
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
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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



ABBREVIATIONS
ABC
 ATP-binding cassette

ACAT
 Acyl coenzymeA: cholesterol acyl transferase

ACNU
 1-(4-Amino-2-methyl-5-pyrimidinyl)methyl-3-(2-chloroethyl)-3-

nitrosourea (nimustine)

ADCC
 Antibody-dependent cell-mediated cytotoxicity

ADEPT
 Antibody-directed enzyme prodrug therapy

Adiol
 5-Androstene-3b,17b-diol

ADME
 Absorption, distribution, metabolism, and excretion

AEBS
 Antiestrogen binding site

AF
 Activating function

AGT
 O6-Alkylguanine-DNA alkyltransferase (alkylguanine transferase)

AICARFT
 Aminoimidazolecarboxamide ribonucleotide formyltransferase

AKT
 Active human protein kinase (equivalent to PKB)

ALA
 5-Aminolevulinic acid

AM
 Aminopterin

APL
 Acute promyelocytic leukemia

AR
 Androgen receptor

Ara-C
 Arabinofuranosylcytosine (cytarabine)

AT gene
 Ataxia telangiectasia gene

ATP
 Adenosine triphosphate

BCL-2
 B-cells limphoma 2

BCNU
 1,3-Bis(2-chloroethyl)nitrosourea (carmustine)

BCRP
 Breast cancer resistance protein

BER
 Base excision repair

BLM
 Bleomycin

BPU
 Benzoylphenylurea

CaM
 Calmodulin

CARD
 Caspase-associated recruitment domain

CCNU
 1-Cyclohexyl-3-(2-chloroethyl)-3-nitrosourea (lomustine)

CDDP
 Cisdiamminedichloroplatinum II (cisplatin)

CDHP
 5-Chloro-2,4-dihydroxypyridine (gimestat)

CDK
 Cyclin-dependent kinase

CF
 Coformycin

CHK
 Checkpoint kinase

CKI
 CDK inhibitor

CLL
 Chronic lymphocytic leukaemia

CNDAC
 20-Cyano-20-deoxy-1-bD-arabinofuranosylcytosine

COX-2
 Cyclooxygenase 2

CPT
 Camptothecin
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CYP3A
 Cytochrome P4503A

dATP
 Deoxyadenosine triphosphate

DAUF
 Daunoform

dCF
 20-Deoxycoformycin (pentostatin)

dFdC
 Difluorodeoxycytidine

dG
 Deoxyguanosine

dGTP
 Deoxyguanosine triphosphate

dGTP
 Deoxyguanosine triphosphate

DHEA
 Dehydroepiandrosterone

DHEA-S
 Dehydroepiandrosterone sulphate

DHF
 Dihydrofolate

DHFR
 Dihydrofolate reductase

DHFU
 Dihydrofluorouracil

DHT
 5a-Dihydrotestosterone

DNA
 Deoxyribonucleic acid

DNA-PK
 DNA protein kinase

DNMT
 DNA methyltransferase

DNR
 Daunorubicyn (daunomycin)

DON
 6-Diazo-5-oxo-L-norleucine

DOX
 Doxorubicin (adriamycin)

DOXF
 Doxoform

DPD
 Dihydropyrimidine dehydrogenase

dR
 Deoxyribose

DSB
 Double-strand breaks

DTD
 DT-diaphorase

DTIC
 5-Dimethyltriazeneimidazole-4-carboxamide (dacarbazine)

dUMP
 Deoxyuridine monophosphate

E2
 Estradiol

E2-2,3-Q
 Estradiol-2,3-quinone

E2-3,4-Q
 Estradiol-3,4-quinone

EDTA
 Ethylenediaminetetraacetic acid

EGFR
 Epidermal growth factor receptor (equivalent to HER1)

EMEA
 European Medicines Agency

EPI
 Epirubicin

EPR effect
 Enhanced permeability and retention effect

ER
 Estrogen receptor

ERBB2
 V-erb-b2 erythroblastic leukemia viral oncogene homolog 2 (HER2)

ERE
 Estrogen response element

ERK
 Extracellular signal-regulated kinase (equivalent to MAPK)

ESR
 Electron spin resonance

ETS
 Endothelial transcription factor

FDA
 Food and drug administration

5-FdUTP
 5-Fluoro-20-desoxyuridine-triphosphate

FGAR
 Formylglycinamide ribonucleotide

FGF
 Fibroblast growth factor

FmdC
 Fluoromethylenedeoxycytidine
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FPGS
 Folylpolyglutamate synthetase

FPP
 Farnesyl pyrophosphate

FPP
 Farnesyldiphosphate synthase

FSH
 Follicle stimulating hormone

FTase
 Farnesyltransferase

5-FU
 5-Fluorouracil

GAP
 GTPase activating protein

GAPDH
 Glyceraldehyde-3-phosphate dehydrogenase

GAR
 Glycinamide ribonucleotide

GARFT
 Ribonucleotide formyltransferase

GCSF
 Granulocyte colony-stimulating factor

GDEPT
 Gene-directed enzyme prodrug therapy

GGPP
 Geranylgeranyldiphosphate synthase

GIST
 Gastrointestinal stromal tumor

GMP
 Guanosine monophosphate (guanylic acid)

GnRH
 Gonadotropin-releasing hormone (equivalent to LHRH)

GSH
 Glutathione

GST
 Glutathione-S-transferase

GTP
 Guanosine triphosphate

HAT
 Histone acetylase

HDAC
 Histone deacetylase

HGPRT
 Hypoxantine guanine phosphoribosyl transferase

HIF-1
 Hypoxia-inducible factor-1

HMM
 Hexamethylmelamine (altretamine)

HMT
 Histone methyltransferases

HMTA
 Hexamethylenetetraamine

HOMO
 Highest Occupied Molecular Orbital

HPMA
 N-(2-Hydroxypropylmethacrylamide)

HS
 Heparan sulfate

HSP 90
 Heat-shock protein 90

HTS
 High-throughput screening

IC
 Inhibitory concentration

IDA
 Idarubicin

IGF
 Insulin-like growth factors

IMP
 Inosine monophosphate (inosinic acid)

IPMK
 Inositolphosphate multikinase

IRP-1
 Iron regulatory protein 1

IudR
 5-Iodouridine deoxyribose

JNK
 Jun N-terminal kinase

L-BSO
 L-Buthioninesulfoximine

LH
 Luteinizing hormone

LHRH
 Luteinizing hormone releasing hormone (equivalent to GnRH)

mAB
 Monoclonal antibody

MAO
 Monoaminooxidase

MAPK
 Mitogen-activated protein kinase (equivalent to ERK)

MDA
 Malondialdehyde
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MDR
 Multidrug resistance

MDS
 Myelodysplastic syndrome

MEK
 Mitogen activated protein kinase kinase

MFR
 Membrane folate receptor (a-FR)

MGB
 Minor groove binder

MMP
 Matrix metalloproteinase

8-MOP
 8-Methoxypsoralen (methoxsalen)

MP
 6-Mercaptopurine

mPEG
 MethoxyPEG (O-methylPEG)

MRI
 Magnetic resonance imaging

MS
 Multiple sclerosis

MTA
 Multi-targeted antifolate

MTIC
 5-Methyltriazeneimidazole-4-carboxamide

MTOR
 Mammalian target of rapamycin

MTX
 Methotrexate (amethopterin)

NAD
 Nicotinamide adenine dinucleotide

NADP
 Nicotinamide adenine dinucleotide phosphate

N-BP
 Nitrogen-containing biphosphonates

NCEs
 New chemical entities

NCI
 National Cancer Institute

NCS
 Neocarzinostatin

NDPR
 Nucleoside diphosphate reductase (equivalent to RNR)

NER
 Nucleotide excision repair

NMHE
 N-methyl-9-hydroxyellipticinium

NMR
 Nuclear magnetic resonance

NPY
 Neuropeptide Y

NSCLC
 Non-small lung cell cancer

4-OHE2
 4-Hydroxyestradiol

PALA
 N-phosphonoacetyl-L-aspartate

PAR
 Poly(ADP-ribose)

PARP
 Poly(ADP-ribose) polymerase

PDGF
 Platelet-derived endothelial cell growth factor

PDK1
 Phosphoinositide-dependant protein kinase

PDT
 Photodynamic therapy

PEG
 Polyethyleneglycol

PGA
 Polyglutamic acid

P-gp
 Glycoprotein P

PKB
 Protein kinase B (equivalent to AKT)

PKC
 Protein kinase C

PLP
 Pyridoxal phosphate

PML
 Promyelocite leukemia protein

PNP
 Purine nucleoside phosphorylase

Polb
 DNA polimerase b

PPARg
 Peroxysome proliferator activating receptors g

PRPP
 Phosphoribosyl pyrophosphate

PS
 Photosensitizer

PTA
 cis-3-(9H-Purin-6-ylthio)acrylic acid
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PTK
 Protein kinase

QSAR
 Quantitative structure-activity relationships

RAR
 Retinoic acid receptors

RARE
 Retinoic acid response elements

REPSA
 Restriction endonuclease protection, selection, and amplification

RFC
 Reduced folate carrier

RNA
 Ribonucleic acid

RNase
 Ribonuclease

RNOS
 Nitrogen oxide reactive species

RNR
 Ribonucleotide reductase (equivalent to NDPR)

ROS
 Reactive oxygen species

RPTK
 Receptor protein kinase

RXR
 Retinoid X receptors

SAHA
 Suberoylanilide hydroxamic acid

SAR
 Structure-activity relationships

SARM
 Selective androgen receptor modulators

SERM
 Selective estrogen receptor modulators

SHMT
 Serine hydroxymethyl transferase

SMANCS
 Styrene maleic acid and neocarzinostatin copolymer

SOD
 Superoxide dismutase

SPARC
 Secreted protein acidic and rich in cysteine

STI
 Signal transduction inhibitor

STS
 Steroid sulfatase

TEM
 Triethylenemelamine

TEPA
 Triethylenephosphoramide

TERT
 Telomerase reverse transcriptase

TG
 6-Thioguanine

TGFa
 Transforming growth factor a

THF
 Tetrahydrofolate

TK
 Tyrosine kinase

TLM
 Tallysomycin

TMP
 Thymidine monophosphate (thymidylate)

TP
 Thymidine phosphorylase

TPMT
 Thiopurine methyltransferase

TPZ
 Tirapazamine

TR
 Telomerase RNA (TERC)

TRAIL
 Tumor necrosis factor-related apoptosis-inducing ligand

TS
 Thymidylate synthase

TSA
 Trichostatin

TSP-1
 Thrombospondin-1

TUA
 6-Thiouric acid

UMP
 Uridine monophosphate

UTP
 Uridine triphosphate

VDEPT
 Virus-directed enzyme prodrug therapy

VEGF
 Vascular endothelial growth factor

VTA
 Vascular-targeting agent

XMP
 Xanthosine monophosphate (xantosinic acid, xanthylic acid)
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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 usin g X- ray techn iques are summar ized 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
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6 Medicinal Chemistry of Anticancer Drugs
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 outli ne of DN A biosynt hesis is given in Fig. 2.1, inclu ding 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
(uridi ne monop hosphate, UM P) is gen erated by decarbo xylation (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
aspa rtate transcar bamo ylase that acts as a tran sition 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 hexac oordina te 2 (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 RN R via disulfid e exch ange (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
struct ures 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 Hydrox yurea is pri marily used in the man ageme nt of myelopr olifera -
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.

N

N
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O
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OH

HO
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F
H

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 majo r one is summar ized in Fig. 2.9. 10 The mai n steps invo lved 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 inhibito r.
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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 in to 2.5 in Fig. 2.6).
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The stability of 2.20 is due to the captod ative effect of the tetrah ydrofura none
oxyge n atoms (page 103), sin ce the unpai red ele ctron is adjacent to bot h an
electro n-withdr awing and an electro n-releasi ng group (Fig. 2.11).
3.4. Allos teric 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

Immuci llin H (forodesi ne) is a 9-deazan ucleos ide with a pyr rolidine ring
replacin g the ribose tetrahyd rofuran. It behave s as a very potent inhibito r of
PNP becau se of the analogy of its pro tonated form with the struct ure of the
transi tion state, which has ox acarbeni um ion charact er with partial positi ve
charge near C-1 0 . Immu cillin-H has an NH grou p at N-7 and its charge distri bu-
tion resemb les that of the trans ition state wh en N-4 0 is pro tonated to the
correspo nding catio n (Fig. 2.13). 13,14

We wil l finally mention that some cl inically releva nt deox yad enosine deriva-
tives acting pr imarily as in hibitors of DN A polymer ases are a lso allosteric inhibi-
tors of RNR after their conversio n into the corresp onding 5 0 -tr iphosph ates, as wil l
be discus sed in Sectio n 8. The refore, these co mpounds have a dual action that has
been describ ed as ‘‘self-po tentiatio n.’’
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
sour ce of thymidylate , is part of the so-called thym idylate 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 wil l be discusse d below (se e Fig. 2.15). DHFR fi nally 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 floxuri dine

The main inhibi tors of TS are 5-FU and its deox ynucle oside floxuridi ne (5-FUdR ),
and these fluor opyrimidin es rep resent the mo st wi dely pr escribed class of anti-
canc er drugs worldw ide. 15 In particu lar, 5-FU is widely used in the treatm ent of
canc ers of the aerod igestive tract, breast, head , and neck, and especi ally in colo-
rectal cancers in co mbinat ion thera pies with oxaliplati n and irino tecan. 16,17 Admi-
niste red as a cream , it is also useful for the treatm ent of some skin canc ers. 5-FU
was develop ed in the 1950s follow ing the observ ation that rat hep atomas utilized
uracil at a higher rate than norm al tissues, wh ich sugge sted that uraci l metabo lism
could be a releva nt antitum or target. Flox uridine is employe d in the treatm ent of
color ectal canc er me tastatic to the live r. Bec ause of its nu cleoside st ructure it has a
very poor oral bioavai lability and is a dministere d in intra -arteri al injec tion.

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
subsequ ent methylena tion, as wil l be discusse d in Sectio n 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
5,10-CH2-THF

HN

N

N

H
N

N

H2N

H2N

H2N

O

5

10

NH
O
HO2C CO2H

HN

N

O

O

O

OH

P-O

dUMP

TSHS

HN

N

O

O

O

OH

P-O

H TSS

HN

N

N

H
N

H2CO HN
R HN

N

O

O

O

OH

P-O TS

S

HN

N

N

H
NH2N

O HN
R

H

TS:B

HN

N

N

H
NH2N

O
2.24 (THF)

NH-R

HH

HN

N

O

O

O

OH

P-O TS

S

CH2

HN

N

N

H
N

O NH-R
DHF

TSHS
HN

N

O

O

O

OH

P-O

CH3

TMP

2.21

2.22

2.23

2.25

H+

FIGURE 2.16 Catalytic cycle of thymidylate synthase.



Antimetabolites 23
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). Becau se of the need for an activatio n step by nucle ophilic attac k 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 cy cle in resp onse to DN A damage or trigger apopto sis (Fig. 2.18). In vit ro
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 terna ry TS-FdU MP-CH2-THF co mplex induce s TS expres sion due to the
inhibiti on of a ne gative feed back me chanis m wher eby TS bin ds to its own mRNA
and inhibi ts the transl ation proce ss. The ternary comp lex is not able to bin d to
this mRNA , leading to increase d exp ression of TS and constituti ng a possibl e
resistanc e mecha nism. Finally, TS inhibi tion leads to an increase in intra cellular
dUMP pool s, whic h even tually co mpete with 5 -FdUMP for binding with TS.
4.3. 5-FU prodrugs

5-FU req uires intrave nous ad ministr ation, and a nu mber of oral prodrug s have
been designed to circumv ent this limita tion. One of them is ftora fur (teg afur),
which is complet ely ab sorbed in the ga strointestin al trac t and metabol ized to 5-FU
through two maj or pathw ays. The first of them involv es microsomal hydrox yl-
ation of the C-50 posi tion of the tetrahyd rofuran moiet y by cyto chrome P450,
follow ed by spon taneous decomp osition to 5-FU and suc cinic aldeh yde. An
hydroly tic pat hway due to cytos olic hyd rolases (pyrimidi ne nucleosid e phos-
phoryl ase) is also possi ble, giving 5-FU and 2-tetrahydr ofu ryl phospha te
(Fig. 2.19). Ftorafur was introduce d in the clini c in 1967 and showed a signifi cant
antitum or resp onse. However , due to severe digestive and cardiac to xicities, it
was soon rep laced by its combinat ions wi th sever al other enzyme inhibi tors,
especial ly UFT and S-1 (se e Sectio ns 4.4.1 and 4.4.3 ).

The levels of the hydrolytic enzy me thym idine phospho rylase (TP ) are signifi-
cantly higher in sever al solid tumo rs, suc h as color ectal, breas t, and kidne y
cancers , co mpared with norm al tissue s. This led to assay doxi fluridin e
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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 pyr imidine nucleosid e phos phorylas e (Fig. 2.2 0). It is wort h 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 time s more efficie ntly 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 a ldehyd e oxi dase after ora l or intra venou s admi nistra tion (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 (Fi g. 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 pro drug ftora fur. 24 Alternati vely, the coadmi nistrati on of 5-FU with DPD
inhibito rs, suc h as 5-ch loro-2,4-di hydroxy pyridin e (CD HP, gim estat) and enilur-
acil (5-ethynyl uracil), 25 is bein g inv estigated, as well as the use of the UFT
combinat ion plu s DPD inhib itors. 26 Enilur acil has recei ved FDA orphan dru g
designa tion for its use in co mbinat ion with fluor opyr imidines in the treatm ent
of hep atocellular canc er.

4.4.2. Enhancement of the inhibition of TS by 5-FU
The action of TS require s the pre sence of 5,10-m ethyle ne-THF, and for this reason
the coadmi nistra tion of pre cursors of this cofact or increases the cytotoxici ty of
5-FU in man y cancer cell lines. For instance , the combi nation of 5-FU or ftorafur
with leucovorin (LV , 5-formyl -THF) ga ve superio r respons e rates than the single
agents, and particul arly the use of leuco vorin to modu late UFT leads to a thr ee-
compo nent co mbinat ion cal led orzel that has been pro posed as first-lin e chemo-
therapy of colorectal cancer . 27 Leucovor in ente rs the cell via the redu ced fola te
carrier (RFC) and is metabo lized to 5,10 -methyl ene-TH F, with out requ iring the
particip ation of DHF R, by cycli zation to 5,10-m ethyn yl-THF follo wed by NADP-
media ted red uction of the iminium functi on (Fig. 2.24).

4.4.3. Enhancement of 5-FU activation
It has been pro posed that pre treatme nt with methot rexat e (MTX ), a n antif olate
agent, enhance s the activity of 5-FU 28 bec ause MT X inhibi ts the biosy nthesis
of te trahydrofol ic acid (THF), which is necess ary for som e steps of purine
biosynt hesis (se e Section 6). This leads to accumu lation of PRPP, essent ial for
the activation of 5-FU, even though the levels of the TS cofactor should also be
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dim inished (see Se ction 4.4.2). Clinical ly, this combinat ion 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
mentio ned gim estat (CDHP), an inhibi tor of DPD (see Section 4 .4.1).31 The ba sis
for som e of these combi nations is summar ized 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
rela ted to RNA (Figs. 2.15 and 2.18). Also , the accumu lated dUMP may co mpete
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 unde r advanc ed clini cal eva luation . The se compo unds have been desi gned
by man ipul ation of the folic aci d struct ure.
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Raltitre xed (TOM) was the first specif ic TS inhib itor to be a pproved for clin ical
use, and it is employe d for advanc ed color ectal canc er. Its struct ure contain s two
classic al bioi sosteric mod ifications, namely replace ment of the pteri dine ring of
folate by a quinazol ine unit and replac ement of the benzene ring of folate by a
thiophe ne. This drug is transpor ted into the ce lls by the reduce d fola te carr ier
(RFC), and its terminal glutam ate residue is conve rted into a polygl utamat e by
folylpo lyglutam ate synth etase (FPGS ). The polygl utamat e form is more poten t as
an enzy me inhibito r and it is retained intra cellula rly, leading to a pro longed
action (Fig . 2.26). A relate d TS inhibi tor is pemet rexed (ali mta, 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 requ ires a pro longed infusion (se e 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 (Fi g. 2.27), which are known a s folinic acid s 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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It catalyzes the transfer of the pro-R hydrogen of the C-4 position of the dihydro-
pyridin e ring in the cofact or onto the C¼ N doubl e bonds of folic aci d and
dihy drofolic acid (Fi g. 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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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–CH 2NHR bond in regard to that of DH F (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
acid s. As previousl y mentioned (see Fig. 2.24), leucovo rin enters the ce ll via
the RFC and is metabolized to 5,10-methylene-THF without requiring the
partici pation of DHFR thus bypass ing its blockade (Fi g. 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 particip ate in the purine de novo biosynt hesis (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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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

N

N

N
H

H2N

H2N OCH3CH3

OCH3

OCH3

Trimetrexate Piretrexim

N

N NH2N

H2N CH3 OCH3

OCH3

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 pathw ay leads to the formatio n of ino sine 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 mi sincorporat ion into nucle ic acid s, and wil l be stud ied in Sectio n 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-f ormyl-TH F as the formy l dono r (Fig . 2.32). The enzyme that catal yzes 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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common ly present in DHFR inhibi tors. Its glutam ate side chain allows its ready
transp ort into cells by means of the RFC and MFR as transpor t systems , and
also its polyg lutamatio n by folylpo lyglutam ate synthas e (FP GS). Lometrexol
was inves tigated clinically, but unexpe cted observ ations of delayed cumulati ve
toxicity 45 pro mpted a search fo r secon d-genera tion antim etabolites wi th a more
favora ble pr ofile (Fig. 2.33). Some of these comp ounds are LY- 309887, an anal og of
lomet rexol designed by benzene-t hioph ene bioi sosteric rep lacement with a nine-
fold greate r poten cy as a GARFT inhibi tor, and AG-2037 , an analo g with the
opposit e configur ation at C-6. Beside s bein g well tolerated , the latter compo und
shows an interesting synergis m with 5-FU and is bein g studied in Phase II in
patients with me tastatic aden ocarcino ma of the co lon or rectum that failed prior
fluoro uracil and leucovorin cal cium thera pies. 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 as MTA (multitargeted
antifolate). Pemetrexed has been approved for the treatment of malignant pleural
mesothelioma in association with cisplatin, and as second-line treatment of non-
sm all c el l l un g c an ce r. 47 The interaction of pemetrexed with DHFR 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 of MTX. Replacement of the 4-oxo group by a methyl (AAG 113–161)
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 nucle ic acid biosynt hesis 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 cyste ine thiol group (Fig. 2.36). Clinical trials have sho wn 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 becau se of comp etition bet ween MP and its natur al substr ate,
hypoxan thine.

b. Inosi nic dehyd rogenase , whic h transform s ino sinic aci d (IMP ) into xan thylic
aci d (xantos inic acid , XMP), a precurso r of guanyl ic acid (GMP).

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

Finally, thioinos inic acid is transform ed into thioguanyl ic acid, wh ich is mis-
incorpo rated into DN A a nd RNA. Thi s leads to single stran d DN A brea ks and
DNA–pr otein cross -links by alterati on of DN A repair mecha nisms (Fig. 2.37).
Thiog uanine acts by a very sim ilar mecha nism, after its tran sform ation into
thiogu anylic aci d 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 hete rocyclic der ivatives of thiopuri nes have been designed to affor d
protecti on from the degradati on process es desc ribed ab ove, two exampl es bein g
the nitroimi dazole der ivatives azath ioprin e (imu ran) and thiamipr ine (guaner an).
These comp ounds act as pro drugs and are pre sumabl y activated by an SN Ar
mecha nism involv ing nucle ophilic attac k from thiols onto the 5 positi on the
4-nitro imidazole ring, follow ed by elimina tion of the thio purine as a leavin g
group (Fig. 2.39). None of these pro drugs are more effective as antica ncer
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 moiet y follow ed by elimi nation (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-m embere d ring. Thes e co mpound s beh ave as very poten t inhib itors
of a denosine deam inase, the enzyme that degrade s deox yadeno sine by its trans -
form ation into 2 0 -deoxyi nosine, by analog y with the trans ition state of this
reactio n (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 follow ing events (Fi g. 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 Se ction 3.1 of Ch apter 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 particu lar compo unds (Fig. 2.43). A general prob lem associa ted wi th 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 antica ncer comp ounds belongi ng to this gro up are cytosi ne or azacyto -
sine nucl eoside s wi th a modified ribose ring, inclu ding cytar abine (Ara- C),
fazar abine, gem citabi ne (dFdC) , and azaciti dine.
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Among the arabi nose-de rived nucle osides , cytar abine (Ara-C) , the 2 0 -epimer
of cytidi ne, is useful in several leuke mias, inclu ding acute myelogen ous leu kemia
and non-Hodg kin lym phoma. Cytarab ine is employe d eith er as a single agent or
in combinat ion with others, speci ally the anth racyclin es, and is the pri me examp le
of an antitum or drug specif ically acting in the S-phas e of the cell cycle becau se its
incorpo ration into DN A a fter bein g activate d to the corresp onding trip hosphate
leads to inhibiti on of strand elongat ion (Fig. 2.44). Bec ause of this S-phase -speci -
ficity, pro longed exposur e of cells to cyto toxic concentrat ions is critical to achieve
max imum cyto toxic activity. Ho wever, the activity of cytarabin e is decrease d by
its rapi d deami nation by cytosi ne deami nase to the biologic ally in active metabo -
lite uracil arabinosi de.53 For this reason, the search fo r effective form ulation s and
deriv atives of cytarabine that canno t be deam inated and exhibi t bette r pharmaco -
kine tic paramete rs is a n acti ve 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 ce ll cycle at the S-ph ase similar ly to cytarab ine and it is also an inhibi tor
of RN R in its diph osphate form (see Section 3.3). Gemci tabine can be consi dered
as the leading market ed nucleoside analog and is most common ly 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 Ch apter 10 in co nnection with the inhi bition of DN A methylat ion.

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 cycl e at the G2 phase (Fi g. 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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Fludara bine is very insolubl e and is ad ministered as a phosphate pro drug that
must be cleaved ba ck to the nucleoside pri or to enterin g the cell. Besides the
mecha nisms common to this grou p of drugs, it is an inhibitor of RNR and is active
against sever al lympho id mali gnanci es. Cladribi ne is also employe d in hairy cell
leukemi a a nd has the advantag e over other adenine deriv ative s of bein g resista nt
to adeno sine deam inase, a pr operty that shares with all 2-h alogena ted ad enine
derivati ves. The 20 -fluoro der ivative of cladribi ne, called clofarabi ne, is mo re acid
stable, leading to increase d oral bioavail ability, and has recent ly ente red clini cal
trials. Ar a-G has a very poor water solubi lity, and this has led to the devel opment
of its prodrug nelarabi ne, which is 10 time s mo re solubl e and has en tered clin ical
trials. Ano ther purine nucle oside that has ente red clinical trials is immu cillin H,
which was studied in Section 3.
9. ANTIMET ABOLITE ENZYMES

L-Aspa raginase is an enzyme that beh aves as an antim et abolite. Its phy siologic al
role is the hydrolysi s of the ami no acid L-aspara gine to aspartic acid and ammon ia
(Fig. 2.46). Norm al tissues can synth esize L -aspara gine in amo unts suf ficient for
protein synthesis , but som e types of lym phoid malig nancies take it from plasm a.
Treatm ent of these pat ients with L-aspara ginas e leads to the hyd rolysis of circul at-
ing L-as paragine and preve nts its upta ke into the tu mor cells, leading to interr up-
tion of protein synth esis and ce ll death. L-Aspa raginase is norm ally used for the
treatme nt of acute lympho cytic leuk emia in combi nation with other agen ts, such
as MTX , doxo rubicin, cytar abine , and vincr istine.

L-Aspa raginase has been modifi ed by coval ent a ttachmen t of polye thylene-
glycol (PEG) compounds such as monomethoxypolyethyleneglycolsuccinimidyl
units. This PEG -modifie d enzyme is known as pegasp argase (see Section
3 of  Chapt er 11 ), and it is emp loyed for the treatme nt of acu te lympho cytic
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
hormon e is as follows (Fig. 3.1): (1) bin ding of the horm one to the recep tor;
(2) formation of a homodimer from two molecules of receptor (not shown in
Fig. 3.1); (3) tran sport to the nucle us, if ne cessary (e.g., in the case of estro gen
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.
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Estradiol

H3CH3C O

HO
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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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estroge n-depe ndent tumors. In the first place, the transcripti on proces s initia ted
by the bin ding of estro gens to their recep tors ultima te ly induce s ce ll prolifer ation
in som e target tissue s. Exam ples are breast tissue, wh ere estro gens trigger the
prolifer ation of cells linin g the milk gland s, thereby pre paring the bre ast to
produc e mi lk in case of pre gnancy , and the endome trium of the uteru s, wh ere
they stimu late cell prolifer ation in order to prepa re the uteru s for implan tation.
This prolifer ative action is one of the phy siologic al ro les of estr ogens, but it can
also lead to the devel opment of breast or ut erine canc er becau se if cells from these
tissues alread y poss ess a DN A mutatio n that increase s the risk of develop ing
cancer, they will prolifer ate (along with norm al cells) in respons e to estro gen
stimula tion.

An alternat ive mecha nism that exp lains the carcino genes is by estro gens is the
generatio n of mutage nic species in their metabo lism. 2 Strong evide nce supports
that tumo rs may be initiate d by metabo lic conversi on of estrad iol (E2) to the
catecho l me tabolite 4-hy droxyestr adiol (4-OH E2), which is further oxi dized to
estradi ol-3,4-quino ne (E2-3,4-Q) (Fig. 3.2).

Estradio l-3,4-quin one reacts with DNA as a Mi chael substrate forming a bond
betwee n its C-1 atom and the N-7 atom of guanine, affor ding hydroqu inone 3.1 .
The posi tive charge gene rated at the guani ne N-7 positio n facili tates the hydrolys is
of the glycosi dic bon d of 3.1, leading to the purine deriv ative 3.2 and depurin ized
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 deriv atives 3.5 and depu rinized DN A 3.3 (Fig. 3.4).

As sho wn in Fig. 3.5, the alternat ive cate chol metabo lite 2-hyd roxyestr adiol
(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 SN 1 mecha nism (Fi g. 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 in hibition of the ER by the triphen ylethy lene derivati ves and by thei r
cycli c analo gs has been rationa lized using the struct ures of thei r compl exes with
the recep tor, a s determined by X-ray diffra ction data. 12 The agonis ts and antago-
nists bind at the same site, but wi th differen t bin ding mode s, 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
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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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wh ich has been appr oved for the treatme nt of postm enopa usal wome n with
horm one-sensi tive advanced brea st cancer fo llowing prior endocrin e thera py. 15
H3C OH

HO
S
O F F

F
F

F

Fulvestrant
Fulvestr ant has a uni que mecha nism of acti on, 16 compris ing sever al dif ferent
aspect s (Fig. 3.10). In the first place, fulv estran t is a compe titive inhibi tor of
estradi ol binding at the ER, with an affinit y of 89 % that of estra diol. Ano ther
conse quence of fulvest rant binding is the impa irment of the dimeri zation of ER,
an event that takes place after estro gen bin ding and is essentia l for the nucle ar
localiza tion of the recepto r. Because of the inhibi tion of dimeriz ation, fulv estran t
bind ing leads to accelerated recep tor degr adation due to the low er stabi lity of the
monome r.

On the contrary, the side chain of fulv estran t obstructs the foldin g of the H12
hel ix of the recepto r and theref ore preve nts its interacti on with coactiv ators, as
mentio ned in Secti on 2.1 (Fig . 3.11).

Figure 3.12 gives a sum marized pict ure of the even ts assoc iated to fully acti-
vated transcription by ER agonists, partially inactivated transcription by SERMs,
and full inactivat ion by anties trogens. In the fi rst case (Fi g. 3.12A ), estradi ol (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
stimula tion of RNA polymer ase activity and fully activated transcripti on. After
the binding of SERMs, exemp lified by tamo xifene (T) (Fi g. 3.12B), activatio n of AF2
does not take place and therefore coactivator recruitment and transcription activa-
tion are only partial. The pur e stero idal anta goni sts, like fulv estrant (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
AF2 activation 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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NC
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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antiestr ogen s of blockin g the two pathw ays involved in the gene ration of tumors
by the estrog enic horm ones , whic h were discus sed in Sectio n 2, nam ely ER
activatio n a nd the generatio n of carcino genic me tabolites (Fig. 3.13).

Aromatase catalyzes the loss of the C-19 methyl group as a formic acid molecule,
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
postmenopausal women, for whom the primary estrogen source is aromatase activity
in adipose tissues in the breast, bone, vascular endothelium, and central nervous
system and aromatase levels are not under gonadotropin regulation. In premeno-
pausal women, the use of aromatase inhibitors leads to incomplete estrogen suppres-
sion and increased gonadal stimulation due to the feedback regulatory mechanism
that increases luteinizing hormone and follicle-stimulating hormone after aromatase
inhibition (see also Section 3.9). This complication is not observed in postmenopausal
women.

Aromatase inhib ition, speciall y by third-g eneration drugs, resu lts in nea r-
compl ete estro gen depriva tion and for this reason some of the dru gs discusse d
below have improve d cl inical outcome s over tamox ifen in breast cancer treatm ent.
This differen ce is pro bably rela ted to the pre viously me ntioned estrog enic agonis-
tic effects of tamox ifen and to the gen otoxicity of the estradio l metabo lites, spe-
cially its quinone s, since aromatas e inhibi tors prev ent the generatio n of estradio l
while anties trogens do not (Fig . 3. 13).20 The comb ination of aromat ase 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 mecha nism of action

Arom atase belo ngs to the grou p of microso mal cy tochrome P450 enzymes resp on-
sible for hydrox ylation metabo lic proces ses. The over all proce ss cataly zed by
aromat ase comprise s a series of three oxid ative steps. The first two are the
inserti on of two hydrox yl grou ps at the C-19 methyl gro up of its substr ates
leading to 3.9 and then to gem -diol 3.10 , which is dehy drated to aldeh yde 3.11 .
The third reaction is onl y partly understo od, and involv es loss of the C-1 9 carbon
atom as a molec ule of form ic acid, with concom ita nt aromat iza tion of ring A. One
mecha nistic possibi lity is that a third hyd roxylatio n tak es place at C-2 b, yielding
interm ediate 3.12 , which can be postulated to rearr ange to 3.14 through the
interm ediacy of the cyclic hemiaceta l 3.13 . Loss of a molec ule of form ic acid,
driven by the generation of the aromatic A ring, would finally culminate the
pro cess, yielding the estro gens estradio l a nd estrone (Fig. 3.15). Howeve r, 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 me chanism sho wn in Fig. 3.16, or per haps 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 devel opment of plome stane as an antitu mor dru g 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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observ ations is summar ized in Fig. 3.18, althoug h the low activi ty 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
syst em (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
bondi ng a nd hydro phobic inte raction s in the acti ve site of aromatas e (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 bloo d. This increase d stab ility 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 contr olled by inhibi tion of the release of LH (see Sectio n 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 no
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 involve
the particip ation of sever al other cytoch rome P450 enzy mes (Fig . 3.2 3), high dose
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 human
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 pr ostate, with out blockin g periph eral andr ogenic actio n due to testos terone.
Their main use so far is the treatm ent of alopecia and benign pros tate hyp erplasia,
and there is interest in their potential use as cancer chemopreventive agents.

5a-Reductase is associatedwith thenuclearmembraneand requires hydridedona-
tion from N ADH, which acts as a cofactor a nd is transformed i nto NAD þ (Fig. 3 .24).

Finasterid e, the first inhibito r of this enzyme to reach the market, is believed to
be a mechanis m-based inhib itor acting through the mecha nism 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
contro l of the proce ss and those st udied in Section 8, are sum marized 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
gyneco logical canc ers discuss ed so far is pr esented in Fig. 3.27.
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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 inhibitio n of glucocor ticoid synthesis (Fi g. 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-retin oic aci d can activate bot h RARs and RXRs (Fig . 3.29). Retin oids 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-
pre ssors and all ows t he unio n t o c o activators, le ading t o g ene t rans crip tion (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.
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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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antibondi ng orbit al, and henc e it can be consi dered as a biradi cal. Bot h electr ons
have the same spin qua ntum number and theref ore oxyg en tends to accept
electro ns one at a time becau se a pair of electro ns in an ato mic or molec ular orbit al
will have opposite spin numbe rs in accorda nce with Pauli’s principl e, a nd for this
reason it wil l not be able to form two pair s of electrons with antipar allel spin s by
combinat ion wi th the oxyge n mo lecule electr ons, whic h have para llel spin s.
Singlet oxy gen specie s, on the contrary, do not have this res triction becau se the
two ele ctrons of the p* antibondi ng orb itals have oppos ite spins and are more
potent oxi dants than ground state ox ygen. Additi on of on e electro n to ox ygen
gives the superoxide radical anion, and incorporation of a new electron to the
latter leads to the per oxide 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 reactio n, Fig. 4.2).

The prod uction of hydrox yl radical through the mecha nisms 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
superox ide radi cal (Fig. 4.3). The extrem ely reactive hydrox yl radical cann ot
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.



(H3C3)N O
P

O

O

O−
O

O
O

O

CH3

CH3

H H

Arachidonic acidGlycerol

H

H

Phosphatidylcholine

H− HX

X

FIGURE 4.4 Radical generation in membrane phospholipids.

96 Medicinal Chemistry of Anticancer Drugs
The C-H uni ts in these methylenes are particul arly suitabl e poi nts of attac k by
hydrox yl and other radicals because of the stabilizat ion of the resu lting carbon
radical by doubl e reson ance (Fig. 4.4 ).

The reaction of these polyu nsatur ated side chains with oxy gen radicals leads
to phosph olipi d perox idation and subsequ ent membr ane injur y. Thi s pro cess is
initiate d by the attack of a hydrox yl radical to one of the previousl y mentio ned
bisally lic posi tions existing in the fatt y aci d side chains , leading to the gen eration
of an alkyl radical 4.1 . Supero xide radical is not suffici ently re active to initia te
lipid peroxi dation, and in any case its negative charge pre cludes its tran sport
across the highly lipo philic cell memb rane. Carbon radical 4.1 reacts rapid ly wi th
a molec ule of oxyge n, whic h is sufficiently hydrop hobic to access the inte rior of
the membr anes, generatin g a perox yl radical (R-O -O �, 4.2 ), which can ab stract a
new hydroge n atom from a doubl y allyl ic C-H bon d in the adjace nt fatt y aci d side
chain. Thi s leads to a hyd roperoxid e 4.3 and a new radical 4.1, allowin g a self-
maint ained radical pro cess that exte nds to an expanding area of the me mbrane , as
long as there is sufficie nt oxyge n (prop agation phase). If traces of catio ns, suc h as
Fe2þ , are pre sent, they can gene rate new oxy gen radi cals (RO � and HO �) from
hydrope roxides 4.3 through Fento n chemistr y, co ntributin g to the extension of the
peroxi dation pro cess (Fig. 4.5).
2.2. Malondialdehy de generation and its consequences

Peroxy l radical s 4.2 can also evolve to cyclic en doperox ides by attac k onto a
neighbo ring C¼ C double bon d in the same chain, as shown in Figure 4.6 for the
case of a mo lecule of arachi donic acid, in a pr ocess res embling the one catalyze d
by cyclo oxyge nase. Peroxy l radicals 4.2 may lead to lipid per oxidation, as previ-
ously me ntioned (Fi g. 4.5). Alternativ ely, they can cy clize to radical 4.4, which
then unde rgoes a new cycli zation, coupled with the addit ion a sec ond oxygen
molec ule and subsequ ent redu ction of the hydro peroxyl radical thus gene rated, to
give 4.5 . Togeth er with other pro ducts, these interm ediates gen erate malo ndial-
dehyde (MDA ) through a retro Die ls-Alde r me chanis m.

MDA can link co valently to amino gro ups in proteins , especial ly at Lys
residues , res ulting in intra- and in termolecu lar pr otein cross-li nks (Fi g. 4.7A).
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It may also react with DNA bases and cause mu tagenic lesio ns, consisti ng of lar ge
insertio ns and dele tions at GC base pairs, by re action with guani ne amino grou ps
to give the oxo propeny l deriv atives 4.6 whic h are fi nally cycl ized to pyrimi do-
purine deriv atives 4.7 , known as M1dG adducts (Fig. 4.7B). 3 For man y years , there
has been insu fficient evidenc e for the im plication of lipid peroxi dation in the
antitum or effects of radical-ge nerating drugs like the anth racyclin es, but recent
studies have shown the in volvem ent of MDA in DN A damage. 4 In prolifer ating
cells, the form ation of M1dG adducts is accomp anied by cell cycle arrest and
inhibiti on of cycli n-assoc iated kinas e acti vities. It has been proved that antitumor
compounds of the anthracyclin group, at low concentrations, increase MDA-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

Oxida tive stres s by hyd roxyl radical also causes direct DN A damag e, mainly by
strand cleav age and oxid ation of pyrimi dine and purin e ba ses. DNA, bec ause of
the negative charge of its pho sphate grou ps, acts as a n anio n and is theref ore
capabl e of binding man y catio ns, inclu ding those required for Fen ton chemistr y,
like Fe 2þ and Cu þ  . Additio nally , deoxy ribose has also good iron-bin ding proper-
ties. This allows ‘‘site-sp ecific’’ hydrox yl radical generatio n that canno t 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 mai n pr oducts of DNA strand scission, wh ich have been studied
mainly for the case of the antitum or dru g bleomyc in, are free DNA bas es and
N -(3-oxop ropenyl ) bas es, which are accompan ied by 5 0 -phosp hate-mod ified DN A
fragm ents and 30 -phos phoglyc olate DNA deriv atives (see Fig. 4.9 below) . The
form ation of N-(3-o xoprop enyl) ba ses require s addit ional oxyge n,7 while that of
free ba ses does not, 8 as shown by isotop e stu dies with 18 O2 and H2

18 O.
This pro cess start s by the radi cal-induced a bstracti on of a proton from any

positi on of the desox yrib ose moiety and can lead to a lar ge numb er of prod ucts. For
instan ce, oxidation at C-4 leads to carbon radi cal 4.8 , stabi lized by resonan ce with
the ri ng oxyge n. Additio n of an oxyge n molec ule gives the sugar per oxyl radicals
4.9 , wh ich are tran sform ed into hydrop eroxide 4.10 by incorpo ration of one proto n
and one electr on. If their sour ce is the deso xyribose unit of anoth er DN A mo lecule,
the radical pr ocess bec omes self-main tained, as shown in Fig. 4.8.

One possi ble degr adation pathway that exp lains some of the pro ducts
observ ed in the pre sence of addition al ox ygen invo lves a ring exp ansio n thr ough
a modifi ed Criege e rearrangem ent, where isoto pe stud ies with 18 O2 and H 2

18O
pro ve that hydrox ide is release d from 4.10 .7 The stabilized catio n 4.11 res ulting
from the rearr angemen t unde rgoes an elimina tion re action to 4. 12 , whic h is
subsequ ently decomp osed to the obse rved fragm ents 4.13 , 4.16, and 4.17 , whic h
come from 4.14 and 4.15 by the mecha nism sho wn in Fig. 4.9.

The liberat ion of DNA bases can be explain ed by the mechanis m shown in
Fig. 4.10, where the 4 0 -radic al 4.8 evolve s 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 hydrox yl radicals to purine or pyr imidin e ba ses produc es other DN A
damage s. The stru ctures of the degra dation produc ts aris ing from this reaction
have been esta blished mainly from stu dies with ionizin g radiatio n, 9 but man y of
them we re sim ilarly isolated from patien ts receiving anth racyclin es for the treat-
ment of breas t 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 othe r reactio ns, hydroxy l radicals can add to the guanine C-8 position
to give radical 4.23 that can be redu ced by addition of one electr on and one proton
to the unstable aminal interm ediate 4.24 , whic h finall y gives the ring-ope ned
produc t known as FapyG ua. Alte rnative ly, 4 .23 can undergo one-el ectron oxida-
tion to 8-hyd roxyguan ine (8-OH Gua). A very similar pr ocess tran sforms ad enine
into the ring- opened derivati ve FapyA de (Fi g. 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 poly merase dysfu nction may also be due to oxid ation-in duced conforma-
tional chan ges in DNA. Nuclear proteins can also be attack ed by radical s,
especial ly at Tyr res idues, and the resu lting prote in-derived radi cals can cross-
link to ba se-derive d radi cals that inte rfere with chromatin un folding and DNA
repair and transcripti on. 12
2.5. For maldehyde generation

Another conse quence of the formatio n of hydrox yl radi cals can be the gen eration
of form aldeh yde by reaction with certain ce ll compo nents like sper mine and
lipids . This me chanis m seems to be releva nt onl y in the cas e of som e anth racy-
clines and will be discusse d in Sectio n 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),
wil l be st udied in Sectio ns 5 and 6 of Ch apter 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-
with drawing carbon yl groups (Fig. 4.13).
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The reve rsibility of semiq uinone form ation allows thes e radi cals to induce one-
electro n re duction of ox ygen molec ules to superox ide radical anio ns, leading to an
overal l increas e of the electro n flow to oxy gen der ived from the activity of
enzymes suc h as NA DPH dehy drogenase , xan thine dehy droge nase, and the
reductase domai n of nitric oxid e synth ase 19 (Fig. 4.14).

A competi tive reaction of semiq uinone 4.25 can take place, involv ing loss of
daunos amine. Thus, two mo lecules of 4.25 can dispropo rtionat e to give the start-
ing q uinone and hydroqu inone 4.26 , wh ich is unstabl e and evolves by elimina tion
of the sugar moiet y to give the anth racyclin e ag lycon (Fi g. 4.15). 20 Bec ause of their
relative ly high lipophi licity with regard to the glycosi des, these ag lycons te nd to
accumul ate in the inner mi tochond rial me mbrane. The oxi dative deterior ation of
mitochon drial functi ons due to the form ation of radi cals from these a glycons is
one of the fact ors resp onsible for the cardiomyo pathy assoc iated wi th the use of
anthracyclines.20



FIGURE 4.15 Elimination of the sugar moiety from anthracyclines.
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Ano ther impor tant chemic al proper ty of the anthrac yclines releva nt to thei r
antitum or activi ty is their chelating ability due to the pres ence of b-hydr oxycar -
bony l moiet ies in their struct ure, especial ly at the C-1 1 and C-1 2 positions. 21

Pro bably bec ause of ionic in teraction s with the pho sphate grou ps, the
anthrac ycline -Fe 3þ chelate binds to DN A mu ch mo re tightly than the anthracy -
cline itself and can then gene rate Fe2þ by reactio n with superox ide anion. As
pre viously mentio ned, Fe2þ cations thus gen erated in situ can form hydrox yl
radical s through their Fen ton reaction with hydroge n peroxi de (Fi g. 4.16). The
high ef ficiency of DNA fragm entation by these hydrox yl radical s is refle cted in
the rou tine use of the Fento n reaction in DN A footprint ing, a techni que that
fragm ents DNA in discriminat ely and allows to determine wh ere DNA- protein
interac tions take place. 22

Anthracy clines also indu ce a sever e dysr egulatio n of iron homeo stasis, possi -
bly me diated by the re lease of iron from intrace llular sto res. Thi s hel ps to explain
wh y the Fenton reactio n takes place in spite of the fact that cells norm ally have
very little or no free iron a vailable, 23 a nd is also very im portant in explain ing the
cumu lative cardio toxicity of the anth racyclin es. The mai n target resp onsible for
this dysr egulatio n of iron home ostasis by the anthrac ycline s seems to be aconitase,
a Kre bs cycle enzyme that reversibl y isomer izes citrate to isocitr ate 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 affin ity for mR NAs correspo nding to trans ferrin recepto r and ferr itin,
an iron st orage protein, result ing in an increased synth esis of the form er and
decreas ed synth esis of the latter. The overall effect leads to an increase of iron
uptak e upon iron sequestr ation, and theref ore to an increase in avai lable
iron (Fig . 4.17A).

Regardin g the mechani sm of anthracy cline-medi ated loss of iron from the
aconitase [4Fe-4S] clust er, it has been shown that the sec ondary alcoho ls (do xor-
ubicin ol, DO Xol and dauno rubicinol , DNRol, Fig. 4.17B ) der ived from two-
electro n redu ction of the C-13 carbon yl in a nthracy clines by NADPH -dep endent
cytopla smic redu ctases are more reactive than superox ide or hydrog en peroxid e
toward artificiall y generated mi mics of the cluster. 24 Further resea rch using intact
tumor cells has shown, however , that the effects of anthrac yclines on IRP -RNA
binding acti vity are not due to DOXol or free generatio n of free radical s, but due to
formati on of Fe comp lexes with DOX itsel f.25

In sum mary, while the oxi dant activity of anthrac ycline aglyc ons seems to
be respons ible for the acute toxicity of anthrac ycline s, the a lterations in iron
homeo stasis have been proposed to be respons ible for the life- threatening chronic
toxicity of anthrac ycline s.26

Since ROS -associ ated toxicity is iron dependen t, the associa tion of anth ra-
cycline s with chela ting agents, such as dexrazo xane (ICR F-159), pre vents
anthrac ycline -induced cardioto xicity without ser iously comp romising antitum or
activity. This co mpound is a prod rug that can enter the cells easily and is then
hydroly zed in two stage s to the iron chelato r ADR-925, an EDTA analo g
(Fig. 4.18). 27 Af ter its appr oval by the FDA and other reg ulating agenci es 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-
isomer ase II inhib ition 29 (se e Sectio n 6.3 of Ch apter 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 pre sence of an addition al carbon atom for each cros s-linked drug
molec ule, the source of the extra carbon being a molec ule of forma ldehyd e
generated from the tris buffer employe d in the exper iments. These mass spect ral
data were co nsistent wi th the X-ray struct ure of a co mplex form ed from (CG)3,
DNR, and form aldeh yde, which in this cas e was present as an impur ity of the
crysta llization solvent. 32 Further exp erime nts prove d that sever al biomol ecules
such as spermi ne and lipi ds can yield formaldeh yde in the presence of
anthrac ycline -induced ROS ,33 whic h pro vided a link betwee n these in vitro experi-
ments and the mo de of action of the anthrac ycline s in vivo . It was shown lat er that
DNR and DOX react with form aldeh yde to yield dimeri c oxazo lidine structure s
called doxo form (DOX F) and da unoform (DAUF ), sho wn in Figure 4.19, that
would liberat e by hydrol ysis the mo nomeric struct ures 4.27 pre dicted to be the
active me tabolites of the anthrac ycline s. Coadmi nistrati on of DOX and kno wn
formaldeh yde precurso rs, like pivalo yloxyme thyl butyrate or hexame thylenete-
traami ne (HMTA ), increases the levels of anthrac ycline-D NA add ucts, whic h can
be conside red anoth er proof of the role of form aldeh yde in this proce ss.34 Form-
aldehy de add ucts, like DAUF and DO XF, are resp onsible for the form ation of a
covalen t bond with the 2-am ino group of a guani ne in the DNA mi nor groo ve
through the form ation of an intermediat e Schif f’s base 4.28 , as shown in Fig. 4.19.

DAUF and DO XF can be conside red a s anthrac yclin e pro drugs, and are more
active than the pare nt dru gs in some cell lines.

Format ion of species 4.29 is accomp anied by inte rcalation and form ation of
hydroge n bon ds with the G-base in the opposit e stran ds (Fig. 4.20 ). This combi-
nation of interca lation, covalent bond, and hydrogen bonding is known as
virtual cross -linking. This mecha nism has pr ompted the synth esis of anth racy-
cline form aldeh yde conj ugates as novel drug s potenti ally less cardi otoxic and
active than the pare nt co mpound s against resistant cancer cells. 35

Among ot her cardio vascul ar effects, 36 anth racyclin es are thoug ht to be mod-
ulators of angiogene sis, a key process in tumor growt h and me tastasis, indu cing a
breakd own of tumo r vascul ature. This is partly due to their effects on nitric oxi de
(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 pum ps res ponsible for resistanc e, suc h as P-gp (see Ch apter 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 DN A and to poisomerase II (see Ch apter 7). The last effect is impor tant,
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, it may 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-mediated DNA cleavage,
some groups have prepared 8- and 10-fluoroderivatives.53
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We will finally mentio n that drug carri er technology , eith er implying specif ic
recogniti on or sim ply pre ferentia l dru g distri bution , has been wid ely emp loyed
for targetin g anthrac yclines to tumors in the last 10 years, as wil l be discussed in
Chapte r 11 .

4. MITOXA NTRONE AND RELA TED QUINONES

Mitoxan trone, an a nthraquin one der ivative bearing poly amine side chain s, can be
consid ered as a partial anal og of the anthracy clines incl uding the hydrox yquin one
functi on. This compo und was obt ained as an analo g of ame tantrone, which was
initially prepared as a ba llpoint pen ink, but a rou tine scree ning by NC I led to
recogniti on of its antitu mor activ ity. The reasoni ng that led to its desig n54 was
based on the observ ation that a large numbe r of antil eukemic agents shar ed a
common N-O-O triangular pharmaco phore, whic h was also present in the anth ra-
cycline s and involv ed the dauno samine amino group (Fi g. 4.21). The introd uction
of the two phenol ic hydrox y groups in ame tantrone allowed to envis ion two
sets of N-O-O trian gles, and had the advant age of elimina ting the dauno samine
amino grou p, which was co nsidere d to have som e influe nce in the cardio toxicity
of the anthrac ycl ines. 55

Mitoxan trone is active in breas t canc er, acu te pro myeloc itic or myelogen ous
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 dimin ish the numbers of wh ite blood cells, it should slow down or halt this
auto immune destructio n.

The me chanism of action of mitoxan trone has not yet been fully eluci dated.
As it wil l be mentioned in Chapte r 7, this drug is a class ic inte rcalatin g ag ent that
acts as a topois omerase II poiso n. Mitoxan trone can also be oxi dative ly activated
to bin d DNA; althou gh the mecha nism and binding proper ties have not been
resolved , peroxid ase-medi ated free radi cal formati on suggested that a mitoxan -
trone reactive in termediate may be in volved in the observ ed DNA stran d dam-
age. 59 More recent ly, it was found that mi toxantron e can be activated by
form aldehy de and is ab le, like adriamy cin, to form adduc ts whic h stabilize
doubl e-strande d DN A, blockin g the pro gression of RNA pol ymerase during
trans cription and produc ing truncated RNA transcrip ts. 60 Thi s explain s why
mito xantron e is particul arly a ctive in mye loid tumors, which are known to have
increase d levels of form aldehyd e, form ed from sper mine and other polyamin es
by neu trophile -genera ted ROS .61 Alth ough mito xantron e can be redu ctively acti-
vated to a semiquin one free radi cal, this pro cess has a low efficie ncy and the
comp ound und ergoes less redo x cycl ying in vitro than the anthrac yclin es.62 The
add ucts of form aldeh yde-activat ed mitoxan trone occur pre ferently at CpG and
CpA seque nces, and their form ation is st imulated by cyto sine methylat ion. 63

Thus , the reactio n of mitoxan trone wi th form aldehyd e leads to the hydrox y-
methyl deriv ative 4.30 , wh ich form s a covalent bond with a guani ne amino
grou p to give the coval ent ad duct 4.32 , presum ably thr ough im inium catio n 4.31
as an interm ediate. The invo lvement of a single coval ent bond has been pr oved by
mass spectrometry, and further stabilization of the complex by hydrogen bonding
has been sugges ted on the basis of molec ular modeling stu dies (Fig. 4.22). 64
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Hetero analogs of mitoxantrone, such as pixantrone, act primarily as
topoiso merase II inhibi tors and wil l be discusse d in Ch apter 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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resp onsible for the color of the comp ound and its interc alative ability. Actino my-
cin D, one of the oldest antica ncer drug s, is adminis tered in travenously 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 actinom ycin D to gen erate supe roxide radicals was first re ported
in 1978, 65 and is prob ably due to the mecha nism summar ized in Fig. 4.23. How-
ever , the cl inical releva nce of this mecha nism is very doub tful, sin ce the concen -
trat ion requ ired 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
ass ociated to DN A inte rcalation , see Ch apter 7.
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6. CHARTREU SIN, ELSAMIC IN A, AND RELATED COMPO UNDS

Chartr eusin and elsam icin A are structural ly relate d antibi otics with antitum or
activity.
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These co mpound s cause single- strand scissi on of DNA in the pres ence of
reduci ng ag ents v ia the form ation of free radicals . ESR spin -trap ping exp eriments
showed that the elsam icin A-iro n co mplex pro duces hydrox yl radical s in the
presen ce of dithi othreitol as redu cing agent. 67 The most pro bable mecha nism
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
compo unds wil l be furthe r discussed in Ch apter 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 Ch apter 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 a n
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 mecha nism exp laining the chemic al details of the activation of the bleomy-
cin terna ry compl ex is shown in Fig. 4.26 . Additio n of one electro n 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
bleomyc in-Fe (IV) ¼ O specie s 4.39 and a hydroxy l radi cal, eith er of which can
abstrac t the DN A 4 0 -hydr ogen (Fig. 4.27). A concer ted reactio n of 4.37 with DN A
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
sum marized in Fig. 4.28. 74 The bleomyc in-iron comp lex is form ed a t 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 bleomyc in and the bleomyc in-C u (II) comp lex are tran sported into the
cells. The Cu (II) compl ex is intrace llularly reduced to bleo mycin-Cu (I), whic h can
react with oxy gen to initia te a series of reactio ns leading to DN A stran d scission.
On the contrary, this compl ex is less stable than the on e from Cu (II) and it can
dissociate , allowin g the form ation of the bleomyc in-Fe (II) compl ex and its trans-
formati on into the activated bleo mycin specie s (Fig. 4.29). 68 Bleomy cin trans port is
probably critical to the success of chemotherapy, and the use of internalizing
antibod ies for this pur pose is cu rrently bein g stu died 79 (see Cha pter 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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male ic acid (SM A) and neocarz inostati n (NCS) , known as SMANCS , has been
pro posed for the treatm ent of hep atocel lular carcino ma. 80 More recent ly, a conju -
gate of a calicheam icin deriva tive wi th an antibody for the CD 33 antige n, known
as gemtuzu mab ozogam ic in, has been appr oved for the treatm ent of acu te mye -
loid leuke mia, wh ich is the most co mmon type of leuke mia in adults 81 (se e also
Sectio n 5.2 of Ch apter 10 and Se ction 4.5 of Ch apter 11 ).

These co mpounds bind to DNA by inte raction of parts of the molec ule with
the minor groo ve82 and activati on to DNA- cleaving birad ical species, eithe r by
reactio n with thio ls or by red uction.

The chemic al basis for ene diyne activatio n is the Berg mann reaction, 83 thr ough
wh ich ened iyne systems 4.40 undergo cyclo aromat ization to benzene deriv atives,
with the interm ediacy of the hig hly reactive 1,4-ben zenoid birad ical speci es 4.41
(Fig . 4.30A). In the relate d Myers reactio n, one of the triple bon ds can be rep laced
by an allene unit ( 4.42 ), leading to bir adical 4.43 (Fi g. 4.30B). These proces ses do
not take place in the natur al prod ucts becau se their spatial a rrangement preve nts
coplan arity of the three bon ds involv ed in Ber gman n-type chemi stry, and there-
fore an activatio n reactio n or cascade of reacti ons that alt ers the compo und
geomet ry is neces sary.

In the cas e of neo carzino statin, conjug ate nucle ophilic add ition of a thiol
resu lts in epoxi de openin g and form ation of a highly strain ed cumul ene 4.45 ,
wh ich has the correct geome try to undergo a Myers cycl oaromatiza tion to biradi -
cal 4.46 (Fi g. 4.31A ). 84 In the abs ence of thiols, a base-cata lyzed intra molec ular
add ition reactio n takes place, leadi ng to cumul ene 4.47 a nd subseque ntly to
birad ical 4.4 8 (Fig. 4.3 1B).85

The calicheam icins and espe ramic ins are also activate d by attac k of a thio l, in
this case to the trisu lfide porti on, givin g the thio late 4.49 , wh ich und ergoes a
Micha el ad dition to the bri dgehead a,b -unsat urated ketone to give the dihy-
drothio phene derivati ve 4.50 . The accompan ying chan ge in hybrid ization of the
brid gehead atom trigge rs a Bergman n cycli zation to biradi cal 4.51 (Fi g. 4.32).
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In the cas e of dyn emicin A, its rig id struct ure keeps the alkyne s separate ,
preve nting the Berg mann cyclizati on. The anthraq uinone par t inte rcalates into
the minor groove, and subse quent a ctivation may involv e nucleoph ilic attac k by a
thiol or a red uctive mecha nism media ted by NA DPH. In the fi rst case, epoxid e
openin g gives the highly electr ophilic quino nimine methide 4.52 . Additi on of a
thiol gives 4.53 , the precu rsor of biradi cal 4.5 4 through a Berg mann reaction
(Fig. 4 .33).

In the NAD- mediate d mecha nism, form ation of hydroqu inone 4.55 is follow ed
by epoxide ring openin g with form ation of an extended quin one me thide 4.56 .
This interm ediate can beh ave both as a nucleoph ile (Fi g. 4.34A ) and as an electro-
phile (Fig. 4.34B). 86 In the first case, protonat ion leads to 4.57 and in the sec ond
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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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mecha nism similar to that discusse d in Figs. 4.8–4.1 0 ope rates, but about 8 0% of
DNA lesi ons co rrespond to the abs traction of H-5 0 from thym idine or deox yade-
nosine res idues. As shown in Fig. 4.35, radical 4.61 form ed in this reactio n co n-
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-
eductiv e mecha nisms (se e also Section 2.2.1 of Chapt er 11 ).87 The me chanis m 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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tumo rs. 89,90 It has also been sho wn that electri c pul ses combi ned with TPZ
and radiother apy (elec troradioch emothera py) are mo re effici ent than TPZ and
radiati on (radioch emothera py). 91

One-e lectron re duction of TPZ by NA DPH-de pendent cytoch rome P450
redu ctase (P450R ) leads to the form ation of the TPZ radi cal, whic h is rapi dly
destro yed by oxyge n in norm al cells, leadi ng to supe roxide radical, which is
thoug ht to be re sponsible for the muscl e cramp s seen in patien ts given the drug.
Und er hypoxic co nditions, the TPZ radi cal can undergo homoly tic cleava ge to the
redu ced specie s SR 4 317 a nd a hydrox yl radi cal. Both radicals can react wi th
DN A, but damage cau sed by TPZ can be det ected bot h a t the DN A ba ckbone
and the heterocyc lic ba ses and can therefo re be consi dered as typica l of hydrox yl
radical s.92 Another DNA- damaging specie s gene rated in the me tabolism of TPZ is
the benzotriazi nyl (BT Z) radi cal, 93 form ed by loss of water (Fig. 4.36). Dou ble-
stran d break s are cau sed, at least partial ly, by poiso ning of topoi somerase II,
eithe r by dir ect damage from the radical species derived from TPZ or from
radical s gene rated on the DN A molec ules, wh ich are the topois omerase II
substr ates. 94

Ano ther reacti ve specie s that is gen erated by loss of a molecule of water from
the TPZ radical is the BTZ radical, which is also respons ible for DNA and
topois omerase 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 hypoxi c ce lls. Thu s, the reaction of DNA radical 4.65 with a molec ule of
inactivat ed TPZ gives inte rmediates 4.66 and 4.6 7, leading to the hydrox ylat ion
of the DNA molecule after furthe r redu ction and protonat ion. Ev olution of 4.68
leads finall y to st rand bre aks, as shown in Fig. 4.38.
10. PENCLOMEDINE

Penclom edine, a 2-tr ichlorome thylpyrid ine deriva tive, entered cl inical trials for
solid mal ignancies 95 after initia l observ ations of its strong antitum or pro perties
in animal brain tumor mode ls. It has been shown to be a DN A mo noalky lating
agent, and it has been propose d that its alkylatin g pro perties stem from the
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homol ytic cleavag e of one of the C-Cl bond s by re ductive micros omal
metabo lism (Fig. 4.39).
11. RADIOSENSITIZERS

Radioth erapy is one of the major appr oaches to cancer thera py, and can be def ined
as the med ical use of ion izing radiatio n as part of canc er treatm ent. It is based on
the gen eration of hydrox yl radicals from homoly tic fragm entation of water mole-
cules on local applicatio n of ion izing radiatio n. This fragmenta tion can be
pre ceded by ioniza tion of water molec ules (Fi g. 4.40A ) or by thei r excitation
(Fig . 4.40B).

As pre viously mentione d, the main mecha nism of cytoto xicity of hydrox yl
radical s is based on the generatio n of radicals from biomol ecules (Fi g. 4.41A ).
Cel lular defenses against this proces s are varie d, but they are norm ally bas ed on
the reactio n of these radicals with an antioxidan t molec ule suc h as glutat hione,
wh ich reacts with the biomole cule radical s, rep airing them and leading to a
glutat hione radi cal. The lat ter species is harml ess bec ause of its te ndenc y to
dim erize to a disul fide (Fig. 4.41B ).

Dam age by ion izing radiatio n is enhanced by the pres ence of oxygen by a
fact or of 2- to 3.5-fold and therefo re ox ygen can be conside red 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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FIGURE 4.40 Generation of hydroxyl radicals from water during radiotherapy.
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repaire d bec ause the actio n of glutat hione on them does not lead back to the
biomole cule, but to an oxid ized derivati ve (Fig . 4.42).

For this reaso n, tumor hyp oxia is as sociated with re sistance to radio therapy
and also to some types of chemot herapy. In these hyp oxic tumors, som e types of
chemic al agents can play a sim ilar role to ox ygen, a nd theref ore they can be used
to increase the sensit ivity towar d radio therapy. These comp ounds are kno wn as
radios ensitiz ers 96 and a re being appli ed to a gro wing number of human canc ers
like those of cervix, head and neck, or lung canc er. 97 Ano ther inte resting appli ca-
tion of some radi osensitizer s is their use as hypo xia marker s to accu rately
measu re oxyge n gradie nts at the cellular level .98

The fi rst compo unds that were studied in cl inical trials as hypoxic radio sensi-
tizers were nitroi midazo les. The mecha nism of hypoxi c-cell sen sitizin g by the
nitro der ivatives is bas ed on thei r ability to react with biomole cule radical s givin g
a radical adduc t that cann ot be repair ed, thereby acting as oxyge n surrog ates
(Fig. 4.43A ). Alte rnative ly, add ition of the biomole cule radical to the nitro grou p
gives nitro radi cal anio ns (Fig. 4.43B ).

Nitro radical anions are cyto toxic in themse lves in hypo xic environm ents,
althoug h no rmally onl y at doses too high to be achieved in clinical situation s.
However , this cytotoxici ty is reinforce d by the gene ration of othe r radi cal
species , som e of which are shown in Fig. 4.44. It is interesting to mentio n in
this contex t that the antibac te rial and antiproto zoal acti vity of man y nitroh etero-
cycles is ex plained by one-elec tron redu ction of the nitro gro up to nitro radi cal
anions.

The first nitro compo unds to be cl inically stud ied as radio sensitiz ers, 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
hypo xia-sele ctive nitro compo unds, see Secti on 2.2.3 of Ch apter 11 .
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12. PHOTODYN AMIC THERAPY OF CANCER

Photod ynam ic therapy (PDT) of cancer is based on the use of co mpounds that are
able to absorb har mless visibl e light ene rgy and tran sfer it effi ciently to other
molec ules in their vicinity or alt ernativ ely use it for pho tochem ical reactio ns wi th
biomole cules. 100 Thes e comp ounds are norm ally known as pho tosens itizers (PS).
After irradiati on with light of the suitable wavele ngth, the PS mo lecules are
excited from the ground state ( 1PS 0) to a singlet excite d state (1PS*) that can rev erse
to the gro und state by nonrad iative inte rnal cross ing (IC) or by fluore scent
emissio n (F), the lat ter of wh ich can be used for imagi ng and det ection (photo-
diagnosis). Alternatively, it may undergo an electronic rearrangement to the
excited trip let state ( 3PS*) by intersys tem 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 man y compo unds stu died, 101 onl y two classes have been appro ved
for clini cal use, nam ely porphyrin s and psor alens , althoug h mo st work on PDT
has been carr ied out with por phyrin- based dru gs. One maj or problem of PDT is
the lack of selective accumulati on of photo activable molec ules with in tumor
tissues , and for this re ason the devel opment of targeted photosen sitizers is an
active research area. 102

Initial prepa rations of hemat oporphy rin were comp lex mixtur es of porphy rin
oligo mers, whic h we re later replac ed by photop hrin (po rfimer sodium oligo mer),
wh ich has a more regu lar co mposition .103 The semisynth etic deriv ative talap or-
phi n (mono- L-asparty lchlorin e6) has been appro ved for earl y stag e lung cancer
and, co mpared with ot her photosens itizers , it has the advant age of its hig h
aqu eous solubi lity and of bein g assoc iated with mi nimum cutaneo us pho tosensi-
tivit y. It has a long activa tion wavele ngth of 664 nm (in the red part of the visible
spect rum), allowin g deepe r tissue pen etration (Fig. 4.46).104

An alt ernativ e treatm ent that has also been used in the clini c involv es the use
of 5-am inolevu linic aci d (ALA) , a biosynt hetic pre cursor of the natural photos en-
sitizer protopor phirin IX (Fig. 4.47). Thi s compound is normal ly emp loyed as ester
pro drugs, wh ich have an improve d absor ption wh en adminis tered as cream s.105

Pro toporphyri ne thus generated is selective ly accumul ated in som e tumors
bec ause of their accel erated me tabolism , wh ich inclu des a faster proce ssing
of ALA .

After admi nistra tion of the pho todynam ic agen t, selective irradi ation of the
target tissue is achie ved by use of a fi ber optic diffuse r inserted thr ough an
endo scope, wh ich leads to local activati on. Bec ause of the low stab ility of the
toxic speci es inv olved, diffus ion to surroundi ng healthy tissue s is not signif icant
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 canc er, suc h as cervical canc er, esopha geal, earl y stage centr al type
lun g cancer, 106 and head and ne ck cancers ,107 among other appli cations. 108

Psor alens have been traditio nally employe d for skin disease s, inclu ding
psor iasis, but the only member of the gro up appro ved for cancer treatme nt is
8-met hoxyps oralen (8-MO P, methoxs alen, Uvade x), wh ich is used in the treat-
ment of cutaneo us T cell lympho ma. This comp ound is admi nistered oral ly and
then some bloo d is with drawn, the aberran t wh ite cells are separ ated and irra-
diat ed and then recombined with the other bloo d constitu ents and reinj ected. 109

In this pr ocess, after weakl y interc alating into DN A, irradi ation of 8-MOP pro -
mote s the formati on of [2 þ 2] cycload ducts betwee n its 3–4 and 5–6 double bonds
and the 5–6 double bonds of adjace nt thym idine bases of DN A (Fig. 4.48). Bot h
possi ble mono adducts and bisadduct s 4.71 have been isolated, the formati on of
the latte r leading to DN A 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
replicat ion or tran scriptio n (Fig. 5.1). It has been pro ved that bifunct ional alkyl at-
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)



X Y Y

DNA-protein cross-linking

Interstrand cross-linking

Intrastrand cross-linking

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



142 Medicinal Chemistry of Anticancer Drugs
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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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 alkyl ation 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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FIGURE 5.2 Mechanism of DNA alkylation by nitrogen mustards.
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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
fragme nted to 5.5 and 5.6 (Fi g. 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 tran scriptio n (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



HN

N N

N
DrugO

H2N

O

O

ODNA

DNA

5.2

H2O

DNA strand
scission

OH

O

O

O
H

P O
OH

O

5.4

HN

N N

N
DrugO

H2N

O

O

O

5.7

OH HN

N NH

N

DrugO

H2N

O

O

O

O

H

Purine 
hydrolysis

5.8

HN

N NH2

N

DrugO

H2N
O

H

H2O

HN

N
N

N

Drug
O

H2N

OH

O

O O
H

H

DNA

DNA

DNA

DNA

DNA

DNA

DNA

DNA

FIGURE 5.4 Other DNA fragmentation processes taking place after guanine alkylation.
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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

Bec ause of thei r high toxici ty, consi derable effort has been devoted to the
develo pment of site-d irected mus tards. Initial strategie s were based on the incor-
por ation of moiet ies that we re exp ected to be accumul ated preferen tially in tumo r
cells. Thu s, melph alan, whic h co ntains an L -pheny lalanine unit, was postul ated to
concen trate in melanomas, since melanin is a produc t of phe nylalanine metabo -
lism. Although the origin al rationa le was not correc t, me lphala n is used in ce rtain
typ es of bone marrow tu mors, suc h as mult iple mye loma, and ova rian or breast
canc ers. The main role of the side chain is to facilitate dru g upta ke by employing
two amino a cid transp ort system to enter tumor cells, that is, the sodiu m-
inde pendent L-amino acid system a nd the sodium- dependen t AS C syst em for
ala nine, serine and cy steine. Oth er compoun ds designed on similar principl es
are uracyl mustar d and estramust ine, whic h consists of a b-estradio l un it linked
to a nitrogen mus tard portion via a carbam ate 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- and dihydroxy derivatives 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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Estramu stine was desi gned as a prod rug, since the electr on den sity of its
nitrogen a tom is not suf ficient to trigge r aziridini um fo rmation becau se of the
electron-withdrawing effect of the carbonyl group. Estramustine was thus expected
to target estrogenic hormone receptors before release of the active nitrogen mustard
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
with microtubules to promote microtubule 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



DNA Alkylating Agents 149
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 P ¼O grou p, and allows its activation to an aziridini um catio n. Phospho ramide
mus tard can be hydro lyzed to nornit rogen mustar d, whic h 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 achiev e the sa me effect, wh en compared to cycl ophosph amide (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



N
P

O

O

N

Cl

Cl

H

Cyclophosphamide

N
P

O

O

N

Cl

Cl

HHO

Cyt 
P-450

NH2

P
O

O

N

Cl

Cl

H
O

4-Hydroxy
cyclophosphamide

Aldophosphamide

N
P

O

O

N

Cl

Cl

HO
CO2H NH2

P
O

O

N

Cl

Cl

Alcohol dehydrogenase

H

H2N
P

O

O

N

Cl

Cl
H

O

Phosphoramide 
mustard

Acrolein
N

Cl

Cl

H

Nornitrogen mustard

4-Ketocyclophosphamide Carboxyphosphamide

Inactive metabolites

Active metabolites H2O

FIGURE 5.7 Bioactivation of cyclophosphamide.

150 Medicinal Chemistry of Anticancer Drugs
plasm a, but the disulfid e is redu ced by glutat hione tran sferase in the kidne y,
liberat ing the thiol that inactivat es acrol ein thr ough a conjuga te addit ion, givin g
compo unds suc h as 5.17 fo r the case of me sna (Fig. 5.9).

Another bioche mical differen ce bet ween some tumo rs and norm al tissues is
based on thei r differen t reduci ng cap acities. The inne r region s of soli d tumors
have little vas cularizati on and theref ore their oxyg en conten t is low (for a more
detailed treatm ent of hypoxia-based strategies for tumor-specific prodrug activa-
tion, see Se ction 2.2 of Chapte r 1 1). Bec ause molec ular oxygen rev erts some of the
reactions of redu ctive metabo lism, the latter is enhance d in hypoxi c tissue s. Some
of these reactions are nitro and azo reduction, which are multistep processes
where oxyge n reverts the first equil ibrium (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
electr on-releasi ng group 16 (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 mustar d (Fi g. 5.12). 17 See Sectio n 2.2. 4 of Chapte r 1 1 for
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further details on the use of Co (III) compl exes in hypoxia-based strat egies for
tumor- specif ic prod rug activatio n.

More co mplex appro aches are based on the dista l acti vation co ncept, wh ere
the reductive proce ss uncove rs a nucleoph ilic or basic center that then triggers the
liberat ion of the alkylating agent by reaction with a distant part of the molecule.
Thus, the phosphoramide mustard prodrug 5.18 is activate d by redu ction of its
nitro grou p to amino , whic h increases the bas icity of the q uinoline nitrogen
sufficie ntly to allo w the elimina tion reactio n depicted in Fig. 5.13.

A rela ted ex ample is based on the reduction of a quinone system, which
uncove rs two nucle ophilic hydrox yl grou ps, as sho wn 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 openin g of the azirid ium (Fi g. 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 antitum or comp ounds co ntain two or three azirid ine rings linked to a
benzo quino ne system and can act as DNA bisalkyl ators and cross -linking agents.
They were designed to cross the blood–bra in barrie r bec ause of their high lipo -
phi licity and low ionizati on. Some of them have been used in the clini c, as in the
case of carboquo ne (car bazilqui none), diaziquone (A ZQ), triaziqu one, and BZQ. 20

AZQ , one of the most activ e co mpounds , has been st udied in a numb er of cl inical
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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Genera lly speaki ng, the mecha nism of DN A a lkylation 19 by aziridiny lbenzo-
quin ones involv es bioredu ctive proce sses 23 that are activate d by the action of one -
electron or two-electr on red uctases . The oxida tion state of the quino ne func tion
mod ulates the alkyl ating activity, and it also bears a relati onship with the gen era-
tion of cytotoxic reactive oxyge n species. Indee d, the quin one group is a struct ural
moti f commonly fou nd in red uctively activate d antitum or a gents 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
azi ridine nitrog en becau se of the rep laceme nt of the electron- with drawing carbo-
nyls by two electro n-releasin g hydrox y groups and theref ore allows its pro ton-
ation to a more reactive azi ridinium catio n. Further more, intra molec ular
hydroge n bon ding of these grou ps with the azirid ine nitrogen may assist this
pro tonation (Fig. 5.16). In some cases (e.g., BZQ) alkylati on is poss ible 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
pro cess pre sumab ly rela ted to the proto nation mecha nism 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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activatio n of aziridiny lbenzoq uinone s,29 there has been much effort to produc e
novel agents that efficiently targe t this enzyme. 30 Elect ron-d onating groups on the
benzoq uinone ring increased DN A damage , wh ereas electro n-withdrawing
groups and sterical ly bulky gro ups at the C-6 positio n led to inactive compo unds
or dec reased their abili ty to produce DN A da mage. 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 reactio ns are possibl e on the hydroqu inone form of
aziridin ylquinon es such as 5.23 that lead to its inactivat ion. One of them is a
1,5-sigmatrop ic shift of hyd rogen to give 5.24 ,34 which is then trans formed into
ethylami noquino ne 5.25 by tauto merism or into aminoqui none 5.26 through a
second 1,5-sigmat ropic shift follow ed by hydrol ysis (Fig. 5.17).

An add itional transform ation that inactiv ates 5.23 takes place by loss of the
aziridin e ring on its tauto mer 5.27 , leading to quino ne 5.28 (Fi g. 5.18).

One-electron metabolic reduction of aziridinylquinones is also possi ble, lead-
ing to semiq uinones. Their pro tonated der ivatives 5.29 also undergo a 1,5-sigma-
tropic shift, leading to inactive compoun ds 5.25 and 5.26 , the sa me as in the
two-ele ctron redu ction pro cess (Fi g. 5.19). As expecte d, semiq uinone interm ediates
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
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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 gro ove, these agen ts will be studied in Chapte r 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 treosu lfan, a me mber of the metha nesulfo nate family (see Section 5) that
can be regarde d as its pro drug, since this transform ation (Fig. 5.20) is nece ssary
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 diepo xide 5.31 , anoth er DN A cros s-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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sahachi roi , is cap able of DNA interc alation and inte rstrand cros s-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.



160 Medicinal Chemistry of Anticancer Drugs
S
O

O
H3C O

O S CH3

O

O
Busulfan

S
O

O
H3C O N

O

N

O

O
S CH3

O

O

S
O

O
H3C O

O S CH3

O

O

Treosulfan

HO

OH

Piposulfan

S
O

O
R O Z O R

O

O

R Compound

CH3 NH Improsufan
NH2 CH2 Hepsulfam

S
Z

In contrast with ni trogen mu stards, where the rate- limitin g st ep is the unim-
olecula r formation of the aziridinium ion, busulfan reacts with guanine N-7 by an
SN2 mechanis m (Fig. 5.23), wh ere the rate- limitin g step depends on the co ncen-
tration of bot h reaction par tners. 42 The form ation of interstr and DNA cross -links
has been demo nstrated for busulfan 43 and treosu lfan. 44

The stu dy of metabo lites of busulfan sugges ts that it is also able to alkylate
cystei ne residues . Thus, the uri nary excret ion of compo und 5.32 can be explain ed
by the mecha nism sum marized in Fig. 5.24 and inv olves a double nucle ophilic
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
interm ediate in turn generates a diaz oni um salt 5.35 46 (Fig. 5.2 5). Alkylati on 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. Additi on of a molec ule of water to the nitrosou rea, in its tau tomeric
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form ,48 gives the tetrah edral interm ediate 5.36 , which is dec omposed into a
pri mary amine, carbon dioxide, and 5.34 . This elimination requ ires an anti-
per iplanar conformation for 5 .37 . Addi tion of a nucleoph ile ot her than water to
the nitroso urea tautomer explain s the isolati on of carbam oylated products,
form ed by elimina tion of 5.34 .

Most nitros oureas contain one chlo roethyl chain on the nitrosa ted nitroge n,
wh ich allows them to act as DNA cross -linking ag ents. Reac tion of ele ctrophilic
diaz onium specie s 5.37 with guanine is assume d to take place on O-6 to give 5.38
(see also Section 1). In fact , add ition of O6-alky lguanine -DNA alkyltr ansferas e, an
enzyme that bre aks O-6 guanine ad ducts, pre vents cross-li nking. This monoalk y-
lated prod uct reacts subseque ntly with the N-3 atom of the cytos ine uni t in the
complementar y DN A stran d, by anch imeric assistance of the guanine N-1 atom
through inte rmediate 5 .39 , giving the cross-li nked pr oduct 5.40 (Fig. 5.27 ).

In a n alt ernative mecha nism, intact nitroso urea 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
guani ne is alkylated with a 2-h ydoxy diazoethy l group (Fi g. 5.28). Diazo nium
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
in Fig. 5.29, where activation of dacarbazine by metabolic 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-azah ypoxanth ine via an interm ediate diaz onium species (Fi g. 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 decarbo xylation (Fig . 5.31). The absen ce of hepati c activation is an advantag e
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. The development 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
methyldi azoniu m 5.55 and alcoh ol 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 dem ethylatio n proces s (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 charg e at nitroge n in the add uct (Fig. 5 .34)



N

NN

N

HN

O

O

O

DNA DNA

DNA

DNA

DNA

DNA

DNA

N

N N

N

NH

N

N

N

N
H3C

NN

CH3 CH3

OH

OHHO

O

H H

Trimelamol

N

N

N

N
H3C CH2

N
CH3

N
CH3

5.63

DNA alkylation

HO OH

5.64

HN

N N

N

O

H2N

OH

O

O

O

FIGURE 5.34 DNA alkylation by trimelamol.

DNA Alkylating Agents 169
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 positive ly char ged species 5.65 and special ly 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,



FIGURE 5.35 Intracellular bioactivation of cisplatin.

DNA

O

N

N N

N

H2N

O

O

ODNA

P
HO

O

O

N

N N

N

O

H2N

O

O

H

H

DNA

DNA

OH2

OH2

Pt
H3N

H3N

2
Pt

H3N NH3
O

N

N
N

N
H2N

H O
N

N
N

N
NH2

H

O

O

O

P
OO

O

O

O

FIGURE 5.36 Coordination complex generated from the cisplatin active species and DNA.

170 Medicinal Chemistry of Anticancer Drugs
which deforms the DNA tertiary conformation as shown by X-ray crystallography
and cau ses its unwin ding at the comp lexation site (Fi g. 5.3 6).59 As a consequ ence,
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-
scriptio n en zyme vital for cell replicat ion (Fig . 5.37). Pt -DNA add ucts 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
instan ce, the active species for JM 216 is believe d to be JM 118 (Fi g. 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 AGEN TS

Pipo broman is used for treatme nt of polycyth emias , like polycythemia vera
(Vaqu ez’s disease ), a rela tively rare chronic disease of the blood in wh ich the
red cells are in creased 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.

N
N Br

O

O

Br

Pipobroman

Among the man y DNA- damaging natur al cytotoxi ns, leinam ycin is of
particu lar interest becau se it represe nts a new struct ural typ e of DNA- damaging
agent, althou gh it has not been cl inically tested. 72 Lein amycin was isol ated from a
strain of Strep tomyces found in soil samples collected in Jap an.73 Earl y in vit ro
exp eriments reveal ed that DNA damage by leinam ycin is thio l-triggered and due
to its uniqu e 1,2-dith iolan-3-on e-1-ox ide mo iety. Lein amycin is relatively stable in
water ; however , on enterin g the thiol -rich enviro nment of the cell, a cascade of
chemic al reactions is initiate d that leads to oxi dative DNA da mage (and perhaps
gene ral ox idative stres s),74 as well as DN A alkylation ,75 which is sequen ce spe-
cific. 76 As shown in Fig. 5.39, the initial reactio n with thiols gives inte rmediate
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 reactio n with thiols 5.7 3, wh ich are thus depl eted from the cell (Fi g. 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
groo ve, mo lecules with torsio nal freedo m interac t with it more easily (Fi g. 6.1A ),
B. V.
ved.
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FIGURE 6.1 Main types of reversible interactions with DNA.
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and for this reaso n man y of the compo unds stud ied in this chapter contain
several sim ple aromatic or heteroma tic rings linked by torsionall y free bon ds.
The inte raction with the minor groo ve of som e antitu mor agents has been me n-
tioned in pre vious chapter s (anthracycl ines in Section 3, bleo mycins in Section 7,
and ened iynes in Section 8 of Chapt er 4).
2. NETROPSIN, DISTAMYCIN, AND RELA TED COMPOUNDS

Minor groo ve inte raction was first discover ed in the natur al pro ducts netrop sin
and distamyci n A. Altho ugh these compound s do no t have re levant antitum or
activity, they are the prototyp e mino r gro ove bin ders (MG Bs) and for this reason
they will be briefl y discussed below. They bind non- covalen tly to the minor
groove of DN A, thereby pre venting DNA a nd RNA synthesis by inhib ition of
the corresp onding polymer ase reactio n and displ ay a pronou nced seque nce
specif icity, leadi ng to mu ch cu rrent intere st 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-
cito sine pair s. As sho wn in Fig. 6.2, these inte raction s are hamper ed in the latte r
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 aden ine and C 2¼ O gro ups of thym ine as hydrogen
accepto rs, 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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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).
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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 bromi de capabl e of DNA alkyl ation (Fig. 6.5). Thi s unique mechanis m 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
Sectio n 2.2 of Ch apter 11 .

The main mechanism of action of mitomycin is a characteristic example of an
in situ bioredu ctive acti vation 19 leading to cytotoxic specie s (Fig. 6.6 ). It involv es
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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interm ediate semiq uinone s, show greater susceptib ility to mitomyci n, wh ich is
inhibite d by treatm ent with diaph orase inhib itors. 21 Spontan eous elimina tion of
metha nol from hyd roquinone 6.2 gives the imini um derivati ve 6.3 ; this reaction
takes place only in aq ueous solutio n, whic h suggests that pro tonation of the
leavin g grou p by water is essent ial. 22 A similar elimi nation reaction is not possibl e
in mi tomycin bec ause the N-4 nitrogen lone pair is conju gated with one of
the quin one carbon yls, leadi ng to a vinyl ogous amide stru cture. Indol e derivati ve
6.4 , form ed by depr otonatio n of 6.3 , contain s two good leavin g gro ups, nam ely the
aziridin e ring and the carbam ate. Proto nation of the azirid ine ni trogen of 6.4 and
subsequ ent elimi nation with concom itant openi ng of the aziridine ri ng affor ds
quino ne methide 6.5 . This hi ghly reactiv e inte rmediate contain s an electr ophilic
positio n that reacts with nucle ophilic grou ps on DNA through a Micha el-typ e
reaction to give the un stable interm ediate 6.6 . Thi s reaction pro ceeds with abso-
lute speci ficity toward s certain seque nces at the minor gro ove (se e below), and
involv es the guani ne N-2 amino gro up or N-7 position as nucle ophiles . Elimi na-
tion of the carbam ate group gen erates an electr ophilic iminium specie s, which
undergo es a second alkylati on by attack from a guan ine 2-amino group, and leads
to DN A cros s-linking products 6.7 .23

Both inter- and intra strand cross-li nking by mitomycin has been observed,
althoug h the former is pr edominant . Inter- and intra strand 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 carbam ate oxyg ens, as sho wn in the mo dels in Fig. 6.7, wh ich a re ba sed 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
mecha nism involv ing amino gro ups at the guan ine N-2 posi tion (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 from DNA (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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The mecha nism of DNA alkylation by the mito senes 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 intrave sical admi nistrati on, 38 wh ere it has shown good activity
and the ab sence of major organ to xicity. 39

The EO comp ounds were designed to alkylate DNA after reductio n via form a-
tion of quin one methide species . As sho wn in Fig. 6.11, reductio n of the drug
molec ule yields the hydroqu inone 6.19 , activatin g the aziridine ring for nucleo-
phi lic attac k by DNA (a). When X is a good leavin g grou p, two elimina tion
reactio ns affor d highly electro philic quinone methid e intermediat es 6.20 and
6.21 , allowing two othe r sites for DNA alkylati on ( b and c ). EO4 has been
shown to give cross-li nked DNA adducts involv ing the a and c mod es of attack, 40

wh ile in the case of EO9 both monoal kylation at the azirid ine ring 40 and cross -
linkin g41 have been desc ribed.

One of the main limita tions of mitomy cin and the mitosen es is the nee d for
redu ctive activation , which rende rs them less active in tissues wher e the biore-
duc tion can be reve rted, as for instan ce in the pre sence of oxygen. In search for
mito mycin analog ues with activity in non- hypoxi c cells, a number of semisyn -
thetic comp ounds have been designed that are activated by process es other than
redu ction. Struc turally, these co mpound s are char acterized by the pre sence of an
aminoe thylene disul phide side chain as exe mplified by KW-2149 , which has been
examin ed in clinical trials ,42 althou gh serious pulmon ary toxicity was observ ed.43

KW -2149 causes inte rstrand DN A cross-links and DN A–prot ein cros s-links,
resu lting in single- strand DN A breaks and inhibi tion of DNA synthesis.
The mecha nism pro posed to accou nt for these observ ations is summar ized in
Fig. 6.12, and invo lves liberat ion of thio l 6.22 by reaction of the dru g 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 (Fi g. 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 mechani sm very similar to the one summar ized in Fig. 6.14 account s
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 mecha nism and also at C-1 3b, 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
bas e pair s, as shown in Fig. 6.16 (the arrows are orien ted from hydrog en dono r
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 antitum or activity, CC -1065 cann ot be used in human s because
it caus ed deat hs in exp erimenta l animals due to its delayed hepatoto xicity. 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-
si n, 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 struct ure of CC-1065 and their analog ues fits the DN A minor groo ve
curvat ure, where they bind specif ically to AT-rich sequen ces, follow ed by irre-
versib le alkyl ation of adeni ne N-3 (Fi g. 6.18A ). The halometh yl compound s are
activated by cycliza tion to a cyclo propa ne derivati ve after hydrolysi s of any
protecti on on the phe nolic hydroxy l (Fig . 6.18B).

As sho wn in Fig. 6.18A, cycl opropan e ring openin g need s to be as sisted by the
electro n-withdr awing effect of the carbon yl grou p. 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
unsatura ted carbo nyl system and theref ore out of conju gation (Fig. 6.1 9).
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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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Carretero, M. C., and Romagnoli, R. (2003). Pure Appl. Chem. 75, 187.

85. Kopka, M. L., Goodsell, D. S., Baikalov, I., Grzeskowiak, K., Cascio, D., and Dickerson, R. E. (1994).
Biochemistry 33, 13593.

http://www.pharmamar.es/es/pipeline/yondelis.cfm
http://www.pharmamar.es/es/pipeline/zalypsis.cfm


CHAPTER 7
Medicinal Chemistry of An
DOI: 10.1016/B978-0-444-5
DNA Intercalators and
Topoisomerase Inhibitors
Contents 1. DNA Intercalation and Its Consequences 200
tican
2824
cer Drugs # 2008 E
-7.00007-X All righ
lse
ts
2. M
onofunctional Intercalating Agents
 201
2.1.
 E
llipticine and its analogues
 201
2.2.
 A
ctinomycins
 204
2.3.
 F
used quinoline compounds
 204
2.4.
 N
aphthalimides and related compounds
 205
2.5.
 C
hartreusin, elsamicin A, and related compounds
 206
3. B
ifunctional Intercalating Agents
 206
4. D
NA Topoisomerases
 206
4.1.
 T
opoisomerase I mechanism
 209
4.2.
 T
opoisomerase II mechanism
 209
5. T
opoisomerase II Poisons
 211
5.1.
 A
cridine derivatives
 213
5.2.
 A
nthracyclines and related compounds
 213
5.3.
 N
on-intercalating topoisomerase II poisons
 214
6. T
opoisomerase II Catalytic Inhibitors
 216
6.1.
 In
hibitors of the binding of topoisomerase II to

DNA: Aclarubicin
 218
6.2.
 M
erbarone
 219
6.3.
 B
is(dioxopiperazines)
 219
7. S
pecific Topoisomerase I Inhibitors
 219
7.1.
 C
amptothecins
 220
7.2.
 N
on-CPT topoisomerase I inhibitors
 221
Refe
rences
 225
vier B. V.
reserved.

199



200 Medicinal Chemistry of Anticancer Drugs
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
betwee n suc cessive base pair s (Fig. 7.1). On ce the drug has been sa ndwiche d
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bet ween the DNA base pair s, the stab ility of the compl ex is optim ized by a numbe r
of non-coval ent interac tions , inclu ding van der Waals and p-stac king interac tions, 3

redu ction of coulo mbic repulsio n betwee n the DNA pho sphate grou ps assoc iated
with the increased distance bet ween the bases bec ause of helix unwin ding , ionic
interac tions betwee n positi vely charge d groups of the ligan d a nd DNA pho sphate
grou ps, and hydroge n bondi ng. Genera lly speak ing, catio nic specie s are more
efficie nt DNA interc alato rs becau se they inte ract bet ter with the ne gatively char ged
DN A sugar–pho sphate ba ckbone in the initial stage s and also becau se interc alation
releases counterio ns assoc iated to phos phate grou p, suc h as Na þ, leading to the
so-cal led polye lectrol yte effect. This is a very importan t dri ving force for inte rcala-
tion, since it dim inishe s repulsi ve interac tions between the cl osely spac ed char ged
counte rions. In fact , mos t interc alating agents are eithe r positive ly charged or
contain ba sic gro ups that can be proto nated und er phys iological condi tions.

DNA interc alators are less sequen ce selective than minor groove bin ding agents,
and, in contras t with them, sho w a prefe rence for G-C region s. This selectiv ity is
mainly due to comp lementar y hydroph obic or electr ostatic interac tions, wh ich are
due to substitue nts attac hed to the chr omopho re wi thin the major or mi nor groo ves.
DN A interc alation is also gover ned by the neares t-neigh bour exclu sion princip le,
wh ich states that both nei ghbou ring sites on each site of the intercala tion remai n
emp ty, that is, they bind, at mo st, bet ween alternat e base pair s.4 Thi s is an
exampl e of a neg ative coopera tive effect, where by binding to one site induces a
conf ormat ional chang e that hamper s binding to the adjacent base pair .

Intercala tion of a drug molecule into DNA is only the first step in a series of
even ts that eventu ally lead to its biolog ical effects. 5 Struc tural chan ges induce d in
DN A by inte rcalation lead to interfer ence with reco gnition and func tion of DNA-
ass ociated pro teins suc h as polymer ases, tran scriptio n factors , DN A repair
syst ems, and, speci ally, to poisomerase s. The role of these enzy mes in the desig n
of antitu mor drugs will be discus sed in Sections 4 and 5.
2. MONOFUNC TIONAL INTERCALAT ING AGENTS

2.1. Ellipticine and its analog ues

Ellip ticine, an alkaloi d isolate d from the leaves of Ochro sia ellip tica and other
Apo cynaceae plan ts, is the prototyp e of inte rcalator s based on the pyridoc arbazo le
syst em and display s a broad spectrum of antitu mor activity. 6 Alth ough at ph ysio-
logical pH values it can exi st bot h as a neutral species and as a monocat ion (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
stabilize d catio n 7.5 to give the DNA- alkylated produc t 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 posi tion to give ad ducts 7.9 (Fi g. 7.4). However , a co rrelation
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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irreve rsible binding to DN A is sim ilar in NMHE-sen sitive and NMHE-r esistant
cell lines. 10 Compou nds rela ted to NMHE have been emp loyed as the bas is for the
design of bis-interc alati ng compo unds (see Sectio n 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

N

NH
(H3C)2N

HO

O
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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. Chartre usin, elsa micin A, and related compound s

Chartr eusin and elsam icin A are struct urally rela ted antitum or antibi otics that
were isolated from Strep tomyc es cha rtreusi s a nd from an uniden tified actino mycete
strain , resp ective ly. Chartr eusin suffered from un favourable pharm acokine tic
proper ties (sl ow oral absorp tion and biliar excret ion) which preve nted its clini cal
develo pment. Se mi-synthe tic char treusi n analog ues with improve d pharm acoki-
netics have been develo ped. One of them, IST- 622, is unde r Phase II cl inical trials
for the oral treatme nt of breast canc er. 27

On the other hand, elsam ic in A, one of the most poten t kno wn inhib itors of
topoiso merase II, has entered Phase I clini cal studies for rela psed or refractor y
non-Hod gkin’s lym phoma. The activi ty was modest , but the comp ound was
neverth eless co nsidere d pro mising because of the abs ence of myelosu ppression. 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
interc alati on taking into account the nei ghbou r exclusion princip le (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 bas e pairs comp rised bet ween the chro mop hores (Fig. 7.7). 37 A calorime t-
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

hydrox yl to the pre viously formed pho sphate gro up (Fig. 7.8).



O

O

O

P
O

O

O
O

O

DNA

DNA

Base

Base

HO Tyr

Topo I

3�

3�

3�

5�

5�
5�

O

O

O

P
O

Base

O O Tyr

HO
O

O

Base

Cleavage

Religation

DNA

DNA

Topo I

FIGURE 7.8 Transesterification reactions involved in topoisomerase I (topo I) activity.

1. Topoisomerase binding
2. Single strand nicking 

1. Religation
2. Enzyme dissociation

Binding
site

n coils

n−1 coils

Topo l

Topo l

Tyr

OH

OH

O 3�

3� TyrO

5�

5�

Cleavable complex

Rotation of
free 5� end

FIGURE 7.9 Mechanism of DNA unwinding by topoisomerase I.

210 Medicinal Chemistry of Anticancer Drugs



DNA Intercalators and Topoisomerase Inhibitors 211
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 cov alent linka ges to the 30 end of DN A break (Fig. 7.9). Eukar yotic
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 DN A from the topoiso merase (Fig . 7.11). Sev eral 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 nam es of some dru gs 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 cl osed clamp in the pre sence of ATP. The open
conf ormat ion can bin d two segmen ts of DN A, form ing the pre-cleavag e co mplex.
One of these segm ents will be nicke d by the enzyme (G segm ent) and anoth er that
wil l be tran sporte d (T segment) . Af terwards, two ATP molec ules are boun d,
leading to the dim erizatio n of the ATPase dom ains and henc e to a conf ormat ional
chang e from the open- to the closed- clamp structur e. The nucl eophilic reactions
that break both stran ds of the G segm ent of DN A then take place, generatin g the
post- cleavage co mplex. This allows the passage of the T segm ent through the gap
thus pro duced, whic h req uires the hydrolys is of on e molec ule of ATP. The broke n
ends of the G segm ent are then ligate d and the re mainin g ATP mo lecule is
hydrol yzed. Upo n disso ciation of the two ADP molec ules from ATP hydroly sis,
the T segm ent is transp orted through the ope ning at the C-termin al part of the
enzyme , wh ich is then cl osed. Fin ally, the enzyme returns to the ope n clamp
conf ormat ion, libe rating the G segmen t.

Some antitum or dru gs acting at the topois omerase level have inhibiti on of
enzymat ic activi ty as their primary mode of action, and are known as ‘cat alytic
topois omerase in hibitors’. 43–45 Other drugs targeti ng the topoi somerase s, includ -
ing interc alating drugs , interf ere with the enzyme’ s cl eavage and rejoin ing activ-
ities by trapping the cleav able compl ex and thereby increasin g the half- life of the
trans ient topoiso merase catalyze d DNA bre ak. Some of the most clinical ly
useful antica ncer dru gs are of the latter typ e and a re norm ally re ferred to as
‘topo isomera se poiso ns’ becau se they convert the topoisome rase enzyme into a
DN A-damagi ng agent.

Becau se the level and time-course of exp ression of these enzymes vary in
differen t cell typ es, and the devel opment of re sistance to one type of inhibi tor is
often a ccompan ied by a concom ita nt rise in the level of the other en zyme, there is
an increasin g interest in drugs that can act as dual topois omerase 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, man y in tercalat ing agents previousl y mentio ned in Sectio n 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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religat ion step. 51 Besid es amsacr ine, a larg e number of natur al and synthet ic
acridines have been te sted as antica ncer agents and, so far, a few molec ules
have en tered clinical trials and have been appr oved for chemot herapy. 52

For in stance, asulac rine is a close anal ogue with a broade r spectrum of
activity in exper imental tu mors but without im proved clini cal antitum or activity.
DACA (XR5000) is an acridineca rboxam ide and a mixed to poisome rase I
and II poiso n that has unde rgone extensi ve clini cal trials. 53 Hyb rid
compo unds have also been designed wh ich combi ne the acridine interc alating
moiet y with ot her groups that pro vide sec ondary inte raction s with the DNA
minor groo ve.
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The pyraz oloacridon e KW -2170 is a topoi somerase II inhibitor of synthet ic
origin that has entered Phase II clinical trials. 54 On the ot her hand, the rela ted
pyrazo loacridine PD-11 5934 is a dual topoisome rase I and II inhibi tor, and has
also entered Phase II clini cal trial s.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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uni t is crucial for the st abilization of this complex, and suppressi on of the C-4
methox y and C-3 0 amino grou ps increase s topoiso merase II inhibi tion. 56

The formation of topoiso merase-m ediated DNA break s seem to be to o mo dest
to exp lain the activity of the anthrac ycl ines unless other mecha nisms are take n
into accou nt (se e Chapt er 4), but some of thes e mecha nisms are enhan ced by
anthrac ycline interc alation and minor groove binding ; for instance , interc alation
is known to favou r DNA propen ylation by mal ondialdeh yde. 57

In the case of nogala mycin, 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,
suc h as aclarubi cin, will be mentioned in Sectio n 6.1 .
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Mitoxan trone is a sim plified analog ue of the anthracyclines which has also
been discuss ed in Ch apter 4. It has a complex mecha nism of actio n that inclu des
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 ADEP T thera py and will be discuss ed in Section 3 of Ch apter
11 . Teni poside is used less freque ntly, especi ally to treat lym phomas.
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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
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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 to DNA strand breakage, which seems to be supported by the fact that the
40 -OH group of etoposide is essential for its activity as shown by the inactivity of 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 radical 7.13 (Fig. 7.13). However, the formation of radicals 7.11 and 7.13 has
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-
tanc e mecha nisms (see Chapte r 12 ), inclu ding mult i-drug resist ance (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 topoiso merase II to DNA: Aclarubicin

Alth ough mo st anthrac ycline s act as specif ic to poisome rase II poisons, som e of
them, such as aclarub icin (aclac ino mycin A) , can act by differen t mecha nisms.
This dru g is clinical ly used in the treatm ent of acute myeloc ytic leukae mia and it
behave s as a strong intercala ting agent that pre vents the bindin g of topoiso merase
II to DNA and henc e as a to poisomerase II catalytic inhib itor. Subse quent stud ies
have sho wn that aclarubi cin is also a to poisome rase I inhibito r at biol ogically
releva nt concen trations .77
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6.2. Merbarone

Merbar one is a derivati ve of thiobarbitu ric acid that was discove red in the course
of a stu dy of a large numbe r of barbituri c a cid analo gues by the NC I. This
comp ound has been shown to in hibit the inductio n of DN A–topoi somerase II
cleav able compl exes and has been teste d clini cally against a large number of
tumors,78 although it showed nephrotoxicity and poor anticancer activity.
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6.3. Bis(dioxopiperazines)

As me ntioned in Section 3 of Ch apte r 4, this class of drug s were introduce d 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
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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 (Fi g. 7.14). It is used in co lorectal cancer, showi ng synergism wi th
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
bec omes unavail able to cells (Fig. 7.15). 91 The higher activi ty of to potecan 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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FIGURE 7.14 Bioactivation of irinotecan.
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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 molec ules arou nd itself, as sho wn 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 cu rrently und ergoing clini cal studies as an antitum or ag ent and will be
stu died in Chapte r 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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Rupertová, M., Wiesner, J., Husecek, J., Wiessler, M., and Frei, E. (2004). Cancer Res. 64, 8374.
10. Auclair, C. (1987). Arch. Biochem. Biophys. 259, 1.
11. Awada, A., Giacchetti, S., Gerard, B., Eftekhary, P., Lucas, C., De Valeriola, D., Poullain, M. G.,

Soudon, J., Dosquet, C., Brillanceau, M.-H., Giroux, B., Marty, M., et al. (2002). Ann. Oncol. 13, 1925.
12. Poddevin, B., Riou, J. F., Lavelle, F., and Pommier, Y. (1993). Mol. Pharmacol. 44, 767.
13. Nabiev, I., Chourpa, I., Riou, J. F., Nguyen, C. H., Lavelle, F., and Manfait, M. (1994). Biochemistry

33, 9013.
14. Abigerges, D., Armand, J. P., Chabot, G. G., Bruno, R., Bissery, M. C., Bayssas, M., Klink-Alakl, M.,

Clavel, M., and Catimel, G. (1996). Anticancer Drugs 7, 166.
15. Gallego, J., Ortiz, A. R., de Pascual-Teresa, B., and Gago, F. (1997). J. Comput. Aided Mol. Des. 11, 114.



226 Medicinal Chemistry of Anticancer Drugs
16. Kamitori, S., and Takusagawa, F. (1992). J. Mol. Biol. 225, 445.
17. Takusagawa, F., Wen, L., Chu, W., Li, Q., Carlson, R. G., Takusagawa, K. T., and Weaver, R. F.

(1996). Biochemistry 35, 13240.
18. Kamitori, S., and Takusagawa, F. (1994). J. Am. Chem. Soc. 116, 415.
19. Bailey, S. A., Graves, D. E., and Rill, R. (1994). Biochemistry 33, 11493.
20. Sobell, H. M. (1985). Proc. Natl. Acad. Sci. USA 82, 5328.
21. Ewesuedo, R. B., Iyer, L., Das, S., Koenig, A., Mani, S., Vogelzang, N. J., Schilsky, R. L.,

Brenckman, W., and Ratain, M. J. (2001). J. Clin. Oncol. 19, 2084.
22. Ishida, K., and Asao, T. (1999). Nucl. Acids Symp. Ser. 42, 129.
23. Braña, M. F., and Ramos, A. (2001). Curr. Med. Chem. Anticancer Agents 1, 237.
24. De Isabella, P., Zunino, F., and Capranico, G. (1995). Nucleic Acids Res. 23, 223.
25. Rosell, R., Carles, J., Abad, A., Ribelles, N., Barnadas, A., Benavides, A., and Martı́n, M. (1992).

Invest. New Drugs 10, 171.
26. Allen, S. L., Budman, D. R., Fusco, D., Kolitz, J., Kreis, W., Schulman, P., Schuster, M., DeMarco, L.,

Marsh, J., Haptas, K., and Fischkoff, S. (1994). Proc. Am. Assoc. Cancer Res. 35, 325.
27. Asai, G., Yamamoto, N., Toi, M., Shin, E., Nishiyama, K., Sekine, T., Nomura, Y., Takashima, S.,

Kimura, M., and Tominaga, T. (2002). Cancer Chemother. Pharmacol. 49, 468.
28. Portugal, J. (2003). Curr. Med. Chem. Anticancer Agents 3, 411.
29. Lambert, B., Rocques, B. P., and Le Pecq, J.-B. (1988). Nucleic Acids Res. 16, 1063.
30. Gao, Q., Williams, L. D., Egli, M., Rabinovich, D., Le Chen, S., Qugley, G., and Rich, A. (1991). Proc.

Natl. Acad. Sci. USA 88, 2422.
31. Braña, M. F., Castellano, J. M., Morán, M., Pérez de Vega, M. J., Romerdahl, C. R., Qian, X.-D.,
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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
dynam ic equilibri um, wh ich is v ery sensit ive to extern al fact ors (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
(10–10 0 nM) co ncentrat ions (Fig. 8.2). As a consequ ence, divid ing ce lls 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-17 0 transp ort protein (see Ch apte r 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
consi dered as a candid ate for antibo dy-drug co njugate s ( Chapte r 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
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2.2. Compounds binding at the colchici ne site

The colc hicine site is named from the wel l-know n trop olone alkaloi d isolate d
from Colchi cum autum nale , a plant wid ely employe d in traditiona l medicine and
still used in the treatm ent of gout. Several comp ounds bin ding in the colc hicine
site, incl uding the combreta statins, 2-met hoxyes tradiol, and ABT- 751, are now
under clini cal investi gation. Beside s their antim itot ic proper ties, som e 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 combreta statins 27 are natural pro ducts isolated from the African wi llow
tree Combret um caff rum. 28 They bear struct ural similar ities with co lchicine, since
bot h posse ss a trimeth oxyphenyl ring and the aromat ic tropo ne ring of colchicine
rela tes to the isovani llinyl grou p in the combreta statins. The most active is com-
bretastat in A-4, a very effective antim itotic agent due to its rap id binding to
tub ulin at the colchici ne site. SA R studies sho wed that the cis configur ation of
its stilbene moiet y is a critical struct ural feature for its acti vity. Its low water
solubility stimula ted the prepa ration of a number of prodrug s,29 the most studied
of which is its 4-O-phosphate (CA4P). Combretastatin A-4 and its phosphate
have st riking vascu lar effects, wh ich will be discussed in Sectio n 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
Ch apter 7 as the lead compo und in the develop ment 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
appro ved for advanc ed brea st canc er in 1996 (Fig. 8.3). Some ot her suitabl e
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.
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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
microtubu le ass embly and indu ce mitotic arrest , and wil l be discuss ed in Sections
3.2 and 3.3.



Anticancer Drugs Targeting Tubulin and Microtubules 241
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

O

O

HO

HO

OH
H3C

H3C H3C

H3C

H3C

OHO

CH3 CH3 CH3 CH3
H2C

H2C
O

NH2

Discodermolide

O

OH

O

O

OH

O
H H

O
H

CH3

Laulimalide



Anticancer Drugs Targeting Tubulin and Microtubules 245
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
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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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15. Schöffski, P., Thate, B., Beutel1, G., Bolte, O., Otto, D., Hofmann, M., Ganser, A., Jenner, A.,

Cheverton, P., Wanders, J., Oguma, T., Atsumi, R., et al. (2004). Ann. Oncol. 15, 671.
16. Ebbinghaus, S., Hersh, E., Cunningham, C. C., O’Day, S., McDermott, D., Stephenson, J.,

Richards, D. A., Eckardt, J., Haider, O. L., and Hammond, L. A. (2004). J. Clin. Oncol. 22, 7530.
17. Hamel, E. (2002). Biopolymers 66, 142.
18. Cruz-Monserrate, Z., Mullaney, J. T., Harran, P. G., and Pettit, G. R. (2003). Eur. J. Biochem. 270,

3822.
19. Bai, R., Durso, N. A., Sackett, D. L., and Hamel, E. (1999). Biochemistry 38, 14302.
20. Loganzo, F., Discafani, C. M., Annable, T., Beyer, C., Musto, S., Hari, M., Tan, X., Hardy, C.,

Hernández, R., Baxter, M., Singanallore, T., Khafizova, G., Poruchynsky, M. S., Fojo, T.,



248 Medicinal Chemistry of Anticancer Drugs
Nieman, J. A., Ayral-Kaloustian, S., Zask, A., Andersen, R. J., and Greenberger, L. M. (2003). Cancer
Res. 63, 1838.

21. Subbaraju, G. V., Golakoti, T., Patterson, G. M. L., and Moore, R. E. (1997). J. Nat. Prod. 60, 302.
22. Shih, C., and Teicher, B. A. (2001). Curr. Pharm. Des. 7, 1259.
23. Panda, D., Ananthnarayan, V., Larson, G. S., Shih, C., Jordan, M. A., and Wilson, L. (2000).

Biochemistry 39, 14121.
24. Uckun, F. M., Mao, C., Jan, S.-T., Wanh, H., Vassilev, A. O., Navara, C. S., and Narla, R. K. (2001).

Curr. Pharm. Des. 7, 1291.
25. Bai, R., Taylor, G. F., Cichacz, Z. A., Herald, C. L., Kepler, J. A., Pettit, G. R., and Hamel, E. (1995).

Biochemistry 34, 9714.
26. Uckun, F. M. (2001). Curr. Pharm. Des. 7, 1627.
27. Hsieh, H. P., Liou, J. P., and Mahindroo, N. (2005). Curr. Pharm. Des. 11, 1655.
28. Cirla, A., and Mann, J. (2003). Nat. Prod. Rep. 20, 558.
29. Hadimani, M. B., Hua, J., Jonklaas, M. D., Kessler, R. J., Sheng, Y., Olivares, A., Tanpure, R. P.,

Weiser, A., Zhang, J., Edvardsen, K., Kanea, R. R., and Pinneya, K. G. (2003). Bioorg. Med. Chem. Lett.

13, 1505.
30. Lakhani, N. J., Sarkar, M. A., Venitz, J., and Figg, W. D. (2003). Pharmacotherapy 23, 165.
31. Galmarini, C. M. (2005). Curr. Opinion Invest. Drugs 6, 623.
32. Yee Karen, W. L., Hagey, A., Verstovsek, S., Cortes, J., Garcı́a-Manero, G., O’Brien, S. M., Faderl, S.,

Thomas, D., Wierda, W., Kornblau, S., Ferrajoli, A., Albitar, M., et al. (2005). J. Clin. Cancer Res. 11,
6615.

33. Desbène, S., and Giorgi-Renault, S. (2002). Curr. Med. Chem. Anticancer Agents 2, 71.
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1. INTRODUCTIO N: THE ROLE OF PROTEIN KINAS ES IN CANCER
Intra- or inte r-cellul ar commun ication disorder s are a major cau se of patho genic
mecha nisms. For this re ason, mod ern drug research has bec ome increasin gly
focuse d on signal transdu ction therapy and many of the recent ly validated targets
are trans duction-r elated macr omolecul es, espe cially kinase s.

Protein kinas es (PTK s) are enzyme s that regulat e the biol ogical activity of
protein s by phosph orylation of specif ic amino aci ds with ATP as the sour ce of
phosph ate, thereby indu cing a conf ormation al change from an inacti ve to an
active form of the pro tein. The re are thr ee main typ es of PTKs, wh ich are classified
according to the amino acid side chain that they phosphorylate:

a. Tyrosine kinase s (TKs ) that pho sphoryl ate the Tyr phenolic hydrox yl (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 been proved that most PTKs are related to oncogenes.

All PTKs have a region in their activ e site that recognize s ATP, which is the
pho sphorylati ng agent in all cases , as well as anoth er for thei r substrates . Most
clini cally used inhibito rs act in the ATP recogniti on site. Bec ause, in spite of
havin g a common substr ate, the ATP binding sites are rela tively differen t for
differen t kin ases, some selectivity in the inhibi tion is possib le.

A number of substru ctures rela ted to kinas e inhib itors have reach ed cl inical
inve stigation st atus. These includ e comp ounds iden tified from scre ening studies
and they incl ude 4-am inoqu inazolin es, oxindol es, ureas , and 2-phen ylaminop yr-
imidines, natural products and their analogues such as flavonoids, staurosporine,
and structural analogues of ATP like roscovitine (seliciclib). Some representative
exampl es of these structural famili es a re given in Fig. 9.2.
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These pharm acophore s target a highly conserved struct ural determi nant of the
ATP bin ding site in the kin ase family, namely an alternat ing hyd rogen bon ding
pattern pre sent in the so- called hi nge pep tide portion that conn ects the N- and
C-termin al domai n of kinas es. Inhibit ors form hydrog en bonds with the pro tein
backbo ne and per ipheral groups are oriented towar ds two hyd rophobi c pockets
called BR-I (bi nding region-I ) and BR-II or toward s the pho sphate-bin ding reg ion
(PBR). There are two typ ical inhibito r bindin g mo des, shown in Fig. 9.3, and very
often struct urally cl ose comp ounds bind to the ATP site in differen t topol ogies
and are able to recognize differen t kin ases. For this reaso n, chemic al similar ity
betwee n kinase inhibito rs often fails to correlate with target specif icity.
2. SIGNALLING PATHWAYS RELATED TO KINASES

A brief pict orial sum mary of the main sign alling pathw ays targeted by dru gs
describ ed in this chapter is given in Fig. 9 .4. For a more detailed explanati on, see
the indiv idual sections.

A summary of the main kinase inhibitors that will be studied in this chapter is
given in Table 9.1. Since mo st of them are not compl etely sele ctive for a par ticular
kinase , their clas sificatio n has been mad e accordi ng to their mai n targe t.
3. INHIBITORS OF TYROSINE KINAS ES (TKS )

The develop ment of specif ic tyro sine kinase (TK) inhibito rs start ed 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)
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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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pro cesses that are essentia l for tu mor ce ll growt h, in cluding ce ll pro liferatio n,
survi val, angio genes is, invasi on, a nd me tastasis. Sma ll-molecul e inhibi tors of this
kinas e inhi bit ATP bindin g to its site at the TK domain (Fig. 9.6). Many anti- EGFR
agents are kno wn, som e of which are used in clini cal practice or are und er cl inical
develo pment. The y can be cl assified in followin g two grou ps:

a. Small mo lecules that comp ete with ATP bin ding to the TK dom ain of the
recep tor, inhibiti ng autopho sphoryl ation and blocki ng signal transd uction.

b. Monoclo nal antib odies (mAbs) that are dir ected at the extra -cellular portion
of the EGFR . These antibodi es co mpete wi th the recep tor ligan ds, EGF and
TGF- a, and also inhi bit recep tor dimeri zation.
3.1.1. Small-molecule EGFR inhibitors
Durin g st udies aim ed at charact erizing the cataly tic domai n of EGF R-TK usin g
high- through put techni ques, it was discove red that 4-an ilinoqui nazoline s were
pro mising inhibi tors. 7 Inv estigation of substitu ent effects on biol ogical activi ty led
to the conclusi ons sum marized in Fig. 9.7. 8

Among 4 -anilinoqu inazoline s, gefitini b (ZO-1839) was the first small-mo lecule
anti- EGFR agent, and the first non- cytotoxic compoun d, to be appro ved 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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survi val advant age for gefitini b in the treatm ent of this cancer . Howev er, gef itinib
resp onse has been sho wn to be pri marily linked to the pr esence of EGF R muta-
tions and for this reas on it has been sugge sted that EGF R-TK inhi bitors sho uld be
teste d in clini cal trial s of first- line treatm ent of lung adeno carcinomas har bouring
EGFR mutatio ns. 11

These limita tions, toget her with the rep ort of leth al pulmo nary toxicity from
stu dies in Japan , led to the replace ment of gefit inib by the closely re lated erlot inib
(OSI -774). This co mpound is indicated for patien ts with advanc ed or metastat ic
NS CLC after failure of pri or chemo therapy. As in the case of gefitinib , its combi -
nation with platin um agents did not show any clini cal benefi t.12,13 Ano ther
quin azoline derivati ve that in hibits EGFR with sim ilar efficac y is lapatin ib (GW -
2016), a dual inhibito r of EGF R and the closely rela ted recep tor ErbB2 (or HER-2).
The latter rece ptor has been iden tified as an impor tant thera peutic target in a
numbe r of cancer s as it is overexp ressed in a round 20–30% of patien ts with
agg ressive bre ast canc er and other tu mors. For this reaso n, lapat inib is unde r
clini cal ass ays for sever al soli d tumo rs. 14
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The binding of ATP to its site at the TK dom ain of EG FR was initially studied
by molec ular mode lling te chniques, based on the X-ray crysta l struct ure 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 sur face of the enzyme (Fi g. 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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betwee n the differen t kinases , allowi ng rela tively selective inhibi tors, and is
norma lly oc cupied by the abov e-disc ussed drugs, wh ich thus act as ATP mimics.
For ins tance, the interac tion bet ween gefit inib and the EGFR catalytic dom ain has
been stu died by X-ray crysta llograph y15 and can be fou nd in Fig. 9.8B. In the case
of gefit inib, where the N-1 atom of the quin azoline ring a cts as a hydrogen bond
accepto r in an interac tion with Met-7 69, the N-3 atom interacts with Thr-830
through a brid ging water mo lecule, and the aniline ring occu pies the norm ally
empty hydroph obic pocket.
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Since the ATP bin ding site is quite spacious, other orientatio ns are poss ible for
inhibi tors, even belongin g to the sa me struct ural cl ass. The substitut ion of the
Met-7 90 res idue for Thr leads to resistanc e to gef itinib and erlot inib due to steric
hindr ance to bin ding of the inhibito r.16

ATP-c ompetit ive inhib itors nee d to prevai l over the high endo genous concen -
trat ions of ATP . For this reason, ATP-co mpeti tive EGFR inhibi tors are rapi dly
cleare d from tumors. To over come this problem , intensi ve effort s have been
direc ted to wards the devel opment of irreversi ble EGFR inhibi tors. Some of them
are caner tinib (CI-10 03), a dual EGFR -HER-2 inhibitor, 17 EKI -785, EKB-569, and
HKI- 272, which are unde r clini cal evaluat ion .2,5 In some of thes e compo unds, like
EKB- 569 and HKI-272, the traditiona l quinazo line ring has been replace d by a
3-cyan oquinoli ne.
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The last fou r compo unds can be consi dered as active site- directed irreversib le
inhibi tors, since they co ntain a 4-anilinoqu inazol ine structur al fragment that can
be recog nized by the ATP site and also an electr ophilic a,b-unsat urated carbon yl
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
nucle ophilic attac k to this Micha el substrate 18 (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
microvas culature and wil l be discussed in more det ail in Se ction 2 of Ch apter 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 re ceptor TK to be identi fied and its sign alling can be
importan t in tumo r gro wth and metastasi s, inclu ding the ind uction of matr ix
metall oprotein ases (MM Ps). VEG FR-2 is expresse d in endo thelial cells and is the
princip al recep tor through wh ich VEGF s exe rt thei r mitogeni c, chemot actic, and
vascul ar perme abilizing effects on the host vas culature (Fig. 9.10). Act ivation of
VEGF R-3 promo tes lym phangiog enesis.
3.4.1. VEGFR inhibitors
Indolino ne der ivatives have in co mmon the presen ce of a hydroge n bon d bet ween
the C-2 carbon yl and a hydrog en dono r in a side chain, generall y a pyrrole ring.
The first of them was semaxan ib (SU- 5416), iden tified in a high-thro ughput
library scre ening as an inhibi tor of VEGF - and PD GF-ind uced ty rosine aut opho-
sphoryl ation. This comp ound reach ed Phase III clin ical trials for colorec tal cancer,
but it was disconti nued at that stage .21 SU -666822 and suni tinib (SU-112 48)23 were
obtaine d by introdu ction of a pro pionic aci d and a (diet hylaminoe thyl)carm aboyl
chain, respec tively, at the C-4 0 positio n of the latter comp ound. Sunitin ib has been
approved by the FDA for gastrointestinal and renal cancer.
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X-ray crystallog raphic stu dies of some ox indole der ivatives co-crystal lized
with VEG FR-1 showed that they occup y the same region as ATP (Fig. 9.11).

Vatala nib (PT K787, ZK- 222584) , an orally availa ble aminop hthalazi ne deriv a-
tive, was identified through a screen of a chemic al libra ry ag ainst FLT-1. 24

It potentl y inhibi ts severa l VEG FR kin ases, and also the TK acti vity of c-KIT
and PDGF. This co mpound is curren tly unde r Phas e III stud ies for metastat ic
color ectal canc er, with resu lts that suggest a positive effect. 25

Vatala nib was used as a start ing point for the develo pment of second-
gene ration VEGF R inhibi tors. Based upo n its binding mod e to the recep tors, an
anthran ilamide scaffo ld was selected for optim ization leading to the iden tificatio n
of AAL -993 as a poten t and sele ctive VEG FR-2 inhib itor.
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The crysta l stru cture of the drug–p rotein comp lex showed that, similar to
imati nib, AA L-993 targets the inactive co nformation of the enzyme. The binding
invo lves three hydrog en bond interac tions (Fig. 9.1 2) and sever al hydrop hobi c
interac tions. Thus, the phenyl ring of the anthran ilamide un it is sandw iched
bet ween the hydrop hobic side chains of Val-9 16 and Lys- 868, and the trifluo ro-
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
inhibito r of hep aranase (see Sectio n 2.2.2 of Chapte r 10 ). It is also inte rnalized 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 norm al ce lls, the bcr and abl gen es are in differen t chro mosome s and code
differen t pr oteins. Chronic myeloid leukae mia (CM L) is associa ted to the
exch ange of genetic mater ial bet ween the chr omosom es 9 and 22, wh ereby the
latte r is altere d and bec omes the so-call ed Philadel phia chromo some. This trans fer
leads to a hyb rid gene ( bcr-a bl), formed by tran sfer of one of the norm al gene s. This
hybrid chro mosom e harbour s the onco genic prote in BCR -ABL, a hybrid PTK with
dere gulated and high ABL kinas e activi ty, resu lting in a high leu kocyte count. The
TK dom ain is contain ed in the ABL por tion of the hyb rid protein, also known as
the Abe lson TK, which is theref ore the natur al target for the design of dru gs for
the treatm ent of CML. 41
3.6.1. Compounds acting as ATP mimics
Imat inib (STI-57 1, from ‘signal trans duction inhibi tor’) is an inhib itor of BCR -
ABL, and the first protein kinase in hibitor to be appro ved for canc er treatme nt
after a particu larly rapi d clini cal develo pment phase .42 It is effective in about 90%
of pat ients with CML, altho ugh resist ance is increasin gly being encou ntered.

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, we re unsucce ssful, which was lat er explain ed by its involv ement 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 a ctivation loop folded into the ATP binding site and mimics a boun d
peptide sustrate. The fact that im atinib bind s to an unusua l conf ormat ion of the
kinase may exp lain its high selectivi ty.

The drug is sandw iched bet ween the N- and C-lobe s of the kinase domain and
penetrates thr ough the central reg ion of the pro tein. In this arrangeme nt, the
pyridin e and pyrimi dine rings of im atinib occlude the region where the ad enine
ring of ATP binds. The rest of the compo und wed ges itself betwee n the activation
loop and helix aC, where by the kinase is maint ained in an inactive conf ormat ion.
The pipe razine ring lies along a hydrop hobic pocke t on the surfac e, making van
der Waals inte ractions reinfo rced by hydrogen bonds with the carbon yl ox ygen
atoms of Ile-360 and His -361. All tog ether, im atinib makes six hydro gen bond
contacts (Fig. 9.14), with a large number of co mplem entary van der Waal s
interac tions.

Besides BCR-AB L, imati nib inhibi ts other kin ases includ ing c-KIT, a member
of the type III grou p of recep tor kin ases. Thi s protein is mutated in a rar e subset
of gas trointestin al sof t-tissue sarcom as kno wn as gastroint estina l stromal tumors
(GISTs) , and imatinib inhibits this mutated c-KIT. On the basis of a series of
Phase II stu dies, the FDA appr oved the use of imati nib for GISTs in 2002. Another
target for im atinib is the PDGF- recepto r TK, which has an impor tant ro le 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
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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



NN

N
N

Dasatinib (BMS-354825)

OH

N
H

N

S

H
N

O

CH3

CH3

Cl N

CNH3CO

ON
N

H3C

HN

Cl Cl

OCH3

SKI-606

AZD-0530

N

N

HN
O

O

Cl

O

O

O
N

N
H3C

Drugs That Inhibit Signalling Pathways for Tumor Cell Growth and Proliferation 275
4. INHIBITORS OF SERINE-THREO NINE KINASES

4.1. Cyclin-Depen dent Kinases

Cycli n-depende nt kinase s (CD Ks) are invo lved in the contr ol of the cell cycle,
bein g in char ge of mo ving the cell cycle from one phas e to the next . CD Ks are
activate d by complexati on with a grou p of a ssociated pro teins cal led cyclins.
There are several typ es of cycl ins and CDKs that play their roles at differe nt stages
of the cell cycle . For instance , in the G1 pha se, an increase in cycl in D follow ed by
its binding to CDK4 and CD K6 leads to the pho sphoryl ation of the tumo r sup-
pre ssor prote in known as retinobl astoma (pR B). This molec ule is norm ally bound
to the transcrip tion factor, E2F wh ich is thereby inactiva ted. Phosph orylation of
pRB preve nts this binding, leavin g the trans cription factor free to bin d to DN A,
leading to the synth esis of several pro teins, inclu ding cycli n E, wh ich binds to
CD K2 and the comp lex is neces sary for the progress ion from the G1 to the S phase.
Other complexes that are required for the progression of the cell cycle through
subsequ ent stages are cycl in E-CDK2 and cycli n B-CD K1 (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).
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Alvocidi b (flavopirid ol, HMR- 1275) is a semi- synthetic flavo ne rela ted to a
natura l pro duct extracted from two Indian plants ( Amoora rohituka and Dys oxylu m
binectari ferum ), and was the first CDK inhibitor to reach hu man clini cal trials in
patients with NSCLC , in combinat ion with paclita xel. Flavopi ridol is a non-
selective CDK inhib itor, thus explain ing G1 and G2 arrest , and is also an inhibitor
of transcrip tion. 59 In spite of highly promising Phase I trials in a variety of cancers, the
results of Phase II studies were rather disappointing in most cases, although encour-
aging results found in one of these studies60 have prompted a Phase III study for the
treatment of metastatic lung carcinoma, in combination with other 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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Selec iclib (roscovitin e, CYC- 202) was iden tified from a study of heterocy cles
with close analogy to the pur ine of ATP and is unde r clinical stu dies for lun g and
B-cel l malignan cies. 62 ( R)-Ros covitine is rath er sele ctive for CDKs, especial ly
CD K2, where it binds as shown in Fig. 9.1 7, and does not affect mos t ot her kin ases.
Howeve r, it bin ds a non-P TK target, pyr idoxal kin ase, the enzyme responsi ble for
pho sphorylati on and activati on of vita min B6, wh ere, unexpe ctedly , it reco gnizes
the pyr idoxal rather than the ATP site. 63

BMS-387 032 is also a CDK2 inhi bitor, and is curren tly in Phase I clini cal trials
for anti-canc er therapy. This co mpound was develo ped from a lead iden tified as a
selective CDK2 inhibitor by hig h-through put sc reening (BC-2626) . Howeve r, it
was inactive in vitro , and it was specula ted that this was due to facile hydroly sis of
the ester group. BMS-239091 was desig ned as a metabo lically stab le bioi soster,
and it sho wed the exp ected cyto toxic activity ag ainst cancer ce lls. Replaceme nt of
the ethyl group by a tert -butyl in or der to enhan ce hydrop hobi c interac tions with
the enz yme and introduct ion of a piperidi ne moiet y to impr ove pharmaco kineti c
pro perties led to BMS-387032 (Fig. 9.1 8).64 Un fortunate ly, this compo und appea rs
to be a substr ate of the P-glyc oprotein efflux pum p, wh ich limits its ab sorption. 65

X-ray crysta llograp hic studies showed that this inhibi tor binds to the active
site of CD K2 by two hydrogen bond s involv ing Leu- 83 and the aminoth iazole
moiet y and also through hydrop hobic interac tions of the thiometh ylen e and
tert -buty l grou ps and two hydroph obic 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 inhibi tor (see Sectio n 4 of Ch apter 12 ).67 Subse quent 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
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NADP,68 and leucine and uracil transporters.69 Indisulam has reached Phase II
studies in patients with metastatic melanoma70 and other solid tumours.71
Indisulam (E-7070)
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4.2. PDK1, AKT, and mTOR kinase s

The PI3K–A KT–mTO R pat hway co ntrols man y cellul ar pr ocesses that are impor -
tant for the form ation and pro gression of canc er, incl uding apopto sis, transcrip -
tion, tran slation, me tabolism , angiog enesis, and ce ll cycle progress ion. Geneti c
alterati ons and biochemi cal activatio n of the pathw ay are frequent events in
pre -neoplas tic lesions and advanc ed canc ers and often portend a poor prog nosis.
Thus , inhibiti on of this pathw ay is an attractive concept for cancer preventio n
and/o r therapy. 72,73

The seque nce of events in the pathw ay start s by activ ation of PDK 1, a serine -
threon ine kinase. When phosph atidylin ositol-3- kinase (PI3K) is activated, it pho s-
pho rylates inositol-c ontainin g membr ane lipi ds like pho sphatidyl inositol. The
pho sphorylati on product PIP3 bind s to AKT, ano ther serine -threonine kinas e,
and cause its tran slocation to the membr ane where it contac ts PDK1, which is
resp onsible for at least one of the two ph osphoryl ations necess ary to activate AKT,
nam ely the ph osphoryl ation of Thr-308 in its T-loop. AKT then phospho rylates
sever al substr ates, leading to the activatio n, a mong others, of the so-called mam-
mali an target of rapamyc in (mTOR ). This kinase , thr ough 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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Associatio n of these inhibito rs with co mpound s targetin g AKT-as sociated
kinase s, suc h as CSNK 1G3 and/o r IPMK has been suggeste d a s a way to achie ve
increased efficac y and impr oved therapeuti c index. 77

Inhibition of heat-sho ck prote in 90 (HS P 90) pro vides a third, indirect way to
achieve AKT inhibi tion, 74 and wil l be discuss ed 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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disr uption of the PI3K –AKT pat hway thr ough inhibitio n of PDK 1. 79 UCN- 01 is
curren tly un der clini cal develo pment. 80
NN

H
N O

O
H3C

H3C

H3CO
NH

UCN-01

HO
The bind ing of UCN-01 to the active site of PDK1 has been studied by X-ray
crysta llograph y and co mpared with that of staurosp orine, showin g the impor -
tanc e of the hydro xy group in the form er. 81 The inhib itor is locate d in the
ATP-bin ding site and the he terocyclic moiety is sandw iched with hydrop hobi c
residue s Leu- 88, Val-9 6, Ala-109, and Leu- 98 of the N -terminal lobe, and Thr-222
and Leu- 212 of the C-term inal lobe. The lactam grou p mimics the adenine inter-
actio ns in ATP and shows two hydroge n bon ds with the backbo ne Ser-160 and
Ala- 162 residues . The key hydrox yl group interacts with side chains of Gln-220
and Thr-222, the latte r with the interm ediacy of a molecule of water. An addit ional
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
methyla mino grou p invo lves 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

Auror e kinas es are a smal l family form ed by three serine-th reonine kin ases
(Auro ra A, B, and C). The y play a crucial role in mito sis becau se they are
impor tant for centro some matur ation, chro mosom e segrega tion, and cytoki nesis.
Auror a kinase s are implicat ed in the onse t and pro gression of many human
canc ers by dysreg ulating the phos phorylati on of histo ne H3 and the tu mor sup-
pre ssor p53. They are over expres sed in a wid e range of human tumo rs, incl uding
50% of co lorectal, ova rian, and gastric cancers , and this over-exp ression trans -
form s microbl asts giving rise to cells co ntaining mu ltiple centr osomes and multi-
polar spin dles, and the res ulting genetic in stability contr ibutes to tumorige nesis. 86

For these reaso ns, Auror a kin ases are an emerg ing target in cancer chemot her-
apy. 87,88 The mai n differe nce bet ween Aurora kinas e inhibito rs and other anti-
mito tic drug s is that the form er push the cells through ab errant and irreversib le
rou nds of the cell cycl e, res ulting in a delaye d but sustaine d resp onse in animal
mod els. 88

Only a few inhibi tors of Auror a kinas es are kno wn, which belo ng to well-
known classes of ATP -competiti ve kinase inhib itors. 88 Among them, VX-6 80 also
inhibi ts FLT- 3 and ente red Phas e I clinical trials for haemat ological canc ers in
2005. It was desi gned using the 4-amino pyrimi dine templ ate, on the basis of
the crysta l struct ures of the ATP bin ding sites of the three Aurora kin ases.89

Ano ther compoun d that has recent ly en tered Phas e I clini cal stu dies is AZD-
1152, wh ich was designed by manipul ation of the 4-am inoqu inazol ine struct ure,
a we ll-known temp late fo r kinase inhibiti on, particu larly at the 4, 6 , and 7
positi ons.
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Ano ther comp ound that has been reported to be mod erately sele ctive agains t
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 kinase s (Fig . 9.22). 90
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4.4. PKC modulators

PKC is a family of closely related serine -threonine kinase s. They can be acti vated
by G-pr otein–co upled pro teins that co ntain seven transmembr ane dom ains. Acti-
vation of the G-pr otein–co upled rece ptor also activates phospho plipase C (PL C),
which catalyses the hyd rolysis of phosph atidylin ositol diphosph ate (P IP2), which
is in tegrated into the membr ane. This hydrolys is gene rates two sec ondary mes-
senge rs, namely ino sitol triphosp hate (IP3) and diac ylglycerol (DG). The latter
compo und is lipo philic and remain s in the cell membr ane, where it activate s PKC.
Once back in the cytop lasm, PKC activates Raf by phos phorylati on of ser ine-
threon ine re sidues, thereby providin g input into the MAPK pathway (Fig . 9.23).
For this reason, PKC is an attractive anti-canc er target. 91

Some analo gues of the natur al kinase inhi bitor stau rospori ne have been devel-
oped as PKC inhibi tors with anti-cancer activi ty. The y includ e the pr eviously
mentioned mu lti-kinase inhib itor UC N-01, CGP- 41251, 92 rub oxistaurin (LY-
333531) , which is specif ic for the PKC -b isoform, enza staurin (LY-317 615), in
Phase II for recurre nt mali gnant gliobl astomes, 93 and PKC-412 94 . All thes e
compo unds are unde r cl inical trials as antica ncer agents (Fi g. 9.24). The se com-
pounds have other applicatio ns, and thus CGP- 41251 is also bein g evaluat ed as a
multi-d rug resistanc e reve rsal agent. 95 An importan t mechanis m that may medi-
ate the develo pment of hype rglycemi a-induced vascu lar abno rmalities in the
retina is media ted by the activatio n of the PKC pathw ay, and for this reason
LY-333531 is unde r clini cal stu dy for the treatme nt of microvasc ular compl ications
of diabetes .96,97

Bryostatin 1 is one of a series of cyclic macr olides isol ated from the marin e
bryozo an Bugula neri tina 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.
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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 Ra s mutants and their key role in
maintaining the malignant 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 pro teins nee d to be trans located to the me mbrane inner side in orde r
to be ab le to recrui t their target enzy mes. Newly synth esized Ras is a cyto plas-
matic pro tein that requires a post-tra nstat ional st ructural modifi cation to rende r
them suffici ently lipoph ilic to allow their anchoring in the membr ane. This
mod ification invo lves sever al steps (Fi g. 9.25):

a. Prenyl ation, that is, the addition of farnesyl res idues by farne syltransf erase
(FTase ), which re cognizes the te rminal CAAX sequen ce of Ras, where C rep re-
sents cys teine, A is an alipha tic ami no acid (Leu, Ileu, Val), and X is Met, Ser,
Leu, or Gln. Dependi ng on the X residue, som e Ras proteins may be geranyl -
geranylate d by other transfera ses (GG Tases).

b. Proteolysi s by an end oprotea se that remove s the last three ami no aci ds of the
C-termin us.

c. Esteri fication of the new C-t erminus by a me thyltransf erase.
d. Int roductio n of two palm itoyl grou ps by acyl ation of the thiol gro ups of two

Cys residue s by a palmit oylCoA transfera se. Thi s reaction does not take place
in K-Ras , wh ose inte raction with the plasm a memb rane is promo ted by elec-
trostat ic bondi ng betwe en a gro up of char ged lysine re sidues and the char ged
pho spholip id head groups.

Membr ane-bou nd Ras cy cles betwee n the quiescen t GDP- boun d a nd the acti-
vated GT P-bound form s. This a ctivation is trigg ered by alt eration of the affinity of
Ras for GDP, allowin g exch ange for GTP, by a multi-p rotein scaff old formed by
adap tor mo lecules suc h as growt h fact or recepto r boun d (Grb), which binds to
pho sphorylate d tyrosi ne recepto rs to recruit effector s suc h as the so-call ed So n of
Seve nless (SOS ). The main targe ts recrui ted by the active , me mbrane -bound Ras
are the Raf family kinase s, wh ich in turn activate mitogen activated protein kinase
kinas es (MEK) to phospho rylate mitog en activate d pro tein kin ases (MAP K, also
known as ERK) that then influe nce gene express ion (Fig . 9.26).

While the above mecha nism promo tes GTP bin ding to Ras, a comp eting
pro cess that involv es the so- called GTPase activatin g pro teins (GAP s) preve nts
it by activatin g GTP hydroly sis (‘Ras swi tch’, Fig. 9.27). A sing le 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.
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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



Ras
H
N

A

HS

O

A X OH

O

CAAX motif

Zn2+

FPP
Ras

H
N

A

S

O

A X OH

O

FIGURE 9.28 Farnesylation of Ras.

290 Medicinal Chemistry of Anticancer Drugs
a and b sub-u nits that bind s to the ‘CAAX box ’ of the Ras pr otein, wh ich ad opts an
extended conf ormat ion with the cys teine sulphur coordinated to the zin c ion in
the active site. This coor dination appar ently lowers the pKa of the thiol, increasin g
the local concen trat ion of thio late anion and facil itating its farnesy lation (Fig. 9.28)

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

a. Analogue s that compete with the substrate , farnes yl pyr ophosph ate (FPP ).
b. Pep tide or non- peptide peptido mimetic compo unds targete d at the termin al

CA AX sequen ce of Ras.
c. Bisubstr ate analo gues that combine both struct ural featu res.
5.2.1. FPP mimics
This class of inhib itors has attracted less interest bec ause of their potenti al lack of
selectivi ty due to the fact that FPP is a substr ate for other enzymes suc h as
squalen e syntha se. Although som e of these co mpound s (e.g . 9.1 and 9.2 ) are
potent inhibitors of the enzyme, they have fail ed to show in vivo activity.
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5.2.2. Peptides and peptidomimetics that mimic the CAAX motif
Initial re ports ab out the FTase inhibi tory activi ty of CAAX tetrape ptides led to the
identi fication of Cys-Val -Phe-Me t as a lead for system atic struct ural modif ication.
Most of these analog ues were aime d at achie ving suitable pharm acokine tic prop-
erties while retainin g the thio l grou p, im portant for coordi nation to zin c. 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 acid s like a minobenzo ic aci d derivati ves (e.g. FTI-27 6). L-73975 0 and FTI-
276 were norm ally employe d as ester pro drugs (L-74 4832 and FTI-27 7, respec -
tively) in order to enhan ce thei r absorp tion (Fi g. 9.29). De spite the en couraging
in v ivo data obt ained for these peptido mimetics, there were res ervations regardin g
their clinical use becau se of their potential thiol-relate d to xicity; neverthe less,
L-74483 2 has reached clini cal trial s.108 A co mbinat ion of the modif ications used
for the design of L-73975 0 and FTI-27 6, wi th the add itional mod ifications of the
rep lacement of the redu ced cystei ne moiety by a me rcaptopr oline and havi ng bot h
the thiol and the carbox ylic grou ps mask ed as esters , has led to the design of the
doubl e pro-drug AZD -3409, whic h has reach ed clin ical trials .

The main FTase inhib itors under clini cal devel opmen t109 are non-p eptidic,
heterocy clic comp ounds suc h as BMS-214662 , tipifarn ib (R-115 777), L-77812 3,
lon afarnib (SCH-66336 ), and SCH-2 26374 that have normal ly been discover ed
through scree ning appr oaches. BM S-214662, tifiparn ib (i nitially develo ped as an
antif ungal agent) and L-77812 3 contain imida zole rings that are ab le to co-
ordinate the cataly tic zinc catio n competi ng with the cyste ine uni t at the CAAX
moti f in Ras. Lonafar nib was discove red thr ough libra ry scree ning and it does no t
have a gro up ab le to act as a zinc ligand , which led to the design of its imida zole-
beari ng analog ue SCH-22637 4.

Both tipifa rnib and lon afarnib are oral ly bioavailab le, while BM S-24662 and
L-77811 23 have been stud ied as intra venous form ulation s. BMS-2466 2, tipifa r-
nib110,111 L-778123,112 and lonafarnib113 are under clinical studies against a variety
of cancers.
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X-ray diffr action stud ies of BMS- 214662 and tipifa rnib co mplexe d with farne syl
transfera se show that they bin d to a hydroph obic clef t form ed at the interface of
the a and b sub-u nits, formin g a ternary comp lex with the FPP substrate and the
enzyme, bind ing the cataly tic zinc catio n at the rim of the active site. Therefor e,
they act by a pepti de-compe titive mecha nism. 114 This interac tion is exemp lified in
Fig. 9. 30 fo r the case of tipifa rnib, which adopt s a U shape stabilized by p-stac king
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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adopt s a U shap e by van der Waals stacking bet ween the cyanop henyl and
pipe razine un its, with the imida zole un it oc cupyin g the apex of the struct ure
and coordinatin g with the zinc cation. In FTa se, FPP bin ds adjacently at the
corresp onding site, with the pyro phos phate group occup ying a positive ly
charg ed pocke t (Fig. 9. 31A). Howeve r, in GGTase I the inhibi tor does not form a
terna ry compl ex with geranylge raniol pyr ophosph ate and ins tead it occupies the
lipi d substrate binding pocke t and a portion of the peptide substrate bin ding
pocket. The cati onic site is occup ied by a sulp hate anio n, whic h is placed wh ere
the pyr ophosph ate of GGPP norm ally binds (Fig. 9.3 1B).115
5.2.3. Bisubstrate analogues
Some FTa se inhib itors incorpo rate structura l motifs from both FPP a nd the CAAX
sequen ce. One ex ample is compoun d 9.3, wh ere the thiol moiet y of CA AX was
substitu ted by a carboxy lic group and the farnes yl chain was coval ently a ttached
to the peptide through an amide linkage.
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5.3. Inhibi tors of downstream effectors of Ras function

Multiple Ras effecto rs are known, the best known of which is the c-Raf kinas e–
MEK–E RK pathway (Fig. 9.26). Inappr opriate activati on of this pathw ay through
mutatio ns induce d via oncogene s is present in many cancers.
5.3.1. Raf inhibitors
Three Raf proteins are kno wn, nam ely c-Raf (Raf-1), b-R af, and a-Raf. Sorafe nib
(BAY4 3–9006) is a mu lti-target ed TK inhi bitor, wh ich acts on c-raf/b-r af as well as
several TKs inclu ding VEG FR-2 and PDGF R- b, among others, by binding to their
ATP site. It shows activi ty aga inst renal cell and he patocellu lar carcin omas and it
was appro ved by the FDA at the end of 2005, bein g the first drug to be appro ved
for this indicati on since 1992. The diaryl urea scaff old found in sor afenib was
initially proposed in a de novo a pproach to CDK4 inhibito rs.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. Am ong them, CI-1040 (PD- 184352) 118 is an orally active, poten t, 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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belongin g to the third gene ration, suc h as ris edronate, zoledron ate, and minodro-
nate, which contain a nitroge n heterocyc le, have shown a dual anti-b one resorp-
tion and antitum or cell pro liferatio n activity and are und ergoing pre-cli nical and
clinical studies for sever al cancers incl uding breast, pro state, lun g, renal, ost eo-
sarcom a, and chondreo sarcom a. The antitum or activity of these pho spho nates is
due to the inhibitio n of farne syldiphosp hate synth ase (FPP) and ger anylgeran yl-
diphosph ate synth ase (GG PP) and hence the farne sylation or geranylge ranylat ion
of smal l GTP ases.84
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7. ANTICANCER DRUGS ACTING ON APOPTOTIC
SIGNALLING PATHWAYS

Apopto sis is no rmally define d a s pr ogramm ed active cell death. Altho ugh at first
sight ce ll death might be view ed as a pathol ogical phe nomenon , each sec ond
about one millio n cells in a human body undergo apoptosi s. Several gene s
involv ed in the apoptosi s process have been fou nd to be defecti ve in canc er
cells, special ly the BCL2 and caspase -fami ly gen es.123

Apopto sis is cau sed by a grou p of cysteine as partyl specif ic proteas es called
caspase s, whic h cleav e their substr ates at aspartic acid res idues. Caspas es are
produc ed as inactive zy mogens, wh ich are activated by a hydrol ysis reaction at
Asp sites. Because bot h the activatio n of casp ases and the cleav age of their
substrate s take place at Asp sites, they can act in proteolyti c cascade pro cesses.

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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specie s (ROS ) becau se of their high rate of metabo lism and inefficient res piration.
Further more, canc er cells lose their ab ility to reduce thei r rate of respirati on in the
pre sence of increasin g oxid ative 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 JNK by increasing the expression of the JNK-phosphatase MKP1.132

A gro up of synthetic triterpen oids, special ly CD DO and CDDO-Me, inhibits
NF- kB activ ity and increas es oxidative stress in cancer cells, leading to susta ined
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)

Pro tein foldin g is catal ysed in v ivo by isomeras es and chape rone prote ins. Molec -
ular chaperon es are ubiqu itous pro teins that as sist fo lding, assemb ly, transport,
and degradati on of prote ins with in the cell. The first iden tified chaperon es were
heat- shock proteins (HSPs ), whose names is deriv ed from the elevate d level s
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 unfold ed or misfol ded prote ins usin g an ATP -indepe ndent mecha -
nism. Pr oteins unable to mai ntain thei r proper shape are broke n down by the
pro teasome (see Section 1 of Ch apter 10 ) and elimi nated, 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). Recen tly, the develop ment of fluoresc ent 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 the proteasome (Fig. 10.2). For this reason, protease inhibitors may provide 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 follow ed by proteas ome degradati on (Fig. 10.3). Therefor e, an approa ch
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
summar ized in Fig. 10 .4, involv ing two te trahedral transi tion state s, 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 synth esized to target pro teasome (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 signal ing pathw ays and thei r in hibitors were studied in Secti on 3.4 of
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Ch apter 9 . Some antica ncer dru gs targetin g pr eexisting vas culature through
tub ulin depolyme rization were discussed in Sectio n 5 of Chapt er 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 Se ction 3.4 of Ch apter 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 ba sed on the enhance d acidity of the water mo lecule
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
ran ge. The ir interac tion 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 angiogen esis inhib ition (see also Section 3. 4.3 of
Ch apter 9), and it has been shown to be a nonc ompet itive he paranas e inhibi tor. 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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HOCO2H
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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.

Squalamine

H3C

H3C H

N
H

CH3

H3C

CH3

H3C

OSO3H

N
H

H2N

H

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 kin ase activity (Fig . 10.9). 37 Squalami ne also interac ts with calmod ulin 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
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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 abrog ation of tu morige nicity (Fig. 10.10) . DN A dem ethylating agents do no t
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
deriv atives 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 stru cture 10.13 by a b-elim inatio n 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 nece ssary to restore the enzy me, wh ich is thus inactivat ed (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 stab le covalent adduct 10.2 1 with DNMT (Fig. 10.15), as pro ved 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) . Bec ause of this mecha nism for the inhibi tion of cytidi ne deam inase,
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 unnat ural DNMT inhibi tors unde r precl inical study are the tryptop han
derivati ve RG-108 66 and the dru gs hydra lazine and procainam ide. MG- 98 is an
antisense oligo nucleot ide of human DNMT1, which prevents the trans lation of the
DNMT1 gen e into the correspo nding mRNA and has reach ed Phas e II clini cal
studies. 67
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Although X-ray crysta llograph ic struct ures for human DNMT are not avail-
able, the extensive co nservat ion of the catalytic domai ns of all DN MTs has
allowed the use of X- ray struct ures of bacterial methylas es as a bas is for ligan d
design. The model thus der ived was val idated through the design and evaluat ion
of a new nucle oside analo g, nam ely, N4-fluo roacetyl-5 -azac ytidin e,68 and also of
nonnucleoside compounds, like RG-108.66 The binding of the previously men-
tioned natur al inhibi tor EGCG to this model 65 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
inhibi tors also lead to apoptotic and antian giogenic ef fects (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
stu dies of a bacteria l deace tylase and is sum marized in Fig. 10.19. 74 It involv es
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-30 3 hyd roxyl group (Fi g. 10.20, where the amino acid residue s
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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FIGURE 10.20 Binding of trichostatin A to HDAC.
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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 presen t in the HDAC pocket 82 (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
wou ld have no place to bind (Fig. 10.22) . The refore, wh en 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 laggin g stran d to be compl eted (Fi g. 10.23) . Human telomer ase is compo sed
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 chemo sensitiz ers, they wi ll be discuss ed in detail in Ch apter 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 bin ding into the minor groo ve of DNA (see Sectio n 4 of Chapte r 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 overexp ression or mutation of specif ic gene s (oncogen es) cau ses
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 pr eviousl y mentio ned in Ch apters 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. Mechanis m (a) wi ll be discuss ed belo w, while me chanis m (c) was
stu died in the appro priate sections of Ch apte r 9 (see also Ta ble 10.2 ), and
mecha nisms (b) and (d) will be stu died in Ch apter 11 , tog ether with ot her
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
DN A synth esis and kill ing the cell (Fig . 10.27) . This me thod 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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49. Wernert, N., Stamjek, A., Kiriakidis, S., Hügel, A., Jha, H. C., Mazitschek, R., and Giannis, A. (1999).

Angew. Chem. Int. Ed. 38, 3228.
50. Connell, R. D., and Beebe, J. S. (2001). Expert Opin. Ther. Patents 11, 77.
51. Yoo, C. B., and Jones, P. A. (2006). Nat. Rev. Drug Discov. 5, 37.
52. Yoo, C. B., Cheng, J. C., and Jones, P. A. (2004). Biochem. Soc. Trans. 32, 910.
53. Issa, J.-P., and Kantarjian, H. (2005). Nat. Rev. Drug Discov. 4, S6.
54. Kaminskas, E., Farrell, A. T., Abraham, S., Baird, A., Hsieh, L.-S., Lee, S.-L., Leighton, J. K., Patel, H.,

Rahman, A., Sridhara, R., Wang, Y.-C., and Pazdur, R. (2005). Clin. Cancer Res. 11, 3604.
55. Kaminskas, E., Farrell, A. T., Wang, Y.-C., Sridhara, R., and Padzur, R. (2005). Oncologist 10, 176.
56. Kuykendall, J. R. (2005). Ann. Pharmacother. 39, 1700.
57. Issa, J.-P. J., Gharibyan, V., Cortes, J., Jelinek, J., Morris, G., Verstovsek, S., Talpaz, M., Garcı́a-

Manero, G., and Kantarjian, H. M. (2005). J. Clin. Oncol. 23, 3948.
58. http://clinicalstudies.info.nih.gov/detail/A_2006-C-0221.html
59. Dhingra, H. M., Murphy, W. K., Winn, R. J., Raber, N. M., and Hong, W. K. (2004). Invest. New Drugs

9, 69.
60. Cheng, J. C., Matsen, C. B., Gonzales, F. A., Ye, W., Greer, S., Marquez, V. E., Jones, P. A., and

Selker, E. A. (2003). J. Natl. Cancer Inst. 95, 399.
61. Zhou, L., Cheng, X., Connolly, B. A., Dickman, M. J., Hurd, P. J., and Hornby, D. P. (2002). J. Mol.

Biol. 321, 591.
62. Cheng, J. C., Yoo, C. B., Weisenberger, D. J., Chuang, J., Wozniak, C., Liang, G., Márquez, V. E.,

Greer, S., Orntoft, T. F., Thykjaer, T., and Jones, P. A. (2004). Cancer Cell 6, 151.
63. Jeong, L. S., Buenger, G., McCormack, J. J., Cooney, D. A., Hao, Z., andMárquez, V. E. (1998). J. Med.

Chem. 41, 2572.
64. Simmons, T. L., Andrianasolo, E.,McPhail, K., Flatt, P., andGerwick,W.H. (2005).Mol. Cancer Ther. 4,

333.
65. Fang,M.Z.,Wang, Y., Ai, N.,Hou, Z., Sun, Y., Lu, H.,Welsh,W., andYang, C. S. (2003).Cancer Res. 63,

7563.
66. Brueckner, B., Garcı́a Boy, R., Siedlecki, P., Musch, T., Kliem, H. C., Zielenkiewicz, P., Suhai, S.,

Wiessler, M., and Lyko, F. (2005). Cancer Res. 65, 6305.
67. http://clinicaltrials.gov/ct/show/NCT00324220
68. Siedlecki, P., Garcı́a Boy, R., Comagic, S., Schirrmacher, R., Wiessler, M., Zielenkiewicz, P.,

Suhai, S., and Lykoc, F. (2003). Biochem. Biophys. Res. Commun. 306, 558.
69. Marks, P. A., Rifkind, R. A., Richon, V. M., Breslow, R., Miller, T., and Kelly, W. K. (2001).Nat. Rev.

Cancer 1, 194.
70. Johnstone, R. W. (2002). Nat. Rev. Drug Discov. 1, 287.
71. Monneret, C. (2005). Eur. J. Med. Chem. 40, 1.
72. Moradei, O., Maroun, C. R., Paquin, I., and Vaisburg, A. (2005). Curr. Med. Chem. Anticancer Agents

5, 529–560.

http://clinicalstudies.info.nih.gov/detail/A_2006-C-0221.html
http://clinicaltrials.gov/ct/show/NCT00324220
http://clinicaltrials.gov/ct/show/NCT00324220


Other Approaches to Targeted Therapy 349
73. Carey, N., and La Thangue, N. B. (2006). Curr. Opin. Pharmacol. 6, 369.
74. Flinnin, M. S., Donigian, J. R., Cohen, A., Richon, V. M., Rifkind, R. A., Marks, P. A., Breslow, R.,

and Pavletich, N. P. (1999). Nature 401, 188.
75. Khanwani, S. L., Edelman, M. J., and Tait, N. (2001). Proc. Am. Soc. Clin. Oncol. 20, 86a.
76. Raffoux, E., Chaibi, P., Dombret, H., and Degos, L. (2005). Haematologica 90, 986.
77. Vigushin, D.M., Ali, S., Pace, P. E., Mirsaidi, N., Ito, K., Adcock, I., and Coombes, R. C. (2001).Clin.

Cancer Res. 7, 971.
78. Duvic, M., Talpur, R., Ni, X., Zhang, C., Hazarika, P., Kelly, C., Chiao, J. H., Reilly, J. F., Ricker, J. L.,

Richon, V. N., and Frankel, S. (2007). Blood 109, 31.
79. http://www.clinicaltrials.gov/ct/show/NCT00042900; jsessionid=47CCC05C87B745FACD2295

C56507E1A6?order=48
80. Giles, F., Fischer, T., Cortes, J., Garcı́a-Manero, G., Beck, J., Ravandi, F., Masson, E., Rae, P., Laird, G.,

Sharma, S., Kantarjian, H., Dugan, M., Albitar, M., and Bhalla, K. (2006). Clin. Cancer Res. 12, 4628.
81. Byrd, J. C., Marcucci, G., Parthun, M. R., Xiao, J. J., Klisovic, R. B., Moran, M., Lin, T. S., Liu, S.,

Sklenar, A. R., Davis, M. E., Lucas, M. E., Fischer, B., et al. (2005). Blood 105, 959.
82. Furamai, R., Matsuyama, A., Kobashi, N., Lee, K.-H., Nishiyama, M., Nakajima, H., Tanaka, A.,

Komatsu, Y., Nishino, N., Yoshida, M., and Horinouchi, S. (2002). Cancer Res. 62, 4916.
83. Furamai, R., Komatsu, Y., Nishino, N., Khochbin, S., Yoshida, M., and Horinouchi, S. (2001). Proc.

Natl. Acad. Sci. USA 98, 87.
84. Kwon, S.H.,Ahn, S.H., Kim,Y.K., Bae,G.-U., Yoon, J.W.,Hong, S., Lee,H.Y., Lee, Y.-W., Lee,H.-W.,

and Han, J. W. (2002). J. Biol. Chem. 277, 2073.
85. Komatsu, Y., Tomizaki, K.-Y., Tsukamoto, M., Kato, T., Nishino, N., Sato, S., Yamori, T.,

Tsuruo, T., Furumai, R., Yoshida, M., Horinouchi, S., and Hayashi, H. (2001). Cancer Res. 61, 4459.
86. http://www.clinicaltrials.gov/ct/show/NCT00101179
87. Undevia, S. D., Kindler, H. L., Janisch, L., Olson, S. C., Schilsky, R. L., Vogelzang, N. J.,

Kimmel, K. A., Macek, T. A., and Ratain, M. J. (2004). Ann. Oncol. 15, 1705.
88. http://www.clinicaltrials.gov/ct/show/NCT00374296; jsessionid=92563A45C8B57CDD90D1719

43745C815?order=8
89. Koutsodontis, G., and Kardassis, D. (2004). Oncogene 23, 9190.
90. Neidle, S., and Parkinson, G. (2002). Nat. Rev. Drug Discov. 1, 383.
91. Mergny, J.-L., Riou, J.-F., Mailliet, P., Teulade-Fichou, M.-P., and Gilson, E. (2002). Nucl. Acid Res.

30, 839.
92. Cunningham, A. P., Love, W. K., Zhang, R. W., Andrews, L. G., and Tollefsbol, T. O. (2006). Curr.

Med. Chem. 13, 2875.
93. Kerwin, S. M. (2000). Curr. Pharm. Des. 6, 441.
94. Ascolo, E., Wenz, C., Lingner, J., Hauel, N., Priepke, H., Kaufmann, I., Garinchesa, P., Rettig, W. J.,

Damm, K., and Schnapp, A. (2002). J. Biol. Chem. 277, 15566.
95. Herbert, B. S., Gellert, G. C., Hochreiter, A., Pongracz, K., Wright, W. E., Zielinska, D., Chin, A. C.,

Harley, C. B., Shay, J. W., and Gryaznov, S. M. (2005). Oncogene 24, 5262.
96. Berthet, N., Boturyn, D., and Constant, J.-F. (1999). Expert Opin. Ther. Patents 9, 401.
97. Takebayashi, K., Pourquier, P., Zimonjic, D. B., Nakayama, K., Emmert, S., Ueda, T., Urasaki, Y.,

Kanzaki, A., Akiyama, S., Popescu, N., Kraemer, K. H., and Pommier, Y. (2001). Nat. Med. 7, 961.
98. Zewail-Foote, M., Ven-Shun, L., Kohn, H., Bearss, D., Guzmán, M., andHurley, L. H. (2001). Chem.

Biol. 135, 1.
99. Damia, G., Silvestri, S., Carrassa, L., Filiberti, L., Faircloth, G. T., Liberi, G., Foiani, M., and

D’incalci, M. (2001). Int. J. Cancer 92, 583.
100. Khuri, F. R., and Kurie, J. M. (2000). Clin. Cancer Res. 6, 1607.
101. Segota, E., and Bukowski, R. M. (2004). Cleve. Clin. J. Med. 71, 551.
102. http://clinicaltrials-nccs.nlm.nih.gov/ct/show/NCT00401570; jsessionid=A8186BC084BE2C690

ACBDDE0B44F8330?order=25
103. Posey, J. A., Khazaeli, M. B., DelGrosso, A., Saleh, M. N., Lin, C. Y., Huse, W., and LoBuglio, A. F.

(2001). Cancer Biother. Radiopharm. 16, 125.
104. Buchsbaum, D. J., and Curiel, D. T. (2001). Cancer Biother. Radiopharmacol. 16, 275.
105. Bladon, C. M. (2002). In ‘‘Pharmaceutical Chemistry: Therapeutic Aspects of Biomacromolecules,’’

chapter 5, Wiley, Chichester.

http://www.clinicaltrials.gov/ct/show/NCT00042900;jsessionid=47CCC05C87B745FACD2295C56507E1A6?order=48
http://www.clinicaltrials.gov/ct/show/NCT00042900;jsessionid=47CCC05C87B745FACD2295C56507E1A6?order=48
http://www.clinicaltrials.gov/ct/show/NCT00042900;jsessionid=47CCC05C87B745FACD2295C56507E1A6?order=48
http://www.clinicaltrials.gov/ct/show/NCT00101179
http://www.clinicaltrials.gov/ct/show/NCT00101179
http://www.clinicaltrials.gov/ct/show/NCT00374296;jsessionid=92563A45C8B57CDD90D171943745C815?order=8
http://www.clinicaltrials.gov/ct/show/NCT00374296;jsessionid=92563A45C8B57CDD90D171943745C815?order=8
http://www.clinicaltrials.gov/ct/show/NCT00374296;jsessionid=92563A45C8B57CDD90D171943745C815?order=8
http://clinicaltrials-nccs.nlm.nih.gov/ct/show/NCT00401570;jsessionid=A8186BC084BE2C690ACBDDE0B44F8330?order=25
http://clinicaltrials-nccs.nlm.nih.gov/ct/show/NCT00401570;jsessionid=A8186BC084BE2C690ACBDDE0B44F8330?order=25
http://clinicaltrials-nccs.nlm.nih.gov/ct/show/NCT00401570;jsessionid=A8186BC084BE2C690ACBDDE0B44F8330?order=25


CHAPTER 11
Medicinal Chemistry of An
DOI: 10.1016/B978-0-444-5
Drug Targeting in Anticancer
Chemotherapy
Contents 1. Introduction 351
tican
2824
cer Drugs # 2008 E
-7.00011-1 All righ
lse
ts
2. P
rodrug-Based Anticancer Drug Targeting: Small-Molecule

Prodrugs
 352
2.1.
 S
elective enzyme expression in tumor cells
 352
2.2.
 H
ypoxia-based strategies for tumor-specific

prodrug activation
 354
2.3.
 G
ene-directed enzyme prodrug therapy (GDEPT) and

virus-directed enzyme prodrug therapy (VDEPT)
 363
2.4.
 A
ntibody-directed enzyme prodrug therapy (ADEPT)
 364
3. P
olymer-Protein Conjugates
 368
4. M
acromolecular Small-Drug Carrier Systems
 369
4.1.
 N
-(2-Hydroxypropyl)methacrylamide polymers
 370
4.2.
 P
oly-(L-glutamic)conjugates
 373
4.3.
 N
europeptide Y conjugates
 374
4.4.
 P
EGylated conjugates
 375
4.5.
 Im
munoconjugated drugs
 375
5. P
olymer-Directed Enzyme Prodrug Therapy (PDEPT)
 377
6. F
olate Receptor-Targeted Chemotherapy and

Immunotherapy of Cancer
 378
7. L
iposomes and Nanoparticles in Anticancer Drug Targeting
 380
7.1.
 L
iposomes
 380
7.2.
 N
anoparticle albumin bound technology
 383
Refe
rences
 383
1. INTRODUCTION

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
vier B. V.
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352 Medicinal Chemistry of Anticancer Drugs
cancer chemot herapy are focus ed on the poss ibility to sele ctively target and kill
the cancer cells wh ile a ffecting as few heal thy cells as possibl e. This chapter is
devot ed to the techni ques used to achieve this end.
2. PRODRUG-BASED ANTICANCER DRUG TARGET ING:
SMALL-MOLECUL E PRODRUGS

One appr oach that allows impro ving the selectivity of cyto toxic compo unds in
cancer therapy is the use of prodrug s that are selectivel y activate d in tumor
tissues. 1 Thi s selective acti vation may be ba sed on the exp loitation of som e uniqu e
aspects of tumor physiolo gy, such as selective enzyme exp ression, hyp oxia, and
low extrace llular pH. Other appr oaches are based on tumo r-specific deli very
techni ques that allow the selective activation of prodrug s by exogen ous enzy mes,
which are deli vered into the tu mor usin g monoclo nal antibo dies [antibody-
directe d 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-dir ecte d enzy me
prodru g thera py (V DEPT)] vectors.
2.1. Select ive enzyme expression in tumor cells

In orde r to a chieve a tumo r-specific targetin g, the enzyme res ponsible for pro drug
activatio n sho uld un iquely be presen t 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 examp le, pre viously discus sed in Sectio n 4.3 of Ch apter 2, is the sele ctive
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 thym idine pho sphoryl ase (Fig. 11.1), and take s place up to 10 time s more
efficiently in cancer cells than in normal cells.
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Ano ther enzyme that is over expres sed in sever al tumors, including ova rian,
colon , pancr eas, and non-smal l lun g ce ll cancers, is the cytosolic glutat hione-
S-tr ansferase of the p cl ass (GST -p). The active site of this enz yme contain s a
tyrosi ne residue that depr otonates the mercapt o grou p of glutat hione in order to
increase its nucleoph ilicity and to allow its reaction with electr ophilic toxic meta-
bolite s (Fig. 11.2).

The mus tard pr odrug TLK- 286 contain s a mod ified glutat hio ne framewor k
linked to an inactive phospho ramide mus tard. The presence of a sulfon e gro up in
the linker was designed to enhan ce the acid ity of the a-proto n and thus facilitate
a b -eliminati on reactio n triggered by the basic ity of the depr otonated tyrosine
hydrox yl. The negative charg e in the libe rated pho sphoram idate ass ists the intra -
molec ular nucl eophilic displ acement re action that leads to the alkylatin g aziridi-
niu m species (Fi g. 11.3). Alth ough 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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2.2. Hypoxia-based strategies for tumor-specifi c prodrug activation

Hypoxi a is a common and un ique property of cells in solid tu mors, and it is
therefo re a poten tial mecha nism for tu mor-specif ic prod rug activation .3 The
availa bility of oxy gen electro des has allowed the accura te me asureme nt of oxygen
levels in human tumors, whic h are highly heteroge neous. Man y regions have very
low level s, with partial pressur es of oxy gen around 5 mmH g that correspo nds to
about 0.7% O2 in the gas phase or 7 mM in soluti on. These hyp oxic cells are
resistant to radi otherapy (see Section 11 of Ch apter 4) and can also be conside red
resistant to most antica ncer drugs bec ause of poor diffusi on from the distant
blood vessels, loss of sensitiv ity to p53-med iated apoptosi s, and upregulati on of
genes involved in drug res istance. However , the existe nce of hypoxia and cell
necrosis provides an oppo rtunit y for tumor- selective therapy, includ ing the
develo pment of bioredu ctive pro drugs 4 specif ically activated by hyp oxia.

Discrim ination betwe en normal (oxygena ted) and tumor (hypox ic) tissues can
norma lly be achie ved wh en the prod rug contain s a func tional gro up that is
susceptib le to give an initial red uction (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 ab sence of oxy gen, the prod rug radi cal is accumula ted
and then generates the ultimate cytotoxic species, and hypoxia-selective cytotox-
icity is achieve d (Fig. 11.4B). Obvio usly, for this appr oach to be useful in canc er
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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typ es of hyp oxia-base d strat egies for tumo r-specific pro drug activati on will be
mentio ned in Secti ons 11.3 (GD EPT therapy) and 11.4 (ADEP T thera py).

One of the enzy mes invo lved in the on e-electron red uction re actions nee ded for
hypo xia-sele ctive bioact ivation is cytoch rome P450 redu ctase, a flavo protein that
func tions as an electr on dono r for P45 0. This enzy me is a ble to reduce aldehy des,
quin ones, and N-o xides, among ot her functional gro ups, directl y or via P45 0s.
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 tirapazam ine
(TPZ ), wh ich unde rgoes an enzymat ic one-el ectron redu ction to the TPZ radical.
In norm al cells, this speci es reacts wi th oxyge n to give ba ck TPZ, toget her with a
superox ide radi cal. However , in hyp oxic envi ronments the TPZ radical und er-
goes two differen t types of fragm entation reactio ns (see Section 9 of Chapte r 4),
leading to hydroxyl and benzotriazinyl (BTZ) radicals, which cause DNA strand
cleav age and topoi somerase II poiso ning (Fi g. 11.5). One advant age 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, whic h sho ws a tight bindin g to DN A by interc alation and subse quent
interfer ence with the topoisome rase II functi on (Fi g. 11.6). AQ4 is unu sual
among hypo xia-acti vated prod rugs in bein g activated by two- electro n red uction.
In human s, this reaction is effected mai nly by the CYP3A membe rs of the cyto-
chrome P450 family , wh ich are overexp ressed in some tu mors, 7 and is inhibi ted
by oxyge n due to competi tion for the reduced heme gro up in the enzy me active
site rather than from redox cycl ing. 8
2.2.2. Quinones
Quinon e der ivatives were amo ng the first compo unds stu died as hyp oxia-
selective tumor- activated pro drugs. Quinon es can und ergo red uction by cyto-
chrome P450 reductase, leading to captodative-stabilized semiquinone radical
anions (se e Sectio n 2 of Chapt er 4), that can be back-ox idized by molec ular oxygen
in normal, well-oxygenated cells. On the other hand, quinones are also good
substrate s for two- electron red uctases, particul arly DT-diap horase (Fi g. 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 sec ond struct ural typ e of bioredu ctively activated quinone s is azi ridinyl -
quin ones, rep resented by the ben zoquinon e deriv ative diaz iquon e and by indo -
lequi none EO- 9 (se e also Sectio n 3 of Ch apter 5). Thes e q uinones are bioact ivated
by two- electro n redu ctases, particu larly DT-diaph orase (Fig. 11.9), an enzyme
that is over expresse d in man y tu mors, but thei r clinical resu lts have not been
particu larly success ful.

A final appli cation of quin ones in bioredu ctive activatio n pro cesses is their use
as triggers for the release of a lkylatin g specie s, espe cially nitroge n mustar ds. One
exampl e is comp ound 11.3 , whic h liberates a molecule of melph alan upon lacto -
nizatio n of its redu ced hydroqui none form (see also Section 2.4 of Ch apter 5). In
the cas e of 11.4 , re duction to hydro quinone is follow ed by C–N bond cl eavage to
release the alipha tic mus tard 11.5 . Thi s reaction is no t possi ble before the redu c-
tion step because of the electro n-withdr awing effect of the quin one moiet y on the
indo le 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 Ch apte r 4), but it was later shown that they were able to ind uce cell death in
hypo xic envi ronments 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 oxid ize DN A chain s (see also Sectio n 11
of Ch apter 4), while the O -acetyl der ivative of hydrox ylami ne 11.8 may give
coval ent DNA add ucts (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 cytotoxi c (Fig. 11.12) . Un fortunate ly, clinical stud ies 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 thes e compound s a s DN A alkylatin g agents (see Sectio n 2.4 of Ch apter 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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invo lves the pred ominan t reductio n of the nitro gro up ortho to the mustar d
moiet y, wh ich affords a mixture of hydrox ylami no (11.11 ) and amino (11.12 )
redu ction pro ducts. These metabo lites unde rgo a fast intra molecular cycl ization
to tetrahy droquino xaline deriv atives 11.13 12 where mo st antitu mor activi ty has
been lost (Fig. 11.13).

Ano ther mecha nism stu died involv es the gen eration of an active fragme nt
after a bioredu ctive process . For instan ce, reductio n of nitroben zyl carbam ates
suc h as 11.1 4 to its hydrox ylami no metabo lite gen erates an electro philic quino -
nei mine me thide 11. 15 toget her with amine R–NH2, though the reducti on poten -
tial is too low and for this reason this biored uction is ine fficient (Fig. 11.14) .

The same problem relate d to a too low val ue for the redu ction poten tial
has been shown in the bioreduct ive activatio n of the fluorouracil pro drug 11.16 ,
wh ich has been desig ned to gen erate the active drug by a ‘‘through-space’’
cycli zation-ex trusio n process in the red uced metabol ite 11. 17 (Fig. 11 .15).
2.2.4. Cobalt complexes
As already me ntioned in Sectio n 2.4 of Chapt er 5, anoth er strat egy to desig n
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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coordi nate with water molec ules fo rming st able hexa-aqu o Co (II) specie s
(Fig. 11.16) .13 The limited activi ty showe d in vivo by this co mpound discou raged
its furth er develo pment.
2.2.5. Prodrugs activated by therapeutic radiation
Since severely hypo xic tissues are necr otic and theref ore they lack the enzy mes
and cofact ors requ ired for the reductive activatio n of cytotoxic pro drugs , it may be
useful to emp loy ion izing radiatio n for this pur pose. This me thodol ogy has the
advant age that radio therapy focu ses the radiatio n field on the tumo r.

Irradiati on of water in cells dur ing radi otherapy generates hydra ted electr ons
that can be used to activate antitum or pro drugs becau se they are mu ch more
powerful red ucing agents than en zymes. However , their very low yield , coupl ed
with co mpetiti on with othe r endo genous electro n acce ptors, makes necessary the
design of pro drugs that libe rate very poten t cytotoxi c species.

Some exampl es of prodrug s that can be activated by ion izing radi ation
under hypo xia are hete rocyclic nitroar ylmethyl qua ternary ammon ium sa lts, 14

1-(2 0 -oxo propyl) -5-fluor ouracil (OFU00 1), 15 and som e Co (III) co mplexe s, but they
have not dem onstra ted suf ficiently hi gh activity.
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2.3. Gene-di rected enzyme prodrug therapy (GDEPT) and
virus-direc ted enzyme prodrug therapy (VDEPT)

In these appr oaches, ‘‘suicide’ ’ genes encodi ng prodrug activatin g enzy mes are
targeted to tumor ce lls, wh ich are followed by pro drug administr ation. 16 In
GDEPT , nonvir al vec tors, such as cationic lip ids, peptides , or nake d DNA, are
used for gene targetin g. In VD EPT, gene targetin g is accompli shed using viral
vecto rs, especial ly retrovi ruses and adeno viruses. In both case s, the vecto r ne eds
to be tak en up by the target cells, the encode d enzy me mus t be expresse d
(transdu ction) and the prodrug mu st en ter the target cells and be acti vated
intra cellularl y. Fin ally, beca use it is not possi ble to target genes to every cell, the
locally activated drug must also be able to kill nonexpressing cells, a phenomenon
known as ‘‘b ystander 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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gene

Vector

Nontoxic prodrug

Death of
neighboring cells:
“Bystander effect” 

Cytotoxic
active drug

Death of
transfected cell

Enzyme

FIGURE 11.17 Basis of GDEPT therapy.
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aziridin e derivati ve CB-1 954, related to the pre viously mentioned SN -23862 , wi th
a non-rep licating aden oviral vec tor that expresse s the nfsB gen e, correspo nding to
the Esch erichia coli nitror educt ase (NTR). This enzyme is a two- electr on redu ctase
that red uces eith er of the two nitro grou ps in CB-1 954. The key metab olite
seems to be the 2-hydroxyl amino comp ound 11.18 . A subsequ ent acetylati on by
acetylco enzyme A affor ds 11.19 , a poten t DNA cross-li nking agent 18 (Fi g. 11.18) .

VDEPT appr oaches have also been used in the case of N -oxide bioredu ctive
prodru gs by transfect ing tu mor cells with a mamm alian expression vecto r, mainly
adenov irus, contain ing the gene s encodi ng for the enzyme s ne cessary for their
activatio n, namely CYP3A 4 in the case of AQ 4N19 and cytoch rome 450 redu ctase
(P450R) in the case of tirapazam ine. 20 VDEP T therapy mu st not be conf used wi th
the use of the so- called oncol ytic viru ses as antica ncer ‘‘drugs .’’ 21

GDEPT methodologies are not restricted to hypoxia-selective prodrug 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. Antibod y-directed enzyme prodrug therapy (AD EPT)

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
NO2 NO2 NO2
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FIGURE 11.18 Bioactivation of the prodrug CB-1954.



FIGURE 11.19 Basis of ADEPT therapy.
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upta ken into the tumor cells (Fig. 11.19) . One ad vantag e of this appro ach is the
possi bility of usin g nonhuman enzy mes, wh ich may be more active for pr odrug
activatio n. Its mai n drawb acks are the scarc ity of tu mor-sele ctive antigens, the
possi bility of im mune reactions if nonhu man prote ins are employed and the need
for the active species to cross the cell me mbrane , sin ce activation occurs
extra cellularl y.

ADEP T strat egies appear to be promis ing to target glucur oni dated prodrug s to
tumo r cells becau se glucur onid ated prodru gs are v ery poorly taken up by cells
and hence are suitable for ex tracellula r activatio n. b-Glu curonidase is wi dely used
as an activatin g enzyme in AD EPT. On e techni que that has proved to have general
val ue for this purpose is the use of b-gluc uronyl self-i mmolative carbam ate
pro drugs, whic h is exe mplified in Fig. 11.20 for the case of the anth racyclin e
pro drug DOX -GA3 wh ich showed im proved antitum or activi ty in mice compared
with DOX -GA3 ad ministr ation alon e.22 Prodrug activatio n can be assume d to take
place by glucur onid e hydrol ysis to phe nol 11 .20 , follow ed by spon taneou s loss of
the p-hydroxyb enzyl group through a 1,6-el iminatio n reaction 23 and final dec ar-
boxy lation of the carbam ic acid 11.21 thus gen erated.

In a related appro ach, an Esch erichia coli nitroreduc tase can be used to activate
pro drugs co ntaining a p-nitro benzyl carbamate substitue nt. On e examp le is the
mito mycin C prod rug 11.22 , whose me chanis m of bioact ivation involv es again a
1,6-el iminatio n pr ocess (Fig. 11.2 1).24
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Phosphatase s have also been used as activati ng enzymes in ADEP T
appro aches. For instan ce, etopop hos is activated to et oposid e by a monocl onal
antibod y-alkaline pho sphatase im munocon jugate (Fi g. 11.22) .
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The first ex ample of a locall y activate d pro drug usin g and ADEPT appro ach
that reached clini cal trials was the mustard prod rug CMDA in combi nation with
bacterial carbox ypep tidase G and cyclos porin to coun teract the immu ne resp onse
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 activ ity than its bisch loroethyl analog ue
(compo und 5.13 , Section 2.3 of Chapte r 5), which can be ascribed to the hig her
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 und ergone Ph ase I clin ical trial s26 (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).

HO
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H
n

PEG

H3CO
O

H
n

mPEG

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 require s L-aspara gine (see Secti on 9 of Chapte r 2). Pegasp argase 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 bein g devel oped fo r hepatoce llular carc inoma as a single agent or in
combi nation with 5-FU. 30 The secon d is being cl inically evaluat ed in combinat ion
with the pr eviousl y mentio ned glutam ine antim etabolite DON (se e Sectio n 6.3 of
Ch apter 2), ba sed on the idea that this dru g sho uld be more effective when
glutam ine leve ls are deplete d. 31

Among PEG-cyt okine conjug ates, the gran ulocyte colon y-stimul ating factor
(GCSF) , used to preve nt chemo therapy- induced neutrop enia, is used in its PEG y-
lated form (PE G-GCS F, pegfilgra stim), which has a long er half-life and fewer
allergic reactions than the free pro tein. 32
4. MACROMOLECULAR SMALL-D RUG CARRIER SYSTEMS

In macro molec ular dru g carri er syst ems, an active dru g is coval ently attached to a
macr omolecul e. Thes e conju gates 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 org anization (Fig. 11.24). This phenome non allows that relative ly 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 specif ic targetin g may be achie ved by using as a part of the
macro molec ular component an antibod y dir ected to a tu mor antige n or a pepti de
whose rece ptors are over express ed in tu mor cells. The co njugate approach has
been particul arly stu died in the cas e of the anthrac yclines. 34 These conju gates do
not cros s ce ll membr anes, and they nee d to a ccess the intra cellul ar space by
recepto r-med iated endo cytosi s, adsorp tive endo cytosis, or fluid- phase en docyto-
sis. In these pro cesses, the cell me mbrane in vaginates the particl e and then form s
an intra cellular vesicle (endos ome) that eventu ally fuses with lysoso mes. The
macro molec ular transp orter is hydrol yzed and the active drug is release d as a
consequence of lowered pH values both at the endosomes and at the lysosomes,
and also to the pre sence of hydroly tic enzyme s in the latter vesicle s (Fi g. 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
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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
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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 groo ve of DN A (se e Se ction 8 of Chapt er 4). As the antigen is not express ed
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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Man y folate-dr ug conjugate s have been preclini cally stu died. The struct ure of
one of these drugs , nam ely the EC-16-m itomy cin C co njugate , is given . Among
those that have reached clinical trial s we wi ll mentio n EC-1 45, which is a folate -
targeted co njugate of a Vinca alkaloi d in clinical stage devel opmen t as a treatme nt
for patients with refractor y or metastat ic folate -receptor positive cancers. Ano ther
exampl e is EC-0 225, which contain s both a vinca alkaloi d and a mitomyci n C
attac hed to a single fola te molec ule.
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In a new appr oach to canc er immuno therapy 55 that aim s at renderin g the
tumo rs more immuno genic, we wil l mentio n EC-1 7, a fola te-targe ted hapte n
(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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usuall y carried, and the interf ace betwee n the lipid bilaye r and the aqu eous
comp artment (C), as is sho wn in Fig. 11.27. The drug-lo aded liposom es ente r the
tumo r tissues through the previous ly mentioned EPR effect. They can then be
ads orbed or fused with the ce ll membr ane and re lease their co ntents into the
cytop lasm or use the endo cytosis pro cess. Class ical lipos omes are thus designed
to concen trate in the tumor mass and pro vide a mo re targete d delivery of drugs,
but soon after their injection they may be attac ked by prote ins and then broke n
down by the mo nocyte–ph agocy te system , wi th pre mature release of the drug.

More recent ly, liposom es coated with a prote ctive polymer have been devel -
oped to avo id the interacti on with opsonizi ng proteins . The mo st common poly -
mer is PEG, whic h provides a water-so luble coating. PEGy lation has per mitted
the develo pment of ‘‘s tealth’’ liposom es that can evade the immu ne syst em.
Curr ent res earch on this topic is focuse d on attaching PEG to the lipos omes in
suc h a way that it can be remo ved in orde r to facili tate cell upta ke und er local
pathologic conditions, specially the decreased pH commonly found in tumors.
This can be achieved by linking the polymer to the phosphatidylethanolamine
molec ules that make up the lipos ome thr ough a n 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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Daunor ubicin and doxorub icin are two of the drug s most co mmon ly form u-
lated as lipo somes, and PEGyla ted lipos omal doxo rubicin (doxil) is emp loyed
against Kapo si’s sarcom a and other solid tumors with mild myelosup pression ,
minimal hair loss, and a low risk of cardiotoxici ty. 61 In these liposom es, doxoru-
bicin is trans ported in the hydrop hilic inte rnal aqueous compart ment (Fig. 11.29) .
FIGURE 11.29 A doxorubicin-carrying PEGylated liposome (doxil).

FIGURE 11.30 Antibody-containing immunoliposomens.
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DaunoX ome is anoth er liposom e formulat ion that is used for first-line chemo -
thera py in advanc ed AIDS -related Kaposi ’s sarcom a. This form ulation contains a
soluti on of da unorubi cin encap sulated within lipo somes co mposed of a lipid
bilaye r of L- a-distearoy lphosph atidylc holine (DSPC) and chole sterol. 62

Antib ody-tar geted im munoli posomes may have the antibody coval ently cou-
pled, either to the re active ph ospholip ids in the membr ane or to the PEG hydrox y
grou ps (Fig. 11.30). Alterna tively, they may be hydrop hobical ly 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.
reserved.
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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 biologicalmembranes 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 antica ncer drugs from the ce ll (Fig. 12.1A), and much effort has been placed in
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FIGURE 12.1 Effects of ABC efflux pumps (A) and their blockade (B) on the intracellular concen-

trations of anticancer drugs.
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the development of compounds that behave as blockers of the transport protein
and henc e can resto re the sens itivity 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 interfere nce with dru g sequestr ation by ce llular organell es (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 res istance mo dulator through inhib ition of P-gp wou ld have to inhibi t
it selecti vely, that is with out affec ting other membr ane transp orters or inhibiting
CYP 3A4. As we have previousl y me ntioned, the most obvio us reason fo r
enhan ced toxicity in the pre sence of an efflux blocker is the increased plasm a
concen tration of the parent oncol ytic beca use the substrate specif icity of P-gp is
sim ilar to that of cytoch rome P45 0 enzyme CYP3A 4, whic h is importan t in the
metabo lism of man y antitu mor drugs . Consequ ently, inhibitors of both pr oteins
wil l result in dru g–drug interac tions and a signifi cant redu ction in the clear ance of
the co-adm inistere d antica ncer dru gs. In order to try to circumv ent this toxicity,
clini cal studies with MDR modulat ors have been conducted with red uced doses
of chemot herapy, as comp ared to those routi nely used in clinical practice , and
these doses may be too low for som e patien ts or still to o high for ot hers. The mos t
pro mising compo und that seems to overcome this serious prob lem is zosuquid ar,
wh ich has a P-gp /CYP 3A4 affin ity ratio of arou nd 60. 27

The current situation is that , althou gh the exi stence of multipl e and heteroge -
neo us resistanc e mechani sms and the own toxici ty of modulat ors due to alt era-
tions in the pharm acokine tics of the associa ted cyto toxic agents have arisen
serious doubts about the clini cal releva nce of P-gp inhibiti on in cancer chemo -
thera py, it is exp ected that the use of optim ized mod ulators will lead to a signifi -
cant impro vement in canc er chemot herapy , special ly in hemat olog ical
mali gnanci es.28

The fi rst attempts to identi fy a pharm acophore for P-gp 29 inhibiti on used a
softwa re package to analy ze a set of struct urally diver se ligan ds, whic h led to the
iden tification of a number of pharm acophori c substru ctures (Fig. 12.3).30 How-
ever , this conclusi on was not particul arly helpfu l in the desig n of new ligan ds 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:
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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 betwee n the outer units, or two electr on dono r gro ups wi th
the same spatia l separ ation (Fi g. 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 deacti vated conju gates readi ly excret ed by a glutathio ne syn thase (GS )-
conjug ated export pum p, in a reactio n that may occu r spon taneous ly or with the
help of the enzyme glutathio ne-S -transf erase (GS T).47 In addit ion, GSH may
directly or indirectly par ticipate in DN A rep air becau se it mo dulates the expres-
sion of transcripti on fact ors that potential ly affec t DNA repair and apopto sis, such
as c- fo s and c-jun,48 and may 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 glutathion e biosynthesis

Glutath ione is synth esized in two steps from ami no acid precurso rs: 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
catalysi s 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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FIGURE 12.5 Biosynthesis of glutathione and its inhibition by L-BSO.



HO2C HO2C

HO2C

NH2

O

O
P

O

NH2

NH2

SH

L-g -Glutamyl-L-Cysteine

N CO2H

O

H

HS

L-BSO
H3C

S CO2H
O N

NH2

−O
P

O

O−

O−
O−

L-Glu

L-BSO-N-phosphate

g -Glutamylphosphate
intermediate

L-Cys

Enzyme inhibition

g -GCS

g -GCS

Mg-ATP Mg-ADP

Mg-ATP Mg-ADP

FIGURE 12.6 Inhibition of g-GCS by L-BSO.

Drugs That Modulate Resistance to Antitumor Agents 399
It is known that L-glutamat e is phospho rylated by MgATP to form the enzyme -
boun d intermediat e g-glut amylp hosphate, which subseque ntly reacts with the
amino gro up of cystei ne. Similarly , L-BSO is phosph orylated on the sulfox imine
nitroge n. This pho sphoryla ted pro duct is tightly, alt hough not cova lently, bound
to the acti ve site of the enzyme g-GCS, which remai ns inhibited until this produc t
and MgA DP are dissociate d. The geomet ry of the sulfoxim ine gro up resembl es
the tetrah edral ad duct form ed in the a ttack of the cysteine amino grou p to the
mixed a nhydrid e g-glutamyl phosph ate and it is consid ered as a trans ition state
analo gue (Fi g. 1 2.6). The L-buthio nine-( S)-sul foximin e causes essentia lly irreve rs-
ible in hibition, while the L-bu thionin e-(R )-sulfox imine is a re versible inhib itor that
bind s compe titively wi th res pect to L-glutamat e.54

L-BSO has pr oven its efficac y as an enhan cer of the antitum or activ ity of the
alkylati ng agent me lphala n in Phas e I and II clinical trials , while other cl inical
trials have shown that administr ation of L-BSO depl etes intra cellul ar GSH levels
in circulati ng wh ite blood cells as much as 60–80% . Howeve r, the extent to whic h
this deple tion enhan ces tumo r cell sens itivity without augme nting to xicity to
norm al ce lls remain s to be det ermined. 55

The sec ond strat egy that has not been still teste d clini cally involv es the use of a
ham merhea d ribozy me against g-GCS mRNA (a ribozy me to cleave the g-GC S
mRNA ), to downr egulate speci fically the enzyme levels. 56
2.2. Inhibitors of glutathi one-S-tran sferase

Glut athione- S-transf erases are a family of Phase II metabo lic en zymes that cata-
lyze the co njugati on of glutat hione to a large varie ty of end ogenous 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
glutathi one (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 par ent compo und 57 (Fig. 12.8).

Another interesting compound is TLK-199, which is a prodrug of TLK-117, a
glutathi one peptido mimeti c anal ogue that specif ically inhibi ts GST p (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 compo unds that specif ically target distin ct factors in variou s DN A-
repair pathw ays have been investig ated for these pur poses, and som e of them
have en tered clinical trials. 60,61,62 Unfort unately, the en hanced thera peutic effi-
cacy of antitum or drug s when they are admini stered with these chemosensitizer s
may be linked to undes irable effects deriv ed from inhibitio n of DNA rep air in
norma l tissues. Furthermo re, thes e agents may impr ove the ris k of sec ondary
malig nancies, because of the poten tial 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 inve stigati on at precl inical or clinical stage s (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-alk ylguan ine-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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FIGURE 12.10 Anticancer targets in DNA repair processes.
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3. and 4. Homo logy recombi nation (HR) and non- homolo gous end-jo ining
(NHE J) pathw ays repair doub le-strand breaks (DSB s) pro duced after use of
ion izing radiatio n or adminis tration of drugs that gen erate reactive oxyge n
specie s (ROS), alkyl ating agents, and topoisome rase inhib itors.
3.1. Inhibitors of O6 -alkylguanine-DNA alkyltran sferase

As mentione d in Chapt er 5, DNA damage by sever al typ es of alkylatin g agents,
suc h as nitroso ureas and temo zolomide , is initia ted by alkyl ation of the guanine
O-6 atom. This damage is repaire d by alkylg uanine transfera se (AGT), which
coval ently tran sfers its active gro up to a cyste ine-45 residue in its active site
befo re mispairing of bas es or covalen t cross-li nks can occur (Fig. 12.11) . This
reactio n is stoic hiometric in te rms of AG T, wh ich is deac tivated and cann ot
theref ore be consi dered as a true enzyme and has instead been def ined as a
sacrific ial or suicide enzyme . AG T is an interesti ng antica ncer targe t for
combi nation thera py, sin ce its inhib ition poten tiate s the antitum or effect of
those alkylatin g ag ents for which O- 6 alkylation is the det ermina nt of cancer ce ll
deat h,64 special ly carmu stune and temozo lamide. 65 It must be remembe red,
howeve r, that alkylatin g agents also react at othe r DN A posi tions, special ly
guani ne N-7 and adeni ne N-3, a nd this damage is repaire d 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-4 5 residue (Fig. 12.12) . The mai n inhibitors are O 6-be nzylgu a-
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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Platinu m antica ncer dru gs, wh ich are not influ enced by the AG T prote ins
becau se their primary mode of actio n involv es interac tion with the guani ne N-7,
can redu ce O 6-methy lguanine DN A methyltr ansfer ase (MGMT) express ion by
downr egulation of the correspo nding mRNA. For this reaso n, cl inical ass ays
have been carri ed out to study the combi nation of ci splatinum with nitrosou reas
(such as nimu stine) and temo zolomide .69
3.2. Potential antitumor adjuvants targeting the BER process

The majo r pathw ay for the rep air of a DNA da maged at a base is the ‘short-pat ch’
BER mecha nism. This mecha nism is crucial for res toring DN A damage gen erated
by ROS , alkylati on, and deam ination, and invo lves the follow ing st eps:

1. Rem oval of the incorr ect or da maged base by a DNA glycosyl ase. Thi s gen-
erates an apurinic or apyrimi dinic (A P) site.

2. Cleavag e of the AP site by an AP endo nucleas e-3 0 -phosp hodiest erase (APE-1).
This leads to the fo rmation of a sing le-stran d break.

3. Replace ment of the damage d bas e and DN A religation .

A summar y of the BER pat hway is given in Fig. 12.13. Mo st co mpound s
targetin g enzy mes in this pathw ay are und er preclin ical stu dies.

3.2.1. Inhibitors of DNA glycosylases
DNA glycosy lases moni tor the pre sence of aberran t bases in orde r to remo ve
them. All of these glycosyl ases flip the damage d nucl eotide out of the doubl e helix
and place it in to the active site of the enzyme, wh ere bases are bound thr ough 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 res idue (Fig . 12.14) .70
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Bifunct ional glycosy lases normal ly remove bases that have suf fered oxidati ve
damage . The cataly tic cycl e of thes e enzymes invo lves an initial SN 1-lik e attack at
the C-1 0 position by Lys or Pro residues that remo ves the ab errant base. In the
second step, and becau se of their purinic/ apyrimi dinic (A P) lyase activity, they
catalyze a subsequ ent b -eliminatio n reactio n of the 30 -phospho diester bon d on the
protonated Schiff base intermediate and subsequent hydrolysis. As shown in
Fig. 12.15, this me chanis m result s in stran d scissio n.

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 ph osphodies ter bon ds at the 5 0 end of the AP sites (Fi g. 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. 1 2.17).

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 tautome ric forms (Fig. 12.18A ). While the enamin o struct ure pair s with
guanine forming three hydrogen bonds, the same as unsubstituted cytosine, the
imino tautomer is able to pair with adeni ne (Fig . 12.18B) .78
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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 . Becau se of their negative charg e due to the ionized
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phosph ate grou ps, the presen ce of thes e poly mers helps to open up the damag ed
DNA to a llow access to other enzymes involved in the r epair process such as DNA
poly merases a nd DNA ligases. 81 In this way, poly-ADP-ribos ylation of nuclear
proteins by PARP-1 converts DNA d amage into intracellular signals that activate
DNA repair by either the base-excision pathway or cell death.

The first gen eration of PARP in hibitors was designed on the ba sis of their
NAD þ  bin ding site. Nico tinam ide, the second pr oduct of the PARP-ca talyze d
reaction, is itself a weak PAR P inhibi tor and the first inhibito rs (e.g.,
3-amin obenzamid e) were desig ned arou nd its struct ure, but they suffered from
low activi ty and speci ficity. A subse quent screening of 170 co mpounds allowed to
identi fy sever al hetero cyclic system s that were used as leads for subse quent
optim ization, and it also allowed to establish som e struct ural features that are
require d for potent PARP inhibito ry activity. Thes e inclu de an electro n-rich
aromat ic or heteroar omati c syst em with a non-cle avabl e bond at the positi on
correspo nding to C-3 of the benzamid es, restrict ed rotation arou nd the Ar –CO
bond so that the carbon yl grou p is anti with re spect to the C1–C 2 bond of the
aromat ic ring, and finally one ami de gro up for hydrogen bon ding. 82 The se SA R
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 nitroge n is a hyd rogen 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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DN A damag e (such as acute exposur e to a large pat hologica l ins ult), over activa-
tion of PARP res ults in cell-ba sed ene rgetic failure leadi ng to ce llular necrosis,
tissue injury , and org an damage or fail ure. For this reason, som e PARP inhibito rs
are bein g assay ed for pathol ogies ass ociated with damag e caused by ROS ,
and INO- 1001 has recei ved orp han drug status from the Food and Drug Adm in-
istratio n (FDA) to pre vent post-su rgical complic ations of aortic aneu rysm repair.
3.3. Inhibitors of enzyme s 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 repaired by either the HR or the NHEJ pathways. The enzymes involved in
these pathways are members of the phosphatidylinositol 3-kinase (PI3K) superfamily
and have become anticancer targets because their inhibition confers radio- or chemo-
sensitization to tumor cells.85 These enzymes can be considered as molecular sensor
of DSBs, and the most relevant targets in this area86 are

Ataxia telangiectasia mutated (ATM) kinase, which is involved in the HR pathway
and plays a critical role in the maintenance of genome integrity by triggering DNA
damage sensors through phosphorylation of downstream targets such as p53.87

DN A-depen dant pro tein kinase (DNA -PK ), whic h is invo lved in the NHE J
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
fact or 1 (HIF-1) tran scriptio n factor (see Sectio n 4.2.1 of Chapte r 9). Hi gh level s 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
hydra tion of carbon diox ide to bic arbonat e and pro tons (Fi g. 12.22). Othe r
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
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FIGURE 12.22 Acidification of tumor environments by tumor-associated carbonic anhydrase IX.
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mecha nism of antitum or action and is unde r cl inical devel opment for the treat-
ment of solid tumors (se e Sectio n 4.1 of Ch apter 9). 91
Indisulam (E-7070)
H2N-O2S

S N
H HN
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O O
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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



Cancer Chemoprevention 419
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 uter us or bone (se e Sectio n 3.1 of Ch apter 3). Since estro gens
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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Selec tive PPA Rg mo dulators (SPAR Ms) are also impor tant in cancer chemo -
pre vention. Among them, GW784 5, a high affin ity ligand for PPA Rg, inhi bits
mamm ary 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-INFLAMMAT ORY AGENTS AND ANTIOXIDANTS IN
CANCER CHEMOPRE VENTION

Free radicals a re generated by norm al physiolo gical proces ses, incl uding a erobic
metabo lism and inflammato ry resp onses to eli minate invad ing pat hogenic micro-
organisms. A chr onic ce ll injury initia tes an inflamm atory resp onse and the
activatio n of cy toquine s or recepto r molec ules to recrui t mas t ce lls and leuk ocytes
to the da maged place. Thi s ‘‘respir atory burst’ ’ leads to an increase d upta ke of
oxyg en, and the subse quent release of free radicals from leucocyte s: reactive
oxyg en specie s (ROS ) as hydro xyl and superox ide radical s, and nitrogen oxi de
reactive species (RNOS ) as nitric oxi de, per oxynitr ite, and nitrous anh ydrid e.

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, as well 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 Ot her e ff ec ts
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 Chapt er 9), and have both anti-inflamm atory 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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FIGURE 13.1 Ascorbic acid as an antioxidant.
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3.2.1. Ascorbic acid
Ascor bic acid (vitam in C) is the main hydroph ilic radical scave nger presen t in the
human body. Its antio xidant pr operties are relate d to its ab ility to generate a
stabi lized radical at its C-3 positio n bec ause of the opera tion of the capto dative
effect (Fig. 13 .1). Thi s allows ascorbi c aci d to react with harmful, mo re reactive
specie s, particul arly the hydrox yl radical, a nd prevent their interac tion with
biomol ecules. Ascorb ic acid has been recomm ended for man y year s to preve nt
the appear ance of gastroint estinal cancers , althou gh a recent statis tical stu dy
inclu ding more than 170,000 pat ients in risk of this typ e of cancer sho wed no
evidenc e of bene fit. 25 Inter estingly, a sim ilar stud y had pre viously sho wn that
b-car otene co nsumptio n actuall y increase s the risk of lung cancer. 26

3.2.2. Ergothioneine
Ergo thioneine is a comp onent of white button mus hrooms that is consi dered as an
antioxid ant with cancer chemopr eventi ve proper ties. Its a ntioxidan t proper ties
appear to be rela ted to at least four mo lecular activiti es:

1. The ability to scavenge free radicals, 27 which can be propose d to arise from the
easy one -electron oxi dation of its merca pto group to a disulfide (Fig. 13.2).

2. Chelating properties toward divalent metallic 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. Activ ation of antioxidan t enzy mes suc h as glutat hione peroxi dase (Se-GP x)
and Mn superox ide dism utase (SOD ) and inhib ition of superox ide-gen erating
enzymes such as NADPH -cytoc hrome c reductase .

4. Its ab ility to affec t the oxi dation of variou s hemoprote ins such as hemoglo bin
and myo globin.
3.2.3. Green tea polyphenols
Green te a pol yphenol s (e .g., epi catechin gallate and epigalloc atechin ga llate) are
potent radical scavenger s that are bein g extensive ly stu died as chemopr eventi ve
agents. In this case , the stab ilization of the phenolic radical is due to extensi ve
delocali zation of the un paired electr on arou nd the aromat ic ring and into the p-acyl
substituent, and also to the steric hindrance provided by the neighboring
hydrox yl grou ps (Fi g. 13.3). A Phase II clinical assay stu died the mo dulation
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
Lyco pene is an open- chain caroten oid fo und in sever al fruits, especia lly in
tomatoe s, whic h is accumulate d in high concen trations in several tissue s. It reacts
with hydrox yl radical s givin g a stabi lized, highly delo calized speci es (Fig. 13.4).
Ch emopre vention with lycope ne has shown defini te resu lts in prostate canc er. 29
4. CHROMATIN MODIFIERS IN CANCER CHEMOPREVENTION

Ch romatin is the co mplex of DN A and pr otein that makes up the chromo some.
The human gen ome correspo nds to 3 billion bas e pair s of the DNA doub le helix,
two copie s of wh ich make up 2 m of DN A chains that have to be stored within the
tiny micron -sized nucle us of each ce ll. These 2 m are compo sed of 46 shorter DN A
pieces , each of which, if not co ndensed, wou ld fo rm a swo llen co il of ro ughly
100 mm diam eter. Chromat in is a suitable comp act struct ure that allows for certain
pro teins to access specif ic portions of the DNA. In chro matin, DNA is folded in a
hie rarchical fashion . On the first level, nam ed the nucleosom e or the ‘‘10-nm
fiber,’ ’ ab out 200 bp DN A are assoc iated with a globul ar octamer ic agg regate
form ed by two molecules of the four his tone pr oteins H2A, H2B, H3, and H4.
Und er physiolo gical conditi ons, this structure folds into a chro matin fiber
that has a diame ter of 30 nm. Other higher- order foldin gs vary with the ce ll
cycle . Thu s, befo re ce ll divisio n, the DN A chain and its copy are folded into a
chro mosome prepa red to be distribut ed into the two daugh ter cells.

Chromat in struct ure may be mo dified by increasi ng the acetylatio n of histones
through histone deace tylase (HDA C) inhibiti on (se e Section 3.2 of Chapte r 10 ), or
by demet hylation of cytosi ne res idues in DNA through in hibition of DN A
methyltr ansfer ases (DNMTs) (see Section 3. 1.1 of Ch apter 10 ). Bot h types of agents
are inte ractive and increase the ability of trans cription fact ors to stim ulate gene
exp ression and have been suc cessfully teste d as cancer chemopr even tors in exp er-
imental animals. Trichos tatin A, an antif ungal antibio tic and an HD AC inhibito r,
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as well as 5-aza- 20 -deoxycyt idine, a DNA dem ethylating agent, enhance the ability
of all- trans retinoic acid to differe ntiate human leuk emia cells 30 or to supp ress
breast cancer cells pro liferatio n,31 but their high to xicity have limited their use.
The develop ment of new less toxic drugs, such as the HD AC inhibitor vorinostat
(SAHA) ,32 ind icates that the toxicity associa ted to chromati n modifi ers may be
dimini shed, thus openin g the way to possi ble chemopr even tive agents.
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5. MISCELLANEOUS AGENTS FOR CHEM OPREVENTION

1,2-Dithiol-3-thiones, reported constituents of cruciferous vegetables, are five-
membered cyclic sulfur-containing compounds with antioxidant, 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 to depend on the induction of
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 bond by a P450 cytochrome
(Fig. 13.5) give carcinogenic compounds that are inactivated by glutathione addition
c at aly ze d by glut at hi on e S (GSH)-transferase (see Section 2.1 of Chapter 11). Oltipraz
stimulates this enzyme35 and can be effective in patients with histories of S c his tos om a
haematobium bladder infections that are at increased risk for developing bladder
cancer (Fig. 13.6).36

Sulforop hane is ano ther compo nent of crucif erous vegetab les (e.g ., bro ccoli)
that has been proposed as a chemopr otector. This co mpound bears an unusua l
isothioc yanate func tion and is gen erated from its pre cursor glucor aphan in by the
myrosinase enzyme on damage to the plant (e.g., from chewing), as shown in
Fig. 13.7. Simil arly to the pr eviousl y mentioned oltipraz , sulfor ophane 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
HO
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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
prote in) and BCL -2 (se e Sectio n 6 of Chapte r 9 ) bec ause these pro teins enhan ce
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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10. Decensi, A., and Costa, A. (2000). Eur. J. Cancer 36, 694.
11. Muto, Y., Moriwaki, H., and Saito, A. (1999). N. Engl. J. Med. 340, 1046.
12. Chawla, A., Repa, J. J., Evans, R. M., and Mangelsdorf, D. J. (2001). Science 294, 1866.



Cancer Chemoprevention 429
13. Hede, K. (2004). J. Nat. Cancer Inst. 96, 1807.
14. Arun, B., Mohsin, S., Miller, A., Isaacs, C., Saxton, K., Hilsenbeck, S., Lamph, W., Johnson, K.,

Brown, P., and Elledge, R. (2005). J. Clin. Oncol. 23(16S), 1002.
15. Makishima, M., Makishima, M., Lu, T. T., Xie, W., Whitfield, G. K., Domoto, H., Evans, R. M.,

Haussler, M. R., and Mangelsdorf, D. J. (2002). Science 296, 1313.
16. Guyton, K. Z., Kensler, T. W., and Posner, G. H. (2001). Annu. Rev. Toxicol. 41, 421.
17. Suh, N., Wang, Y., Williams, C. R., Risingsong, R., Gilmer, T., Willson, T. M., and Sporn, M. B.

(1999). Cancer Res. 59, 5671.
18. Hussain, S. P., Hofseth, L. J., and Harris, C. C. (2003). Nat. Rev. Cancer 3, 276.
19. Reddy, B. S., Hirose, Y., Lubet, R., Steele, V., Kelloff, G., Paulson, S., Seibert, K., and Rao, C. V.

(2000). Cancer Res. 60, 293.
20. Steinbach, G., Lynch, P. M., Phillips, R. K. S., Wallace, M. H., Hawk, E., Gordon, G. B.,

Wakabayashi, N., Saunders, B., Shen, Y., Fujimura, T., Su, L.-K., Levin, B., et al. (2000). N. Engl.
J. Med. 342, 1946.

21. Gupta, R. A., and Dubois, R. N. (2001). Nat. Rev. Cancer 1, 11.
22. http://clinicaltrials.gov/ct/show/NCT00033371;jsessionid=14A1950A717BDE8B1E1404757F3BBC82?

order=6
23. Bharti, A. C., and Aggarwal, B. B. (2002). Biochem. Parmacol. 64, 883.
24. D’Andrea, G. M. (2005). Cancer J. Clin. 55, 319.
25. Bjelakovic, G., Nikolova, D., Simonetti, R. G., and Gluud, C. (2004). Lancet 364, 1219.
26. Forman, D., and Altman, D. (2004). Lancet 364, 1193.
27. Franzoni, F., Colognato, R., Galetta, F., Laurenza, I., Barsotti, M., Di Stefano, R., Bocchetti, R.,

Regoli, F., Carpi, A., Balbarini, A., Migliore, L., and Santoro, G. (2006). Biomed. Pharmacother. 60, 453.
28. Luo, H., Tang, L., Tang, M., Billam, M., Huang, T., Yu, J., Wei, Z., Liang, Y., Wang, K., Zhang, Z.-Q.,

Zhang, L., Sun, S., et al. (2006). Carcinogenesis 27, 262.
29. Mohanty, N. K., Saxena, S., Singh, U. P., Goyal, N. K., and Arora, R. P. (2005). Urol. Oncol. 23, 383.
30. Ferrara, F. F., Fazi, F., Bianchini, A., Padula, F., Gelmetti, V., Minucci, S., Mancini, M., Pelicci, P. G.,

Lo Coco, F., and Nervi, C. (2001). Cancer Res. 61, 2.
31. Widschwendter, M., Berger, J., Hermann, M., Müller, H. M., Amberger, A., Zeschnigk, M.,

Widschwendter, A., Abendstein, B., Zeimet, A. G., Daxenbichler, G., and Marth, C. (2000). J. Natl.

Cancer Inst. 92, 826.
32. Marks, P. A., Rifkind, R. A., Richon, V. M., Breslow, R., Miller, T., and Kelly, W. K. (2001).Nat. Rev.

Cancer 1, 194.
33. Kensler, T. W., Groopman, J. D., Sutter, T. R., Curphey, T. J., and Roebuck, B. D. (1999). Chem. Res.

Toxicol. 12, 113.
34. Auyeung, D. J., Kessler, F. K., and Ritter, J. K. (2003). Mol. Phamacol. 63, 119.
35. Kensler, T.W., Egner, P. A., Dolan, P. M., Groopman, J. D., and Roebuck, B. D. (1987).Cancer Res. 47,

4271.
36. Glintborg, B., Weimann, A., Kensler, T. W., and Poulsen, H. E. (2006). Free Radic. Biol. Med. 41, 1010.
37. Cornblatt, B. S., Ye, L., Dinkova-Kostova, A. T., Erb, M., Fahey, J. W., Singh, N. K., Chen, M.-S. A.,

Stierer, T., Garrett-Meyer, E., Argani, P., Davidson, N. E., Talalay, P., et al. (2007). Carcinogenesis 28
doi:10.1093/carcin/bgm049.

38. http://clinicaltrials.gov/ct/show/NCT00098969;jsessionid=9628876D173ADEF448DE62395C60762D?
order=8

39. http://www.cancer.gov/cancertopics/factsheet/cancervaccine
40. Andersen, M. H., Becker, J. C., and Straten, P. (2005). Nat. Rev. Drug Discov. 4, 399.

http://clinicaltrials.gov/ct/show/NCT00033371;jsessionid=14A1950A717BDE8B1E1404757F3BBC82&quest;order=6
http://clinicaltrials.gov/ct/show/NCT00033371;jsessionid=14A1950A717BDE8B1E1404757F3BBC82&quest;order=6
http://clinicaltrials.gov/ct/show/NCT00033371;jsessionid=14A1950A717BDE8B1E1404757F3BBC82&quest;order=6
http://clinicaltrials.gov/ct/show/NCT00098969;jsessionid=9628876D173ADEF448DE62395C60762D?order=8
http://clinicaltrials.gov/ct/show/NCT00098969;jsessionid=9628876D173ADEF448DE62395C60762D?order=8
http://www.cancer.gov/cancertopics/factsheet/cancervaccine


INDEX
A

A-443654, 279
AAG113–161, 38
AAL-993, 267
Abarelix, 84
ABC transporters, 388
Abelson kinase (see BCR-ABL kinase)
Abiraterone acetate, 77
ABJ879, 241
ABT-510, 318
ABT-518, 315
ABT-751, 236
ABX-EGF, 264
Aclarubicin (aclacinomycin A), 110, 212, 215, 219
Aconitase, 105
Acridines, as intercalating agents, 206
Actinomycin D (dactinomycin), 114–115, 204
‘‘Activated’’ bleomycin, 118
Acute promyelocytic leukemia (APL), 87
Acyclic retinoid, 420
Adapalene, 89, 420
Adaphostin, 274
Adenosine deaminase inhibitors, 42
ADEPT, 352, 355, 364–367, 377
Adiol, 74
ADI-PEG, 20 (see PEG-recombinant arginine

deiminase)
Adozelesin, 194
ADR-925, 106
Adrenocortical cancer, 85
Adriamycin, (see doxorubicin)
AEW-541, 265
Aflatoxin B1, 426
AG-014699, 409
AG-2037, 38
AGT inhibitors, 279, 403
AKT, 279–280

inhibitors, 279
Alemtuzumab, 343
Alimta, (see pemetrexed)
Alitretinoin, 87
Allopurinol, 42
Altratamine, (see hexamethylmelamine)
Alvespimycin, 301
Alvocidib (flavopiridol), 253, 276
Ametantrone, 112
Aminoglutethimide, 72
5-aminolevulinic acid (ALA), 133
Aminopterin (AM), 33

deaza analogues, 36
Amonafide, 205
Amsacrine (mAMSA), 213
Anamycin, 112
Anaplastic astrocytoma, 166
Anastrazole, 72
1,4-Androstadiene-3,17-dione, 70
Angiogenesis, 265, 269, 279, 312, 316

endogenous inhibitors, 318–319
Angiostatin, 318
Angiozyme, 269
Anthracyclines, 102, 178, 200, 206, 214–216, 219,

365, 370, 373, 389, 398
cardiac toxicity, 104–105
effects on iron regulation, 105–107
formaldehyde DNA adducts, 108–110

Anthramycin, 196
Antiandrogens, 76, 80
Antiangiogenic agents, 312, 318–322, 328, 332
Antibody-directed enzyme prodrug

therapy (see ADEPT)
Antiestrogens, 58

non-steroidal, 58–62
steroidal, 62–65

Antifolate drugs, 28, 31–41
Anti-inflammatory agents, in cancer

chemoprevention, 421–425
Antimetabolite enzymes, 50
Antimetabolites, definition, 10
Antimycin A, 298
Antioxidants, in cancer chemoprevention,

421–422, 425
Antisense oligonucleotide, 257, 285, 288, 295, 297,

298, 319, 340–343
AP-23573, 281
AP-5280, 372
AP-5346, 372
APE-l inhibitors, 407
Apicidin, 335
APO2L (see TRAIL)
Apoptosis, 10, 23, 33, 103, 213, 232, 265, 279, 296,

299, 308–311, 318, 320, 322–324, 332, 346, 355,
398, 400, 428

AQ4N, 355
431



432 Index
Ara-C (see cytarabine)
non-steroidal, 72–73
steroidal, 68–72

Aromatase inhibitors, 65
nonsteroidal, 72–73
steroidal, 68–72

Aromatase mechanism of action, 66–68
ARRY-142886 (AZD-6244), 295
Arzoxifene, 419
AS-1404, 246
Ascorbic Acid, 423
L-Asparaginase, 50
Aspartate transcarbamoylase, 11
Asulacrine, 214
ATM kinase, 411
ATP analogues (ATP mimics), 253, 258, 262–263,

267–283, 295, 301
ATP-binding cassette efflux pumps, 388

inhibitors, 388–397
Aureolic acid, 337
Auristatin PE, 234
Aurora kinase inhibitors, 283–284
AVE8062A, 245
Axitinib (AG-013736), 268
5-Azacytidine, 325
Azacitidine, 48
Azaserine, 39
Azathioprine (imuran), 42
AZD-0530, 274
AZD-1152, 283
AZD-2171, 268
AZD-3409, 291
Azinomycins, 158
Aziridine alkaloids, 182–189
Aziridines (ethyleneimines), 154–158
Aziridinylquinones, 155–157, 357
AZQ (see diaziquone)

B

BAPP, 117
Batimastat (BB-94), 313
BAY43–9006, 295
BBR 3464, 172
BC-2626, 277
BCL-2 proteins, 296–298
BCNU (carmustine), 161, 403
BCR-ABL kinase, 271

dual inhibitors of BCR-ABL and Src,
274–275

inhibitors, 271–275
Bendamustin, 145–146
Benzotriazinyl radical, 127–128
BER repair pathway, 402–404, 408–409
Bergmann reaction, 123–125
Bevacizumab, 269
Bexarotene, 89, 420
BIBR-1532, 340
Bicalutamide, 76
Bifurcated (three-centred) hydrogen

bonds, 180
Bioreductive activation, 126, 131, 155, 183,

354–364
Bioxalomycins, 190
Biricodar (VX-710), 393
Bis(dioxopiperazines), 219–220
Bizelesin, 194
Blenoxane, 116
Bleomycins (BLMs), 116–121, 178
BMS-184476, 239
BMS-188797, 239
BMS-214662, 291
BMS-239091, 277
BMS-247550, 241
BMS-275183, 239
BMS-310705, 241
BMS-387032, 277
BOF-AZ (see emitefur)
Bortezomib, 311
Brostallicin (PNU-166196), 181
Bryostatin 1, 284
Buserelin, 81–82
Busulfan, 159
BZQ, 155

C

2C4, 264
Calicheamicins, 122–124
Camptothecins (CPTs), 221–223

HMPA copolymer, 371
PEG conjugate, 375

Cancer vaccines, 428
Canertinib (CI-1003), 263
Capecitabine, 25–26, 352
Captodative effect, 103
Carbamoylaspartate, 11
Carbonic anhydrase as anticancer target,

412–413
Carboplatin, 171–172
Carboquone, 155
Carboxypeptidase G, 367
Carmustine (see BCNU)
Carzinophilin, 158
Caspases, 296–297, 299
CB-1954, 364
CB-300638, 31
CC-1065, 193
CC-5013 (see lenalidomide)
CC-4047, 322



Index 433
CDDO, 299
CDDO-Me, 299
CDKs, 255, 275–276

inhibitors, 275–278
Celecoxib, 319, 422
Cemadotin, 234
CDHP, 28
CEP-5214, 269
CEP-701, 270
CEP-7055, 269
Cetrorelix, 83–84
Cetuximab (IMC-C225), 264
CGP 64128A, 285
CGP-41251, 284
CHAP-31, 335
Chaperones, 300
Chartreusin, 116, 206
Chimeric proteins, 264
Chlorambucil, 145–147
Chlorozotocin, 161
Chromatin, 330

modifiers in cancer chemoprevention,
425–426

Chronic myeloid leukaemia (CML), 271
CHS-282, 299
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



434 Index
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



Index 435
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
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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
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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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