivery vehicle are in
clinical trials. Thus, INGN201 (Ad-p53) has demonstrated broad-spectrum
antitumor activity in many models of human cancer. Combining INGN201 trans-
duction of established tumors with chemotherapy or radiotherapy in these models
has resulted in enhanced activity with no apparent increase in toxicity. Clinical
development of INGN201 has expanded into multiple Phase II studies, with objec-
tive activity demonstrated in head and neck cancer (with 47% positive response),
NSCLC (resulting in improved survival rates), and prostate cancer. Other related
adenoviruses that have shownpromising results in clinical trials are SCH-58500 and
ONYX-015, amutant adenovirus. Although local injection gives good responses, the
main problem that these drugs are facing, and that is limiting their more wide-
spread use, is the absence of methods for their systemic delivery.
7.3. Death receptors

A protein known as tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), alternatively called ‘APO2L’, induces apoptotic cell death via a specific
death receptor, DR4 or DR5. Thus, the TRAIL homotrimer induces trimerization
of DR4 or DR5 on the surface of cancer cells, resulting in recruitment of an
adaptor molecule known as Fas-associated death domain (FADD). FADD acti-
vates caspase-8 which subsequently activates caspase-3, a central downstream
activator of apoptotic pathways. TRAIL is under clinical trials, and it has also been
shown that its combination with conventional anti-cancer drugs may prove to be
useful in the treatment of malignancies that express the anti-apoptotic BCL-2
family of proteins.131
7.4. Nuclear factor kB

In addition to caspase activation, some proteins containing caspase-associated
recruitment domains (CARDs) are involved in controlling the induction of
nuclear factor kB (NF-kB). Cancer cells produce higher levels of reactive oxygen
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species (ROS) because of their high rate of metabolism and inefficient respiration.
Furthermore, cancer cells lose their ability to reduce their rate of respiration in the
presence of increasing oxidative stress. Chronic activation of NF-kB, which is
characteristic of many cancers, is a critical adaptation to these higher levels of
oxidative stress, allowing cancer cell survival by preventing activation of the pro-
apoptotic kinase JNKby increasing the expressionof the JNK-phosphataseMKP1.132

A group of synthetic triterpenoids, specially CDDO and CDDO-Me, inhibits
NF-kB activity and increases oxidative stress in cancer cells, leading to sustained
activation of JNK and triggering caspase-mediated apoptosis. These compounds
have shown potent activity in multiple animal models of cancer and in cancer cell
samples taken from patients with treatment-resistant cancers, and are in Phase I
clinical trials.

NF-kB activity can also be inhibited by interference with its activation pro-
cesses, which depends on a group of proteins known as IkB kinases (IKK). The
pyridyl cyanoguanidine derivative CHS-282 is a potent IKK inhibitor that blocks
NF-kB activation.133 CHS-282 has been evaluated as an anticancer agent in clinical
trials, although the results obtained with solid tumors revealed no objective tumor
responses.134
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8. INHIBITORS OF HEAT-SHOCK PROTEINS (HSP 90)

Protein folding is catalysed in vivo by isomerases and chaperone proteins. Molec-
ular chaperones are ubiquitous proteins that assist folding, assembly, transport,
and degradation of proteins within the cell. The first identified chaperones were
heat-shock proteins (HSPs), whose names is derived from the elevated levels
produced when cells are grown at higher-than-normal temperatures. HSPs stabi-
lize other proteins during their synthesis and assist in protein folding by binding
and releasing unfolded or misfolded proteins using an ATP-independent mecha-
nism. Proteins unable to maintain their proper shape are broken down by the
proteasome (see Section 1 of Chapter 10) and eliminated, as shown in Fig. 9.33.
These events may be favourable if the proteins are previously mutated and hence
dangerous for the survival of the cell, but they become a problem if the proteins
are necessary for its normal functioning.



FIGURE 9.33 Function of heat-shock proteins.
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HSP 90 is the best known of HSPs and its activity is coupled to an ATPase cycle
that is controlled by several cofactors. It has three major domains, namely a highly
conserved N-terminal ATPase domain, a middle domain, and a C-terminal dimer-
ization domain. The crystal structure of HSP 90 bound to ATP has shown how this
nucleotide is hydrolysed,135 but the detailed mechanism of protein folding
remains unknown.

HSP 90 has emerged as an attractive cancer target because its inhibition blocks
a large number of cancer-related signalling pathways since a large number of
intra-cellular signalling molecules require association with HSP 90 to achieve their
active conformation, correct cellular location, and stability.136 These include ste-
roid hormone receptors, transcription factors like the tumor suppressor protein
p53 and kinases like Src-kinase.

The conformational changes that take place in HSP 90 after binding and hydro-
lysis of ATP regulate the stabilization and maturation of client proteins, including
hypoxia-inducible factor-1 (HIF-1), a relevant anticancer target.137 This ATP site is
known by X-ray crystallography to be very different from that of kinases, allowing
the design of inhibitors with high selectivity with regard to other ATP-binding
proteins.

The design and study of selective inhibitors of HSP 90 was initially controver-
sial because this protein is critical for the survival of both normal and sick cells.
However, HSP does not have much activity under normal conditions. When the
cell is under stress by genetic mutations or environmental changes such as heat or
infection HSP 90 activity is increased as an emergency response that stabilizes
partially unfolded proteins and helps them to achieve their correct shape. This
activity also assists the survival of cancer cells despite an abundance of misfolded
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and unstable proteins, and this is one of the reasons to study HSP 90 as an
anticancer target.

The main strategy employed in the design of HSP 90 inhibitors is based in the
synthesis of analogues of the natural antitumor geldanamycin, a benzoquinone
derivative belonging to the ansamycin class, although some companies working
in this field are designing entirely synthetic molecules not related to this
compound.

Geldanamycin was originally believed to be a TK inhibitor, but it was later
identified as an ATP-competitive inhibitor of HSP 90. It could not be advanced to
the clinical stage because it showed unacceptable hepatotoxicity, probably asso-
ciated with the presence of the electrophilic methoxybenzoquinone moiety. For
this reason, displacement of the 17-methoxy group by nucleophiles led to less
toxic analogues such as tanespimycin (17-allylaminogeldanamycin, 17-AAG).138

Another problem associated with geldanamycin is its very low solubility, which
was solved with the development of the water-soluble analogue alvespimycin
(17-dimethylaminoethylaminogeldanamycin, 17-DMAG).139 Both analogues were
better tolerated than the parent natural product and are under clinical trials.
In another approach, the problematic quinone moiety of 17-AAG was reduced
to the hydroquinone stage. The resulting compound, IPI-504, can be formulated as
a soluble salt that is suitable for intravenous or oral formulations. It has shown
encouraging results in Phase I trials in patients with gastrointestinal stromal
tumors that were resistant to imatinib, although further clinical development is
necessary.
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1. PROTEASOME INHIBITORS

Protein degradation is essential for the cell to supply fresh amino acids for protein
synthesis and also to remove unneeded proteins including excess enzymes and
transcription factors that are no longer required or damaged. There are primarily
two types of cellular structures that are in charge of protein degradation:
vier B. V.
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– Lysosomes, which exert their proteolytic function on extracellular proteins from
endocytosis and phagocytosis mechanisms, and also on transmembrane
proteins.

– Proteasomes, which act on damaged or unneeded endogenous proteins. These
include transcription factors, regulatory proteins, cell cycle cyclins, virus-coded
proteins, proteins that are improperly folded because of translation errors, and
proteins damaged by cytosol molecules. The average human cell contains 20,000–
30,000 proteasomes, which are located in the cytoplasm and nucleus.

The 20S proteasome1 is a complex of 28 subunits that are organized in four
stacked heptameric rings, creating a cylindrical structure. The proteins at the top
and bottom rings have sequence similarities and are called a subunits, while the
ones in the two inner rings, three of which perform the enzymatic reaction, are
called b subunits. To be functional in vivo, this 20S proteasome must be capped at
both ends by the 19S regulatory complex, leading to the 26S proteasome, a 2.4-MDa
structure. This 19S complex contains six ATPases, several other polypeptides, and
a ‘‘lid.’’ ATP hydrolysis is required for the generation of the 26S proteasome and
also to facilitate the unfolding of substrate proteins that must enter into the
catalytic inner core. In order to prevent undesirable protein hydrolysis, cells label
the proteins to be hydrolyzed by attaching them to a protein called ubiquitin,
which binds to the amino group of a lysine unit. The lid of the 19S subunit is
essential for the degradation of these ubiquitylated proteins. Proteasomes degrade
these proteins to short peptides (about eight amino acids, on the average), and this
degradation is followed by hydrolysis of these peptides by cytoplasmic exopepti-
dases (Fig. 10.1). Recently, the development of fluorescent probes has opened up
the possibility of visualizing these protease activities in cells and organisms.2

The proteasome is an anticancer target3 because it controls the levels of several
proteins that are essential for the progression of the cell cycle and apoptosis, includ-
ing cyclins, caspases, BCL-2, the tumor-suppressing factorp53, andnuclear factor-kB
(NF-kB). Blocking the proteasome results in the accumulation of various other
regulatory proteins, which leads to cell death by a variety of mechanisms. For
instance, proteasome inhibition disrupts the regulation of the p53 tumor suppressor,
which is mutated in about 50% of human cancers, by the murine double minute
2 (MDM2) protein. This negative regulator exports p53 from the nucleus to the
cytoplasm, and, because of its ubiquitin ligase activity, facilitates p53 destruction
by theproteasome (Fig. 10.2). For this reason, protease inhibitorsmayprovide a good
approach to the treatment of tumors that overexpress the MDM2 factor.

Proteasome inhibitors may also act as anticancer agents by preventing the
expression of prosurvival genes. For instance, NF-kB is a survival factor that
is inactivated in the cytoplasm through binding to the I-kB inhibitor protein.
Phosphorylation of this protein leads to liberation of NF-kB, which translocates
to the nucleus and activates the transcription of a number of factors that protect
the cell from apoptosis. The phosphorylated I-kB evolves by ubiquitinylation,
which is followed by proteasome degradation (Fig. 10.3). Therefore, an approach
to the prevention of NF-kB activation consists of inhibiting proteasome activity,
thereby stabilizing I-kB. Finally, the failure to degrade cyclins after proteasome
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inhibition prevents completion of the cell cycle and hence the mitotic proliferation
of cancer cells.

Proteasome can be classified as an N-terminal nucleophile (Ntn) hydrolase,
since the catalytic centers at the b subunits have been identified as N-terminal
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threonine residues, acting as nucleophiles through their hydroxyl groups.
Considering the general mechanism of action of these enzymes, the mechanism
summarized in Fig. 10.4, involving two tetrahedral transition states, has been
proposed for the proteolysis mechanism by proteasome.
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Most known proteasome inhibitors4,5 are peptidomimetics containing an
electrophilic functional group, and can therefore be classified as site-directed
enzyme inhibitors. This group is normally placed at one end of the molecule and
reacts with the threonine hydroxyl after its activation. Many of these compounds
bear a close relationship with inhibitors of serine proteases (e.g., HIV protease).
Some representative examples are given below. Among these compounds, borte-
zomib was approved in 2003 for the treatment of multiple myeloma, the second
most common hematological cancer, and is currently being clinically evaluated for
various other malignancies.6 Bortezomib (PS-341, LDP-341,MLN-341) affects mul-
tiple signaling cascades (e.g., NF-kB) within the cell because of proteasome inhibi-
tion and induces G2/M phase arrest followed by apoptosis in cancer cells.7
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Proteasome inhibitors containing aldehyde or ketone functions react reversibly
with the threonine hydroxyl to give the corresponding acetals 10.1 and 10.2. Vinyl
sulfones were originally introduced as inhibitors of cysteine proteases,8 since
these Michael acceptors are expected to react with soft nucleophiles like thiols,
but it was subsequently found that they also form a covalent adduct 10.3with the
threonine group in the proteasome catalytic site. In the case of epoxyketones, like
the natural product epoxomycin, the X-ray crystal structure and spectrometric
analysis of a complex between the inhibitor and the yeast Saccharomyces cerevisiae
20S proteasome showed the formation of the morpholine derivative 10.5. The
generation of this compound was explained by the formation of hemiacetal
10.4 through reaction of the threonine oxygen with the carbonyl group of the
epoxyketone pharmacophore, followed by nucleophilic attack of the amino group
onto the more hindered epoxide carbon atom with inversion of configuration.9
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Finally, peptide boronic acids have extensively been used as serine protease
inhibitors. Their interaction with the threonine at the active site can be attributed
to the availability of an empty p-orbital on boron, which is well-suited to accept
the oxygen lone pair of the N-terminal threonine residues to form stable, revers-
ible tetrahedral intermediates 10.6.10 Because of their higher specificity due to
their lack of activity on cysteine proteases, a large number of peptide boronic acids
and esters were synthesized to target proteasome (Fig. 10. 5).
2. ANTIANGIOGENIC AGENTS UNRELATED TO KINASE SIGNALING

In order for a tumor to grow beyond a size of about 2 mm3, it needs to develop a
network of blood vessels (angiogenesis), a process that is regulated by proangio-
genic and antiangiogenic factors. Some proangiogenic factors are involved
in signaling pathways and their inhibitors were studied in Section 3.4 of
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Chapter 9. Some anticancer drugs targeting preexisting vasculature through
tubulin depolymerization were discussed in Section 5 of Chapter 8.

Antiangiogenic drugs11,12 can be classified into five categories:

– Inhibitors of proangiogenic growth factors, including vascular endothelial cell
growth factor (VEGF), fibroblast growth factor (FGF), and platelet-derived
growth factor (PDGF). Antitumor drugs targeted at these factors were studied
in Section 3.4 of Chapter 9.

– Inhibitors of proteolytic enzymes of the extracellular matrix.
– Inhibitors of other targets related to the extracellular matrix.
– Endogenous inhibitors of angiogenesis.
– Inhibitors of cellular adhesion molecules.
– Miscellaneous antiangiogenic compounds.
2.1. Inhibitors of proteolytic enzymes of the extracellular matrix:
Metalloproteinases

In response to angiogenic stimuli, endothelial proteases initiate the breakdown of
the surrounding extracellular matrix, which allows the migration of proliferating
endothelial cells and their growth to form lumens. Besides their role in cancer
treatment,13 they are also being studied as targets for arthritis and emphysema
because of their role in collagen degradation.14

Matrix metalloproteinases (MMPs) are zinc-dependent proteolytic endopepti-
dases. The zinc cation is coordinated by three imidazole side chains from histidine
residues, and a water molecule is the fourth ligand. All inhibitors replace this
water molecule and coordinate to zinc in a monodentate or bidentate fashion.
The general mechanism for peptide hydrolysis by zinc-metalloproteinases is
shown in Fig. 10.6, and is based on the enhanced acidity of the water molecule
as a consequence of coordination of its oxygen atom with zinc.

2.1.1. First-generation MMP inhibitors: Hydroxamic acid peptidomimetics
The design of the first generation of MMP inhibitors relied on the preparation of
peptide and peptide-like compounds that combine backbone features that interact
with enzyme subsites and functional groups capable of coordination with zinc.
Among these, the hydroxamic acid group is a very potent 1,4-bidentate zinc
ligand that binds as an anion with two contacts to the cation and creates a
distorted trigonal bipyramidal geometry around the metal.15 Additionally, it
also has a nitrogen atom for binding to the protein backbone. For this reason,
peptide-like compounds that contain a hydroxamic acid portion are among the
most potent known inhibitors of the MMPs, with potencies in the nanomolar
range. Their interaction with the MMP binding domain is shown in Fig. 10.7.

Batimastat (BB-94)16 and marimastat are hydroxamic acid-based MMP
inhibitors with little specificity. Batimastat reached Phase III clinical trials, but it
cannot be given orally and it is no longer considered for clinical testing. Marima-
stat is orally active and it has also undergone several Phase III assays, showing
poor performance. Results from clinical trials with this first generation of MMP
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inhibitors havebeendisappointing andhave ledmany investigators to conclude that
MMPs are not suitable targets for the treatment of human cancer. On the contrary,
it has been argued that because MMP inhibition would decrease the rate of tumor
progression, the therapeutic benefit obtained from its administration would be
minimized for patients undergoing clinical trials, who are normally at late stages of
their disease.17
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2.1.2. Second-generation MMP inhibitors
These compounds are nonpeptidic and more specific, probably because they have
been designed on the basis of structural studies of the MMP active site by NMR
and X-ray crystallography. The first subgroup of these inhibitors bear
an hydroxamic function and include prinomastat (AG-3340) and MMI-270
(CGS-27023). Phase II clinical studies of prinomastat with early stage cancers are
currently in progress, although Phase III trials for advanced prostate and lung
cancer were stopped because they did not show beneficial effects.18 In the case of
MMI-270, clinical studies were advanced to Phase II but had to be interrupted
because of poor patient tolerance. ABT-518 is a reverse hydroxamate-based
inhibitor that has entered early clinical trials for the treatment of solid tumors.
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Other functional groups that can interact with the Zn2þ cation in MMPs are the
carboxy and mercapto moieties. Tanomastat (BAY 12–9566) is a carboxylic acid-
based specific inhibitor that failed during Phase III studies for treatment of
advanced or small cell lung cancers. Another carboxylic acid-based inhibitor is
S-3304, which entered Phase II trials for the treatment of solid tumors. Rebimastat
is a thiol-based inhibitor, also in Phase II-III clinical trials. Finally, some tetracyclin
derivatives, which are well-known chelating agents, behave as MMP inhibitors.
One example is metastat (COL-3), which is under Phase II trials for Kaposi’s
sarcoma and advanced brain tumors.
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We will finally mention neovastat (AE-941), an orally bioavailable standar-
dized extract prepared from shark cartilage that shows significant antiangiogenic
and antimetastatic properties in vivo by a complex mechanism that includes
inhibition of variousmembers of theMMP family. Neovastat is orally bioavailable,
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shows significant antitumor and antimetastatic properties in animal models, and
is currently under evaluation in several clinical studies in patients with lung
and renal carcinoma and multiple myeloma.19

2.2. Inhibitors of other targets related to the extracellular
matrix: Heparanase

Heparan sulfate (HS) is an important component of the heterogeneous mixture of
proteins and proteoglycans that make up the extracellular matrix. This is a
polysaccharide formed by alternating, repetitive units of D-glucosamine and
D-glucuronic acid/L-iduronic acid.
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HS is a component of the HS proteoglycans, formed by a protein core covalently
bound to HS side chains. These proteoglycans bind to many groups of bioactive
molecules, including growth factors, cell adhesionmolecules, and cytokines, among
many others. These molecules are liberated by heparanase, a b-D-glucuronidase
that specifically cleaves HS glycosaminoglycan chains, with profound biological
impact. Among other effects, the release of growth factors promotes angiogenesis,
tumor growth, invasion, and metastasis. Heparanase is preferentially expressed
in many tumor types, and has become an important anticancer target.

Although the substrate specificity of heparanase is not completely understood,
recent work suggests that heparanase recognizes sequences as small as a trisaccha-
ride provided they are highly sulfated. The minimum HS recognition sequence20 is
shown in structure 10.7 (Fig. 10.8A) and its catalytic mechanism involves two acidic
residues, a proton donor at Glu-225 and a nucleophile at Glu-343 (Fig. 10.8B).21

Heparanase inhibitors22,23 are structurally very heterogeneous, and can be
classified into three categories:

– Polysaccharides with O- or N-sulfate groups
– Compounds with C-sulfate groups
– Neutral inhibitors

Additionally, some studies aimed at the production of heparanase antibodies
have been reported.
2.2.1. Polysaccharides with O- or N-sulfate groups
Some examples of this class of compounds are the heparins and other sulfated
polysaccharides, or synthetic polymers that mimic heparin. These compounds
may have a broad range of biological activities, and their main uses are outside
the anticancer field. The main goal in this area is the development of compounds
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with reduced molecular sizes, and one of these compounds, the phosphosulfo-
mannan PI-88, is in clinical trials in several cancers.24 PI-88 is a mixture of
chemically sulfated oligosaccharides, ranging from di- to hexasaccharides and
with the majority (60%) being pentasaccharides. Besides being a heparanase
inhibitor, PI-88 also inhibits angiogenesis by antagonizing the interactions of
proangiogenic growth factors (e.g., VEGF and bFGF) and their receptors with HS.
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2.2.2. Compounds with C-sulfate groups
Suramin, a polysulfonated naphthylurea developed as an antiparasitary agent, is
being clinically tested for several tumors. It shows a complex mechanism
of action, which includes angiogenesis inhibition (see also Section 3.4.3 of
Chapter 9), and it has been shown to be a noncompetitive heparanase inhibitor.25
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2.2.3. Neutral inhibitors
These compounds do not contain sulfate moieties and are structurally very
diverse. Among them, some natural and unnatural imino sugars, such as 10.8,
are reversible heparanase inhibitors, acting as putative transition state analogs.26
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2.3. Endogenous inhibitors of angiogenesis

Some naturally occurring angiogenesis inhibitors are known, including endosta-
tin, angiostatin, thrombospondin-1 (TSP-1), and platelet-derived factor 4 (PF-4).

Endostatin is a polypeptide of 184 amino acids, corresponding to the globular
domain found at the C-terminal of type XVIII collagen, and it is the most studied
of the endogenous angiogenesis inhibitors. After promising preclinical trials,
where it showed no development of drug resistance over time, it has reached
Phase II clinical trials in patients with advanced neuroendocrine tumors,27 using
material prepared by recombinant DNA technology.

Angiostatin is a 57-kDa fragment of plasmin, which is, in turn, a fragment of
plasminogen. It is under clinical studies in combination with paclitaxel and
carboplatin in patients with non-small cell lung cancer.28

Thrombospondins are a family of glycoproteins. One of them (TSP-1) inhibits
angiogenesis by interaction with a receptor (CD36) expressed on the surface of
endothelial cells. This leads to the expression of FAS ligand (FasL), a transmem-
brane protein that belongs to the tumor necrosis factor (TNF) family, leading to
apoptosis through internalization of its complex with the Fas receptor and final
caspase activation. Recent studies have focused on small fragments of TSP-1 that
have been shown to be potent inhibitors of angiogenesis. In a related approach,
ABT-510 is a thrombospondin-mimetic peptide designed from a heptapeptidic
active fragment.29 It exhibited antiangiogenic and tumor growth inhibition in
preclinical models and is undergoing clinical studies.30
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Another possible approach to antiangiogenic therapy related to endogenous
inhibitors is based on the observation that certain orally active small molecules
seem to raise the plasma levels of endogenous angiogenesis inhibitors by increas-
ing their expression or by alternative means, such as mobilization from matrix or
platelets.31 Some of these molecules are celecoxib, which can increase serum
endostatin, doxycycline and rosiglitazone, which can increase expression of
TSP-1. The antitumor activity of celecoxib, a well-known anti-inflammatory
drug acting by cyclooxygenase-2 inhibition, has been recently recognized, and
this compound has reached advanced clinical trials for colon cancer.32
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2.4. Inhibitors of cellular adhesion molecules

Another approach to antiangiogenic therapy is to inhibit the adhesive interactions
required by angiogenesis vascular endothelial cells. The migration of endothelial
cells is dependent on their adhesion to extracellular matrix proteins through a
variety of cell adhesion receptors known as integrins, especially integrin anb3.

33

Integrin binds to an arginine-glycine-aspartic acid (RGD) sequence, which
can be found in several extracellular matrix proteins. The antiangiogenic cyclic
peptide cyclo-(Arg-Gly-Asp-D-Phe-D-NMeVal) (cilengitide, 10.9) inhibits anb3 and
is undergoing clinical trials for brain and solid tumors.

anb5 is another RGD-dependent adhesion receptor that plays a critical role in
angiogenesis, and hence selective dual anb3/anb5 antagonists, such as SCH-
221153, have been proposed as a novel class of angiogenesis and tumor-growth
inhibitors.34
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Vitaxin is a humanized version of LM-609, a monoclonal antibody that
functionally blocks the anb3 integrin. This antibody has been shown to target
angiogenic blood vessels and cause suppression of tumor growth in various
animal models, and is undergoing clinical assays for the treatment of breast
carcinoma, melanoma, and Kaposi’s sarcoma.35
2.5. Miscellaneous antiangiogenic compounds

2.5.1. Squalamine
Squalamine is an antiangiogenic natural cationic steroid that has been isolated
from tissues of several species of dogfish shark (Squalus acanthias). This compound
is currently under clinical studies for several types of cancer, and it has also
recently received FDA fast track status for the treatment of ‘‘wet’’ age-related
macular degeneration (AMD). It also exhibits potent bactericidal activity against
both gram-negative and gram-positive bacteria, is fungicidal, and induces
osmotic lysis of protozoa.

Squalamine interrupts and reverses multiple facets of the angiogenic process,
including VEGF. It also inhibits integrin expression and reverses cytoskeletal
formation, thereby resulting in endothelial cell inactivation and apoptosis.
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Squalamine specifically inhibits brush-border Naþ/Hþ exchanger isoform
NHE3, a sodium-hydrogen exchanger present on cell surfaces that regulates
intracellular pH, and is also known to regulate endothelial cell volume and
shape.36

Cancer cells secrete endothelial cell growth factors that stimulate vascular
endothelial cell growth factor receptors (VEGFR), which activates MAP kinase
pathways involved in blood vessel growth. Inhibition of the sodium-proton
exchanger leads to changes in intracellular pH and subsequent inhibition of
MAP kinase activity (Fig. 10.9).37 Squalamine also interacts with calmodulin and
possibly with other signaling pathways.
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2.5.2. Thalidomide and its analogs
Thalidomide was introduced in the 1950s as a sedative that was prescribed for
nausea and insomnia in pregnant women. However, it was found to be the cause
of severe birth defects in children whose mothers had taken the drug in their first
trimester of pregnancy. In 1965, it was serendipitiously discovered that thalido-
mide was effective at improving the symptoms of patients with erythema nodo-
sum leprosum (ENL), and was approved for this use in 1998. In 1994, thalidomide
was found to inhibit angiogenesis through a complex mechanism that includes
inhibition of the synthesis by activated monocytes of TNF-a, which seems to have
a role in angiogenesis by upregulation of the expression of the endothelial integrin
and VEGF, among others. It has been demonstrated that inhibition of angiogen-
esis by thalidomide requires prior metabolic activation,38 which has prompted
the synthesis and evaluation of a large number of potential metabolites of this lead
compound.

Thalidomide is being used, in association with dexamethasone39 and cytotoxic
agents such as cyclophosphamide,40 for the treatment of multiple myeloma.41

Its mechanism of antitumor action is complex and, besides the inhibition of
angiogenesis, also involves induction of apoptosis and other mechanisms.42

Thalidomide has been used as the lead compound in the development of a
class of drugs known as immunomodulatory drugs (ImiDsÒ),43 which have
shown activity in multiple myeloma and other hematological and solid
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malignancies. The most advanced one is lenalidomide (CC-5013), which has
recently been approved by the FDA, in combination with dexamethasone, for
the treatment of multiple myeloma patients who have received at least one prior
therapy.44 It has also shown efficacy in the hematological disorders known as the
myelodysplastic syndromes (MDS). CC-4047 is another thalidomide analog that is
in Phase II trials to determine its potential safety and efficacy as a treatment for
multiple myeloma and prostate cancer.45 The S-isomer of CC-4047 has been
reported to be its more potent enantiomer, but it has been shown to undergo
rapid racemization in human plasma, a finding that supports the development of
the drug in its racemate form.46
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2.5.3. TNP-470
Several natural products have shown activity as angiogenesis inhibitors.47 The best
studied, and one of the most potent angiostatic agents, is fumagillin, isolated from
Aspergillus fumigatus and widely employed as an antifungal in Nosema apis infec-
tions in honeybees. Fumagillin is an inhibitor of methionine aminopeptidase-2,48

an enzyme involved in endothelial proliferation. It also inhibits the expression
of the ETS1 transcription factor, which regulates the expression of VEGFs.49 Its
toxicity prompted the preparation of analogs, and among them themost advanced
one is TNP-470, which is being studied for several lymphomas, acute leukemias,
and solid tumors. Because of neurotoxicity problems, conjugates of this compound
have been developed in order to prevent its access through the blood–brain
barrier.50

O

OCH3
O

CH3

CH3CH3

O CO2H

O
Fumagillin

O

OCH3
O

CH3

CH3CH3

O
H
N Cl

O

TNP-470

O



Other Approaches to Targeted Therapy 323
3. EPIGENETIC THERAPY OF CANCER

The initiation and progression of cancer is controlled by both genetic and epige-
netic events. The term ‘‘epigenetic’’ refers to alterations in gene expression that are
not associated with changes in DNA sequence. Unlike genetic alterations, epige-
netic aberrations are potentially reversible. The best studied epigenetic alterations
are DNA methylation and histone tail modifications, and epigenetic gene
silencing by these mechanisms has become an attractive anticancer target.51 The
main enzymes involved in establishing epigenetic patterns are the following:

1. DNA methyltransferases (DNMTs)
2. Histone acetylases (HATs)
3. Histone deacetylases (HDACs)
4. Histone methyltransferases (HMTs)

3.1. Inhibitors of DNA methyltransferases (DNMT)

DNMTs are responsible for the methylation of the C-5 position of cytosine, and
almost exclusively at CpG dinucleotides. This is an epigenetic mechanism used
for long-term silencing of gene expression because structural changes in DNA
associated to methylation close to a transcription start site inhibit gene expression
either directly, by blocking binding of transcriptional factors, or indirectly, by
recruitment of transcription repressors called methyl-binding proteins (MBDs).
The methylation pattern is normally maintained throughout life, but in older
individuals deviations from this pattern start to appear, and this can lead to
genomic instability. One specific goal of epigenetic chemotherapy is to prevent
hypermethylation in DNA that could lead to the silencing of genes crucial for
normal cell function, usually tumor suppressor genes, and is considered to be one
of the early key events in the development of cancer.52 On the contrary, the use of
demethylating agents can potentiate the expression of oncogenes, but it has
nevertheless been observed that the overall response to decreased methylation
is the abrogation of tumorigenicity (Fig. 10.10). DNA demethylating agents do not
cause immediate cell death like most other chemotherapeutic drugs, but they are
aimed at the activation genes involved in apoptosis pathways and cell cycle
regulation. For this reason, although epigenetic drugs have the advantage of
their low toxicity, their effects are transient and the aberrant patterns can be
reestablished on removal of the drug.

The DNA methylation reaction uses the S-adenosylmethionine cofactor as a
methyl donor, and transforms the cytosine residues 10.10 into their 5-methyl
derivatives 10.11, as shown in Fig. 10.11.

The role of DNMTs in this reaction is twofold. On the one hand, a carboxylic
group from the enzyme acts as an acid catalyst by protonation of N-3, and on the
other hand, a cysteine residue in the catalytic pocket gives a conjugate addition
to the thus activated C6¼C5–C4¼N3 system to yield the intermediate 10.12.
This compound contains an enamine system that is nucleophilic at the C5

position, and the enzyme enhances this nucleophilicity by abstraction of the N3

proton, allowing displacement of the highly electrophilic methyl group
attached to the sulfonium unit in S-adenosylmethionine, to give 10.13 and
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S-adenosylhomocysteine. Finally, the product 10.11 and the free enzyme are
released from structure 10.13 by a b-elimination reaction (Fig. 10.12).

3.1.1. Nucleoside inhibitors of DNMT
Some nucleoside analogs that have a modified cytosine ring attached to a ribose or
deoxyribose moiety behave as DNMT inhibitors. They are metabolized by kinases
and ribonucleotide reductases into deoxynucleotides that can be incorporated into
DNA, which allows contact with DNMT and its subsequent inhibition. The most
interesting compounds of this class are 5-azacytidine, decitabine, 5-fluoro-
20-deoxycytidine, 5,6-dihydro-5-azacytidine (DHAC), and zebularine.
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5-Azacytidine53 and its 20-deoxy analog decitabine incorporate into DNA as
false nucleotides 10.14, which are complexed by the DNMT enzyme similar to its
natural substrates. Attack of the mercapto group in the active site gives adduct
10.15, and its methylation at the N-5 position takes place normally to give 10.16,
but the lack of a hydrogen atom at N-5 after methylation prevents the elimination
reaction necessary to restore the enzyme, which is thus inactivated (Fig. 10.13).

Although Phase II clinical studies of 5-azacytidine as an antitumor drug took
place in 1972, its ability to inhibit DNA methylation was established in 1980.
Beginning in 1993, a number of studies proved its efficacy in the treatment of
MDS, leading to its approval by FDA for this indication.54 Because of the poor oral
absorption of nucleosides, administration has to be by injection.55

Decitabine is also a long-known anticancer drug that was tested in the clinic in
the 1970s using the maximum tolerated doses, with myelosuppression as its main
side effect. It was not until 2004 that it was shown to have higher efficacy at much
lower doses, with a correlation with DNA demethylation being observed.56

In 2003, decitabine received orphan drug status for treatment of MDS, and it is
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also being studied in patients with chronic myelogenous leukemia resistant to
imatinib.57

5-Fluoro-20-deoxycytidine is another DNA demethylating agent that is cur-
rently underogoing Phase I studies in association with tetrahydrouridine.58

Its mechanism of action involves incorporation into DNA as nucleotide 10.17,
followed by methylation at C-5 mediated by nucleophilic attack of a cysteine
residue in the active pocket of DNMT to give intermediate 10.18, which is
methylated by S-adenosylmethionine to 10.19. The absence of a proton at C-5
prevents the elimination reaction necessary for liberating the free enzyme
(Fig. 10.14).

5-Azacytidine, decitabine, and 5-fluoro-20-deoxycytidine suffer from low
in vitro and in vivo stabilities. The in vitro stability can be improved by suppression
of the N5¼C6 imine function by either suppression of the double bond or the
nitrogen atom, in order to prevent the addition of nucleophiles. Two examples are
DHAC and zebularine. Sometimes these compounds are associated with tetrahy-
drouridine, an inhibitor of cytosine deaminase that behaves as a transition state
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analog. DHAC reached Phase II clinical studies for ovarian cancer and lympho-
mas, without showing sufficient efficacy, although it is being evaluated for other
indications, such as pleural malignant mesothelioma.59 Zebularine was originally
developed as a potent cytidine deaminase inhibitor because it lacks an amino
group at position 4 of the pyrimidine ring, and its demethylating activity was not
recognized until 2003.60 After incorporation into DNA as nucleotide 10.20, it
forms a stable covalent adduct 10.21 with DNMT (Fig. 10.15), as proved by
X-ray diffraction studies. The formation of 10.21 is not followed by methylation,
for reasons that are not completely clear, but this behavior correlates well with the
low electron density of the C-5 position in 10.21, according to molecular orbital
calculations.61

Zebularine has the remarkable property of showing preference for tumor
cells, since it exhibits greater cell growth inhibition and gene expression in
cancer cell lines compared to normal fibroblasts. It also preferentially depletes
DNMT1 and induces expression of cancer-related antigen genes in cancer cells
relative to normal fibroblasts.62 Its main drawbacks are its low bioavailability
and the need for high doses, which can be explained by its activity as an
inhibitor of cytidine deaminase. This inhibition is due to analogy between the
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transition state of the reaction (10.22) and zebularine hydrate 10.23,63 which is a
dehydro analog of the previously mentioned inhibitor tetrahydrouridine
(Fig. 10.16). Because of this mechanism for the inhibition of cytidine deaminase,
part of the dose of zebularine is sequestered by the enzyme and is not available
for DNMT. Additionally, inhibition of cytidine deaminase results in increased
levels of deoxycytidine, which competes with zebularine for incorporation
into DNA, a necessary step for DNMT inhibition. In spite of the promising
preclinical results of zebularine, this drug has not entered clinical trials,
and special emphasis is being placed in finding prodrugs that circumvent its
bioavailability and metabolic limitations.
3.1.2. Nonnucleoside inhibitors of DNMT
This family of inhibitors has the advantage of binding directly to the catalytic
region of the enzyme, without needing to be first incorporated into DNA. Two
nonnucleoside natural DNMT inhibitors have undergone preclinical studies,
although they have shown lower activity than their nucleoside counterparts.
One of them is psammaplin A, isolated from various verongid sponges, which
is a dual inhibitor of DNMT and HDAC, the two main epigenetic modifiers
of tumor suppressor gene activity. Psammaplin A has also been reported to
inhibit topoisomerase II and aminopeptidase N with in vitro angiogenesis sup-
pression. However, its physiologic instability has precluded their direct clinical
development.64 Another natural DNMT inhibitor under preclinical study is the
polyphenol (�)-epigallocatechin-3-gallate (EGCG), isolated from green tea.65
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Some unnatural DNMT inhibitors under preclinical study are the tryptophan
derivative RG-10866 and the drugs hydralazine and procainamide. MG-98 is an
antisense oligonucleotide of human DNMT1, which prevents the translation of the
DNMT1 gene into the corresponding mRNA and has reached Phase II clinical
studies.67
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Although X-ray crystallographic structures for human DNMT are not avail-
able, the extensive conservation of the catalytic domains of all DNMTs has
allowed the use of X-ray structures of bacterial methylases as a basis for ligand
design. The model thus derived was validated through the design and evaluation
of a new nucleoside analog, namely, N4-fluoroacetyl-5-azacytidine,68 and also of
nonnucleoside compounds, like RG-108.66 The binding of the previously men-
tioned natural inhibitor EGCG to this model65 is shown in Fig. 10.17.
3.2. Inhibitors of histone deacetylases (HDAC)

Chromatin is the complex of DNA and protein that makes up the chromosome.
The human genome corresponds to three billion base pairs of the DNA double
helix, two copies of which make up to 2 m of DNA chains that have to be stored
within the tiny micron-sized nucleus of each cell. The smallest structural units in
chromatin are nucleosomes (10-nm fibers), which are formed by about 200 DNA
base pairs wrapped around a core of eight DNA-associated proteins called his-
tones. The N-terminal tails of these proteins protrude out of the nucleosome and
are subject to epigenetic transformations that play a regulatory role in gene
expression. This control takes place by structural modification of the basic
E-amino groups of lysine units, which are protonated under physiological condi-
tions and interact electrostatically with the negatively charged phosphate
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backbone of DNA. The main posttranscriptional histone transformation is the
acetylation of lysine amino groups in these histone tails, which eliminates the
positive charge from the lysine E-amino groups and therefore weakens the above-
mentioned electrostatic interactions of histones with DNA. For this reason, acety-
lation destabilizes the nucleosomes and facilitates the approach and binding of
transcription factors to specific sequences in DNA.

The level of histone acetylation is regulated by histone acetyltransferases
(HATs) and histone deacetylases (HDACs) that, respectively, add and remove
the acetyl groups from lysine. As previously mentioned, loss of lysine acetylation
has been identified as the first step in gene silencing, and for this reason there is
growing interest in the development of HDAC inhibitors as anticancer agents.69–73

Almost all known HDAC inhibitors induce the expression of the p21WAF1/CIP1

gene, which leads to inhibition of the formation of the cyclin D-CDK4 complex,
resulting in cell cycle arrest and cell differentiation. On the contrary, HDAC
inhibitors also lead to apoptotic and antiangiogenic effects (Fig. 10.18).

The HDAC family of proteins can be divided into zinc-dependent (Class I
and II) and zinc-independent, NAD-dependent (Class III) enzymes, with the
latter having being only recently implicated in proliferation control. The pro-
posed mechanism for the hydrolysis of the N-acetyllysine residues in a zinc-
dependent HDAC belonging to Class I (HDAC1) is based on crystallographic
studies of a bacterial deacetylase and is summarized in Fig. 10.19.74 It involves
polarization of the carbonyl oxygen of the acetyl group and activation of a
molecule of water by a charge-relay system formed by aspartic and histidine
residues (10.24), in a process analogous to the one taking place in the activation
of the serine hydroxyl in serine proteases or water by glutamic acid in zinc
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proteases. Nucleophilic attack of water onto the carbonyl leads to the formation
of a tetrahedral intermediate, stabilized by two zinc–oxygen interactions, similar
to zinc proteases, and possibly by a hydrogen bond with the Tyr-303 hydroxyl
(10.25). In the final step, the tetrahedral intermediate evolves by cleavage of the
C–N bond with concomitant protonation from another histidine-aspartic charge-
relay system (10.26).

HDAC inhibitors can be classified into four main categories, namely, short-
chain fatty acids, hydroxamic acids, cyclic tetrapeptides, and benzamides.
3.2.1. Short-chain fatty acids
They normally have low potencies, but have become a useful tool in the study of
HDAC inhibitors. Butyric and valproic acids were the first known HDAC inhibi-
tors. Tributyrin is a prodrug of butyric acid with favorable pharmacokinetic and
efficacy profiles, which has entered clinical studies for solid tumors.75 Valproic
acid, an anticonvulsant drug, is a dual inhibitor of HDAC1 and HDAC2 and
is used for the treatment of acute myelogenous leukemia in elderly patients, in
combination with all-trans retinoic acid.76
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3.2.2. Hydroxamic acids
The hydroxamic acid function is a potent zinc chelator, as previously mentioned
in the context of matrix metalloproteinase inhibitors (Section 2.1), and some potent
inhibitors of HDAC belong to this class of compounds. Trichostatin A (TSA), a
natural product isolated from Streptomyces hygroscopicus, was first shown to be a
potent inducer of cell differentiation and cell cycle arrest, and later reported to
have anti-HDAC activity. It is still in preclinical studies.77 Vorinostat (suberoyla-
nilide hydroxamic acid, SAHA) was the first member of this class to enter human
clinical trials78 and has been approved by the FDA for cutaneous T-cell lymphoma
(CTCL) for patients who have progressive, persistent, or recurrent disease or
following failure of two systemic therapies, making the oral drug the first
HDAC inhibitor to reach the market. Pyroxamide, a bioisoster of vorinostat, is
also under clinical assays in patients with advanced malignancies.79 Several
hydroxamic derivatives of cinnamic acid, such as PDX-101, LBH-589,80 and
NVP-LAQ-824, are also under clinical evaluation for hematological and solid
tumors.
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The binding of hydroxamic acid derivatives to the active site of HDACs has
been studied mainly for the cases of TSA and SAHA, using a bacterial enzyme.
The hydroxamic group coordinates the zinc cation in the active site, using both the
hydroxamate and carbonyl oxygens. The hydroxamic acid also establishes hydro-
gen bonds with both histidines belonging to the charge-relay systems, and also
with the Tyr-303 hydroxyl group (Fig. 10.20, where the amino acid residues
shown correspond to the human HDAC1 enzyme). The hydroxamic acid
hydroxyl group replaces the zinc-bound water molecule of the active structure.
Additional van der Waals contacts (not shown) are established between hydro-
phobic amino acid residues and the lipophilic chain in the inhibitor.74
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3.2.3. Cyclic tetrapeptides
Some cyclic tetrapeptides are potent inhibitors of HDACs. The best known
compound of this group is romidepsin (FK-228, FR901228), a depsipeptide that
is currently under clinical studies for the treatment of chronic lymphocytic leuke-
mia and acute myeloid leukemia81 and T-cell lymphoma. It is a natural product,
isolated from Chromobacterium violaceum, and it can be considered as a prodrug
that is uptaken into the cells and then activated by glutathione. The reduced form
(RedFK) has a four-carbon chain between the free sulfhydryl and the cyclic
depsipeptide core, and forms a covalent disulfide bond with the only cysteine
residue present in the HDAC pocket82 (Fig. 10.21).

Trapoxins A and B, isolated from the fungusHelicoma ambiens, are hydrophobic
cyclotetrapeptides that contain, respectively, pipecolinic acid and proline residues,
and also two phenylalanines and an unusual amino acid bearing a side chain that
contains an epoxide group. These compounds are potent enzyme inactivators
that irreversibly inhibit the enzyme, probably by binding covalently through
its epoxy group,83 but are too toxic for clinical use. The a-epoxyketone moiety
is not essential for activity, as can be deduced from the structure of apicidin, a
fungal metabolite with antiprotozoal activity that also inhibits HDACs through
induction of the p21WAF1/CIP1 gene84 and is under preclinical assay. CHAP-31 is a
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trapoxin A analog, also under preclinical assay, inwhich the epoxy group has been
replaced with a hydroxamate function,85 and hence it can be considered as a
hydroxamic acid–tetrapeptide hybrid.
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3.2.4. Benzamides
The synthetic benzamides MS-275,86 CI-994,87 and MGCD-010388 are being
clinically tested in a variety of tumors, alone or in combination with other
drugs. The presence of an amino group ortho to the benzamide is essential for
activity, and therefore it can be assumed to play a key role in the binding to the
active site. In the case of MS-275, binding to zinc has been demonstrated.
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3.3. Regulators of histone methylation

Mithramycin A (aureolic acid, plicamycin) is a natural antibiotic that is currently
used for the treatment of patients with Paget’s disease of the bone as well as with
several forms of cancer. It binds to GC-rich regions in DNA and prevents the
binding of histone methyltransferase (HMT), an enzyme that adds methyl groups
to histones, causing the DNA to coil up and be inaccessible for transcription.
Mithramycin A is also a strong activator of the tumor suppressor p53 protein in
human hepatoma cells.89
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4. INHIBITORS OF OTHER DNA-ASSOCIATED ENZYMES

4.1. Telomerase inhibitors

Eukaryotic chromosomes are linear and have specialized ends called telomeres,
which can be defined as regions of highly repetitive DNA at the end of a linear
chromosome. The reason for the need for telomeres is that DNA polymerases
extend DNA chains in the 50-30 direction and require an RNA primer. For this
reason, the 30-50 chain, which is replicated in the 50-30 direction (lead strand), can
be replicated to the end, but the complementary chain (lagging strand) has to be
replicated discontinuously starting from an RNA primer that is attached to the 50

end of each segment, resulting in a series of short fragments containing both RNA
and DNA, called Okazaki fragments. The RNA fragments from the primer are
subsequently degraded and replaced by DNA, leading to the fusion of the succes-
sive segments to form a single DNA strand. However, the RNA primer at the end
of a complete lagging strand cannot be replaced because the required RNA primer
would have no place to bind (Fig. 10.22). Therefore, when removed from the
polymerase, the lagging strand of DNA would have an incomplete end, resulting
in the loss of the final end and hence of genetic information.

Telomerase is a reverse transcriptase that contains an RNA molecule that
generates repeating G-rich sequences (in humans, AGGGTT repeats with an
average of 5–15 kb) and adds them to the 30 end of DNA, allowing the replication
of the lagging strand to be completed (Fig. 10.23). Human telomerase is composed
of at least two subunits, namely, telomerase RNA (TR or TERC) and telomerase
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reverse transcriptase (TERT), which is a reverse transcriptase with a ‘‘mitten’’
structure that allows it to wrap around the chromosome to add single-stranded
telomere repeats. Telomerase inhibition has been considered as a potentially
useful anticancer strategy90–92 because telomerase is present primarily in dividing
cells and it is expressed in very low levels, if at all, in most normal cells.

The main approaches that are being pursued for telomerase inhibition are the
following:

� Interaction with the telomerase substrate, namely, the telomeric DNA template.
� Inhibition of the catalytic site of reverse transcriptase activity.
� Inhibition of the RNA domain template.
4.1.1. Compounds targeting the telomerase substrate: G-quadruplex ligands
The substrate of telomerase is the single-stranded end of the telomeres, which must
be in an unfolded, linear structure in order to fit the telomerase active site. As
previously mentioned, telomeric DNA contains G-rich sequences that tend to fold
into structures known as G-quadruplex DNA, where guanines are associated
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forming three adjacent G-quartets, stabilized through intermolecular hydrogen
bonding interactions (Fig. 10.24). G-quadruplex DNA cannot interact with telome-
rase, and therefore stabilization of the quadruplex structure can be considered as a
strategy for telomerase inhibition. However, this approach can lead to undesired
toxicity in comparison with the two others mentioned previously because
telomerase-negative cells contain telomeres, which have the function of capping
the chromosome ends.

Structurally, compounds that interact with the G-quartets are often very similar
to intercalating agents, and in fact some of the G-quartet stabilizers, like ethidium
bromide, are prototype DNA intercalators. Nevertheless, the quadruplex has
structural differences with the DNA double helix, and this provides a basis for
selective recognition.93Most quadruplex ligands are polyaromaticmolecules bear-
ing one or more substituents with positive charges, which seem to interact by
stacking on a terminal G-quartet. Some examples are ethidium derivatives, diben-
zophenanthrolines, and triazines such as 115405. One exception to this general
structure is the natural product telomestatin, isolated from Streptomyces anulatus.
Most of these compounds have low potencies as telomerase inhibitors.
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4.1.2. Compounds targeting the catalytic subunit (hTERT)
Because hTERT acts as a reverse transcriptase, it is not surprising that some nucleo-
sides that inhibit HIV-1 reverse transcriptase, like AZT, are also telomerase inhibi-
tors, although with poor activity and selectivity. Among the nonnucleoside
inhibitors, BIBR-15325 is a mixed-type noncompetitive inhibitor, targeting a bind-
ing site distinct from the sites for deoxyribonucleotides and the DNA primer.94
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4.1.3. Compounds targeting the RNA subunit (hTR)
The RNA component of telomerase has also been used as a target, especially using
an antisense nucleotide approach. Since hTR is not an mRNA and will not be
translated into a protein, an antisense oligomer will not have to compete with the
ribosomal machinery and hence its toxicity will be low, provided that a good
selectivity can be achieved.

Among the many antisense oligonucleotides targeted at hTR, the most
advanced one is GRN-163L, which has entered Phase I clinical trials in patients
with chronic lymphocytic leukemia and solid tumors. GRN-163L is a 13-mer
oligonucleotide belonging to the N30-P50 thiophosphoramidate (NPS) family that
is covalently attached to a lipophilic palmitoyl moiety (see Section 5.1 for a more
detailed discussion of antisense oligonucleotides). This modification led to
enhanced potency.95
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4.2. DNA repair system inhibitors

DNA is repeatedly exposed in normal cells to exogenous (e.g., UV light, ionizing
radiation) and endogenous toxins (produced as a consequence of natural meta-
bolic processes). It is estimated that the average rate of damage is about 104 events
per cell per day. Therefore, DNA repair systems are vital to preserve the integrity
of the genome, but their protective effect can be a disadvantage in cancer cells by
reducing the cytotoxicity of antitumor agents, which is a cause of resistance.
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Consequently, the different pathways of DNA repair have been studied as
potential targets for improving cancer treatments. Some new antitumor drugs
are emerging from the study of these targets, particularly those involved in the
repair of single-strand damage.96 Since these compounds are promising as radio-
or chemosensitizers, they will be discussed in detail in Chapter 12.

One of these repair mechanisms is the nucleotide excision repair (NER)
process, which repairs damage affecting strands of 2–30 bases and recognizes
bulky, helix-distorting changes in the DNA such as the formation of thymine
dimers, as well as single-strand breaks. The mechanism of action of the previously
mentioned marine alkaloid ecteinascidin 743 (ET-743, trabectedin) involves alkyl-
ation of guanine-N2 positions in a sequence-specific manner, which leads to its
tight binding into the minor groove of DNA (see Section 4 of Chapter 6). This
induces a distortion of the helix that would normally trigger the NER process, but
ET-743 traps the repair machinery as it attempts to remove the ET-743-DNA
adducts and causes the endonuclease components to create lethal single-strand
breaks in the DNA rather than repairing it.97,98 In fact, ET-743 showed decreased
activity in NER-deficient cell lines compared to NER-proficient cell lines.99
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5. THERAPY DIRECTED AT OTHER TARGETS

5.1. Antisense oligonucleotides

The basic idea of antisense oligonucleotide (ASO)-based therapy is to interrupt the
flow of genetic information from a gene to a protein by using synthetic oligonu-
cleotides targeted to specific mRNA sequences, the ‘‘sense’’ sequences, by recog-
nition ofWatson–Crick complementary bases. Because ribosomes cannot translate
double-stranded RNA, the translation of a given mRNA can be inhibited by a
segment of its complementary sequence, the so-called antisense RNA. This results
in blocking the translation of the RNAmessage to generate a specific protein and in
the degradation of the mRNA strand by ribonuclease H (Rnase H), as shown in
Fig. 10.25. Since overexpression or mutation of specific genes (oncogenes) causes
cancer, downregulation of their expression offers the possibility of a selective
tumor ablation. To reach this goal, it is necessary for the oligonucleotides not
only to have a high and selective affinity toward the target mRNA sequence but
also to elude the action of nucleases in cells and body fluids,which rapidly degrade
native oligonucleotides, to reach the target cells and to be retained into them.
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FIGURE 10.25 Mechanism of action of antisense oligonucleotides.
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The first-generation antisense nucleotides in clinical use are characterized by
having one of the phosphate nonbridging oxygens of the phosphodiester linkages
replaced by sulfur (10.27). These phosphorothioate (PS) linkages lead to resistance to
RNAase H, which slows the degradation of antisense oligonucleotide in the cells.
Other common structures are phosphoroamidates (10.28) and phosphorothioami-
dates (10.29). Some structural modifications that increase the affinity of antisense
molecules for their specific targets are 20-methoxylation (10.30) and 20-(2-methoxy)
ethoxylation (10.31). Peptide nucleic acids (10.32) are structures in which the
antisense bases are connected to various peptide backbones, a structural feature
that improves their half-lives and enhances their hybridization properties.
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TABLE 10.1 Antisense oligonucleotides in clinical trials as anticancer agents.

Target Antisense oligonucleotide Sections

PKC ISIS-3521 (CGP-64128) 4.4
PKC ISIS-5132 4.4

Ras ISIS-2503 5.1

Raf ISIS-5132 5.3.1

BCL-2 Oblimersen 7.1

RNA subunit of telomerase GRN-163L 4.1.3
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Several antisense oligonucleotides are in clinical trials as anticancer agents100

and have been previously mentioned in Chapters 9 and 10 (Table 10.1).
5.2. Monoclonal antibodies against cancer cells

Malignant cells present some surface antigens that are not found in normal cells
and are therefore excellent targets for the binding of specific antibodies. The
development of specific monoclonal antibodies (MoAB) targeted at these antigens
is a field of anticancer therapy that is undergoing a very fast growth.101 The
applications of monoclonal antibodies to cancer therapy are summarized in
Fig. 10.26. Mechanism (a) will be discussed below, while mechanism (c) was
studied in the appropriate sections of Chapter 9 (see also Table 10.2), and
mechanisms (b) and (d) will be studied in Chapter 11, together with other
strategies of anticancer drug delivery based on the use of prodrugs.

One of the main targets for monoclonal antibodies are cell surface proteins,
specially CD (Cluster of Differentiation) proteins, which serve as receptors for
antigens, cytokines, or binding molecules on other cells. Several such monoclonal
antibodies that have been approved for cancer therapy are discussed below. Most
of these drugs normally have toxicities related to myelosuppression.

Rituximab is a chimeric human-murine monoclonal antibody that binds to
CD-20, a cell surface protein found almost exclusively onmature B cells. It was the
first monoclonal antibody approved for cancer therapy and is employed in refrac-
tory B-cell non-Hodgkin lymphoma and other hematological disorders, including,
among others, other non-Hodgkin lymphomas, chronic lymphocytic leukemia,
and multiple myeloma.

Alemtuzumab is a humanized monoclonal antibody that binds to CD-52, an
antigen expressed on B and T lymphocytes. It is approved for patients with B-cell
chronic lymphocytic leukemia when other therapy has failed.

Integrin antibodies are also known and are under clinical study. The most
important are volociximab (M-200), an anti-a5b1 integrin, which is under
clinical evaluation in patients with refractory sloid tumors, specially renal cell
carcinoma,102 and vitaxin, an anti-anb3 integrin.

103

Finally, some monoclonal antibodies employed in cancer therapy are directed
to the extracellular portions of some receptors associated to signaling pathways,
and have been discussed in Chapter 9 (Table 10.2).
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FIGURE 10.26 The role of antibodies in anticancer therapy.

TABLE 10.2 Anticancer monoclonal antibodies targeting signal receptors.

Target Monoclonal antibody Sections

EGFR Cetuximab 9.3.1

HER-2 Trastuzumab 9.3.2

VEGFR Bevacizumab 9.3.4.2
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5.3. Gene therapy

Gene therapy can be defined as the insertion of a functional gene into the somatic
cells of a patient to correct an inborn metabolic error, to repair an acquired genetic
abnormality, or to provide a new function to a cell.

Themain problemwith gene therapy is the lack of efficient and selective vectors
to deliver the genes. Viruses, which are the most commonly employed vectors, are
not ideal because they trigger an immunological response. Nonviral vectors
are safer but less efficient than viruses. The most promising are synthetic cationic
liposomes,which have positive charges that interact electrostaticallywith negative
charges in DNA phosphate groups and form complexes that are capable of enter-
ing the cells. Some of the positively charged amphiphilic molecules (cationic lipids)
used to this purpose, likeN-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium
chloride (DOTMA), dioleoylphosphatidylethanolamine (DOPE) or 5-cholesten-3b-
yl N-dimethylaminoethyl carbamate(DC-Chol), are shown below. Unfortunately,
because of the low efficiency of DNA delivery by these systems, the amount of
liposome currently required is too large to allow clinical use.
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Several potential strategies for cancer therapy based on gene therapy are being
explored in clinical trials, and are summarized below:101,104,105

1. Replacement of deficient or absent tumor suppressor genes. These genes are in charge
of the control of cell replication, and their decrease or absence is characteristic
of many malignancies. The main gene in cancer therapy is p53, which is in
clinical trials. The gene is transferred using adenoviral vectors by intratumoral
injection to patients with accessible cancers like head and neck carcinoma.

2. Immunomodulatory gene therapy. This approach is aimed at increasing the
immune response of patients against cancer (vaccine therapy). This can be
achieved by taking cells from the tumor, transducing them in vitro with
the viral vector containing the cytokine genes, such as those responsible for
interleukin 2, TNF, interferon-g (IFN-g), and granulocyte-macrophage colony
stimulating factor (GM-CSF). The cells are then implanted again in the tumor,
where they produce the immunoregulatory cytokine without the toxicity asso-
ciated with systemic cytokine administration. A large number of Phase I
clinical trials have been undertaken to test the efficacy of these cancer vaccines.

3. Suicide gene therapy. Viral vectors are used to selectively infect dividing tumor
cells. These viruses have been modified to carry a gene for an enzyme that
activates an antitumor prodrug, so that after its administration the prodrug
is preferentially bioactivated in the tumor cells. One example of this strategy is
the transduction of tumor cells with a vector containing the gene for the herpes
simplex virus thymidine kinase. Unlike the human thymidine kinase, this viral
enzyme is capable of phosphorylating a broad range of nucleosides, such as
ganciclovir. This allows the modified tumor cells to activate ganciclovir to its
triphosphate, which behaves as a chain terminator when incorporated into
DNA because of the absence of the 30-OH deoxyribose group, blocking the
DNA synthesis and killing the cell (Fig. 10.27). This method is in clinical trials
for the treatment of glioblastoma multiforme, a malignant brain tumor.
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4. Chemoprotection. Before a patient receives chemotherapy, bone marrow cells are
withdrawn, transduced in vitrowith genes responsible for drug resistance, and
then given back to the patient. In principle, this should allow higher chemo-
therapy doses without lethal damage to bone marrow stem cells.
5.4. Antitumor agents targeted at lysosomes

Kahalalide F is a depsipeptide derived from the sea slug Elysia rufescens. This
compound alters the function of the lysosomal membranes, a mechanism that
distinguishes it from all other known antitumor agents. Other mechanisms of
action are inhibition of the TGF-a expression, blockade of intracellular signaling
pathways downstream of EGF and ErbB2 receptor family, and induction of non-
p53-mediated apoptosis. Kahalalide F is currently in Phase II clinical trials in
hepatocellular carcinoma, non-small cell lung cancer (NSCLC), and melanoma,
and is also being evaluated for the treatment of severe psoriasis. In these studies,
kahalalide F has shown limited activity but an excellent tolerability profile that
merits further clinical evaluation in combinationwith other anticancer compounds.
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Anticancer drugs studied in previous chapters normally have high toxicities, and
one of the main purposes of current research in this field is lowering these toxic
effects. For this reason, current research efforts to improve the effectiveness of
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cancer chemotherapy are focused on the possibility to selectively target and kill
the cancer cells while affecting as few healthy cells as possible. This chapter is
devoted to the techniques used to achieve this end.
2. PRODRUG-BASED ANTICANCER DRUG TARGETING:
SMALL-MOLECULE PRODRUGS

One approach that allows improving the selectivity of cytotoxic compounds in
cancer therapy is the use of prodrugs that are selectively activated in tumor
tissues.1 This selective activation may be based on the exploitation of some unique
aspects of tumor physiology, such as selective enzyme expression, hypoxia, and
low extracellular pH. Other approaches are based on tumor-specific delivery
techniques that allow the selective activation of prodrugs by exogenous enzymes,
which are delivered into the tumor using monoclonal antibodies [antibody-
directed enzyme prodrug therapy (ADEPT)] or generated in tumor cells from
DNA constructs that contain the corresponding gene using nonviral [(gene-
directed enzyme prodrug therapy (GDEPT)] or viral [virus-directed enzyme
prodrug therapy (VDEPT)] vectors.
2.1. Selective enzyme expression in tumor cells

In order to achieve a tumor-specific targeting, the enzyme responsible for prodrug
activation should uniquely be present in the tumor cell. Although there is much
evidence of pathways involving enzymes that are aberrantly expressed in tumors,
these approaches have found varying success because the differences between
healthy and tumor tissues are not normally consistent across different species,
individuals, or even tumors.

One example, previously discussed in Section 4.3 of Chapter 2, is the selective
bioactivation in tumors of capecitabine, a 5-fluorouracil prodrug. This prodrug is
rapidly absorbed after oral administration due to its lipophilicity and metabolized
by carboxylesterase and cytidine deaminase to 50-deoxy-5-fluorouridine. The final
bioactivation step involves the transformation of the latter intermediate into 5-FU
by thymidine phosphorylase (Fig. 11.1), and takes place up to 10 times more
efficiently in cancer cells than in normal cells.
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Drug Targeting in Anticancer Chemotherapy 353
Another enzyme that is overexpressed in several tumors, including ovarian,
colon, pancreas, and non-small lung cell cancers, is the cytosolic glutathione-
S-transferase of the p class (GST-p). The active site of this enzyme contains a
tyrosine residue that deprotonates the mercapto group of glutathione in order to
increase its nucleophilicity and to allow its reaction with electrophilic toxic meta-
bolites (Fig. 11.2).

The mustard prodrug TLK-286 contains a modified glutathione framework
linked to an inactive phosphoramide mustard. The presence of a sulfone group in
the linker was designed to enhance the acidity of the a-proton and thus facilitate
a b-elimination reaction triggered by the basicity of the deprotonated tyrosine
hydroxyl. The negative charge in the liberated phosphoramidate assists the intra-
molecular nucleophilic displacement reaction that leads to the alkylating aziridi-
nium species (Fig. 11.3). Although the activation of TLK-286 can occur
spontaneously, the enzyme facilitates the kinetics of the process. TLK-286 is
under Phase III testing for non-small cell lung and ovarian cancers.2
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FIGURE 11.2 Activation of glutathion at the active site of GST-p.
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2.2. Hypoxia-based strategies for tumor-specific prodrug activation

Hypoxia is a common and unique property of cells in solid tumors, and it is
therefore a potential mechanism for tumor-specific prodrug activation.3 The
availability of oxygen electrodes has allowed the accurate measurement of oxygen
levels in human tumors, which are highly heterogeneous. Many regions have very
low levels, with partial pressures of oxygen around 5 mmHg that corresponds to
about 0.7% O2 in the gas phase or 7 mM in solution. These hypoxic cells are
resistant to radiotherapy (see Section 11 of Chapter 4) and can also be considered
resistant to most anticancer drugs because of poor diffusion from the distant
blood vessels, loss of sensitivity to p53-mediated apoptosis, and upregulation of
genes involved in drug resistance. However, the existence of hypoxia and cell
necrosis provides an opportunity for tumor-selective therapy, including the
development of bioreductive prodrugs4 specifically activated by hypoxia.

Discrimination between normal (oxygenated) and tumor (hypoxic) tissues can
normally be achieved when the prodrug contains a functional group that is
susceptible to give an initial reduction (a ‘‘trigger’’). When oxygen is present, as
in the normal tissue, this reduction can be reverted by the transfer of one electron
to oxygen, leading to a futile redox cycle that generates superoxide radical-anion
(Fig. 11.4A). In the absence of oxygen, the prodrug radical is accumulated
and then generates the ultimate cytotoxic species, and hypoxia-selective cytotox-
icity is achieved (Fig. 11.4B). Obviously, for this approach to be useful in cancer
therapy the above-mentioned radical or its downstream products must have
higher cytotoxicity than the superoxide radical-anion arising from redox cycling
in oxygenated cells.

The one-electron reduction potential of the functional group acting as a trigger
is an important design parameter for hypoxia-selective tumor-activated prodrugs.
The main types of triggers are aromatic and aliphatic N-oxides, quinones,
aromatic nitro groups, and cobalt complexes, which are discussed below. Other
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FIGURE 11.4 Chemical basis for hypoxia-selective cytotoxicity.
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types of hypoxia-based strategies for tumor-specific prodrug activation will be
mentioned in Sections 11.3 (GDEPT therapy) and 11.4 (ADEPT therapy).

One of the enzymes involved in the one-electron reduction reactions needed for
hypoxia-selective bioactivation is cytochrome P450 reductase, a flavoprotein that
functions as an electron donor for P450. This enzyme is able to reduce aldehydes,
quinones, and N-oxides, among other functional groups, directly or via P450s.
Some drugs can be reduced by other enzymes, like P450 itself or nitroreductases.

2.2.1. N-oxides
The best-known aromatic N-oxide used as an antitumor drug is tirapazamine
(TPZ), which undergoes an enzymatic one-electron reduction to the TPZ radical.
In normal cells, this species reacts with oxygen to give back TPZ, together with a
superoxide radical. However, in hypoxic environments the TPZ radical under-
goes two different types of fragmentation reactions (see Section 9 of Chapter 4),
leading to hydroxyl and benzotriazinyl (BTZ) radicals, which cause DNA strand
cleavage and topoisomerase II poisoning (Fig. 11.5). One advantage of TPZ is its
potentiation of the efficacy under hypoxic conditions of radiotherapy and some
chemotherapeutic drugs, including cisplatin.

Aliphatic N-oxides can be considered as good prodrugs of intercalating agents
bearing side chains with basic tertiary amino groups. The rationale for the use of
these compounds as prodrugs is that they have a greatly decreased affinity for
DNA because the negatively charged N-oxide oxygen atoms prevent their
interaction with the anionic phosphate groups in DNA.5 The best-known aliphatic
N-oxide hypoxia-activated prodrug is the anthraquinone AQ4N, which is under
clinical trials.6 Its reduction followed by protonation furnishes the active species
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AQ4, which shows a tight binding to DNA by intercalation and subsequent
interference with the topoisomerase II function (Fig. 11.6). AQ4 is unusual
among hypoxia-activated prodrugs in being activated by two-electron reduction.
In humans, this reaction is effected mainly by the CYP3A members of the cyto-
chrome P450 family, which are overexpressed in some tumors,7 and is inhibited
by oxygen due to competition for the reduced heme group in the enzyme active
site rather than from redox cycling.8
2.2.2. Quinones
Quinone derivatives were among the first compounds studied as hypoxia-
selective tumor-activated prodrugs. Quinones can undergo reduction by cyto-
chrome P450 reductase, leading to captodative-stabilized semiquinone radical
anions (see Section 2 of Chapter 4), that can be back-oxidized by molecular oxygen
in normal, well-oxygenated cells. On the other hand, quinones are also good
substrates for two-electron reductases, particularly DT-diaphorase (Fig. 11.7).

The first examples of reductively activated quinones were compounds having a
good leaving group at the a position of a side chain placed at the quinoneC-2 carbon.
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After reduction, these compounds generate highly reactive quinone methides that
behave as DNA alkylators (Fig. 11.8).

Two simple examples of antitumor compounds designed using this strategy are
quinones 11.19 and 11.2,10 though they show only a marginal hypoxic selectivity.
The natural products mitomycin C and porfiromycin are also activated by
bioreductive mechanisms (see Section 3 of Chapter 6).
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The second structural type of bioreductively activated quinones is aziridinyl-
quinones, represented by the benzoquinone derivative diaziquone and by indo-
lequinone EO-9 (see also Section 3 of Chapter 5). These quinones are bioactivated
by two-electron reductases, particularly DT-diaphorase (Fig. 11.9), an enzyme
that is overexpressed in many tumors, but their clinical results have not been
particularly successful.

A final application of quinones in bioreductive activation processes is their use
as triggers for the release of alkylating species, especially nitrogen mustards. One
example is compound 11.3, which liberates a molecule of melphalan upon lacto-
nization of its reduced hydroquinone form (see also Section 2.4 of Chapter 5). In
the case of 11.4, reduction to hydroquinone is followed by C–N bond cleavage to
release the aliphatic mustard 11.5. This reaction is not possible before the reduc-
tion step because of the electron-withdrawing effect of the quinone moiety on the
indole nitrogen (Fig. 11.10).
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2.2.3. Aromatic nitro derivatives
Nitroaromatic compounds are reduced by several nitroreductases, which are
flavoprotein enzymes that catalyze the stepwise addition of up to six electrons,
though the major metabolite is normally the hydroxylamine formed by addition of
four electrons. In nitroaromatic compounds with suitable reduction potentials
(around �330 to �450 mV), the first radical anion formed by one-electron addition
can be scavenged efficiently bymolecular oxygen, and consequently its formation is
restricted to hypoxic cells. Compounds with reduction potentials outside this range
are less useful, either because they are too easily reduced and therefore show less
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selectivity for hypoxic tissues (reduction potentials higher than �330 mV)
or because they are too difficult to activate (reduction potentials below �450 mV).

The main nitroaromatic compounds used in cancer chemotherapy are nitroi-
midazoles. These compounds were introduced as radiosensitizers (see Section 11
of Chapter 4), but it was later shown that they were able to induce cell death in
hypoxic environments in the absence of radiation. This cytotoxic activity is mainly
due to the nitro radical anion 11.6 and hydroxylamine (11.8) metabolites. Thus,
11.6 or its protonated derivative 11.7 can oxidize DNA chains (see also Section 11
of Chapter 4), while the O-acetyl derivative of hydroxylamine 11.8 may give
covalent DNA adducts (Fig. 11.11).11

Although the observation of cytotoxic activity in the absence of radiation
normally requires concentrations of the nitro derivative that are too high to
be found in clinical situations, the presence of two alkylating moieties can lead
to improved activity. For instance, RSU-1069 behaves as a DNA monoalkylator
in normal tissues and as a bisalkylator under hypoxic environments, where it
is 50–100 times more cytotoxic (Fig. 11.12). Unfortunately, clinical studies of
this compound showed a high-intestinal toxicity that prevented its further
development.

Nitracrine is another nitro derivative with selective cytotoxicity in hypoxic cell
cultures, and it has been shown that besides its DNA intercalating properties it is
able to alkylate DNA following reduction by thiols or enzymes, though the nature
of the electrophilic metabolites generated in the bioreductive process is still
debated. Unfortunately, the hypoxia selectivity has not been observed in solid
tumors, probably because the high-reduction potential (–303 mV) and the tight
DNA binding of this compound slows its diffusion into hypoxic areas.

Since the alkylating reactivity of aromatic mustards is greatly determined by
the electron density in the mustard nitrogen, enzymatic reduction of a nitro group
on the aromatic ring to a hydroxylamine derivative can result in a higher potency
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of these compounds as DNA alkylating agents (see Section 2.4 of Chapter 5). The
simplest such prodrug is the nitrophenyl mustard (11.9), but it shows only a
modest hypoxic selectivity because, due to its low-reduction potential of about
�515 mV, only a small amount of the drug is likely to be reduced. Accordingly, its
2,4-dinitro analogue (SN-23862), in which the electron-attracting properties of the
second nitro group induce a higher-reduction potential, has a higher-hypoxic
selectivity. Overall, this strategy is not very useful, because the presence of two
or more electron-deficient groups onto the benzene ring of a nitrophenyl mustard
to ensure a high enough reduction potential results in a low cytotoxicity even after
reductive activation of part of these groups. This is also true for analogues based
on heteroaromatic mustards such as 11.10.
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Further problems associated with the presence of several nitro groups attached
to the benzene ring of a nitrogen mustard are due to metabolic side reactions that
contribute to its deactivation. For instance, the reductive metabolism of SN-23862
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involves the predominant reduction of the nitro group ortho to the mustard
moiety, which affords a mixture of hydroxylamino (11.11) and amino (11.12)
reduction products. These metabolites undergo a fast intramolecular cyclization
to tetrahydroquinoxaline derivatives 11.1312 where most antitumor activity has
been lost (Fig. 11.13).

Another mechanism studied involves the generation of an active fragment
after a bioreductive process. For instance, reduction of nitrobenzyl carbamates
such as 11.14 to its hydroxylamino metabolite generates an electrophilic quino-
neimine methide 11.15 together with amine R–NH2, though the reduction poten-
tial is too low and for this reason this bioreduction is inefficient (Fig. 11.14).

The same problem related to a too low value for the reduction potential
has been shown in the bioreductive activation of the fluorouracil prodrug 11.16,
which has been designed to generate the active drug by a ‘‘through-space’’
cyclization-extrusion process in the reduced metabolite 11.17 (Fig. 11.15).
2.2.4. Cobalt complexes
As already mentioned in Section 2.4 of Chapter 5, another strategy to design
hypoxic-selective nitrogen mustards has been the complexation of both nitrogen
atoms from bidentate mustards with transition metals such as cobalt. Complexes
in the low-spin Co (III) oxidation state, such as SN-24771, are very stable and have
appropriate reduction potential values to be reduced by cellular reductases. This
reduction is competitively inhibited by oxygen, but under hypoxia the unstable
high-spin Co (II) species resulting from reduction rapidly releases its ligands to
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coordinate with water molecules forming stable hexa-aquo Co (II) species
(Fig. 11.16).13 The limited activity showed in vivo by this compound discouraged
its further development.
2.2.5. Prodrugs activated by therapeutic radiation
Since severely hypoxic tissues are necrotic and therefore they lack the enzymes
and cofactors required for the reductive activation of cytotoxic prodrugs, it may be
useful to employ ionizing radiation for this purpose. This methodology has the
advantage that radiotherapy focuses the radiation field on the tumor.

Irradiation of water in cells during radiotherapy generates hydrated electrons
that can be used to activate antitumor prodrugs because they are much more
powerful reducing agents than enzymes. However, their very low yield, coupled
with competition with other endogenous electron acceptors, makes necessary the
design of prodrugs that liberate very potent cytotoxic species.

Some examples of prodrugs that can be activated by ionizing radiation
under hypoxia are heterocyclic nitroarylmethyl quaternary ammonium salts,14

1-(20-oxopropyl)-5-fluorouracil (OFU001),15 and some Co (III) complexes, but they
have not demonstrated sufficiently high activity.
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2.3. Gene-directed enzyme prodrug therapy (GDEPT) and
virus-directed enzyme prodrug therapy (VDEPT)

In these approaches, ‘‘suicide’’ genes encoding prodrug activating enzymes are
targeted to tumor cells, which are followed by prodrug administration.16 In
GDEPT, nonviral vectors, such as cationic lipids, peptides, or naked DNA, are
used for gene targeting. In VDEPT, gene targeting is accomplished using viral
vectors, especially retroviruses and adenoviruses. In both cases, the vector needs
to be taken up by the target cells, the encoded enzyme must be expressed
(transduction) and the prodrug must enter the target cells and be activated
intracellularly. Finally, because it is not possible to target genes to every cell, the
locally activated drug must also be able to kill nonexpressing cells, a phenomenon
known as ‘‘bystander effect’’ (Fig. 11.17).

Some reductases from anaerobic bacteria are more efficient than human
enzymes for the hypoxia-selective reductive activation of certain prodrugs. In
these cases, it is possible to administer the prodrug associated to a viral vector
that transports the gene responsible for the production of the required microbial
enzyme. One example that has entered clinical trials17 is the association of the
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FIGURE 11.17 Basis of GDEPT therapy.
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aziridine derivative CB-1954, related to the previously mentioned SN-23862, with
a non-replicating adenoviral vector that expresses the nfsB gene, corresponding to
the Escherichia coli nitroreductase (NTR). This enzyme is a two-electron reductase
that reduces either of the two nitro groups in CB-1954. The key metabolite
seems to be the 2-hydroxylamino compound 11.18. A subsequent acetylation by
acetylcoenzyme A affords 11.19, a potent DNA cross-linking agent18 (Fig. 11.18).

VDEPT approaches have also been used in the case of N-oxide bioreductive
prodrugs by transfecting tumor cells with amammalian expression vector, mainly
adenovirus, containing the genes encoding for the enzymes necessary for their
activation, namely CYP3A4 in the case of AQ4N19 and cytochrome 450 reductase
(P450R) in the case of tirapazamine.20 VDEPT therapy must not be confused with
the use of the so-called oncolytic viruses as anticancer ‘‘drugs.’’21

GDEPTmethodologies are not restricted tohypoxia-selectiveprodrug activation.
For instance, a GDEPT has been developed from cyclophosphamide and the
CYP2B1 gene for the treatment of brain tumors. Cyclophosphamide is not active in
the brain for two reasons, namely because it requires oxidative metabolism, which
takes place mainly in the liver to yield its cytotoxic metabolites (see Section 2.4 of
Chapter 5), and also because these metabolites are poorly transported across the
blood–brain barrier and P450 activity in brain is low.
2.4. Antibody-directed enzyme prodrug therapy (ADEPT)

Another approach to achieve high local concentration of antitumor drugs is the so-
called ‘‘antibody-directed enzyme prodrug therapy’’, in which antigens expressed
on tumor cells are used to target enzymes to the tumor site by means of suitable
monoclonal antibodies. The direct use of antibodies as antitumor agents has been
discussed in Section 5.2 of Chapter 10.

In ADEPT therapy, an immunoconjugate of the proposed activating enzyme
and an antibody specifically directed at a tumor antigen are administered. After
allowing some time for the non-bound enzyme to be eliminated from the general
circulation, a prodrug that is activated by the enzyme is administered.
This activation takes place at the cell surface, and the active species is then
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uptaken into the tumor cells (Fig. 11.19). One advantage of this approach is the
possibility of using nonhuman enzymes, which may be more active for prodrug
activation. Its main drawbacks are the scarcity of tumor-selective antigens, the
possibility of immune reactions if nonhuman proteins are employed and the need
for the active species to cross the cell membrane, since activation occurs
extracellularly.

ADEPT strategies appear to be promising to target glucuronidated prodrugs to
tumor cells because glucuronidated prodrugs are very poorly taken up by cells
and hence are suitable for extracellular activation. b-Glucuronidase is widely used
as an activating enzyme in ADEPT. One technique that has proved to have general
value for this purpose is the use of b-glucuronyl self-immolative carbamate
prodrugs, which is exemplified in Fig. 11.20 for the case of the anthracycline
prodrug DOX-GA3which showed improved antitumor activity in mice compared
with DOX-GA3 administration alone.22 Prodrug activation can be assumed to take
place by glucuronide hydrolysis to phenol 11.20, followed by spontaneous loss of
the p-hydroxybenzyl group through a 1,6-elimination reaction23 and final decar-
boxylation of the carbamic acid 11.21 thus generated.

In a related approach, an Escherichia coli nitroreductase can be used to activate
prodrugs containing a p-nitrobenzylcarbamate substituent. One example is the
mitomycin C prodrug 11.22, whose mechanism of bioactivation involves again a
1,6-elimination process (Fig. 11.21).24
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Phosphatases have also been used as activating enzymes in ADEPT
approaches. For instance, etopophos is activated to etoposide by a monoclonal
antibody-alkaline phosphatase immunoconjugate (Fig. 11.22).
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The first example of a locally activated prodrug using and ADEPT approach
that reached clinical trials was the mustard prodrug CMDA in combination with
bacterial carboxypeptidase G and cyclosporin to counteract the immune response
to the conjugate.25 The activity of 11.23 is probably associated with its ionized
form 11.24, where the electron density of the nitrogen atom is increased. It is also
relevant to note that 11.23 shows a higher activity than its bischloroethyl analogue
(compound 5.13, Section 2.3 of Chapter 5), which can be ascribed to the higher
ability of the mesylate unit to act as a leaving group. A related carbamate prodrug
is ZD-2767P, which releases the corresponding iodo nitrogen mustard and has
also undergone Phase I clinical trials26 (Fig. 11.23).
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3. POLYMER-PROTEIN CONJUGATES

The term ‘‘polymer therapeutics’’ has been coined to describe water-soluble
devices that use polymers as carriers and that are designed for parenteral
administration. They include polymer-drug or polymer-protein conjugates and
polymeric micelles to which a drug is covalently attached. Therapeutic polymers
may be considered as one of the first nanodrugs, which can be defined as
nanometer-scale complexes that contain at least two components, one of them
being a bioactive agent (see also Section 11.7).

Besides being water-soluble, the polymer has to be nontoxic, non-immunogenic,
and suitable for repeated administration, and it has to be chosen taking into account
that its physico-chemical properties govern biodistribution, elimination, and
metabolism of the conjugate. The most widely tested polymers in clinical assays
are polyethylene glycol (PEG), N-(2-hydroxypropylmethacrylamide) (HPMA), and
polyglutamic acid (PGA). Because PEG and HPMA copolymers are not biodegrad-
able, their use has to be limited to masses below 40 kDa to ensure eventual renal
elimination, while this limitation does not affect PGA copolymers.

Several polymer-protein conjugates containing a therapeutic protein, mostly
PEGylated enzymes or cytoquines, have entered into routine clinical use in
oncology.27 Polyethylene glycol is a unique polyether diol, usually manufactured
by the aqueous anionic polymerization of ethylene oxide. If this polymerization
is initiated with anhydrous methanol or other alcohol derivatives it results in
monoalkyl capped polyethylene glycols such as methoxy PEG (mPEG).
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These polymers are amphiphilic and dissolve well both in organic solvents and
in water, and their conjugation to proteins is accomplished mainly by the reaction
of an available amino group or other reactive sites such as histidine or cysteine
residues.

PEGylation of proteins enhances their stability, reduces their immunogenicity,
and prolongs their plasma half-life and consequently the patient requires less
frequent dosing.28 On the negative side, the PEGylation process can lead to
reduction or even complete loss of the bioactivity of the therapeutic protein
associated with the alteration of the overall protein charge and to the reduction
of its substrate- or receptor-binding affinity.

The first antitumor PEGylated protein approved for clinical use was PEG-
L-asparaginase (pegaspargase).29 It is used to treat acute lymphoblastic leukemia,
a disease that requires L-asparagine (see Section 9 of Chapter 2). Pegaspargase has
advantages as compared with the native enzyme because of its reduced immuno-
genicity and its much longer plasma half-life. Other PEG-enzyme conjugates that
have entered clinical trials are PEG-recombinant arginine deiminase (ADI-PEG20)
and PEGylated-glutaminase (PEG-PGA). The first copolymer depletes arginine,
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and it is being developed for hepatocellular carcinoma as a single agent or in
combination with 5-FU.30 The second is being clinically evaluated in combination
with the previously mentioned glutamine antimetabolite DON (see Section 6.3 of
Chapter 2), based on the idea that this drug should be more effective when
glutamine levels are depleted.31

Among PEG-cytokine conjugates, the granulocyte colony-stimulating factor
(GCSF), used to prevent chemotherapy-induced neutropenia, is used in its PEGy-
lated form (PEG-GCSF, pegfilgrastim), which has a longer half-life and fewer
allergic reactions than the free protein.32
4. MACROMOLECULAR SMALL-DRUG CARRIER SYSTEMS

In macromolecular drug carrier systems, an active drug is covalently attached to a
macromolecule. These conjugates may target solid tumor tissues passively by a
mechanism known as ‘‘enhanced permeability and retention’’ (EPR) effect, which
is based on the increased permeability of vascular endothelium in tumors due to
its poor organization (Fig. 11.24). This phenomenon allows that relatively large
particles loaded with an antitumor drug can extravasate and accumulate inside
the interstitial space, where the drug can be released as a result of normal carrier
degradation.33
A  Normal vasculature

Drug molecules or drug carriers

B  Tumor leaky vasculature

Some drugs or drug
carriers can penetrate

into the interstitium

Particles larger than a
“cut-off” size do not

cross the capillary wall

FIGURE 11.24 Enhanced permeability and retention in tumor vasculature: The EPR effect.
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More specific targeting may be achieved by using as a part of the
macromolecular component an antibody directed to a tumor antigen or a peptide
whose receptors are overexpressed in tumor cells. The conjugate approach has
been particularly studied in the case of the anthracyclines.34 These conjugates do
not cross cell membranes, and they need to access the intracellular space by
receptor-mediated endocytosis, adsorptive endocytosis, or fluid-phase endocyto-
sis. In these processes, the cell membrane invaginates the particle and then forms
an intracellular vesicle (endosome) that eventually fuses with lysosomes. The
macromolecular transporter is hydrolyzed and the active drug is released as a
consequence of lowered pH values both at the endosomes and at the lysosomes,
and also to the presence of hydrolytic enzymes in the latter vesicles (Fig. 11.25).
Furthermore, some extracellular drug release may also be produced because of
the more acidic tumor environment (often 0.5–1 pH units lower than normal
tissues) and to the overexpression in tumors of some extracellular proteases,
such as matrix metalloproteinases and plasmin.
4.1. N-(2-Hydroxypropyl)methacrylamide polymers

Several of these polymer-drug conjugates have entered clinical trials for anticancer
therapy.35 They are copolymers of N-(2-HPMA and a Gly-Phe-Leu-Gly linker
designed to facilitate intralysosomal liberation of the drug by cysteine proteases.
Receptor-
mediated

endocytosis
Adsorptive

endocytosis 
Fluid-phase
endocytosis 

pH 4 

pH 5-6.5Endosome

Lysosome

Active drug

Macromolecular
drug carrier system 

FIGURE 11.25 Endocytosis of macromolecular drug carrier systems and intracellular drug release.
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TheHPMApolymer has not shown evidence of toxicity or immunogenicity inman,
which represents a great advantage over previously studied natural polymers that
led to immunogenic reactions. On the other hand, HPMA has the disadvantage of
not being biodegradable and for this reason the molecular mass of administered
copolymers has to be lower than 40 kDa in order to ensure its direct renal elimina-
tion. The best-known compound among this group of agents is the doxorubicin
conjugate PK-1 (FCE-28068),36 which has a greatly reduced toxicity compared with
free doxorubicin and was active in chemotherapy-refractory patients. Other
HPMA conjugates that have entered clinical studies are the paclitaxel conjugate
PNU-16694537 and the camptothecin derivative 11.25.38

CH3

HN
O

CH3HO

CH3

O

HNx y

NH

HN

NH

O
O

O
O

CH3

HN
O

CH3HO

CH3

O

HN
x y

NHO

CH3

CH3

PK-1 (FCE-28068)

H3C
HN

O

O NH

CH3

OH

z

HN

NH

O

O
O

CH3

CH3

CH3OH

O
OHO

H3C

AcO O

O

O

Ph

N

O

H
Ph

O

CH3

CH3

H
OAc

CO-Ph

PNU-166945 (HMPA copolymer-paclitaxel)

H3CO O

O OH

OH

CO-CH2-OH
HO

O
OH3C

HONH Doxorubicin
Active moiety

HPMA polymer

Peptide 
linker

CH3

HN
O

CH3HO

CH3

O

HN
x y

NHO

H3C
HN

O

O NH

CH3

O
H

z

HMPA copolymer-camptothecin (11.25)

HN

O( )6

ON

N O

O

O

OH5C2

Cisplatin is one of the main anticancer agents currently in use, but it shows
severe side effects, the most prominent being nephrotoxicity, neurotoxicity, nausea,
and vomiting. Also, intrinsic or acquired tumor resistance is a major problem.
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Such limitations, coupledwith a narrow therapeutic index and poor solubility, have
been the driving force behind a sustained research effort into the discovery of novel
platinum agents or novel formulations and delivery methods of existing platinum
agents. Two HPMA copolymer-platinate agents known as AP-528039,40 and
AP-534641 are under clinical development.
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In a more sophisticated approach, an HPMA conjugate known as PK-2 (FCE-
28069) was designed for tumor targeting using receptor-mediated endocytosis.
This copolymer contains the HPMA polymer, a Gly-Phe-Leu-Gly peptide linker,
doxorubicin and also galactosamine units that are targeted at the asialoglycopro-
tein receptor. Since this receptor is present in hepatocytes, the prodrug is expected
to be useful in hepatocarcinomas.42 Other ligands different to galactosamine are
being explored for targeting.
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4.2. Poly-(L-glutamic)conjugates

Another types of polymers designed for passive targeting through the EPR effect
that are under clinical trials are the conjugates of poly-(L-glutamic) acid (PGA).
These polymers have the advantage over others (HPMA, PEG) of being biode-
gradable and therefore not subject to the previously mentioned 40 kDa limit in
molecular mass. The main PGA conjugates under study are those with paclitaxel
(paclitaxel polyglumex, CT-2103)43 and camptothecin (CT-2106). CT-2103 is the
most advanced anticancer drug conjugate in clinical trials and has shown activity
against several cancers. Phase III studies have shown promising activity against
non-small lung cell cancer.44
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4.3. Neuropeptide Y conjugates

These cell-surface-selective polypeptide-prodrug conjugates have been directed
to neuroblastomas. Receptors of neuropeptide Y(NPY), a 36-amino acid peptide of
the pancreatic polypeptide family, are often overexpressed in these tumors. For
this reason, conjugates of daunorubicin or doxorubicin with this neuropeptide
bind to these cells and, after being internalized, they release the free drug. A Cys
residue at the position 15 of NPY was used for attaching maleimide anthracycline
derivatives without significant loss of binding to the receptor.45
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4.4. PEGylated conjugates

Although some low-molecular weight anticancer PEG-drug conjugates have been
studied, commercial products have thus far not been reported. However, higher-
molecular weight PEG-drug conjugates, particularly those with a mass of 40,000,
have led to a clinical candidate studied for several solid tumors indications.46 This is
PEG-camptothecin (CPT), an ester-based prodrug that includes an alanine spacer
linked to the hydroxy group of the drug. Cleavage of the amide bond between PEG
and the amino acid by exo-peptidases in the tumor results in an amino acid-CPT
ester conjugate, which would still have its bioavailability enhanced by lactone
stabilization. The ester bondwould subsequently be cleaved to release CPT. Clinical
studies have shown that the maximal concentration of free camptothecin was
proportional to the administered dose of PEG-CPT, but these values were much
lower than those observed for similar doses of CPT in the form of sodium
camptothecinate.47

N

N

O

O

O

OH5C2
O

N
H

H3C

O

O
O

n

H
N

O CH3

O

N

N

O
O

O

O

H5C2

CPT

CPT

PEGLinker
Linker

4.5. Immunoconjugated drugs

Selective monoclonal antibodies (mAbs) may be linked to anticancer agents to
reduce the exposure of sensitive organs and tissues to drugs while enhancing the
exposure of the tumor andmetastatic foci. Additionally, althoughmost antibodies
normally remain bound to the cell surface, some of them may be endocytosed
which permits to increase the potency of a drug when the antibody is internalized
after binding to the corresponding tumor antigen. Here also peptide linkers allow
for selective release of the drug in the lysosomal or endosome environments
where occur proteolysis.

In vitro studies have been carried out with immunoconjugates of several
antitumor drugs such as camptothecin48 and a Co (II) complex of tallysomycin
S10b, a bleomycin analogue.49 The structure of the latter complex is shown below.
After complexation with Cu (II), which involves the nitrogen atoms marked with
asterisks in the structure shown below, only two amino groups, marked
with arrows, are available for acylation. A carbamate with p-aminobenzyl alcohol
was used as the spacer between the dipeptide linker and the drug to ensure that
the scissile bond is not sterically encumbered, and a maleimide group was
employed as a handle for conjugation to the antibody (BR-96) via a cysteine
residue. This conjugate enhanced the activity of the free drug by up to 825-fold.
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Gemtuzumab ozogamicin is a conjugate of a humanizedmAbknown as hP67.6.
This antibody binds specifically to CD-33, a sialic acid-dependent adhesion protein
found on the surface of normal and leukemic myeloid cells, including acute
myeloid leukemia blasts, but not on normal bone marrow hematopoietic stem
cells. In gemtuzumab ozogamicin, hP67.6 is coupled to a prodrug form of the
natural product calicheamicin, which belongs to the enediyne class. After binding,
the internalized conjugate breaks down allowing calicheamicin to interact with the
minor groove of DNA (see Section 8 of Chapter 4). As the antigen is not expressed
on normal hematopoietic cells, this conjugate is highly selective for leukemia cells.
Gemtuzumab ozogamicin was the first approved antibody-chemotherapeutic
agent complex, and is indicated for patients with CD-33-positive acute myeloid
leukemia that have relapsed after initial treatment and are considered ineligible for
more aggressive cytotoxic chemotherapy, such as the elderly.50
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Monoclonal antibodies can also be employed to target radioactive nuclides to
specific tumor cells.51 Thus, ibritumomab tiuxetan consists of two parts, namely,
the murine anti-CD-20 ibritumomab, that targets mature B cells, and the EDTA
analogue tiuxetan, that provides a chelation site for yttrium-90 or indium-111.
This was the first radioconjugate targeted agent approved for cancer treatment,
and is indicated for refractory B-cell non-Hodgkin’s lymphoma. Tositumomab is
also a radioconjugate consisting of an anti-CD-20 antibody and radioactive iodine-
131, and is approved for follicular non-Hodgkin lymphoma.52 Similarly, the
combination of the antibody tositumomab and its radioactive derivative [131I]-
tositumomab is the basis of an antineoplastic radioimmunotherapeutic monoclo-
nal antibody-based regimen that is indicated for the treatment of patients with
CD-20 antigen-expressing non-Hodgkin’s lymphoma. Tositumomab itself is a
murine lgG2a monoclonal antibody directed against the CD-20 antigen, which is
found on the surface of normal and malignant B lymphocytes.
5. POLYMER-DIRECTED ENZYME PRODRUG THERAPY (PDEPT)

Polymer-directed enzyme prodrug therapy is a two-step antitumor approach that
uses a combination of a polymeric prodrug and a polymer-enzyme conjugate to
generate selective cytotoxicity. Thus, in a preliminary study of this approach,
administration of the previously mentioned doxorubicin conjugate PK-1 was fol-
lowed by the administration of a conjugate of the proteolytic enzyme cathepsin B,
present in all mammalian cell lysosomes. This conjugate also used the copolymer
of HPMA and the Gly-Phe-Leu-Gly tetrapeptide linker and the antitumor activity
of this combination in mice showed advantages compared with PK-1 alone.53

The PDEPT strategy has been claimed to have advantages over ADEPT and
GDEPT because the polymer-enzyme conjugates have reduced immunogenicity
and the polymeric prodrug has a relatively short residence time in plasma which
allows subsequent administration of polymer-enzymewithout prodrug activation
in the circulation.
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6. FOLATE RECEPTOR-TARGETED CHEMOTHERAPY AND
IMMUNOTHERAPY OF CANCER

Folic acid has become a useful ligand for targeted cancer therapies because it
binds to a tumor-associated antigen known as the folate receptor (FR). The human
FR (FRa) is a glycophosphatidylinositol-anchored membrane glycoprotein that
binds physiological folates and mediates their intracellular transport via receptor-
mediated endocytosis. It is upregulated in many tumors and appears to increase
as the cancer progresses. It is possible to link folic acid to drugs specifically for FR-
positive tumor cells, in which these folate-drug conjugates are internalized after
binding, with subsequent drug delivery.

Initial folate-targeting studies were conducted with radiolabeled and fluores-
cent proteins covalently attached to folic acid, but subsequently this technique has
been extended to conjugates of radiopharmaceutical agents, magnetic resonance
imaging (MRI) contrast agents, low-molecular weight chemotheraputic agents,
antisense oligonucleotides and ribozymes, proteins, liposomes with entrapped
drugs, drug-loaded nanoparticles, and plasmids.54

A typical structure for a folate-drug conjugate contains pteroic acid, a linker to
avoid the lower affinity of the conjugate for the FR that occurs when the drug is
positioned too close to the pteroic acid core, a cleavable bond which is very often a
disulfide moiety and, finally, the drug. The linker usually is a peptide that con-
tains a glutamic acid residue attached to the pteroate portion, thus giving rise to a
folic acid moiety. It may also be a polymer or a carbohydrate.
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Many folate-drug conjugates have been preclinically studied. The structure of
one of these drugs, namely the EC-16-mitomycin C conjugate, is given. Among
those that have reached clinical trials we will mention EC-145, which is a folate-
targeted conjugate of a Vinca alkaloid in clinical stage development as a treatment
for patients with refractory or metastatic folate-receptor positive cancers. Another
example is EC-0225, which contains both a vinca alkaloid and a mitomycin C
attached to a single folate molecule.
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In a new approach to cancer immunotherapy55 that aims at rendering the
tumors more immunogenic, we will mention EC-17, a folate-targeted hapten
(a highly antigenic molecule) studied as a potential treatment of metastatic renal
andovariancancer.Thegeneral strategyof thismultistepprocess canbesummarized
as follows (Fig. 11.26):

1. The surface of FR-positive tumor cells is saturated with a folate-hapten conju-
gate (in this case EC-17) against which the cancer-bearing host has a preexisting
or induced immunity.

2. When these tumor cells are saturated with millions of folate receptor-targeted
haptens, they attract anti-hapten antibodies to the tumor cell surface.

3. The antibody-coated tumor cells are recognized by immune cells containing
surface proteins known as Fc receptors, such as natural killer cells, macro-
phages, neutrophils and mast cells, and stimulation of Fc receptor mounts an
antitumor response against the anti-hapten antibody opsonized tumor cells
that leads to their destruction.

Finally, we will mention EC-20, a folate-targeted radiopharmaceutical
imaging agent used to identify folate-receptor positive cancers. It allows to iden-
tify tumors that overexpress this receptor without the need for a tissue biopsy and
hence to select the patients that will be most likely to respond to folate-targeted
therapy.



FIGURE 11.26 Cancer immunotherapy with a folate-targeted hapten.
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7. LIPOSOMES AND NANOPARTICLES IN ANTICANCER
DRUG TARGETING

A critical advantage in treating cancer with non–solution-based therapies is the
previously mentioned leaky vasculature inherently present in cancerous tissues
due to the rapid vascularization. However, the injected nanoparticles will usually
be taken up by the liver, spleen, and other parts of the reticuloendothelial system
(RES), depending on their surface characteristics and size. To obtain particles with
longer circulation times, and hence greater ability to target to a given tumor, they
should be 100 nm or less in diameter and have a hydrophilic surface in order to
reduce clearance by macrophages. Additionally, coating of hydrophilic polymers
can originate a cloud of chains at their surface that will repel plasma proteins.56

Cancer-related nanotechnological devices include liposomes for the therapy of
different cancers,57 nanosized magnetic resonance imaging (MRI) contrast agents
for neuro-oncological interventions58 and novel nanoparticle-based methods for
the high-specificity detection of DNA and proteins.59
7.1. Liposomes

Since the observation that phospholipids form closed bilayered structures in
aqueous systems, liposomes have become quite common pharmaceutical car-
riers.60 In general, drugs can be loaded into any of the three areas of a liposome:
the internal aqueous compartment (A), where hydrophilic drugs such as doxoru-
bicin are usually carried; the lipid bilayer (B), where lipid soluble drugs are
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usually carried, and the interface between the lipid bilayer and the aqueous
compartment (C), as is shown in Fig. 11.27. The drug-loaded liposomes enter the
tumor tissues through the previously mentioned EPR effect. They can then be
adsorbed or fused with the cell membrane and release their contents into the
cytoplasm or use the endocytosis process. Classical liposomes are thus designed
to concentrate in the tumor mass and provide a more targeted delivery of drugs,
but soon after their injection they may be attacked by proteins and then broken
down by the monocyte–phagocyte system, with premature release of the drug.

More recently, liposomes coated with a protective polymer have been devel-
oped to avoid the interaction with opsonizing proteins. The most common poly-
mer is PEG, which provides a water-soluble coating. PEGylation has permitted
the development of ‘‘stealth’’ liposomes that can evade the immune system.
Current research on this topic is focused on attaching PEG to the liposomes in
such a way that it can be removed in order to facilitate cell uptake under local
pathologic conditions, specially the decreased pH commonly found in tumors.
This can be achieved by linking the polymer to the phosphatidylethanolamine
molecules that make up the liposome through an N-glutaryl spacer (Fig. 11.28).
FIGURE 11.27 Possible locations of drugs in a liposome.
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FIGURE 11.28 An example of a PEGylated bilayered phospholipid.
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Daunorubicin and doxorubicin are two of the drugs most commonly formu-
lated as liposomes, and PEGylated liposomal doxorubicin (doxil) is employed
against Kaposi’s sarcoma and other solid tumors with mild myelosuppression,
minimal hair loss, and a low risk of cardiotoxicity.61 In these liposomes, doxoru-
bicin is transported in the hydrophilic internal aqueous compartment (Fig. 11.29).
FIGURE 11.29 A doxorubicin-carrying PEGylated liposome (doxil).

FIGURE 11.30 Antibody-containing immunoliposomens.
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DaunoXome is another liposome formulation that is used for first-line chemo-
therapy in advanced AIDS-related Kaposi’s sarcoma. This formulation contains a
solution of daunorubicin encapsulated within liposomes composed of a lipid
bilayer of L-a-distearoylphosphatidylcholine (DSPC) and cholesterol.62

Antibody-targeted immunoliposomes may have the antibody covalently cou-
pled, either to the reactive phospholipids in the membrane or to the PEG hydroxy
groups (Fig. 11.30). Alternatively, they may be hydrophobically anchored into
the liposomal membrane after modifying the antibody by the attachment of a
lipophilic moiety.
7.2. Nanoparticle albumin bound technology

Besides angiogenesis, tumors have adapted other mechanisms to meet their
increased need for nutrients. One of them is the gp60 pathway, by which nutrients
are preferentially transported across the endothelial barrier when attached to
albumin. They also secrete a specialized protein called SPARC (Secreted Protein
Acidic and Rich in Cysteine) into the tumor’s interstitium. The SPARC protein
acts as a highly charged receptor to specifically attract and bind albumin and
albumin-bound nutrients to concentrate them within the tumor’s interstitium
avoiding their diffusion outside the tumor cell. On the basis of these mechanisms,
it has been developed a nanoparticle albumin-bound technology to transport and
deliver drugs into tumors, instead of nutrients. Obviously, these drugs have to be
previously bound to albumin. Nanoparticles that incorporate an albumin-bound
taxane (Abraxane) are used for the treatment of metastatic breast cancer.63,64
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Most drugs that are able to cure or prolong life of patients in several types of
cancer become ineffective some time after their first application, because cancer
cells elude chemotherapy through a myriad ways. This problem will continue to
be present even if personalized cancer treatments become possible in the future.1

For instance, when an essential protein is therapeutically inactivated, the
selective pressure thus created makes tumor cells evolve mechanisms of
resistance in a manner similar to the bacterial resistance after exposure to
anti-microbial agents. These mechanisms include the following:

1. Production of a drug-resistant variant of the targeted protein.
2. Substitution of its cellular function by upregulating alternate pathways.
3. Enhanced expression and function of transporters involved in drug efflux.
vier B.V.
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The existence of chemotherapy-sensitive and -resistant tumor cells was known
very soon, but the interpretation of this phenomenon had to wait until 1973, when
it was demonstrated that a major factor in resistance of cancer cells was a reduced
drug accumulation due to overexpression of drug efflux transporters. It was also
shown that after the development of a resistance mechanism to a single drug, cells
could display cross-resistance to other structural and mechanistically unrelated
drugs, a phenomenon known as multidrug resistance (MDR),2 which is one of the
main obstacles in the chemotherapy of cancer. Its inhibition, by combination of
chemosensitizers with antitumor compounds, continues to be an active field of
research because the availability of safe and potent reversal agents would be very
beneficial for clinical use.

Additionally, resistance to cancer chemotherapy is also associated with a
failure of the apoptotic pathways, because cells induce a network of upstream
factors that transmit pro- and anti-apoptotic signals in response to damaged
DNA. For instance, p53 and Bcl-2 are upstream factors that appear to be involved
in cisplatin resistance.
1. ATP-BINDING CASSETTE EFFLUX PUMPS IN ANTICANCER
DRUG RESISTANCE

TheMDRphenotype ismostly associatedwith the overexpression of P-glycoprotein
(P-gp, P-170) and multidrug resistance-associated protein 1 (MRP1). Both proteins
are members of the superfamily of membrane transport carriers known as ATP-
binding cassette (ABC) proteins, which hydrolyse ATP as an energy source to drive
the outwardly directed transport of substrates against a concentration gradient and
therefore reduce their intracellular concentration.3 To date, most studied com-
pounds that reverse this event (MDRmodulators, resistancemodifiers, chemosensi-
tizers) are P-gp inhibitors. Threegenerations of these inhibitors havebeendeveloped
but, although they have enhanced the understanding of the mechanisms involved
in chemotherapy resistance, their success in clinical applications has been limited
so far since no drug acting through this mechanism has reached the market.
1.1. General features of ABC efflux pumps

ABC transporters are ‘pump’ proteins found in the membranes of bacteria and
human cells. They are present in organs related to digestion and excretion as a
protectivemechanism that eliminates toxic chemicals, and have a great importance
in drug absorption through biological membranes like those found in the intestinal
wall. These transporters are the biggest single cause for failure of anticancer
chemotherapy, and the genes responsible for their synthesis are activated by
environmental stress (e.g., by foreign chemicals or heat). They act by removing
the anticancer drugs from the cell (Fig. 12.1A), and much effort has been placed in
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the development of compounds that behave as blockers of the transport protein
and hence can restore the sensitivity of the cell to the anticancer drug (Fig. 12.1B).

P-gp, a member of the ABCB transporter subfamily, is a membrane-associated
170-kDa glycoprotein that effluxes �50% of all anticancer agents used clinically
today without chemically modifying them. It is overexpressed in many intrinsi-
cally resistant tumors and in others that acquire resistance during chemotherapy
treatment.When themdrgene,whichencodesP-gp, is transfected intodrug-sensitive
cells they became resistant to these agents.4

Another functionally related member of the ABC transporter subfamily is
MRP1, which confers resistance to the vinca alkaloids, anthracyclines, epidophyl-
lotoxins, and glucuronide-, glutathione-, and sulfate conjugates of drugs. Other
members of this subfamily that transport the same drugs are MRP2 and MRP3,
while MRP4 and MRP5 transport nucleotide and nucleoside analogs. Another
ABC transporter is the breast cancer resistance protein (BCRP), a member of the
ABCG transporter subfamily that partially overlaps the substrate specificity of
P-gp and MRPs, conferring resistance to mitoxantrone, methotrexate, topotecan,
and SN-38.5
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The ABC transporters are asymmetrically distributed when they are present in
the same cell. For example, in intestinal epithelium cells, P-gp, MRP2, and BCRP
are located at the brush borders while MRP1 and MRP3 are located at the
basolateral surface.

The ABC transporters are also differently expressed in normal conditions.
Thus, P-gp is expressed in several organs such as intestine, lung, kidney, liver,
adrenal gland, certain hematological cells, blood–brain barrier, and placenta,
which suggests that it is important in limiting the oral absorption of xenobiotics
andmay help to limit access to the central nervous system through the blood–brain
barrier. Several of these roles have been confirmed in knockoutmice lacking one or
both of the twomurine genes for P-gp,mdr 1a, andmdr1b. MRP1 is expressed in all
tissues, although knockout mice lacking both alleles ofmrp1 gene are viable, while
MRP2 and MRP3 have very limited expression. BCRP is expressed in breast ducts
and lobules, the intestine epithelium, and the liver canalicular membrane.

Most MDR modulators act by binding to P-gp and MRP, inhibiting their drug-
effluxing activity. Some others act by indirect mechanisms, including inhibition of
the expression of the mdr1 gene.6 General structure–activity studies of this thera-
peutic group are hampered by the very heterogeneous chemical structure of
compounds that have showed this activity, although some conclusions regarding
the location of binding domains of P-gp and the structural requirements for MDR
reversal have been drawn.

These membrane-bound proteins are very difficult to study by nuclear
magnetic resonance (NMR) or X-ray diffraction techniques, and currently there
is no detailed information on the structures of these proteins and their substrate
or inhibitor binding sites, so far preventing de novo design approaches.
1.2. P-glycoprotein

Expulsion of drugs from the cell by P-gp is explained by the traditional ‘hydro-
phobic vacuum cleaner’ model, although overexpression of the mdr1 gene
triggers other mechanisms that can partially explain resistance.7 P-gp contains
two transmembrane domains that form a single barrel with a central pore that is
open to the extracellular surface and spans much of the membrane depth. After
ATP binding, a major conformational change is induced and the central pore is
opened along its length, allowing access of hydrophobic substrates from the
membrane and their ejection to the outside. Chemosensitizers are P-gpmodulators
that are able to reverse this activity through a direct binding to the transporter. The
existence of at least three P-gp modulator binding sites has been established,
although probably not all of them are capable of drug transport.8 Other mechan-
isms to reverse this resistance involve perturbation of the membrane environment
and interference with drug sequestration by cellular organelles (Fig. 12.2).

The extensive list of traditional P-gp substrates includes the anthracyclines
(doxorubicin, daunorubicin), Vinca alkaloids (vinblastine, vincristine), colchicine,
epipodophyllotoxins (etoposide, teniposide), and paclitaxel, among others.
Besides these compounds, some of the new antitumor drugs, such as the anti-
leukaemia drug imatinib, the marine natural product ecteinascidin 743, and the



FIGURE 12.2 Modes of action of P-gp modulators.
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calicheamicin conjugate gemtuzumab ozogamicin, have been shown to be
excreted by this mechanism.

Because MDR is a very complex process for which there is no precise
molecular-level description, great difficulty is found in establishing structure–
activity relationships. A complicating factor is the above-mentioned existence of
several binding sites in P-gp. These sites are located near to another binding
ligands according to the distribution of their hydrophobic and polar elements
rather than their chemical motifs.9 In this regard, a difficulty found in SAR studies
is the use of inhibitory concentration (IC50) values without considering whether
modulators acted by the same mechanism and binding mode. A better alternative
for determining the biological activity of chemosensitizers appears to be the
measurement of the inhibition of P-gp ATPase activity.10
1.2.1. P-gp inhibitors
P-gp inhibitors are non-cytotoxic agents that, when used in combination with
drugs pumped by P-gp, restore the sensitivity to these therapeutic agents main-
taining their intracellular concentration.11,12 The pharmacological approach to
circumvention of MDR began with the report by Tsuruo that the calcium channel
blocker verapamil and the phenothiazine derivative trifluperazine potentiate the
activity of vincristine.13

Since that time, the identification of lead compounds in this area has
been based mainly on serendipity. The first generation of P-gp inhibitors
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included compounds that were developed for other therapeutic purposes but
showed their resistance modulation effect when administered in combination
with some anticancer treatments. Consequently, they showed undesirable
side effects at concentrations necessary to inhibit P-gp clinically. Among them,
we find the previously mentioned calcium channel blocker verapamil or the
immunosuppressive agent cyclosporin A. Verapamil, vinblastine, and digoxin
appear to have superimposable binding sites in spite of their structural differ-
ences, which is explained by the fact that different drugs can occupy different
receptor points in different binding modes.14
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The second generation of chemosensitizers includes analogs of the above-
mentioned compounds that were designed to reduce their toxicity. Among
them, the (R)-isomer of verapamil, named dexverapamil, lacks its cardiac
effects while retaining the ability to inhibit P-gp. Similarly, PSC-833 (valspodar)
is a structural analogue of cyclosporin A that lacks its immunosuppressive
effects. However, in spite of their improved activity, both compounds are
non-selective. For instance, PSC-833 inhibits P-gp and MRP2, as well as other
proteins of the ABC superfamily. The clinical value of these agents is also
uncertain because, as it will be mentioned later, their substrate specificity for
P-gp is similar to the one they show for cytochrome P450, which explains
why PSC-833 is involved in pharmacokinetic interactions with most anticancer
drugs, requiring dose adjustment and leading to a high interpatient variability.15

It is worth mentioning that it has been suggested that valspodar and
cyclosporin may have an anticancer effect independently of their action on
MDR.16
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The third generation of chemosensitizers attempted the development of com-
pounds more specific and more potent as P-gp inhibitors than the earlier studied
agents. Such inhibitors would have fewer undesirable effects than compounds
that inhibit two or more transporters with overlapping functions. Among the P-gp
inhibitors of the third generation that have been evaluated clinically, VX-710
(biricodar) and MS-209 (dofequidar) inhibit P-gp and MRP1, elacridar
(GF120918) inhibits P-gp and BCRP, while LY-335979 (zosuquidar), XR9576
(tariquidar), and ONT-093 (OC-144–093) are selective inhibitors of P-gp. Biricodar
is a simplified analogue of tacrolimus, an immunosuppressive macrolactone
which has an activity similar to cyclosporin. It has shown an optimal pharmaco-
logical profile in combination with paclitaxel,17 and a Phase II study has demon-
strated its good safety and tolerability.18 Dofequidar, in combination with
etoposide or adriamycin, resulted in marked inhibition of methastases in refrac-
tory small-cell lung cancer patients,19 and other clinical study showed that it
increases the antitumor efficiency of docetaxel.20 The related compound MS-073
has been used to study the brain distribution of several neurokinin-1 antagonists,
proving that some of them are effectively transported by P-gp across the blood–
brain barrier.21 Zosuquidar (LY-335979) is one of the most potent P-gp inhibitors
described to date.22 It has fewer pharmacokinetic interactions than other MDR
modulators because of its low affinity for P450 cytochromes, and it entered
advanced clinical studies on acute myeloid leukaemia patients.23 Pharmacokinetic
studies with ONT-093 (OC-144–093) showed that this compound does not interact
significantly with the metabolism of paclitaxel because it is not a cytochrome
P4503A (CYP3A) substrate,24 and that it is selective towards P-gp being a good
clinical candidate as a MDR modulator.
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Laniquidar is a potent orally active MDR inhibitor that is undergoing Phase II
clinical trials in metastatic breast cancer in combination with taxols.25 The triazi-
neaminopiperidine derivative S-9788, which inhibits P-gp specifically with regard
to MRPs, showed cardiac toxicity in Phase I clinical trials, but this drawback can
be circumvented if this compound is combined with verapamil or PSC-833.26

Other P-pg inhibitors that are in advanced clinical trials as MDR modulators2,29

are SN-22995, ethacrynic acid, and irofulven.
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An ideal resistance modulator through inhibition of P-gpwould have to inhibit
it selectively, that is without affecting other membrane transporters or inhibiting
CYP3A4. As we have previously mentioned, the most obvious reason for
enhanced toxicity in the presence of an efflux blocker is the increased plasma
concentration of the parent oncolytic because the substrate specificity of P-gp is
similar to that of cytochrome P450 enzyme CYP3A4, which is important in the
metabolism of many antitumor drugs. Consequently, inhibitors of both proteins
will result in drug–drug interactions and a significant reduction in the clearance of
the co-administered anticancer drugs. In order to try to circumvent this toxicity,
clinical studies with MDR modulators have been conducted with reduced doses
of chemotherapy, as compared to those routinely used in clinical practice, and
these doses may be too low for some patients or still too high for others. The most
promising compound that seems to overcome this serious problem is zosuquidar,
which has a P-gp/CYP3A4 affinity ratio of around 60.27

The current situation is that, although the existence of multiple and heteroge-
neous resistance mechanisms and the own toxicity of modulators due to altera-
tions in the pharmacokinetics of the associated cytotoxic agents have arisen
serious doubts about the clinical relevance of P-gp inhibition in cancer chemo-
therapy, it is expected that the use of optimized modulators will lead to a signifi-
cant improvement in cancer chemotherapy, specially in hematological
malignancies.28

The first attempts to identify a pharmacophore for P-gp29 inhibition used a
software package to analyze a set of structurally diverse ligands, which led to the
identification of a number of pharmacophoric substructures (Fig. 12.3).30 How-
ever, this conclusion was not particularly helpful in the design of new ligands as
these fragments can be found in almost all bioactive molecules.

A subsequent study of more than 100 P-gp substrates led to the proposal of a
well-defined set of structural elements for P-gp recognition, which is mainly
based on the formation of hydrogen bonds.31 Two different types of recognition
elements were identified:
N CH3
H3C

O

CH2
CH3

CH3

O

N
CH3

N O

O

CH3O
N
H

H2N

CO2H N

FIGURE 12.3 Proposed pharmacophoric fragments of P-gp inhibitors.
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1. Type I units, which contain two hydrogen bond acceptor (electron donor)
groups with a separation of 2.5 � 0.5 Å.

2. Type II units, which contain either three electron donor groups with a separa-
tion of 4.6 � 0.6 Å between the outer units, or two electron donor groups with
the same spatial separation (Fig. 12.4).32 33

All molecules containing at least one Type I or Type II unit are predicted to be
P-gp substrates, and the number and strength of these hydrogen bonds is related
to the affinity to the protein. Further rationale for this theory comes from the fact
that the transmembrane sequences of P-gp involved in substrate interaction
contain a high number of amino acids with hydrogen bond donor sites such as
the OH groups of Ser, Thr and Tyr, the NH2 group of Gln, the indolic NH group of
Trp, and the SH group of Cys.

Another computer-aided substructural search coupled to a QSAR study of 609
compounds showed several pharmacophores, the most important of which was
the fragment C–C–X–C–C, where X ¼N, O, nitrogen being preferentially tertiary.
The most significant physicochemical property was found to be lipophilicity as
measured by the (log P)2 parameter, while hydrophilic fragments such as carbox-
ylic acids, phenols, anilines, and quaternary ammonium compounds are deacti-
vating.34 These findings correlate well with an independent study concluding that
an effective P-gp modulator candidate should have a log P higher than 2.92, a
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molecular axis with at least 18 atoms, a high energy value for the Highest
Occupied Molecular Orbital (HOMO), and at least one tertiary, basic nitrogen
atom.35 The role of lipids inMDR cells and the changes induced in the properties of
membrane lipids by MDR modulators has been reviewed,36 and, in this context, it
has been proposed thatMDR reversers should be designed to be lipophilic (log P�
4) monobasic drugs with a near neutral pKa (7–8) in order to maximize favourable
drug–membrane interactions.37 In addition, electrostatic interactions between the
modulator and the membrane phospholipids also play an important role.

1.2.2. Structural manipulation of anticancer drugs aimed
at circumventing P-gp

An alternative to the use of P-gp inhibitors is to introduce structural modifications
in its substrates in order to increase passive diffusion, since the efflux pump
cannot maintain a gradient and its pumping efficiency is poor when passive
diffusion is sufficiently fast. This can be achieved by eliminating groups that
solvate in water, decreasing their hydrogen bonding capacity by promoting
intramolecular hydrogen bonds, and introducing lipophilic substituents such as
halogen atoms, although there are still few published examples of this approach.38

1.2.3. Indirect inhibitors of MDR
The P-gp expression and function is influenced by several enzymes that, as
cyclooxygenase 2 (COX-2)39 or glucosylceramide synthase,40 can be indirect tar-
gets in MDR inhibition. Certain compounds, such as the anticancer drug ectei-
nascidin-743, can prevent mdr1 gene expression,41 which can also be achieved by
RNA interference through small RNA (siRNA) constructs.42 However, inhibition
of the biosynthesis of the transport proteins by use of antisense oligonucleotides
related to MRP or P-gp mRNAs seems to be of low clinical relevance in spite of
previous good in vitro results.43

Because of the ATPase activity of P-gp, intracellular ATP concentration is impor-
tant for P-gp function, and inhibitors of the ATPase activity of P-gp, like vanadate
ion, have been proposed as adjuvants in the chemotherapy of solid tumors.44

Finally, besidesMDR inhibition, a number of alternative approaches can be used
to kill cells expressing the MDR phenotype. One of these approaches is based on
optimization of drug delivery by use of nanoparticles or liposomes45 combinedwith
hyperthermia.46 Another obvious alternative to circumvent P-gp resistance is the
design of new anticancer agents that are not substrates of this transporter, but this
aim would require that neither of the other ABC transporters be involved in
chemoresistance.
2. GLUTATHIONE AND GLUTATHIONE-S-TRANSFERASE
IN ANTICANCER DRUG RESISTANCE

Glutathione (GSH) is a ubiquitous cysteine-containing tripeptide that is the pre-
dominant cellular thiol. GSH is a radical scavenger through its transformation to
the disulphide derivative, but it is also a nucleophile that reacts with electrophiles
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to form deactivated conjugates readily excreted by a glutathione synthase (GS)-
conjugated export pump, in a reaction that may occur spontaneously or with the
help of the enzyme glutathione-S-transferase (GST).47 In addition, GSH may
directly or indirectly participate in DNA repair because it modulates the expres-
sion of transcription factors that potentially affect DNA repair and apoptosis, such
as c-fos and c-jun,48 andmay protect tumor cells against apoptotic cell death through
the preservation of protein mercapto groups in a reduced state because of its
antioxidant properties.49 Owing to its reactivity and high intracellular concentra-
tions, glutathione (GSH) has been implicated in resistance of several chemothera-
peutic agents, such as platinum-containing compounds,50 alkylating agents,51 and
anthracyclines,52 and research efforts have been directed to find compounds that
modulate its activity.
2.1. Inhibitors of glutathione biosynthesis

Glutathione is synthesized in two steps from amino acid precursors: the first step,
where glutamic acid and cysteine are joined, is catalyzed by g-glutamylcysteine
synthetase (g-GCS), while addition of glycine takes place at the second step by the
catalysis of GS (Fig. 12.5).

Since g-GCS is the enzyme involved in the rate-limiting step of the GSH
synthesis, depletion of intracellular GSH levels has been pursued by using
inhibitors of this enzyme. Among these inhibitors, diazenes and ethacrynic acid
have been preclinically evaluated, while L-buthionine-(S,R)-sulfoximine (L-BSO)
has been further studied.53
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It is known that L-glutamate is phosphorylated byMgATP to form the enzyme-
bound intermediate g-glutamylphosphate, which subsequently reacts with the
amino group of cysteine. Similarly, L-BSO is phosphorylated on the sulfoximine
nitrogen. This phosphorylated product is tightly, although not covalently, bound
to the active site of the enzyme g-GCS, which remains inhibited until this product
and MgADP are dissociated. The geometry of the sulfoximine group resembles
the tetrahedral adduct formed in the attack of the cysteine amino group to the
mixed anhydride g-glutamylphosphate and it is considered as a transition state
analogue (Fig. 12.6). The L-buthionine-(S)-sulfoximine causes essentially irrevers-
ible inhibition, while the L-buthionine-(R)-sulfoximine is a reversible inhibitor that
binds competitively with respect to L-glutamate.54

L-BSO has proven its efficacy as an enhancer of the antitumor activity of the
alkylating agent melphalan in Phase I and II clinical trials, while other clinical
trials have shown that administration of L-BSO depletes intracellular GSH levels
in circulating white blood cells as much as 60–80%. However, the extent to which
this depletion enhances tumor cell sensitivity without augmenting toxicity to
normal cells remains to be determined.55

The second strategy that has not been still tested clinically involves the use of a
hammerhead ribozyme against g-GCS mRNA (a ribozyme to cleave the g-GCS
mRNA), to downregulate specifically the enzyme levels.56
2.2. Inhibitors of glutathione-S-transferase

Glutathione-S-transferases are a family of Phase II metabolic enzymes that cata-
lyze the conjugation of glutathione to a large variety of endogenous and exoge-
nous electrophilic compounds. GSTs have been implicated in the resistance
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towards electrophilic antitumor agents, specially alkylating agents such as some
nitrogen mustards and nitrosoureas, because they catalyze their conjugation with
glutathione (Fig. 12.7).

Besides direct detoxification, the p and m classes of cytosolic GSTs have a
regulatory role in cancer as inhibitors of the MAP-kinase pathway via protein–
protein interactions. More specifically, GSTp is an inhibitor of c-Jun N-terminal
kinase 1 ( JNK1), which is involved in stress response, apoptosis, and cellular
proliferation. The GSTp enzyme is particularly important in resistance, and many
efforts have been addressed at the development of specific inhibitors of this
isoform. The human GSTp is a homodimer with 209 residues per monomer. The
glutathione binding site (G site) is located in a cleft located between the
N-terminal and C-terminal ends, but most residues that interact with glutathione
belong to the N-terminal domain. The binding site for hydrophobic electrophiles
(H site) is adjacent to the G site.

The diuretic drug ethacrynic acid is a GST inhibitor that was clinically eval-
uated as a resistance modulator, but it lacked specificity for the GST isoforms and
its usefulness was limited by its diuretic activity. In addition to being an inhibitor
of GST, ethacrynic acid is a substrate, thereby leading to glutathione depletion.
Ethacrynic acid forms a conjugate with glutathione via Michael addition to its
a,b-unsaturated ketone moiety, both spontaneously and by GST catalysis. The
Michael adduct also acts as an inhibitor of human GSTp, which is more potent
than the parent compound57 (Fig. 12.8).

Another interesting compound is TLK-199, which is a prodrug of TLK-117, a
glutathione peptidomimetic analogue that specifically inhibits GSTp (Fig. 12.9).
TLK-199 has entered clinical trials as a modulator of drug resistance mediated by
this enzyme.58
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3. CHEMOSENSITIZERS TARGETING DNA-REPAIR SYSTEMS

The DNA-repair machinery of cells is activated triggering distinct repair path-
ways in response to different types of DNA damage. However, certain DNA-
repair inhibitors capable of modulating DNA repair have the potential to act as
anti-carcinogenic compounds by promoting cell death, rather than repair of
potentially carcinogenic DNA damage mediated by error-prone DNA-repair pro-
cesses.59 The discovery of changes in the DNA-repair pathways produced in
various chemoresistant and radioresistant phenotypes, and their understanding,
has identified the disruption of this process as a novel strategy to overcome
intrinsic and/or acquired resistance, especially to ionizing radiation and
DNA-damaging agents.
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Several compounds that specifically target distinct factors in various DNA-
repair pathways have been investigated for these purposes, and some of them
have entered clinical trials.60,61,62 Unfortunately, the enhanced therapeutic effi-
cacy of antitumor drugs when they are administered with these chemosensitizers
may be linked to undesirable effects derived from inhibition of DNA repair in
normal tissues. Furthermore, these agents may improve the risk of secondary
malignancies, because of the potential mutagenesis and carcinogenesis that may
take place after inhibition of DNA repair.

Six damage-type-specific DNA-repair pathways are known, but only four of
them have led to new targets against which adjuvant cancer therapeutics are
under investigation at preclinical or clinical stages (Fig. 12.10):

1. Direct repair (DR) pathway, which restricts the therapeutic response of tumors
to chloroethylating or methylating agents through the repair factor
O6-alkylguanine-DNA alkyltransferase (AGT) (see also Section 6 of Chapter 5).63

2. Base-excision repair (BER) pathway, which reduces tumor sensitivity to
alkylating or oxidative agents by repairing oxidized–reduced, alkylated, or
deaminated bases through multiple factors that include DNA glycosylases,
apurinic-apyrimidinic endonuclease 1 (APE1), DNA polimerase b (DNA Polb),
poly(ADP-ribose) (PAR), and poly(ADP-ribose) polymerase-1 (PARP-1). DNA
glycosylases remove the damaged base generating an apurinic-apyrimidic (AP)
site, APE1 cleaves the phosphodiester bonds at the 50 end of the AP site, and Polb
is recruited to fill this gap with assistance from PAR-synthesized PARP-1.
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3. and 4. Homology recombination (HR) and non-homologous end-joining
(NHEJ) pathways repair double-strand breaks (DSBs) produced after use of
ionizing radiation or administration of drugs that generate reactive oxygen
species (ROS), alkylating agents, and topoisomerase inhibitors.
3.1. Inhibitors of O6-alkylguanine-DNA alkyltransferase

As mentioned in Chapter 5, DNA damage by several types of alkylating agents,
such as nitrosoureas and temozolomide, is initiated by alkylation of the guanine
O-6 atom. This damage is repaired by alkylguanine transferase (AGT), which
covalently transfers its active group to a cysteine-45 residue in its active site
before mispairing of bases or covalent cross-links can occur (Fig. 12.11). This
reaction is stoichiometric in terms of AGT, which is deactivated and cannot
therefore be considered as a true enzyme and has instead been defined as a
sacrificial or suicide enzyme. AGT is an interesting anticancer target for
combination therapy, since its inhibition potentiates the antitumor effect of
those alkylating agents for which O-6 alkylation is the determinant of cancer cell
death,64 specially carmustune and temozolamide.65 It must be remembered,
however, that alkylating agents also react at other DNA positions, specially
guanine N-7 and adenine N-3, and this damage is repaired by the BER system.

The main type of AGT inhibitors are O6-alkylguanine derivatives,66 which act
as pseudosubstrates and inactivate AGT by transferring their O6-alkyl group to
the active site Cys-45 residue (Fig. 12.12). The main inhibitors are O6-benzylgua-
nine and lomeguatrib, which are being clinically evaluated in combination
with temozolomide67 or 1, 3-bis(2-chloroethyl)nitrosourea (BCNU). Triple combi-
nations including a topoisomerase I inhibitor, such as irinotecan, are also under
clinical evaluation.68
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Platinum anticancer drugs, which are not influenced by the AGT proteins
because their primary mode of action involves interaction with the guanine N-7,
can reduce O6-methylguanine DNA methyltransferase (MGMT) expression by
downregulation of the corresponding mRNA. For this reason, clinical assays
have been carried out to study the combination of cisplatinum with nitrosoureas
(such as nimustine) and temozolomide.69
3.2. Potential antitumor adjuvants targeting the BER process

The major pathway for the repair of a DNA damaged at a base is the ‘short-patch’
BER mechanism. This mechanism is crucial for restoring DNA damage generated
by ROS, alkylation, and deamination, and involves the following steps:

1. Removal of the incorrect or damaged base by a DNA glycosylase. This gen-
erates an apurinic or apyrimidinic (AP) site.

2. Cleavage of the AP site by an AP endonuclease-30-phosphodiesterase (APE-1).
This leads to the formation of a single-strand break.

3. Replacement of the damaged base and DNA religation.

A summary of the BER pathway is given in Fig. 12.13. Most compounds
targeting enzymes in this pathway are under preclinical studies.

3.2.1. Inhibitors of DNA glycosylases
DNA glycosylases monitor the presence of aberrant bases in order to remove
them. All of these glycosylases flip the damaged nucleotide out of the double helix
and place it into the active site of the enzyme, where bases are bound through p-
stacking interactions. Monofunctional glycosylases hydrolyze the N-glycosidic
bond that links these bases to the DNA backbone and normally are involved in
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the repair of deaminated or alkylated bases. The hydrolysis is carried out by a
hydroxide anion generated by deprotonation of a molecule of water by a Asn or
Asp residue (Fig. 12.14).70
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Bifunctional glycosylases normally remove bases that have suffered oxidative
damage. The catalytic cycle of these enzymes involves an initial SN1-like attack at
the C-10 position by Lys or Pro residues that removes the aberrant base. In the
second step, and because of their purinic/apyrimidinic (AP) lyase activity, they
catalyze a subsequent b-elimination reaction of the 30-phosphodiester bond on the
protonated Schiff base intermediate and subsequent hydrolysis. As shown in
Fig. 12.15, this mechanism results in strand scission.

Three classes of DNA glycosylase inhibitors are known,71,72 all of which are
oligonucleotides obtained using solid phase DNA synthetic methodology73:

1. Abasic site analogues that are reduced and chemically more stable (e.g., com-
pound 12.1). These compounds bind to glycosylases because these enzymes are
end product-inhibited.

2. Oligonucleotides that contain pyrrolidine moieties that mimic the positive
charge at the transition state (e.g., 12.2).

3. Nucleotides with stabilized glycosidic bonds, which cannot be processed by
the DNA glycosylases (e.g., 12.3)
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Although inhibition of DNA glycosylase activity can in principle be used to
potentiate the activity of base-damaging anticancer drugs or radiation therapy,
there are still no useful drugs based on this concept.
3.2.2. Inhibitors of APE-1 and compounds targeting the AP site at DNA
APE-1 cleaves the phosphodiester bonds at the 50 end of the AP sites (Fig. 12.16).
Increased APE-1 expression is correlated with resistance to chemotherapy and
radiotherapy, making it an attractive anticancer target.

One example of a selective APE-1 inhibitor that was identified through a high-
throughput screening assay of a chemical library of 5,000 compounds was
7-nitroindole-2-carboxylic acid (CRT-0044876). This compound potentiates the
cytotoxicity of several DNA base-targeting drugs and molecular modelling stud-
ies showed that it binds to the APE-1 active site.74 Another specific APE-1 inhibi-
tor that has been shown in preclinical studies to sensitize cancer cells to DNA
alkylating agents, such as temozolomide, is the anti-parasitic drug lucanthone.75
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An indirect strategy to achieve inhibition of the APE-1 function is to chemically
modify AP sites, making them unsuitable for APE-1 binding. Thus, methoxyamine
potentiates the antitumor efficacy of alkylating agents such as temozolomide and
carmustine in colon cancer and malignant glyoma xenogratfs76 and is being tested
in Phase I clinical assays in humans. Furthermore, it has been found that pre-
treatment with 5-iodouridine-deoxyribose (IUdR) and methoxyamine enhances
the effects of ionizing radiation by causing a prolonged G1 cell cycle arrest and by
promoting stress-induced premature senescence.77

The mechanism of action of methoxyamine involves its condensation with the
tautomeric open-ring form of deoxyribose produced by DNA glycosylases, in a
reaction that is faster than APE-1 binding and thus blocks the BER pathway
(Fig. 12.17).

Methoxyamine is mutagenic in itself because it converts cytosine bases into
their N4-methoxycytosine analogues. Because of the electron-withdrawing effect
of the methoxy group, the methoxycytosine derivative can exist as enamino or
imino tautomeric forms (Fig. 12.18A). While the enamino structure pairs with
guanine forming three hydrogen bonds, the same as unsubstituted cytosine, the
imino tautomer is able to pair with adenine (Fig. 12.18B).78
O

O

O

DNA

DNA
OH CHO

OH

O

O

DNA

DNA H2N−OCH3
Methoxyamine

OH

O

O

DNA

DNA
N

OCH3

AP site 

Not recognized as
a APE-1 substrate

FIGURE 12.17 Inhibition of APE-1 following blockade of the AP sites by methoxyamine.

DNA

N

NN

N

O

N
H

H

H
O

DNA

N

N N

N N

H

H

Guanine

Cytosine

O
DNA

H2N

NH2H3CO

HN N

O
DNA

H2N
NH

H3CO

O
DNA

HN

H3CO

HN N

O
DNA

N
H3CO

DNA

N

N N

NN

N

O

N
H

H

H
O

DNA

N
OCH3

H

Guanine

Methoxycytosine
(enamino form) 

A

B

DNA

N

NN

N

N N

N

O
DNA

N

N N

OCH3

Adenine

Methoxycytosine
(imino form)

H H

H

FIGURE 12.18 Chemical basis for the mutagenic activity of methoxyamine.



Drugs That Modulate Resistance to Antitumor Agents 409
3.2.3. Inhibitors of poly(ADP-ribose) polymerase (PARP)
The last step of the BER pathway is a complex process that involves binding of
DNA to PARP-1, which functions as a sensor of the strand breaks generated by
APE-1. When PARP-1 binds to the nicked site, it becomes poly(ADP-ribosylated),
and after some intermediate steps it recruits DNA b-polymerase (Polb).

PARP-1 is a ubiquitous zinc-finger DNA-binding enzyme that is activated by
binding to DNA breaks and then catalyzes the synthesis of the branched polymer
PAR using NADþ as the building block. PARP-1 activity is enhanced in many
tumors and its inhibition is associated with increased sensitivity to antitumor
agents that cause DNA strand breaks, including alkylating agents, topoisomerase
I inhibitors, and ionizing radiation. For these reasons, PARP-1 seems to be pivotal in
DNA-repair processes and has become a target for anticancer therapy.79,80

PARP-1 catalyzes the reaction of acceptor proteins, including PARP itself,
histones, or p53, with a NADþ molecule with displacement of nicotinamide to
yield precursor 12.4, which then undergoes linear or branched polymerization to
PAR, as shown in Fig. 12.19. Because of their negative charge due to the ionized
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phosphate groups, the presence of these polymers helps to open up the damaged
DNA to allow access to other enzymes involved in the repair process such as DNA
polymerases and DNA ligases.81 In this way, poly-ADP-ribosylation of nuclear
proteins by PARP-1 converts DNA damage into intracellular signals that activate
DNA repair by either the base-excision pathway or cell death.

The first generation of PARP inhibitors was designed on the basis of their
NADþ binding site. Nicotinamide, the second product of the PARP-catalyzed
reaction, is itself a weak PARP inhibitor and the first inhibitors (e.g.,
3-aminobenzamide) were designed around its structure, but they suffered from
low activity and specificity. A subsequent screening of 170 compounds allowed to
identify several heterocyclic systems that were used as leads for subsequent
optimization, and it also allowed to establish some structural features that are
required for potent PARP inhibitory activity. These include an electron-rich
aromatic or heteroaromatic system with a non-cleavable bond at the position
corresponding to C-3 of the benzamides, restricted rotation around the Ar–CO
bond so that the carbonyl group is anti with respect to the C1–C2 bond of the
aromatic ring, and finally one amide group for hydrogen bonding.82 These SAR
conclusions were rationalized by the subsequent resolution of the crystal structure
of the PARP catalytic domain complexed by some inhibitors, which showed that
the carbonyl oxygen forms two hydrogen bonds, with Ser-904 and Gly-863, and
the amide nitrogen is a hydrogen bond donor to Gly-863 (Fig. 12.20).

The knowledge gained from these studies led to the preparation of several
fused tricyclic indoles and benzimidazoles containing lactam bonds. Some of
these compounds, including AG-01469983 and INO-1001,84 are in clinical trials
for several types of cancer in combination with temozolomide.
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DNA damage (such as acute exposure to a large pathological insult), overactiva-
tion of PARP results in cell-based energetic failure leading to cellular necrosis,
tissue injury, and organ damage or failure. For this reason, some PARP inhibitors
are being assayed for pathologies associated with damage caused by ROS,
and INO-1001 has received orphan drug status from the Food and Drug Admin-
istration (FDA) to prevent post-surgical complications of aortic aneurysm repair.
3.3. Inhibitors of enzymes involved in double-strand DNA break
repair pathways

Double strand breaks generated by ionizing radiation and ROS, or indirectly by
DNA-damaging anticancer drugs such as alkylating agents and topoisomerase inhi-
bitors, are repairedbyeither theHRor theNHEJpathways.The enzymes involved in
thesepathwaysaremembersof thephosphatidylinositol3-kinase (PI3K)superfamily
andhavebecomeanticancer targets because their inhibition confers radio- or chemo-
sensitization to tumor cells.85 These enzymes can be considered asmolecular sensor
of DSBs, and themost relevant targets in this area86 are

Ataxia telangiectasia mutated (ATM) kinase, which is involved in the HR pathway
andplays a critical role in themaintenance of genome integrity by triggeringDNA
damage sensors through phosphorylation of downstream targets such as p53.87

DNA-dependant protein kinase (DNA-PK), which is involved in the NHEJ
pathway.

The search for drugs that inhibit these pathways started from two non-selective
PI-3 kinase inhibitors, namelywortmannin and LY-294002, that inhibit ATP binding
within the catalytic site of the kinases. As shown in Fig. 12.21, the mechanism of
inhibition by wortmannin relies on its reactivity as a Michael acceptor and involves
the irreversible alkylation of a lysine unit that resides in the active site and is critical
for the phosphate transfer (Lys-802 in the case of DNA-PK). Wortmannin is an
effective radiosensitizer of a variety of normal and cancer cells, but its further
development was hampered by its poor water solubility and its toxicity.

LY-294002 is another non-selective, competitive inhibitor of PI-3 kinases.
Although this compound significantly sensitizers ATM-proficient cells to ionizing
radiation and DBS-inducing chemotherapeutics, such as etoposide, doxorubicin,
and camptothecin, its relatively low stability, fast metabolic degradation, and
in vivo toxicity have prevented its clinical evaluation in humans. However, LY-
294002 has been used as a lead compound in the development of further inhibi-
tors. Thus, the ATM-selective inhibitor KU-55933 was discovered by screening a
combinatorial library based around LY-294002,88 while the structurally related
NU7026 demonstrated 70-fold more selectivity for DNA-PK compared to other
PI-3 kinases and more than fivefold more selectivity with regard to ATM.
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The topoisomerase II inhibitor salvicine, which is under Phase II clinical trials,
simultaneously damages DNA and disrupts DNA repair by inhibiting DNA-PK
activity, being extremely effective against tumor cells. The mechanism of suppres-
sion of DNA-PK activity by salvicine involves the generation of ROS, which is
probably associated with its ortho-quinone structure.89
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4. ANTITUMOR DRUG RESISTANCE RELATED TO
EXTRACELLULAR PH: TUMOR-ASSOCIATED CARBONIC
ANHYDRASE AS AN ANTICANCER TARGET

Tumor cells decrease their extracellular pH by two mechanisms, namely produc-
tion of lactic acid as a consequence of a higher glycolysis rate, and CO2 hydration
catalyzed by the tumor-associated carbonic anhydrase IX (CA IX) isoform,
specially in hypoxic conditions. Thus, most hypoxic tumors are acidic (pH � 6),
in contrast to normal tissues (pH � 7.4).

Drugs that are weakly ionized (e.g., mitoxantrone, paclitaxel, and topotecan)
enter cells by passive diffusion in their non-ionized form, and variations in
extracellular pH alter this ionization-dependant diffusion. Acidic extracellular
pH values hamper the uptake of basic drugs into the tumor cells, because the
predominant ionized form is not diffused through cell membranes. Indeed,
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enhancement of the extracellular pH by chronic ingestion of a sodium bicarbonate
solution has been found to improve the cytotoxicity of these drugs.
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The isoform IX of CA IX is highly overexpressed inmany types of cancer and is
induced by hypoxia because its expression is regulated by the hypoxia-inducible
factor 1 (HIF-1) transcription factor (see Section 4.2.1 of Chapter 9). High levels of
CA IX correlate with chemoresistance to weakly basic anticancer drugs because,
due to the existence of a CA IX extracellular catalytic domain, this enzyme
contributes to acidification of the tumor environment by catalyzing the
hydration of carbon dioxide to bicarbonate and protons (Fig. 12.22). Other
effects of lowered extracellular pH include extracellular matrix breakdown,
migration, invasion, and induction of cell growth factors and protease
activation. CA IX inhibitors produce other effects, including inhibition of the
expression of aquaporin, a water channel protein that might be implicated in
vascular permeability in tumors.

The involvement of CA IX in alterations of the pH balance in tumor tissues
explains the antitumor effects found for many CA IX inhibitors.90 The most
advanced one is the sulfonamide indisulam (E-7070), which has a complex
CO2 + H2O H2CO3
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FIGURE 12.22 Acidification of tumor environments by tumor-associated carbonic anhydrase IX.
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mechanism of antitumor action and is under clinical development for the treat-
ment of solid tumors (see Section 4.1 of Chapter 9).91
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1. INTRODUCTION

Cancer may be prevented in some cases through lifestyle modification like an
adequate diet and physical activity. The aim of chemotherapy is to kill cancer
cells in the hope of preventing further cancer progression, while chemoprevention
is the attempt to use natural or synthetic chemical agents to avoid cancer. In
contrast to the successful chemoprevention of cardiovascular diseases by using
antihypertensive agents or statins, chemoprevention of cancer is a highly contro-
versial topic. To achieve a significant positive change in the mortality currently
produced from the common forms of cancer, despite immense advances in the
understanding of carcinogenesis and in bringing potent new drugs to the clinic, a
much greater emphasis would be necessary toward cancer prevention before the
complex series of genetic and epigenetic events that result in metastasis have
occurred.

A distinction can be made between blocking agents, which are inhibitors of
tumor initiation, and suppressing agents, which inhibit tumor promotion/pro-
gression.1 Tumor suppressor genes and proto-oncogenes encode proteins
involved in cell cycle control, signal transduction, and transcriptional regulation.
vier B. V.
reserved.
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They affect three different carcinogenic stages: initiation (in which carcinogens are
binding to DNA), promotion (in which epigenetic mechanisms lead to prema-
lignancy), and progression to cancer. With rare exceptions, the first stage is
initiated decades before promotion and progression stages. This knowledge sup-
ports strategies to prevent de novomalignancies in healthy population, especially in
individuals with high-risk features such as womenwho have a BRCA1 or a BRCA2
mutation, who are likely to develop breast cancer, or patients with familial adeno-
matous polyposis, who are almost certain to develop colon cancer. Consequently,
its success depends on a correct determination and analysis of biomarkers. In
secondary prevention, the progression of a premalignant lesion such as a colon
adenoma into cancer is focused, while tertiary prevention attempts that patients
cured of an initial cancer or premalignant lesion develop a second primary tumor
and is directed to reverse, suppress, or prevent carcinogenic progression to inva-
sive cancer. Metastatic tumors are the leading cause of mortality in several cancers
and, even if total cure of advanced malignancy cannot be achieved because an
absolute prevention is not possible, extension of the latency period of carcinogene-
sis so that the patients can have a higher quality of life is highly desirable.

Many new drugs that prevent cancer in experimental animals are now available
for further studies and some drugs have been approved for prevention of some
types of cancer.2 Head and neck squamous cell cancers have been one of the most
studied in chemoprevention because of their high prevalence and morbidity.3

Skin cancer prevention, focused on nutritional supplements such as b-carotene or
selenium, had a limited success and systemic retinoids have given mixed results.
Clinical results in chemoprevention in lung cancer, the leading cause of cancer
death in the world, and in bladder cancer have been so far rather discouraging.
Regarding prostate cancer prevention, although hormonal therapy with the 5a-
reductase inhibitor finasteride was promising, it has sexual side effects, and the
malignancies developed after its administration are very aggressive.

The most promising targets for cancer chemoprevention so far discovered are
ligands for nuclear receptors, anti-inflammatory agents, chromatin modifiers, and
processes leading to the generation of free radicals.
2. LIGANDS FOR NUCLEAR RECEPTORS IN CANCER
CHEMOPREVENTION

The nuclear receptors superfamily are transcription factors that regulate cell
differentiation and proliferation in specific organs that are important for carcino-
genesis. They may be directly activated after the binding of specific ligands, but
this binding may also trigger transcription in other cellular contexts because of the
selective recruitment of other proteins, such as transcriptional coactivators and
corepressors, that interact with transcription factors themselves. Nuclear recep-
tors are ideal targets for chemoprevention, being the most studied the estrogen
receptors ERa and ERb; the androgen receptor; the retinoic receptors RARa, b, and
g; the retinoid X receptors RXRa, b, and g; the vitamin D receptor (VDR); and the
peroxisome proliferative receptor-g (PPARg).4
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In the estrogen receptors context, we have previously explainedwhy tamoxifen
is not an estrogen antagonist but a selective estrogen receptor modulator (SERM)
that may be antiestrogenic in some organs, such as breast, and proestrogenic in
others, such as uterus or bone (see Section 3.1 of Chapter 3). Since estrogens
enhance the growth of almost all breast cancer cells during early stages of carcino-
genesis, the chronic administration of antiestrogens is useful in breast cancer
prevention. In this regard, the FDA approval of tamoxifen for breast cancer pre-
vention5 was a landmark in chemoprevention research. The associated risk of
endometrial cancer and thromboembolic events, which precludes its use in certain
populations, lead to clinical trials with other SERMs such as raloxifene.6

Good clinical results have also been obtainedwith arzoxifene.7 Besides their utility
in breast cancer, chemopreventive use of SERMsmay be extended to other cancers
such as prostate and colon in which ERa and ERb play a carcinogenic role.
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VitaminA and its analogs, collectively knownas retinoids, have profound effects
in cell growth and differentiation, and the loss of retinoid function is linked to
carcinogenesis in some cancers (see Section 9 of Chapter 3). In the context of the
retinoic receptors RARa, b, and g, and the retinoid X receptors RXRa, b, and g,
several retinoids have shown promising activity as antitumor and cancer chemo-
preventive agents by inhibiting carcinogenesis at the initiation, promotion, and
progression stages.8 Thedevelopment of amalignantphenotype frequently includes
a block in the normal differentiation process and numerous compounds, such as
retinoids or vitamin D3 analogs, have been studied with this approach in mind.

Besides the success of retinoids in the therapy of acute promyelocytic leukemia
(APL), some of them are also of interest in the prevention of several other cancers
(oral cavity, head and neck, breast, skin, and liver). In fact, the RAR receptor
ligand 13-cis-retinoic acid (isotretinoin) is one of the standard treatments for the
prevention of oral cancer.9
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Several atypical retinoids have also been assayed for cancer chemoprevention.
Fenretinide, an amide of tretinoin that acts as a ligand of RARb and g, has entered
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clinical trials showing a beneficial effect in the prevention of premenopausal
breast cancer in combination with tamoxifen.10 Polyprenoic acid, also called
acyclic retinoid, has shown RAR, RXR, and PPAR activities and is useful in the
prevention of hepatocellular carcinoma.11 Finally, adapalene prevents cancer in
patients with cervical intraepithelial neoplasia.
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The ligands of RXRs are known as rexinoids. Some of them, such as the rigid
analog of cis-retinoic acid LG100268, are another very promising group of com-
pounds in cancer chemoprevention. Rexinoids may modulate the activity of other
transcription factors because their receptors form heterodimers with other nuclear
receptors, such as RARs, VDR, and PPARg.12 Preclinical studies have shown that
these compounds appear to maintain the cancer prevention potential of retinoids
with less toxicity. When combined with a SERM, they can also effectively kill
breast cancer cells.13 Bexarotene, a rexinoid approved as an oral antineoplastic
agent indicated by for cutaneous T cell lymphoma, has entered clinical trials for
primary prevention of breast cancer after encouraging preclinical results.14
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The VDR is another transcription factor that exerts a direct control of gene
expression and interacts with regulatory pathways such as SMAD3, which is a
component of the signal-transduction pathway that regulates the cytokine trans-
forming growth factor-b (TGF-b) that helps to prevent carcinogenesis. Vitamin D
intake diminishes the risk of colon cancer, protecting the colon from the carcino-
genic effects of bile acids.15 However, ingestion of large amounts of this vitamin
results in hypercalcemia. Synthetic analogs of vitamin D named deltanoids, such
as Ro24-5531, (which is a hexafluoro-1a,25-dihydroxyvitamin D3 derivative), have
shown potent differentiative and antiproliferative activities with less propensity
to cause hypercalcemia.16
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Selective PPARg modulators (SPARMs) are also important in cancer chemo-
prevention. Among them, GW7845, a high affinity ligand for PPARg, inhibits
mammary carcinogenesis in animal models.17 Clinical trials are in progress to
study its preventive activity against breast, colon, and prostate cancer.
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3. ANTI-INFLAMMATORY AGENTS AND ANTIOXIDANTS IN
CANCER CHEMOPREVENTION

Free radicals are generated by normal physiological processes, including aerobic
metabolism and inflammatory responses to eliminate invading pathogenic micro-
organisms. A chronic cell injury initiates an inflammatory response and the
activation of cytoquines or receptor molecules to recruit mast cells and leukocytes
to the damaged place. This ‘‘respiratory burst’’ leads to an increased uptake of
oxygen, and the subsequent release of free radicals from leucocytes: reactive
oxygen species (ROS) as hydroxyl and superoxide radicals, and nitrogen oxide
reactive species (RNOS) as nitric oxide, peroxynitrite, and nitrous anhydride.

ROS can activate lipid peroxidation and the arachidonic acid cascade, with the
production of cell-proliferation-stimulating eicosanoids. They can also damage
DNAmodifying its structure and function, aswell as that of cancer-related proteins,
while other DNA-damaging agents, such as malondialdehyde (MDA), are by-
products of the arachidonic acid cascade (see Section 2 of Chapter 4).18 Other effects
of radicals include mutations in cancer-related genes, posttranslational modifica-
tion of cancer-related proteins, and activation of signal-transduction pathways
resulting in the transcriptional induction of proto-oncogenes (like c-FOS, c-JUN,
and c-MYC) and hence an increase in cancer risk. In summary, chronic inflamma-
tion deregulates cellular homeostasis and can drive carcinogenesis. It has been
estimated that chronic inflammations contribute to about one-fourth of cancers.
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3.1. COX-2 inhibitors and other anti-inflammatory agents

Inhibition of prostaglandin formation from arachidonic acid has been found
useful in cancer chemoprevention. The main target enzyme in this respect is
cyclooxygenase-2 (COX-2), which is not detected in most normal tissues but is
induced by inflammatory and mitogenic stimuli; COX-2 is overexpressed in
many premalignant and malignant tissues. COX-2 inhibitors inhibit colon
carcinogenesis in animal models19 and reduce the number of colorectal polyps
in humans. More specifically, the selective COX-2 antagonist celecoxib received
FDA approval for the treatment of patients with familial adenomatous
polyposis.20

The chemopreventive effects of COX-2 inhibitors seem to be mediated by their
effects on stromal cells of the intestine, especially angiogenesis suppression.21

Clinical trials examining the use of celecoxib, with or without eflornithine, in the
prevention of colorectal cancer in patients with familial adenomatous polyposis
are in progress.22 Eflornithine is a suicide inhibitor of ornithine decarboxylase, an
enzyme that regulates cell division by catalyzing the first step in polyamine
biosynthesis.

Other compounds, such as the natural product curcumin, are blockers of
activation or transcription activity of the transcriptional factor nuclear factor-kB
(NF-kB) (see Section 6.4 of Chapter 9), and have both anti-inflammatory and
anticarcinogenic activity. Clinical trials of these compounds as chemopreventive
agents were planned. However, suppression of NF-kB activity can increase
susceptibility to infections.23
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3.2. Antioxidants

Several compounds with radical scavenging properties are being studied for
cancer chemoprevention. However, it must be noted that, although many patients
being treated for cancer use antioxidants in the hope of reducing the toxicity of
chemotherapy and radiotherapy, mechanistic considerations suggest that antiox-
idants might reduce the effects of conventional cytotoxic therapies and a limited
number of clinical studies have not found any benefit in these associations.24

The main antioxidants that are claimed to behave as chemoprotective agents
are found in foodstuffs, especially of a vegetal origin, and are ascorbic acid,
ergothioneine, green tea polyphenols, and lycopene.
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3.2.1. Ascorbic acid
Ascorbic acid (vitamin C) is the main hydrophilic radical scavenger present in the
human body. Its antioxidant properties are related to its ability to generate a
stabilized radical at its C-3 position because of the operation of the captodative
effect (Fig. 13.1). This allows ascorbic acid to react with harmful, more reactive
species, particularly the hydroxyl radical, and prevent their interaction with
biomolecules. Ascorbic acid has been recommended for many years to prevent
the appearance of gastrointestinal cancers, although a recent statistical study
including more than 170,000 patients in risk of this type of cancer showed no
evidence of benefit.25 Interestingly, a similar study had previously shown that
b-carotene consumption actually increases the risk of lung cancer.26

3.2.2. Ergothioneine
Ergothioneine is a component of white button mushrooms that is considered as an
antioxidant with cancer chemopreventive properties. Its antioxidant properties
appear to be related to at least four molecular activities:

1. The ability to scavenge free radicals,27 which can be proposed to arise from the
easy one-electron oxidation of its mercapto group to a disulfide (Fig. 13.2).

2. Chelating properties toward divalentmetallic cations (see Section 1 of Chapter 4),
which is due to its a-amino acid moiety.
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FIGURE 13.2 Ergothioneine as a radical scavenger.
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3. Activation of antioxidant enzymes such as glutathione peroxidase (Se-GPx)
and Mn superoxide dismutase (SOD) and inhibition of superoxide-generating
enzymes such as NADPH-cytochrome c reductase.

4. Its ability to affect the oxidation of various hemoproteins such as hemoglobin
and myoglobin.
3.2.3. Green tea polyphenols
Green tea polyphenols (e.g., epicatechin gallate and epigallocatechin gallate) are
potent radical scavengers that are being extensively studied as chemopreventive
agents. In this case, the stabilization of the phenolic radical is due to extensive
delocalization of the unpaired electron around the aromatic ring and into the p-acyl
substituent, and also to the steric hindrance provided by the neighboring
hydroxyl groups (Fig. 13.3). A Phase II clinical assay studied the modulation
by these substances of the urinary excretion of 8-hydroxydeoxyguanosine
(8-OHdG), an oxidative DNA damage biomarker. The results obtained suggest
that chemoprevention with green tea polyphenols is effective in diminishing
oxidative DNA damage.28
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3.2.4. Lycopene
Lycopene is an open-chain carotenoid found in several fruits, especially in
tomatoes, which is accumulated in high concentrations in several tissues. It reacts
with hydroxyl radicals giving a stabilized, highly delocalized species (Fig. 13.4).
Chemoprevention with lycopene has shown definite results in prostate cancer.29
4. CHROMATIN MODIFIERS IN CANCER CHEMOPREVENTION

Chromatin is the complex of DNA and protein that makes up the chromosome.
The human genome corresponds to 3 billion base pairs of the DNA double helix,
two copies of which make up 2 m of DNA chains that have to be stored within the
tiny micron-sized nucleus of each cell. These 2 m are composed of 46 shorter DNA
pieces, each of which, if not condensed, would form a swollen coil of roughly
100 mmdiameter. Chromatin is a suitable compact structure that allows for certain
proteins to access specific portions of the DNA. In chromatin, DNA is folded in a
hierarchical fashion. On the first level, named the nucleosome or the ‘‘10-nm
fiber,’’ about 200 bp DNA are associated with a globular octameric aggregate
formed by two molecules of the four histone proteins H2A, H2B, H3, and H4.
Under physiological conditions, this structure folds into a chromatin fiber
that has a diameter of 30 nm. Other higher-order foldings vary with the cell
cycle. Thus, before cell division, the DNA chain and its copy are folded into a
chromosome prepared to be distributed into the two daughter cells.

Chromatin structure may be modified by increasing the acetylation of histones
through histone deacetylase (HDAC) inhibition (see Section 3.2 of Chapter 10), or
by demethylation of cytosine residues in DNA through inhibition of DNA
methyltransferases (DNMTs) (see Section 3.1.1 of Chapter 10). Both types of agents
are interactive and increase the ability of transcription factors to stimulate gene
expression and have been successfully tested as cancer chemopreventors in exper-
imental animals. Trichostatin A, an antifungal antibiotic and an HDAC inhibitor,
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as well as 5-aza-20-deoxycytidine, a DNA demethylating agent, enhance the ability
of all-trans retinoic acid to differentiate human leukemia cells30 or to suppress
breast cancer cells proliferation,31 but their high toxicity have limited their use.
The development of new less toxic drugs, such as the HDAC inhibitor vorinostat
(SAHA),32 indicates that the toxicity associated to chromatin modifiers may be
diminished, thus opening the way to possible chemopreventive agents.
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5. MISCELLANEOUS AGENTS FOR CHEMOPREVENTION

1,2-Dithiol-3-thiones, reported constituents of cruciferous vegetables, are five-
membered cyclic sulfur-containing compoundswithantioxidant, chemotherapeutic,
and chemoprotective activities. In this context, oltipraz, which was originally
developed as an antischistosomal agent, was found to protect against chemically
induced carcinogens in the lung, stomach, colon, and urinary bladder in animals.33

Its utility as a cancer chemopreventive agent is thought todependon the inductionof
enzymes involved in Phase II xenobiotic detoxification.34 Polycyclic aromatic hydro-
carbons, N-nitrosamines, and other compounds produce electrophilic carcinogenic
metabolites. Thus, the fungal toxic secondary metabolite aflatoxin B1 (AFB1) may
contaminate food and by epoxydation of a furane double bondby aP450 cytochrome
(Fig. 13.5) give carcinogenic compounds that are inactivated by glutathione addition
catalyzedby glutathioneS (GSH)-transferase (see Section 2.1 of Chapter 11). Oltipraz
stimulates this enzyme35 and can be effective in patientswith histories of Schistosoma
haematobium bladder infections that are at increased risk for developing bladder
cancer (Fig. 13.6).36

Sulforophane is another component of cruciferous vegetables (e.g., broccoli)
that has been proposed as a chemoprotector. This compound bears an unusual
isothiocyanate function and is generated from its precursor glucoraphanin by the
myrosinase enzyme on damage to the plant (e.g., from chewing), as shown in
Fig. 13.7. Similarly to the previously mentioned oltipraz, sulforophane is an
inducer of Phase II metabolizing enzymes and is being clinically studied as a
chemopreventive agent in several cancers.37
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Resveratrol is a phytoalexin that is found in many plants, especially in the skin
of red grapes, and is therefore present in red wine. It induces quinone reductase,
which is a Phase II enzyme that metabolizes carcinogens. Some clinical trials are in
progress regarding the use of resveratrol in cancer chemoprevention.38
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6. CANCER VACCINES

During the past two decades tremendous research efforts have been focused to
the development of cancer vaccines, which are intended either to treat existing
cancers (therapeutic vaccines) or to prevent the development of cancer (prophy-
lactic vaccines). Some of these cancer vaccines have reached Phase III clinical
trials,39 and the strategies developed to stimulate the immuno response to cancer
include:

1. Use of cancer cell antigens that are rarely present on normal cells. These
antigens may be isolated from the same patient suffering the disease (persona-
lized vaccines) or from another patient. The prime candidates as vaccination
antigens have been antiapoptotic molecules such as IAP (inhibitor of apoptosis
protein) and BCL-2 (see Section 6 of Chapter 9) because these proteins enhance
the survival of cancer cells and facilitate their escape from cytotoxic therapies.40

2. Enhancement of the immunogenicity of the tumor-associated antigen by alter-
ing its structure in order to make it more clearly foreign.

3. Administration of antigen-presenting cells (APCs), such as the specialized
white blood cells known as dendritic cells that have previously been stimulated
with the patient’s own cancer antigens. Once injected, these vaccines activate
the immune system’s T cells, which are expected to attack tumor cells that
express that antigen.

4. Idiotype vaccines. Antibodies produced by certain cancer cells, called idiotype
antibodies, are unique to each patient and can be used to trigger an immune
response in a manner similar to antigen vaccines.
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Cancer vaccines, 428
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Capecitabine, 25–26, 352
Captodative effect, 103
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Carbonic anhydrase as anticancer target,

412–413
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Carboquone, 155
Carboxypeptidase G, 367
Carmustine (see BCNU)
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CC-1065, 193
CC-5013 (see lenalidomide)
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CI-1040, 295
CI-994, 336
Cisplatin (CDDP), 169–172

resistence to, 388–404
Cladribine, 49
Clofarabine, 49–50
Clomiphene, 58
CMDA, 367
CNDAC, 48
Cobalt complexes, 361
Coformycin (CF), 42, 45
Colchicines, 231, 236–237, 245, 390
Combretastatins, 236–237, 245
Coumate, 74
COX-2 inhibitors, 422
CPT (see camptothecin)
CPT-11 (see irinotecan)
Criegee rearrangement, 99
CRT-0044876, 407
Cryptophycins, 233–235
CT-2103, 373
CT-2106, 373–374
CT-53518, 270
Curcumin, 422
CYC-202 (see roscovitine)
CYC-682 (CS-682), 49
Cyclin-dependent kinases (see CDKs)
Cyclophosphamide, 149–150, 159, 321
Cyclopropylindole alkylating agents, 193
Cyclosporin A, 392
Cyproterone, 76
Cytarabine (Ara-C), 47
Cytochrome P450 reductase, 355

D

DACA (XR5000), 214
Dacarbazine (DTIC), 165
Dactinomycin (see actinomycin D)
Dasatinib (BMS-354825), 274
DAUF, 108
Daunorubicin (daunomycin), 102, 107, 390
DaunoXome, 383
Death receptors, 298–299
Decitabine, 325
Deltanoids, 420
14a-Demethylase inhibitors, 77
Deoxyepothilone B, 241
Detirelix, 83
Dexamethasone, 321
Dexaminoglutethimide, 72
Dexrazoxane (ICRF-159), 106
Dexverapamil, 392
dFdC (see gemcitabine)
DHFR (see dihydrofolate reductase)
Diaziquone (AZQ), 155, 357
Dibenzophenanthrolines, 339
Didox, 14
Diflomotecan, 221
Dihydrofolate reductase (DHFR), 19–22, 28

inhibitors, 32–38
Dihydroorotate dehydrogenase, 11
5,6-Dihydro-5-azacytidine (DHAC), 325–326
Dihydropyrimidine dehydrogenase

(DPD), 27
5,6-Dimethylxanthenone acetic acid, 246
Discodermolide, 244
Distal activation, 152
Distamycin A, 178–182, 194
Ditercalinium, 207
DMXAA, 246
DNA biosynthesis, summary, 10
DNA crosslinking, 140–141

by aziridines, 155–156
by epoxides, 158–159
by methanesulfonates, 159–160
by mitomycin C, 183–185
by mitosenes, 186–187
by nitrogen mustards, 144–146
by nitrosoureas, 163–164

DNA glycosylase, 402
inhibitors, 404–408

DNA intercalation, 200–201
DNA methyltransferases (DNMTs), 323

inhibitors, 323–330
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DNA microarrays, 6
DNA oxopropenylation, 98
DNA-PK, 402, 411–412
DNA-repair pathways, 340, 402

chemosensitizers acting on, 401–412
in double-strand DNA breaks, 411
inhibitors, 340

DNA repair system inhibitors, 340
DNA strand cleavage (scission),

by oxidative stress, 98–99, 112, 118–121,
127–128

following DNA alkylation, 144–145
mediated by topoisomerases, 203, 209–213, 218,

221, 223–225
DNA topoisomerases (see topoisomerases)
Docetaxel, 238
Dofequidar, 393
Dolastatin 10, 233
DON (6-diazo-5-oxo-L-norleucine), 39, 369
DOXF, 108
DOX-GA3, 365, Doxifluridine, 24
Doxil (see PEGylated liposomal doxorubicin)
Doxorubicin (adriamycin), 102–103, 107,

372–373, 390
HPMA polymer conjugates, 371–373, 377–378
liposome formulations, 380–383
neuropeptide conjugate, 374
prodrug in ADEPT strategy, 365–366

Droloxifene, 59
DT-diaphorase (DTD), 155
Duocarmycins, 194
Dutasteride, 79
Dynemicin A, 122, 125

E

E2-3,4-Q, 57
E7389 (ER0865), 5–6, 233
EC-16-mitomycin C conjugate, 379
EC-20, 379
Echinomycin, 207
Ecteinascidin 743 (ET-743, trabectedin),

191–182, 341, 390
Edatrexate, 36
Edotecarin, 224
Eflornithine, 422
EGFR (HER-1), 254–255

inhibitors, 258–264
EKB-569, 263
EKI-785, 263
Electroradiochemotherapy, 127
Eleutherobin, 243
Elinafide, 207
Ellipticine, 201
Elomotecan, 221
Elsamicin A, 116, 206
EMD-72000, 264
Emitefur, 26
Endostatin, 318
Enedyine(s), 122–123, 125, 178
Enhanced permeability and retention (EPR)

effect, 6, 369
Eniluracil (5-ethynyluracil), 28
Enzastaurin (LY-317615), 284
EO4, 186
EO9, 155, 186, 357
Epicatechin gallate, 424
Epidermal growth factor, (see EGFR)
Epigallocatechin-3-gallate (EGCG), 329, 424
Epigenetic therapy of cancer, 323–337
Epirubicin (EPI), 108
Epothilones A and B, 243 D, 243
Epoxides as DNA alkylating agents, 158–159
ER-086526, 233
ErbB2, 261
Erbstatin, 259
Ergothioneine, 423
Erlotinib (OSI-774), 253, 261
Esperamicins, 122–124
Estradiol, 54, 61–66, 73–74
Estradiol-2,3-quinone (E2-2,3-Q), 56, 58
Estradiol-3,4-quinone (E2-3,4-Q), 56
Estramustine, 147–148
Estramustine binding protein (EMBP), 148
Estramustine phosphate, 245
Estrogen receptor (ER), 55–56, 61–64
Estrogens involvement in carcinogenesis, 54–58
Estrone, 54
ET-743 (see ecteinascidin 743)
Etanidazole, 131
Ethacrynic acid, 394, 398–401
Ethidium bromide, 339
Ethyleneimines (see aziridines)
Etopophos, 216, 366–367
Etoposide, 216, 366, 390
Everolimus (RAD-001), 281
Exatecan, 221
Exemestane, 70–71

F

Fadrozole, 72
FapyAde, 100
FapyGua, 100–101
Farnesyldiphosphate synthase inhibitors, 296
Farnesyl pyrophosphate (FPP), 290
Farnesyl transferase (FTase), 287–288

inhibitors, 289–294
Fazarabine, 47
Fenretinide, 89, 419
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Fenton reaction, 94, 97
Figianolide B (see laulimalide)
Finasteride, 78
Finrazole, 73
Flavopiridol (alvocidib), 253, 276
Floxuridine (5-FUdR), 21
FLT-3 inhibitors, 270
Fludarabine, 49
Flutamide, 76
5-Fluoro-2’-deoxycytidine, 325
5-Fluoro-2-pyrimidinone (5-FP), 27
5-Fluorouracil (5-FU), 11, 21–24

modulation, 27–29
prodrugs, 24–27, 369

Folate-based TS inhibitors, 29
Folate receptor (FR), 378
Folate receptor-targeted chemotherapy, 378
Folate-targeted radiopharmaceutical, 379
Folinic acids, 32, 35
Folylpolyglutamate synthetase

(FPGS), 30–31
Formaldehyde generation in oxidative

stress, 102
Formestane, 69–70
Formyltransferase, 41
Forodesine (see immucillin H)
FR-69979, 158, 184
FR-900482, 158, 184
FTase (see farnesyltransferase)
FTI-276, 291
FTI-277, 291
Ftorafur (tegafur), 24
Fulvestrant, 62–64
Fumagillin, 322
G

Galactosamine, 372–373
Ganciclovir, 345
Ganirelix, 84
GARFT inhibitors, 37–39
GCSF, 369
Gefitinib (ZD-1839), 261, 262
Gefitinib (ZO-1839), 259
Geldanamycin, 301
Gemcitabine (dFdC), 16, 47
Gemtuzumab ozogamicin, 123, 376, 391
Gene-directed enzyme prodrug therapy,

(GDEPT), 363–364, 377
Gene therapy, 298, 344
Geranylgeranyl-diphosphate synthase (GGPP)

inhibitors, 296
Gestagens as antitumor agents, 85
GF120918, 393
Gimatecan, 221
Gimestat, 28–29
Glioblastoma multiforme, 345
Glucocorticoids as antitumor agents, 85
Glucuronidated prodrugs, 365
Glutathione, 129

biosynthesis inhibition, 398
Glutathione-S-transferase (GST)

in anti-cancer drug resistance, 181, 397
of p class (GST-p), 353

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 190

Glycinamide rebonucleotide formyltransferase
(see GARFT)

GnRH (LHRH) agonists, 81
GnRH (LHRH) antagonists, 82
GnRH hormone, 81
Gonadotropin-releasing hormone

(GnRH, LHRH), 79
Goserelin, 82
G-quadruplex ligands, 338
Granulocite colony-stimulating factor

(see GCSF)
Green tea polyphenols, 424
GRN-163L, 340
GTPase activating proteins (GAPs), 287
Guaneran (see thiamiprine)
GW7845, 421
GW-786034, 268
H

Haber-Weiss reaction, 94
Halichondrin B, 5–6, 233
‘‘Hard’’ electrophiles, 140
HATs, 331
HDAC, inhibitors, 323

inhibitors, 330–336
Heat-shock proteins (see HSPs)
Hemiasterlin, 234
Heparan sulfate (HS), 316
Heparanase inhibitors, 316
Hepsulfam, 159
HER-1 (see EFGR)
HER-2, 258, 261, 263

inhibitors, 264
Herpes simplex virus thymidine kinase, 345
Hexamethylmelamine

(HMM, altretamine), 167
Histone acetylation, 331
Histone deacetylases (see HDAC)
Histone methylation, 337
Histones, 330
HKI-272, 263
HMPA copolymer-camptothecin, 371
HMPA copolymer-paclitaxel, 371
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Hoechst 33258 (see pibenzimol)
Homocamptothecins, 221
HR22C16 (see monastroline)
HSPs (heat-shock proteins), 297, 300

inhibitors, 300–301
HTI-284, 234
Hydralazine, 329
Hydroxamic acid, 313
Hydroxyl radical, 94–96, 100–105, 116, 118,

127–129, 421, 424–425
17a-Hydroxylase inhibitors, 77
4-Hydroxyestradiol (4-OHE2), 56
Hydroxyurea, 13
Hypoxia-based strategies for tumor-specific

prodrug activation, 354–362
Hypoxia-inducible factor 1 (HIF-1), 207
Hypoxic-selective nitrogen mustards, 361

I

Ibritumomab tiuxetan, 377
ICI-182780, 62
ICRF-154, 220
ICRF-159 (see dexrazoxane)
ICRF-193, 220
Idarubicin (IDA), 108
Idoxifene, 59
Ifosfamide, 149
IGFR-1 inhibitors, 265
Imatinib (STI-571), 253, 271, 390
Immucillin H (forodesine), 18, 20, 49–50
Immunoconjugated drugs, 375–377
Immunomodulatory drugs, 322
Immunomodulatory gene therapy, 345
Improsulfan, 159
Indisulam (E-7070), 277, 413–414
Indolocarbazoles, 223
INGN201 (Ad-p53), 298
INO-1001, 409
Insulin-like growth factors (see IGFR-1)
Integrins, 319
Intercalating agents, 201-206

bifunctional (bisintercalators), 206–209
Intercalation (see DNA intercalation)
Intoplicine, 203
IPI-504, 301
Iproplatin, 171
Irinotecan (CPT-11), 221, 403
Irofulven, 394
IRP-1, 106
ISIS-2503, 288
ISIS 3521, 285
ISIS 5132, 285, 295
Isotretinoin, 87
Ispinesib (SB-715992), 247
IST-622, 206
Itaconic acid, 259
Ixabepilone, 241
IkB kinases (IKK), 299
J

J-107088, 224
JNK kinase, 295, 299

K

Kahalalide F, 346
Karenitecin, 221
Ketoconazole, 77
Kinase inhibitors summary, 255–258
Kinases and cancer, 252–254
Kinesin inhibitors, 246–247
KOS-862, 241
KU-55933, 411
KW-2149, 187
KW-2170, 214
KW-2189, 194

L

L-739750, 291
L-744832, 291
L-778123, 291
Lamellarins, 224–225
Laniquidar, 394
Lapatinib (GW-2016), 261, 264
Laulimalide (figianolide B), 244
LBH-589, 333
L-buthionine-(S,R)-sulfoximine (L-BSO), 398–399
Leinamycin, 173
Lenalidomide (CC-5013), 322
Letrozole, 72
Leucovorin (LV), 28–29, 35, 38
Leuprolide, 81–82
Leuprorelin, 82
LG100268, 420
LHRH (see GnRH)
Liblomycin, 117
Liposomes, 378, 380–383
stealth, 381

Lomeguatrib, 403
Lometrexol, 37
Lomustine (CCNU), 161
Lonafarnib (SCH-66336), 291–292
Lucanthone, 407
Lurtotecan, 221
LV (see leucvorin)
LY-231514 (see pemetrexed)
LY-294002, 411
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LY-309887, 38
LY-333531, 284
LY-335979 (see zosuquidar)
LY-355703, 235
Lycopene, 425
Lysosomes, 308

M

Malondialdehyde generation, 96–98
MAPK, 255, 258, 284, 287

inhibitors, 296
Marimastat, 313
Matrix metalloproteinases (see MMPs)
Maytansine 1, 235
MCX-210, 264
MDX-447, 264
MDR, 388–391

indirect inhibitors, 397
inhibitors (modulators), 391–397

Mechlorethamine, 142
Medroxyprogesterone acetate, 85
Me-DZQ, 156
Megestrol acetate, 85
MEK, 255, 287, 289, 295

inhibitors, 295
Melphalan, 147, 153, 357
Membrane folate receptor (see MFR)
Membrane phospholipid peroxidation, 95–97
Menogaril (TUT-7), 110
Merbarone, 219
6-Mercaptopurine (MP), 37, 41–44
Mesna, 149
Metastat (COL-3), 315
Methanesulfonates, 159–160
Methotrexate (MTX), 28–29, 33
Methoxsalen, 135
Methoxyamine, 408
2-Methoxyestradiol, 236
8-Methoxypsoralen, 135
Methylhydrazines, 166
Metronidazole, 130
MFR (a-FR), 31, 38–139
MG-98, 329
MGCD-0103, 336
Microtubules, 229–230

bundling, 238
Minodronate, 296
Misonidazole, 130
Mithramycin A, 337
Mitobronitol, 158
Mitomycins, 158, 182–189
Mitomycin C, 182–185

prodrug, 357, 365–366, 379
Mitonafide, 205
Mitosenes, 186–187
Mitotane, 85–86
Mitotic kinesin inhibitors (see kinesin inhibitors)
Mitoxantrone, 112, 215
MLN-518, 270
MMI270 (CGS 27023A), 315
MMPs, 313

inhibitors, 313–316
Monastrol, 246–247
Monastroline (HR22C16), 246–247
Monoclonal antibodies, 259, 263–264, 269–297,

320, 343–344, 352, 364, 366, 375, 377
8-MOP, 135
MRP1, 388–390, 393
MS-209 (see dofequidar)
MS-275, 336
mTOR, 279–282

inhibitors, 281, 282
MTX (see methotrexate)
Multidrug resistance (see MDR)
Multidrug resistance-associated protein 1

(see MRP1)
Multiple sclerosis, 112
Mustine, 142
Myers reaction, 123

N

N-(2-Hydroxypropyl)methacrylamide
polymers, 370

N-acetylcystein, 149
Nanodrugs, 368
Nanoparticles, 378, 380, 383
Nanotechnology in cancer therapy, 6, 380
Nanovectors, 6
Naphthalimides, 205
Napthyridinomycin, 189–190
Natural products in cancer therapy, 5–6
NB-506, 223
Nedaplatin, 171
Nelarabine, 49–50
Nemorubicin (MMRA), 111
Neocarzinostatin, 122, 124
Neovastat (AE-941), 315
NER, 192, 207, 341
Netropsin, 178
Neuropeptide Y conjugates, 374
NFkB, 299, 308–311

inhibitors, 299
Nicotinamide, 164
Nilotinib (AMN-107), 271, 273
Nilutamide, 76
Nimorazole, 131
Nimustine (ACNU), 161
Nitracrine, 359–360
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Nitroaromatic compounds, 358–361
Nitrogen mustards, 141–153, 357, 361

Co (III) complexes, 151
prodrugs, 147–153, 353, 357, 359–361, 367
SAR, 144

Nitroimidazoles, 130, 359
Nitrosoureas, 140, 160, 164
Nitro radical anions, 130–131
N-methyl-9-hydroxyellipticinium (NMHE), 202
Nogalamycin, 110, 215
Nolatrexed (thymitaq, AG-337), 30
Non-intercalating topoisomerase II

poisons, 216–218
Nonnucleoside inhibitors of DNMT, 328
Nonsteroidal aromatase inhibitors, 72
Norethisterone acetate, 85 N-oxides, 355
N-phosphonoacetyl-L-aspartate (see PALA),
NSC-639829, 245
NSC-655649 (BMY-27557–14, XL-119), 223
NSC-703147, 241
NU7026, 411
Nuclear factor kB (see NFkB)
Nucleoside diphosphate reductase (NDPR),

(see RNR)
Nucleotide excision repair (see NER)
NVP-LAQ-824, 333

O

O6-alkylguanine derivatives, 403
association with DNA alkyltransferase

inhibitors, 403
Oblimersen sodium, 298
OFU001, 362
Oltipraz, 426–427
ON-012380, 274
ONT-093 (OC-144–093), 393
ONYX-015, 298
Ornidazole, 131
Orotate phosphoribosyl transferase, 11
Orotidylate decarboxylase, 11
Ortataxel, 239
Orzel, 28
Oxaliplatin, 171
Oxidation of DNA bases in oxidative stress,

100–102
Oxidative stress by hydroxyl radicals, 95–98
Oxonic acid, 29
‘‘Oxygen effect’’, 129

P

p53 proteins, 277, 283, 298, 300, 308-309, 337,
345–346, 354, 388, 409, 411

activation by TS inhibitors, 23–24
Paclitaxel (taxol), 237–238, 390
analogues, 239–240
HMPA copolymer, 371
polyglumex conjugate, 373
SAR, 239–240

PALA, 11
Panitumumab, 264
PARP, 402, 405

inhibitors, 409–410
Patupilone, 241
PDGF, 259–265

inhibitors, 270
PD-115934, 214
PDEPT, 377–378
PDK1, 279–280

inhibitors, 280
PDT (see photodynamic therapy)
PDX, 36
PDX-101, 333
PEG (polyethyleneglycol), 368
Pegaspargase (see PEG-L-asparaginase)
Pegfilgrastim (see PEG-GCSF)
PEG-camptothecin, 375
PEG-cytokine conjugates, 369
PEG-drug conjugates, 375
PEG-GCSF, 369
PEG-L-asparaginase, 368
PEG-recombinant arginine deiminase

(ADI-PEG20), 368
PEGylated liposomal doxorubicin (doxil),

382
PEGylated-glutaminase (PEG-PGA), 368
PEGylation of proteins, 368
Pemetrexed (alimta, LY-231514), 30, 38
Penclomedine, 128
Pentostatin (dCF), 42, 45
Peptidomimetics, 83, 290–291, 311, 313, 400
Perifosine, 279
Peroxisome proliferator activating receptors

(see PPAR)
P-gp, (P-glycoprotein), 388, 390, 391

inhibitors, 391–397
PHA-739358, 283
Pharmacogenetics, 2
Phosphatases in ADEPT, 366
Phosphatidylinositol-3-kinase (see PI3K)
Phosphoramidases, 149
Phosphoramide mustard, 149
Phosphoribosylformylglycinamidine synthetase

inhibitors, 39
Phosphoribosylpyrophosphate amidotransferase

(see PRPP amidotransferase)
Phosphoroamidates, 342
Phosphorothioamidates, 342
Phosphorothioates, 342
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Photodynamic therapy (PDT), 132–135
Photophrin, 133–134
Photosensitivity, 165
Photosensitizers, 132
Phthalascidin, 193
PI3K–AKT–mTOR pathway, 279
PI3K superfamily, 279, 411
PI-88, 317
Pibenzimol, 182
Pimonidazole, 131
Pipobroman, 173
Piposulfan, 159
Pirarubicin, 110
Piritrexim, 36
Pixantrone, 114, 215
PK-1 (FCE-28068), 371, 377
PK-2 (FCE-28069), 372
PKC-412, 270, 284
PKC, 284–285

modulators, 284–286
Platelet-derived growth factor (see PDGF)
Platinum complexes, 169–173
Plicamycin, 337
Plomestane, 68
PM00104/50, 193
PNP, 18
PNU-159548, 111
PNU-166945, 37
Podophyllotoxin, 216, 237
Poly(ADP-ribose)polymerase (see PARP)
Poly-(L-glutamic) conjugates, 373
Polycythemia vera, 173
Polyelectrolyte effect, 201
Polyethylene glycol (see PEG)
Polymer-directed enzyme prodrug therapy

(see PDEPT)
Polymer therapeutics, 368
Polyprenoic acid, 89, 420
Porfiromycin, 131, 182, 357
Porphyrin, 133, 134
PPAR, 87, 89

selective modulators (SPPARMs), 421
Prednisone, 85
Prinomastat (AG3340), 315
PRO-001, 269
Procainamide, 329
Procarbazine, 166, 168
Prodrug-based anticancer drug targeting,

352–367
Prodrugs activated by therapeutic radiation,

362
Proteasome, 297, 308

inhibitors, 307–312
Protein kinases in cancer, 252–254
Protoporphirin IX, 133
PRPP amidotransferase, 36
inhibitors, 36–37

Psammaplin A, 328
PSC-833 (valspodar), 392
Psoralens, 135
PTA, 42
PTK 787, 267
Purine biosynthesis inhibitors, 36
Purine nucleoside phosphorylase (see PNP)
Purine nucleosides, 49–50
Pyrimidine nucleosides, 47–49
Pyroxamide, 333
Pyrrolo[1,4]benzodiazepines, 196

R

Radical scavengers, 423–424
as inhibitors of RNR, 13

Radiochemotherapy, 127
Radioconjugate targeted agent, 377
Radiosensitizers, 129–130
Radiotherapy, 129
Raf proteins, 295

inhibitors, 295
Raloxifene, 60–61, 419
Raltitrexed (TOM), 30–31
Rapamycin (sirolimus), 281
Ras proteins, 286

inhibitors, 287–295
RARE (see retinoic acid response elements)
Reactive oxygen species (see ROS)
Rebeccamycin, 223
Rebimastat, 315
Reduced folate carrier, 28, 30–31, 35, 38–39
5a-Reductase inhibitors, 77
Reductively activated alkylating agents

(see bioreductive alkylation)
Reductively activated quinones (see bioreductive

activation)
REPSA, 181
Resveratrol, 427
Retinoic acid response elements, 87
Retinoids, 86–87

in cancer chemoprevention, 419–420
Rexinoids, 86
RFC (see reduced folate carrier)
RG-108, 330
RH132, 156
RH3, 264
Ribonucleotide reductase (see RNR)
Ribozymes, 269
Risedronate, 296
Rituximab, 343
Ro24-5531, 420
Romidepsin (FK-228, FR901228), 335
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RNR, 11
catalytic cycle, 12–13
inhibitors, 13–18, 46

ROS, 93, 95, 299
as signaling molecules, 102

Roscovitine (seleciclib), 253
Rosiglitazone, 319
RSU-1069, 131, 359
Rubitecan, 221
Ruboxistaurin, 284

S

S-1 formulation, 41
S-16020, 203
S-3304, 315
S-9788, 394
Saframycin A, 189
Saframycin S, 189
SAHA (suberoylanilide hydroxamic acid)

(see vorinostat)
Salvicine, 217, 412
SARMs (see selective androgen receptor

modulators)
SERMs (see selective estrogen receptor

modulators)
Sarcodictyins, 243
Satraplatin ( JM 216), 171
SCH-221153, 319
SCH-226374, 291
SCH-58500, 298
SELDI-TOF mass spectrometry, 6
Seleciclib (see roscovitine)
Selective androgen receptor modulators, 76
Selective estrogen receptor modulators,

58, 419
Semaxanib (SU-5416), 253, 266
Semustine, 161
Serine hydroxymethyl transferase

(SHMT), 19
Serine-threonine kinase inhibitors, 275–286
Sibiromycin, 196
Sickle cell anemia, 13
Sirolimus (see rapamycin)
SKI-2053R, 171
SKI-606, 274
SMANCS, 122–123
SN-24771, 151, 153
SN-22995, 394
SN-23862, 360
SN-24771, 361
SN-38, 221
Soblidotin, 234
Sobuzoxane (MST-16), 218
‘‘Soft’’ electrophiles, 140
Sorafenib, 253, 294
SPARC protein, 383
Spermine, 108
SPIKET-P, 235
Spongistatin 1, 235
SPPARMs (see PPAR)
Squalamine, 320
Src kinase, 274

inhibitors, 274–275
Staurosporine, 223, 253, 269
Stealth liposomes, 381
Steroid hormone receptors, 54–56
Streptozotocin (streptozocin), 161
STX-64, 74
Styrene maleic acid neocarzinostatin copolymers

(see SMANCS)
SU-6668, 266
Sulfatase inhibitors, 73–75
Sulforophane, 426
Sunitinib (SU-11248), 266
Superoxide dismutase (SOD), 94
Superoxide radical, 94, 127
Suramin, 270, 317
Synthadotin, 234

T

Tafluposide, 217
Talaporphin, 133–134
Tallimustine, 181
Tallysomycin S10b (TLM S10b), 117,

375–376
Tamoxifen, 58, 60, 64, 419
Tandutinib, 270
Tanespimycin, 301
Tanomastat (BAY 12–9566), 315
Tariquidar, 393
TAS-103, 204–205
Taxane site, 237
Taxanes, 237–240
Taxol (see paclitaxel)
TDDP, 172
Telomerase, 337–338

inhibitors, 337–340
Telomestatin, 339
Temozolomide, 166, 403
Teniposide, 216, 390
Tensirolimus (CCI-779), 281
Testolactone, 70–71
Testosterone, 75
Tetrahydroisoquinoline alkaloids, 189–193
Tetrahydrouridine, 326–327
Tetraplatin, 171
Tezacitabine (FMdC), 15
Thalidomide, 321–322
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Thiamiprine (guaneran), 42
Thioguanine (TG), 41
Thioinosinic acid, 41
Thiopurines, 41
Thiopurine methyltransferase (TPMT),

42, 44
Thiosemicarbazones, 13
Thiotepa, 154
Thrombospondins, 318
Thymidine phosphorylase (TP), 24
Thymidylate cycle, 19–20
Thymidylate synthase (TS), 18, 20

inhibitors, 21–31
Tipifarnib (R-115777), 291
Tirapazamine (TPZ), 126, 131, 355
TLK-117, 400
TLK-199, 400
TLK-286, 353
TNP-470, 322
TOM (see raltitrexed)
Tomaymycin, 196
TOP-53, 217
Topoisomerases, 209–213

cleavable complex, 209
inhibitors, 212
poisons, 212

Topoisomerase I, 204, 209
inhibitors, 219–225
mechanism, 209

Topoisomerase II, 204, 209
catalytic inhibitors, 218–220
mechanism, 211
poisons, 128, 213–218

Topotecan, 221
Toremifene, 59
Tositumomab, 377
TPMT (see thiopurine methyltransferase)

TPZ (see tirapazmine)
Trabectedin, 191
TRAIL, 298
Transition state analogs, 11, 18, 20, 43, 45, 318,

326–327, 330
Trapoxins A and B, 335
Trastuzumab, 264
Treosulfan, 158–159
Tretinoin, 87
Triapine, 13
1,3,5-Triazines, 167–339
Triazenes, 165
Triaziquone, 155
Tributyrin, 333
Trichostatin A (TSA), 333, 425
Triethylenemelamine (TEM), 154
Triethylenephosphoramide (TEPA), 154
Trilostane, 65
Trimelamol, 167, 169
Trimetrexate, 36
Trimidox, 14
Triptorelin, 82
Troglitazone, 89
TS (see thymidylate synthase)
TSP-1, 318
Tubulin, 229–232
Tumor-associated carbonic anhydrase IX

(CA IX), 412
Tumorigenic events, 1
Tumor necrosis factor-related apoptosis-induced

ligand (see TRAIL)
Tumor suppressor gene (TP53), 298
Tyrosine kinases (TKs), 252, 254–274, 289

inhibitors, 254–275
Tyrosine mimics, 274
TUT-7 (see menogaril)
Tyrphostin (AG-213), 258
TZT-1027, 234, 246

U

U-80224, 194
UCN-01, 223, 280, 284
UFT formulation, 27
Uracyl mustard, 147
Uridylic acid biosynthesis, 10–11
Uvadex, 135

V

Vaccine therapy, 345
Valproic acid, 333
Valrubicin, 110
Vandetanib, 267
Vatalanib, 267
VDEPT, 363
VEGF(R), 265–266

inhibitors, 266–269, 313–317, 320–322, 344
Verapamil, 392
Vinblastine, 231, 390
Vinca alkaloids, 231
Vinca site (domain), 232

ligands, 231–235
Vincristine, 231, 390
Vindesine, 231
Vinflunine, 231
Vinorelbine, 231
Virus-directed enzyme prodrug therapy

(see VDEPT)
Vitamin A, 86, 419
Vitaxin, 320, 343
Volociximab (M-200), 343
Vorinostat (SAHA, suberoylanilide hydroxamic

acid), 333, 426



442 Index
Vorozole, 72
VX-680, 283
VX-710 (see biricodar), 393

W

Wortmannin, 411
WV15, 186

X

XR9576 (see tariquidar)

Z

ZD-0473, 171
ZD-2171, 268
ZD-2767P, 367
ZD6126, 245
ZD6474, 267
ZD-9331, 30
Zebularine, 324, 327
Zinc-finger protein transcription

factor, 170–171
Zinostatin (see neocarzinostatin)
ZK-222584, 267
ZK-epothilone, 241
Zoledronate, 296
Zorubicin, 110
Zosuquidar (LY-335979), 393
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