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Preface

The term “drug development” depicts the process leading from a selected chemical
structure as drug development candidate to the application for marketing authorization.
During the development process three different aspects need to be elaborated: the
chemical and pharmaceutical quality, the safety and toxicity profile, and the efficacy in
patients. The majority of work conducted during the formal development process aims
at generating the data required to submit a marketing application dossier, which will be
reviewed by local authorities around the world for approval. The most important
authorities are the Food and Drug Administration (FDA) in the US, the European
Medicines Agency (EMA) and the Ministry of Health, Labor and Welfare (MHLW) in
Japan. These agencies represent the major markets for pharmaceuticals.

Data generated during a drug development process should be suitable to be included
into a dossier for marketing application in each of these countries and also in other
regions. This, however, has not always been possible. In the 1980s, what is today the
European Union began harmonizing regulatory requirements. In 1989, Europe, Japan,
and the United States began creating plans for harmonization; and only in April 1990 a
structure was established which aimed at generating standards which are acceptable
in all respective regions. This institution was called “International Conference on
Harmonization of Technical Requirements for Registration of Pharmaceuticals for
Human Use” (ICH). It is composed from the three regulatory agencies representing
US, EU and Japan, but it also included participants from the pharmaceutical industry
of these regions. The purpose of ICH is to reduce or obviate the need to duplicate the
testing carried out during the research and development of new medicines by
recommending ways to achieve greater harmonization in the interpretation and
application of technical guidelines and requirements for product registration.

Since its establishment, the ICH has generated several guidelines and standards
strictly regulating the requirements for successful drug development. Respective
guidelines are often very detailed and describe the required data set and often even
the way how such data are to be interpreted. At the same time, the ICH aims at being
up to data to represent the best standard of current research. This requires constant
update of guidelines and in part generation of novel regulations. Numerous guidelines
have been generated and revised as needed in all three sections of drug development,
i.e. the pharmaceutical section describing quality aspects of the drug substance and the
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drug product (guidelines Q1-Q11), safety aspects (guidelines S1-S9) and efficacy
aspects (E1-E16). Multidisciplinary guidelines are M1-M8. All guidelines are accessible
online.

The backbone of drug development is described in the guideline ICH M3 where
preclinical safety studies are described which are needed at the different stages of
clinical development. The guideline M4 describes the required format of a dossier for
marketing application, the so called technical document where all data generated
during a development process need to be compiled and evaluated by experts.

As can be seen from the description above, the formal drug development process is a
highly regulated procedure and this strict regulation is required to ensure safety of all
medicinal products. From a scientific point of view, the most interesting step within
the drug development process is the selection of the right development candidate. The
available book focusses on this bridging step, where basic research, chemical
optimization, and scientific genius cumulate in the selection of a single molecule or at
most 2-3 different molecules to be put through the formal process of drug
development. This early drug development stage is most critical for the later success.
At this stage, future efficacy in patients is predicted by well selected disease models
and early risk mitigation procedures are required to reduce the development failure
rate. At this stage creativity is not limited by regulatory agencies and the target
audience for each data set generated is the management of a company or a group of
investors, which need to be convinced that the respective molecule is worth investing
several hundred million dollar, since this amount of money is often needed to conduct
all the studies and generate all the data required to submit a full marketing
authorization dossier. Indeed, drug development is very expensive.

A given development candidate will most likely only enter the development pipeline of
a pharmaceutical company, if it can be shown that the development risks are below
average and that the revenues which can be generated from future marketing of the drug
are capable of paying back the investment. The requirement that a drug candidate must
ultimately generate income makes a development difficult for diseases which affect only
few people or for diseases which affect mainly poor people which cannot afford
expensive medicines. However, if the costs of a specific development project can be
reduced compared to the standard, the cost-revenue balance can be accomplished even if
the expected sales are not sufficient for a standard development program.

Regulatory agencies in the major markets have already introduced measures to
encourage drug development for rare diseases. Companies developing drugs for such
rare diseases can get market exclusivity for a defined period, the clinical development
program to show efficacy may be reduced and development support is also offered.
But no such tools are currently available to encourage development for diseases which
mainly affect poor people such as the so called neglected diseases or tuberculosis.
Measures to reduce the costs to enable drug development for these diseases are for
example to re-use available medicinal products. Indeed, as laid out by Dr. Nguyen et
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al. in this book, established antibiotics may be useful for the treatment of tuberculosis,
if the mechanisms of resistance are attacked by well selected combination treatment. A
different method to counterbalance a limited revenue potential is to reduce the
development risks. Adequate studies showing that a given compound has a high
chance to be active in a patient population, has a pharmacokinetic property which is in
line with a once or twice daily treatment regime, and has a lower than average
potential for toxicity, can attract decision makers to invest in the project.

In this book, this early drug development stage is described giving interesting
examples in a number of disease areas.

1st section: Cancer treatment

Despite extensive research conducted in the past, the fight against cancer is an ongoing
battle with significant, but still only small advances in chemotherapy. In five different
chapters, five different novel potential targets for cancer treatment are presented.

An enzyme critically involved in modulation of intracellular signaling by methylation
of DNA is presented as potential target, directly affecting cell growth and
differentiation (Jakyung Yoo and José L. Medina-Franco).

Several cancer cell types utilize sex hormones as growth stimulus and reducing this
stimulation retards or blocks the growth of prostate and breast cancer. But these cells
often escape the initial pharmacological intervention. Rahul Aggarwal and Charles J.
Ryan describe novel strategies to overcome the hormone resistance.

A different strategy is described by Karolina Gluza and Pawet Kafarski. A solid cancer
is increasing its malignancy if it is capable to grow invasive. To penetrate cell barriers,
the intercellular matrix needs to be dissolved requiring proteinases which are released
by invasive cancer cells. The inhibition of these enzymes can reduce invasiveness. An
irreversible (mechanism based) inhibition is considered to be most effective.

Vanina A. Medina et al. describe findings linking the histamine receptor to cancer
treatment, which seems to be quite unexpected, but the data are intriguing.

Histone deacetylase (HDAC) inhibitors are an emerging class of therapeutic agents
that induce tumor cell cytostasis, differentiation, and apoptosis in various hematologic
and solid malignancies. But currently available chemical scaffolds did not reach the
stage of formal drug development. Ethirajulu Kantharaj and Ramesh Jayaraman
describe the pharmacokinetics and metabolic properties to show which scaffold could
be best suited for further structure optimization.

2nd section: Anti-infectives

While antibacterial treatments did revolutionize the medical treatment of bacterial
infections in the early years of rational drug development with the development of the
sulfonamides in the years between 1910 and 1940, followed by penicillin in 1942, we

X
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are now focusing the problem, that many bacteria are escaping the currently available
antibiotics and becoming resistant, even to multiple antibiotics. To combat such multi-
resistant bacteria, novel strategies are required.

Mario Zucca et al. describe novel antibacterial peptides which could help overcome
the growing resistance. But peptides are difficult to develop since they are sensitive to
metabolic degradation and may also have problems to penetrate tissues. These aspects
are discussed.

Elizabeth Hong-Geller and Nan Li describe microRNA based treatment strategies for
infective diseases, utilizing current knowledge of microRNA as cellular signaling tool.

Treatment of tuberculosis is the topic of the next 3 chapters. Mycobacterium
tuberculosis is a bacterium which is difficult to treat. Due to its extremely dense cell
membrane consisting of multiple layers, and it's very slow life cycle, a treatment
requires dosing for many months, which is not only a compliance problem, but can be
a commercial problem for the affected person, which often is found among the poor
people. Multi drug resistant forms are spreading, requiring the combination of two or
even three different drugs. To improve treatment without having to identify novel
antibacterial drugs, Kerstin A. Wolff et al. evaluate currently available antibiotics for
the treatment of tuberculosis by addressing strategies to combat resistance of
mycobacteria. Virgilio Bocanegra-Garcia et al. review potential targets of mycobacteria
and evaluate the current development pipeline, and Auradee Punkvang et al. give
insight in the technology of chemical structure optimization based on computer aided
molecular design, focused on an emerging target of mycobacteria, the enzyme enoyl
acyl carrier protein reductase.

3rd section: Novel targets and technologies leading to improved treatment options

Novel technologies may be useful for diverse diseases. RNA interference is such a
novel technology, however several hurdles have to be overcome before successful
treatments can emerge, including stability of RNA molecules and targeting of the right
cells. Tamara Martinez et al. have compiled and excellent overview of this technology.

If the physiology of a novel receptor or a receptor sub-family is explored, the utility of
such a receptor as target for different diseases can be deducted. Examples are
presented by Liang Xin et al., reviewing the P2X receptor family, and by Sue Sien Ong
et al., reviewing the pregnane X receptor.

The elucidation of physiology of specific functions is the basis of the contribution from
Takekazu Kubo et al. They describe the interplay between the central nervous system
and the immune system, leading to a novel target idea for the treatment of
neuroinflammatory diseases such as multiple sclerosis or traumatic brain injury.

A different strategy for drug development was selected by Rui Ting Liu et al., focusing
on a natural product extracted from traditional herbal medicine. The flavonoide
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Liquiritigenin, which is having estrogen-like function, is shown to have potent its
activity in a mouse model of Alzheimer’s disease.

The evaluation of the activity of natural products is also the basis of the next chapter.
Chagas disease is a tropical disease which has not attracted active drug development
in the recent years. Alane Beatriz Vermelho et al. compare the activity of currently
available medicines with the effects of novel lead structures, in part derived from
natural products.

The interaction of pharmacological agents with a biotope which is often not
considered to be of importance, the gut microbiota, is discussed by Joan Vermeiren et
al. The composition of the gut bacteria community can have influence on stability,
pharmacokinetics, and metabolism of xenobiotics. A better knowledge of this possible
interaction can improve drug development. This is explored using inflammatory
bowel disease as case study.

The following two chapters explore novel sources for pharmacologically active
compounds. While Luiz H. Rosa et al. focuss on endophytic fungi of tropical forests as
a unique source for new chemical entities with potential for the treatment of diseases
such as leishmaniasis, Maria Estrella Legaz et al. describe the utilization of the
enzymatic properties of lichen to produce a compound class called depsidones.
Preclinical data indicated that such compounds may have antiviral, antibacterial and
other effects.

A different field of drug development is touched by the next two chapters, the
pharmaceutical development of adequate dosage forms. Intranasal and transdermal
drug administration is used to bypass the gastrointestinal tract and the metabolic
capability of the liver. Successful application of these dosing routes requires that the
administration results in adequate drug levels at the target organ without risk for the
patient. A potential risk for intranasal application is bacterial contamination and hence
infection from the nasal applicator. While preservatives can reduce the risk of bacterial
growth in the container, such agents can induce irritation on the nasal mucosa and
should be avoided. Degenhard Marx and Matthias Birkhoff describe novel
technologies which can avoid the use of preservatives in multidose intranasal
containers. Transdermal application is often limited by the skin representing a
diffusion barrier. A technology to reduce the barrier function by using microneedles
prior to application of the transdermal patch is described by Stan L. Banks et al.

4th section: Drug development strategies

The final book section focusses on issues related to drug development in general. Drug
development is very expensive and only if the potential revenues which can be
generated by a drug candidate can payback the required investment, a development
project can be started. Rare diseases or diseases predominantly affecting poor people
are often not sufficiently covered by novel drug developments. Kristina M. Lybecker

Xl
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describes different incentivation models developed to improve the access of poor
people to modern drugs, with special focus on patent rights.

The first step in clinical drug development is the conduct of studies in healthy
volunteers. Such clinical studies aim at exploring the safety profile and the
pharmacokinetics of a new drug candidate. However no hints on efficacy can be
obtained in these studies. Giovanni Gori et al. describe modern tools to expand the
options of phase I studies in healthy volunteers. Using biomarkers, modern imaging
technology, and specific challenge protocols, hints for efficacy can be obtained and the
safety evaluation can be improved.

The final chapter of this section focuses on drug development for children. In former
times, drugs were developed in adults and the use of pharmaceutical agents in
children was based in most cases on empiric information obtained from the use in
children. Regulatory agencies have realized that this procedure can be very dangerous
since the juvenile organism differs considerably from the adult organism. In 2007 the
pediatric regulations were introduced in the EU requiring now stringent criteria on
quality, safety, and efficacy of medicinal products to be used in the pediatric
population. Adriana Ceci et al. evaluate how the drug development environment has
changed after the introduction of these regulations.

Conclusion

This book represents a case study based overview on many different aspects of drug
development, ranging from target identification and characterization to chemical
optimization for efficacy and safety, as well as bioproduction of natural products
utilizing for example lichen. In the last section special aspects of the formal drug
development process are discussed. Since drug development is a highly complex
multidisciplinary process, case studies are an excellent tool to obtain insight in this
field. While each chapter gives specific insight and may be read as independent source
of information, the whole book represents a unique collection of different facets giving
insight in the complexity of drug development.

Chris Rundfeldt, Ph.D., DVM
Expert for Drug Development and Translational Medicine
Germany
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Discovery and Optimization of
Inhibitors of DNA Methyltransferase as
Novel Drugs for Cancer Therapy

Jakyung Yoo and José L. Medina-Franco
Torrey Pines Institute for Molecular Studies
USA

1. Introduction

The genome contains genetic and epigenetic information. While the genome provides the
blueprint for the manufacture of all the proteins required to create a living thing, the
epigenetic information provides instruction on how, where, and when the genetic
information should be used (Robertson, 2001). The major form of epigenetic information in
mammalian cells is DNA methylation that is the covalent addition of a methyl group to the
5-position of cytosine, mostly within the CpG dinucleotide (Robertson, 2001). DNA
methylation is involved in the control of gene expression, regulation of parental imprinting
and stabilization of X chromosome inactivation as well as maintenance of the genome
integrity. It is also implicated in the development of the immune system, cellular
reprogramming and brain function and behaviour (Jurkowska et al, 2011). DNA
methylation is mediated by a family of DNA methyltransferase enzymes (DNMTs). In
mammals, three DNMTs have been identified so far in the human genome, including the
two de novo methyltransferases (DNMT3A and DNMT3B) and the maintenance
methyltransferase (DNMT1), which is generally the most abundant and active of the three
(Goll and Bestor, 2005; Robertson, 2001; Yokochi and Robertson, 2002). DNMT3L is a related
protein that has high sequence similarity with DNMT3A, but it lacks any catalytic activity
owing to the absence of conserved catalytic residues. However, DNMT3L is required for the
catalytic activity of DNMT3A and 3B (Cheng and Blumenthal, 2008). The protein DNMT2
can also be found in mammalian cells. Despite the fact that the structure of DNMT?2 is very
similar to other DNMTs, its role is comparably less understood (Schaefer and Lyko, 2010). It
has been reported that DNMT2 does not methylate DNA but instead methylates aspartic
acid transfer RNA (tRNAAsp) (Goll et al., 2006). Recent evidence suggests that DNMT2
activity is not limited to tRNAAsp and that DNMT?2 represents a noncanonical enzyme of the
DNMT family (Schaefer and Lyko, 2010).

DNMT1 is responsible for duplicating patterns of DNA methylation during replication and
is essential for mammalian development and cancer cell growth (Chen et al., 2007). These
enzymes are key regulators of gene transcription, and their roles in carcinogenesis have
been the subject of considerable interest over the last decade (Jones and Baylin, 2007;
Robertson, 2001). Therefore, specific inhibition of DNA methylation is an attractive and
novel approach for cancer therapy (Kelly et al., 2010; Lyko and Brown, 2005; Portela and
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Esteller, 2010; Robertson, 2001). It is worth noting that DNA methylation inhibitors have
also emerged as a promising strategy for the treatment of immunodeficiency and brain
disorders (Miller et al., 2010; Zawia et al., 2009).

The structure of mammalian DNMTs can be divided into two major parts, a large N-
terminal regulatory domain of variable size, which has regulatory functions, and a C-
terminal catalytic domain which is conserved in eukaryotic and prokaryotic carbon-5
DNMTs. The N-terminal domain guides the nuclear localization of the enzymes and
mediates their interactions with other proteins, DNA, and chromatine. The smaller C-
terminal domain harbors the active center of the enzyme and contains ten amino acids
motifs diagnostic for all carbon-5 DNMTs (Jurkowska et al., 2011). Motifs I-IIl form the
cofactor binding pocket, motif IV has the catalytic cysteine, motifs VI, VIII, and X compose
the substrate binding site, and motifs V and VII form the target recognition domain (Sippl
and Jung, 2009). Human DNMT1 has 1616 amino acids for which limited three-dimensional
structural information is available. For example, just recently a crystal structure of human
DNMT1 bound to duplex DNA containing unmethylated cytosine-guanine (CG) sites was
published (Song et al., 2011). Further details of the structure of DNMTs and other available
crystal structures of DNMTs are extensively reviewed elsewhere (Cheng and Blumenthal,
2008; Lan et al., 2010; Sippl and Jung, 2009).

The proposed mechanism of DNA cytosine-C5 methylation is summarized in Fig. 1
(Schermelleh et al., 2005; Sippl and Jung, 2009; Vilkaitis et al., 2001). DNMT forms a complex
with DNA, and the cytosine which will be methylated flips out from the DNA. The thiol of
the catalytic cysteine from motif IV acts as a nucleophile that attacks the 6-position of the
target cytosine to generate a covalent intermediate. The 5-position of the cytosine is
activated and conducts a nucleophilic attack on the cofactor S-adenosyl-L-methionine
(AdoMet) to form the 5-methyl covalent adduct and S-adenosyl-L-homocysteine (AdoHcy).
The attack on the 6-position is assisted by a transient protonation of the cytosine ring at the
endocyclic nitrogen atom N3, which is stabilized by a glutamate residue from motif VI. The
same residue also contacts the exocyclic N4 amino group and stabilizes the flipped base. The
carbanion may also be stabilized by resonance, where an arginine residue from motif VIII
may participate in the stabilization of the cytosine base. The covalent complex between the
methylated base and the DNA is resolved by deprotonation at the 5-position to generate the
methylated cytosine and the free enzyme.

DNA methylation inhibitors have been well characterized and tested in clinical trials (Issa
and Kantarjian, 2009). To date, only 5-azacytidine and 5-aza-2’-deoxycytidine (Fig. 2) have
been developed clinically. These two drugs are nucleoside analogues, which, after
incorporation into DNA, cause covalent trapping and subsequent depletion of DNA
methyltransferases (Schermelleh et al., 2005; Stresemann and Lyko, 2008). Aza nucleosides
are approved by the Food and Drug Administration of the United States for the treatment of
myelodysplastic syndrome, where they demonstrate significant, although usually transient
improvement in patient survival and are currently being tested in many solid cancers (Issa
et al, 2005; Schrump et al., 2006). Despite the clinical successes achieved with DNA
methylation inhibitors, there is still need for improvement since aza nucleosides have
relatively low specificity and are characterized by substantial cellular and clinical toxicity
(Stresemann and Lyko, 2008). Their exact mechanism of antitumor action - demethylation of
aberrantly silenced growth regulatory genes, induction of DNA damage, or other
mechanism also remains unclear (Fandy et al., 2009; Issa, 2005; Palii et al., 2008).
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Consequently, there is clear need to identify novel and more specific DNMT inhibitors that
do not function via incorporation into DNA.
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Fig. 1. Mechanism of DNA cytosine-C5 methylation. Amino acid residue numbers are based
on the homology model. Equivalent residue numbers in parentheses correspond to the
crystal structure.

There is now an increasing number of substances that are reported to inhibit DNMTs (Lyko
and Brown, 2005). Selected DNMT inhibitors and other candidate demethylating agents are
depicted in Fig. 2. Some of these compounds are approved drugs for other indications; i.e.,
the antihypertensive drug hydralazine (Segura-Pacheco et al., 2003), the local anaesthetic
procaine (Villar-Garea et al., 2003), and the antiarrhythmic drug procainamide (Lee et al.,
2005a). Others like the L-tryptophan derivative RG108, NSC 14778 (Fig. 2) have been
identified by docking-based virtual screening (Kuck et al., 2010a; Siedlecki et al., 2006).
Several natural products have been implicated in DNA methylation inhibition. Selected
examples are the main polyphenol compound from green tea, (-)-epigallocathechin-3-gallate
(EGCG) (Fang et al., 2003; Lee et al., 2005b), other tea polyphenols such as catechin and
epicatechin, and the bioflavonoids quercetin, fisetin, and myricetin. Curcumin, the major
component of the Indian curry spice turmeric, has been reported to inhibit the DNA
cytosine C5 methyltransferase M.Sssl, an analogue of DNMT1 (Liu et al., 2009). However,
more recent studies showed that curcumin did not cause DNA demethylation in three
arbitrarily chosen human cancer cell lines (Medina-Franco et al., 2011). Mahanine, a plant-
derived carbazole alkaloid, and a fluorescent carbazole analogue, has been reported to
induce the Ras-association domain family 1 (RASSF1) gene in human prostate cancer cells,
presumably by inhibiting DNMT activity (Jagadeesh et al., 2007; Sheikh et al., 2010).
Nanaomycin A, a quinone antibiotic isolated from a culture of Streptomyces, has been
described as the first non S-adenosyl-L-homocysteine (AdoHcy/SAH) analogue acting as a
DNMT3B-selective inhibitor that induces genomic demethylation. Nanaomycin A treatment
reduced the global methylation levels in three cell lines and reactivated transcription of the
RASSF1A tumor suppressor gene (Kuck et al., 2010b). These and several other natural
products as putative demethylating agents are extensively reviewed elsewhere (Gilbert and
Liu, 2010; Hauser and Jung, 2008; Li and Tollefsbol, 2010; Medina-Franco and Caulfield,
2011). While the substantial number of recent reports may suggest that many natural
products inhibit DNA methylation, it should be noted that only a few reports provide
compelling evidence for DNMT inhibition in biochemical and in cellular assays. As such, it
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remains possible that many of these compounds have an indirect and fortuitous effect on
DNA methylation, but do not show a pharmacologically relevant activity that can be
developed further for therapeutic purposes (Medina-Franco et al., 2011).
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Fig. 2. Chemical structures of selected DNA methyltransferase inhibitors and other
compounds with putative demethylating activity.

Until now most compounds associated with DNA methylation inhibition have been
identified fortuitously. Remarkable exceptions are RG108 and 5,5"-methylenedisalicylic acid
(NSC 14778) that were identified by computational screening followed by experimental
evaluation (Kuck et al., 2010a; Siedlecki et al., 2006). In order to accelerate the discovery and
optimization of new DNMT inhibitors, rational approaches are increasingly being used. To
this end, in silico studies have significantly helped to understand the structure and function
of DNMTs and the mechanism of DNMT inhibition (Medina-Franco and Caulfield, 2011).
This chapter focuses on the different strategies ongoing in our and other research groups for
the discovery and optimization of inhibitors of DNMTs with particular emphasis on in silico
screening (section two) and in silico design (section three).

2. In silico screening of compound collections to identify novel inhibitors

In silico screening, also called in the literature, computational or virtual screening, consists of
the computational evaluation of databases aiming to select a small number of reliable and
experimentally testable candidate compounds that have a high probability of being active
(Muegge, 2008; Shoichet, 2004). In silico screening is one of the most common rational
approaches to guide the identification of new hits from large compound libraries. Hit
identification using this approach requires several interactive steps that include (1) the
compound collection, (2) the computational methods used for screening, and (3) the analysis
of the output (Lépez-Vallejo et al., 2011).
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2.1 Screening databases

A number of compound databases from different sources can be used in in silico screening.
These libraries may contain existing or hypothetical; i.e., virtual compounds. Libraries of
existing compounds may be proprietary; e.g., in-house libraries, commercial, or public. The
sources of screening libraries, with emphasis on libraries in the public domain, have been
reviewed (Bender, 2010; Scior et al., 2007). Currently, the ZINC database is one of the most
used libraries (Irwin and Shoichet, 2005). The type of screening library utilized should be
closely associated with the objective of the particular screening campaign (Shelat and Guy,
2007). Chemically diverse libraries are particular attractive for identifying novel scaffolds for
new or relatively unexplored targets such as DNMTs. If the goal is lead optimization, e.g.,
optimize the activity of known DNMT inhibitors (Fig. 2), focused libraries or collections
with high inter-molecular similarity (highly dense libraries) are an attractive source.

2.1.1 Natural product databases

The presence of DNMT inhibitors in dietary products and commonly used herbal remedies
(Gilbert and Liu, 2010; Hauser and Jung, 2008; Li and Tollefsbol, 2010) demonstrates the
feasibility of identifying additional inhibitors of natural origin. Natural products have
unique characteristics attractive for drug discovery. For example, the chemical structures of
natural products are, in general, different from the chemical structures of synthetic
compounds occupying different areas of chemical space (Ganesan, 2008; Medina-Franco et
al., 2008; Singh et al, 2009b). In addition, natural products may be drug candidates
themselves or may be the starting point for an optimization program (Ganesan, 2008;
Hauser and Jung, 2008). Indeed several natural products are bioavailable, and the rationale
of these observations has been recently provided (Ganesan, 2008). Fig. 3 shows a visual
representation of the chemical space of natural products, drugs, and DNMT inhibitors. To
compare the chemical space, a subset of 1,000 compounds was randomly selected from each
database. The visual representation was obtained with principal component analysis (PCA)
of the similarity matrix of the databases computed using Molecular ACCess System
(MACCS) keys (166 bits) and the Tanimoto coefficient (Maggiora and Shanmugasundaram,
2011). The first three principal components are displayed in Fig. 3 and account for 79% of
the variance. This figure clearly shows that most of the DNMT inhibitors, e.g., nucleoside
analogues, RG108, RG108-1, procaine, procainamide, SG1027, and hydralazine, share the
same chemical space of drugs. This observation is expected from inhibitors such as procaine,
procainamide, and hydralazine. In contrast, NSC14778 and DNMT inhibitors from natural
origin, EGCG and curcumin, are in a less-dense populated area of the chemical space of
drugs. These compounds are characterized by containing one or more hydroxyl groups. Fig.
3b shows that most of the compounds in the natural product database also occupy this
second region. Before conducting virtual and experimental screening, it is feasible to filter
out natural products with potential toxicity issues using drug- or lead-like filters (Charifson
and Walters, 2002).

2.1.2 Combinatorial libraries

Combinatorial libraries, either existing or virtual, are important sources of compound
collections that can be used for in silico screening (L6pez-Vallejo et al., 2011). Advances in
synthetic approaches can generate libraries from libraries, target-oriented libraries, and
diversity-oriented libraries which explore the chemical space in different ways (L6pez-Vallejo
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et al., 2011) and can be used in lead optimization or hit-identification, depending on the
goals of the screening campaign.
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Fig. 3. Comparison of 486 natural products (black triangles), 1,000 drugs (red triangles), and
14 DNMT1 inhibitors (blue spheres). Depiction of a visual representation of the chemical
space obtained by PCA of the similarity matrix computed using MACCS keys and Tanimoto
similarity. The first three PCs account for 79% of the variance. (a) Comparison of drugs and
DNMT1 inhibitors. (b) Comparison of drugs, natural products, and DNMT inhibitors.

2.2 Development and validation of computational approaches

In silico screening can be divided into two general strategies: ligand-based and structure-
based (Medina-Franco et al., 2006; Ooms, 2000). Ligand-based approaches use the structural
information and biological activity data from a set of known active compounds to select
promising candidates for experimental screening. When the three-dimensional structure of
the target is known, structure-based methods can be used. Three-dimensional structure
information of the target is usually obtained from X-ray crystallography or nuclear magnetic
resonance. In the absence of three-dimensional structural information of the receptor,
homology models have been successfully used (Grant, 2009; Villoutreix et al., 2009). Perhaps
the most common structure-based approach is molecular docking. Docking aims to find the
best position and orientation of a molecule within a binding site and gives a score for each
docked pose (Hernandez-Campos et al., 2010; Kitchen et al., 2004; Villoutreix et al., 2009).
Ligand- and structure-based methods can be combined if information for both the
experimentally active compounds and the three-dimensional structure of the target are
available (Sperandio et al., 2008). The selection of a particular method is generally based on
the goal of the project, the information available for the system, and the computational
resources available. For structure-based and ligand-based methods, it is highly advisable to
validate the virtual screening protocol prior to the selection of compounds for experimental
testing. However, the experimental results of the tested candidates will provide full
validation of the virtual screening approach.

2.2.1 Structure-based screening
Structure-based screening for novel DNMT inhibitors performed so far has been conducted
with homology models of the catalytic domain (Kuck et al., 2010a; Siedlecki et al., 2006). The
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construction of useful homology models has been facilitated by the extensive conservation
of the catalytic domain of DNMTs (Kumar et al., 1994). Crystal structures of other
methyltransferases such as bacterial DNA cytosine C5 methyltransferase from Haemophilus
hemolyticus (M.Hhal), bacterial cytosine C5 methyltransferase M.Haelll, and the human
DNMT?2 (Siedlecki et al., 2003; Yoo and Medina-Franco, 2011) have been used as templates
(Medina-Franco and Caulfield, 2011).

We have recently developed two homology models of the catalytic domain of DNMTI. In
one model (Yoo and Medina-Franco, 2011), the crystal structures of the DNMTs M.Hhal,
M.Haelll, and DNMT2 were used as templates. The first structure is a ternary complex of
M.Hhal, S-adenosyl methionine (AdoMet), and DNA containing flipped 4’-thio-2'-
deoxcytidine with partial methylation at C5. The crystal structure of M.Haelll is bound
covalently to DNA. In this complex, the substrate cytosine is extruded from the DNA and it
is inserted into the active site. The structure of human DNMT2 complexed with S-adenosyl-
L-homocysteine (AdoHcy/SAH) has high similarities to methyltransferases of both
prokaryotes and eukaryotes. A second homology model was developed using only the
structure of M.Hhal as template. Both models contain DNA and the conserved residues
which are involved in the catalytic mechanism. The target cytosine which is flipped out of
the embedded DNA is inserted into the active site. The catalytic loop containing the catalytic
cysteine is located above the cytosine as an active site “lid”. The target cytosine lies between
the nucleophile cysteine residue (Cys1225) and the sulfur atom of AdoHcy. The distance of
cytosine C6 to the sulfur atom of Cys1225 is 3.3 A. The cytosine C5 atom is 3.0 A away from
the sulfur atom of AdoHcy. In the reactive state of Cys1225, the distance between Ot! of
Glu1265 and N3 of cytidine is 2.8 A, where the N3 atom is proposed to be protonated
making a hydrogen bond with the acidic side chain of Glul265. In addition, the N3
protonated form of cytosine can make hydrogen bonds with Argl311 and Pro1223. These
key interactions in the catalytic site are commonly observed in both homology models. More
specifically, in the first homology model, the a-phosphate backbone and 3’-OH of the sugar
moiety of deoxycytidine make a hydrogen bond network with Argl311, Argl461, Ser1229,
Gly1230, and GIn1396; in the second model, the interactions are observed with the following
residues: GIn1226, Ser1229, Gly1230, Arg1268, and Arg1310.

Fig. 4 shows a superimposition of the first homology model of the catalytic site of hDNMT1
(Yoo and Medina-Franco, 2011) with the recently published crystal structure of
unmethylated human DNMT1 (Song et al, 2011). The catalytic cores of their
methyltransferase domains have similar features, but unmethylated DNA in the
crystallographic structure is positioned further away from the active site. In the crystal
structure of the human DNMT complex, the key amino acid residues Glu1265 and Argl311
are positioned in very similar place. In contrast, the catalytic loop adopts a different
conformation with respect to the homology model. The catalytic loop has an open
conformation, and the catalytic cysteine is far from the binding site, e.g., the distance of
superimposed cytosine C6 to the sulfur atom of Cys1225 is 9.5 A. Taken together, the
structural characterization of the catalytic site supports that our homology model is in full
agreement with the proposed catalytic mechanism of DNA methylation.

In silico screening has been successfully used to identify novel small molecule inhibitors of
DNMT1L. In one study, 1990 compounds in the Diversity Set available from the National
Cancer Institute were the starting point of a screening using docking with a validated
homology model of human DNMT1. Compounds with undesirable size, hydrophobicity,
and uncommon atom types were filtered out. Two of the top scoring compounds were
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tested experimentally showing activity both in vitro and in vivo, probably by binding into the
DNMT1 catalytic pocket (Siedlecki et al., 2006). In that work, RG108 (Fig. 2) showed an ICsg
= 0.60 pM with M.Sssl (Siedlecki et al., 2006). Additional characterization showed that this
L-tryptophan derivative did not cause covalent enzyme trapping and that the carboxylate
group plays an essential role in the binding with the enzyme since the analogue without this

moiety is inactive (Brueckner et al., 2005).
Sexl 230
7\ Gly1231

Ser1229

,_ GlIn1396

T
Fig. 4. (a) Superposition of the homology model (green) of the catalytic domain of human
DNMT1 with the crystallographic structure (pink) of the unmethylated human DNMT1. The
catalytic loops are marked with arrows. AdoHcy and the flipped cytosine in the homology
model are shown in space-filling view. (b) Binding model of deoxycytidine (black) with key
amino acid residues of homology model (carbon atoms in green) and crystal structure
(carbon atoms in pink). Hydrogen bonding interactions are represented by dotted lines.

In a follow-up study, our group screened a larger set of the National Cancer Institute
database containing more than 260,000 compounds (Kuck et al., 2010a). In order to focus the
screening on compounds that could be promising for further development, we selected a
subset of approximately 65,000 lead-like molecules (Charifson and Walters, 2002). The lead-
like set was further filtered using a high-throughput in silico screening. As part of the
screening, three docking programs were used. Favorable docking scores from all three
docking approaches were combined to create a total of 24 consensus compounds. Of the 24
molecules that were identified, thirteen were obtained for experimental testing. Seven out of
the thirteen consensus hits had detectable DNMT1 inhibitory activity in biochemical assays.
Further experimental characterization of active compounds showed that six out of the seven
inhibitors appeared selective for DNMT1. The methylenedisalicylic acid derivative, NSC
14778 (Fig. 2), showed an ICsp = 92 pM with DNMT1 and an ICsp = 17 pM with DNMT3B.
The observed potency was comparably low for most test compounds, which was partially
attributed to the high amount of protein used in the biochemical assay. In fact, it is well-
known that DNMTs are weak catalysts and are difficult to assay (Hemeon et al., (2011 -
ASAP)). Despite the low potency, the in silico screening was successful in that it identified
diverse scaffolds that were not previously reported for DNMT inhibitors. The new scaffolds
represent excellent candidates for optimizing their inhibitory activity and selectivity.
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Fig. 5. (a) Structure-based pharmacophore model proposed for human DNMT1 inhibitors.
Red sphere: negative ionizable, pink sphere: hydrogen bond acceptor, blue sphere: hydrogen
bond donors, and orange ring: aromatic ring. Selected amino acid residues in the catalytic site
of homology model are schematically depicted for reference. Comparison between the
binding mode and pharmacophore hypothesis for representative DNMT inhibitors, (b) 5-
azacytidine, (c) NSC14778, (d) hydralazine, and (e) RG108.
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Recently, our group developed a structure-based pharmacophore hypothesis for inhibitors
of DNMT1 (Yoo and Medina-Franco, 2011). Using the energy optimized hypothesis, ‘e-
pharmacophore” method (Salam et al.,, 2009) the pharmacophore model was developed
based on the scores and predicted binding modes of 14 known DNMT1 inhibitors docked
with a homology model of DNMT1. Fig. 5a shows the pharmacophore model for the 14
DNMT1 inhibitors. The model contains five features which represent the most important
interactions of the inhibitors with the catalytic domain. The energetic value assigned to each
pharmacophoric feature is displayed in the figure. Nearby amino acids are schematically
depicted for reference. The best-scoring feature is a negative charge which is close to the
side chains of Ser1229, Gly1230, and Argl311. The second most favorable feature is an
acceptor site that is in close proximity with the side chains of Argl311 and Argl461. The
third ranked features are an aromatic ring that stabilizes the binding conformation of
ligands between AdoHcy and Cys1225, and a donor site that is close to the side chain of
GIn1396. The fifth-ranked feature is a donor site that is nearby the side chain of Glu1265
which is a residue implicated in the methylation mechanism. Fig. 5b shows the alignment of
representative DNMT inhibitors to the pharmacophore hypothesis. It remains to evaluate
the performance of the pharmacophore model in prospective in silico screening,.

2.2.2 Ligand-based screening
Ligand-based screening can be performed as an alternative approach when the relevant
crystal structures are not available on the molecular target. Ligand-based approaches
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include similarity searching, substructure, clustering, quantitative structure-activity
relationships (QSAR), pharmacophore-, or three-dimensional shape matching techniques
(Villoutreix et al., 2007). Several ligand-based methods, including similarity searching and
QSAR, can roughly be divided into two- or three-dimensional approaches. Ligand-based
virtual screening may be applied even if a single known-ligand has been identified through
similarity-based screening. Interestingly, although many more successful structure-based
than ligand-based virtual screening applications are reported to date, recent reviews
indicate that the potency of hits identified by ligand-based approaches is on average
considerably higher than for structure-based methods (Ripphausen et al., 2011; Ripphausen
etal., 2010).

If multiple active compounds are known, it is possible to apply QSAR using two- or three-
dimensional information of the ligands. One of the main goals of QSAR is to derive
statistical models that can be used to predict the activity of molecules not previously tested
in the biological assay. Despite the fact that QSAR is a valuable tool, there are potential
pitfalls to develop predictive QSAR models (Scior et al., 2009). A major pitfall can occur
when the compounds were assayed using different experimental conditions. Other major
pitfall is due to the presence of “activity cliffs,” i.e., compounds with very high structural
similarity but very different biological activity (Maggiora, 2006). Activity cliffs give rise to
QSAR with poor predictive ability (Guha and Van Drie, 2008).

3. In silico design and optimization of established inhibitors

Concerns about severe toxicity of nucleoside analogues have strongly encouraged not only
identifying novel DNMT inhibitors but also developing further established non-nucleoside
inhibitors. To this end, medicinal chemistry approaches, either alone or in combination with
in silico strategies, are being pursued.

3.1 Optimization of RG108, procaine, and mahanine

As mentioned above, procaine, a local anesthetic drug, and procainamide, a drug for the
treatment of cardiac arrhythmias, have been reported as inhibitors of DNA methylation (Fig.
2). In a recent report, constrained analogues of procaine were synthesized and tested for
their inhibition against DNMT1 (Castellano et al., 2008). Procaine as a lead structure was
modified to partially reduce the high flexibility which can have a detrimental effect for
drug-likeness. The most potent inhibitor in an in vitro methylation assay also showed
demethylation activity in HL60 human myeloid leukemia cells, and it was suggested as a
lead compound for further studies (Castellano et al., 2008).

In a separate work, a series of maleimide derivatives of RG108 were reported (Suzuki et al.,
2010). In that work, design, chemical synthesis, inhibitory activity assays, and automated
docking methods were used. The most active compound of the series was RG108-1 (Fig. 2).
A binding model of RG108-1 with the crystal structure of bacterial M.Hhal suggested that
this compound could be a covalent blocker of the catalytic cysteine. A more recent
molecular modelling study using a model of human DNMT1 (Yoo and Medina-Franco,
2011) supported this hypothesis. Interestingly, in the model obtained with human DNMT,
the maleimide moiety of RG108-1 interacts with Arg1311, Argl461, and lies next to Cys1225,
where the conjugate addition of the thiol group of the catalytic cysteine to the maleimide
can occur. In addition, the carboxylate anion of RG108-1 overlaps with that of RG108 and
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has the same interaction with Argl311, Ser1229, and Gly1230 (Yoo and Medina-Franco,
2011).

The natural product mahanine (Fig. 2) has the ability to restore RASSF1A expression, and it
is a potent inhibitor of androgen dependent (LNCaP) and androgen independent (PC-3)
human prostate cancer cell proliferation (Jagadeesh et al., 2007). The antiproliferative
activity of mahanine is associated with inhibition of the DNMT activity. Recently,
fluorescent carbazole analogues of mahanine were designed and synthesized to find a novel
and more potent small molecule with a mechanistic profile similar to that of the parent
compound. Compound ‘9" in Fig. 2 inhibited human prostate cancer cell proliferation at 1.5
pM and also showed DNMT inhibition activity without the cytotoxic effects seen with
mahanine treatment. Inhibition of DNMT was proposed as the event leading to the
restoration of RASSF1A expression (Sheikh et al., 2010).

3.2 Structure-based optimization of hydralazine

Hydralazine, a potent arterial vasodilator, has been used for the management of
hypertensive disorders and heart failure. Using a drug repurposing strategy (Duenas-
Gonzalez et al., 2008), clinical trials have demonstrated the antitumor effect of the
combination of hydralazine with valporic acid (a histone deacetylase inhibitor). Hydralazine
and procainamide were first reported to have DNA methylation inhibition effect in 1988.
Despite the fact that numerous studies were conducted with hydralazine, its molecular
mechanism has remained unknown. In order to help understand the activity of hydralazine
at the molecular level, we developed a binding mode of this compound with a validated
homology model of the catalytic domain of DNMT1 using docking and molecular dynamics
(Singh et al., 2009a; Yoo and Medina-Franco, 2011).

In molecular modeling studies, hydralazine showed similar interactions within the binding
pocket as nucleoside analogues including a complex network of hydrogen bonds with
arginine and glutamic acid residues that play a major role in the mechanism of DNA
methylation (Yoo and Medina-Franco, 2011). Fig. 6 shows the comparison of the binding
modes of hydralazine with 5-azacytidine. The amino group of hydralazine matched well
with the amino group of 5-azacytidine, and it is capable of making hydrogen bonds with
Glul265 and Pro1223. The nitrogen of the phthalazine ring overlapped with the carbonyl
oxygen of 5-azacytidine and formed hydrogen bonds with Argl311 and Argl461. We also
identified that the small structure of hydralazine could not occupy the site of the sugar ring
and phosphate backbone of nucleoside analogues. This result also suggests that hydralazine
can be substituted at the C4 position to yield analogues with enhanced affinity with the
enzyme. In contrast, there is a small empty pocket nearby the carbocyclic aromatic ring of
hydralazine (C5-C8) that can be occupied by a substituent (Yoo and Medina-Franco, 2011).
The molecule shown in Fig. 6 was designed based on the structure and binding mode of
hydralazine. Molecular modeling indicates that the addition of a phenyl group in the C4
position of hydralazine improves the calculated binding affinity with DNMT1. Moreover,
adding polar substituents at various positions of the phenyl group can provide additional
favorable interactions with the catalytic site. Also based on our molecular modeling
analysis, the binding affinity is expected to increase by the addition of polar groups to the
carbocyclic aromatic ring of phthalazine. It is expected that new compounds with increased
calculated affinity with the enzyme will show increased potency in the DNMT1 enzyme
inhibition assays.
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Fig. 6. Design of analogues of hydralazine. (a) comparison of the binding modes of
hydralazine (carbon atoms in pink) with 5-azacytidine (carbon atoms in green)

(b) structure-guided design of a representative hydralazine analogue (carbon atoms in
green).

3.3 Design of focused combinatorial libraries

Computer-assisted combinatorial library design is a powerful tool frequently used in the
discovery and optimization of new lead compounds. Molecular diversity has played a
critical role in designing combinatorial libraries for screening (Tommasi and Cornella, 2006;
Zheng and Johnson, 2008). However, the core chemical scaffolds of some currently used
diverse libraries might be inadequate to provide drug-like compounds for new targets.
Library design based on bioisosteric replacement or scaffold hopping methods can be used
as an alternative to diversity oriented synthesis. Bioisostere searching involves swapping
functional groups of a molecule with other functional groups that have similar biological
properties. Scaffold hopping is an approach to discover structurally novel compounds
starting from known active compounds by modifying the central core structure of the
molecule (Brown and Jacoby, 2006). Scaffold hopping is an important drug design strategy
to develop novel molecules with potent activity, altered physicochemical attributes, and
Absorption, Distribution, Metabolism, Excretion and Toxicity ~ADMET- properties. An
example of application is phosphodiesterase 5 inhibitors for the treatment of erectile
dysfunction. Sildenafil and vardenafil represent a case of heteroaromatic core scaffolds
hopping with a small change in the scaffold (Jordan and Roughley, 2009). In contrast,
tadalafil has a very different core scaffold, but it has the same biological activity.
Computational design of focused libraries or compounds designed using any other strategy
has to be in agreement with the experimental synthetic feasibility of the compounds
proposed. Ideally, synthetic routes should follow short and easy steps.

Fig. 7 shows additional hydralazine analogues that have been proposed based on the
knowledge gained in our previous molecular modeling studies of DNMT inhibitors. Starting
from the 1-hydrazinyl-4-phenylphthalazine, polar groups are introduced into the
carbocyclic aromatic ring of phthalazine. Based on molecular modeling analysis,
substitution at ortho-, meta-, and para- position of the phenyl group with e.g., carboxyl,
cyanide, and acetyl, showed a significant improvement in the calculated binding of the new
compounds with DNMT1. A carboxyl group introduced into the ortho position plays a key
role to make hydrogen bonds with Ser1229 or Gly1230. In contrast, substitution at C8
position of the phthalazine did not fit well into the catalytic site because of the narrow
pocket size. Addition of polar groups to other positions slightly increases the predicted
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binding affinity with the enzyme. Further chemical modifications to the structures of the
lead DNMT inhibitors will be suggested toward the improvement of the in vitro and in vivo
demethylating activity.
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Fig. 7. Binding mode of hydralazine analogues (carbon atoms in pink) designed by scaffold
hopping. The carbon atoms of new core scaffold are in green. Analogues with (a) ortho-
carboxylate substitution and (b) meta-acetyl substitution on the phenyl moiety.

3.4 Characterization of structure-activity relationships

Currently, DNMT inhibitors have been screened in different assays using different
conditions, and QSAR studies may not be reliable. However, once quality activity data has
been gathered for several compounds assayed under comparable experimental conditions, it
is feasible to conduct structure-activity relationships (SAR) of the compounds tested. When
there is a significant amount of data, for example, activity data for more than 100 or 200
compounds, systematic analysis of the SAR can be performed via chemoinformatic
approaches using the concept of “activity landscape modelling” (Wawer et al., 2010). The
goal of activity landscape modeling of molecular data sets is to help rationalize the
underlying SAR identifying key compounds and structural features for further exploration.
The concept of activity landscape is strongly associated with the basic relationships between
molecular structure and biological activity. While predictive SAR methods, such as
pharmacophore modelling and traditional QSAR, focus on specific molecular descriptors or
arrangements of substructures or functional groups associated with activity, descriptive
activity landscape models rely on the “similarity property principle,” i.e., similar structures
should have similar biological properties (Bender and Glen, 2004; Maggiora and
Shanmugasundaram, 2011) and employ whole-molecular similarity measures (Wawer et al.,
2010). Systematic approaches to model activity landscapes and to detect “activity cliffs”
using multiple representations are published elsewhere (Medina-Franco et al., 2009; Pérez-
Villanueva et al., 2010; Pérez-Villanueva et al., 2011).

4. Conclusion

DNA methyltransferases are promising epigenetic targets for the treatment of cancer and
other diseases. Clinical data demonstrates the potential of DNMT inhibitors for the
therapeutic treatment of cancer. This is evidenced by the two DNMT inhibitors approved by
the Food and Drug Administration of the United States for the treatment of patients with
high-risk myelodysplastic syndrome. However, current approved drugs are nucleoside
analogues that are not specific and still present issues such as cellular and clinical toxicity. A
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wide range of computational approaches are being used to assist in the discovery and
development of novel DNMT inhibitors. Molecular docking, pharmacophore modelling and
molecular dynamics have been used to better understand the mechanism of action of
established DNMT inhibitors; in silico screening of large compound libraries followed by
experimental testing has been successful in identifying non-nucleoside inhibitors with novel
chemical scaffolds; structure-based design is being used to guide the optimization of
inhibitors such as hydralazine. Homology models of the catalytic domain of DNMT1 has
played an important role to conduct the computational approaches that rely on the three
dimensional structure of the target. It is expected that the recently published crystal
structure of human DNMT1 bound to duplex DNA containing unmethylated CG sites will
be the starting point of future structure-based studies with inhibitors of DNA methylation. It
is also anticipated that the synergistic combination of computational approaches with
combinatorial chemistry, and the systematic in silico and experimental screening of natural
products will boost the discovery and optimization of inhibitors of DNMT for cancer
therapy.
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1. Introduction

Androgen deprivation therapy (ADT), initially via surgical orchiectomy and more
contemporarily with medical castration through the use of luteinizing hormone-releasing
hormone (LHRH) agonists, has been the mainstay of treatment for advanced prostate cancer
for more than 60 years (Huggins and Hodges, 1941). Though initially effective in decreasing
serum PSA, lessening pain from bone metastases, and delaying clinical progression, almost
all men develop disease progression despite ADT within 2-3 years. Initially, this disease
state was considered hormone-refractory and androgen-independent. However, more
recent research has led to the understanding that many prostate cancers continue to depend
on androgen receptor (AR) signalling in this state of low but still detectable circulating
androgens. Thus, a more appropriate term for this disease state is castrate resistant prostate
cancer (CRPC). In this chapter we will discuss the biology behind continued AR signalling
in CRPC, traditional non-selective secondary hormonal therapies, and the development of
novel secondary hormonal agents which selectively and potently target the AR axis in
CRPC.

2. Androgen Receptor signalling in Castrate Resistant Prostate Cancer

In many cases, CRPC retains the ability to activate the AR to stimulate prostate cancer
growth and progression, despite low circulating levels of testosterone induced by medical or
surgical castration (i.e. less than 50 ng/dL). Various research efforts have sought to
understand the mechanism through which this occurs, both as a means of understanding
tumor biology and as a means of developing new targeted therapies exploiting the AR axis
in CRPC. Signalling can be conceptually divided into efforts to understand ligand
production and AR modification.

2.1 Ligand production in Castrate Resistant Prostate Cancer

2.1.1 Endocrine ligands

Current ADT strategies using LHRH agonists suppress gonadal androgen production,
resulting in a decrease in circulating serum testosterone to castrate levels (less than 50
ng/dL). Despite gonadal androgen suppression, low levels of circulating androgens persist
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in CRPC, often via production of adrenal androgens, such as dihydroepiandrostenedione
(DHEA), DHEA-sulfate (DHEA-S), and androstenedione, which are then converted to
testosterone in peripheral tissues. Figure 1 below displays the steroid biosynthetic pathway
and several secondary hormonal agents which block various steps of steroidogenesis, to be
discussed in the following sections.
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Fig. 1. Steroid Biosynthetic Pathway. Adapted from Aggarwal R and Ryan C, 2011.

Due to the peripheral conversion of adrenal steroids, low levels of circulating testosterone
persists, and may account for levels up to 10% of that of pre-castrate levels (Puche, C et al.
2002). Low levels of circulating testosterone, along with circulating adrenal androgens, are
hypothesized to subsequently stimulate CRPC progression through activation of the AR.



Development of Novel Secondary Hormonal Therapies for Castrate-Resistant Prostate Cancer 25

2.1.2 Intracrine ligands

More recently, research has shown that CRPC tissue has the ability to convert adrenal
steroids to androgens, thereby creating an intracrine signalling system capable of converting
steroid precursors to testosterone and dihydrotestosterone (DHT) which leads to continued
stimulation of the AR and prostate cancer progression. The evidence for this comes from
various lines of research. Direct measurements of intra-prostatic androgens including DHT
demonstrates that levels of androgens in CRPC tissue is not significantly different compared
with normal prostate tissue, despite significantly lower levels of circulating testosterone in
the castrate men (Nishiyama T, et al. 2004). This finding implies that CRPC tissue acquires
the ability to produce testosterone and DHT in an intracrine fashion, a finding which has
been supported by further studies showing up-regulation of many of the steroid enzymes
involved in androgen synthesis (see figure 1).

For example, Stanbrough et al. analysed oligonucleotide microarrays from 33 CRPC bone
metastasis samples and compared their gene expression with samples from 22 hormone-
sensitive primary cancers. The CRPC bone metastases demonstrated up-regulated
expression of several enzymes involved in the steroid synthetic pathway: 17-beta
hydroxysteroid dehydrogenase which converts androstenedione to testosterone; 3-beta
hydroxysteroid dehydrogenase, which converts DHEA to androstenedione, and increased
ratio of 5-alpha reductase isoform 1 to 2, which converts testosterone to DHT (Stanbrough
M, et al 2006).

In a follow up study, Montgomery et al. evaluated androgen levels and transcripts encoding
steroidogenic enzymes in benign prostate tissue, untreated primary prostate cancer,
metastases from patients with castration-resistant prostate cancer, and xenografts derived
from castration-resistant metastases. In this study, castrate-resistant tissues displayed
increased expression of several key enzymes involved in androgen synthesis, including:
CYP17A1 (C17,20 lyase), a key enzyme which converts progesterone and pregnenolone to
17-hydroxyprogesterone and 17-OH pregnenolone, as well as subsequent conversion of
these steroids to androstenedione and DHEA respectively; 3-beta hydroxysteroid
dehydrogenase as in the prior study. Furthermore, metastatic prostate cancers from CRPC
patient samples express transcripts encoding androgen-synthesizing enzymes and maintain
intratumoral androgens at concentrations capable of activating AR target genes and
maintaining tumor cell survival in a xenograft model (Montgomery R et al, 2008). Finally, in
an innovative study by Locke et al., it was demonstrated that tumor explants isolated from
CRPC progression are capable of de novo conversion of [14C] acetic acid to
dihydrotestosterone and that uptake of [3H] progesterone allows detection of the
production of six other steroids upstream of dihydrotestosterone.

This cumulative body of evidence suggests that CRPCs are capable of adapting to lower
circulating levels of androgens induced by castration, in which steroid enzymes involved in
the synthetic pathway are upregulated, and thereby maintain high levels of intra-tumor
androgens capable of stimulating the AR and driving prostate cancer progression.
Understanding this mechanism of castration resistance has led to the development of
targeted secondary hormonal therapies which specifically inhibit key enzymes of the
androgen synthetic pathway, as will be discussed in the later section.

2.2 Androgen Receptor modification in Castrate Resistant Prostate Cancer
In addition to modification in the enzymes involved in steroid hormone production, the AR
itself undergoes adaptation in the castrate state, and is implicated in disease progression to
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CRPC. Mechanisms by which the AR adapts to the castrate state have been extensively
studied in the past several decades, and include: (1) AR amplification and overexpression
(2) heightened AR sensitivity to ligand activation through increased AR stabilization,
enhanced nuclear localization, and overexpression of nuclear co-activators (3) increased AR
promiscuity through various point mutations (4) ligand-independent activation of the AR
through various signal transduction pathways, (5) AR splice variants with constitutive
activity. In the following sections we will examine some of the evidence behind these
modifications to the AR.

2.2.1 Androgen Receptor gene amplification and overexpression

In the late 1990s, research was starting to show that AR activation continued to play an
important role in prostate cancer progression despite low circulating testosterone levels, and
a potential mechanism through which this might occur was AR gene amplification and
overexpression. In a study by Koivisto, et al, AR gene amplification was analyzed in 54
patient tumor samples at the time of recurrence after prior therapy, as well as in 26 cases,
paired primary tumor samples prior to any therapy. In this study, 28% of the recurrent
therapy-resistant tumors, versus none of the primary tumor samples, displayed AR gene
amplification. Furthermore, through genomic analysis, the AR gene was wild type in all but
one of the 15 AR gene amplified tumor samples. Interestingly, this study went on to show a
clinicopathologic correlation between AR gene amplification and prior responsiveness to
ADT, as well as improved subsequent prognosis (Koivisto P et al. 1997). In a follow up
study by Linja et al., in which real-time quantitative reverse transcriptase polymerase chain
reaction (RT-PCR) was used to analyze AR expression levels in eight benign prostate
hyperplasias, 33 untreated and 13 castrate-resistant locally recurrent carcinomas, as well as
10 prostate cancer xenografts. All castrate-resistant tumors showed on average, 6-fold higher
expression than androgen-dependent tumors or benign prostate hyperplasias (P < 0.001).
Four of 13 (31%) castrate-resistant tumors contained AR gene amplification detected by
fluorescence in situ hybridization. Finally, and equally as important, two of the ten prostate
cancer xenograft models displayed AR overexpression, thus providing a key model for
testing future drugs targeting the AR in the AR-amplified disease state (Linja M], et al.
2001).

Early studies such as these provided compelling evidence that AR gene amplification and
thus overexpression may represent an important mechanism by which prostate cancers
overcome low circulating androgen levels. Given this, a logical therapeutic strategy is the
development of potent AR antagonists which would have activity in this AR-amplified
disease state, and indeed, there are several novel potent, AR antagonists which are in
clinical phase of drug development (see section below).

2.2.2 Androgen Receptor stabilization and heightened activity

In addition to numerical increase in the number of ARs per cancer cell, increased
stabilization and nuclear localization of the AR may also factor into the mechanism of
prostate cancer progression in the castrate resistant disease state. In a prior study by
Gregory et al, recurrent prostate cancer cell lines had an AR degradation half-life that was 2-
4 times longer than that of androgen-sensitive cancer cell lines. Furthermore, IHC staining
showing that AR localization was entirely nuclear in the recurrent cancer cell lines; while
localizing to both the cytoplasm and nucleus in the androgen sensitive cell lines (Gregory
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CW, et al. 2001). This data suggests that AR activation and subsequent AR-mediated gene
expression may in part be stimulated in CRPCs by mechanisms to prevent AR degradation
and enhance localization to the nucleus. The mechanism of AR stabilization in CRPCs may
in part related to increased cyclin-dependent kinase 1, which has been shown to
phosphorylate and stabilize the AR and is also upregulated in castrate-resistant cell lines in
prior pre-clinical study (Chen S, et al. 2006).

2.2.3 Androgen Receptor point mutations

Estimating the true frequency of acquired point mutations with functional significance in
advanced prostate cancer has been difficult, due to various factors including patient
selection, tumor heterogeneity, tissue source (prostate gland v metastases), method of tissue
preservation, and molecular methods. They appear to be fairly uncommon in early prostate
cancer and more prevalent in advanced prostate cancer. In a correlative analysis of bone
marrow samples from patients with CRPC being treated with first generation anti-androgen
withdrawal (CALGB study 9663), 10% of the patient samples had an AR point mutation,
which was found within the hormone binding domain involved with transcription factor
binding (Taplin M, et al. 2003). From a functional standpoint, it appears that certain AR
point mutations lead to a more promiscuous AR, capable of being activated by a wider
range of ligands. In a prior study of a mutant AR transfected into various cell lines, the
adrenal androgen DHEA was capable of inducing greater AR-mediated transcriptional
activity in the mutant AR cell line compared with wild type AR (Tan J, et al. 1997).

In this way, the increase in AR promiscuity may complement the changes in ligand
production as outlined in the previous section, in which point mutations in the AR confer a
greater ability for the AR to be activated by alternative ligands in the presence of low
circulating testosterone levels, including the adrenal androgens such as DHEA. Mutations in
the AR may also lead to partial agonistic activity of the first generation anti-androgens, such
as flutamide, nilutamide, and bicalutamide, as will be discussed in the following section.

2.2.4 Ligand-independent activation of the Androgen Receptor

There is a wide-ranging body of evidence which suggests that for a subset of prostate
cancers, ligand-independent activation of the AR, via activation from other signal
transduction pathways, can independently activate the AR and lead to disease progression
in the absence of hormone binding to the AR. Though not the focus of the current book
chapter, the various signaling pathways that have been implicated in such a manner include
the insulin-like growth factor pathway, epidermal growth factor receptor, and keratinocyte
growth factor pathways, among others (Feldman B & Feldman D, 2001).

2.2.5 Androgen Receptor splice variants

Over the past several years a growing body of research implicates the generation of AR
splice variants as a potential mechanism of driving disease progression to CRPC. Such AR
splice variants have “hidden exons” within introns that are not normally transcribed in the
wild type AR. The alternate splicing that incorporates such hidden exons into the variant
mRNA transcripts creates pre-mature stop codons prior to the translation of the C-terminal
ligand binding domain. Thus, variant AR proteins are created which lack the traditional
ligand binding domain (see figure 2 below). In a seminal paper by Hu et al. prostate cancer
tissue from primary hormone-sensitive and metastatic CRPC cancer tissue was analyzed by
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in silico DNA sequencing for the presence of AR splice variants. In total, 7 variant AR
transcripts were discovered, AR-V1 through AR-V7. The two most abundantly expressed
were AR-V1 and AR-V7. On average, there was 20-fold higher expression of these two
variant transcripts in CRPC as opposed to hormone-sensitive prostate cancer. Functionally,
AR-V7 was found to localize to the nucleus of prostate cancer cell line under androgen
depleted conditions, and most importantly, was constitutively active in driving the
expression of androgen-responsive genes (Hu, R, et al. 2009).
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Fig. 2. Androgen Receptor Transcript and Splice Variants. NTD = N terminal domain. DBD
= DNA binding domain. The hatched areas represent “hidden” exons spliced into the DNA
biding domain exons (2 and 3), thus creating variant AR transcripts. The hidden exons of the
variant AR transcripts encode stop codons, leading to premature termination and exclusion
of the C-terminal ligand binding domain (exons 5-8 in green). Figure adapted from Guo, Z &
Qiu, Y, 2011.

The exciting discovery of AR splice variants represents another potential mechanism by
which cancer cells modify AR processing to adapt to a low circulating testosterone
environment, creating AR splice variants which are not dependent on hormone binding to
drive gene expression and cancer cell division and metastasis. Targeting the variant AR
proteins, perhaps at the more ubiquitous N-terminal domain, represents a potential
therapeutic approach to overcome this mechanism of resistance.

3. Traditional secondary hormonal therapies for Castrate Resistant Prostate
Cancer

Traditional hormonal manipulations can be of some benefit to patients with CRPC; however
significant responses are not seen in the majority of patients, and responses tend to be short-
lived. Furthermore, the response duration and magnitude of benefit tend to diminish with
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each successive hormonal manipulation. Chemotherapy has traditionally been the mainstay
of treatment for CRPC patients who have failed secondary hormonal therapy; however the
median increase in overall survival with first line docetaxel chemotherapy is a modest 3
months, and fewer than 20% of patients with CRPC live beyond 3 years (Tannock, et al.
2004; Petyrlak DP, et al. 2004). Clearly, novel therapies are needed which applied together or
in succession can lead to meaningful improvement in the quality and quantity of time for
patients with CRPC. In the following sections we will first discuss the traditional secondary
hormonal agents which have been used to treat CRPC. We will then continue onwards with
a discussion of the novel secondary hormonal therapies currently in clinical development,
which more selectively and potently inhibit either steroid ligand production or AR
activation.

3.1 First generation antiandrogens

First generation antiandrogens, which competitively inhibit the binding of androgens to the
ligand binding doman of the AR, remain in widespread use in the treatment of prostate
cancer of various disease stages. The addition of a first generation antiandrogen (i.e.
flutamide, nilutamide, or bicalutamide) to medical castration (combined androgen
blockade) demonstrates only modest benefits in the hormone-sensitive disease population,
with a small absolute survival benefit of less than 5% in most studies and meta-analyses.
Similarly, the addition of an anti-androgen after ADT fails has demonstrated only modest
benefit in prior clinical studies. In a prior clinical trial of flutamide 250 mg orally three times
daily versus prednisone 5 mg orally four times per day, the median time to symptomatic
progression on flutamide was only 2.3 months (as compared to 3.4 months with
prednisone), and the proportion of patients with a greater than 50% decline in PSA or
greater was 23% in the flutamide group vs. 21% in the prednisone group (Fossa SD, et al.
2001).

Similar rates of biochemical response were noted in a trial of 232 men who received either
flutamide 375 mg/day or bicalutamide 80 mg/day after disease progression on combined
androgen blockade. The percentage of men with a greater than 50% decline in PSA was
35.8%; the response duration was a little over 6 months (Suzuki H, et al. 2008). In another
small trial of 31 men with CRPC treated with high dose bicalutamide 150 mg/day, only
22.5% of men had a PSA decline of > 50% for more than 2 months, almost all in men without
prior treatment with flutamide (Joyce R, et al. 1998).

The modest efficacy and limited duration of response of first generation anti-androgens may
in part be due to the fact that these molecules can act as partial agonists of the AR, especially
AR which develop point mutations as a mechanism of resistance to these anti-androgens.
Clinically, this partial agonist effect is observed with the phenomenon of anti-androgen
withdrawal, a therapeutic maneuver in which the anti-androgen is discontinued in a patient
who is progressing despite combined androgen blockade. In a prior study of anti-androgen
withdrawal, 11% of patients demonstrated a decline of 50% or more in serum PSA after anti-
androgen withdrawal (Small E, et al. 2004). Presumably, in these small subsets of patients
who respond to antiandrogen withdrawal, the AR may have developed mutations which
confer the ability to be activated by the antiandrogen.

Novel second generation antiandrogens which lack any agonist activity against the AR and
demonstrate markedly more potent AR inhibition, including MDV-3100, will be discussed
in the upcoming section.
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3.2 Estrogens

Estrogens have long known to have been active in the treatment of prostate cancer; however
the exact mechanism of actions remains uncertain. Putative mechanisms include inhibition
of LH hormone release from the pituitary gland, inhibition of adrenal androgen production,
and a direct cytotoxic effect on prostate cancer cells (Robertson CN, et al. 1996). In a prior
phase randomized phase II trial comparing the estrogenic herbal compound PC-SPES with
diethylstilbestrol, a greater than 50% decline in baseline PSA was noted in 40% and 24% of
patients respectively; median time to progression was 5.5 vs. 2.9 months respectively (Oh W,
et al. 2004).

There is clearly a modest degree of activity of estrogenic compounds in the treatment of
CRPC; however current use of these agents (i.e. diethylstilbestrol, Premarin, etc.) is limited
by the small but not insignificant risk of venous thromboembolic events and possibly
increased risk of myocardial infarction and stroke; these particular co-morbidities are
especially concerning in a disease population of elderly men. Concomitant prophylactic
anticoagulation is recommended when using these agents.

3.3 Ketoconazole

Ketoconazole is a broad, non-specific inhibitor of multiple cytochrome p450 enzymes
involved in androgen biosynthesis, including the conversion of cholesterol to pregnenolone,
11-beta hydroxylation, and 17-alpha hydroxylase/C17, 20 lyase (CYP17) activity. In a
previously referred to randomized phase II study of 260 men with CRPC, with progressive
disease despite combined androgen blockade, randomized to treatment with antiandrogen
withdrawal alone or in combination with ketoconazole, 27% of patients assigned to the
ketoconazole arm had a 50% or greater decline in serum PSA level, and 20% of patients had
an objective response (Small EJ, et al. 2004). Interestingly, at the time of disease progression
on ketoconazole, levels of adrenal androgens including DHEA, DHEA-S, and
androstenedione had all increased compared to month 1 levels, which suggest that
ketoconazole resistance may in part reflect inadequate androgen production suppression.
This mechanism of resistance has implications for the development of novel androgen
synthetic enzyme inhibitors such as abiraterone acetate. In an intriguing analysis of adrenal
androgen hormone levels from the study by Small et al., patients who had higher baseline
levels of androstenedione had a higher likelihood of response to treatment with
ketoconazole (Ryan CJ, et al. 2007). This suggests that baseline adrenal androgen levels may
be used as predictive biomarker for the use of adrenal androgen blockade as a therapeutic
maneuver for CRPC; however this hypothesis requires prospective validation in larger
studies.

Ketoconazole is a relatively non-specific inhibitor of multiple enzymes involved in the
steroid synthetic pathway, and as such, as blocks normal corticosteroid production and
causes iatrogenic adrenal insufficiency. Accordingly, side effects of this medication include
lethargy, rash, nausea, and liver toxicity. Supplementation with physiologic replacement
doses of hydrocortisone (i.e. 20 mg in the morning, 10 mg in the evening) is required while
patients are taking ketoconazole. Furthermore, given the relatively non-specific CYPP450
inhibition, ketoconazole interacts with a wide number of other medications. Its oral
absorption and bioavailability can be variable, depending on the acidity of the stomach and
fed/fasting state and use of acid suppressing medications.

Despite these potential side effects and drug interactions, ketoconazole represents a viable
and widely used secondary hormonal agent for CRPC, especially in the patient population
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with asymptomatic or minimally symptomatic bone-only metastatic or rising PSA-only
disease.

4. Novel secondary hormonal therapies for Castrate Resistant Prostate
Cancer

Insights into the mechanisms of continued AR signaling in CRPC, as discussed above,
including (1) adrenal and intra-tumoral androgen ligand production, and (2) modifications
of the AR, including gene amplification, over-expression, point mutations, ligand-
independent activation, and splice variants, have led to the development of novel secondary
hormonal therapies for CRPC. These new therapies are more selective and potent than their
traditional counterparts. In the following subsections we will discuss the clinical
development of several of the new hormonal therapies for CRPC.

4.1 Selective inhibition of CYP17

As displayed in figure 1, CYP17 (17-alpha hydroxylase/C17, 20 lyase) catalyzes two key
steps of androgen synthesis within the steroid biosynthetic pathway: the 17-hydroxylation
of progesterone and pregnenolone and subsequent conversion to DHEA and
androstenedione respectively. Inhibition of this enzyme would divert cholesterol derivatives
away from androgen production, and towards mineralocorticoid production (corticosterone
and aldosterone). As outlined above, intra-tumoral upregulation of CYP17 has been
previously implicated in the progression to CRPC. Logically then, selective inhibition of
CYP17 represents an attractive strategy for inhibiting adrenal and intra-tumor androgen
production in CRPCs and thereby slowing disease progression.

4.1.1 Abiraterone acetate

Abiraterone acetate is the prodrug of abiraterone, a potent, highly selective, irreversible
inhibitor of CYP17. In pre-clinical in vivo study using WHT mice, this compound was able
to markedly decrease the level of serum testosterone to less than 0.1 nanomolar
concentration, despite 3-4 fold increase in serum LH concentration (Barrie SE, et al. 1994). In
the first phase 1 study of abiraterone, O’Donnell et al. studied various dosing schedules
ranging from 10 to 500 mg x 1 dose in castrate resistant men. At a dose level of 500 mg, there
was suppression of serum testosterone to less than lower limit of detection (< 0.14 nmol/L)
with parallel reduction androstenedione levels, supporting its mechanism of action of
CYP17 inhibition. The duration of testosterone suppression after a single dose was variable,
but generally ranged from days 2-5 post-dose (O'Donnell A, et al. 2004). In a follow up
phase I trial by Attard and colleagues, 21 patients with CRPC and progression through
multiple prior traditional secondary hormonal therapies were treated with abiraterone with
doses ranging from 250 mg to 2000 mg/day. Pharmacodynamic effects on serum hormone
levels showed a plateau at a dose of 1000 mg/day, which was the dose level of an expanded
cohort of 9 patients and the subsequent recommended phase II/III dose. There were no
treatment-related grade 3 or 4 adverse events from this trial. As expected, increases in levels
of ACTH, corticosterone, and 11-deoxycorticosterone were observed, and there were
adverse events related to subsequent mineralocorticoid excess, namely hypokalemia and
hypertension. This was effectively managed with the use of eplerenone, a mineralocorticoid
antagonist. The median baseline serum testosterone level was 7 ng/mL in this study; at all
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dose levels serum testosterone was decreased to < 1 ng/mL within 8 days of treatment
initiation.

In a separate phase I dose escalation study of abiraterone acetate in 33 men, including 19
with prior ketoconazole treatment, daily dosing from 250 mg to 1000 mg was well tolerated
with no dose-limiting toxicities (DLTs) (Ryan CJ, et al. 2010). Hypertension and
hyperkalemia, signs of mineralocorticoid excess, as might be expected by the mechanism of
action, were the most common serious toxicities (grade 3 or higher 12% and 9%
respectively), which responded to medical management including low dose corticosteroids
or mineralocorticoid receptor antagonists such as eplerenone. Spironolactone was avoided
given its potential androgenic properties. Overall, 55% of patients in this study had a
confirmed 50% or greater decline in serum PSA level at 12 weeks. In the subset of 19 patients
with prior ketoconazole exposure, 46% had a greater than or equal to 50% decline in serum
PSA at 12 weeks. Importantly, this data suggests that CRPCs which are resistant to
ketoconazole may still be sensitive to the effects of abiraterone, which is a more potent and
selective inhibitor of androgen synthesis compared to ketoconazole. In contrast to prior
studies of ketoconazole in CRPC, in which adrenal androgens levels rose at the time of
disease progression, serum hormone levels including testosterone and DHEA-S did not rise
at the time of disease progression on abiraterone. This data suggests the mechanism of
resistance to abiraterone may be unrelated to a rise in androgen levels. The phase II portion
of this study included added prednisone 5 mg orally twice daily, and excluded patients with
prior chemotherapy or ketoconazole (Ryan CJ, et al. 2009). Preliminary results indicated a
50% or greater decrease in PSA in 88% of patients; median time to PSA progression was 337
days.

Subsequent various phase II studies have evaluated abiraterone as monotherapy and
combined with low dose prednisone in men with CRPC and prior docetaxel chemotherapy.
In a two stage phase II trial by Reid and colleagues of 47 men with CRPC and previous
treatment with docetaxel, treated with abiraterone 1000 mg/day monotherapy, 51% of
patients demonstrated a 50% or greater decline in serum PSA level. Furthermore, the
median time to PSA progression was 169 days; the objective response rate was 28% among
men with measurable disease at baseline. 8 patients had prior ketoconazole treatment; all
but one had prior treatment with a first generation antiandrogen. Adverse events were as
expected due to secondary mineralocorticoid excess, including 55% with hypokalemia, 17 %
with hypertension, and 15% with fluid retention. In a phase II trial of abiraterone 1000
mg/day + prednisone 5 mg twice daily in 58 men with CRPC and prior docetaxel treatment,
a confirmed = 50% decline in PSA was observed in 36% of patients, including 27% of
patients with prior ketoconazole treatment (Danila DC, et al. 2010). The median time to PSA
progression was 169 days. The addition of prednisone decrease the incidence of clinical
mineralocorticoid excess, and no patients required treatment with eplerenone while on
study.

Results of the follow up confirmatory randomized phase III trial of abiraterone in the post-
docetaxel CRPC population were recently reported (de Bono JS, et al. 2011). In this trial, 1195
patients with CRPC and prior docetaxel were randomized in a 2:1 fashion to receive either
the combination of abiraterone 1000 mg/day + prednisone 5 mg twice daily versus placebo
+ prednisone 5 mg twice daily. After a median follow up of 12.8 months, overall survival
was longer in the abiraterone group vs. the placebo group (median overall survival of 14.8
vs. 10.9 months; HR = 0.65, p < 0.0001). The data was unblinded at the time of interim
analysis, as the results exceeded the pre-planned stopping rule for efficacy. All secondary
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endpoints, including progression-free survival, objective response rate, and PSA response
rate favored the abiraterone treatment arm. Hypokalemia was noted in 17% of abiraterone
group patients, and 10% of patients experienced hypertension of any grade severity. As a
result of the overall survival benefit demonstrated in this phase III trial, abiraterone acetate
was granted FDA approval on April 28th, 2011 for use in men with metastatic CRPC who
had received prior chemotherapy containing docetaxel. An ongoing phase III trial of
prednisone with or without abiraterone in men with metastatic CRPC without prior
chemotherapy has finished accrual; study results are expected within the next year
(NCT00887198).

The drug development of abiraterone acetate has unfolded rapidly over the past decade,
based on a strong scientific rationale, pre-clinical and early clinical phase data indicating
potent blockade of CYP17, a rational phase II/IIl dose selection, and the selection of
clinically relevant endpoints for confirmatory phase III trials. Development of this drug
remains ongoing, and many questions remain to be answered, including: (1) mechanisms
of abiraterone resistance (2) optimal sequencing in the therapy of men with CRPC (e.g.
before or after docetaxel?) (3) potential combination with other secondary hormonal
agents (4) activity in patients with prior ketoconazole (patients treated with ketoconazole
were excluded from the above mentioned phase III trials) (5) population pharmacokinetic
analysis, and (6) development of predictive biomarkers that might allow for
individualized patient selection for those most likely to benefit from abiraterone. This last
issue is likely to become increasingly more relevant in an era of rising medical costs and
the choice of multiple new agents for the treatment of CRPC. Preliminary data suggests
that patients with higher levels of baseline adrenal androgen levels are more likely to
respond to abiraterone, similar to the results obtained with prior studies of ketoconazole
(Logothetis CJ, et al. 2008).

4.1.2 TAK-700 and TOK-001

Orteronel (TAK-700) is a selective CYP17 inhibitor which has reached clinical
development in CRPC. Preliminary phase 1 data of 26 men with CRPC treated with dose
levels ranging from 100 through 600 mg twice daily as well as 400 mg twice daily + low
dose prednisone were recently presented (Dreicer R, et al. 2010). No dose limiting
toxicities were seen. Fatigue was the most common adverse event, seen in 62% of patients,
including 3 patients with grade 3 fatigue at the 600 mg twice daily dose. Other common
adverse events included nausea, vomiting, anorexia, and constipation. Doses at or above
300 mg twice daily produced a 50% or greater decline in PSA in 70% of patients, of whom
29% had an impressive > 90% decline in serum PSA. Phase 3 trials of orteronel in men
with metastatic CRPC pre and post docetaxel are ongoing (NCT01193244 and
NCT01193257 respectively).

TOK-100, in a pre-clinical model, selectively inhibits CYP17 enzymatic activity and down
regulates AR expression. In the LAPC4 xenograft model, TOK-100 combined with castration
inhibited tumor growth and down-regulated AR expression, in contrast to treatment with
castration or bicalutamide alone, in which AR expression was up-regulated (Vasaitis T, et al.
2008). Phase I/II trials of TOK-001 are underway in CRPC. The potential for down
regulation of AR expression in addition to CYP17 inhibition may lead to more potent
suppression of AR-mediated disease progression in CRPC, a hypothesis that warrants
testing in current and future clinical trials of this compound.
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4.2 Selective and potent inhibition of the Androgen Receptor

AR gene amplification and over-expression appears to be a relatively common phenomenon
as tumors adapt to a low circulating testosterone environment, and may lead to progression
to CRPC. First generation AR antagonists such as flutamide or bicalutamide inhibit ligand
binding to the AR and thereby decrease nuclear localization and activation of AR-mediated
gene expression. However, in the AR-amplified state, the first generation antiandrogens
may not block the AR in a potent enough manner to block ligand-mediated AR activation.
Furthermore, acquired point mutations in the AR may cause first generation antiandrogens
to exhibit partial agonistic activity towards the AR, as supported by the clinical
phenomenon of response to antiandrogen withdrawal. Pre-clinically, first generation
antiandrogens exhibit partial agonist activity towards the AR in prostate cancer cell lines
engineered to expression higher amounts of AR. More potent AR antagonists, which are
capable of inhibiting the AR even in cells with AR overexpression, and do not possess any
agonistic activity towards the AR, would be highly desirable as a hormonal therapy in
CRPC, a potentially AR-amplified disease state.

4.2.1 MDV3100

MDV3100 was developed pre-clinically in an iterative screening process of various
compounds that retain AR antagonistic activity in an AR-overexpressed cell line. MDV3100
binds to AR with 5-8 fold greater affinity compared to the first generation antiandrogen
bicalutamide (Tran C, et al. 2009), impairs AR nuclear translocation, and inhibits AR binding
to DNA, and blocks binding of AR to co-activators to a greater degree than bicalutamide. In
tumor xenograft models known to overexpress AR, treatment with MDV3100 led to
substantial tumor shrinkage.

MDV3100 was studied in a phase I/1II clinical trial of 140 men with CRPC, including 45% of
patients with prior ketoconazole and 54% with prior chemotherapy, in doses ranging from
30 mg to 600 mg/day. The maximum tolerated dose for > 28 days was 240 mg/day. At
doses of 360 mg/day and higher, 13% of patients discontinued treatment due to an adverse
event, including three patients with seizures and one patient with a myocardial infarction.
In contrast, at doses of 240 mg/day or lower, 1% of patients (1 out of 87 patients)
discontinued treatment due to an adverse event. The most common grade 3 or higher dose-
limiting toxicity was fatigue, which generally resolved with dose reduction. Anti-tumor
activity was noted at all dose levels. In total, 56% of patients showed a 50% or greater
reduction in serum PSA level; 22% of patients had an objective radiographic response
among those with measurable disease at baseline, and conversion from unfavorable to
favorable circulating tumor cell (CTC) count in 49% of patients. Similar PSA response rates
were seen in patients with and without prior chemotherapy, though among patients with
prior ketoconazole exposure, there was a lower percentage of patients with a 50% or greater
decline in serum PSA (37% vs. 71% for those with and without prior ketoconazole
respectively). The median time to radiographic progression was 47 weeks. Based on the
encouraging results of this phase I/1I clinical trial, ongoing phase III trials of MDV3100 vs.
placebo, at a dose of 160 mg/day, are ongoing in patients with metastatic CRPC with and
without prior docetaxel treatment (NCT00974311 and NCT01212991 respectively).

4.2.2 Other Androgen Receptor antagonists
Several other second generation, highly potent, pure AR antagonists have reached clinical
development in CRPC. BMS-641988 is a highly potent AR inhibitor was designed based on
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AR crystal structure. In pre-clinical study, this AR antagonist showed a > 1 log increase in
potency of AR inhibition compared with bicalutamide, both in regards to AR binding and
inhibition of AR-mediated gene expression (Attar RM, et al. 2009). Furthermore, in a human
xenograft model, BMS-6419888 displayed greater growth inhibition compared with
bicalutamide. Based on the encouraging pre-clinical data, this compound was subsequently
tested in a phase I dose escalation study (Rathkopf D, et al. 2010). In this trial, doses of BMS-
6419888 were escalated from 5 mg to 150 mg. In total, 61 men were treated. One patient
experienced an epileptic seizure at a dose of 60 mg twice daily. Antitumor activity was
limited to one partial response, and partial agonism was seen as evidenced by a decrease in
serum PSA upon drug withdrawal. Based the limited anti-tumor activity despite achieving
target therapeutic levels, as well as the epileptic seizure, the study was closed prematurely
and further clinical development of this compound discontinued.

ARN-509 is a potent AR antagonist in the early phases of clinical development. It inhibits
AR nuclear translocation and DNA binding, thereby modulating expression of genes which
drive prostate cancer growth. It is currently being tested in a phase I/1I clinical trial of men
with metastatic CRPC with up to two prior chemotherapy regimens (NCT01171898). The
primary endpoint is maximum tolerated dose; secondary endpoints include change in PSA,
number of new bone lesions, and objective response by RECIST criteria. Enrollment began
in July of 2010 and results are expected in 2012. Likely due to the several seizure events
during prior clinical trials of MDV3100 and BMS-6419888, patients with a history of
seizures or potentially lower seizure threshold are excluded from this phase I/1II trial of
ARN-509.

5. Future directions

The clinical activity of the novel secondary hormonal therapies which attack the AR axis
continues to lend credence to the now widely held hypothesis that continued activation of
the AR plays an important role in the progression of disease to CRPC and ultimately to
prostate cancer death. Much progress has been made over the past several decades in the
drug development of secondary hormonal therapies for CRPC. However, there are many
questions that remain yet to be answered, including: (1) optimal timing and sequence of
hormonal therapies in relation to chemotherapy and each other (2) relative risks and
benefits of combination versus sequential hormonal monotherapy (3) mechanisms of
resistance (4) patterns of disease progression on these novel therapies (5) potential
predictive biomarkers to help individualize patient therapy, including the molecular
characterization of circulating tumor cells (6) pharmacokinetic studies across various study
populations and ethnicities (7) pharmacogenomics analysis of potential associations
between germ line mutations and response (8) long term safety data, and (9) optimal phase
II/11T clinical trial endpoints to assess efficacy of these agents, including the potential use of
surrogate markers such as change in number of circulating tumor cells.

Furthermore, there are new treatment strategies which target the AR axis that are in the
infancy of drug discovery and development. Among them is EPI-001, a compound which
inhibits transactivation of the N-terminal domain of the AR, without interacting with the AR
ligand-binding doman, and thus may serve as a potential inhibitor of the AR splice variants
that are hypothesized to play a role in the resistance to androgen ablation therapy
(Andersen et al, 2010). Additionally, inhibitors of heat shock proteins, which act to stabilize
the AR among other proteins, are also in clinical development.
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6. Conclusions

AR activation continues to play a role in the progression of CRPC, despite low circulating
serum testosterone levels in this disease state. This is accomplished through endocrine
ligand production via adrenal androgen synthesis, intracrine ligand formation via up-
regulation of the enzymes involved in androgen synthesis, including CYP17, AR
overexpression and point mutations which confer receptor promiscuity and promote
agonistic activity of traditional antiandrogen therapy, ligand-independent AR activation,
and generation of constitutively active AR splice variants, among others. Pre-clinical drug
discovery and development targeting specific steps in these mechanisms has led to the
clinical development of numerous secondary hormonal agents which specifically and
potently target the AR axis. Ongoing research is directed at optimizing and personalizing
the use of the current novel secondary hormonal therapies as well as developing new
therapeutic strategies to overcome treatment resistance in CRPC.
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1. Introduction

Cancer is a collection of over 100 devastating diseases that share a number of characteristics,
a primary hallmark of which is out-of-control growth. However, in reality there are
significant differences among these diseases, a fact that underlies the difficulties in the past
few decades in their chemotherapeutic intervention. It is becoming evident that there are
multiple routes to development of cancer, in part because so many distinct metabolic and
biochemical steps can be altered to give rise to uncontrolled cell growth.

There is a positive correlation between the aggressiveness of a tumor and the secretion of
various proteinases. Using bioinformatic analysis approximately 600 proteinases have been
determined in human and mouse genomes (2-4% of the genome), many of which are
orthologous (Puente et al., 2003). Only some of them are involved in tumor progression and
growth, both at the primary and metastatic sites. As tumor progresses towards increased
malignancy, it passes through several important stages that require the action of
proteinases. First, the induction of angiogenesis requires degradation of the vascular
basement membrane and the release of matrix-bound proangiogenic growth factors. Second,
invasion of cancer cells into the surrounding tissue involves the dissolution of cell-cell
junctions, degradation of the epithelial basement membrane and remodeling of extracellular
matrix to allow cancer cells to be released from the primary tumor mass. Third, at least two
key steps in metastasis require proteolysis: intravasation of cancer cells into the blood or
lymphatic circulation at the primary site and then extravasation at the secondary site, where
proteinases can play a part in promoting the colonization and growth of cancer. Proteinases
may co-operatively mediate these steps with individual ones having distinct roles.
Therefore, inhibition of their activity might be one of the means to combat the development
of cancer. Despite of the described facts, recent findings have revealed that the functions of
proteinases in tumors are significantly more complex and varied. For example, they are now
seen as extremely important signaling molecules that are involved in numerous vital
processes. Proteinase signaling pathways are strictly regulated, and the deregulation of their
activities can lead to various pathologies, including cancer. Thus, construction of the
inhibitor, which should have an impact on tumor progression and metastasis, cannot be
done without placing certain proteinase in the proper metabolic context. Inhibitor therapy
design is further complicated because different types of cancers utilize diverse proteinases at
varying stages of cancer development.
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Through the evolution, proteinases have adapted to the wide range of conditions found in
human organism (variations in pH, reductive environment and so on) and they use several
catalytic mechanisms for substrate hydrolysis. Basing on the chemical mechanism of their
action human proteinases may be classified as: cysteine, serine, threonine, aspartic acid and
metallo proteinases. In most cases specific inhibitors for each class of these enzymes are
being designed.

A number of reviews on various aspects of the use of proteinase inhibitors as a mean to
combat cancer have been published recently (Castro-Guillen et el., 2010; Lee et al., 2004;
Magdolen et al., 2002; Pandey et al., 2007; Puxbaum & Mach, 2009; Turk, 2006). Therefore, in
this review the current trends in designing of such inhibitors will be presented. Special
emphasis will be put on rational design using the techniques which are based either on the
knowledge of detailed mechanism of enzymatic catalysis or on three-dimensional structure
of active sites of chosen enzymes. Indeed, several small-molecule drugs targeting
proteinases obtained in that manner are already on the market and many more are in
development.

2. Cysteine proteinases

Despite mounting evidence in the last 30 years showing that expression, localization and
activation of lysosomal cysteine proteinases are aberrant in tumor cells, when compared to
normal cells, this class of proteases has received little attention. Studies on increased
expression, elevated activity and mislocalization of certain enzymes have indicated that
members of the cysteine proteinases have been implicated in cancer progression. In
mammalian cells, cysteine proteinases are localized mainly in the cytoplasm (calpain and
caspase families) and lysosomal compartments (cathepsin and legumain families).
Cathepsins are the most directly involved in tumor progression. There are 11 human
cathepsins: B, C, F, H, K, L, O, S, W, V and X. These enzymes alongside with aspartic
proteinases - cathepsins D and E are mainly involved in intracellular proteolysis within
lysosomes. Their increased expression correlates with more aggressive tumors and poorer
prognoses for patients (Berdowska, 2004). Cathepsins B and L expression is increased in
many human cancers and these enzymes have been investigated most intensively (Bell-
McGuinn, et al.,, 2007; Koblinski et al, 2000). In addition, the predominant expression of
cathepsin K in osteoclasts has rendered this enzyme as a major target for the development of
novel drugs against bone tumors (Lindeman et al., 2004).

The common belief is that cathepsin-mediated degradation of he extracellular matrix is
primarily extracellular at the invasive front of tumor cells. This proteolytic process is
associated both with early tumor development, affecting tumor cell proliferation and
angiogenesis, and with dissemination of malignant cells from primary tumors (Turk et al
2004). Therefore inhibitors of cathepsins are most intensively studied.

Recent evidence reveals that tumor-promoting proteinases act as part of an extensive
multidirectional network of proteolytic interactions. These networks involve various
constituents of the tumor microenvironment, with cathepsin B being one of the best
examples. An aspartic enzyme - cathepsin D converts pro-cathepsin B into cathepsin B.
Cathepsin B can be also activated by a series of other proteinases with cathepsins C and G,
urokinase-type plasminogen activator and tissue-type plasminogen activator being the most
active ones. Finally, cathepsin B may undergo auto-activation under certain conditions.
Activated cathepsin B cleaves a wide variety of targets depending on its subcellular
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localization in the tumor microenvironment. Some of its best-known substrates are proteins
of extracellular matrix, as well as several important proteinases and their inhibitors
(Skrzydlewska et al., 2005; Mason & Joyce, 2011). This complicated pattern of activity
emphasizes the central role of cathepsin B in tumor progression simultaneously showing
that design of its inhibitors as anticancer agents is a difficult task.

2.1 Cystatins

Cystatins are a superfamily of endogenous inhibitors of proteinases of papain family. So far,
25 representatives of these proteins have been determined. Their main function is to ensure
protection of cells and tissue against the proteolytic activity of lysosomal peptidases that are
released during normal cell death, or intentionally by proliferating cancer cells or by
invading organisms, such as parasites. They exhibit low specificity towards their target
proteases, meaning that one cystatin can inhibit several cathepsins. This is because they
have apparently similar three-dimensional structure. In some types of cancers, the changes
in cysteine cathepsin epression or activity have diagnostic or prognostic value with
imbalance between cathepsins and cystatins being associated with tumor phenotype. Since
the latter ones are able to inhibit cathepsins tumor-associated activity many studies have
indicated their potential use in therapeutic approaches (Keppler, 2006; Kopitz et al, 2005;
Palermo & Joyce, 2007). Indeed, one of these inhibitors, cystatin C (mostly the one isolated
from egg white) has been used in preclinical research studies for more than 20 years,
however, it has been introduced into clinical practice quite scarcely. Despite some isolated
promising results (Saleh at al., 2006) this approach is also highly criticized (Keppler, 2006;
Mussap & Plebani, 2004) with the greatest problems being high cost of the inhibitor (140 $
USA per milligram), its low bioavailability and short circulation time, and general
skepticism amongst clinicians.

Despite the fact that cystatins of different families posses different biochemical properties
their inhibitory properties are rather common. They are tight and reversible inhibitors of
cathepsins and interact with the active sites of these proteinases via their inhibitory reactive
site, made up of the juxtaposition of three regions of the molecule, which form a wedge-
shaped edge that is highly complementary to the active site of papain family of proteinases

(Fig. 1).

Fig. 1. Stefin A (violet) complexed with cathepsinB.
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Thus, mimicking the segment of cystatin interacting with the cathepsin active site (Fig. 1)
seems to be the method of choice. This approach is well represented by highly active
inhibitor (N-1845, Fig. 2) of cathepsin B (K value of 0.088nM) containing an azaglycine
residue in place of evolutionary conserved glycine residue in the N terminal part of cystatin
(Wieczerzak et al., 2002). Further modification of this molecule, enforced by the use of
molecular dynamic and NMR, afforded next potent and selective inhibitor of cathepsin B (K;
of 0.48 nM, Fig. 2) (Wieczerzak et al.; 2007).
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Fig. 2. Two potent azapeptide inhibitors of cathepsin B.

2.2 Inhibitors from natural sources

General strategy employed for discovery of a new drug relays on random screening of
libraries of newly available compounds and selection of these, which exhibit desired activity
at micromolar range. The leads are then being modified in order to obtain significantly more
potent and selective inhibitors, which might be further introduced as drugs. Nature is
strongly exploited as a source of lead substances. Isolated in 1978 from Aspergillus japonicus,
non-specific, irreversible inhibitor of cysteine proteinases, E-64 can serve as a good example
(Hanada et al, 1978). The epoxysucciante fragment of this molecule reacts with active-site
cysteine and binds covalently to the enzyme. By using this inhibitor as a frame and applying
X-ray crystal structures of cathepsins B and L, specific inhibitors of these enzymes were
designed (Fig. 3), prepared and shown to have promising anticancer activity in animal
studies (Katunuma, 2011).

Traditionally, secondary metabolites from streptomyces show a wide range of diversity with
respect to their biological activity and chemical nature. Therefore it is not surprising that
their secondary metabolites appear to be interesting lead compounds. A mixture of two
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peptide metabolites from Streptomyces NCIM 2081 (Fig. 4) exhibited potent inhibitory action
against papain and significantly inhibited tumor cell migration at subcytotoxic
concentrations, indicating its remarkable potential to be developed as antimetastatic drug
(Singh et al, 2010).
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Fig. 3. Specific inhibitors of cathepsins B and L built up on the frame of E-64.
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Fig. 4. Anticancer peptides produced by Streptomyces NCIM 2081.

2.3 Irreversible inhibitors

The majority of synthetic cysteine proteinase inhibitors contain a peptide segment for
recognition by the chosen enzyme and an electrophilic functionality that is able to react with
the thiolate moiety of active site cysteine. In most cases this results in covalent modification
of the enzyme and irreversible inhibition. A wide variety of such reactive groups have been
employed, including: azomethyl- or halomethyl ketone, acyloxymethyl ketone,



44

Drug Development — A Case Study Based Insight into Modern Strategies

acylhydroxamate, vinyl sulfone and chloromethyl sufoxide functions. It is also worth to
mention that epoxysuccinates, described earlier, also fall within this class of inhibitors.
Representative examples of structurally variable inhibitors are shown in Figure 5.
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Fig. 5. Representative examples of irreversible inhibitors of cysteine proteinases. The curved
arrows indicate possible sites of nucleophilic attack by the active site -SH of active site

cysteine.

The reactivity of the electrophilic group greatly determines the selectivity and reaction rate
of the formation of the covalent enzyme-inhibitor complex. With this respect
halomethylketones are known to react not only with cysteine but also with serine
proteinases, thus being non-selective. Although irreversible inhibitors possess high potency
and selectivity, they are not considered to be viable drug candidates for treating diseases
like cancer, osteoporosis or arthritis. This is because such inhibitors often react over time
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with other cysteine proteinases, thus causing toxic side effects or generating immunogenic
adducts (Joyce et al., 2004).

Rational design of the peptidyl or peptidomimetic part of inhibitor requires X-ray
determination of either cysteine proteinase alone or complexed with already known
inhibitors. This provides the detailed insight into the active site and binding pockets of
certain enzyme and makes the design process viable. The knowledge of the architecture of
the active site of cathepsin B and molecular docking studies were used to design the
mechanism-based inhibitor of this enzyme with dual action (Lim et el., 2004)). First, active
site Cys-29 is acylated by the inhibitor, which is followed by transfer of acetyloxy moiety of
the inhibitor catalyzed by His-199. Thus, two vital active site amino acids are blocked
irreversibly (Fig. 6).

Fig. 6. Inhibition of cathepsin B by mechanism-base dual inhibitor.

2.4 Reversible inhibitors

The strategy in design of reversible inhibitors of cysteine proteinases is commonly the same
as in the case of irreversible ones with the exception that the reaction between electrophilic
warhead of the inhibitor and the enzyme is reversible. An aldehyde, a metyl ketone, a a-
ketoamide or a nitrile groups usually act as the reactive electrophiles. Representative
examples of such inhibitors are shown in Figure 7. Some of them are currently being
profiled in animal models to further delineate the role of these enzymes in cancer disease
processes.

A wide variety of these inhibitors were obtained using computer-aided design. For example,
high-resolution X-ray crystallographic data and molecular modeling studies were used to
find out one of the most potent inhibitors of cathepsin B (Ki=7nM) - dipeptide nitrile shown
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in Figure 8 (Greenspan et al., 2001). In the Figure 8 also the mechanism of reversible binding
of this inhibitors was outlined.
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Fig. 7. Representative examples of reversible inhibitors of cysteine proteinases.
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Fig. 8. Mechanism of inhibition of cathepsin B by dipeptidyl nitrile.
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2.5 Metalloinhibitors

The field of metallodrugs is dominated by compounds, which interact with DNA and cause
its direct damage. In recent years, however, it was well established that some of them exert
cytotoxic activity affecting certain enzymes. Rhutenium (II)-arene derivatives exhibit
remarkable selectivity towards solid tumors, most likely by inhibiting two vital enzymes for
cancer development - thioredoxin reductase and cathepsin B. The most active inhibitor of
cathepsin B is reversibly bound to the active site of the enzyme (Casini et al., 2008). Docking
studies revealed that the most important interactions responsible for its activity are those
with the residues flanking the active site (Fig. 9).

cl-Ru<
c PN
OH < /N>
N/

Fig. 9. The most active organorhutenium inhibitor of cathepsin B and its mode of binding in
the active site of the enzyme as modeled by docking approach.

Quite contrary, newly synthesized series of organotelluranes appeared to be potent,
irreversible inhibitors of cathepsins V and S (Piovan et al.,, 2011). Tellurium atom is an
electrophilic center, which undergoes nucleophilic attack of cysteine thiol at the active site of
the enzyme. In this reaction tellurium-halogen bond is broken and new tellurium sulfur
bond is formed (Fig. 10). Considering the electrophilicity of the chalcogen, it is known that
tellurium is less electronegative than selenium and, due to its greater capacity to stabilize
the negative charge, bromide is a better leaving group than the chloride, we can explain the
highest reactivity of the dibromo-organotelluranes toward cysteine cathepsins.

OCH, OCH,
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Fig. 10. Mechanism of irreversible inhibition of cathepsins by organotellurane.
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3. Serine proteinases

Serine proteinases emerged during evolution as the most abundant and functionally diverse
group of proteolytic enzymes - over one third of them belong to this class. They typically
contain a catalytic triad of serine, histidine and aspartic acid residues in their catalytic active
sites, which are commonly referred to as the charge relay system. This implies common
mechanism of peptide bond hydrolysis. It goes through two-step hydrolytic process, which
allows acylation of the serine residue by peptide substrate followed by hydrolysis of this
adduct and regeneration of the enzyme.

Several serine proteinases have been implicated as important regulators of cancer
development. This family includes enzymes involved in mediating of plasminogen
(urokinase-type and tissue-type plasminogen activators), as well as serine proteinases stored
in secretory lysosomes of various leukocytes, namely mast cell chymase, mast cell tryptase,
and neutrophil elastase. Although most secreted serine proteinases emanate from host
stromal cells, recent studies implicate a superfamily of cell-surface associated serine
proteases, also known as Type II Transmembrane Serine Proteinases (TTSP), such as
matriptase and hepsin, as important regulators of cancer development.

Plasmin proteolytic cascade is functionally contributing to neoplastic progression, including
acquisition of a migratory and invasive phenotype by tumor cells, as well as remodeling of
extracellular matrix components via activation of matrix metalloproteinases. Urokinase-type
and tissue-type plasminogen activators (uPA and tPA respectively) regulate enzymatic
activity of plasmin. uPA plays a crucial role in tissue remodeling, while tPA is important in
vascular fibrinolysis (Naffara et al., 2009).

Mast cell-derived chymases and tryptases are stored in secretory granules. Their release into
the extracellular milieu triggers a proinflammatory response as well as induces a cascade of
protease activations, culminating in activation of matrix metalloproteinase 9. As a result
neoplastic progression is observed (Fiorucci & Ascoli, 2004; Takai et el., 2004).

Neutrophil elastase, a serine protease abundantly present in neutrophil azurophilic
(primary) granules, is transcriptionally activated during early myeloid development. Little
is known about the role of this proteinase in cancer progression, however, it has the ability
to cleave almost every protein contained within the extracellular matrix including, but not
limited to: elastin, collagen, fibronectin, laminin, and proteoglycans. Interest in neutrophil
elastase during neoplastic processes stems from recent clinical reports that correlate elevated
expression of this enzyme with poor survival rates in patients with primary breast cancer
and non-small cell lung cancer. It also has recently been found to initiate development of
acute promyelocytic leukemia (Naffra et al., 2009; Sato et al., 2006)

Most serine proteinases are expressed by supporting tumor stromal cells, whereas
membrane-anchored serine protease appear to be largely expressed by tumor cells at the cell
surface and are thus ideally located to regulate cell-cell and cell-matrix interactions.
Increasing evidence demonstrates that aberrant expression of enzymes such as matriptase
and hepsin is a hallmark of several cancers and recent studies have defined molecular
mechanisms underlying TTSP-promoted tumorigenesis, a processes causing carcinomas of
skin, breast, and prostate (Choi et al., 2009). Similar association with cancer has led to great
interest in kallikreins (Di Cera, 2009), a large family better known for its role in regulation of
blood pressure through the kinin system. Prostate-specific antigen (PSA), a serine protease
also belonging to the human kallikrein family, is best known as a prostate cancer biomarker
since its expression is highly restricted to normal and malignant prostate epithelial cells.
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3.1 Proteinous inhibitors

Typically serine proteinases have active site clefts that are relatively exposed to solvent. This
permits the access to polypeptide loops of substrates and endogenous inhibitors. By forming
strong proteinase-inhibitor complexes the latter ones regulate the activity of proteolytic
enzymes and play important physiological roles in all organisms. Therefore, it is not
surprising that they are considered as potential anticancer drugs and are already being
tested in clinics.

Proteinous serine proteinase inhibitors were the first used against cancer and are so far the
most intensively studied (Castro-Guillén et al., 2010; Otlewski et al., 2005). A small
metalloprotein, Birk-Bowman inhibitor, isolated from soybeans as far as in 1946, is 8kDa
polypeptide of the documented activity in a variety of tumors. Other members of this family
have also proved their anti cancer activity, with field bean protease inhibitor being strongly
active against skin and lung tumors, and tepary bean inhibitor affecting proliferation and
metastasis of fibroblast (Castro-Guillén et al., 2010; Joanitti et al., 2010; Sakuhari et al., 2008).
Another classes of similar inhibitors of serine proteinases also exhibit promising anti-cancer
properties, to mention only: Kunitz-type inhibitors (Sierko et el., 2007; Wang et al., 2010),
serpins (Catanzaro et al., 2011; Li et al., 2006), antileukoprotease (Xuan et el., 2008), nexin
(Candia et el., 2006) and lunasin (Dia & de Meija, 2010; Hsieh et al., 2010).

Paradoxically, the action of proteinase inhibitors in some cases results in poorer prognosis
and promotion of the cancer development (Fayard et al, 2009; Ozaki et al., 2009). This is
contrary to what would be expected from proteinase inhibitor and shows that more detailed
studies are required in order to understand their action. These observations also indicate the
need for development of inhibitors of different types. Examination of crystal structures of
inhibitors bound by various proteinases is a useful tool to study architecture and
requirements of serine proteinase binding sites. This is because 3-5 amino acid residues of
proteinaceus inhibitor, properly spatially located with respect to each other, interact with
small binding region of the enzyme. The binding modes of Bowman-Birk inhibitor from
Vigna unguinocula with B-chymotrypsin (Barbosa et. al., 2007), and structure of textilinin-1
from the venom of Australian Pseudonaja textilis snake complexed with trypsin (Millers et
al., 2009) are shown in Figure 11 as representative examples.

<

Fig. 11. The binding modes of Bowman-Birk inhibitor with B-chymotrypsin (left-hand side)
and textilinin with trypsin

Mutation of the already known protein inhibitors is one of the means to construct highly
specific inhibitors of chosen proteinase. Such strategy was applied to obtain specific and
potent inhibitors of human kallikrein 14. A human serpin, named a-1-antichymotrypsin,
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was used to change its specificity by modifying five amino acids of its reactive center loop, a
region involved in inhibitor-protease interaction. This region was replaced by two
pentapeptides, previously selected by kallikrein 14 using phage-display technology. In this
manner inhibitors with high reactivity towards the enzyme were generated (Fleber et al.,
2006).

Sensing the binding site of chosen proteinase by studying structure of bound regions of its
inhibitors and substrates is a classical tool for the design of new inhibitors of these enzymes.
This concept is well illustrated by the discovery of cyclic peptides mimicking binding
fragment of plasminogen activator (uPA) to its cell surface associated receptor (uPAR). The
minimal portion of uPa able to bind effectively to uPAR was selected by systematic
deletions of peptidyl fragments from the N- and C-terminus of the starting protein inhibitor.
Cyclization of the minimal effective structure results in introduction of constrains that limit
the conformational freedom of the molecule and ensure proper spatial arrangement of the
amino acid residues interacting with the receptor. In that manner cyclic peptides, mimetics
of uPA, (the most effective one is shown in Figure 12) were synthesized and found to
effectively compete with uPA binding (Schmiedeberg et al., 2002).
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Fig. 12. Fragment of uPA selected as a scaffold for the preparation of cyclic peptidomimetics
and the structure of the most effective of them
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Similar cyclic peptides, inhibitors of various proteinases, were also isolated from natural
sources. For example, out of more than 100 compounds of this class isolated from
cyanobacteria about half have been reported to inhibit trypsin or chymotrypsin. Recently
isolated Symplocamine A (Figure 13), molecule of strong serine protease inhibitory activity,
appeared to exert high level of cytotoxicity against variety of cancer cells in vitro thus being
a potential agent against cancers (Linington et el., 2008).

3.2 Irreversible inhibitors

Similarly as in the case of cysteine proteinases irreversible inhibitors of serine proteinases
are prominent class of their inactivators. They usually bind covalently to one of the
nucleophilic moieties of amino acids present in an active site of the enzyme (most likely
hydroxylic group of serine) using an electrophilic warhead. Although there are many classes
of irreversible inhibitors of serine proteinases available today (Powers, et al., 2002) only
limited examples entered clinical studies as anticancer agents. Therefore, new low-
molecular inhibitors of enzymes involved in cancer development and metastasis are still
strongly desirable. Recent studies are concentrated on the synthesis of inhibitors containing
non-typical warheads (representative examples are shown in Figure 14).
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Fig. 14. Representative examples of irreversible inhibitors of serine proteinases.

Diphenyl phosphonates seem to be the most promising and general group of these inhibitors.
They may be also classified as competitive transition-state analogues. On a molecular level
they phosphonylate specifically active-site serine residue thus blocking the catalytic triad of
serine, histidine and aspartic acids responsible for the formation of enzyme-substrate acyl
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intermediate and its further hydrolysis (Fig. 15). Anyway, the mode of action of phosphonates
towards serine proteinases is not yet fully elucidated and minor variations were observed,
depending on the targeted enzyme and conditions (Grzywa et al. 2007; Joossens et al., 2006;
Siericzyk et al., 2011; Sieficzyk & Oleksyszyn 2006; Sieficzyk & Oleksyszyn, 2009).
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Fig. 15. Schematic illustration of the mechanism of action of the diphenyl a-
aminophosphonate inhibitors of serine proteinases
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3.3 Reversible inhibitors

Inhibitors of urokinase (also called urokinase-type plasminogen activator, uPA) are the
biggest family of reversible serine protease inhibitors. Development of small molecule uPA
inhibitors has began with aryl guanidines, aryl amidines, and acyl guanidines, molecules
that contain positively charged guanidine, amidine, or simple amines as anchors able to
interact with the negatively charged site chain of Asp189 (Lee et el., 2004). Although they
exhibited moderate potency and poor selectivity they constituted a good starting point for
the development of new effective generations of uPA inhibitors. Intensive studies using
various approaches resulted in many inhibitors, which quite frequently revealed in vitro
anticancer properties. Determination of three-dimensional structure of this enzyme either in
native state or complexed with various inhibitors is vital for the design of new effectors of
urokinase (Huai et al. 2008; Klinghofer et al. 2001; Sperl et. al. 2000).

For, example, an extremely simple inhibitor UK 122 (Fig. 16) was designed in a stepwise
process. The first step was a selection of moderate inhibitors of uPA by screening a library of
16,000 synthetic compounds. This resulted in four promising inhibitors of the enzyme
sharing very similar chemical structures. They were further optimized by using crystal
structure of the enzyme-Amiloride complex and by applying molecular modeling methods.
As a result UK 122 was found (Zhu et al., 2007). This compound significantly inhibited the
migration and invasion of pancreatic cancer cell line.

Another example may be the use of three-dimensional quantitative structure-activity
relationship (3D QSAR) studies to elucidate structural features required for uPA inhibition and
to obtain predictive three-dimensional template for the design of new inhibitors. 3D QSAR
was performed on five reported classes of the urokinase inhibitors by employing widely used
CoMFA (Comparative Molecular Field Analysis) and CoMSIA (Comparative Molecular Shape
Indices Analysis) methods (Bhongade & Gadad 2006). As a result the significance of various
structural elements bound at different urokinase subsites was identified. These subsites may
be combined to improve overall activity of newly designed inhibitors.

Inhibitors of other serine proteinases were studied as anticancer agents quite scarcely. Most
of the obtained inhibitors were designed to affect with prostate specific antigen (PSA) and
matriptase by adopting the procedures used for designing of other serine proteinase
inhibitors. Some of them exhibit promising anticancer properties in cell culture systems.
Representative examples of these inhibitors are shown in Figure 16.
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Fig. 16. Representative examples of reversible inhibitors of serine proteinases.

4. Threonine proteinases

The sequencing of human genome revealed that threonine proteinases account only for
about 5% of the whole pool of proteinases. From these proteinases, only proteasome is
considered as a target for potential anticancer agents. Since tightly ordered proteasomal
degradation of proteins plays crucial role in the cell cycle control potential of proteasome
inhibitors is currently under intensive investigations.

The proteasome is a highly conserved intracellular nonlysosomal multicatalytic protease
complex, degrading proteins usually tagged with a polyubiquitin chain. The 26S proteasome
is a 2,000 kDa multisubunit cylindrical protein comprised of a 20S core catalytic component
(the 20S proteasome) capped at one or both ends by 19S regulatory components (Figure 17).
Proteasome 20S has three major sites of different activities designed as “chymotrypsin-like”,
“trypsin-like” and “caspase-like”. These three activities are responsible for the cleavage of
protein after hydrophobic, basic, and acidic amino acid residues, respectively. Analysis of
the proteasome catalytic mechanism has revealed the importance of the N-terminal
threonine as catalytic nucleophile. Thus, proteolytic machinery of the proteasome is an
important target for the design of anticancer drugs (Abbenante & Fairlie, 2005; Delcros et al.,
2003; Goldberg, 2007). A wide variety of inhibitors of proteasome were developed and
evaluated (Delcros et al., 2003). This process culminated in discovery of bortezomib (Velcade,
Figure 17), which decreases proliferation, induces apoptosis and enhances sensitivity of
tumor cells to radiation or chemotherapy (Adams, 2002; Goldberg, 2007).
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The most significant step in development of proteasome inhibitors was the decision by A. L.
Goldberg and colleagues to create in 1993 the company MyoGenics. The goal was to
synthesize proteasome inhibitors that could prevent muscle atrophy that occur in various
disease states, such as cancer cachexia. This led to the production of a series of inhibitors
that were freely distributed to academic laboratories and contributed to the enormous leap
forward in understanding the multiple roles of the proteasome in cells.

26SPROTEASOME

20SPROTEASOME
198

ﬁ@ —
[ S5y

198
«—

y ©
N
\;)LN B(OH),
S i H

Fig. 17. Schematic structure of proteasome with indication of the binding site of bortezomib

4.1 Inhibitors from natural sources

The 20S proteasome is a tubular molecule with the proteolytic active sites on the inner
surface. Thus, substrate molecules have to be translocated through the internal cavity to the
catalytic sites. The X-ray crystallographic analysis has shown that the translocation channel
is too narrow to allow passage of folded proteins. Protein substrates should be firstly
unfolded and then degraded. Quite surprisingly, classical protein inhibitor of serine
proteinases, bovine pancreatic trypsin inhibitor (BPTI) appeared to exert similar activity
against proteaseome in vitro and ex vivo (Yabe & Koide, 2009). The molar ratio of BPTI to the
proteasome 20S in the complex was estimated as approximately six to one, suggesting that
two out of three proteinase activities of this complex were inhibited. This interesting finding
has opened a new front in proteasome inhibition studies.

The majority of proteasome inhibitors have a structure of small cyclic and linear peptides
built on scaffolds provided by natural substances. Lactacystin (Figure 18), produced by
Strepromyces (Omura et. al., 1991), rearranges in neutral pH to highly reactive lactone-
Omuralide, which irreversibly acylates proteasome active site threonine. Minute
modification of the latter one led to the more potent inhibitor MNL-519 (Abbenante &
Fairlie, 2005). Isolation of Actinomycete products - epoxomycin and eponemycin, and
evaluation of their inhibitory activity (Hanada, et. al, 1992; Sugawara et al, 1990) has



Inhibitors of Proteinases as Potential Anti-Cancer Agents 55

stimulated studies on their analogues (representative structure is shown in Fig. 18). This
resulted in several potent inhibitors, which display non-typical mechanism of action
(Elofsson et e., 1999; Zhou et el., 2009). A hemiacetal is first formed between the ketone
portion of the inhibitor and threonine hydroxyl, followed by epoxide ring opening by the
free amine of the N-terminal threonine to give a stable morpholino adduct.
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Fig. 18. Natural inhibitors of proteasome activity as scaffolds for synthesis improved ones.

Next example considers syringolines, reversible inhibitors of proteasome produced by
Pseudomonas siringae (Coleman, et al. 2006). Elucidation of the crystal structure of syringolin
B complexed with proteasome gave an insight into the structural requirements of good
inhibitor. These findings were used successfully in the rational design and synthesis of a
syringolin A-based lipophilic derivative, which proved to be one of the most potent
proteasome inhibitors described so far (Clerc et el., 2009).

A limiting factor in the efficiency of peptidic inhibitors is that they are unstable in living
organism because they are easily degraded by endogenous proteinases. This explains
growing interest in non-peptidic inhibitors. Nature is an acknowledged source of such
compounds and many inhibitors of proteasome were isolated and identified. These include
such structurally diverse compounds as: ajoene isolated from garlic (Hassan, 2004), gliotoxin
produced by Aspergillus fumigatus (Pahl et al., 1996), or triterpene-celastrol isolated from the
root bark of medicinal plant Tripterigium wolfordii (Yang et al., 2006).
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4.2 Synthetic inhibitors

The first inhibitors of proteasome were identified among the commercially available reversible
tripeptide inhibitors of serine and cysteine proteinases. The easy access to the peptide
aldehydes had lead to the development of a wide variety of inhibitors with an improved
potency and selectivity. MG-132 (for its chemical structure see Figure 20) was one of the first
synthetic inhibitors to be described and used in cell culture system (Adams & Stein, 1996). It
exerts both, direct antiproliferative and cytotoxic effects towards tumor cells, and increases
apoptosis induced by other agents. Recent studies have demonstrated the influence of absolute
configuration of this tripeptide aldehyde on its cytotoxicity, with (L,D,L) isomer being the most
active (Mroczkiewicz et al., 2010). Since a great number of tripeptide aldehydes contain side
chains of non-coded amino acids but they usually correspond to natural L-amino acids this
finding shed a new light on the importance of peptidyl absolute configuration.

Structurally related a-ketoaldehydes exert their action via mechanism similar to this
described earlier for epoxyketones (Grawert et al., 2011). This is a cyclization mechanism,
which proceeds through formation of hemiketal with threonine hydroxyl followed by Schiff
base formation between the nucleophilic N-terminal threonine and aldehyde moiety, which
finally results in the reversible formation of a 5,6-dihydro-2H-1,4-oxazine ring (Figure 19).
The examination of the binding mode of these inhibitors serves as a new lead for the
development of anticancer drugs (Fig. 19).

Fig. 19. Molecular mechanism of action of a-ketoaldehyde inhibitor of proteasome and the
mode of its binding in the active site.
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Searching for a new class of 20S proteasome inhibitors is a hot subject and to date a plethora
of molecules that target the proteasome have been identified or designed (de Bettignies and
Coux, 2010). Synthetic inhibitors possess a homogeneous structural profile - they are
generally peptide-based compounds with a C-terminal pharmacophore function required
for primary interaction with catalytic threonine of the enzyme. The peptide component
seems to be important for determining specificity of the interactions with the enzymatic
pockets. Essentially, most of these inhibitors act on the chymotrypsin-like activity of the
proteasome although two remaining activities are also addressed.

Protection of the aldehyde moiety in a form of semicarbazone provides compounds that are
more stable than counterpart aldehydes. They do not form adducts with cellular proteins
and are irreversible inhibitors of proteasome requiring the action of this enzymatic complex
to release inhibiting aldehyde. Thus, they may be classified as suicidal inhibitors. Recently
two peptide semicarbazones, S-2209 and SC68896, were found to exert anti-melanoma and
anti-glioma activities in preclinical studies (Baumann et el., 2009: Leban et al., 2008; Roth et
el., 2009). For the latter one company was given an approval to start phase I/II clinical
studies in 2011.

Structurally related N-acylpyrrole peptidyl derivatives were designed as irreversible
inhibitors of proteasome. They appeared to possess unique biological profile and interact
reversibly with 1 catalytic site of the proteasome also displaying good pharmacological
properties (Baldisserotto et al., 2010). Molecular docking of the N-acylpyrrole molecule
shown in Figure 20 enabled to rationalize the mode of their binding.

The vinyl sulfone group is less reactive than the aldehyde group but also binds irreversibly
to the active sites. The advantage of vinylsulfone inhibitors is that they are easy to prepare.
One of the most potent inhibitor - Ada(Ahx);-LLL-VFES, specifically and irreversibly inhibits
both the constitutive and the induced proteasome by binding to their three active sites with
approximately equal efficiencies (Kessler et al., 2001).

The screening of huge libraries of structurally variable compounds is a method for the
identification of new cell-active inhibitors with novel chemical scaffolds. Such a procedure
was also used in order to obtain new inhibitors of proteasome. Thus, a high-throughput
screen of the Millennium Pharmaceuticals Inc. library (approximately 352,500 compounds)
afforded 3015 hits, which were further optimized by applying X-ray crystallography and
molecular modeling. In such manner 16 various structures were selected. They appear to
exhibit high potency and selectivity towards 5 subunit of 20S proteasome. The crystal
structures determined for the most active compounds (Fig. 20) enabled to determine the
structural requirements of the inhibited subunit. Similar screening done on National Cancer
Institute Diversity Set library composed of 1,992 compounds resulted in selection of four
promising inhibitors of proteasome, with organocopper NCS 321206 (Fig.20) being the most
active one (Lavelin et al., 2009).

Different approaches to the selection of new inhibitors of proteasome relayed on the use of
computational tools, namely multistep structure-based virtual ligand screening strategy.
First scoring engines were standardized using known inhibitors in order to obtain results
similar to those found from crystallographic studies. It appeared that none of the presently
developed scoring functions are fully reliable nor they fully correlate with experimental
affinities. Therefore three protocols were used simultaneously - FRED, LigandFit and
Surflex, to dock 300,000 compound collection (Chembridge). This enabled to select 200
molecules for further experimental testing, using MG-132 as a standard. Twenty of these
molecules appeared to act as potent proteasome inhibitors showing variable profiles of
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activity. Thus six of them inhibited all three activities of proteasome, eleven of them
inhibited two types of enzymatic activities, whereas three inhibited only one type of activity
(Basse et al., 2010). The most active and selective inhibitors against chymotrypsin-like and
trypsin-like activities are shown in Figure 20.
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Fig. 20. Structurally diverse, synthetic inhibitors of proteasome.

The discovery of bortezomib was followed by intensive preclinical and clinical studies on
many cancer models and cancer patients. This drug was approved in 2003 for treatment of
multiple myeloma as a second line of the therapy. Today it is taken by approximately 50,000
patients worldwide (Goldberg, 2007) and is still being tested clinically against other forms of
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cancer. Interestingly, recent studies have indicated that this drug is a multiple inhibitor and
affects also serine proteinases in cell lysates (Arastu-Kapur et al., 2011). This finding may
explain better the clinical profile of this drug. Alongside with physiologic studies synthesis
and evaluation of inhibitory activity of its analogues have been carried out. Although in
some cases inhibitors of similar potency were obtained (Aubin et al., 2005; Vivier et al., 2005;
Zhu et al, 2010) none of them was found to be better than bortezomib.

5. Aspartic proteinases

This is the smallest family of proteinases, which accounts for only 3% of them and includes
several physiologically important enzymes such as pepsin, chymosin, renin, gastricsin,
cathepsin D and cathepsin E. Some members of this family, in particular cathepsins D and E,
have been implicated in cancer progression. High cathepsin D expression is associated with
shorter disease-free and overall survival in patients with breast cancer, whereas in patients
with ovarian or endometrial cancer, cathepsin E expression has been reported to be
associated with tumor aggressiveness.

Quite surprisingly, the aspartic protease napsin A, expressed in lung cells, where it is
involved in the processing of surfactant protein B, suppressed tumor growth in HEK293
cells in a manner independent of its catalytic activity (Ueno et al., 2008). Further insight into
mechanism involved may help in producing new drugs for renal cancer.

The most extensively investigated aspartic proteinase in the context of cancer is cathepsin D,
with a particular emphasis on its role in breast cancer (Benes et al, 2008). In these studies
several inhibitors of this enzyme are most commonly used including peptidomimetic
pepstatin (Umezawa et al., 1970) and protein inhibitors from potato and tomato (Carter et
al., 2002). Search for new inhibitors of this enzyme is practically limited to peptides
containing non-typical amino acid - statine. Inhibitors of this type were obtained from both
natural sources as well as were synthesized basing on the crystal structure of pepstatin A
(Fig. 21) complexed by this enzyme. Statine, which is a component of pepstatin A, may be
considered as an analogue of tetrahedral intermediate (or transition-state) of the enzymatic
hydrolysis of L-leucylglycine (Fig. 21). Therefore it is not surprising that most of cathepsin D
inhibitors contain this amino acid or its analogue within peptidic chain (Bi et al., 2000;
McConnell et al., 2003). Of special interest are grassystatins (Fig. 21) isolated from
cyanobacterium Lyngbya cf. confervoides. These peptidomimetics are equally active against
cathepsins D and E (Kwan et al., 2009).

The new approach to the identification of inhibitors is appropriate selection of DNA
aptamers strongly interacting with chosen enzyme. This methodology was used to identify
the aptamer SF-6-3, which selectively and very strongly binds cathepsin E (Naimuddin et
al., 2007).

6. Metalloproteinases

Metalloproteinases are the largest class of proteinases in human genome. They are a range
of enzymes possessing metal ions in their active sites. Most of them are dependent on zinc
ions, which play catalytic functions. Understanding their mechanism of action is of key
importance to rational design of potent and specific inhibitors of these enzymes and,
consequently, to obtain drugs of improved properties. Therefore, a substantial effort has
been made to study the mode of binding of their substrates and inhibitors, as well as to
elucidate the three dimensional structure of these enzymes and to define the detailed
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mechanisms of catalyzed reactions. Despite extensive experimental and theoretical studies
the mechanism by which the catalytic center of metalloproteinases functions is still the
subject of debate and several mechanism have been proposed (Mucha et al., 2010).
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Fig. 21. Pepstatin A and grassystatin as transition-state analogues of peptide hydrolysis.

Matrix metalloproteinases (MMPs), a disintegrin and metalloproteinases (ADAMs,
adamalysins) and tissue inhibitors of metalloproteinases (TIMPs) together comprise an
important set of proteins that are regulatory in matrix turnover and regulate growth factor
bioavailability. There are 23 MMP, 32 ADAM and 4 TIMP proteins present in humans. This
shows how complex system is involved in tumorigenesis and its regulation. For example,
four tissue inhibitors of metalloproteinases (TIMP1, TIMP2, TIMP3 and TIMP4) are the main
endogenous inhibitors for all the metallo-endopeptidases, of which there are more than 180.

6.1 Matrix metalloproteinases

Matrix metalloproteinases (MMPs) consist of a multigene family of zinc dependent
extracellular endopeptidases implicated in tumor growth and the multistep processes of
invasion and metastasis, including proteolytic degradation of extracellular matrix, alteration
of the cell-cell and cell-matrix interactions, cell migration and angiogenesis (Gialeli et al.,
2011). These structurally and functionally related endoproteinases share common functional
domains and activation mechanisms. The MMPs were the first proteinase targets seriously
considered for combating cancer. After encouraging preclinical results in various cancer
models several of the MMP inhibitors were tested in advanced clinical trials but all failed
because of severe side effects or no major clinical benefit (Turk et el., 2006). These include:
hydroxamate inhibitors batimastat, marimastat, and prinomastat and the non-hydroxamate
ones such as neovastat (an extract from shark cartilage of a molecular mass up to 500kDa
introduced by Aeterna) rebimastat and tanomastat (Fig. 22).
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Clinical studies indicated that timeframe of targeting MMPs differs, depending on the stage
of cancer, because the expression profile, as well as the activity of these enzymes, is not the
same in the early stage compared to advanced cancer disease. As a consequence, the use of
broad-spectrum inhibitors raises concerns that certain MMPs that exert anticancer effects are
inhibited, which in turn may result in promotion of the disease (Gialeli et al., 2011). Thus,
pharmacological targeting of cancer by the development of a new generation of effective
and selective inhibitors to individual matrix metalloproteinases is an emerging and
promising area of research (Devel et al., 2010; Manello, 2006). However, despite intense
efforts, very few highly selective inhibitors of these metalloproteinases have been
discovered up to now. This is because MMPs have catalytic domains composed of 160-170
amino acid residues that share a marked sequence similarity, with the percentage of
identical residues being in the range of 33% to 90%. The three dimensional structure of the
catalytic domains of 12 out of 23 human MMPs has been solved either by X-ray
crystallography or NMR (Maskos, 2005), and the results supported that they are of
significant similarity. The other cause of low specificity of most of MMP inhibitors is that
their action relays on strong complexation of zinc ion present in the active sites of these
enzymes. This is especially true in the case of hydoxamic acid-based inhibitors (Yiotakis &
Dive, 2008), which are the most intensively studied so far (Attolino et al., 2010; Fisher &
Mobashery, 2006; Nuti et al., 2010).

Among different zinc-binding groups, the phosphoryl moiety was thought to be the weakest
binder. Indeed, it turns out that numerous peptide analogues with a phosphorus-containing
moiety replacing the scissile amide bond have been found to regulate the activity of
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metalloproteinases (Collinsova & Jiracek, 2000). The intense optimization of the phosphinic
inhibitor structures, using parallel or combinatorial chemistry, is generally required to
identify nanomolar inhibitors and to get selectivity (Dive et al., 2004). Without selective
inhibitors, which are indispensable tools for studying the structure and the role of
individual enzymes at different stages of complex tumorigenesis, anticancer strategies based
on MMP inhibition are unlikely to provide important therapeutic benefits. Two
representative inhibitors of this class of inhibitors are shown in Figure 23.

High-throughput screening of chemical libraries has also led to the discovery of unusual
MMP inhibitors, selective against MMP-13. Among these, a new class of MMP inhibitors
that do not possess a zinc-binding group and thus do not interact directly with the zinc
active site ion is of special interest (Fig. 23) (Chen et al., 2000).

6.2 Aminopeptidases

Aminopeptidases are proteolytic enzymes that hydrolyze peptide bonds from the amino
termini of polypeptide chains with the release of a single amino acid residue from
polypeptide substrates. Although their involvement in tumorigenesis was well established
the studies on their anticancer properties are far less developed than studies on MMPs. This
may also result from the fact that physiologic role of these enzymes is far more complex.

A plethora of inhibitors of aminopeptidases have been synthesized and tested clinically
against various pathological disorders, including cancers (Bauvois & Dauzonne, 2006;
Mucha et al., 2010; Selvakumar et al., 2006; Wickstrom et al., 2011). Bestatin, a general
inhibitor of aminopeptidases and aspartyl proteinases, has been the most intensively
studied (Fig. 24). It was originally isolated from Streptomyces olivoreticuli more than 30 years
ago (Umezawa et al., 1976). Bestatin studies in biological systems both in vitro and in vivo,
resulted in discovery of several interesting properties of this compound such as ability to
induce apoptosis in cancer cells, and anti-angiogenic, anti-malarial or immunomodulatory
effects. Presently, bestatin (Ubenimex®) is on Japanese market where it is applied for
treatment of cancer and bacterial infections. Examples of successful inhibition of
aminopeptidases by bestatin include aminopeptidase N (CD13), leucine aminopeptidase
(LAP) and aminopeptidase B. These aminopeptidases, as well as methionine
aminopeptidase 2 are the most exploited targets to obtain new anticancer agents.

In contrast to MMPs selectivity of the inhibitor is not a required feature and in most cases
general inhibitors of aminopeptidases are used in clinical studies. Such an example is
tosedostat (Fig. 24) (Krige et. al, 2008; Moore et al., 2009), a hydroxamic acid inhibitor of M1
family of aminopeptidases (especially leucine aminopeptidase), which is now being
introduced to the market by Chroma Therapeutics. In clinical studies tosedostat was well
tolerated, given orally once a day, and it has produced encouraging response rates in
difficult to treat patients with acute leukemia and a variety of blood related cancers.
Tosedostat (CHR-2797) is a prodrug and exposure of cancer cells to this drug results in the
generation of the active metabolite CHR-79888 (Fig. 24), which is poorly membrane-
permeable, what limits its pharmacological activity. The use of prodrug results in
intracellular accumulation of CHR-79888 and desirable physiological effect.

6.3 Carboxypeptidases

Carboxypeptidases cleave the peptide bond of amino acid residue at the carboxylic terminus
of protein or peptide. Humans contain several types of carboxypeptidases, which have
diverse functions ranging from catabolism to protein maturation. There is practically lack of
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information about the role of carboxypeptidases in tumorigenesis. However, some of them
were proposed as markers of individual tumors (Kemik et al., 2011; Lee et al., 2011). This
indicates that they also might be considered as targets in anticancer therapy. Indeed, there
are two reports on antitumor activity of two endogenous protein inhibitors of
carboxypeptidases - latexin (Pallares et al., 2005) and retinoic acid-induced tumor
suppressor retinoic acid receptor responder 1 (RARRES 1) (Sahab et al., 2011).
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7. Conclusion

Looking back at the progress made with anticancer therapies using inhibitors of various
proteinases it is hard to consider it as particularly successful. Today the major successful
areas in protease-targeted therapies are the cardiovascular, inflammatory and infectious
diseases (mostly anti-HIV), however, the intensive studies on therapies of cancer and
neurodegradative disorders are predicted. This is a good prognosis if taking into account
that the annual spending for protease-directed drugs amounts close to US$ 10 billion
annually (Turk, et al., 2006).

It is worth to note that past drug failures are not worthless. They provide not only
invaluable lessons but are also a useful resource of data, which could still be used.

In order to achieve more satisfactory results, better understanding of the proteolytic
network in tumor envinroment and increased knowledge in protease biology based on
comprehensive analysis of protease activity in physiologically relevant conditions are
required. The fact that tumor cells are only one part of the tumor environment and that
extracellular matrix components and stromal cells are important contributors to the
proteolytic activity of tumors should also be taken into consideration. For example, the use
of transgenic animals may help in elucidation of the role of individual components of this
complex networks.

Also the techniques of inhibitor design are developing significantly with in silico structure-
based ligand design and various types of high-throughput screening being the major ones.
Today’s strategy in inhibitor design is to provide compounds complementary to active sites
of the inhibited proteins, while the other concepts are used scarcely. One of the solutions is
to design allosteric inhibitors altering proteinase activity by binding outside the enzyme
active site, most likely in the cavity lacking any physiological role. The development of
computer-aided methods for drug design (especially docking procedures) might be very
helpful in this respect.
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1. Introduction

Although research over the last decade has led to new and improved therapies for a variety
of different diseases, anticancer drug therapy continues to have undesirable outcomes,
including both poor response and severe toxicity. In addition to the critical need to discover
new drugs, it is important to optimize existing therapies in order to minimize adverse
reactions and maximize efficacy.

In the context of the complexity of cancer disease processes, future anticancer treatments
will have to take into account the tumour microenvironment and aim to target the different
cellular and molecular participants encompassed in a tumour, as well as their specific
interactions.

In the present chapter we aimed to briefly summarize current knowledge on histamine and
histamine receptors involvement in cancer, focusing on some recent evidence that points
them out as a promising molecular targets and avenue for cancer drug development. On the
basis of the role on immune system, it has been reported the efficiency of histamine as an
adjuvant to tumour immunotherapy. In addition, we present here novel findings,
suggesting the potential application of histamine and its ligands as adjuvants to tumour
radiotherapy.

2. Histamine receptors

It is generally acknowledged that histamine is an important regulator of a plethora of
(patho) physiological conditions and exerts its actions through the interaction with four
histamine receptor subtypes. All these receptors belong to the family of heptahelical G-
protein coupled receptors (GPCR) and they are the H;, Hy, H3 and Hy histamine receptors
(HiR, H2R, H3R, H4R). Based on the classical pharmacological analysis HiR was proposed in
1966 by Ash and Schild (Ash & Schild, 1966) and H>R was described in 1972 by Black et al.
(Black et al., 1972). The third histamine receptor was discovered in 1983 by a traditional
pharmacological approach, consisting of assessing the inhibitory effect of histamine on its
own release from depolarized rat brain slices (Arrang et al., 1983). It was not until 2000-2001
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that by using the H3R DNA sequence, several independent research groups identified the
novel HyR highly expressed in immune cells (Coge et al. 2001b; Lui et al., 2001; Morse et al.
2001; Nakamura et al., 2000; Nguyen et al. 2001; Oda et al., 2000).

Recent studies employing human genetic variance and mice lacking specific receptors or the
ability to generate histamine, have shown functions for the histamine pathway that extend
well beyond the established roles. As a result, antihistamines may have wider applications
in the future than previously predicted (Smuda & Bryce, 2011).

Agonists Antagonists/
Inverse agonists
HiR  Histaprodifens, 2-(3-trifluoromethylphenyl) Mepyramine, cetirizine, terfenadine
histamine diphenhydramine, loratadine

HoR Amthamine, impromidine, arpromidine Famotidine, ranitidine, cimetidine,
roxatidine, zolantidine

HsR  R-(a)-methylhistamine, imetit, immepip Clobenpropit, thioperamide,
iodoproxyfan

HiR Clobenpropit, VUF 8430, imetit, Thioperamide, JNJ7777120, VUF
4-methylhistamine, R-(a)-methylhistamine, 6002, A-987306, A-940894
OUP-16, clozapine

Table 1. Compounds most widely used in histamine receptor investigation

Like most other GPCR, histamine receptors exist as equilibrium between their inactive and
active conformations. Constitutive activity has now been shown for all four types of
histamine receptors, leading to the reclassification of some antagonists as inverse agonists.
These members of the GPCR family may exist as homo- and hetero-oligomers at the cell
surface, which could have different pharmacological and physiological effects (Bongers et
al.,, 2007; Fukushima et al., 1997; Hancock et al., 2003; Leurs et al., 2002, 2009). Moreover, the
affinity of histamine binding to different histamine receptors varies significantly. Thus, the
effects of histamine and receptor ligands upon receptor stimulation are rather complex.
Pharmacologic agents are summarized in table 1.

2.1 Histamine H4R

Since histamine is considered to be the most important mediator in allergies such as allergic
rhinitis, conjunctivitis, atopic dermatitis, urticaria, asthma and anaphylaxis, the most
commonly used drugs to treat these pathological disorders are antihistamines acting on the
HiR. In the lung, it mediates bronchoconstriction and increased vascular permeability. The
HiR is expressed in a wide variety of tissues, including airway and vascular smooth muscle,
endothelia, gastrointestinal tract, liver, genitourinary and cardiovascular systems, central
nervous system (CNS), adrenal medulla, chondrocytes and in various immune cells
including neutrophils, monocytes, eosinophils, dendritic cells (DC), as well as T and B
lymphocytes, in which it mediates the various biological manifestations of allergic
responses. The coding sequence of the human HiR is intronless and is located in the
chromosome 3 (Bakker et al., 2001; Dy & Schneider, 2004; Leurs et al., 1995). The human H;R
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contains 487 amino acids and is a Gaq/11-coupled protein with a very large third
intracellular loop and a relatively short C-terminal tail. The most important signal induced
by ligand binding is the activation of phospholipase C (PLC)-generating inositol 1,4,5-
triphosphate (Ins (1,4,5) P3) and 1,2-diacylglycerol leading to increased cytosolic calcium. In
addition to the inositol signalling system, HiR activation could lead to additional secondary
signalling pathways. This rise in intracellular calcium levels seems to account for the various
pharmacological activities promoted by the receptor, such as nitric oxide production,
vasodilatation, liberation of arachidonic acid from phospholipids and increased cyclic
guanosine-3’,5"-monophosphate (cGMP). Additionally, it was reported that HiR can directly
increase the cyclic adenosine-3’,5"-monophosphate (cAMP) levels (Davio et al., 1995). HiR
also activates NF-kB through Gaqll and GPy upon agonist binding, while constitutive
activation of NF-kB occurs only through the GPy (Bakker et al., 2001; Leurs et al., 1995; Smit
et al, 1999). Recently, it was reported that the stimulation of H;R induced HiR gene
expression through protein kinase C 8 (PKC0) activation, resulting in receptor upregulation
(Mizuguchi et al., 2011).

2.2 Histamine H2R

The H,R principal action from a clinical point of view is its role in stimulating gastric acid
secretion, thus H>R antagonists are used in the relief of symptoms of gastro-oesophageal
reflux disease treatment. The human HR intronless gene, encodes a protein of 359 amino
acids and is located on chromosome 5. The HoR has a ubiquitous expression as the HiR. It is
expressed in gastric parietal cells, heart, endothelial cells, nerve cells, airway and vascular
smooth muscle, hepatocytes, chondrocytes and immune cells, such as neutrophils,
monocytes, eosinophils, DC, and T and B lymphocytes (Black et al., 1972; Dy & Schneider,
2004; Leurs et al., 1995). The HoR is coupled both to adenylate cyclase via a GTP-binding
protein G,, and phosphoinositide second messenger systems by separate GTP-dependent
mechanisms. However, HoR-dependent effects of histamine are predominantly mediated by
cAMP that activates protein kinase A (PKA) enzymes phosphorylating a wide variety of
proteins involved in regulatory processes. Activation of HzR is also associated with other
additional signal transduction pathways including activation of c-Fos, c-Jun, PKC and
p70S6kinase (Davio et al., 1995; Fitzsimons et al., 2002; Fukushima et al., 1997).

2.3 Histamine H3zR

The H3R has initially been identified in both central and peripheral nervous system as a
presynaptic receptor controlling the release of histamine and other neurotransmitters
(dopamine, serotonine, noradrenalin, y-aminobutyric acid and acetylcholine) (Arrang et al.,
1983; Bongers et al., 2007; Leurs et al., 2005; Lovenberg et al., 1999). The HsR has gained
pharmaceutical interest as a potential drug target for the treatment of various important
disorders like obesity, myocardial ischemia, migraine, inflammatory diseases and several
CNS disorders like Alzheimer’s disease, attention-deficit hyperactivity disorder and
schizophrenia. Pitolisant (BF2.649, 1-{3-[3-(4-chlorophenyl)propoxy]propyl} piperidine,
hydrochloride) is the first H3R inverse agonist to be introduced in the clinics. Its wake-
promotion activity was evidenced in excessive diurnal sleepiness of patients with
narcolepsy, Parkinson's disease or obstructive sleep apnea/hypopnea (Bongers et al., 2007;
Lebois et al., 2011; Leurs et al., 2005; Schwartz, 2011). The human H3R gene consists of either
three exons and two introns, or four exons and three introns spanning 5.5 kb on
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chromosome 20. Alternatively, the most 3" intron has been proposed to be a pseudo-intron
as it is retained in the hH3R(445) isoform, but deleted in the hH3;R(413) isoform. Overall
similarity between the MH3R and the HiR and MR amounts to only 22% and 20%,
respectively (Bongers et al., 2007; Coge et al., 2001a; Dy & Schneider, 2004; Leurs et al., 2005;
Tardivel-Lacombe et al., 2001; Wellendorph et al., 2002).

The cloning of the human H3R has led to the discovery of many H3R isoforms generated
through alternative splicing of the H3R mRNA. H3R can activate several signal transduction
pathways, including Gi/ o-dependent inhibition of adenylate cyclase that leads to inhibition
of cAMP formation, activation of mitogen activated protein kinase pathway (MAPK),
phospholipase A2, and Akt/protein kinase B, as well as the inhibition of the Na+/H+
exchanger and inhibition of K+-induced Ca2+ mobilization (Bongers et al., 2007; Coge et al.,
2001a; Leurs et al., 2005; Wellendorph et al., 2002). A negative coupling to phosphoinositide
turnover in the human gastric cell line HGT has also been described (Cherifi et al., 1992).
Moreover, at least 20 isoforms of the human H;R have been described and they vary in the
length of the third intracellular loop, their distinct CNS localization, differential signalling
pathways and ligand binding affinity, which contribute to the heterogeneity of H3R
pharmacology (Bongers et al., 2007; Coge et al., 2001a; Hancock et al., 2003; Leurs et al.,
2005).

2.4 Histamine H4R

The identification by genomics-based approach of the human H4R by several groups has
helped refine our understanding of histamine roles. It appeared to have a selective
expression pattern restricted to medullary and peripheral hematopoietic cells including
eosinophils, mast cells, DC, T cells and monocytes. Therefore, growing attention is directed
towards the therapeutic development of HiR ligands for inflammation and immune
disorders. Several lines of evidence suggest a role of the H4R in chronic inflammatory skin
disease and the H4R might be a therapeutic target for diseases such as atopic dermatitis
(Gutzmer et al., 2011). In addition, HsR was reported to be present on other cell types
including intestinal epithelium, spleen, lung, stomach, CNS, nerves of nasal mucosa, enteric
neurons and interestingly in cancer cells (Cianchi et al., 2005; Coge et al. 2001b; Connelly et
al., 2009; Leurs et al. 2009; Lui et al., 2001; Medina et al., 2006; Morse et al. 2001; Nakamura
et al., 2000; Nguyen et al. 2001; Oda et al., 2000). The significance of the H4R presence in
various human tissues remains to be elucidated and therefore, new roles of HyR are still
unrevealed (Leurs et al., 2009; Zampeli & Tiligada, 2009). The HsR cDNA was finally
identified in the human genome database on the basis of its overall homology (37%, 58% in
transmembrane regions) to the H3R sequence and it has a similar genomic structure. On the
other hand, the homology with HiR and H>R is of approximately 19%. The human H4R gene
that mapped to chromosome 18 is interrupted by two large introns and encodes a protein of
390 amino acids (Coge et al., 2001b; Leurs et al., 2009). H4R is coupled to Gai/o proteins,
inhibiting forskolin-induced cAMP formation (Nakamura et al., 2000; Oda et al., 2000).
Additionally, stimulation of HyR leads to activation of MAPK and also increased calcium
mobilization via pertussis toxin-sensitive pathway (Leurs et al., 2009; Morse et al., 2001).
Isoforms have been described for the H4R which have different ligand binding and
signalling characteristics. H4R splice variants [H4R (67) and H4R (302)] have a dominant
negative effect on HyR (390) functionality, being able to retain it intracellularly and to
inactivate a population of H4R (390) presumably via hetero-oligomerization (Leurs et al.,



Histamine Receptors as Potential Therapeutic Targets for Cancer Drug Development 79

2009; van Rijn et al., 2008). In addition, H4R dimeric structures that include homo- and
hetero-oligomer formation and post-translational changes of the receptor might contribute
to added pharmacological complexity for HyR ligands (Leurs et al., 2009; van Rijn et al.,
2006, 2008).

3. Histamine receptors in breast cancer

An estimated 1 million cases of breast cancer are diagnosed annually worldwide. Breast
cancer is the most common neoplastic disease in women, and despite advances in early
detection, about 30% of patients with early-stage breast cancer have recurrent disease, which
is metastatic in most cases and whose cure is very limited showing a 5-year survival rate of
20% (Ferlay et al., 2010; Gonzalez-Angulo et al., 2007).

Histamine plays a critical role in the pathologic and physiologic aspects of the mammary
gland, regulating cell growth, differentiation and functioning during development,
pregnancy and lactation. Among monoamines, histamine demonstrates the greatest
proliferative activity in breast cancer (Davio et al., 1994; Malinski et al., 1993; Wagner et al.,
2003). Furthermore, histamine is increased in plasma and cancerous tissue derived from
breast cancer patients compared to healthy group which is associated to an enhanced
histidine decarboxylase (HDC) activity and a reduced diaminooxydase (DAO) activity that
determine an imbalance between the synthesis and degradation of this monoamine.
Histamine plasma level is dependent on the concentration of histamine in the tissues of
ductal breast cancers, suggesting the participation of this monoamine in the development of
this neoplasia (Reynolds et al., 1998; Sieja et al., 2005; von Mach-Szczypinski et al., 2009). A
pilot study revealed that in samples of the same invasive ductal carcinoma patient,
histamine peripheral blood levels tended to be reduced post-operatively (Kyriakidis et al.,
2009). It was reported that in experimental mammary carcinomas, histamine becomes an
autocrine growth factor capable of regulating cell proliferation via HiR and H>R, as one of
the first steps responsible for the onset of malignant transformation. In this light, the in vivo
treatment with H>R antagonists produced the complete remission of 70% of experimental
tumours (Cricco et al., 1994; Davio et al., 1995; Rivera et al., 2000). Many reports indicate the
presence of HiR and H>R in normal and malignant tissues as well as in different cell lines
derived from human mammary gland. H>R produced an increase in cAMP levels while H;R
was coupled to PLC activation in benign lesions. On the other hand, HiR was invariably
linked to PLC pathway but H>R stimulated both transductional pathways in carcinomas
(Davio et al., 1993, 1996). However, the clinical trials with H>R antagonists demonstrated
controversial results for breast cancer (Bolton et al., 2000; Parshad et al., 2005).

Recently, it was demonstrated that HsR and HiR are expressed in cell lines derived from
human mammary gland (Medina et al.,, 2006). Histamine is capable of modulating cell
proliferation exclusively in malignant cells while no effect on proliferation or expression of
oncogenes related to cell growth is observed in non-tumorigenic HBL-100 cells (Davio et al.,
2002; Medina et al., 2006). Furthermore, histamine modulated the proliferation of MDA-MB-
231 breast cancer cells in a dose-dependent manner producing a significant decrease at 10
pmol.L-1 concentration whereas at lower concentrations increased proliferation moderately.
The negative effect on proliferation was associated to the induction of cell cycle arrest in
G2/M phase, differentiation and a significant increase in the number of apoptotic cells
(Medina et al., 2006; Medina & Rivera, 2010b). Accordingly, by using pharmacological tools,
results demonstrated that histamine increased MDA-MB-231 cell proliferation and also



80 Drug Development — A Case Study Based Insight into Modern Strategies

migration via H3R. In contrast, clobenpropit and VUF8430 treatments significantly
decreased proliferation. This outcome was associated to an induction of apoptosis
determined by Annexin-V staining and TdT-mediated UTP-biotin Nick End labelling
(TUNEL) assay, which was blocked by the specific H4R antagonist JNJ7777120. Also H4R
agonists exerted a 2.5-fold increase in the cell senescence while reduced migration (Medina
et al., 2008, 2010c, 2011b). Furthermore, histamine differentially regulates expression and
activity of matrix metalloproteinases, cell migration and invasiveness through H>R and H4R
in MDA-MB-231 cells modulating H>O; intracellular levels (Cricco et al., 2011).

In addition, histamine at all doses tested, decreased the proliferation of a more differentiated
breast cancer cell line, MCF-7, through the stimulation of the four histamine receptor
subtypes exhibiting a higher effect through the HyR. Treatment of MCF-7 cells with the HysR
agonists, inhibited cell proliferation and increased apoptosis and senescence (Medina et al.,
2011b). These results represent the first report about the expression of Hs3R and HyR in
human breast cells and interestingly show that the H4R is involved in the regulation of
breast cancer cell proliferation, apoptosis, senescence, migration and invasion.

Recent results obtained with the orthotopic xenograft tumours of the highly invasive human
breast cancer line MDA-MB-231 in immune deficient nude mice indicate that the H4R was
the major histamine receptor expressed in the tumour. Remarkably, in vivo JNJ7777120
treatment (10 mg.kg?, p.o., daily administration) significantly decreased lung metastases,
indicating that H4R may be involved in the metastatic process (Medina & Rivera, 2010b). In
addition, in vivo clozapine treatment (1 mg.kgl, s.c., daily administration) significantly
decreased tumour growth while enhanced survival of bearing tumour mice (Martinel Lamas
et al., unpublished data).

Recent data indicate that H3R and HyR are expressed in human biopsies of benign lesions
and breast carcinomas being the level of their expression significantly higher in carcinomas,
confirming that H3R and HyR are present not only in cell lines but also in the human breast
tissue. Furthermore, the expression of H3R is highly correlated with proliferation and
histamine production in malignant lesions while the 50% of malignant lesions expressed
H4R, all of them corresponding to metastases or high invasive tumours (Medina et al., 2008).
The identification of histamine receptor subtypes and the elucidation of their role in the
development and growth of human mammary carcinomas may represent an essential clue
for advances in breast cancer treatment. The presented evidences contribute to the
identification of molecules involved in breast carcinogenesis and confirm the role of HyR in
the regulation of breast cancer growth and progression representing a novel molecular
target for new therapeutic approach.

4. Histamine receptors in lymphomas and leukaemia

There is increasing evidence that histamine plays a role in cell differentiation and
proliferation in several of normal tissues and in a wide range of tumours, including
haematological neoplasias.

After an initial work in the late 1970s showing that histamine is able to induce
haematopoietic stem cell proliferation via HR (Byron, 1977), a real rush broke out in
searching for further effects of histamine in haematopoiesis and haematological neoplasias.
The histamine levels were determined in lymph nodes of patients with malignant
lymphomas, Hodking’s disease (HD) or non-Hodking lymphomas (NHL), and in all cases
the values were higher than in controls. In patients with NHL, these levels showed
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dependence on the grade of malignancy as they found to be significantly higher in those
classified as high-grade malignant (Belcheva & Mishkova, 1995). Immunostaining and
ELISA method also confirmed the presence of histamine in the cytoplasm of acute
lymphocytic leukaemia (ALL) cells, and HiR antihistamines inhibited their clonogenic
growth. There was no correlation between the clonogenic growth of ALL cells and their
histamine content, suggesting that while histamine may be important for the clonogenic
growth of ALL cells; other factors also affect their clonogenity (Malaviya et al., 1996).
Furthermore, leukaemia cell lines such as U937, expressed histamine receptors and a switch
of histamine receptor expression from HR to HiR during differentiation of monocytes into
macrophages is observed (Wang et al., 2000).

Most patients with acute myeloid leukaemia (AML) achieve complete remission after
induction chemotherapy. Despite ensuing courses of consolidation chemotherapy, a large
fraction of patients will experience relapses with poor prospects of long-term survival.
Interleukin-2 (IL-2) and interferon-alpha (IFN-alpha) are effective activators of lymphocytes
with anti-neoplastic properties, such as T-cells or natural killer (NK) cells, constituting the
basis for their widespread used as immunotherapeutic agents in human neoplastic disease.
The functions of intratumoural lymphocytes in many human malignant tumours are
inhibited by reactive oxygen species (ROS), generated by adjacent monocytes/macrophages.
In vitro data suggest that those immunotherapeutic cytokines only weakly activate T cells or
NK cells in a reconstituted environment of oxidative stress and inhibitors of ROS formation
or ROS scavengers synergize with IL-2 and IFN-alpha to activate T cells and NK cells.
Recently, IL-2 therapy for solid neoplastic diseases and haematopoietic cancers has been
supplemented with histamine dihydrochloride (Ceplene), a synthetic derivative of
histamine, with the aim of counteracting immunosuppressive signals from
monocytes/macrophages. Histamine dihydrochloride inhibits the formation of ROS that
suppress the activation of T cells and NK cells by suppressing the activity of NADPH
oxidase via H>R. When administered in addition to IL-2, histamine dihydrochloride enables
the activation of these lymphocytes by the cytokine, resulting in tumour cell killing. This
combination was recently approved within the EU as a remission maintenance
immunotherapy in AML, as histamine dihydrochloride reduces myeloid cell-derived
suppression of anti-leukemic lymphocytes, improving NK and T-cell activation. Further
research in this area will shed light on the role of histamine with the aim to improve cancer
immunotherapy efficacy (Hellstrand et al., 2000; Martner et al., 2010; Yang & Perry, 2011).

5. Histamine receptors in gynaecologic cancers

Gynaecologic cancers encompass a remarkably heterogeneous group of tumours: cervical,
ovarian, uterine, vaginal, and vulvar cancer. It has been postulated that histamine plays a
critical role in proliferation of normal and cancer tissues, including the mammary gland,
ovarian and endometrium.

In the murine uterus, the rapidly dividing epithelial cells of the endometrium can be defined
as the major sources of histamine. In these cells the level of HDC expression is controlled
mainly by progesterone-mediated signals which, interestingly, induce maximal level of
HDC expression on the day of implantation (Pés et al., 2004).

In vitro studies showed that histamine may play an important role in follicular development
and ovulation via HiR and H>R in women, acting as apoptosis inducer, taking part in the
selection process of the dominant follicle and stimulating ovulation (Szukiewicz et al., 2007).
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Interestingly, histamine content increased unequivocally in ovarian, cervical and
endometrial carcinoma in comparison with their adjoining normal tissues, suggesting the
participation of histamine in carcinogenesis. Besides, exogenous histamine, at micromolar
concentration, stimulated proliferation of human ovarian cancer cell line SKOV-3 (Batra &
Fadeel, 1994; Chanda & Ganguly, 1995). Preliminary results show that H4R is expressed in
primary and metastatic ovarian carcinoma and also in gallbladder cancer (Medina & Rivera,
2010b).

Histamine levels within ovarian tissue during the oestrus may correspond to cyclic changes
of mast cells content and distribution in the ovary, suggesting an involvement of these cells
in local regulation of ovarian function (Adyin et al, 1998; Nakamura et al., 1987).
Interestingly, mast cells can typically be found in the peritumoural stroma of cervix
carcinomas, as well as in many other cancers. Furthermore, high numbers of active,
degranulated mast cells have been described in HPV infections and cervical intraepithelial
neoplasias (Cabanillas-Saez et al., 2002; Demitsu et al., 2002). Hence, a functional
relationship between mast cells and tumour cells has been proposed, where mast cells are
involved in stimulating tumour growth and progression by enhancing angiogenesis,
immunosuppression, mitogenesis, and metastasis (Chang et al., 2006). Mast cell activation
leads to the release of inflammatory mediators, including histamine. Increased histamine
levels have been described in the cervix lesions, where they have been associated with
tumour growth and progression. Moreover, histamine receptors have been reported in
different cell lines and tissues derived from experimental and human cervical neoplasias.
The functional significance of immune cell infiltration of a tumour, specifically of mast cells
located at the periphery of several neoplasias, is still a matter of controversy. Histamine
acting via HiR in cervical cancer cells could be pro-migratory, but when acting via HyR
could inhibit migration. On the other hand, other results also showed that cervical
carcinoma cell mediators can activate mast cells to degranulate, demonstrating an active and
dynamic cross-talk between tumour cells and infiltrating mast cells as shown in
morphologic studies of neoplastic tissues (Rudolph et al., 2008).

In the light of these results, further investigations have to be done in order to elucidate the
physiological role of histamine receptors on cell proliferation, as well as its implication in
gynaecologic cancer progression with a potential interest for cancer treatment.

6. Histamine receptors in colorectal cancer

Colorectal cancer is one of the leading causes of cancer death among both men and women
worldwide (Ferlay et al, 2010). It has been previously described that the histamine
catabolising enzymes, DAO or histamine N-methyltransferase (HNMT), activities were
significantly lower in adenoma tissue than in healthy mucosa in the same patients (Kuefner
et al., 2008). Furthermore, HDC expression and its activity are increased in many human
tumours including colorectal cancer (Cianchi et al., 2005; Masini et al., 2005; Reynolds et al.,
1997). The levels of histamine were elevated in colon carcinoma and this is directly related to
an increase in HDC expression and a decrease in DAO activity (Chanda & Ganguly, 1987).
Also, the distribution of histamine receptors in the normal intestinal tract was reported
(Sander et al., 2006). It was showed the expression pattern of H;R, HoR and HyR in intestinal
tract, receptors that were over expressed in the colon of patients with irritable bowel
syndrome and food allergies. Furthermore, the H3R was not detected in intestinal tissue
(Sander et al., 2006). This data was further confirmed by Boer K et al, that also demonstrated
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a decreased of HiR and HiR protein levels in colorectal cancer while the levels of the HoR
were not modified compared to normal colon mucosa (Boer et al., 2008).

It was described that the HiR antagonist, loratadine, inhibited proliferation and enhanced
radiosensitivity in human colon cancer cells (Soule et al., 2010). Also the H>R seems to be
implicated in the proliferation of colon cancer. In 1994 Adams, showed that in vivo and in
two human colonic adenocarcinoma cell lines, C170 and LIM2412, cell proliferation induced
by histamine in a dose dependent manner was blocked by HoR antagonist, cimetidine
(Adams et al., 1994). Ranitidine, another HoR antagonist, also showed to extend the survival
of patients who were under surgery of colorectal cancer (Nielsen et al., 2002). It is well
known the effects of histamine in the immune system, according to this it was demonstrated
that patients receiving cimetidine or famotidine before curative resection augmented the
probabilities of having tumour infiltrating lymphocytes in their tumours than control
patients (Adams & Morris, 1996; Kapoor et al, 2005). Furthermore, earlier studies
demonstrated that histamine induced in vitro and in vivo cell proliferation and this outcome
was blocked by HoR antagonists (Adams et al., 1994; Cianchi et al., 2005). This effect was
associated with the attenuation of anti-tumour cytokine expression in the tumour
microenvironment exerted by histamine, thus resulting in stimulated colorectal cancer
growth (Takahashi et al, 2001; Tomita & Okabe, 2005). In addition, H>R antagonist
significantly suppressed the growth of tumour implants in mice by inhibiting angiogenesis
via reducing VEGF expression (Tomita et al., 2003).

As it was described above, the expression of the HiR seems to be suppressed in human
colorectal cancer. It was also demonstrated that the levels of the HyR are reduced in
advanced colorectal cancer compared with those in an initiating state, which suggest that
the HyR expression is regulated during the progression of the disease (Fang et al., 2011). The
stimulation in vitro of the H4R by a specific agonist induced an augmented expression of the
p21Cirl and p27 Kipl proteins, producing an increase of arrested cells in the G1 phase. It has
been proposed that prostaglandin E2 (PGE-2), the main product of the cyclooxygenase-2
activity, is implicated in colorectal cancer development. In this line, it has been
demonstrated that histamine is fully implicated in the production of PGE-2 by its two
receptors HR and H4R in two human colon carcinoma cell lines (Cianchi et al., 2005).
Histamine effect can be blocked by zolantidine, an H>R antagonist, and also by JNJ7777120,
an HyR antagonist, whereas mepyramine, an H;R antagonist, has no effect on the production
of PGE-2. Furthermore, JNJ7777120 inhibited the cell growth induced by histamine in three
different human colon cancer cell lines and also inhibited the histamine-mediated increase
in VEGF in two cell lines. Combined treatment with zolantidine (an H>R antagonist) and
JNJ7777120 determined an additive effect on reducing the histamine-induced VEGF
production and histamine-stimulated proliferation (Cianchi et al., 2005), suggesting the
involvement of HyR in colon carcinogenesis (Boer et al., 2008).

7. Histamine receptors in melanoma

Malignant melanoma arises from epidermal melanocytes and despite being the cause of less
than 5% of skin cancers, it is responsible for the large majority of skin cancer deaths (Ferlay
et al.,, 2010). Early detection is vital for long-term survival, given that there is a direct
correlation between tumour thickness and mortality (Cummins et al., 2006).

Melanoma cells but not normal melanocytes contain large amounts of histamine that has
been found to accelerate malignant growth (P6s et al., 2004). The absence of expression of
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HDC in Mel-5 positive melanocytes isolated from skin samples of healthy persons, suggest
that the level of HDC is strongly associated with malignancy in the skin (Haak-Frendscho et
al., 2000). As a functional consequence of the inhibition of HDC protein synthesis, specific
antisense oligonucleotide strongly (> 50%) decreased the proliferation rate of both
WM938/B and HT168/91 human melanoma cells. Similar effects were found with other two
melanoma cell lines WM35 and M1/15, suggesting that endogenous histamine may act as an
autocrine growth factor (Hegyesi et al., 2000). On the other hand, overexpression of HDC
markedly accelerated tumour growth and increased metastatic colony-forming potential
along with rising levels of local histamine production that was correlated with tumour H>R
and rho-C expression in mouse melanoma (Pds Z et al., 2005).

It has been previously reported the expression of HiR, HoR and H3R in melanoma cell lines
(Hegyesi et al., 2005). In addition, it was described that in human melanoma cells, histamine
acting through the HiR decreases cell proliferation, whereas it enhances growth when acting
through the HoR (Lazar-Molnar et al., 2002). Furthermore, there is no evidence of mitogenic
signalling through the H3R in human melanoma (Hegyesi et al., 2005).

HiR function is involved in chemotaxis via PLC activation, and its subsequent intracellular
calcium mobilization. Proliferation assays showed that histamine exerted a concentration
dependent dual effect on proliferation of the WM35 primary melanoma cell line. High
concentrations of histamine (10-> M) had an inhibitory effect while lower concentrations (10-
7M) increased colony formation. Similar results were achieved when using HiR agonist 2-(3-
fluoromethylphenyl)histamine and H:R agonist arpromidine, respectively. The use of
ranitidine, famotidine and cimetidine, all HaR specific antagonists, abolished the stimulatory
effect of histamine on cell proliferation, indicating the participation of H2R in this mitogenic
role of histamine. Second messenger measurement indicated that HoR are linked to cAMP
production, thus suggesting an involvement of PKA in the mitogenic pathway triggered in
this system, which is corroborated by the fact that forskolin and permeable cAMP analogues
also produce a dose-dependent increase on cell proliferation (Ldzar-Molnar et al., 2002).
Numerous in vivo studies employing animal models bearing syngenic or xenogenic
melanoma grafts demonstrated that both endogenous and exogenous histamine have the
ability to stimulate tumour growth while HoR antagonists (e.g. cimetidine, famotidine,
roxatidine) inhibited this effect (P6s et al., 2005; Szincsak et al., 2002; Tomita et al., 2005;
Ucar, 1991). Additionally, HoR antagonists stimulated melanogenesis and inhibited
proliferation in B16-C3 mouse melanoma cells (Ugar, 1991). It was also found that melanoma
tumour growth was not modulated by in vivo histamine treatment while treatment with
terfenadine, an HiR antagonist, in vitro induced melanoma cell death by apoptosis and in
vivo significantly inhibited tumour growth in murine models (Blaya et al., 2010).

Differences between melanoma cells in their capacity to produce and degrade histamine
could explain the different sensitivities of melanoma cell types to exogenous histamine
treatment. Moreover, there is evidence that cytokines can influence HDC expression and
activity. It has been shown that there is a regulation loop between interleukin 6 (IL-6) and
histamine: histamine increased IL-6 expression and secretion in metastatic lines via the HiR,
and IL-6 treatment increased the HDC and histamine content in primary melanoma lines
(Lazar-Molnar et al., 2002). Interferon-gamma (IFN-gamma) produced by surrounding
immune cells decreases HDC expression, affecting melanoma growth and also impairs
antitumour activity of the immune system, then contributing to the escape of melanoma
cells from immunosurveillance (Horvath et al., 1999; Heninger et al., 2000). Furthermore,
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mast cell activation initiates upon ultraviolet-B irradiation, which triggers histamine
secretion acts as a cellular immunity suppressor (Chang et al., 2006).

Moreover, the role of histamine in local immune reactions was further supported by the
results of Hellstrand et al.,, who found that histamine can inhibit the ROS formation of
monocytes/macrophages in the tumour (Hellstrand et al., 2000). This may explain the
clinical benefit demonstrated by histamine (Ceplene) as an adjuvant to immunotherapy with
IL-2 in several phase II and III clinical trials in metastatic melanoma (Agarwala, 2002). The
addition of histamine dihydrochloride to an outpatient regimen of IL-2 is safe and well
tolerated and demonstrates a survival advantage over IL-2 alone (9.4 vs. 5.1 months) in
melanoma patients with liver metastases (Agarwala, 2002). However, a second confirmatory
phase III study failed to show any survival benefit for those patients (Naredi, 2002).

Besides, Medina et al. showed that exogenous histamine modulated the activity of the
antioxidant enzymes, increasing superoxide dismutase while decreasing catalase activity in
WM35 melanoma cells. Accordingly, histamine treatment markedly augmented the levels of
hydrogen peroxide and diminished those of superoxide anion, indicating that the imbalance
of antioxidant enzymes leads to the cell proliferation inhibition (Medina et al., 2009).
Furthermore, it was demonstrated that WM35 and M1/15 melanoma cells express HyR at
the mRNA and protein level. By using histamine agonists and antagonists it was shown that
the inhibitory effect of histamine on proliferation was in part mediated through the
stimulation of the H4R. Treatment with a specific H4R antagonist, JNJ7777120 and the use of
siRNA specific for H4R mRNA blocked the decrease in proliferation triggered by the HsR
agonists. Furthermore, the decrease in proliferation exerted by HiR agonists was associated
with a 2-fold induction of cell senescence and an increase in melanogenesis that is a
differentiation marker on these cells (Massari et al., 2011). Current studies indicate that the
H4R is expressed in the 42% of human melanoma biopsies of different histopathological
types, showing cytoplasmic localization and confirming that the H4R is present not only in
these cell lines but also in human melanoma tissue (Massari et al., 2011).

The in vivo subcutaneous daily 1 mg.kg? histamine or 1 mg.kg? clozapine (H4R agonist)
injections of M1/15 melanoma cell tumour bearing nude mice showed a survival increase
vs. control group (treated with saline solution). Besides, results showed an antitumour effect
of histamine and clozapine, including suppression of tumour growth (Massari et al,
unpublished data). Further studies are needed to corroborate the HyR importance as
potential target for new drug development for the treatment of this disease.

8. Histamine as a potential adjuvant to radiotherapy

8.1 Radioprotectors

Radiotherapy is the most common modality for treating human cancers and relies on
ionising radiation induced DNA damage to kill malignant cells. Eighty percent of cancer
patients need radiotherapy at some time or other, either for curative or palliative purpose.
To optimise results, a cautious balance between the total dose of radiotherapy delivered and
the threshold limit of the surrounding normal critical tissues is required. In order to obtain
better tumour control with a higher dose, the normal tissues should be protected against
radiation damage. Therefore, the role of radioprotective compounds is of utmost importance
in clinical radiotherapy (Hall & Giaccia, 2006; Mah et at., 2011). Ionising radiation causes
damage to living tissues through a series of molecular events. DNA double-strand breaks
(DSBs), which are exceptionally lethal lesions, can be formed either by direct energy
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deposition or indirectly through the radiolysis of water molecules, which generate clusters
of ROS that react with DNA molecules. Because human tissues contain 80% water, the major
radiation damage produced by low linear transfer energy (LET) radiation is due to the
aqueous free radicals. DSBs are essentially two single stranded nicks in opposing DNA
strands that occur in close proximity, severely compromising genomic stability (Grdina,
2002; Hall & Giaccia, 2006; Mah et at., 2011). A series of complex pathways collectively
known as the DNA damage response (DDR) is responsible for the recognition, signalling
and repair of DSBs in cells, ultimately resulting in either cell survival or cell death (Mah et
at., 2011). These free radicals react not only with DNA but also with other cellular
macromolecules, such as RNA, proteins, membrane, etc, and cause cell dysfunction and
mortality. Unfortunately, these reactions take place in tumour as well as normal cells when
exposed to radiation. Therefore, to improve the efficacy of radiotherapy there is an intense
interest in combining this modality with ionising radiation modifiers, such as
radioprotectors. These compounds mitigate damage to surrounding non-malignant tissue
(Brizel, 2007; Grdina, 2002; Hall & Giaccia, 2006; Hosseinimehr, 2007).

The most remarkable group of true radioprotectors is the sulfhydryl compounds. The
simplest is cysteine, a sulfhydryl compound containing a natural amino acid (Table 2). In
1948, Patt discovered that cysteine could protect mice from the effects of total-body
exposure to X-rays if the drug was injected or ingested in large amounts before the radiation
exposure. At about the same time, in Europe independently discovered that cysteamine
could also protect animals from total-body irradiation (Table 2). However, cysteine is toxic
and induces nausea and vomiting at the dose levels required for radioprotection. A
developmental program was initiated in 1959 and conducted at the Walter Reed Institute of
Research to identify and synthesize drugs capable of conferring protection to individuals in
a radiation environment by the U.S. Army. Over 4.000 compounds were synthesized and
tested and it was discovered that the covering of the sulfhydryl group by a phosphate group
reduced toxicity (Grdina, 2002; Hall & Giaccia, 2006; Nucifora et al., 1972).

The concept of the therapeutic ratio is central to understanding the rationale for using
radioprotectors. It relates tumour control probabilities and normal tissue complication
probabilities to one another. An ideal radioprotector will reduce the latter without
compromising the former and should also be minimally toxic itself. Radioprotective
strategies can be classified under the categories of protection, mitigation, and treatment.
Protectors are administered before radiotherapy and are designed to prevent radiation-
induced injury. Amifostine is the prototype drug (Table 2). Amifostine is the only
radioprotective agent that is approved by FDA for preventing of xerostomia induced by
gamma irradiation in patients under radiotherapy (Grdina et al., 2009; Hall & Giaccia, 2006;
Hosseinimehr, 2007; Kouvaris et al., 2007, Wasserman & Brizel, 2001). Its selectivity for
normal tissue is due to its preferential accumulation in normal tissue compared to the
hypoxic environment of tumour tissues with low pH and low alkaline phosphatase, which
is required to dephosphorylate and activate amifostine (Calabro-Jones et al., 1985; Grdina,
2002; Mah et at., 2011). The active metabolite, WR-1065 scavenges free radicals and is
oxidised, causing anoxia or the rapid consumption of oxygen in tissues. This sulfhydryl
compound is one of the most effective radioprotectors known nowadays, but there are two
main problems of its using. The first one is their toxicity and the second is the short-ranged
activity. Amifostine is also the unique radioprotector widely used in clinic on chemotherapy
applications (Grdina et al., 2009; Hall & Giaccia, 2006; Hosseinimehr, 2007).
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COMPOUND SIDE EFFECTS CHEMICAL STRUCTURE
Amifostine (WR-2721) Drowsiness, feeling of coldness, flushing/feeling ”
of warmth; hiccups, nausea, sneezing, vomiting HzN—cl;H—c—oH
(|3H2
SH
Cysteamine Depression, stomach or intestinal ulcer and
bleeding, liver problems, skin condition, H2N
decreased calcification of bone, seizures, broken \/\SH
bone, decreased white blood cells
Palifermin Skin rash, flushing, unusual sensations in the
mouth (tingling, tongue thickness) Cr21-H-1142-N-202-O204-S9
Cysteine Toxic, nausea, vomiting iTlH-_.
HS—CH;—C—COOH
H
Tempol Constipation; diarrhoea, severe allergic reactions -
(rash; hives; itching; difficulty breathing; e N
tightness in the chest; swelling of the mouth, face,
lips, or tongue), loss of appetite, muscle e
weakness, nausea, slow reflexes, vomiting

Table 2. Radioprotectors. Extracted and modified from http:/ /www.wolframalpha.com/
entities/chemicals/palifermin/hs/j8/6k/; http:/ /www.drugs.com

Mitigants are administered after radiotherapy but before the phenotypic expression of
injury and are intended to ameliorate injury. The keratinocyte growth factor (KGF),
palifermin, has been approved as a new, targeted therapy for the prevention of severe oral
mucositis in patients with head and neck cancer undergoing post-operative
radiochemotherapy and can be considered as the prototype mitigant (Weigelt et at., 2011)
(Table 2). Palifermin, like the natural KGF, helps maintain the normal structure of the skin
and gastrointestinal surface (lining) by stimulating cells to divide, grow and develop (Le et
at., 2011; Weigelt et at., 2011).

Treatment is a strategy that is predominantly palliative and supportive in nature.
Pharmacologic radioprotective strategies should be integrated with physical strategies such
as intensity-modulated radiotherapy to realize their maximum clinical potential (Hall &
Giaccia, 2006; Le et al., 2011).

In addition, low-to-moderate doses of some agents such as nitroxides, adrenoceptor agonist,
were found to have radioprotective activity in experiments but their application in clinic
remains doubtful. Tempol (4-hydroxy-2,2,6,6-tetramethyl-piperidinyloxy) belongs to a class
of water-soluble nitroxides which are membrane-permeable stable free radical compounds
that confer protection against radiation-induced damage (Bennett et at., 1987; Mah et at.,
2011; Muscoli et at., 2003) (Table 2). It is thought to elicit its effects through the oxidation of
reduced transition metals, scavenging free radicals and mimicking superoxide dismutase
activity (Jiang et al., 2007).

8.2 Histamine as a radioprotector

Despite many years of research there are surprisingly few radiation protectors in use
today, whose clinical value is limited due to their toxicity; thus, the development of
effective and nontoxic agents is yet a challenge for oncologists and radiobiologists (Hall &
Giaccia, 2006).
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The acute effects of irradiation result from the death of a large number of cells in tissues
with a rapid rate of turnover. These include effects in the epidermal layer or skin,
gastrointestinal epithelium, and haematopoietic system, in which the response is
determined by a hierarchical cell lineage, composed of stem cells and their differentiating
offspring. In clinical radiotherapy, the tolerance of normal tissues for radiation depends on
the ability of clonogenic cells to maintain a sufficient number of mature cells suitably
structured to preserve organ function (Hall & Giaccia, 2006). During radiotherapy for intra-
abdominal and pelvic cancers, radiation seriously affects radiosensitive tissues such as small
intestine and bone marrow (Erbyl et al,, 2005; Hall & Giaccia, 2006). It was previously
demonstrated that histamine treatment (daily subcutaneous injection, 0.1 mgkg?)
significantly protects mouse small intestine against radiation-induced toxicity ameliorating
histological injury and improving trophism of enterocytes (Medina et al., 2007). Histamine
completely prevented the decrease in the number of crypts evoked by whole body
irradiation, which is vital for small intestine restoration since the intestinal crypt contains a
hierarchy of stem cells that preserve the potential to regenerate the stem cell population and
the tissue after cytotoxic exposure (Potten et al., 2002). Histamine radioprotective effect on
small intestine was related to an increased rate of proliferation as evidenced by the
enhanced proliferation markers immunoreactivity [5-bromo-2’-deoxyuridine (BrdU), and
proliferating cell nuclear antigen (PCNA)]. Additionally, this outcome was accompanied by
a reduction in the number of apoptotic cells per crypt and a modification of antioxidant
enzyme levels that could lead to enhance the antioxidant capacity of intestinal cells (Medina
et al., 2007). Histamine also protects rat small intestine against ionising radiation damage
and this effect was principally associated to a decrease in intestinal cell crypt apoptosis
(Medina & Rivera, 2010a).

The bone marrow pluripotent stem cells, such as erythroblast, are particularly radiosensitive
and, after whole body irradiation, an important grade of aplasia is observed increasing the
possibility of haemorrhage and/or infection occurrence that could be lethal. The survival of
stem cells determines the subsequent repopulation of bone marrow after irradiation (Hall &
Giaccia, 2006). Results demonstrated that histamine (0.1 mg.kg?) significantly reduced the
grade of aplasia, ameliorating the oedema and vascular damage produced by ionising
radiation while eliciting a significant conservation of the medullar progenies on bone marrow
in mouse and rat species, increasing the number of megakaryocytes, myeloid, lymphoid and
erythroid cells per mm2. The histamine effect is mediated at least in part by an increase in the
rate of proliferation, as evidenced by the enhanced PCNA protein expression and BrdU
incorporation, and is associated with an enhanced HDC expression in irradiated bone marrow
cells (Medina et al., 2010; Medina & Rivera, 2010a). In this line, it was reported that a faster
bone marrow repopulation was observed in wild type in comparison with HDC-deficient mice
and that intracellular HDC and histamine content in regenerating bone marrow populations is
increased after total-body irradiation (Horvath et al., 2006).

Despite improvements in the technology for delivering therapeutic radiation, salivary
glands are inevitably injured during head and neck cancer radiotherapy, causing
devastating side-effects which results in salivary hypofunction and consequent xerostomia
(Burlage et al., 2008; Hall & Giaccia, 2006; Nagler, 2002). Salivary glands of rat are quite
similar to human salivary glands in which salivary flow is rapidly reduced after radiation
exposure (Nagler, 2002). Recent results demonstrated that histamine markedly prevented
radiation injury on submandibular gland, ameliorating the histological and morphological
alterations. Radiation significantly decreased salivation by approximately 35-40%, which
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was associated with a reduction of submandibular gland wet weight and an alteration of
epithelial architecture, vacuolization of acinar cells and partial loss of eosinophilic secretor
granular material. It is worth noting that histamine treatment (0.1 mg.kg!) completely
reversed the reduced salivation induced by radiation, preserving glandular function and
mass with normal structure organization of acini and ducts. Histamine prevented radiation-
induced toxicity in submandibular gland essentially by suppressing apoptosis of ductal and
acinar cells, reducing the number of apoptotic cells per field (Medina et al., 2011a).

To summarize, histamine treatment can selectively modulate cellular damage produced by
ionising radiation, thus preventing radiation induced damage on small intestine, bone
marrow and salivary glands. Furthermore, histamine in vitro enhances the radiosensitivity
of breast cancer cells (Medina et al., 2006) while does not modify that of melanoma (Medina
et al., 2007). Despite histamine may be proliferative in some cancer cell types, it may still be
beneficial as radioprotector in view of the fact that it is only administered for a short period
of time to reduce the radiation induced damage. It is important to highlight that histamine
radioprotective effect was demonstrated in two different rodent species, which suggests that
histamine could exert a radioprotective action in other mammals. Also, no local or systemic
side effects were observed upon histamine administration in both species.

The presented evidences indicate that histamine is a potential candidate as a safe
radioprotective agent that might increase the therapeutic index of radiotherapy for intra-
abdominal, pelvic, and head and neck cancers, and enhance patient quality of life by
protecting normal tissue from radiation injury. However, the efficacy of histamine needs to
be carefully investigated in prospective clinical trials.

9. Conclusions

In this chapter, we have presented major findings of the most recent research in histamine
cancer pharmacology. These data clearly indicate that histamine plays a key role as a
mediator in most human tumours. Interestingly, histamine is not only involved in cancer
cell proliferation, migration and invasion, but also the tumour microenvironment and
immune system responses are tightly affected. In human neoplasias H3;R and HyR seemed to
be the main receptors involved in the control of the metabolic pathways responsible for
tumour growth and progression, suggesting that H3R and HiR represent potential
molecular targets for cancer drug development. Finally, a novel role for histamine as a
selective radioprotector is highlighted, indicative of the potential application of histamine
and its ligands as adjuvants to radiotherapy.
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1. Introduction

The processes of absorption (A), distribution (D), metabolism (M) and excretion (E)
(collectively referred as ADME) determine the pharmacokinetics (PK) of a compound. Lack
of optimum PK is one of the major reasons for compounds to fail in the clinic resulting in
high attrition rates. In the beginning of 1990, 39% of the drugs failed in the clinic due to poor
PK emphasizing its importance in drug development (Waterbeemd and Gifford, 2003). In
1988, a study of the pharmaceutical companies in UK showed that non-optimal PK was one
of the major reasons (~40%) for termination of drugs in development (Prentis et al., 1988). In
the last two decades this number dropped to ~ 10% (Yengi et al., 2007). The main reasons
for this significant drop in the number of compounds failing for PK reasons can be
attributed to the following: a) application of concepts of drug metabolism and PK to design
compounds in medicinal chemistry programs (Smith et al., 1996); b) development of in vitro
ADME assays that are predictive of in vivo behavior (PK) of drugs (Obach et al., 1997;
Venkatakrishnan et al.,2003; Pelkonen and Raunio, 2005; Thompson,2000; Fagerholm, 2007);
c) use of the Lipinski rule of 5 to design oral drugs (Lipinski, 2000); d) development of
computer programs to predict the human PK parameters and profiles based on in vitro
ADME properties of drugs (Jamei et al., 2009); e) PK/PD correlation studies in preclinical
setting and f) high throughput screening of ADME properties in in vitro and in vivo assays
for hundreds of compounds in the lead identification to lead optimization stages of drug
discovery. The consequence of all the above mentioned developments in ADME have
resulted in the frontloading of non-drug like compounds early in drug discovery and
ultimately reducing the attrition rates of compounds in the clinic.

Histone acetylases (HATs) and Histone deacetylases (HDACs) are enzymes that carry out
acetylation and deacetylation, respectively, of histone proteins (Minucci and Pelicci, 2006).
Histone proteins form a complex with DNA called as nucleosomes, which are the structural
units of chromatin. The interplay of HATs and HDACs activities regulate the structure of
chromatin and control gene expression. The aberrant expression of HDACs has been linked
to the pathogenesis of cancer (Minucci and Pelicci, 2006). Histone deacetylase inhibitors
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(HDACI) are an emerging class of therapeutic agents that induce tumor cell cytostasis,
differentiation and apoptosis in various hematologic and solid malignancies (Mercurio et al.,
2010; Stimson et al., 2009). They are known to exert their anti-tumor activity by inhibiting
the HDACs, which play an important role in controlling gene expression by chromatin
remodeling, that affect cell cycle and survival pathways (Stimson et al., 2009). Inhibitors of
histone deacetylases (HDACi) also show promising anti-inflammatory properties as
demonstrated in a number of animal and cellular models of inflammatory diseases and for
diabetes (Christensen et al., 2011). The HDACi Zolinza (Vorinostat/ Suberolyanilide
hydroxamic acid [SAHA]) and Romidepsin (FK228) have been approved by the FDA
(United States Food and Drug Administration) for the treatment of cutaneous T cell
Lymphoma (CTCL) (Mann et al., 2007, Grant et al.,2010) and for peripheral T cell lymphoma
(PTCL)(http:/ /www.accessdata.fda.gov/drugsatfda_docs/appletter/2011/022393s004ltr.p
df) as such demonstrating clinical “proof-of-principle” for this class of compounds.

Four groups of HDAC inhibitors have been characterized: (i) short chain fatty acids (e.g.,
Sodium butyrate and phenylbutyrate), (ii) cyclic tetrapeptides (e.g., Depsipeptide and
Trapoxin), (iii) benzamides (e.g. MGCD0103 (Mocetinostat), Cl-994 and MS-275
(Entinostat)), and (iv) hydroxamic acids (e.g., SAHA [Vorinostat/Zolinza]), LBH589
(Panabinostat), SB939 (Pracinostat), ITF2357 (Givinostat), PXD101 etc). Table 1 shows
compounds that are currently in different stages of clinical development.

The clinical progress that has been made by hydroxamic acid derivatives as HDAC
inhibitors is of particular interest because they are usually considered as non-druggable and
are down-prioritized in lead identification campaigns attributing to their poor
physicochemical and ADME properties. SB939 (Pracinostat) is a potent HDACi that was
discovered and developed at S*BIO (Wang et al., 2011; Novotny-Diermayr et al, 2011) to
overcome some of the ADME and PK/PD (Pharmacokinetic/Pharmacodynamic) limitations
of the current HDACi. The pharmacokinetics and drug metabolism aspects of the four
classes of HDACi have not been reviewed extensively. In this article, we review the
pharmacokinetic and drug metabolism properties of SB939 and the preclinical and clinical
ADME aspects of other HDAC inhibitors in the clinic.

2. Short chain fatty acids

2.1 Sodium butyrate (SB)

Sodium butyrate is a short chain fatty acid inhibitor of HDAC enzymes that is in phase 2
clinical trials. The PK of SB in preclinical species was characterized by poor bioavailability,
short ti/> (< 5 min in mice and rabbits), leading to challenges in oral administration
(Coradini et al, 1999; Daniel P et al, 1989). Butyrate was found to be transported by via a
carrier mediated transport system MCT1 in Caco-2 cells suggesting that the absorption of SB
might be saturable (Stein et al., 2000). SB has been reported to significantly increase the
cytochrome P450 3A4 (CYP3A4) activity in Caco-2 cells transfected with CYP3A4 (Cummins
et al; 2001) and induce P glycoprotein (PgP) in vivo (Machavaram et al., 2000). Due to its low
potency very high doses were required to achieve pharmacological concentrations in
animals and humans (Kim and Bae, 2011). In PK studies in mice and rats, SB showed rapid
clearance (CL) with non-linear PK resulting from the high doses (up to 5 g/kg in mice),
based on which the authors indicated that high doses would be problematic in humans
(Egorin et al., 1999). In a clinical pharmacology study in leukemia patients, where SB was
administered as continuous intravenous (IV) infusions (at a dose of 500 mg/kg/day) over a
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Table 1. HDAC inhibitors in clinical development



Histone Deacetylase Inhibitors asTherapeutic
Agents for Cancer Therapy: Drug Metabolism and Pharmacokinetic Properties 105

10 day period, SB declined rapidly post infusion with a very short ti/2 (~ 6 min), with high
systemic clearance (CL~5 L/h/kg) and low volume of distribution (V4=0.74 L/kg) (Miller et
al., 1987). The amount of unchanged SB in urine was minimal suggesting that SB’s clearance
was primarily by metabolism. The authors concluded that the lack of efficacy of SB in the
leukemic patients was due to its low plasma levels and very short t1/> (Miller et al., 1987).

2.2 Sodium phenyl butyrate (PB)

Sodium phenyl butyrate (PB) is an aromatic fatty acid HDACi, with low potency of 0.5 mM
that is in phase 2 trials for cancer. PB (Buphenyl) has already been approved by the FDA for
patients with hyperammonemia (Gilbert et al., 2001).

In a phase 1 study in patients with solid tumors, the PK of PB was characterized by rapid
absorption (time of peak concentration [tmax] ~1.8 h), dose proportional increase in oral
exposures between doses of 9 and 36 g/day, a short t;» of 1 h, with mean absolute oral
bioavailability (F) of 78% (Gilbert et al., 2001). In the same study, the major circulating
metabolites of PB were phenylacetate (PA) and phenyacetylglutamine (PG), the exposures of
which were 46-66% and 70-100% respectively of PB, suggesting extensive metabolic clearance
of PB in humans. The highest percentage of patients that showed stable disease was from the
36 g/day cohort, in which the time above 0.5 mM was ~ 4.0 h (Gilbert et al., 2001). In another
phase 1 study in patients with myelodysplastic syndrome (MDS) and acute myelogenous
leukemia (AML), where PB was dosed as IV infusions, PB showed non-linear PK between 125
and 500 mg/kg/day, with PA and PG being formed as major metabolites (Gore et al., 2001).
The low potency of PB requires very high doses in humans, leading to non-linear kinetics, thus
making it a less attractive chemotherapeutic agent. In another phase 1 study, where PB was
evaluated as continuous IV infusions (120 h) in solid tumors, the PK of PB was best described
by saturable elimination, and PG was the major metabolite found in urine which was
indicative of extensive metabolic clearance of PB in humans (Carducci et al., 2001). In the same
study the plasma clearance (CL) of PB increased during the infusion period in some patients at
higher dose levels. In a dose escalation oral study of PB in patients with glioma, who also
received anticonvulsants concomitantly, the mean CL of PB was significantly higher than in
solid tumor patients, and the possible reason was attributed to the induction of cytochrome
P450 (CYP450) enzymes by anticonvulsants (Phuphanich et al., 2005). Thus it appears that the
CYP450 metabolism might play a significant role in clearance of PB in humans.

2.3 Sodium valproate

Sodium valproate is a short chain fatty acid that is currently in phase 1 and 2 clinical trials in
patients with solid tumors and hematological malignancies (Federico and Bagella, 2011).
Sodium valproate (Depakote) has been previously approved for use in epilepsy patients and
is in medical use for the last 3 decades (Federico and Bagella, 2011). It is a moderately potent
inhibitor of class 1 HDAC enzymes with promising antitumor effects in vitro and in vivo. The
human ADME of sodium valproate is characterized by a) high plasma protein binding (PPB)
of 90 % with concentration dependent PPB; b) weak inhibitor of some CYP450, epoxide
hydrolase and glucoronosyl transferases; c) entirely metabolized by the liver via
glucoronidation and P-oxidation pathways with less than 3% of unchanged parent drug
found in the urine; d) minimum drug-drug interaction (DDI) potential with CYP450
inhibitors as CYP450 mediated oxidation is a minor pathway ; e) high absolute oral
bioavailability (90%); f) mean terminal half-life of 9-16 h (Depakote prescribing information,
http:/ /www.accessdata.fda.gov/drugsatfda_docs/label).
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3. Cyclic tetrapeptides

3.1 Romidepsin (FK228, depsipeptide, ISTODAX™)

Romidepsin is a bicyclic peptide that was isolated as a secondary metabolite from a
naturally occurring soil bacterium, and found to be a potent anti-tumor agent in vitro and in
vivo (Ueda et al., 1994) and subsequently found to be a potent HDACiI. It was approved by
the FDA for treatment of patients with refractory CTCL (Mercurio et al., 2010). Romidepsin
is a high molecular weight drug (Mw ~ 541), highly lipophilic, and insoluble in water,
necessitating intraperitoneal and subcutaneous administrations in pharmacology studies
(Ueda et al., 1994). The in vitro PPB of Romidepsin to human plasma was 92-94 % over a
concentration of 50-1000 ng/mlL, indicating high binding (http://www.accessdata.fda).
Romidepsin is a substrate of PgP and MRP1 (Xiao et al., 2005). Depsipeptide was extensively
metabolized by human liver microsomes, leading to the formation of at least 10 different
metabolites, and was found to be primarily metabolized by CYP3A4 in vitro (Shiraga et al.,
2005). Among the metabolites formed, mono-oxidation, di-oxidation, reduction of disulfide
metabolites and two unidentified metabolites were the major metabolites in humans
(http:/ /www.accessdata.fda). It did not seem to inhibit any of the major human CYP450
enzymes in vitro, and there are no reports on its effect on the induction of human CYP450s
(http:/ /www.accessdata.fda). The preclinical PK of depsipeptide was characterized by high
systemic CL and long ti/> (~ 6.0 h) in mice (Graham et al., 2006). In rats, the volume of
distribution at steady state (V) was very high (100 L/kg) and systemic CL was high (~ 49
L/h/kg), t1/2 was short (18 min), and had poor oral bioavailability (F= ~ 2-11%) (Li and
Chan, 2000). The low F in rats may be could be due to high first-pass effect, poor solubility
and PgP efflux. Systemic CL (~1.8 L/h/kg) and ti/> (205 min) were moderate in nonhuman
primates (Berg et al., 2004). In a radiolabelled mass-balance study in rats with FK228,
approximately 98% of the dose was recovered in excreta with ~ 79% of the dose in the feces,
and biliary clearance appeared to be the main clearance mechanism
(http:/ /www.accessdata.fda; Shiraga et al., 2005). Unchanged FK228 accounted for 3% of
the dose, with > 30 metabolites detected in bile, indicating extensive metabolism of FK228
(Shiraga et al., 2005). The clinical PK of Romidepsin was characterized by low V (54 L), low
CL (20 L/h), and a short t;> (~ 3.5 h) (http:/ /www.accessdata.fda; Woo et al., 2009). The
intra-patient variability was moderate to high (30-80%) and the inter-patient variability was
high (50-70%) (http://www.accessdata.fda;). Despite the high inter-patient variability the
AUC and Cpaxincreased dose proportionally (http:/ /www.accessdata.fda).

Romidepsin is the only HDAC] that seems to be a PgP substrate. Romidepsin induced PgP
expression in the HCT15 tumor cell line and conferred resistance to its action (Xiao et al.,
2005). A possibility of correlation between PgP induction and the poor response rate of
Romidepsin in cancer patients has been proposed (Xiao et al., 2005).

4. Benzamides

4.1 Mocetinostat (MGCD0103)

Mocetinostat (MGCD0103), an aminophenyl benzamide, is a potent inhibitor of HDAC 1, 2,
and 3 enzymes and has recently completed Phase 2 clinical trials (Mercurio et al., 2010). It is
a small molecule (Mw~396) and moderately lipophilic (LogP=2.6). There is no information
available on its permeability, microsomal stability, metabolism, plasma protein binding,
CYP450 inhibition and induction. In preclinical PK studies in mice, rat and dog,
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Mocetinostat showed moderate Vs (0.35 -0.91 L/kg), moderate to high CL (1.7 to 4.3
L/h/kg), short t1/> (0.6-1.3 h), with F ranging between low (mice =12%), moderate (rat=47%)
and low-high (dogs=1-92%) (Zhou et al., 2008). In preclinical PK and PD studies, where the
dihydrobromo salt of Mocetinostat was used, the dosing formulations required acidification
and cosolvent addition indicating solubility issues (Zhou et al, 2008).

In a phase 1 study in patients with leukemia, the oral PK of Mocetinostat was characterized
by rapid absorption (tmax = 0.5-1.2 h), mean elimination t;,> of 7-11 h, and a dose related
increase in peak plasma concentration (Cmax) and area under the concentration-time curve
(AUC) between 20 and 60 mg/m?2 and tended to plateau at higher doses (Garcia-Manero et
al., 2011). Based on the lack of accumulation upon repeated dosing, it was suggested that

induction or inhibition of drug elimination was unlikely in humans (Le Tourneau and Siu,
2008).

4.2 CI1994 (N-acetyldinaline)

CI994 (N-acetlydinaline), belonging to the benzamide class, is a HDACi with promising
antitumor activities in preclinical xenograft models, and subsequently progressed to phase 1
2 clinical trials (Richards et al., 2006). CI994, a small molecule (MW=269.3) and with poor
aqueous solubility, was developed as an acetylated analogue of Dinaline (GOE-1734), which,
also showed equivalent antitumor activity (LoRusso et al., 1996). CI994 was eventually
identified as an active metabolite of Dinaline (LoRusso et al., 1996). Limited data is available
on its in vitro ADME. It showed low PPB in mice (20%) (Foster et al., 1997). In an oral PK and
metabolism study in mice, where CI-994 was dosed once daily at 50 mg/kg for 14 days, it
showed moderately rapid absorption (tmax= 30-45 min), 2 compartment disposition with a
terminal t;/2 on day 1 (9.4 h) being longer than on day 14 (3.4 h), and oral CL ranging
between 0.42 (Day 1) -0.52 (day 14) ml/min (Foster et al., 1997). High amounts of unchanged
drug (42-58% of dose) were found in the urine with minimal amounts in fecal samples,
suggesting that renal clearance was a major clearance pathway for CI-994. Low amounts of
Dinaline were found in urine and feces indicating that in vivo conversion of CI-994 to
Dinaline were not significant. In rhesus monkeys, the PK of CI-994 was characterized by low
volume of distribution (Vq) (0.3 L/kg) and CL (0.05 L/h/kg), a moderate ti/2 (7.4 h), and
high brain penetration (Riva et al., 2000). The oral bioavailability of CI-994 in preclinical
species was 100% (Riva et al., 2000). In a phase 1 study in cancer patients following oral
dosing (5-15 mg/m?2), CI-994 showed rapid absorption (tmax 0.7-1.6 h), oral CL ranging
between ~30-48 ml/min/m?2), dose proportional increases in Crnax and AUC, and moderately
long t1/2 (7.4-14 h) (Prakash et al., 2001). In the same study, no food effects were observed on
the oral PK of CI-994.

4.3 Entinostat (MS-275)

Entinostat (MS-275) is a small molecule, synthetic benzamide that is currently in phase 2
trials (Mercurio et al., 2010). It is moderately lipophilic (LogD= 1.79), with moderate plasma
protein binding (fraction unbound [f.] ranged between 0.375 to 0.439 in preclinical species,
and 0.188 in humans) (Hooker et al., 2010; Acharya et al., 2006). In preclinical pharmacology
studies, the tmax of Entinostat ranged between 30-40 minutes with a t;/2 of ~ 1 h in rats, mice
and dogs, and the oral bioavailability was high (F~ 85%) (Ryan et al., 2005). In a
radiolabeled tissue distribution and brain penetration study in baboons, radioactivity was
cleared both by renal and biliary systems, and showed poor brain penetration (Hooker et al,
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2010). The authors concluded that PgP mediated efflux was probably not the main
mechanism for the poor brain penetration.

The clinical PK of Entinostat, in cancer patients, was characterized by variable absorption
rates (tmax ranged between 0.5 to 60 h), a mean terminal elimination half-life of ~ 52 h, low
oral clearance (CL/F=17.4 L/h/m?), nearly dose proportional increase in exposures with
dose (range 2-12 mg/m?), and with substantial interpatient variability (Ryan et al., 2005).
The nearly 50 fold longer t;/2 in humans was not predicted based on the preclinical PK
(Ryan et al., 2005). The possible reasons for the extended ti/> in humans were attributed to
entero-hepatic recirculation and higher binding to human plasma proteins to some extent
(Ryan et al., 2005). In an in vitro study, no metabolites could be detected after incubation of
MS-275 in human liver microsomes, indicating that hepatic metabolism was a minor
pathway of elimination in humans (Acharya et al., 2006).

5. Hydroxamic acids

5.1 Vorinostat (suberoylanilide hydroxamic acid [SAHA], ZOLINZATM)

Vorinostat (SAHA, ZOLINZA™), belonging to the hydroxamic acid class, was the first
HDAUG: to be clinically approved for the treatment of refractory cutaneous T-cell lymphoma
(Mann et al., 2007). Vorinostat (My=264) is poorly soluble in aqueous solutions ~ 191 pg/mL
[~0.7 mM] (Cai et al., 2010), has a pKa of 9.2 and a LogP ~1.0 (http:/ /www.accessdata.fda).
It was moderately permeable in Caco-2 cell permeability assays (~ 2 X 10¢ cm/sec), based
on which, and its poor solubility, it was classified as a Biopharmaceutical Classification
System (BCS) class 4 drug (http://www.accessdata.fda). It displayed low to moderate
binding to plasma proteins, with mean PPB of 71.3, 62.5, 43.6, 32.4, and 31.1 % in human,
rabbit, dog, rat and mouse plasma, respectively (http://www.accessdata.fda). The mean
blood-to-plasma partition ratio was 1.2, 0.7, and 2.0 in rat, dog and human blood,
respectively (http:/ /www.accessdata.fda). In in vitro metabolism studies, using S9 and liver
microsomal fractions from rat, dog and humans, the major metabolic pathway was O-
glucoronidation of Vorinostat in all the 3 species, and a minor pathway was the hydrolysis
of parent to 8-anilino-8-oxooctanoic acid (8-AOO) (http://www.accessdata.fda). In
metabolism studies with hepatocytes from rat, dog and humans, the major metabolites
formed in all the 3 species were 4-anilino-4-oxobutanoic acid (4-AOB, B-oxidation product)
and 8-AOO (hydrolysis). In dog hepatocytes, the O-glucoronide was also a major
metabolite, with  human  hepatocytes  generating small amounts of it
(http:/ /www.accessdata.fda). The CYP450 enzymes were not responsible for the
biotransformation of Vorinostat (http://www.accessdata.fda).

In preclinical studies in rats and dogs (Sandhu et al.,, 2007), the PK of Vorinostat was
characterized by high systemic CL (7.8 and 3.3 L/h/kg in dog (> liver blood flow of ~ 1.9
L/h/kg) and rat (=liver blood flow of 3.3 L/h/kg), respectively), low to moderate Vg (1.6
and 0.6 L/kg in dog and rat respectively), short half-lives (12 min in dog and rat), and poor
oral bioavailability (11 % and ~ 2% in dog and rat, respectively). The O-glucoronide and 4-
AOB metabolites of Vorinostat were detected in significant levels in both the species
following oral dosing (AUC ratio of O-glucoronide to Vorinostat was ~ 1.0 and 2.3 in dog
and rat, respectively; and the AUC ratio of 4-AOB to Vorinostat was 10 and 23 in dog and
rat, respectively). In excretion studies with radiolabeled Vorinostat, 89-91% and 68-81% of
the total dose was recovered in urine of rat and dog, respectively. The major metabolites in
rat urine (over a period of 24 h) were acetaminophen-O-sulfate (~16-19%), 4-AOB (47-48%),
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6-anilino-oxohexanoic acid (6-AOB) (~10-14%), O-glucoronide in trace amounts, and the
parent accounting for 0.7- 5%. In dog urine, the major metabolites found were 4-AOB (31-
34%), ortho-hydroxyaniline O-sulfate (17-21%), with minor amounts of the O-glucoronide
and carnitine esters of 6-AOH and 8-AOO. Thus, Vorinostat was primarily cleared by
metabolism and renally excreted in rat and dog. The data suggest that the low
bioavailability of Vorinostat in rat and dog was due to a high first-pass effect and not due to
absorption since the > 90% of the dose was recovered in urine, indicative of high intestinal
absorption (fraction of dose absorbed [F,]=0.8-1.0) (Sandhu et al., 2007).

Vorinostat did not inhibit any of the major human CYP450 enzymes
(http:/ /www.accessdata.fda). It did not significantly induce CYP1A2, 2B6, 2C9, 2C19 and
3A4 in freshly cultured human hepatocytes, although the induction activity of 2C9 and 2C19
were suppressed at the highest concentration (http:/ /www.accessdata.fda).

In the first clinical trial in cancer patients Vorinostat was administered intravenously asa 2 h
infusion (Kelly et al., 2003). The intravenous route was chosen due to predictions of poor
oral bioavailability based on its preclinical ADME properties (Kelly et al.,, 2003). In a
subsequent phase 1 trial, Vorinostat was dosed orally in patients with advanced cancer in
which the oral PK was also characterized (Kelly et al., 2005). Vorinostat showed dose
proportional increase in Cpax and AUC following single oral doses of 100, 400 and 600 mg,
with the average terminal ti/> ranging between ~ 92 to 127 minutes, median tma.x ranging
between 53 to 150 minutes, and an absolute oral bioavailability of 43%. No apparent changes
were observed in PK following multiple oral dosing. The ti/> following oral dosing was
longer than the ti/> observed after i.v. dosing (range of ~35-42 min), suggesting that the
elimination of Vorinostat was absorption rate limited (Kelly et al., 2005). In another study
investigating the PK of Vorinostat, at 400 mg, and its major metabolites in cancer patients,
the mean serum exposures of the O-glucoronide and 4-AOB were 3-4 fold and 10-to-13 fold
higher, respectively, than that of Vorinostat (Rubin et al., 2006). In the same study, up to
18% and 36% of the O-glucoronide and 4-AOB, respectively, were recovered in urine, with
the parent accounting for < 1 % of the total dose, clearly indicating that Vorinostat was
cleared primarily by metabolism in humans, and that the O-glucoronide and 4-AOB were
the major metabolites. The main enzymes responsible for the formation of the O-
glucoronide were identified as the UDP-glucoronosyltransferases (UGTs), such as the UGTs
2B17 and 1A9, which are expressed in the liver, and the extrahepatic UGTs 1A8 and 1A10
(Balliet et al.,2009). UGT2B17 was one of the major enzymes contributing to the formation of
the O-glucoronide of Vorinostat in humans (Balliet et al., 2009). Since UGTs are known to
show extensive polymorphism, including UGT2B17, they have been associated with the
variable PK and response of Vorinostat in patients (Balliet et al., 2009).

There have been no reports on allometric scaling or the predictions of human PK based on
preclinical ADME data so far.

5.2 Panabinostat (LBH589)

Panabinostat (LBH589) is a cinnamic hydroxamic acid and a potent pan HDAC inhibitor
that is currently in phase 2 clinical trials (Mercurio et al., 2010). Very little information is
available on its preclinical ADME characteristics. It showed poor oral bioavailability in
rodents (F=6% in rats) and moderate F in dogs (33-50%) (Konsoula et al, 2009).

Like SAHA, Panabinostat was first tried as an intravenous formulation in the phase 1
clinical trials (Giles et al., 2006). In that study, LBH589 showed dose proportional increase in
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Cmax and AUC between 4.8 and 14 mg/m?, with the terminal half-life ranging between 8-16
h. The Vi and CL were not reported. The oral PK of Panabinostat was characterized by
rapid absorption (tmax =1-1.5 h), linear increase in dose between 20 and 80 mg and the
terminal t;/» ranged between 16-17 h (Prince et al, 2009). In an oral mass-balance study in
patients with advanced cancer, following a single oral dose of 20 mg of #C radioactively
labeled Panabinostat, 87% of the administered dose was recovered in the excreta, with
unchanged drug accounting for <3% of the administered dose in the feces, suggesting good
oral absorption and extensive metabolism (Clive et al, 2006). The major circulating
metabolites were glucoronidation products of Panabinostat, in addition to hydrolysis and
reduction products. Thus, it appears that there is no single major metabolic pathway for the
elimination of Panabinostat in humans. CYP3A4 does not significantly contribute to the
elimination of Panabinostat in humans (DeJonge et al, 2009). Human PK data suggest that
Panabinostat is a permeable drug and the poor bioavailability in preclinical rodents could be
due high first-pass and poor solubility.

5.3 Givinostat (ITF2357)

Givinostat (ITF2357) is a pan HDAC inhibitor, belonging to the hydroxamic acid class that is
currently in phase 2 trials for many hematological malignancies (Mercurio et al., 2010).
Preclinical ADME information is either limited or qualitative for Givinostat. Metabolism
was the primary clearance mechanism in preclinical species like rats, dogs, rabbits and
monkeys, with excretion being biliary or renal (Furlan et al, 2011). In a phase 1 study in
healthy volunteers, the oral PK of Givinostat was characterized by rapid absorption, dose
proportional increases in Cmax and AUC upon single and multiple oral dosing, and the
terminal half-life ranged between 5-7 h (Furlan et al, 2011). Two major circulating
metabolites of Givinostat, a carboxylate and an amide formed due to oxidation and
reduction of the hydroxamic acid group, were detected at significant levels in plasma.

5.4 Belinostat (PXD101)

Belinostat (PXD101) is a hydroxamic acid class potent pan HDAC inhibitor that is currently
in phase 2 clinical trials (Mercurio et al., 2010). It is a small molecule (Mw 318) and sparingly
soluble in aqueous solutions (Urbinati et al.,, 2010). Preclinical ADME information on
Belinostat is limited. Preclinical pharmacodynamic studies in mice (Plumb et al., 2003) and
PK studies in non-human primates (Warren et al 2008) have been performed using IV
administrations, suggesting that Belinostat may have poor solubility and bioavailability
issues. However, in dogs an oral bioavailability of 30-35% was reported (Steele et al, 2011).
In rhesus monkeys, clearance was rapid (425 mL/min/m?) with a t;/2 of 1.0 h (Warren et al
2008). In a PK/PD study in mice following IV dosing at 200 mg/kg, Belinostat declined
rapidly in plasma (ca ti/2 ~ 0.4 h), suggesting high systemic clearance (Marquard et al 2008).
In the same study a correlation was observed between tumor concentrations and histone 4
acetylation levels indicating that Belinostat penetrated solid tumors.

In a phase 1 clinical study in patients with solid tumors, where Belinostat was administered
as a 30 min IV infusion, its PK was characterized by dose proportional increase in AUC and
Cmax and a short t1/2 (0.45 to 0.79 h) (Steele et al., 2008). The oral PK of Belinostat following a
1000 mg/m?2 dose in patients with solid tumors, was characterized by mean tmax of 1.9 h
(although the oral concentration-time profile showed a flat absorption phase), with a mean
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ti/2 of 1.5 h (Steele et al, 2011). High variability was observed in oral clearance (39-71%) due
to which dose proportionality analysis was not attempted. The oral t;/> was longer than that
of the IV, which was attributed to a slow absorption rate (Steele et al., 2011). Oral
bioavailability ranged between low to moderate (20-50%) in patients with advanced solid
tumors (Kelly et al., 2007). Although a correlation between H4 acetylation and
concentrations was observed following oral dosing at 1000 mg/m? (Steele et al., 2011), recent
phase 2 trials have employed IV dosing of Belinostat (Cashen et al., 2011). In another Phase 1
study, where the metabolism of Belinostat was studied in patients with hepatocellular
carcinoma, five metabolites were identified (Wang et al, 2010). Glucoronidation was the
most significant pathway of metabolism, and the methylated and amide (reduction of
hydroxamic acid) products were also detected. The acid and N-glucoside forms of Belinostat
were found as minor metabolites. In an in vitro assay using 12 isoforms forms of human
UGTs, Belinostat was mainly cleared by UGT1A1l (Wang et al., 2010). The data taken
together suggest that Belinostat was primarily cleared by phase 2 metabolism, involving
UGT1A1, in humans.

5.5 CUDC-101

CUDC-101 is a small molecule (Mw 434.5) hydroxamic acid HDACI, synthesized by
incorporating the hydroxamic acid group into the epidermal growth factor receptor (EGFR)
pharmacophore, that exhibited antiproliferative effects in vitro and in vivo (Cai et al., 2010;
Lai et al, 2010). The preclinical ADME of CUDC-101 is not available (Cai et al., 2010). The
fact that CUDC-101 was dosed IV in the preclinical efficacy studies suggests that it may
have had poor oral bioavailability (Cai et al., 2010). CUDC-101 is currently in phase 1 trials
(Cai et al., 2010)

5.6 JNJ-26481585

JNJ-26481585 is a second-generation, small molecule hydroxamic acid based potent pan-
HDAC I that is currently in phase 1 trials (Mercurio et al., 2010). The preclinical ADME
information for this compound is minimal. JNJ-26481585 has been shown to undergo
extensive first-pass metabolism resulting in poor oral bioavailability in rodents, due to
which it had to be dosed intraperitoneally (IP) in xenograft models (Arts et al., 2009). In a
phase 1 oral PK/PD study in solid tumor patients, the exposures of JNJ-26481585 (dosed q.d.
in 3 weekly cycles) increased dose proportionally between 2 and 12 mg (Postel-Vinay et al.,
2009). In the same study promising antitumor activity was observed indicating orally active
exposures were achieved in humans.

5.7 CRA-024781(PCl-24781)

CRA-024781(PCI-24781) is a small molecule, hydroxamic based pan HDACi that is currently
in phase 1 trials (Mercurio et al., 2010). In preclinical murine models of efficacy, its PK was
characterized by a very short t1/2 (~ 7 min), very high CL (~ 18 L/h/kg) and high V¢ (~ 9
1/kg) (Buggy et al., 2006). It was administered intravenously at high doses of up to 200
mg/kg in the efficacy models, most probably owing to poor oral bioavailability and high CL
(Buggy et al, 2006). In a phase 1 study in patients with solid tumors, where PCI-24781was
dosed as a 2 h IV infusion, the mean elimination t;/> was ~ 6 h, high CL and moderately high
Vs, low oral bioavailability of 28%, with the carboxylic acid and amide metabolites formed
at~ 60 % of the parent (Undevia et al., 2008).
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5.8 Pracinostat (SB939)

Pracinostat (SB939) is a hydroxamic acid based potent HDACi that is in multiple phase 2
clinical trials (http://clinicaltrials.gov/ct2/results?term=Sb939) in patients with solid
tumors and hematological malignancies. Since the clinically advanced hydroxamic acid
HDAUC I (Zolinza, Panabinostat and Belinostat) had ADME liabilities, such as poor solubility
and oral bioavailability, we sought to identify a candidate that would achieve
pharmacologically active exposures in humans when dosed orally. Pracinostat is a small
molecule (Mw 359) moderately lipophilic base (LogD74 =2.1) with high aqueous solubility
(>100 mg/mL in water for the HCI salt of SB939) and high permeability with low efflux
which indicated that Pracinostat would show high intestinal absorption in vivo (Wang et al.,
2011). Based on its solubility and permeability Pracinostat was categorized as a BCS class 1
compound (S*BIO Data files). In preclinical PK studies Pracinostat showed higher oral
bioavailability in mice (F=34%) and dogs (F=65%), than Zolinza, Panabinostat and Belinostat
(table 2). The superior efficacy of Pracinostat, over Zolinza and Belinostat, when dosed
orally in murine xenograft models was consistent its improved PK profile (Novotny-
Diermayr et al., 2011). Pracinostat was found to selectively accumulate in tumors which
correlated well with increased and prolonged acetylation levels in tumor which, in turn
correlated with high tumor growth inhibition in mice (Novotny-Diermayr et al., 2011).
Preclinical ADME of Pracinostat was characterized by: a) in in vitro liver microsomal
stability studies, Pracinostat was most stable in human and dog, moderate in mouse, and
least stable in rat; b) uniform PPB of 84-94% in preclinical species and humans; c) was
metabolized mainly by human CYP3A4 and 1A2; d) did not inhibit the major human CYPs
except moderate inhibition of 2C19 (~ 6 uM); e) lack of significant induction of human
CYP3A4 and 1A2 in vitro; f) metabolite identification studies using liver microsomes showed
the formation of N-deethylation and bis-N-deethylation as major metabolites in addition to
minor oxidative products; g) a glucoronidation product of SB939 was found as the major
metabolite in rat urine following oral dosing; h) PK: high systemic clearance of 9.2, 4.5 and
1.5 L/h/kg in mice, rat and dog, respectively and high volume of distribution (Vs ranged
between 1.7 to 4.2 L/kg) in preclinical species; i) moderate F in mice and dogs and poor in
rats (Jayaraman et al., 2011). In PK/PD studies in HCT116 xenograft models, studying the
relationship between tumor growth inhibition and the PK/PD indices such as
AUC/ICsorcr116, Cmax/ ICso,mcT116, and time above 1Csg reri16, Pracinostat was found to have
the highest PK/PD ratios for all the three PK/PD parameters when compared to Vorinostat,
Panabinostat and Belinostat (figure 1) (Jayaraman et al., 2009).

Pracinostat showed linear allometric relationships for V¢ and CL in preclinical species.
Prediction of human PK parameters using allometry indicated oral exposures would be
achieved in humans with an acceptable t1,> which, was subsequently found to be consistent
with the observed data from cancer patients (Jayaraman et al., 2011). The human PK of
Pracinostat was simulated with the Simcyp ADME simulator (Jamei et al., 2009) using the
physico-chemical and in vitro ADME data. The simulated PK profiles were in good
agreement with the observed mean data, and the mean oral clearance and AUCs were
predicted reasonably well (within 2 fold of observed data) (Jayaraman et al., 2011).
Furthermore, simulations of drug-drug interactions (DDI) of Pracinostat in humans with the
potent CYP3A inhibitor and inducers, ketoconazole and rifampicin, respectively, and with
omeprazole (substrate of 2C19) showed lack of potential DDI at the clinically relevant dose
of 60 mg (Jayaraman et al., 2011).
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Fig. 1. The relationship between tumor growth inhibition (%TGI) and PK/PD parameters for
HDAUG I in the murine HCT116 xenograft model (Jayaraman et al., 2009). a) AUC/ICso, rcT1165
b) Ciax/ 1Cso, Het16; €) time above ICso, ricT116.

mice dog

Parameter Pracinostat Vorinostat Belinostat Panabinostat Pracinostat Vorinostat

(SB939)  (SAHA) (PXD101)  (LBH589) (SB939)  (SAHA)
Coman(ng/mL) 2632 501 489 116 1537 35
tmax(h) 0.17 0.5 0.17 0.17 0.8 0.7
t12(h) 24 0.75 13 2.9 41 02
( r‘%‘i‘%ni) 1841 619 287 126 4481 55
F (%) 34 8.3 6.7 4.6 65 2

Table 2. Comparison of preclinical pharmacokinetics of Pracinostat with that of other
advanced hydroxamic acid HDACi.

In the first phase 1 study in patients with solid tumors, Pracinostat showed rapid absorption
(tmax = 0.9-2 h), dose proportional increase in Cnmax and AUC between 10 and 60 mg doses, a
mean terminal ti/> of ~ 7 h, and lack of significant accumulation on repeated dosing (Yong et
al, 2011). In the same study, pharmacologically active concentrations were achieved at the
starting dose of 10 mg, and a dose dependent increase in histone acetylation was observed.
At the 60 mg dose high acetylation levels was observed in all patients indicating sustained
target inhibition, and two of the patients experienced prolonged disease stabilization. The
clinical PK of Pracinostat was superior to the other hydroxamic acid HDAC] in the clinic
(table 3). The high aqueous solubility, permeability, good oral bioavailability and
predictable human PK of Pracinostat contributed to obtaining active exposures in the clinic
when dosed orally, which was in contrast to the intravenous dosing of Zolinza, Panabinostat
and Belinostat in the initial clinical trials. The terminal t;/> of Pracinostat was longer than
that of Zolinza and Belinostat, and shorter than Panabinostat.
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In summary, the superior preclinical ADME of Pracinostat over Zolinza, Panabinostat and
Belinostat was translated into the clinic.

Parameter Pracinostat Vorinostat Panabinostat Belinostat
arathete (SB939)" (SAHA)# (LBH589)% (PXD101)5
Dosage regimen thrice weekly once daily thrice weekly once daily
Recommended 60 400 20 250
Dose (mg)
t1/2(h) 7-9 0.8-3.9 16 15
AUCe. 1226(3.4uM) 1716 (6.5 uM) 183(0.54 uM) 2767 (8.7 pM)
ine(ng.h/mL) S K OEH M
Orallv active FTIM dose was FTIM dose was
Y FTIM dose was  givenIV dueto givenIV due to
exposures . . .
. given IV due to poor Fin poor F in
Remarks achieved at . L. .. ..
. poor Fin preclinical ~ preclinical preclinical
FTIM&. Best-in- . . .. .
class profile species. species. Limited  species. Poor
P ' exposure. PK/PD

*Yong et al., 2011

# Rubin et al., 2006
% Prince et al., 2009
$ Steele et al., 2011
& first time in Man

Table 3. Comparison of oral clinical pharmacokinetics of Pracinostat with hydroxamic acid
HDAC inhibitors

6. Conclusions

The clinical use of the less potent short chain fatty acid HDACi (PB, SP and sodium
valproate) in cancer patients was limited by the requirement of high doses and short half-
life. The cyclic peptide drug Depsipeptide had to be administered intravenously because of
poor solubility and oral bioavailability. The most clinically advanced hydroxamic acid
HDAC I such as Zolinza, Belinostat and Panabinostat were initially administered IV in
patients owing to their poor solubility and oral bioavailability in preclinical species.
Formulations were subsequently developed for oral administration. We succeeded in
designing the hydroxamic acid pan HDACi Pracinostat (SB939) which had high solubility
and permeability, with superior preclinical ADME and PK/PD properties when compared
to the other hydroxamic acid HDACi, which subsequently helped to achieve
pharmacologically active exposures upon oral dosing in cancer patients.
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1. Introduction

The discovery of antibiotics unquestionably represents a major achievement in the treatment
of infectious diseases. However, the early optimistic expectations to definitely win the war
against infections have not been met, mainly because of bacterial resistance, that has
evolved to each antibiotic introduced into clinical practice and complicates infections in
more vulnerable individuals, such as organ transplant receivers, AIDS, hemodialysis, and
cancer patients. The development of resistance is inherent to the mechanism of action of
classic antibiotics, that target specific bacterial enzymes, and could be overcome by new
antibiotics with different targets, but in the last 40 years very few new antibiotics have
reached the market. Indeed, the great majority of antibiotics presently in use for systemic
infections derives by synthetic tailoring from a limited number of dated molecular scaffolds
(Fischbach & Walsh, 2009). The wide-spread use of antibiotics for both medical and non-
medical purposes prompted the emergence of a number of multi-resistant bacterial strains,
such as methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococci,
Acinetobacter baumannii, Escherichia coli, carbapenem-resistant Klebsiella pneumoniae and
Pseudomonas aeruginosa, Clostridium difficile, and Mycobacterium tuberculosis. Epidemic
resistance to antibiotics has been described for a number of superbug pathogens, such as
MRSA, Streptococcus pneumoniae and Mycobacterium tuberculosis, and multidrug- or pan-
resistant gram-negative bacilli (Spellberg et al., 2008). It is estimated that infectious diseases,
despite the availability of antibiotics, remain the second-leading cause of death worldwide
(World Health Organization, 2004). On the other hand, the development of new drugs is
considered no more fashionable by the pharmaceutical industry, due to the low probability
to recover the huge investments required to license new antibacterials that will be used in a
low number of selected infections. Indeed, this high cost-low revenue perspective made
many large pharmaceutical companies to quit antibiotic discovery for more profitable
therapeutics. That being said, let us approach the subject by reviewing the Pub-med
literature regarding the up-to-date research on natural and synthetic antimicrobial
molecules of proteinaceous nature, as alternatives to conventional antibiotics. Since the mid-
1990s, bacterial genome sequencing was carried out with the aim to identify new bacterial
targets. High-throughput target-based screening and combinatorial chemical libraries were
developed, but after some time it was realized that the results were not up to the
expectations, for at least three reasons: first, most enzymes essential for bacterial viability
can not be easily affected by drugs; second, some of the structures that would be the best
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antibacterial targets (e.g. ribosomes and nascent peptidoglycan) are not accessible to in vitro
screening; and third, chemical libraries do not have the molecular complexity of naturally
produced antibiotics (Baltz, 2008). To illustrate the difficulties relative to the new targets
approach, scientists at GlaxoSmithKline reviewed the outcome of an extensive program of
screening chemical libraries against multiple potential Gram-positive or broad spectrum
targets over a period of seven years (Payne et al., 2007). Out of the 300 genes evaluated, 160
were found to be essential for viability. The screen against 67 target proteins covering a
wide range of cellular metabolic activities yielded 16 hits, but only 5 yielded leads. Of these,
only two (3%) were identified as potentially new targets. The authors noted that results
were unsustainably poor in relation to the effort (Baltz, 2008). Because of these difficulties,
the recent trend is to look for new antimicrobials by screening natural products, that are an
inexhaustible source of bioactive compounds. Technical advances in genomics,
bioinformatics, microbial ecology, synthetic biology, and systems biology offer new
opportunities for multidisciplinary approaches to small molecule discovery (Davies, 2011;
Walsh & Fischbach, 2010). The reserve of natural molecules produced by bacteria, fungi,
plants, and vertebrates can offer both novel antibiotics that work in the classic way, and new
antimicrobials that being based on different molecular scaffolds will more easily bypass
resistance. Most of these natural substances are of peptidic nature and work by targeting
conserved mechanisms, often shared by more than one pathogen. Antimicrobials of peptidic
nature can be divided into two classes: the gene-encoded, ribosomally synthesized peptides,
and the non-ribosomally synthesized peptide antibiotics, typically produced by bacteria and
fungi. The latter are assembled by multi-enzyme complexes, contain d-amino acids and
other non-proteinogenic amino acids, and often have a cyclic or branched structure (Wiesner
& Vilcinskas, 2010). Some members of this class already on the market, such as bacitracin,
gramicidin S, polymyxin B, the streptogramins, vancomycin and teicoplanin have limited
clinical use, mostly because of toxicity, poor solubility, or limited spectrum of activity. The
ribosomally synthesized antimicrobials (none of which is yet on the market) can be
subdivided into two further classes depending on their source: the term “antimicrobial
peptides” (AMPs) strictly speaking indicates peptides of eukaryotic origin, whereas
peptides and proteins produced by bacteria are called bacteriocins. However, considering
the similarities in terms of structure and mechanism of action, in this chapter the term AMPs
will be used to globally indicate members of both classes. With this premise, we can say that
AMPs are widely conserved, small amphiphilic antagonistic molecules produced by both
prokaryotic and eukaryotic organisms. Bacteria secrete microcins and bacteriocins that
inhibit bacterial food competitors present in the same environment, whilst plants and insects,
that lack the adaptive immune response, rely on AMPs for protection against infections
(Scott et al., 2008). In mammals, AMPs are present in neutrophils and on skin and mucosal
surfaces, where they carry out direct antimicrobial activity and participate to the innate
immune response (Maroti et al., 2011). The concept of developing AMPs as potent
pharmaceuticals for human therapy dates back to the 1990s (Chopra, 1993), and most
research articles since then published on this topic conclude by stating that AMPs represent
promising therapeutic agents against bacterial, fungal, viral and parasitic diseases. Today
the issue is more relevant than ever, due to the occurrence of two concomitant factors: the
emergence of multi- or pan-drug-resistant bacterial strains, and the availability of new and
sophisticated technical approaches to design, engineer and optimize AMPs for every specific
application. The challenge is to design synthetic mimics that maintain the potency of natural
AMPs, able to kill pathogens in the low micromolar concentration range, but lose some
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flaws of natural molecules, such as low stability, immunogenicity, low bioavailability, and
production cost (Sharma et al., 2009). According to their electrical charge, AMPs can be
divided into anionic and cationic peptides. Anionic AMPs (AAMPs), found in vertebrates,
invertebrates and plants, are active against bacteria, fungi, viruses, nematodes and insects.
Their net negative charge ranges from -1 to -7, and their length from 5 to about 70 amino
acid residues. In comparison with cationic AMPs (CAMPs), AAMPs have received little
attention in the literature, and their mechanism of action so far has not been elucidated. For
an outline of AAMP characteristics, the interested reader is referred to the exhaustive review
by Harris et al. (2009). Vertebrate CAMPs can be also defined “host defense peptides”
(HDPs), because beyond their direct antimicrobial activity, in vivo they often modulate the
host immune response (Holzl et al., 2008). By inducing chemokine and cytokine production,
HDPs can recruit and activate immune cells, stimulate wound repair, and promote or inhibit
angiogenesis (Wilmes et al., 2001). Moreover, certain CAMPs, such as amphibian temporins,
neutralize bacterial endotoxins (Mangoni & Shai, 2009), and some of them, such as cecropin,
buforin and magainin also exhibit selective direct cytotoxic activity against different types of
human cancer cells (Schweizer, 2009). Typically, CAMPs are gene-encoded peptides derived
from larger precursors by proteolytic processing, are 12-50 amino acid long with a net
positive charge of +2 to +11, due to an excess of basic arginine and lysine residues, and have
approximately 50% hydrophobic amino acids (Finlay & Hancock, 2004). Based on their
molecular and conformational structure, CAMPs can be divided into four classes: cysteine-
rich a-sheet structures stabilized by two to four disulphide bonds (human o- and f-
defensins, plectasin, protegrins); linear o-helical peptides without disulphide bonds
(cecropins, magainins and dermaseptins); loop-structured peptides with one disulphide
bond (bactenecin, microcins from Enterobacteriaceae), and extended structures rich in glycine,
tryptophan, proline, arginine and/or histidine (cathelicidins, indolicidin) (Hancock & Sahl,
2006). So far, more than fifteen hundreds AMPs have been identified; an updated AMP
database is available on line at: http://aps.unmc.edu/AP/main.php (Wang G. et al., 2009).
Positively charged CAMPs interact with the negatively charged microbial surface, and the
interaction disrupts the membrane barrier function via pore-formation or unspecific
membrane permeabilization. Different models, such as the toroidal pore (magainins) and
barrel stave (alamethicin) models, which imply the formation of pores, or the carpet-like
model (cecropins), in which the cell membrane is disintegrated and/or micellized, have
been proposed to describe the structures formed between peptides and membrane
phospholipids. The difference between the anionic charge of bacterial membranes and the
neutral charge of mammalian cell membranes rich in zwitterionic phospholipids or
cholesterol may help to explain the selectivity of action of many CAMPs (Wilmes et al.,
2011). Bacterial killing is mediated by membrane disorganization, taking seconds to
minutes, and/or by the binding to intracellular targets, that takes more time (3-5 hours).
None mechanism is