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Foreword

There remains an urgent unmet clinical need to augment the efforts of surgeons and
radiotherapists in combating localized malignant disease. Moreover, better strategies are
required to deal with the all-too-common clinical scenario of patients presenting with
disseminated metastatic disease, using systemic chemotherapy. In the 60-year history of
cancer chemotherapy much has been achieved, particularly through the development of
cytotoxic drugs in the 1950s and 1960s.

These are truly exciting times to be involved in anticancer therapeutics. Many would
consider that we are now firmly in the second ‘golden age’ of discovering and developing
new treatments for cancer. Such therapies represent the fruits arising from the elucidation of
the cancer genotype and phenotype at the molecular and cellular level. This has led to the
identification of a plethora of new cancer targets involved in growth signaling, angiogenesis
and apoptosis. Notable recent success stories include chimeric (human/mouse) or humanized
monoclonal antibodies such as rituximab, trastuzumab and bevacizumab and small molecule
kinase inhibitors such as imatinib, erlotinib, sunitinib and sorafenib. These new drugs are
making a marked impact in modern chemotherapeutic regimes. However, significant improve-
ments are still required in the process of translating new targets through preclinical discovery
and development and into a successful clinical outcome. Evidence suggests that many drugs
entering the clinic fail to reach approval for reasons of poor pharmacology, lack of efficacy or
unacceptable adverse effects.

The following chapters provide an insight into state-of-the art methodologies to discov-
ering new drugs including combinatorial approaches, natural product libraries and in silico
techniques. Thereafter, there is a comprehensive guide through traditional cytotoxic drugs
(platinum drugs, antimetabolites, tubulin interactive agents, alkylating agents, antitumour
antibiotics), hormone and photodynamic therapies and recently approved molecularly-
targeted drugs, both small molecules and monoclonal antibody-based. There are also reviews
of the important areas of tumour drug resistance and tumour hypoxia. In addition, a glimpse
of the future is provided through considerations of new approaches currently under study at
the preclinical and early clinical level; these include cancer vaccines, gene therapy, antisense
agents and aptamers. Finally, clinical practice issues are described; combination treatments,
trials and a focus on particular major cancers.

The current excitement and optimism of improvements in patient benefit arising from
modern cancer chemotherapy are illustrated herein. The present trend continues to build on
exploiting the molecular hallmarks of cancer; three of the four drugs approved by the US
FDA in 2007 were the kinase inhibitors nilotinib and lapatinib and the mTOR inhibitor tem-
sirolimus. In addition, evidence to support a view that new cytotoxics also have a place in



xiv FOREWORD

contemporary cancer drug development is provided by the 2007 FDA approval of the anti-
tubulin epothilone, ixabepilone. There is also considerable attention being paid to the effective
combination usage of molecularly-targeted drugs with traditional cytotoxics (for example,
with the approval of the angiogenesis inhibitor antibody bevacizumab, with carboplatin and
paclitaxel in patients with non-small cell lung cancer). In parallel, there is increasing empha-
sis being placed on the individualization of treatment options with the identification and use
of prognostic and treatment response biomarkers.

There has never been a better era to be involved in discovering and developing anticancer
drugs.

Lloyd R. Kelland

Head of Biology

Cancer Research Technology
University College London
London, UK
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SECTION I

Development of
Anticancer Therapeutics



1

Exploring the Potential of
Natural Products in Cancer
Treatment

Fotini N. Lamari and Paul Cordopatis

1.1 Introduction

Cancer remains a major cause of mortality worldwide. In 2006 in Europe there were an
estimated 3.2 million cancer cases diagnosed (excluding non-melanoma skin cancers) and
1.7 million deaths from cancer (Ferlay et al., 2007). According to the World Health Organi-
zation (www.who.int), from a total of 58 million deaths worldwide in 2005, cancer accounts
for 7.6 million (or 13 %) of all deaths. Cancer rates are predicted to further increase if noth-
ing changes, mainly due to steadily ageing populations in both developed and developing
countries and current trends in smoking prevalence and the growing adoption of unhealthy
lifestyles. It is estimated that almost half of cancer cases can be prevented by infection con-
trol, adoption of a healthy lifestyle (diet and exercise) and tobacco abstinence. Early diagnosis
and effective treatment can further dramatically decrease cancer mortality. In the therapeutic
area, the hope is to turn many cases of fatal cancer into ‘manageable’ chronic illness, as it has
happened with other disease entities.

When it comes to treatment, humans have always turned to nature. The medicinal value
of plants has been recognized by almost every society on this planet. Up to the nineteenth
century, herbal extracts containing mixtures of natural products provided the main source of
folk medicines. The first synthetic pharmaceutical drug, aspirin, was developed in the latter
half of the nineteenth century and its potency as pain reliever spawned the era of synthetic
therapeutic agents. Since the 1940s, 175 anticancer drugs have been developed and are com-
mercially available in the United States, Europe and Japan; 65 % of these were inspired from
natural products, i.e. pure natural products (14 % of total), semisynthetic modifications of

Anticancer Therapeutics Edited by Sotiris Missailidis
© 2008 John Wiley & Sons, Ltd. ISBN: 978-0-470-72303-6



4 CH 1 EXPLORING THE POTENTIAL OF NATURAL PRODUCTS IN CANCER TREATMENT

natural products, natural product mimics or synthetic molecules with pharmacophores from
natural products (Newman and Cragg, 2007). The sheer numbers prove the importance and
contribution of Nature’s biodiversity to the development of efficient therapies.

At present, the role of natural products in drug discovery programmes of large pharmaceu-
tical companies has been de-emphasized. The reasons for this situation can be traced back to
the advent of high-throughput screening assays in the drug discovery process that favour sin-
gle molecules and not mixtures of these (non-specific interferences, presence of fluorescent
compounds and insoluble materials), the better suitability of combinatorial chemistry in this
set-up and its ‘overhyped’ potential to deliver new lead compounds, the inherent difficulties
of natural product research and the concerns about ownership. The Convention on Biological
Diversity (www.cbd.int) in 1992 brought into the agenda the access of developing countries
‘on a fair and equitable basis to the results and benefits arising from biotechnologies based
upon genetic resources provided by these’. Therefore, apart from the risk of being called
‘biopirates’, pharmaceutical companies opted not to be engaged in natural product research,
which suffers from lack of reproducibility of extracts, the inaccessibility of collection sites,
laborious procedures to isolate and purify bioactive chemical compounds (often present in
trace amounts), and the rediscovery of known compounds.

The impact of this shift has started to become obvious. Although molecular and cellular
biology brought about a surge of molecular targets for therapy, this has not been accompa-
nied by a rise in the number of anticancer drugs developed. Anticancer research has mainly
focused on the cancer cells and the development of cytotoxic drugs for efficient and selective
chemotherapy. Despite the identification of more than 100 distinct types of cancer and the puz-
zling findings of molecular and cellular biology, it has been suggested that there are six essen-
tial alterations in cell physiology that collectively dictate malignant growth: self-sufficiency
in growth signals, insensitivity to growth-inhibitory signals, evasion of apoptosis, limitless
replicative potential, sustained angiogenesis, and tissue invasion and metastasis (Hanahan
and Weinber, 2000). Thus, the probability of finding one ‘magic bullet’ drug to cure cancer
seems to be nil. Indeed, in chemotherapy, combinations of chemical compounds are used. In
recent years, other non-cytotoxic therapeutic agents such as hormonal and biological response
modalities are also under study. This is due to the realization that tumours are complex tissues
in which mutant cancer cells have conscripted and subverted normal cell types to serve as
active collaborators, and, furthermore, the realization of the potential of the immune system.
This different approach (to restore balance) is common in many traditional holistic medici-
nal systems incorporating plants that boost the immune response, like Withania somnifera in
ayurvedic medicine (Balachandran and Govindarajan, 2005).

The scope of this chapter is to illustrate the potential of natural products as sources
of traditional and novel anticancer drugs, with emphasis on the philosophy and rationale
directing source screening, lead compounds or new drug identification and subsequent drug
development.

1.2 Sources

Plants and microorganisms have been the major sources of natural products throughout the
centuries (Balunas and Kinghorn, 2005), but after one century of isolation and structural char-
acterization of their natural products we realize that we have achieved only a glimpse into
this vast reservoir of biodiversity. From the approximately 250 000—300 000 plants all over
the world, about 10% have been systematically investigated for the presence of bioactive
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Trabectedin, 1

Figure 1.1 Ecteinascidin-743 (trabectedin or Yondelis) from Ecteinascidia turbinate is the first marine
organism-derived anticancer drug. Photo Pharma Mar copyright

phytochemicals (McChesney et al., 2007). However, these numbers do not reveal the wealth
of natural products therein, since more than one bioactive natural product may be in one
plant, either all through the plant or in a particular part (e.g. roots). Their concentration varies
greatly according to developmental age, location, time, climate or environment; they may
be produced only as a response to an elicitor (chemical communication, physical stimuli).
Similarly, out of the million microorganisms, it is estimated that more than 99 % of these
remain to be studied. The diversity of marine microorganisms is estimated to be more than
10 million species, more than 60 % of which are unknown (Jensen and Fenical, 1994). In addi-
tion to the open ocean, there are diverse and dynamic areas such as mangrove swamps, coral
reefs, hydrothermal vents, and deep-sea sediments in which to search for microbes. Other
marine organisms (e.g. sponges, tunicates) are an untapped source of novel natural products,
which we have just started to explore. Marine organisms produce really novel and complex
secondary metabolites. The richest sources of anticancer marine natural products have been
soft-bodied and mainly sessile organisms, such as sponges, sea slugs and tunicates, which
lack physical defence against their predators, and hence rely on chemical warfare using cyto-
toxic secondary metabolites. The first drug (ziconotide) isolated from marine organisms was
launched in 2006 for chronic pain (Newman and Cragg, 2007), whereas several marine nat-
ural products are now tested for their anticancer efficacy in clinical trials (Simmons et al.,
2005). Yondelis (ecteinascidin-743, 1) is a tris-tetrahydroisoquiloline isolated from the sea
squirt, Ecteinascidia turbinate which received authorization in 2007 for commercialization
from the European Commission for advanced soft tissue sarcoma (Figure 1.1). Ecteinascidin-
743 is under study in two phase Il clinical trials for the treatment of sarcoma and ovarian
cancer and in other 16 phase | or phase Il trials (www.clinicaltrials.gov). It interacts with the
minor groove of DNA and alkylates guanine at the N2 position, which bends towards the
major groove. Thus, the drug affects various transcription factors involved in cell prolifera-
tion, particularly via the transcription-coupled nucleotide excision repair system (von Mehren,
2007).
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The list of potential sources of natural products can be extended to alcoholic and non-
alcoholic beverages, processed food, animals, animal food and excreta, etc. (Tulp and Bohlin,
2004).

1.3 Different Approaches to the Search for Bioactive Natural
Products

Given the wealth of sources, searching for a potent anticancer natural product does seem
analogous to looking for a needle in a haystack. There are two main approaches to the study
of those, the random screening and the rational selection. Random screening is nowadays
possible, mainly in the pharmaceutical companies, due to the automated, high-throughput
screening assays and the progress in isolation and fractionation techniques. Camptothecin (2),
a potent cytotoxic alkaloid, was first extracted from the stem wood of the Chinese ornamen-
tal tree Camptotheca acuminata during the screening of thousands of plants in 1958 (Wall
and Wani, 1995) (Figure 1.2). Monroe Wall and Mansukh Wani, while screening thousands
of plant extracts as a possible source of steroidal precursors for cortisone, sent 1000 of the
extracts to Jonathan Hartwell of the National Cancer Institute (NCI) Cancer Chemotherapy
National Service Center (CCNSC) for investigation of their potential antitumour activity.
The extracts of C. acuminata were identified as the only ones showing significant activ-
ity in an adenocarcinoma assay. Camptothecin inhibits DNA topoisomerase | and the first

Topotecan, 3 Irinotecan, 4

Figure 1.2 Camptothecin was originally isolated from Camptotheca acuminata. The analogues,
topotecan and irinotecan are used in the clinical practice. Photos by Shu Suehiro
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generation analogues, hycamtin (topotecan, 3) and camptosar (irinotecan, CPT-11, 4), mar-
keted by Glaxo-SmithKline and Pfizer, respectively, are used for the treatment of ovarian and
colon cancers (Figure 1.2). Over a dozen more camptothecin analogues are currently at var-
ious stages of clinical development (Sriram et al., 2005; Srivastava et al., 2005). The same
research team discovered taxol (5) from the bark of the Pacific Yew tree (Taxus brevifolia
Nutt.) as result of an exploratory plant screening programme sponsored by the USA National
Cancer Institute (Figure 1.3). The discovery of taxol assumed an added measure of impor-
tance through the ground-breaking discovery by Horwitz and colleagues (Horwitz, 2004) of
its unique mechanism of action, namely, ‘its ability to induce the formation of characteris-
tic microtubule bundles in cells’. In 1992, taxol was marketed for the treatment of refractory
ovarian cancer and in 1994 for metastatic breast cancer. Taxotere (6), one of its semisynthetic
derivatives was approved in 1996 for breast cancer and is now known as a better anticancer
drug than taxol (Srivastava et al., 2005) (Figure 1.3).

However, it is believed that the effectiveness of random screening in delivering new anti-
cancer drugs or novel lead compounds is surpassed by that of the rational approach. With
regards to plants, the most efficient approach has been the recording of the therapeutic uses
of the plants in traditional or folkloric medicine systems. This field of research, ethnopharma-
cology, is part of ethnomedicine and ethnobotany. Information on the alleged medicinal uses
of plants comes either from anthropological field studies or from study of ancient literature.
There are many local communities in which healing traditions have only been transferred from
one generation to the next orally and are now at a risk or are lost since those are displaced by
modern western therapeutic systems. The fact that these have been refined through centuries

Taxol, 5 Taxotere, 6

Figure 1.3 Taxus brevifolia was the original source of the anticancer drug taxol. The semisyn-
thetic analogue taxotere is used for breast cancer. Photos by Walter Siegmund, retrieved from
http://en.wikipedia.org on December 1 2007 and under GNU Free Documentation license
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via trial and error and they have produced important anticancer drugs, such as podophyl-
lotoxin, shows the necessity for taking actions for their preservation. The limited number
of field ethnopharmacological studies at present can be attributed to the difficulties and the
necessary expertise for the translation of indigenous diseases or concepts of illness into their
modern counterparts and vice versa. Anticancer ethnopharmacological research is particularly
problematic in that aspect, since cancer is not one disease entity and has multiple signs and
symptoms. It has been suggested that the plants used for the following ethnomedical claims
should be investigated; cancer treatment, treatment of ‘hard swellings’, abscesses, calluses,
corns, warts, polyps, or tumours, immune disorders, infectious diseases, parasitic and viral
diseases, abortive (Mans et al., 2000; Hartwell, 1971). Another practice, though, is to give
priority for anticancer research to plants with any alleged medicinal effect. The plants and
their medicinal uses by indigenous healers must be recorded, specimens need to be taken
back in the laboratories and be correctly identified by botanists, the herbal recipes, the dosage
schedules, the total duration of therapy and the side effects must be observed and written
down (Raza, 2006).

The species Podophyllum peltatum Linnaeus and Podophyllum emodii (Podophyllaceae)
are the most representative example of plants with a long history of medicinal use for the
treatment of cancer, i.e. treatment of skin cancers and warts (Figure 1.4). Two anticancer
drugs, teniposide (7) and etoposide (8), which are semisynthetic derivatives of epipodophyl-
lotoxin, show good clinical effects against several types of neoplasms including testicular
and small-cell lung cancers, lymphoma, leukaemia, Kaposi’s sarcoma, etc. (Figure 1.4). The
major active constituent, podophyllotoxin, was first isolated in 1880, but its correct struc-
ture was only reported in the 1950s and it has not been used due to unacceptable toxicity.
Podophyllotoxin inhibits the polymerization of tubulin and causes arrest of the cell cycle in
the metaphase (Gordaliza et al., 2004).

The development of well-organized electronic databases of relevant research work greatly
helps to restrict the initial target group. In 2000 Graham et al. provided a list of over 350
plants that are used ethnomedically against cancer after a query in the NAPRALERT database.
Apart from the useful input of ethnopharmacological research to modern drug discovery it also

Teniposide, 7 Etoposide, 8

Figure 1.4 Teniposide and etoposide are anticancer drugs, which are semisynthetic analogues of
epipodophyllotoxin. Epipodophyllotoxin is a natural product present in the rhizome of Podophyllum
peltatum. Photo by the United States Department of Agriculture, retrieved from http://en.wikipedia.org
on December 1 2007 and in the public domain
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offers improved therapeutic options in the regions of study through interaction of indigenous
healers and physicians trained in western medicine. Furthermore, conservation and refinement
of ethnomedicine will likely have a significant positive impact on global health, since more
than 80 % of the population still rely on their traditional materia medica for their everyday
health care needs.

Other rational approaches to the selection of plant or other sources for screening are the
taxonomic, the phytochemical and that of chemical ecology. Screening within a given plant
genus or family of particular interest (taxonomic approach), e.g. the genus Taxus, is a strategy
which will likely reveal bioactive phytochemicals, especially of the same structural group,
and thus promote the structure-activity studies. The high likelihood that a single compound
may be present in several taxa of the same genus, and thus be responsible for the bioactivity
of these, decreases the possibilities of finding a new lead compound. About 400 taxane-type
diterpenoids have been isolated from various Taxus plants so far, and some of them possess
interesting anticancer activities (Shi and Kiyota, 2005; Kingston and Newman, 2007). Fur-
thermore, this screening introduced a solution to the problem of the supply of taxol. Taxol
was isolated in a yield of 0.014 % from the extract of the bark of Taxus brevifolia in 1967; this
low yield and the high quantities of taxol necessary drove Taxus brevifolia close to extinction.
A biosynthetic precursor, 10-deacetylbaccatin I1I, was isolated from the needles of several
yew trees, which are an abundant and renewable source, and served as a starting material for
the semisynthesis of taxol or taxotere. Total synthesis of taxol, a great challenge to organic
chemists, was reported in 1994 by Nicolaou et al. giving another solution to the production of
taxol and other designed taxoids.

Focusing on a particular group of natural products, e.g. indole alkaloids, and screening all
plants likely to contain those, constitutes the phytochemical approach, which is of particular
significance to systematic botany. However, every group of natural products has a representa-
tive with anticancer activity. This has been traditionally performed via isolation and structural
characterization of the natural products. The advances in molecular biology and genomics
change the methodology in this traditional field; Zazopoulos et al. (2003) developed and used
a high-throughput genome scanning method to detect and analyse gene clusters involved
in natural-product biosynthesis. This method was applied to uncover biosynthetic pathways
encoding enediyne antitumour antibiotics in a variety of actinomycetes and showed that a
conserved cassette of five genes is widely dispersed among actinomycetes and that selec-
tive growth conditions can induce the expression of these loci, suggesting that the range of
enediyne natural products may be much greater than previously thought. As discussed also in
the taxonomic approach, it might be argued that screening in this way limits the possibility of
finding novel lead compounds.

Microorganisms have produced in the past a significant number of FDA-approved anti-
cancer drugs, such as bleomycin and doxorubicin, but present a particular problem as a
source of natural products. The identity of most of them is not known and less than 1%
of these can be cultivated. A novel way of searching for natural products in these is the con-
struction of environmental DNA libraries (Martinez et al., 2000; Pettit, 2004). This method
involves isolating large DNA fragments (100—300 kb) from microorganisms derived from
soil, marine or other environments, and inserting these fragments into bacterial vectors, thus
generating recombinant DNA libraries. Such libraries are then used to identify novel nat-
ural products by various means, including expression of the DNA in a heterologous host
strain and screening for activities, or by directly analysing the DNA for genes of inter-
est. Furthermore, the possibility of regulating the expression of isolated environmental gene
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clusters or combining them with genes of other pathways to obtain new compounds (combi-
natorial biosynthesis) could be a further advantage over traditional natural product discovery
methodologies.

Study of ecological interactions among organisms and between them and their environ-
ment, mediated by secondary metabolites that organisms produce (chemical ecology), e.g.
plants poisonous to animals, has long been a successful strategy in discovering bioactive
natural products (Harborne, 2001). One example of how this field changes under the light
of findings from cellular and molecular biology is the search not for general cytotoxic com-
pounds, but for effective nuclear factor (NF)-kB inhibitors in marine organisms (Folmer et al.,
2007). Several bacteria and viruses have been reported to modulate NF-kB activity in host
cells in order to increase their chances to survive as parasites within the host. Pancer et al.,
(1999) have shown that sea urchins use a NF-kB analogue to protect themselves against
apoptosis-inducing compounds released by the diatoms on which they graze, and to respond
to bacterial infection and other pathogens. From the evolutionary point of view, one interest-
ing potential explanation for the finding of NF-kB inhibitors in marine organisms is the fact
that marine invertebrates and fish, no matter how distantly related they appear to be, possess,
in many cases, NF-kB or closely related analogues (Folmer et al., 2007).

1.4 Methodologies of Lead Compound or New Drug
Identification

The tools for evaluating the ‘anticancer’ potential of natural products are rapidly increasing.
Preclinical evaluation involves in vitro assays of the effect of natural products on specific
molecular targets involved in apoptosis, mitosis, cell cycle control or signal transduction,
in vitro evaluation of cytotoxicity or other mechanisms of action in cultured cancer cells and
other normal cells, and evaluation of the antitumour activity in animal models (Mishra et al.,
2007). Bioactivity evaluation should also incorporate methods for evaluating the immunomod-
ulating, anti-invasion or angiosuppressive potential of natural products. This vast array of
available bioassays necessitates a strategic decision of which will be the first-line assays,
which will determine the natural products that are candidates for the next round of bioactiv-
ity evaluation; it is obvious that the complete preclinical evaluation of all natural products is
not possible not only because of incredibly high cost but also of ethical considerations. The
recent overemphasis on the molecular targets is criticized as simplistic and reductionist, and
the study of the effect at the cellular level is reappraised (Houghton et al., 2007; Subrama-
nian et al., 2006). The case of the discovery of vincristine (9) and vinblastine (10), anticancer
drugs approved in the early 1960s, which led to the semisynthesis of vinorelbine and vinde-
sine, poses other interesting implications. Catharanthus roseus (former Vinca rosa) is used
in ayurvedic medicine for the treatment of diabetes mellitus (Figure 1.5). In search for effec-
tive hypoglycaemic agents, Robert Noble and Charles Beer were surprised to observe that
intravenous administration of the C. roseus extract to experimental mice resulted in a rapidly
falling white blood count, granulocytopenia, and profoundly depressed bone marrow (Duffin,
2002). This chance observation led to the isolation and identification of vinblastine and vin-
cristine as potent therapeutic agents and novel lead compounds.

Bioactivity evaluation is performed on isolated natural products and/or on extracts
and/or purified fractions of those. The classic phytochemical approach has the risk of
missing natural products that are in trace amounts, and, thus, rediscover known compounds,
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vincristine, 9 vinblastine, 10

Figure 1.5 Catharanthus roseus was traditionally used for treatment of diabetes but by chance discov-
ery it was shown to possess anticancer activity. The useful anticancer agents, vincristine and vinblastine,
were isolated from C. roseus. Photo by Conrado, retrieved from http://en.wikipedia.org on December 1
2007 and under GNU Free Documentation license

e.g. polyphenolics, in high abundance. Bioassay-guided fractionation is the most commonly
used strategy for the identification of the bioactive lead compounds. Fractionation reduces
complexity, increases the titer of low abundance components and removes ‘nuisance’
substances. The strategy followed for the isolation of camptothecin is shown in Figure 1.6.

Bioassay-guided fractionation can lead to ‘strange’ findings (Pieters and Vlietinck, 2005).
The bioactivity of the extract might be higher than that of the isolated compounds or frac-
tions and this may be attributed to synergy of the phytochemicals present or decomposition
and/or oxidation of the phytochemicals due to the lower amounts of antioxidants present in
the fractions and the materials/solvents used in the fractionation process. The possibility of
the presence of not one active compound but of several is very strong. On the other hand, the
bioactivity of the isolated compounds might be higher than 100 % of the extract due to com-
petition of the phytochemicals present in the extract. The pharmacokinetics of the fractions
may also be different from that of the extract (better or worse) since it has been shown that
certain natural products affect absorption, e.g. tannins decrease absorption from intestine.

These procedures may lead to the re-isolation and re-identification of known compounds
as the bioactive constituents, which is regarded as a considerable loss of time and funds in
the search for novel bioactive lead compounds. Thus, de-replication is necessary at an early
stage of the discovery process, preferably in the primary extracts, so as to allow the priori-
tization of work and concentration on those sources that produce novel compounds. Liquid
chromatography—mass spectroscopy (LC-MS)/MS coupled with the on-line acquisition of
UV/vis spectra and the construction of libraries is a tool for correct structure identification
of phytochemicals in an extract (Fredenhagen et al., 2005). Boroczky et al. (2006) suggested
a simple gas chromatography-based method using cluster analysis as a data-mining tool to
select samples of interest for further analysis of lipophilic extracts. Furthermore, the con-
struction of natural product-focused spectral libraries of nuclear magnetic resonance data of
isolated compounds allow for the rapid structural elucidation and thus an early de-replication
(Dunkel et al., 2006; Lopez-Pérez et al., 2007).

Once identified and the results of preclinical evaluation are good, the bioactive natural
product will be directed to clinical evaluation. Results of clinical phase | and Il trials will
determine if the compound will be evaluated in phase Il trials, will be sent back to the
laboratory for optimization, or abandoned (Connors, 1996). On the way to the marketplace,
the crucial problems of supply and large-scale production must be solved (McChesney et al.,
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Plant Material 19 kg (dry material)
Heptane | (Hot)

Heptane Extract Plant Material

Concentrate Ethanol

I— Marc-rejected

Treat with 4 volumes
chloroform +1/4 volume

Precipitate Concentrate 5% aqueous ethanol
10 g, F127 468 g, F123
Inactive Inactive
Chloroform Aqueous
222 g, F124
Highly active Continuous CHCl;
extraction
Chloroform Aqueous
32 g, F125 F126
Highly active Slightly active

Figure 1.6 Bioassay-guided fractionation of Camptotheca acuminata wood plus wood bark. Bioac-
tivity of the fractions was evaluated by the in vivo L1210 mouse life prolongation activity. Most of
the chloroform phase after concentration was subjected to an 11-stage preparative Craig countercurrent
distribution. The bioactive fractions were then combined and further purified by chromatography on
a silica gel column and crystallization. The pure bioactive compound was proved to be camptothecin.
Reproduced from Wall ME, Wani MC. Camptothecin and taxol: discovery to clinic — thirteenth Bruce F.
Cain Memorial Award Lecture. Cancer Res 1995, 55(4), 753-60, with permission from the American
Association of Cancer Research

2007). Medicinal chemists play a key role in the generation of structural analogues and
introduction of ‘drug-like’ features. Apart from the traditional chemoenzymatic approach,
combinatorial chemistry of a natural product-lead compound is often involved in construc-
tion of libraries whereas combinatorial biosynthesis holds a great promise in the field (Boldi,
2004; Harvey, 2007). Combinatorial biosynthesis can be defined as the application of genetic
engineering to modify biosynthetic pathways to natural products in order to produce new and
altered structures using nature’s biosynthetic machinery (Floss, 2006; Julsing et al., 2006).
The introduced structural alterations range from simple reactions such as glycosylation, oxida-
tions and reductions, methylations, isoprenylations, halogenations and acylations to the gen-
eration of complex hybrid ‘unnatural’ compounds. The screening of natural product libraries
and extracts usually yields a substantially higher percentage of bioactive hits than that of
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chemical libraries; a recent review (Berdy, 2005) estimates an approximately 100-fold higher
hit rate for natural products.

1.5 Chemoprevention — A New Area for Natural Product
Research

Epidemiological studies, showing that increased intake of fruits and vegetables is associated
with reduced risk of cancer, triggered research on the identification and characterization of
the biological properties of the natural products in edible plants and the creation of a new sci-
entific field, that of chemoprevention (Reddy et al., 2003). Chemoprevention, as a scientific
field, may be considered still at its infancy, and includes the use of natural or pharmacological
agents to suppress, arrest or reverse carcinogenesis, at its early stages. Studies, mainly in vitro,
have shown that most dietary natural products exhibit pleiotropy; they affect several biolog-
ical processes (even opposing functions) and act on a multitude of molecular targets (Reddy
et al., 2003; Russo, 2007). The ‘antioxidant’ effect is put forward by most scientists and helps
unify the positive effects on different systems, e.g. cardiovascular, neurodegenerative dis-
eases and cancer. Natural products, like genistein, resveratrol, curcumin, retinoic acid and
epigallocatechin-3-gallate, became the focus of intense research and public interest. In paral-
lel, a lot of dietary supplements, functional or medical foods, became available to the public
and this created a lot of concerns about the safety, the quality, the efficacy and the legislative
status of these products.

The field of the study of natural products as chemopreventive agents has to address many
problems and challenges. A major problem is the confusion in the literature; from experiments
in cell cultures with concentrations of natural products equal to or even higher than those
appropriate for pharmacological agents and with no knowledge or study of the absorption and
the bioavailability, some scientists jump to conclusions about anticancer or chemopreventive
potential (Russo, 2007). Other important questions are “when’ the chemopreventive interven-
tion must take place to show efficacy and what happens if the antioxidant treatment does not
occur at the ‘appropriate time’ and especially what happens when it takes place with standard
chemotherapy (Russo, 2007). The clinical evaluation of the chemopreventive properties of
a natural product is particularly challenging due to the time involved, the lack of appropriate
biomarkers and the fact that it involves healthy people. However, the fact that selective oestro-
gen receptor modulators, like tamoxifen and raloxifene, do decrease the incidence of breast
cancer in post-menopausal women suggests a bright future for chemoprevention; raloxifene
especially is a multifunctional medicine that was approved for reducing the risk of invasive
breast cancer in postmenopausal women with osteoporosis and in postmenopausal women at
high risk for invasive breast cancer (Jordan, 2007). Thus, it is possible that natural products,
analogues or combinations of these will be used as chemopreventive agents. Furthermore,
the public attention paid to dietary chemoprevention can only be viewed as positive since it
increases the awareness of people of the significance of well-balanced diet rich in fruits and
vegetables.

1.6 Concluding Remarks

Plants and microorganisms have been sources of a significant percentage of potent anticancer
drugs used nowadays, although a small portion of these have been studied. Further exploration
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of those, of marine organisms and of other novel sources will certainly reveal new drugs, novel
lead compounds and new mechanisms of action. However, this process is time-consuming
since it involves several steps: selection of the sources, screening and identification of bioac-
tive drugs or lead compounds, in vitro and in vivo studies of the toxicity and mechanism of
action, production or synthesis in high quantities, preclinical and clinical evaluation, approval
and development of analogues with better characteristics which enter again the same cycle of
drug development. Recognition that the biological diversity of the earth and, thus, the chemi-
cal diversity is rapidly diminishing is a very important stimulus for natural products research
in the face of irreversible loss of sources of potential drugs. Moreover, in the light of increasing
cancer rates, the area of cancer prevention using natural products is very important.

Progress can only be realized with sufficient funds. The immediate co-operation of univer-
sities, institutes, big pharmaceutical companies and small biotechnology firms is necessary
in order to meet the demands for effective pharmaceuticals. Each sector can contribute in a
different way; large-scale random high-throughput screening and clinical development can
take place in pharmaceutical companies and in large institutes; universities and institutions
can take on research directions that require lengthy procedures and are not so expensive, e.g.
screening according to ethnopharmacology. The involvement of scientists from all fields in
natural products research has and will further transform the field and the techniques involved
in order to meet the demands of modern drug discovery and development.
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2

Combinatorial Approaches
to Anticancer Drug Design

Sotiris Missailidis

2.1 Introduction

In the first instance, the primary sources of anticancer agents were natural sources, plant
extracts, sea molluscs and other such life forms or parts thereof, which were on some occa-
sions initially used in traditional medicines and preparations, or were discovered though
extensive screening of materials from such sources on cancer cell lines for the identification
of active ingredients as a first generation agents. These were subsequently chemically manip-
ulated to improve their anticancer or pharmaceutical properties. However, as chemical and
technological developments were progressing, it became possible to synthesize, using auto-
mated solid-phase or solution-phase synthetic techniques, vast libraries of de novo compounds
that could be tested against cancer cell lines or particular targets of interest to generate high
affinity and selectivity agents with appropriate desirable properties. A number of combinato-
rial techniques are currently available, ranging in application from the preparation of small
organic compounds to the synthesis of the latest biologics that seem to currently dominate the
market in terms of FDA approvals and sales in the past few years. Some of the combinatorial
techniques currently available and widely used in anticancer drug design will be presented in
this chapter.

2.2 Combinatorial Approaches for Small Molecule Drug Design

The increasing demand for new therapeutics, or compounds that could be screened in
biological assays for the identification of novel leads, has pushed development of techno-
logical and chemical methodologies in drug design. Combinatorial chemistry or automated
medicinal chemistry approaches for the development of novel inhibitors from libraries of
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organic molecules has been the focus of large pharmaceutical industries perhaps for the
past 10—20 years, but a decade ago it remained the source of frustration, originally failing
to fulfil its promise. This was partly due to the limitations of the robust chemical protocols
and synthetic reactions available for automation; the fact that methodologies available often
resulted in mixtures of compounds, for which few or no purification methods were available,
resulting in poor quality control and thus frustrating screening results and difficulties in
identifying the active ingredients. However, as synthetic approaches and technological
developments have been progressing, combinatorial chemistry, coupled with traditional
chemistry and in silico drug design, is expected to lead to a number of new drug molecules in
the future.

Combinatorial chemistry for the synthesis of small organic compounds is based on the use
of libraries of building blocks, scaffolds, and standard chemical reactions that can be achieved
automatically, through simple addition and incubation steps, either in solid or solution phase.

Such building blocks could include heterocyclic scaffolds, which are a popular choice
due to the fact that the majority of drugs are heterocycles, or acyclic compounds, which
are also important in drug discovery as they contain groups such as the guanidine func-
tional group present in numerous biologically active molecules (Figure 2.1) (Ganesan, 2002).
Finally, complex combinatorial scaffolds are produced based on the use of natural products,
such as alkaloids, flavonoids, terpenoids, etc.

The selection of the scaffolds may also be determined not only by the nature of the
molecules used, but by the application that they are aimed for. Thus, the aim is not only to
produce large numbers of random diverse compounds, but the generation of focused libraries
for specific targets. Focused libraries include target-family-oriented libraries, defined by the
use of compounds specifically designed to fit certain target-family proteins, such as kinases,
G-coupled receptors, etc. (Koppitz and Eis, 2006). These libraries usually contain 10000
to 50000 compounds, derived from several dozen scaffolds and chemistries and they are
preferable for particular applications to corporate collections of compounds that are often in
the range of millions of compounds. Synthesized starting libraries in a target-family-oriented
library setting typically consist of 2000 compounds based on a common scaffold. Other types
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Figure 2.1 An example of acyclic template used in combinatorial synthesis. The synthesis above
results in a library of 1344 compounds, with an average yield of 35 % and an average purity of >80 %.
The reaction (a) is also an example of the Suzuki cross-coupling reactions often used in combinatorial
approaches (adapted from Ganesan, 2002)
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Figure 2.2 Synthesis of tertiary amines by Mitsunobu organic reaction

of libraries used in the automated medicinal chemistry setting include diversity-oriented
synthesis-related libraries and dynamic combinatorial libraries (Koppitz and Eis, 2006).

A variety of reactions are now available for automation in an automated medicinal
chemistry setting. Such reactions include the Mitsunobu reaction (Figure 2.2), the Suzuki
cross-coupling reaction (Figure 2.1a), cyclization reactions or ring forming Diels—Alder
cycloaddition reactions (Figure 2.3a and b, respectively).

The libraries are now carefully designed prior to synthesis. Original libraries aimed at
the synthesis of large number of compounds at random for identification of hit compounds.
However, such libraries offered little in terms of selection of compounds with the desired prop-
erties. More recently, the libraries are carefully designed, using in silico techniques, molecular
modelling, to identify structural features necessary to fill voids, or neural networks that pro-
vide scores of drug- or lead-likenesses that may be used in designing the library.

Once the selection of the building blocks has been completed and the chemistry used has
been identified, the actual library synthesis occurs, using automated dedicated equipment. Var-
ious types of automated equipment are available in the market, ranging from fully automated
instruments, where there is no need for manual interference, to independent modular equip-
ment that is separating the synthesis in distinct sub-procedures. Each of these instruments
has their advantages and disadvantages, which include costs and flexibility of use. Microwave
synthesizers have offered additional advantages over traditional approaches and are now well
established in Medicinal Chemistry laboratories (Koppitz and Eis, 2006).
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Figure 2.3 Further examples of reactions used in combinatorial chemistry approaches: (a) a cycliza-
tion reaction and (b) a Diels—Alder cycloaddition reaction

Following the library synthesis, the crude products are collected and used for high-
throughput purification and further analysis. The method of choice for such analysis is
based on liquid chromatography—mass spectrometry (LC-MS), using mostly reverse phase
chromatography and UV detection. Other detectors can include evaporative light scattering
detection (ELSD), chemiluminescent nitrogen detectors (CLND) (for compounds that do not
present a UV spectrum) or charged aerosol detectors (CAD). An alternative to high pressure
liquid chromatography, also used in many laboratories, is high-throughput nuclear magnetic
resonance (NMR), but this suffers from lack of fully automated interpretation of the NMR
spectra, thus limiting the technique to library subsets.

The complete process of an automated medicinal chemistry process is shown schematically
below (Koppitz and Eis, 2006):

Scaffold selection —» Chemistry Development — Library design

|

Analysis & Purification 4+——— Synthesis «—— Building block retrieval

l

Reformatting ——» Re-Analysis —» Compound logistics lab

Somewhere between the automated medicinal chemistry and the more biological combina-
torial chemistry approaches stand the synthesis of peptides. Peptides have provided candidate
therapeutics for a number of applications and have been a useful entity in drug design. How-
ever, they can be considered as natural product libraries, synthesized either using solid phase
(or even solution phase) combinatorial chemistry approaches, where the procedure described
above can be utilized with amino acids used as scaffolds, or, because of their biological nature,
they can be used in phage display technologies described in the next section of this chapter.
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Solid phase peptide synthesis was introduced by Merifield in 1963 and has been the basis
of peptide-based solid-phase combinatorial approaches. The original approaches have been
improved by the introduction of various synthetic methodologies, such as the pin-shaped solid
support synthesis introduced by Geysen, the ‘teabag’ approach introduced by Houghten for
epitope mapping, or the split-and-mix solid phase synthesis introduced by Furka. These solid-
phase approaches have offered various advantages over other methodologies as they allow
the compounds to be isolated once they are attached to solid supports, the isolation of the
immobilized products by filtration allows the use of large reagent excesses that offer high-
yield at each step, whereas the use of split-and-mix synthesis simplifies the preparation of
large libraries (Vicent et al., 2007).

Most libraries synthesized by solid phase synthesis, particularly using the pin approach,
offer limited libraries in terms of number of compounds synthesized. Thus, they mostly favour
the development of short peptides. The limited number of positions would then allow the
potential exploration of all possible amino acid combinations for each particular position.
However, this is often not necessary and amino acids with similar properties are used, thus
simplifying the number of possible combinations.

In addition to solid phase peptide synthesis, solution-phase synthetic approaches have also
been developed by a number of groups. Such approaches offer the possibility of expanding
the repertoire of chemical reactions and allow the application of convergent synthetic strate-
gies, the synthesis of mixture libraries or the use of dynamic libraries. The use of dynamic
combinatorial chemistry is driven by the interactions of the library constituents with the target
site, thus allowing a target-driven generation or amplification of active constituents (Vicent
et al., 2007). This approach is similar in concept with the Phage displayed libraries, which are
biologically-displayed libraries, examined in the next section of this chapter.

2.3 Display Technologies
2.3.1 Phage display technology

As mentioned before, peptides have been at the intersection between small molecule
therapeutics and their larger proteinic counterparts, antibodies. Furthermore, peptides have
some advantages over antibodies, in that they have lower manufacturing costs, higher activity
per mass, better tumour penetration, increased stability and reduced immunogenicity. Fur-
thermore, they have the advantage of increased specificity over small molecule therapeutics,
which makes them interesting modalities for the pharmaceutical industry (Ladner etal.,
2004).

Although synthetic approaches to peptide libraries have been described for over 45 years,
the greatest boost of combinatorial approaches to selection of peptides from vast libraries
came with the development of the phage display technology by Smith in 1985. Subsequently,
this was improved upon and it was reported that a filamentous phage was used to display a
random oligopeptide on the N-terminus of the viral PIlI coat protein, by inserting a stretch of
random deoxyoligonucleotide into the plll gene of filamentous phage (Smith, 1985; Parmley
and Smith, 1988), thus initiating a process that has resulted in a number of modern therapeu-
tics. The phage display technique is very effective in producing large number (up to 10'°) of
diverse peptides and proteins and isolating molecules that perform particular functions. The
technique involves the expression of proteins, such as peptides or antibodies, on the surface of
filamentous phage. The DNA sequences of interest are inserted into a location in the genome
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of the phage, so that the encoded protein is expressed or “‘displayed’ on the surface of the
phage as a fusion product to one of the phage coat proteins. It is now known that insertion of
foreign DNA into the filamentous phase gene I11 is expressed as a fusion protein and displayed
on the surface of the phage, resulting in phage display libraries containing billions of variants
that can then be used to select and purify the specific phage particles with sequences that offer
the desired binding specificities (Azzazy and Highsmith, 2002).

The phage display technique can select peptides that bind protein targets with high affinity
and specificity. Such peptides have been selected for oncological targets and include the ErbB-
2 tyrosine kinase receptor, which has been implicated in many human malignancies, with
a dissociation constant in the micromolar range and significant specificity. Other peptides
that have resulted from peptide-based phage display technology include peptides against the
vascular endothelial growth factor (VEGF) and the MUCL glycoprotein, whereas peptide ther-
apeutics that have reached the market include representatives such as Lupron (leuprolide), for
the treatment of prostate cancer, endometriosis, fibrosis or precocious puberty, and Zoladex
(goserelin) for the treatment of breast cancer, prostate cancer and endometriosis (Ladner et al.,
2004). A peptide, after selection, can be modified appropriately to confer to it higher resis-
tance to peptidase degradation and through coupling to polyethylene glycol (PEG) improve
its pharmacokinetic properties.

As mentioned above, phage display technology is not only used for the selection of pep-
tides, but can be used for the “display’ of larger protein molecules in the surface of the phage,
including antibodies and antibody fragments. Thus, phage display offers a powerful alterna-
tive to the standard hybridoma technology for the development and isolation of recombinant
antibodies with unique specificities. In this regards, phage display technology can be used to
either generate human monoclonal antibodies and antibody fragments such as single chain
Fvs, or humanized mouse antibodies, significant for cancer immunotherapy. A scFv library
can be prepared using phage display by preparation of the genes of the variable heavy and
light chains of the antibodies through reverse transcription or the mRNA obtained from B-
lymphocytes, the amplification of the gene products and their assembly into a single gene, the
incorporation of the assembled scFv DNA fragment into the phage vector, resulting into the
expression of the protein on the surface of the phage. This is followed by selection through
interrogation for binding to the specific target of interest and the genotype of selected vari-
ants is recovered and amplified by infecting and subsequently culturing fresh Escherichia coli
cells (Azzay and Highsmith, 2002; Dufner et al., 2006).

In addition to phage display libraries, other ‘display’ systems can and have been used suc-
cessfully for combinatorial approaches, including bacterial display, yeast display and mam-
malian cell display (reviewed by Sergeeva et al., 2006).

2.3.2 Ribosomal display technologies

Another particularly interesting technology is the ribosomal display, which has come to alle-
viate several problems associated with the phage display, mainly the limiting step of con-
structing large-size phage libraries due to transformation efficiency. Other such limitations in
the phage display technology include gene deletion, plasmid instability, gross phage cross-
contamination and limited library size and diversity. Ribosomal display, originally described
by Mattheakis et al. (1994), aims to circumvent these limitations. In ribosomal display, the
DNA library that encodes for the peptide or protein of interest is transcribed and translated
in vitro, using prokaryotic or eukaryotic cell-free expression systems. Thus, the DNA that
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encodes the protein library is first transcribed to mRNA that is then purified and used for
in vitro translation. This DNA library contains all the signals required for the cell-free in vitro
transcription and translation, and in it its most widely used version is designed with an absence
of a stop codon at the end of the coding sequence, so as to prevent the release of the mMRNA and
the nascent polypeptide from the ribosomes. The in vitro translation of mRNA is, as described
above, designed so as to prevent dissociation of mMRNA, ribosomes, and the translated pep-
tide, but this complex is further stabilized by use of low temperature or elevated magnesium
ions. The mMRNA-ribosome—peptide complexes are subsequently used for affinity selection
on an immobilized target, where only the binding complexes that specifically recognize the
target are bound and are subsequently removed through elution steps and reverse transcribed
into cDNA. The cDNA is then amplified by polymerase chain reaction (PCR) and used for
the next cycle of enrichment and PCR and is finally analysed by sequencing (Azzazy and
Highsmith, 2002; Dufner et al., 2006). As there is no transformation step, large libraries can
be constructed and used for selection. Furthermore, further diversification of the library can
be introduced wither before or in-between selection cycles via DNA shuffling or error-prone
PCR (Azzazy and Highsmith, 2002). Thus, a number of advantages have been described for
this in vitro display system of combinatorial chemistry, over their in vivo counterparts. Such
advantages include increased library size and diversion, minimal library bias by improved
in vivo expression and folding, simple affinity maturation cycles, rapid library construction
and selection, ease of recovery of genotype by reverse transcription (RT)—PCR and ability to
display and select cytotoxic molecules. One of the principal applications of this technology in
oncology has been for the development of human antibodies against various tumour markers
that have seen a tremendous rise in the anticancer therapeutic market (Irving et al., 2001),
whereas the peptide therapeutics developed using this technology include the peptides against
the prostate-specific antigen (PSA) (Gersuk et al., 1997).

Another in vitro selection technology for the identification of ligands, this time of oligonu-
cleotide, rather than peptidic origin, is the technology described in the next and final section
of this chapter.

2.4 Aptamer Selection
2.4.1 The SELEX methodology

Another combinatorial methodology employed in drug design is called Systematic Evolution
of Ligands by Exponential Enrichment (SELEX) and is focused on the selection of high affin-
ity and specificity oligonucleotide ligands, termed aptamers, from vast combinatorial libraries.
This process was first described in the same year (1990) by two independent groups in the
USA (Tuerk and Gold, 1990; Ellington and Szostak, 1990).

The SELEX methodology is based on an evolutionary process characterized by rounds
of interaction of an oligonucleotide library with a particular target, partition of bound from
unbound species, elution of bound species from target and amplification of those using PCR.
Amplified aptamers are allowed to interact again with the target for a number of iterative
steps, to result in isolation of higher binding species through competitive binding. This was
inspired by the evolution of RNA molecules through the ages into binding specifically to
particular target proteins to facilitate biological functions. To reproduce this in the laboratory
and within a short time interval, a number of competitive steps may be required to separate
the highest binding molecules. Similarly, by counter-selecting and excluding molecules that
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bind to homologous proteins or isoforms as part of the selection methodology, the process
can result in very selective and highly specific molecular entities that offer a high degree of
differentiation and can thus target specifically mutant proteins over their native counterparts,
thus conferring disease-specific targeting properties to these molecules.

In order to start the SELEX process, a single-stranded DNA oligonucleotide pool is chem-
ically synthesized with a random region of nucleotides, varying from 10 to 100 bases, and
a fixed primer sequence at either end to allow for amplification by PCR. From this theoreti-
cal maximum, which for a 25-base long degenerate region corresponds to 42° or about 10
sequences, the pool has at least one copy of each possible sequence and structure to be selected
for optimal affinity towards the target. Following the synthesis of the oligonucleotide pool, a
selection method based on an evolutionary approach of repeated steps of interaction, elution
and amplification is applied. This methodology includes the exposure of the target molecule to
the library in order to allow for interaction of all binding aptamers with this target. The target
is exposed to the aptamer library in a number of ways, usually attached to a solid support such
as agarose or sepharose in affinity chromatography matrices, magnetic bids or polymers, but
often also in solution, separated by filtration and molecular weight differences. The sequences
that do not bind to the target are washed away. The bound oligonucleotides are then eluted
via a chosen elution method, which can be temperature, alterations of pH, salt concentra-
tion, use of chaotropic agents or another method of choice. Eluted aptamers are pooled for
amplification via a PCR (DNA) or RT-PCR (RNA) amplification protocol. The selection,
elution and amplification protocols comprise a SELEX round. In order to select for the best
binder, a number of rounds ranging from 6 to as many as 15, have been reported to allow,
through competitive binding against a limited target, the displacement of all non-specific or
weak binders by the best binding aptamer. The method was conceived as an evolutionary pro-
cess that allows for the selection of better, higher affinity binders. To exclude aptamers that
may bind to similar proteins and ensure specificity and selectivity, counter-selection rounds
are also included at this stage, allowing aptamers that bound to the target, but not to related
molecules, to be amplified for the next selection round. After the aptamer selection process,
the PCR products of the last round are double stranded and cloned into a vector and, subse-
quently, sequenced to allow for identification of the best binding sequence, which can then be
chemically synthesized. The SELEX methodology is summarized in Figure 2.4.

There are features of the technique that need to be tailored to suit the requirements of
each selection. First consideration is the choice of the nature (RNA, DNA or unnatural bases)
and length of the nucleic acid library. The second stage is the definition of the method used
for the selection process. The molecules can be selected in a variety of in vitro environ-
ments/methods that can be chosen and modified to fit the need. Such selection methods include
immobilization of the target in affinity chromatography matrices, magnetic beads or other sup-
port systems, or the selection in solution and separation of bound complexes from unbound
species with the use of nitrocellulose filters of appropriate pore size. Finally, the number
of SELEX rounds may need to be optimized, depending on the stringency of the selection
required and the amount of target available for competitive binding.

Following the identification and synthesis of the best binding aptamer, further studies are
carried out to determine the binding affinity (Kq) and specificity of the selected molecule
against the target and, depending on the application, if desired, the molecule can then be
“fashioned’ (e.g. 5’ or 3’ modification for chelator bioconjugation or nuclease resistance) for
the required end use. Further additional chemical modifications, such as PEGylation (Floege
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Figure 2.4  An interpretation of the SELEX methodology is presented, showing the individual steps
of selection, partitioning and amplification, which results in the identification of the highest binding
molecule that can subsequently form the lead molecule in diagnostic or therapeutic applications

etal., 1999), or liposomes, can be easily made at desired positions of the aptamer to improve
its pharmaceutical, therapeutic and/or diagnostic application.

Attachments of such molecules serve to decrease the renal clearance time of aptamers,
as the pharmacokinetic properties of these molecules are limited by their small size
(5-25kDa) and hydrophilic nature. Signalling molecules such as fluorophores can also
be incorporated into the aptamer for imaging/signalling purposes, while the attachment of
drugs can facilitate the therapeutic effect of the aptamer, if required (Floege et al., 1999).
Although chemical modifications can be completed relatively easily, it is important that such
alterations to the backbone structure of the aptamer do not affect its binding to the target,
particularly given that binding is largely governed by shape-shape interactions between the
two molecules.
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2.4.2 Non-SELEX methods for the selection of aptamers

SELEX has proved to be a robust and powerful methodology for the isolation of many
aptamers directed towards a variety of targets. However, a number of attempts have been
made to improve, or bypass this technique, both to overcome some of the drawbacks
associated with traditional SELEX procedures and to bypass the patent stronghold on
SELEX by Archemix and Somalogic in the USA. Thus, ‘non-SELEX’-based methods for
the selection of aptamers have recently been put into practice. The utilization of capillary
electrophoresis has demonstrated to be a highly efficient approach into the partitioning of
aptamers with desired properties from a randomized pool (Drabovich et al., 2005; Berezovski
et al., 2005). Using this technique, aptamers to h-Ras, a protein involved in the development
and progression of cancer, were isolated with predetermined kinetic parameters (Berezovski
et al., 2005). The isolation of aptamers with predefined kinetic and thermodynamic properties
of their interaction with the target has so far been obstructed by the standard SELEX
technology. Furthermore, this method of aptamer selection only employed the partitioning
steps of SELEX without the need for amplification between them. Hence, one of the most
significant advantages of this non-SELEX method is its application to libraries which
are difficult or cannot be amplified, thus overcoming the problems associated with using
modified oligonucleotide libraries, as mentioned above. As well as the relative simplicity and
easy-to-use nature of this procedure, aptamers are selected within only a few hours, which
contrasts the several days or weeks needed for standard SELEX systems.

Exploitation of computational methods has also led the way into the development of non-
SELEX methods for aptamer selection. More importantly, computational methods have been
powerful in selecting aptamers with inhibitory activities or sequences that undergo ligand
dependent conformational changes, a property useful for the design of molecular and aptamer
beacons. One of the major drawbacks associated with SELEX is the selection of aptamers
that may not have any inhibitory activity towards its target, since the selection of aptamers is
based on affinity. Consequently, researchers have used this drawback to drive the engineering
of alternative selection methods based on inhibitory activity of aptamers.

Algorithm methods have shown to be sufficiently effective in selecting aptamers with such
properties. This computational method has been used to predict the secondary structure of
nucleic acids under different conditions e.g. in the presence and absence of a ligand (Hall
et al., 2007). In general, algorithmic methods use aptamers with known structures and/or fea-
tures (such as aptamers that undergo ligand-induced conformation changes) to rapidly select
oligonucleotides from virtual pools, which may present similar properties or adopt similar
structures. Hence, sequences are selected that match a defined profile. One of the most valu-
able structures applied to computational selection is that of the G-quartet. Such structures are
suggested to have important implications in the biology of cancer and thus aptamers that adopt
such configurations are of great interest. An aptamer selected for thrombin has been thor-
oughly investigated and is known to adopt such a configuration. Consequently, this aptamer
has been used as a model to investigate the potential of new selection methods, based on
inhibitory activity. By randomizing the sequence of the duplex region of the anti-thrombin
aptamer, Ikebukuro and co-workers (2006) selected inhibitory aptamers using genetic algo-
rithm on a library of limited sequences. In another report, evolution mimicking algorithms
were used to select aptamers with potent inhibitory activity from a pool that was designed to
form G-quartet structures and contain a limited number of sequences (Noma and Ikebukuro,
2006). Computational selection methods of aptamers require detailed information on the pre-
requisites of the basis of selection, for example the structure of the aptamer that new aptamers
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are to be modelled on or the structural changes that the profile aptamer undergoes upon ligand
binding. Given that this is not always feasible and that gaining this information can sometimes
be a lengthy process, computational selection of aptamers may be delayed in materializing as
a potential option for ligand identification. Meanwhile, SELEX itself is still widely used for
aptamer selection and is constantly advancing to overcome many of its initial challenges.

2.5 Conclusions

Combinatorial chemistry techniques have been a powerful drive for anticancer drug discov-
ery during the last decade or two. Both chemical and biological approaches to drug devel-
opment have resulted in a number of compounds that are currently in clinical trials or in
the market. Though chemical combinatorial approaches originally failed to deliver small
molecule therapeutics, despite the vast investment from the pharmaceutical industry on auto-
mated procedures and instrumentation, it has progressed through the years to a level where
chemical scaffolds, synthetic chemical approaches and reaction mechanisms, purification pro-
cedures and technological developments have now allowed the selection and preparation of
small molecular therapeutics to a large number of targets. Furthermore, in parallel, a range
of in vitro and in vivo biological combinatorial chemistry approaches have been developed.
These approaches have resulted to the major blockbuster drugs of our time, antibody and pep-
tide therapeutics, such as Herceptin and Zevalin, and are also the source of oligonucleotide
therapeutics, such as aptamers, that offer a significant promise for the future of anticancer ther-
apies. The products of these methodologies will be analysed in detail in the relevant chapters
of immunotherapy and oligonucleotide therapeutics later on in this volume.
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Rational Approaches
to Anticancer Drug Design/in
silico Drug Development

Stefano Alcaro, Anna Artese and Francesco Ortuso

3.1 Introduction

The drug development can be considered like a sort of ‘race with obstacles’ (Figure 3.1).
There are a number of key barriers to be passed before an idea, i.e. a novel compound, can be
introduced onto the market.

1.

Step | is typically related to the identification of the macromolecule(s) responsible for a
pathological phenomenon — the target(s) to be selectively influenced by novel compounds
(molecular target selection).

Step 1l is the identification of lead compound(s) usually by computational or high-
throughput approaches.

Step 111 is related to the preliminary biological tests and Quantitative Structure-Activity
Relationships (QSAR) studies.

Steps IV and V are related to the biological activities respectively in vitro (cell lines) and
in vivo (animal models). Steps Il to V are connected by a sort of cycle defined as the ‘lead
optimization process’.

Step V1 is the creation of a patent, if one or more novel compounds have been identified
and optimized.

Step VII represents the pharmacokinetic study, regarding the four ADME aspects: adsorp-
tion, distribution, metabolism and excretion.

Anticancer Therapeutics Edited by Sotiris Missailidis
© 2008 John Wiley & Sons, Ltd. ISBN: 978-0-470-72303-6
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Figure 3.1 The development of a new drug into the market is like a ‘race with obstacles’. The most
relevant steps are labelled in roman numbers and are briefly discussed in the text

7. Step VIII is the scale-up, generically related to the industrial synthesis procedures.
8. Step IXis the formulation of the drug.
9. Step X regards safety studies, focusing on the toxicological issues.

10. Step Xl is the clinical phase in humans, usually divided into two or more sections, as seen
later in this book.

11. Step XII is registration and marketing.

A failure in one of the above-mentioned steps results in deleting the entire development of
the new drug. This process is usually a long procedure that, in successful cases, takes about
8-12years and requires a lot of funding resources.

Therefore it is quite important to reduce as much as possible any wrong investments on
compounds that have no chance of being biologically active; possibly trying to pre-empt and
exclude inadequate properties in order to achieve the desired effect. With this aim, in the last
decades, drug development has been dramatically influenced by the availability of compu-
tational methods, performing what it is now called ‘rational drug design’. Several reasons
justified this success. First of all the introduction of the molecular recognition concept; Emil
Fischer was the first author to introduce the well known paradigm of the ‘lock and key’ related
to enzyme-ligand interaction (Fischer and Thierfelder, 1894). Daniel Koshland modified the
original rigid model introducing the issue of flexibility in molecular recognition, proposing
the ‘induced-fit’ theory (Koshland, 1958). Molecular recognition can be defined as the ability
of biomolecules to distinguish ligands and selectively interact with them in order to promote
pivotal biological events such as transcription, translation, signal transduction, transport, reg-
ulation, enzymatic catalysis, viral and bacterial infection and the immune response (Wodak
and Janin, 2002).

The availability of detailed structural information about the interacting compounds is
another central issue to be considered in order to understand the success of the theoretical
methods in drug design. The Cambridge Structural Database (CSD) contains more than
a quarter of a million small-molecule crystal structures, most of them having biological
activity (Allen, 2002). The implications of the CSD in life sciences, especially using
theoretical methods related to drug design, have extensively been reported in a recent
review (Taylor, 2002). Another popular source of structural information is the Protein Data
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Bank (PDB) (Berman et al., 2000), that includes more than 45 000 models of proteins,
nucleic acids and other polymers. Even if the amount of data is much lower than the CSD,
the PDB has the great advantage in that it also implements co-crystallized structures in the
presence of ligands and drugs. In these cases, the information is particularly interesting
because the three-dimensional structures of the small co-crystallized compounds can be
considered as the bioactive conformations. Moreover, the PDB also includes ligand—receptor
complexes obtained by nuclear magnetic resonance (NMR) methods, that in few, but quite
interesting cases, provide information about the dynamic equilibrium among bioactive
conformations.

When drug development is carried out using as a starting structure an experimentally deter-
mined complex structure, such as those deposited into the PDB, the term ‘structure-based’
drug design is adopted (Kroemer, 2007). This term is opposed to a more classical paradigm,
still in use especially when no structural information is available for the receptor—ligand com-
plex, and known as ‘ligand-based’ drug design (Bacilieri and Moro, 2006). These two terms
differ in their relationships with the diseases and are respectively related to the target (protein,
receptors or genes) and to reference compounds (known drugs or ligands).

3.2 Approaches to the Drug Discovery Process
in Anticancer Research

The anticancer drug discovery procedure undergoes the same paradigms applied to other drug
design projects. The differences between the structure-based and the ligand-based approaches
can be summarized in terms of different links with respect to cancer disease (Figure 3.2).

It is worth noting that despite the fact that knowledge of the target macromolecular struc-
ture is often available, ligand-based drug design represents still an important approach for the
discovery of new anticancer agents. Moreover, the opportunity to follow both paradigms in
the same drug discovery process usually brings a synergy to the entire development, because
the structure-based and the ligand-based approaches are totally different theoretical method-
ologies.

In order to give an idea of the large application of the computational methods available to
rational anticancer drug design, we have selected some relevant examples for both paradigms.

Target macromolecules
(DNA, Enzymes, Proteins)

Reference anticancer drugs
(Natural or synthetic agents)

Structure-based drug design & ﬁ Ligand-based drug design

Figure 3.2 The relationships in cancer disease with target macromolecules and anticancer drugs as
function of the drug design paradigm
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A categorization of them has been applied to those pertinent to the structure-based
approach, taking into account the nature of the target involved in the drug discovery process.
No categorization has been considered for the ligand-based approach, because the target is
not explicitly considered in the computational models.

3.3 Ligand-based Examples

One of the most interesting examples of ligand-based study is related to the inhibitors of
the aromatase enzyme. This belongs to the cytochrome P-450 superfamily, whose function
is to catalyse the aromatization of androgens, the final step in the biosynthesis of oestrogens
(Figure 3.3). Therefore, it is an important factor in sexual development and its inhibition,
with the consequent arrest of oestrogen biosynthesis, represents a good therapeutic route for
the treatment of oestrogen-dependent breast cancers.

Many research groups have identified some potent inhibitors of aromatase that can be
collected into two main classes: steroidal analogues of androst-4-ene-3,17-dione, the natu-
ral substrate of aromatase, such as compound 1, and the non-steroidal inhibitors, such as
compound 2 (Figure 3.4).

In absence of any direct information on the tertiary structure of aromatase some molecular
modelling studies were carried out with the aim of mapping the active site of the enzyme,
performing conformational analysis of the chemical structures of known aromatase inhibitors

CHOLESTEROL
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TESTOSTERONE
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ESTROGEN
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estrogen receptor % estrogen receptor
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CANCER
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Figure 3.3 Schematic representation of oestrogen biosynthesis catalysed by the aromatase with the
consequent proliferation in breast and uterus cells
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Figure 3.4 Chemical structures of the steroid (19R)-10-thiiranylestr-4-ene-3,17-dione (1) and the
non-steroid compound CGS 16949A (2)
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Figure 3.5 Chemical structure of the azole inhibitor 3 obtained by a rational drug design approach

and comparing the azole-type and the most potent steroidal inhibitors, with the final identifi-
cation of a relative binding model for both inhibitors. The nitrogen of the imidazole ring in
compound 2 and the sulfur of the thiirane ring in the steroid (1) are assumed to bind the por-
phyrin of the enzyme by coordinating the iron atom of the heme moiety. Since a cyanophenyl
function is an essential structural requirement for high inhibitory activity in compound 2, it
would seem possible that this polar group might mimic one of the carbonyl groups of the
steroidal inhibitor. On the basis of these modelling considerations, a new potent azole ana-
logue of compound 2, compound 3 (Figure 3.5), has been developed by adding a new ring
which could mimic the steroid moiety and it has been shown that it exhibits a high level of
activity comparable to compound 2, thus validating the identified binding model.

In summary, all compounds were superimposed computing several descriptors, such as
the accessible volumes to the solvent. In summary, all the molecules have been superposed
together, computing solvent accessible surface areas. The resulting observations suggest that
aromatase’s cavity is quite large with a pocket in the region located below the a-face of the
steroidal substrates, distal to the enzyme heme group. Moreover, the cyanobenzyl moiety
present in the imidazole-type inhibitors partially mimics the steroid backbone of the enzyme’s
natural substrate (Furet et al., 1993).

Another successful case of ligand-based drug discovery is represented by the poly (ADP-
ribose) polymerase-1 (PARP-1) inhibitors. PARP-1 is a nuclear enzyme involved in several
cellular processes, such as DNA repair and apoptosis (de Murcia et al., 1994; Dantzer et al.,
1999). The enzyme initially recognizes and binds to DNA damage sites and catalyses the syn-
thesis of linear and branched ADP-ribose polymers from the substrate nicotinamide adenine
dinucleotide (NAD™), with concomitant release of nicotinamide. Thus, PARP-1 inhibitors
can be useful in the repair of DNA damage induced by radiation during cancer therapy. Early
studies identified various analogues of 3-aminobenzamide, such as compound 4 (Figure 3.6)
as inhibitors of PARP-1; however, these compounds lack potency and specificity, and some
are poorly water soluble. Subsequent design of constrained analogues locking the carboxam-
ide group in its probable bioactive conformation (compounds 5, 6 and 7, Figure 3.6) led to
compounds with poor potency; however, compounds 6 and 7 displayed the desired biological
effect at high concentrations.

Since compound 7 can form an intramolecular hydrogen bond between the carboxamide
and the nitrogen of the heterocycle ring (Figure 3.6), a restricted scaffold such as compound 8
(Figure 3.7) has been suggested.

Derivatives based on compound 8 were confirmed to act as resistance-modifying agents
for radiotherapy, but they present potential problems in both synthesis and stability. Another
series of tricyclic compounds is based on the cyclo-homologation of the lactam ring corre-
sponding to the 2-phenyl-1H-benzimidazoles (Figure 3.8, 9).

Derivatives based on 9 appeared to be promising candidates, able to mimic well the
reference benzimidazole-4-carboxamide molecule 7, which has been adopted as a benchmark
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Figure 3.6  Chemical structures of PARP-linhibitors 4, 5, 6 and 7

Figure 3.7 Chemical scaffold 8, as the prototype of 7 restricted analogues
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Figure 3.8 Tricyclic 2-phenyl-1H-benzimidazole scaffold 9

inhibitor of PARP due to its potency, synthetic accessibility, and relatively good water
solubility.

Some examples of the derivatives of compound 9 were synthesized and led to the discov-
ery of potent inhibitors compounds 10, 11 and 12 (Figure 3.9). Structure-activity relationships
studies indicate that the carboxamide hydrogen is essential; in fact, its replacement by a
methyl group causes the complete loss of binding affinity.

Compound 12 shows a 25-fold increase in efficacy when compared to the reference
molecule 7 and presents the best biological profile in cellular assays. The design concept
was validated by X-ray crystallographic analyses of complexes with the PARP-1 target. In
Figure 3.10 the representative inhibitor 2-(3-methoxyphenyl)benzimidazole-4-carboxamide,
analogue to compound 7, bound at the PARP active site is reported (PDB code 1EFY). Its
carbonyl oxygen accepts hydrogen bonds from the side chain OH of Ser904 and from the
Gly863 backbone amide. The ligand amide donates a hydrogen bond to the Gly863 backbone
carbonyl oxygen.

The conformation observed for the carboxamide group of the co-crystallized ligand was
also observed in the solid state (i.e. measured for the protein-free compound) of other ben-
zimidazole analogues, confirming the essential role of molecular modelling data in the drug
discovery process (White et al., 2000).
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Figure 3.9 Chemical structures of the tricyclic PARP-1 inhibitors 10 (K; = 4.1 nM), 11 (K; = 4.9 nM)
and 12 (K; = 5.8 nM)
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Figure 3.10 Complex between a representative inhibitor 2-(3-methoxyphenyl)benzimidazole-4-
carboxamide and the catalytic domain of chicken PARP. The dashed lines indicate the hydrogen bonds
between the inhibitor and some crucial residues of the active site

Another emerging computational ligand-based approach, potentially leading to the identi-
fication of new compounds, is the 3D-pharmacophore search. It is based on the fast virtual
screening of large chemical databases by pharmacophore models implementing 3D infor-
mation (Martin, 1992; Sheridan et al., 1989). An interesting example of this technique is
related to the discovery of protein kinase C (PK-C) ligands. PK-C comprises a family of
phospholipid-dependent enzymes that vary in their activation properties and tissue distri-
bution. The involvement of PK-C isozymes in cellular signal transduction, which results in
either differentiation or uncontrolled cellular proliferation, makes them attractive targets for
anticancer chemotherapy. Phorbol esters and other chemically diverse tumour promotors are
known to activate PK-C. So, since no 3D structural data for PK-C isozymes are available, a
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Figure 3.11 (a) Chemical structure of the phorbol 12,13-dibutyrate (PDBU) 13; (b) pharmacophore
model deduced from 13

O OH

Figure 3.12 Chemical structure of the quinone derivative 14, identified by the virtual screening and
recognized as a potent PK-C agonist

computerized 3D-database search on more than 200 000 structures was carried out using the
same pharmacophore model deduced from the active phorbol 12,13-dibutyrate (PDBU) 13
(Figure 3.11a).

The 3D pharmacophore model (Figure 3.11b) was used as a query of virtual screening
experiments onto the NCI 3D database containing more than 200 000 anticancer agents. Two
hundred and eighty-six hit compounds were found and analysed by considering the presence
of hydrophobic substituents, such as a phenyl ring or a butyl group. Compounds lacking this
requisite were discarded. The selected 125 compounds were submitted for evaluation in the
PK-C binding assay. This analysis led to the discovery of the new potent quinone PK-C ago-
nist 14 (Figure 3.12), a molecule chemically unrelated to the reference phorbol lead (Wang
et al., 1994).

The discovery of a number of novel, structurally diverse, PK-C agonists has demonstrated
that computer 3D-database pharmacophore searching, combined with molecular modelling
studies, is an effective and promising tool to identify novel lead compounds in drug develop-
ment (Wang et al., 1994).

3.4 Structure-based Examples

This section has been intentionally separated into subsections as the function of the target
is considered in each example. Its chemical nature is actually responsible for the different
computational approach considered for studying the interaction with anticancer agents. In fact,
the nucleic acids are characterized by electrostatic and conformational properties remarkably
different with respect to enzymes or proteins. Thus, we have divided into two subgroups our
selected examples.
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3.4.1 DNA targets

Probably the most relevant macromolecular target for the design of new anticancer compounds
is DNA. It is a flexible macromolecule that in biological systems can assume different confor-
mations (Mills et al., 2002). Two conformations have been recently considered for the rational
design of anticancer agents specific for certain oligonucleotide sequences and DNA folding
structures.

The first one is the classic double helix (B-form), considered as the most probable in vivo
conformation (Watson and Crick, 1953). This structure is the target of several anticancer drugs
currently approved in therapy, such as cisplatin, which covalently binds the DNA preferably
at the N7 of purine bases (Boulikas and Vougiouka, 2003). This mechanism of action is, by
definition, non-specific toward certain DNA sequences, so severe side effects are caused by
the interaction with the DNA of normal cells. One attempt to identify anticancer agents able
to distinguish specific DNA sequences resulted in the discovery of the natural antibiotics
azinomycin A and B (Nagaoka et al., 1986) (Figure 3.13).

The mechanism of action of the azinomycins is based on a selective bis alkylation of the
duplex DNA toward specific triplets satisfying the general formula 5’-d(PuNPy)- 3’ as target
receptors (Pu = purine, Py = pyrimidine). It has been proposed that the former alkylation
toward the N7 of the first DNA strand occurs with the C10 methylene aziridine moiety fused
into the unusual azabicyclohexane ring. The latter alkylation occurs by the C21 methylene
of the epoxide ring toward the N7 atom of purine bases, two positions far from the previous
one and belonging to the opposite strand. This rare binding fashion implies that the cross-link
involves the entire triplet with drug—target interactions within the DNA major groove.

Coleman and co-workers completed the total synthesis of compound 15, making it pos-
sible to access the simplified azinomycin-like compounds (Coleman et al., 2001). Thus, the
explanation of the mechanism of the high selectivity toward specific DNA was addressed as
a crucial issue for the rational design of new potent and easy synthetically accessible cross-
linking agents.

The computational study, originally developed for this class of compounds, was based
on a molecular mechanics (MM) approach performed in multiple steps, i.e. looking at the
conformational properties of the adduct formed when the aziridine is open and covalently
linked to the N7 purine base.

The first step started considering the conformational properties of both natural antibi-
otics (Alcaro and Coleman, 1998). The presence of unusual chemical moieties and low quality
of AMBER* (McDonald & Still, 1992), one of the most trusted force fields in the scien-
tific community by the implementation of a new set of ab initio and experimental data. The
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Figure 3.13 Chemical structures of azinomycins A (15) and B (16)
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conformational pre-organization degree of compounds 15 and 16 was computed, considering
the sum of the Boltzmann population computed at room temperature of all energy minimized
conformers satisfying geometric criteria compatible with a concurrent bis-alkylation of an
experimentally known DNA triplet target. The computational results indicated that in both
cases there is a good level of pre-organization, possibly enhanced by the rational design of
new analogues.

The second step included explicitly in the computational model the DNA in the triplet
5-d(GCT)-3/, experimentally known to be selectively cross-linked by compound 16 (Fujiwara
et al., 1999). A hypothesis of the reaction path, compatible with the intercalative recognition
of the naphthoate, was also taken into account. The Monte Carlo (MC) simulations carried
out with several adducts, built considering the combinatorial product of alkylating moieties
and DNA sites of alkylation, led to the explanation of the experimentally known mechanism
of cross-linking of azinomycin B (Chang et al., 1989). The development and application
of a filtering criterion allowed to uniquely identify the pattern of cross-linking (Alcaro and
Coleman, 2000).

The third step extended the study to the selectivity issue. Four sequences, satisfying the
general triplet cross-linkable formula, were considered and modelled by MC simulations. A
force field correction to the electrostatic treatment, coherent with the net +1 charge adduct
obtained in adduct after the first alkylation, allowed the improvement in the quality of the
energy calculation. In this condition, the filtering protocol, coupled with the Boltzmann analy-
sis at room temperature, reproduced the experimental selectivity with monoadducts as well as
with intercalative models (Alcaro et al., 2002). The difference in the hydrogen bond network
between compound 16 and the DNA sequences, within the major groove, clearly explained
the details of such selectivity.

In the fourth step, a set of six antitumour drugs, including compound 16, was considered
against six triplex sequences. The cytotoxicity in tumour cell lines, expressed as plCsp,
allowed the formulation of a reference classification of the potency of the six drugs. The
molecular models of monoadducts were generated according to the previously reported
MC search and other protocols, based on the stochastic dynamics (SD) simulations, were
implemented and compared. The results were evaluated on the basis of their correlation with
known cross-linking experimental and cell proliferation data. In both cases, high correlations
were found especially with the stochastic dynamics with energy minimization (SDEM)
approach (Alcaro et al., 2005).

In the fifth step, analysis of the DNA structure in the B-form conformation by the well-
known approach of the GRID program (Goodford, 1985) allows us to understand the best
location of chemical probes around the surface of the target molecules, including nucleic
acids. Coupling the GRID information and the model of the bioactive conformation by molec-
ular mechanics methods highlighted the molecule region to be optimized, designing new
azinomycin-like compounds. In Figure 3.14, an example of the GRID analysis is reported for
the O probe, mimicking the carbonyl oxygen atom, with the putative bioactive conformation
of 16 obtained with a target DNA triplet (Fujiwara et al., 1999) in the B-form.

The computational multi-step approach adopted in these studies provides useful informa-
tion for the design of new anticancer drugs that can exert specific cross-linking activity toward
specific triplets.

DNA has been recognized as being far more polymorphic than originally assumed and can
form left-handed and parallel stranded duplexes, hairpins with ordered loops, triplexes and
quadruplexes, which have been shown to play an important role in the biology of the cell.
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Figure 3.14 Overlap of the monoadduct of 16 (polytube model) with the DNA sequence of
5'-d(TAGCTA)-3'(spacefill model) and the GRID maps obtained with the probe O (solid surface)

Such higher-order DNA structures have provided novel targets for drug design of compounds
with improved specificity.

The DNA quadruplex has been extensively characterized by crystallographic meth-
ods (Parkinson et al., 2002) giving a great opportunity to carry out structure-based drug
design. The presence of two flat interaction regions, denominated as ‘bottom’ and ‘top’
sites (Alcaro et al., 2007), makes the drug-interaction studies not so trivial. In this case, an
automatic docking procedure is absolutely recommended to properly consider all possible
configurations or structures. Since no intercalation seemed possible for the quite compact
quadruplex structure (Ou et al., 2007), the end-stacking recognition resulted as the most
probable mechanism of flat inhibitors. The in-house docking software moLINe (Alcaro et al.,
2000, 2007) was applied to explain the difference in the binding of two fluorenone derivatives
17 and 18 (Figure 3.15) toward the telomeric DNA sequence d[AG3(T2AG3)3].

The goal of the computational work was the identification of a protocol able to reproduce
the different experimental selectivity of compounds 17 and 18 for the telomeric sequence.
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Figure 3.15 Chemical structure of the morpholino fluorenone carboxamides 17 and 18
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Figure 3.16 Top view polytube models of 17 (a) and 18 (b) energy most favored configurations with
the d[AG3(T2AG3)3] target obtained with the quasi-flexible automatic docking MOLINE protocol. The
telomeric DNA and the ligands are respectively reported in background and foreground views. Inter-
molecular hydrogen bonds are depicted as dashed lines

Even if only a methylene differs in the structure of these ligands, it is worth noting that com-
petition dialysis experiments reported a stronger affinity of compound 18 versus 17 (Alcaro
et al., 2007). The moLINE calculations were carried out considering as receptor conformations
the original (PDB code 1KF1) and the energy-minimized crystallographic coordinates, and as
ligands, the lowest energy structures of compounds 17 and 18 obtained after an exhaustive MC
search. The thermodynamic module of the moLINE program allowed the authors to estimate
state equations for the recognition mechanism according to Boltzmann population analysis.
Since theoretical and experimental data were in agreement, the analysis of the binding modes
was performed to verify the most probable mechanism of recognition of both ligands with the
telomeric target. The first issue was to address which of the binding sites was occupied in the
most stable 1:1 complexes. In both cases it resulted in the “top’ site (Figure 3.16).

Interestingly, the computational estimation of the binding also resulted different for both
ligands. 17 and 18 showed respectively a 95% and 72 % of preference for the ‘top’ site and
the complement to 100 for the ‘bottom’ one. This scenario is definitively compatible, espe-
cially for the compound 18, with a 1:2 stoichiometry in which two ligand molecules can
concomitantly bind the telomeric target, blocking its biological function that is over-expressed
in tumour cells. This information is an important issue for the design of a next generation of
anticancer agents based on the interaction with DNA structures involved, especially in neo-
plastic processes.

3.4.2 Enzyme and protein targets

The structure-based drug design paradigm for targets based on peptides, key enzymes or pro-
teins, is generally strictly related to experimental information about their folding properties,
usually by crystallographic or NMR methods. When no direct information about the target is
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Figure 3.17 Schematic representation of DNA synthesis catalysed by the over-expressed thymidylate
synthase with consequent cancerous cellular proliferation

available, but other related proteins have been characterized, it is possible to get theoretical
models by homology techniques (Ginalski, 2006). Such an approach is often the unique solu-
tion to perform the paradigm but, by definition, it is also fairly accurate. If we consider other
approximations, that in a docking or a virtual screening study must be adopted, the homology
modelling should be prudently taken into account.

For this subsection we have considered two experimental models involved in anticancer
drug design. The former is the enzyme thymidylate synthase (TS) and the latter is a protein,
the baculovirus IAP repeat domain (BIR3).

TS is a metabolic enzyme involved in DNA synthesis and cell division. Since TS is over-
expressed in tumour cells, many research efforts were developed in order to block or inhibit it
(Figure 3.17).

The TS active site consists of a substrate binding site and a cofactor binding site. TS
catalyses the reductive methylation of deoxyuridylate (dUMP) to produce deoxythymidy-
late (dTMP). The methyl group is taken from a cofactor N5—N10 methylene tetrahydrofolate
(FH4) that is oxidized to dihydrofolate (FH2), as shown in Figure 3.18.

Due to the crucial role of the folate cofactor in TS catalytic activity, two possible strategies
can be adopted to block the enzyme. The first one is to design a ligand for the substrate
site, while the second one is to develop a molecule interacting specifically with the folate
cofactor site.

A clinically useful TS inhibitor is the anticancer agent 5-fluorouracil (5-FU), which,
through its metabolite 5-fluorodeoxyuridine monophosphate (5-F-dUMP), binds into the
substrate site (Figure 3.19); however it shows some limitations, such as neurotoxicity,
cardiotoxicity and resistance.

TS inhibitors binding in the folate cofactor site are expected to be devoid of such neg-
ative properties. One example is represented by compound 19 (Figure 3.20), which shows
antitumour activity.

In 1991, the crystal structure of compound 19 complexed to TS was resolved (PDB code
2TSC) and provided important information about the interactions within the active site. The
shape of this binding pocket is similar to a cone, whose base is the opening active site where
glutamic acid fragments are located. The quinazoline ring of 19 produces hydrogen bonds to
Aspl69 and Ala263, as shown in Figure 3.21; the carboxylate groups of the inhibitor estab-
lish hydrogen bonds with Lys48 and Thr78 through water molecules. The binding pocket is
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Figure 3.18 Scheme of the reductive methylation of deoxyuridylate (dUMP) to deoxythymidylate
(dTMP) catalysed by thymidylate synthase
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Figure 3.19 Scheme of the metabolic conversion of 5-FU into the active molecule 5-F-dUMP
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Figure 3.20 Chemical structure of CB3717 10-propargyl-5,8-dideazafolate 19
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Ala263

Figure 3.21 Complex between compound 19 and the active site of the thymidylate synthase crystal-
lographic model 2TSC. The dashed lines indicate the hydrogen bonds between the inhibitor and some
crucial residues of the binding pocket

Figure 3.22 Chemical structure of 5-(aryltio)quinazolinone compound 20

surrounded by hydrophobic chains and the quinazoline ring is also stabilized by a stacking
interaction with the pyrimidine nucleus of dUMP.

Upon analysis of this initial X-ray complex, further structural elaborations were made,
and, by means of docking experiments, a series of active 5-(arylthio)-quinazolinones was
developed. One example of these compounds is shown in Figure 3.22.

Since its importance in interacting with the enzyme, the quinazolinone ring was conserved,;
examining the [TS-19] complex, it was observed that a one-atom linkage from the quina-
zolinone system was sufficient to place an aromatic ring at a proper position (instead of a
two-atom linkage in 19). Moreover, the glutamic acid component was not incorporated in the
new molecules, because it was shown to cause side effects (Costi, 1998; Jones et al., 1996;
Webber et al., 1993).

The BIR3 target is the third domain of XIAP, a protein involved in the mechanism of apop-
totic cell death. XIAP has recently been considered as an interesting target for the development
of new anticancer agents (Dean, 2007). Some complexes of the BIR3 domain with peptides or
peptidomimetics, obtained with different spectroscopic methods, have been recently deposited



44 CH 3 RATIONAL APPROACHES TO ANTICANCER DRUG DESIGN/IN SILICO DRUG DEVELOPMENT

Figure 3.23 Best fit of the four-featured GBPM pharmacophore model (grid spheres) superimposed
with the ligand complexed in the PDB model 1XB1 (polytube model) Two hydrophobic features are
centred onto methyl groups of residue side chains (grid spheres on the right position). The hydrogen
bond donor feature, corresponding to one amide hydrogen of the backbone, is shown as a grid sphere
with projection; the positive ionizable feature, fitting onto the amino terminal nitrogen, is the remaining
grid sphere (bottom left position)

into the PDB with codes 1G3F, 1XB1, 1XB0, 1TW6 and 1TFQ. This information is an excel-
lent opportunity to develop common 3D pharmacophore models to be used for the virtual
screening of large chemical databases.

In the presence of a multitude of experimental information about ligand—protein inter-
actions, it is possible to apply a new approach that automatically generates pharmacophore
models using the GRID program and probes in the 3D characterization of the target. Such
an approach is known as GBPM (grid-based pharmacophore model). It has been recently
described and tested in two different protein—protein case studies, including the XIAP tar-
get (Ortuso F, Langer T, Alcaro S, 2006). The method creates an objective 3D pharmacophore
model merging the results of GRID target maps.

In the XIAP case study, the GBPM analysis leads to the identification of a four-featured
3D-pharmacophore model (Figure 3.23).

The GBPM pharmacophore model, validated by the compounds used as a training set,
represents an important tool for the drug discovery process and it can be directly used to
perform virtual screening experiments to identify new leads as XIAP inhibitors based on
chemical scaffolds unrelated to the peptides used in the computational study.

3.5 Conclusions

Ccomputational methods are strongly affecting the drug design process, by adding to the
classic routes the term ‘rational drug design’. In anticancer drug design, there are multiple
mechanisms that can be modulated in order to reduce the hyperproliferation of the tumour
cells. The computational approaches can be generally divided into two sections on the basis
of the structural knowledge of the target.
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If no information about the conformation adopted by the macromolecular target is
available, rational drug design will be based on known active compounds and belongs to
the ‘ligand-based’ paradigm. Nowadays, the software and hardware available can allow
researchers to carry out the computational work no matter the size and chemical nature of the
compounds.

If crystallographic or NMR data are available, or precise structural models of the target
can be built by modelling techniques, such as in the case of the DNA B-form conformation,
rational drug design will be likely, but not exclusively, performed by the ‘structure-based’
paradigm. In this case, a differentiation should be made based on the chemical nature of
the target. Typically, nucleic acids should be modelled carefully considering the charge and
conformational properties that usually are quite different from those of enzymes or proteins.

When both paradigms can be performed, there is a great opportunity to compare totally
different approaches in the same case study with consistent synergistic effects and benefits to
the entire drug design development. However, the computational tools do not always perfectly
fit the special requirements that can often be found in the anticancer drug discovery process.
The availability of in-house methods coupled with available approaches seems to be the best
compromise for the medicinal chemist involved in these studies.
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A

Introduction to Anticancer
Therapeutics

Teni Boulikas

Approximately 210 cancer types are present in the entries of the National Cancer Institute in
USA (http://www.cancer.gov/cancertopics/alphalist).

Overall, cancers of the lung, breast, bowel, stomach and prostate account for almost half
of all cancers diagnosed worldwide. However, the types of cancer being diagnosed vary enor-
mously across the world. For example, prostate cancer represents 16 % of all cancers in North
America but only 8 % of cancers in southern Europe. Even more strikingly, gastric and liver
cancers represent 19 and 14 %, respectively, of all cancer cases in eastern Asia, whereas these
two cancer forms have a very low incidence in North America and all four European areas,
and are not present in the four most frequent cancers (Table 4.1).

Total new cancer cases per 10 000 of the population per year also vary among geographical
regions from the highest 331 in North America to 93 in western Africa (Table 4.2). The cancer
death rate per 10 000 of the population per year also varies among geographical regions from
133 in Eastern Europe to 70 in South central Asia (Table 4.2).

4.1 Problems in cancer

Problems in cancer biology that are crucial points for intervention to combat cancer include
early detection, genotyping and identification of gene expression profiling that might deter-
mine which chemotherapy regime to follow, the efficacy of a chemotherapy treatment and the
side effects, killing chemoresistant tumours after failure of front-line chemotherapy, targeting
solid tumours and metastases with minimal damage to normal tissue, arresting the process of
neoangiogenesis responsible for sprouting of new vessels within growing tumours, preventing
metastasis of malignant cells and the management of the cancer patient (Figure 4.1).
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Table 4.1 The four most frequent cancers (% of all cancers) by geographical region

Number 1 cancer Number 2 cancer Number 3 cancer Number 4 cancer

per region per region per region per region
North America Prostate (16 %) Breast (15 %) Lung (14 %) Colon and rectum
(12%)
Central America  Cervix uteri (11%) Breast (9 %) Prostate (8 %) Stomach (8 %)
South America Breast (12 %) Prostate (10 %) Stomach (9 %) Cervix uteri (8 %)
Northern Europe  Breast (15 %) Lung (13 %) Colon and rectum  Prostate (11 %)
(13%)
Southern Europe  Lung (13 %) Colon and rectum  Breast (12 %) Prostate (8 %)
(13%)
Western Europe Breast (14 %) Colon and rectum  Prostate (11 %) Lung (11 %)
(14 %)
Eastern Europe Lung (16 %) Colon and rectum  Breast (11 %) Stomach (10 %)
(12 %)
East Asia Stomach (19 %) Lung (17 %) Liver (14 %) Oesophagus (9 %)
South-east Asia Lung (13 %) Breast (11 %) Liver (9 %) Colon and rectum
(9%)
South central Asia  Cervix uteri (13%) Breast (11 %) Oral cavity (9%)  Lung (6 %)
Western Asia Lung (13 %) Breast (13 %) Colon and rectum  Stomach (6 %)
(7%)
Australia/New Colon and rectum  Breast (13 %) Prostate (13 %) Melanoma of skin
Zealand (14 %) (10%)
Melanesia Oral cavity (16 %) Cervix uteri (13%) Liver (8 %) Breast (7 %)
Micronesia Lung (19 %) Breast (17 %) Colon and rectum  Prostate (6 %)
(9%)
Polynesia Breast (11 %) Stomach (10 %) Cervix uteri (9%) Colon and rectum
(7%)
East Africa Kaposi’s sarcoma  Cervix uteri (14 %) Liver (8 %) Oesophagus (7 %)
(14 %)
Central Africa Kaposi’s sarcoma  Liver (16 %) Cervix uteri (11%) Stomach (9 %)
(17%)
North Africa Breast (14 %) Bladder (12 %) Cervix uteri (7%) Lung (7 %)
Southern Africa Cervix uteri (12%) Breast (10 %) Prostate (7 %) Kaposi sarcoma
(7%)
West Africa Breast (15 %) Cervix uteri (15%) Liver (11 %) Prostate (7 %)
Caribbean Prostate (14 %) Lung (10 %) Breast (10 %) Cervix uteri (10 %)

Source: http://info.cancerresearchuk.org/cancerstats/geographic/world/commoncancers/

Major hurdles arise from toxicity of currently available chemotherapy regimes and inef-
ficiency of cancer treatments, especially for advanced stages of the disease, chemoresistance
of tumours and inability to cope with many sites of tumour progression after spreading of
the disease. One additional obstacle in oncology is how to implement ingenious discoveries
deciphering pathways of molecular carcinogenesis and ways to arrest tumour cell proliferation
leading to new experimental molecules targeting a plethora of cancer mechanisms, in the
clinic. Although these studies often work in cell culture, the success rate of new drugs from
inception to clinical application and marketing is 1 %. Unmet needs across the cancer market
remain high, with most therapies conferring low levels of specificity and high toxicity.
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Table 4.2 Total cancer cases and total deaths from cancer by geographical region

Total cancer Cancer rate Total deaths Cancer death

cases from cancer rate
North America 1570 500 331 632 000 125
Central America 153 600 144 91 400 89
South America 612 900 194 345 300 111
Northern Europe 426 400 252 241 000 132
Southern Europe 617 300 237 348 400 122
Western Europe 873 700 267 475 100 131
Eastern Europe 903 400 196 637 000 133
East Asia 2890 300 169 2 016 300 118
South-east Asia 524 900 119 363 400 84
South central Asia 1261 500 102 846 200 70
Western Asia 200 200 130 130 000 86
Australia/New Zealand 103 700 299 44 400 120
Melanesia 6 400 147 4200 99
Micronesia 600 142 400 97
Polynesia 800 155 500 105
East Africa 247 900 152 195 600 123
Central Africa 78 100 125 64 300 105
North Africa 119 600 87 94 000 70
Southern Africa 63 800 174 44 200 122
West Africa 140 400 93 108 000 73
Caribbean 66 500 172 43 300 112

Source: http://info.cancerresearchuk.org/cancerstats/geographic/world/commoncancers/

4.2 Cancer treatments

Although chemotherapy, surgery and radiotherapy continue to be the mainstay treatments
of cancer, a number of additional modalities are currently used or are expected to change
the landscape of the anticancer drug market and the ways hospitals undertake management of
cancer patients. Biological drugs and targeted therapies (Figure 4.2) are those that are aimed at
a specific cellular target such as small molecules that inhibit a specific protein molecule that is
a key player in signal transduction, in apoptosis, in the cell cycle or in other important cellular
pathways. For example, tarceva is a small molecule (see below) that functions by inhibiting
the endothelial growth factor receptor (EGFR) whose function is required by many cancer
cells and, as a result, EGFR is overexpressed in several cancers. Drug discovery by screening
of libraries of 1012 or more small molecules for a specific function is an effervescent field in
anticancer drug discovery.

Proteins that play a key function in cellular processes of cancer cells might also be tar-
gets of gene therapy, of RNAI (inhibitory RNA also called small interfering RNA, siRNA), of
antisense, of ribozymes, or aptamers and of triplex-forming oligodeoxyribonucleotides (see
below). Cell therapy, still at its infancy in the field of cancer, can become an important future
player especially in cancer immunotherapy. Cancer cells can be removed from a patient, trans-
duced ex vivo with genes such as IL-2 and reintroduced under the skin of the patient to elicit
an immune reaction against their tumour. This approach has been used in clinical trials more
than 10 years ago.
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Use of monoclonal antibodies aimed at a target such as Her2/neu (trastuzumab, commer-
cial name: Herceptin), vascular endothelial growth factor (bevacizumab) or EGFR (cetuximab
commercial name: Erbitux) made an important impact recently in the treatment of cancer. Her-
ceptin is the first antibody to receive FDA approval whereas Avastin received FDA approval
as first line treatment against non-small cell lung cancer and is expected to become a block-
buster drug. A method older than Hippocrates has been used extensively by modern drug
designers and pharmaceutical companies; we know that nature has developed such mecha-
nisms in plants, marine organisms and others to keep proliferating cells under control. Our job
then, is to test whole extracts, then fractions and finally individual components for anticancer
activities in cell cultures or animals. We then try to come up with the identification of the
compounds endowed with anticancer activity, the elucidation of their structure and methods
for chemical synthesis to spare depletion or destruction of the plant or marine organism. Such
an example of human ingenuity led to the development of taxanes and epothilones, whereas
vinca alkaloids also owe their development to plants.

4.3 Classification of chemotherapy drugs

Chemotherapy drugs can be classified into six major groups (LO1 class by ATC criteria)
(Figure 4.3). These are:

1. Platinum co-ordination complex
a. Cisplatin
b. Carboplatin
¢. Oxaliplatin

2. Antimicrotubule agents
a. Vinca alkaloids (vinblastine, vinorelbine)
b. Taxanes (paclitaxel, docetaxel)

3. Antimetabolites
a. Pyrimidine antimetabolites (5-FU, azacitidine, capecitabine, cytarabine, gemcitabine)
b. Purine antimetabolites (mercaptopurine, fludarabine, pentostatin, cladribine etc.)
¢. DHFR inhibitors (antifolates) (methotrexate, permetrexed, Raltitrexed, etc.)
d. Thymidilate synthase inhibitors
e. Adenosine deaminase inhibitors
f. Ribonucleotide reductase inhibitors

4. Antitumour antibiotics

a. Actinomycin D
Mitomycin C
Bleomycin
Anthracyclines (doxorubicin, daunorubicin)
Podofyllotoxins (etoposide, teniposide)
Camptothecins (irinotecan, topotecan)

- ® 92 0o T



54 CH 4 INTRODUCTION TO ANTICANCER THERAPEUTICS

Cancer Treatments

Busulfan . .
Cisplatin -

Vinca Alkaloids A Nitrosoureas \ Carboplatin 2= : Lipoplatin
Taxanes "’5 Cyclophosphamide ‘\ Oxaliplatin S Lipoxal
Antimicrotubule Alkylating Agent: p|atinm
Agents drugs

\.I T

. Chemotherapy B
Cytosine Arabinose_ad
| Podofylotoxines imidi
Actinomycin D, £l ooy Tiniciie Gemcitabine

Antitumor
Antibiotics

L e Camptothecines
Mitomycin C g .

" { Anthracyclines
Bleomycin

Figure 4.3 Classification of chemotherapy drugs

5. Alkylating agents
1. Cyclophosphamide

2. Nitrogen mustard- or L-phenylalanine mustard-based agents (mechorethamine and
mephalan, respectively)

3. Nitrosoureas, e.g. carmustine
4. Alkane sulfonates, e.g. busulfan

6. Others, includes drugs that do not fall into any of these categories.

Although this may have been the initial classification of anticancer chemotherapy agents, a
number of other categories are present, which deserve special mention in this section and this
volume. These categories include many blockbuster drugs, like Gleevec, Tarceva and Tamox-
ifen, corresponding to categories such as kinase inhibitors, signal transduction inhibitors and
hormone therapeutics respectively. In addition to those, we will briefly examine some cate-
gories of therapeutics that include molecular entities but are not solely based on those, but
rather they are based on their physical properties and not their targeting capabilities, such as
photodynamic therapy agents.

Since the scope of this volume is to present current and emerging therapeutics in cancer, a
number of drugs at the clinical level or preclinical stage will be presented. Furthermore, this
volume will examine quite extensively the various existing and emerging biological therapies,
whether protein or nucleic acid based, as well as immunotherapies, including gene, cell and
viral treatments. Finally, it will offer an overview on other aspects relevant to cancer research,
such as clinical trials in oncology and the market for anticancer drugs as well as a brief look
into the future.
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Platinum Drugs

Teni Boulikas, Alexandros Pantos, Evagelos Bellis
and Petros Christofis

5.1 Cisplatin

HaN cl  Cisplatin, since its serendipitous discovery in 1965, its identification in 1969

\pt/ and its clinical application in the early 1970s continues to be a cornerstone in

H3N/ \CI modern chemotherapy playing an important role among cytotoxic agents in
the treatment of epithelial malignancies.

Cisplatin, usually in combination with other drugs, is being used as first-line chemotherapy
against cancers of the lung, head-and-neck, oesophagus, stomach, colon, bladder, testis,
ovaries, cervix, uterus and as second-line treatment against most other advanced cancers such
as cancers of the breast, pancreas, liver, kidney, prostate as well as against glioblastomas,
metastatic melanomas, and peritoneal or pleural mesotheliomas (reviewed by Rosenberg,
1977; Hill and Speer, 1982). The clinical use of cisplatin has been impeded by severe adverse
reactions including renal toxicity, gastrointestinal toxicity, peripheral neuropathy, asthenia,
and ototoxicity.

Cisplatin reacts directly with sulfur groups (such as glutathione) and intracellular levels
of glutathione have been linked to cisplatin detoxification. The antitumour properties of cis-
platin are attributed to the kinetics of its chloride ligand displacement reactions leading to
DNA crosslinking activities (Figure 5.1). DNA crosslinks inhibit replication, transcription and
other nuclear functions and arrest cancer cell proliferation and tumour growth. A number of
additional properties of cisplatin are now emerging, including activation of signal transduc-
tion pathways leading to apoptosis. Firing of such pathways may originate at the level of the
cell membrane after damage of receptor or lipid molecules by cisplatin, in the cytoplasm by
modulation of proteins via interaction of their thiol groups with cisplatin; for example, involv-
ing kinases, and other enzymes or finally from DNA damage via activation of the DNA repair
pathways (reviewed by Boulikas and Vougiouka, 2003, 2004).

Cisplatin induces oxidative stress and is an activator of stress-signaling pathways especially
of the mitogen-activated protein (MAP) kinase cascades. Cisplatin adducts are repaired by
the nucleotide excision repair (NER) pathway involving, among others, recognition of the
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Cisplatin, Carboplatin and Nedaplatin and their adducts in DNA
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Figure 5.1 (A and B) Differences in DNA adduct formation between platinum compounds with two
amino groups on the Pt atom and those of oxaliplatin
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damage by high mobility group (HMG) non-histone proteins and mismatch repair proteins
as well as ERCC-1, one of the essential proteins in NER. Defects in DNA mismatch repair
produce low-level resistance to cisplatin from the failure to recognize the cisplatin adduct and
propagate a signal to the apoptotic machinery. Therapeutic interventions at all these molecular
levels, either with gene transfer or with small molecules that interfere with these processes,
would greatly affect the ability of cancer cells to cope with cisplatin damage. The discovery
of novel platinum molecules could also lead to novel advancements in bypassing cisplatin
resistance (McKeage, 2005).

The ototoxicity arises from apoptosis in auditory sensory cells induced by cis-
platin (Devarajan et al., 2002). The cumulative dose of cisplatin is a strong risk factor for the
development of nephrotoxicity in patients who receive high doses of ifosfamide, cisplatin
and etoposide combinations (Caglar et al., 2002). Neutrophil gelatinase-associated lipocalin
(NGAL) is a biomarker for renal damage after cisplatin treatment of cancer patients of
greater diagnostic value than creatinine (Devarajan etal., 2004). The significant risk of
nephrotoxicity caused by cisplatin frequently hinders the use of higher doses to maximize its
antineoplastic effects (Humes, 1999; Arany and Safirstein, 2003).

Since the reduction of the renal side effects with hydration and of the gastrointestinal side
effects with antiemetics, neurotoxicity is the most important adverse effect associated with
cisplatin chemotherapy occurring in ~47 % of treated patients. The symptoms include numb-
ness, tingling, paraesthesiae in the extremities, difficulty in walking, decreased vibration sense
in the toes, deep tendon reflexes, loss of ankle jerks, difficulty with manual dexterity, diffi-
culty with ambulation from a deficit in proprioception and gait disturbances. Unfortunately,
neuropathy is long term with significant worsening of the symptoms in the first 4 months that
may persist for over 52 months after stopping cisplatin treatment. Higher platinum concentra-
tions in tissues from the peripheral nervous system (peripheral nerves and dorsal root ganglia)
compared to tissues from the central nervous system (brain, spinal cord) seem to correlate with
clinical symptoms of peripheral neuropathy (Al-Sarraf, 1987; Sternberg et al, 1989; Hill and
Speer, 1982). Cisplatin, when combined with other cytotoxic agents, has shown an improved
response rate and survival in a moderate to high number of patients suffering from a number
of malignancies.

A number of agents have been shown to ameliorate experimental cisplatin nephrotoxicity;
these include antioxidants (e.g. melatonin, vitamin E, selenium, and many others), modula-
tors of nitric oxide (e.g. zinc histidine complex), agents interfering with metabolic pathways
of cisplatin (e.g. procaine HCI), diuretics (e.g. furosemide and mannitol), and cytoprotec-
tive and antiapoptotic agents (e.g. amifostine and erythropoietin). On the other hand, nitric
oxide synthase inhibitors, spironolactone and gemcitabine augment cisplatin nephrotoxicity
(reviewed by Ali and Al Moundhri, 2006).

5.2 Lipoplatin

The Lipoplatin formulation is based on the formation of reverse micelles between cisplatin
and dipalmitoyl phosphatidyl glycerol (DPPG) under special conditions of pH, ethanol, ionic
strength and other parameters. Cisplatin-DPPG reverse micelles are subsequently converted
into liposomes by interaction with neutral lipids. Lipoplatin and the platform encapsulation
technology applied to its manufacturing procedure adds a strong tool in molecular oncol-
ogy to wrap up pre-existing anticancer drugs into nanoparticle formulations that alter the
biodistribution, lower the side effects, minimize the toxic exposure to normal tissues while
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Figure 5.2 Cut through a nanoparticle showing the lipid bilayer and the cisplatin molecules in its
lumen (light spheres in the inner core) (left) and that of Lipoplatin nanoparticle (right) showing the PEG
molecules on its surface (medium-grey hair-like structures) coating the particle with a hydrophilic inert
polymer giving the ability to escape detection from macrophages and evade immune surveillance. From:
Boulikas T. Molecular mechanisms of cisplatin and its liposomally encapsulated form, Lipoplatin™.
Lipoplatin™ as a chemotherapy and antiangiogenesis drug. Cancer Therapy, 2007, 5, 349-76, repro-
duced with permission from Gene Therapy Press

maximizing tumour uptake and penetration of the drug. The shell of the liposome in the
Lipoplatin formulation has a number of patented features that differentiates it from previ-
ous drug formulations. The negatively-charged DPPG molecule on the surface gives to the
nanoparticles their fusogenic properties, an important feature for cell entry across the nuclear
membrane barrier (Figure 5.2). In addition, their small size results in passive extravasation to
tumours whereas a more avid phagocytosis characteristic of tumour cells further enhances the
intracellular and nuclear uptake of the drug. A polyethylene glycol (PEG) coating also gives
to the particles long circulation properties in body fluids essential for tumour accumulation.
For example, phase | studies have shown a half-life of 120 h for Lipoplatin at 100 mg/m?
compared to 6 h for cisplatin.

One important issue contributing to the therapeutic efficacy of Lipoplatin results from its
ability to target primary tumours and metastases and to cause a greater damage to tumour tis-
sue compared to normal tissue. During tumour growth neo-angiogenesis is needed to develop
tumour vasculature to enable supply with nutrients for growth and expansion in a process
known as neoangiogenesis. The tumour uptake of Lipoplatin results from the preferential
extravasation of the 100-nm liposome nanoparticles through the leaky vasculature of tumours.
Indeed, the endothelium of the vascular walls during angiogenesis has imperfections that need
a certain period for maturation. During angiogenesis, Lipoplatin particles with long circula-
tion properties evade immune surveillance and are able to pass through the leaky vasculature
and concentrate in the tumour at about 2- to 40-fold higher concentrations compared to the
adjacent normal tissue in human studies. One additional mechanism for the higher accumula-
tion of Lipoplatin in tumour tissue, compared to normal tissue, arises from the higher uptake
of Lipoplatin nanoparticles by tumours presumably arising from a more avid phagocytosis by
tumour cells. The second mechanism results in an average of 5- to 10-fold higher uptake of
Lipoplatin by tumour cells, compared to normal cells in human studies giving an overall 10-
to 400-fold higher tumour cell uptake and binding to macromolecules.
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Intravenous infusion of Lipoplatin resulted in targeting of primary tumours and metas-
tases in four independent patient cases (one with hepatocellular adenocarcinoma, two with
gastric cancer, and one with colon cancer) who underwent Lipoplatin infusion followed by
a prescheduled surgery ~20h later. Direct measurement of platinum levels in specimens
from the excised tumours and normal tissues showed that total platinum levels were on the
average 10-50 times higher in malignant tissue compared to the adjacent normal tissue spec-
imens (Boulikas et al., 2005). Most effective targeting was observed in colon cancer with
an accumulation up to 200-fold higher in colon tumours compared to normal colon tissue.
Of the several surgical specimens, gastric tumours displayed the highest levels of total plat-
inum suggesting Lipoplatin as a candidate anticancer agent for gastric tumours; gastric tumour
specimens had up to 260 pg platinum/g tissue that was higher than any tissue level in animals
treated at much higher doses. Fat tissue displayed a high accumulation of total platinum in
surgical specimens in three different patients correlating to the lipid capsule of cisplatin in its
Lipoplatin formulation. It was also inferred that normal tissue had more platinum trapped in
the tissue but not reacted with macromolecules whereas tumour tissue displayed platinum that
reacted with cellular macromolecules; the data were consistent with a model where Lipoplatin
damages more tumour compared to normal cells.

Lipoplatin formulation uses several advancements in its liposome encapsulation: (i) the
anionic lipid DPPG gives Lipoplatin its fusogenic properties, presumably acting at the level of
entry of the drug through the cell membrane after reaching the target tissue; (ii) the total lipid
to cisplatin ratio is low (10.24:1 mg lipid/mg cisplatin) in Lipoplatin, which means that less
lipid is injected into the patient. For comparison, the ratio of lipids to cisplatin in the liposomal
formulation SPI-77 is 71.43:1 (Veal et al., 2001) which is seven-fold higher lipids per mg cis-
platin compared to Lipoplatin; and (iii) The PEG polymer coating used on Lipoplatin is meant
to give the drug particles the ability to pass undetected by the macrophages and immune cells,
to remain in circulation in body fluids and tissues for long periods and to extravasate preferen-
tially and infiltrate solid tumours and metastases through the altered and often compromised
tumour vasculature.

The introduction of Lipoplatin has been an advancement in the field of platinum
drugs mainly because of its ability to circulate with a half-life of ~100h compared to
6 h for cisplatin, to have substantially reduced the nephrotoxicity, ototoxicity and neuro-
toxicity (Stathopoulos et al., 2005) and to concentrate in tumours (Boulikas et al., 2005)
(Figure 5.3). Lipoplatin at its recommended dose of 120 mg/m?, as a 4—6 h intravenous infu-
sion, has also reduced the myelotoxicity and nausea/vomiting of cisplatin. Indeed, Lipoplatin
nanovehicles accumulate in cancer tissue with altered vascularization about 40 times more
than in normal tissue thereby reducing the potential toxic effects on normal tissue.

Lipoplatin is currently under several phase 11l evaluations. A phase 111 multicentre clin-
ical trial uses weekly 120 mg/m? Lipoplatin in combination with gemcitabine as first line
treatment against non-small cell lung cancer (NSCLC) and is being compared to cisplatin
plus gemcitabine. Another phase Il study compares weekly Lipoplatin plus 5-fluorouracil
(5-FU) versus cisplatin plus 5-FU against head and neck cancers. A third phase I11 study uses
Lipoplatin in combination with paclitaxel as first line treatment against NSCLC and is being
compared to cisplatin plus paclitaxel, where the response was found to be similar, but the
toxicity, and in particular nephrotoxicity, neurotoxicity and myelotoxicity, was significantly
lower with Lipoplatin (Stathopoulos et al., 2007).
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Figure 5.3 Disappearance of a metastatic lesion from pancreatic cancer in the lung lobe with con-
comitant disappearance of pleural effusion after 5 treatments with Lipoplatin plus gemcitabine. Left:
before; right: after treatment. Cancer Therapy, 2007, 5, 537-83, reproduced with permission from Gene
Therapy Press

The dosage schemes currently in phase 111 are Lipoplatin 100-150 mg/m?, given every
7 days, for 9 weeks in combination with other chemotherapy drugs. Thus, the total dose of
cisplatin in Lipoplatin regimens is 1350 mg cisplatin/m?. This is in contrast to cisplatin that is
administered at 100 mg/m? every 21 days for four cycles (total 400 mg cisplatin/m?) because
of cumulative toxicity.

Lipoplatin does not show nephrotoxicity, ototoxicity, neurotoxicity, or any other toxicity
except a manageable nausea/vomiting (grade 1-11 in 15 % of patients) and mild myelotoxicity
(grade 1-11 in 57.6 % and grade 111 in 4 % of patients) in the initial phase | studies at doses of
100 mg/m? every 14 days (Stathopoulos et al., 2005). At 100 mg/m? Lipoplatin every 14 days
no hepatotoxicity, cardiotoxicity, hair loss or allergic reaction was observed but mild asthenia
was common. Acute epigastric and back pain at the beginning of Lipoplatin infusion lasting
a few minutes was seen in 30 % of patients.

There is no need for pre- or post-hydration of the patient with Lipoplatin. This is in contrast
to cisplatin chemotherapy, which requires admittance of the patient the night before infusion
for hydration as well as extended stay in the hospital after infusion for post hydration to reduce
the nephrotoxicity of the drug.

Myelosuppression is the principal dose-limiting toxicity at a dose of 120 mg/m? Lipoplatin
every week in combination with standard doses of gemcitabine, where the two drugs have
additive myelotoxic effects. The dose limiting myelotoxicity is manifested as neutropenia
and thrombocytopenia. Gastrointestinal toxicity, nausea and vomiting are commonly reported
(69 % of patients) but are usually of mild to moderate severity. Severe nausea and vomiting
(WHO grade 3) occurs in less than 5 % of patients. No grade 4 nausea and vomiting have been
reported. Mild diarrhoeas are reported in 20 % of patients.

In conclusion, Lipoplatin has the ability to preferentially concentrate in malignant
tissue both of primary and metastatic origin following intravenous infusion to patients.
In this respect, Lipoplatin emerges as a very promising drug in the arsenal of chemother-
apeutics.
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5.3 Carboplatin

Over 20years of intensive work toward improvement of cis- 0
platin, and with hundreds of platinum drugs tested, has resulted  H;N ~ /o

in the introduction of the widely used carboplatin and of oxali- Pt

platin used only for a very narrow spectrum of cancers. The H3N/ \o

inception and promotion to the clinic of platinum drugs have o}

been milestone achievements in clinical oncology.

Cisplatin analogues have been marketed (carboplatin, oxaliplatin) but none as yet has
achieved a similar broad-spectrum effectiveness. Carboplatin proved markedly less toxic to
the kidneys and nervous system than cisplatin and caused less nausea and vomiting, while
generally (and certainly for ovarian cancer) retaining equivalent antitumour activity. Carbo-
platin constitutes a reasonable alternative to cisplatin in a combination with gemcitabine, since
it shows synergy with gemcitabine in vitro, is easier to use in ambulatory patients, and has a
better non-haematological toxicity profile. The combination of carboplatin with gemcitabine
(Gemzar) initially hampered by unacceptable platelet toxicity, has gained increasing accep-
tance against NSCLC. Combinations of carboplatin with paclitaxel or docetaxel are also used
against NSCLC (Kosmidis et al., 2002).

Paclitaxel plus carboplatin was equally active and well tolerated compared to gemcitabine
plus paclitaxel in a phase Il randomized trial and gave response rates of 28.0% versus
35.0 % (Kosmidis et al., 2002) A phase Il randomized trial in 618 patients with advanced
NSCLC gave a response rate of 25% (70 of 279) in the paclitaxel/carboplatin arm and 28 %
(80 of 284) in the paclitaxel/cisplatin arm (Rosell et al., 2002). The use of vinorelbine, gemc-
itabine, paclitaxel and docetaxel in combination with cisplatin or carboplatin against NSCLC
has increased by as much as 10 % the overall survival at one year. Carboplatin/paclitaxel-
based combination chemotherapy has become a very popular combination in the US against
advanced NSCLC and has advantages to the older cisplatin-based chemotherapy (reviewed
by Ramalingam and Belani, 2002).

Carboplatin is a safe and effective first-line treatment for women with advanced ovar-
ian cancer as deduced from four large randomized trials of paclitaxel in combination with
platinum against a platinum-based control treatment representing 3588 patients (reviewed
in Sandercock et al., 2002). Carboplatin as single agent has demonstrated a 17 % response
rate against measurable hormone refractory prostate cancer. Hormone refractory prostate can-
cer has been treated with combination chemotherapy using docetaxel, estramustine phosphate
and carboplatin to an area under the curve of 6 on day 1 of a 4-week cycle (Kikuno et al.,
2007). Children with Wilm’s tumour (nephroblastoma) were treated with high-dose melpha-
lan, etoposide and carboplatin and autologous peripheral blood stem cell rescue in order to
improve their probability of survival (Pein et al., 1998). Anaplastic astrocytomas and glioblas-
tomas were treated with intravenous administration of carboplatin (300 mg/m?) on day 1 and
etoposide (60 mg/m?) on day 1 to 5, repeated every 6 weeks (Yamamoto et al., 2002). A com-
bination of paclitaxel, etoposide and carboplatin is an often used regimen against small-cell
lung cancer (Reck et al., 2006; Baas et al., 2006). Docetaxel combined with cisplatin gives an
overall response rate of 33-46 % compared to 30—-48 % of docetaxel combined with carbo-
platin (reviewed by El Maalouf et al., 2007).
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5.4 Oxaliplatin

The alkaline hydrolysis of oxaliplatin produces the oxalato H

2 0
monodentate intermediate complex (pKa 7.23) and the -“\\N\ /O
dihydrated oxaliplatin complex in two consecutive steps. The /Pt\
monodentate intermediate is assumed to rapidly react with H (o} o
2

endogenous compounds (Jerremalm et al., 2003). The crys-
tal structures of oxaliplatin bound to a DNA dodecamer duplex with the sequence 5'-d
(CCTCTGGTCTCC) has been reported (Spingler et al., 2001). The platinum atom forms
a 1,2-intrastrand cross-link between two adjacent guanosine residues bending the double
helix by approximately 30° toward the major groove. Crystallography has provided struc-
tural evidence for the importance of chirality in mediating the interaction between oxaliplatin
and duplex DNA (Spingler et al., 2001). With oxaliplatin, like cisplatin, adduct lesions are
repaired by the nucleotide excision repair system. Oxaliplatin, like cisplatin, is detoxified by
glutathione (GSH)-related enzymes. ERCC1 and xeroderma pigmentosum, complementation
group A (XPA) expressions were predictive of oxaliplatin sensitivity in six colon cell lines
in vitro (Arnould et al., 2003). Oxaliplatin combined with 5-FU and folinic acid improved the
response rate and progression-free and overall survival of patients with advanced colorectal
cancer (De Vita et al., 2005). The dose-limiting adverse reaction of oxaliplatin is neurotox-
icity (sodium channel inactivation) and the kinetics are altered after exposure of animals to
oxaliplatin. The results from preliminary clinical studies indicate that the sodium channel
blockers carbamazepine and gabapentin may be effective in preventing neurotoxicity (Lersch
et al., 2002).

Oxaliplatin produces the same type of inter- and 1,2-GG intrastrand cross-links as cis-
platin but has a spectrum of activity and mechanisms of action and resistance different from
those of cisplatin and carboplatin. The cellular and molecular aspects of the mechanism of
action of oxaliplatin have not yet been fully elucidated. However, the intrinsic chemical and
steric characteristics of the non-hydrolysable diaminocyclohexane (DACH)-platinum adducts
on DNA appear to contribute to the lack of cross-resistance with cisplatin and carboplatin
(reviewed by Di Francesco et al., 2002). The anticancer effects of oxaliplatin are optimized
when it is administered in combination with other anticancer agents, such as 5-FU, gem-
citabine, cisplatin, carboplatin, topoisomerase | inhibitors, and taxanes (reviewed by Ranson
and Thatcher, 1999; Raymond et al., 2002). Oxaliplatin has a unique pattern of side effects and
besides neurotoxicity they include haematological and gastrointestinal tract toxicity. Grade
3/4 neutropenia occurred in 41.7 % of patients in a phase 11 clinical trial. Nausea and vomiting
is usually mild to moderate and readily controlled with standard antiemetics. Nephrotoxicity
is mild allowing administration of oxaliplatin without hydration (Cassidy and Misset, 2002).
Sporadically, severe side effects may be observed such as tubular necrosis (Pinotti and Mar-
tinelli, 2002). Oxaliplatin, in combination with 5-FU, has been recently approved in Europe,
Asia, Latin America and later in the USA (2003) for the treatment of metastatic colorectal
cancer.

5.5 Lipoxal

Liposomal encapsulation of oxaliplatin was achieved using Regulon’s platform technology
into a new formulation, Lipoxal. The drug finished stability test and preclinical studies
and was approved for phase | evaluation to determine its dose-limiting toxicity (DLT) and
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maximum tolerated dose (MTD) (Stathopoulos et al., 2006). Twenty-seven patients with
advanced disease of the gastrointestinal system (stage IV gastrointestinal cancers including
colorectal, gastric and pancreatic) who had failed previous standard chemotherapy were
treated with escalating doses of Lipoxal once weekly for 8 weeks. No serious side effects
were observed at 100-250 mg/m? whereas at doses of 300 and 350 mg/m? of Lipoxal
monotherapy mild myelotoxicity, nausea and peripheral neuropathy were observed.

Lipoxal gastrointestinal tract toxicity was negligible. Without antiemetics (ondansetron),
nausea or mild vomiting was observed, but with ondansetron administration, no nau-
sea/vomiting or diarrhoea was observed. Mild, grade 1 myelotoxicity (neutropenia) was
only seen in two patients (7.4%) at the highest dose level (350 mg/m?). There was no
hepatotoxicity, renal toxicity, cardiotoxicity or alopecia. Mild asthenia was observed in three
patients.

Neurotoxicity from Lipoxal was observed after at least three infusions of Lipoxal; grade
1 neurotoxicity was seen at 200 and 250 mg/m?, grade 2 at 300 mg/m?. Grade 2-3 periph-
eral neuropathy was observed in all four patients treated at 350 mg/m? and this dose level
was therefore, considered as DLT and the 300 mg/m? level as the MTD. On the basis of
these results, grade 2—3 neurotoxicity was considered as the DLT which was observed in
100 % of patients treated with 350 mg/m? of Lipoxal; therefore 300 mg/m? was defined as
the MTD.

Of the 27 patients treated, three achieved partial response and 18 had stable disease for
4 months, (range 2—9 months). Of the three out of 27 patients (11.1 %) that achieved a partial
response, two had gastric cancer, one of whom had pleural effusion and the other had bone
metastases; the third was a patient with liver metastases from colon carcinoma. Reduction
in bone metastases in this patient was observed after Lipoxal monotherapy that coincided
with pain reduction (Figure 5.4). The determination of a partial response was based on a
computerized tomography (CT) scan for the first patient, a bone scan for the second patient
and a CT scan and a bilirubin serum level value for the third patient. The third patient was
treated while the serum bilirubin level was 51 mg/dl and after two courses of treatment the
level dropped to 8 mg/dl and lasted for 5 weeks.

The duration of response was 4, 7 and 2 months for each of the above patients, respectively.
Eighteen (66.7 %) patients achieved stable disease with a median duration of 4—6 months
(range 2—-9 months). Six patients showed disease progression. In all three responders there
was also a reduction of 50 % or more of the marker CA-19-9 and performance status improved
from 2 to 1. With respect to effectiveness, the 11 % response rate observed in pretreated
patients refractory to previously established tumours could be meaningful in future trials in
a combined chemotherapy modality. It is also important to point out that the cancer types
selected for this trial are not those which are the most sensitive to chemotherapy.

Lipoxal is a well-tolerated agent. Whereas the main adverse reactions of oxaliplatin
are neurotoxicity, haematological and gastrointestinal toxicity; its liposomal encapsulation
(Lipoxal) has reduced the haematological and gastrointestinal toxicity and the main side
effect was neurotoxicity. The dose of 300 mg/m? was established as the MTD but further
investigation is needed, particularly with other agents in combination. Gastrointestinal
tract and bone marrow toxicities are very much reduced compared to the standard form of
oxaliplatin. The only adverse reaction was neurotoxicity which defined DLT. Thus, Lipoxal
is a liposomal oxaliplatin, which reduces the cytotoxic agent’s adverse reactions without
reducing effectiveness. Future studies are aimed at demonstrating the tumour targeting
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Figure 5.4 Improvement in bone metastases after Lipoxal monotherapy. Cancer Therapy, 2007, 5,
537-83, reproduced with permission from Gene Therapy Press

properties of the drug which are expected based on the fact the liposome shell is similar to
that of Lipoplatin.

5.6 New Platinum Compounds

The success of cisplatin has triggered intensive work for discovery of new platinum-based
anticancer drugs. However, from over 3000 compound