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Preface

Since the dawn of human medicine, compounds derived from animals, plants, and
microbes have been used to treat disease. The treatment of cancer in particular has
been profoundly impacted. No other disease area, with the exception of anti-infectives,
has seen a greater proportion of its small molecule drugs sourced directly from natu-
ral products. The list of natural product cancer therapeutics is impressive — Vinca
alkaloids, anthracycline antitumor antibiotics, camptothecins, epothilones, podo-
phyllotoxins, rapamycin mTOR inhibitors, taxanes, to name a few. Indeed, entire
drug families, chemical and mechanistic classes of anticancer agents, have their
origins in the secondary metabolites produced by microbes, plants, and now recently
even marine organisms. Many of these agents were discovered on the basis of their
striking antitumor activity in phenotypic assays, or in vivo efficacy screens. These
successes drove an emphasis on natural products discovery beginning in the 1950s
extending into the 1980s, which saw virtually every major pharma company utilize
natural products as a major platform for drug lead generation.

But then came a change. Beginning in the 1980s the pharmaceutical industry
gradually turned away from efficacy-driven drug discovery and instead adopted a
process-based target-driven strategy, relying on high-throughput biochemical
screening (HTS) of large collections of synthetic compounds or natural products
extracts against defined targets, followed by rapid hit-to-lead and lead optimization
phases to ultimately provide clinical candidates. This move was driven by a number
of factors, including the desire for earlier understanding of drug mechanism, and a
steady decline in the number of truly novel natural products being isolated in tradi-
tional pharma programs. Overall, natural products-based drug discovery is chal-
lenged to meet the rapid cycle times that are characteristic of the HTS approach, and
has not thrived in the HTS arena. As a result, major Pharma has de-emphasized
natural products discovery as a core platform for discovering new cancer drugs. We
are now in a landscape where the programs that drive natural products discovery are
not concentrated within large pharmaceutical companies, but instead are distributed
amongst various pharma, biotech, and academic groups. Remarkably, even with the
greatly reduced pharma presence, we continue to see each year the approval of one
or more natural product-derived anticancer drugs—a testimony to the privileged
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nature of these molecules. Ironically, new discoveries in the fundamental sciences
relating to natural products discovery coupled with dramatic advancements in
enabling technologies have placed natural product researchers into a position to
redefine the impact on cancer drug discovery in a major way. These include (1)
advances in synthetic chemistry that make it possible to produce complex natural
product molecules at a scale that is sufficient for clinical advancement, (2) new
appreciation of targets that are uniquely druggable by complex natural product
structures, (3) advances in genomics, molecular biology, and cultivation of natural
product producing organisms which provide a means of accessing new chemotypes,
optimizing natural product lead structures, and enabling large-scale production of
drug candidates, (4) new methods of delivering natural product cytotoxins to tumors,
and (5) advances in chemical biology which enable natural products to be effective
tools for identification of new drug targets. The challenge will be to leverage these
advances in the new landscape of cancer drug discovery.

The purpose of this book is to provide some perspective on key areas where natu-
ral products will impact cancer drug discovery, both today and in the future. The
volume is comprised of chapters written by leading researchers in drug discovery,
natural products chemistry, cancer biology, and chemical biology. The volume
begins with a chapter by Ganesan, who concisely describes the unique structural
and physicochemical features of natural products which impart biological activity
and chemical space complementarity to synthetic drugs. Four chapters then follow
which relate to specific cancer targets and therapies. Hooper, Loganzo, May, and
Gerber discuss in detail the identification and development of natural product drugs
which interfere with tumor growth by targeting tumor vasculature. They describe
current preclinical and clinical natural product drug candidates and provide an anal-
ysis of the challenges and opportunities which lie ahead in this class. Longley then
presents a highly illustrative case study on the vascular targeting agent, discoder-
molide, describing the myriad challenges which must be met in order to success-
fully advance an anticancer marine natural product from initial discovery to the
clinic. Salvador and Luesch then review the discovery of natural product drugs in a
newly emerging class of anticancer agents—histone deacetylase inhibitors. They
enumerate the challenges in the development of these agents and provide insights in
the continuing role of natural products in the discovery of HDAC inhibitors and
other epigenetic modulators. In the final therapeutically related chapter, Koehn
describes the attributes of natural product cytotoxins which make them uniquely
suited as payloads for anticancer antibody drug conjugates.

The second section of the book details advances in the science underlying natural
products drug discovery. Mang and Hausteadt provide an in-depth review into
sources, structural features, and structure—activity relationships of a selection of
natural product chemical scaffolds frequently used in cancer therapy. Their detailed
case studies show that the total synthesis of highly complex natural products is now
an approach that can deliver clinical candidates. For microbial natural products,
genetic engineering of the producing organism is becoming an increasingly impor-
tant means of enabling the discovery of novel anticancer agents. Unsin, Rajski, and
Shen highlight in their chapter recent genetic engineering advances, such as meta-
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bolic engineering and combinatorial biosynthesis, that have been successfully
applied to the development of microbial natural product anticancer agents. This is
followed by a chapter by Leone and Roberts who examine the growing capabilities
of plant combinatorial biosynthesis and cell culture in the production of plant
metabolites, and highlight the cases of paclitaxel and cyclopamine —developments
which have fueled new optimism for future plant anticancer agents. In the conclud-
ing chapter, Beutler examines a special attribute of natural products, namely the
identification of new anticancer targets.

Most researchers will agree that the fields of cancer drug discovery and natural
products are in the midst of significant change. While we might agree on these
points, there is less clarity around precisely what the path toward the future will
look like. The goal of this volume is to assess the current landscape and to help point
the way to the future of natural products in cancer drug discovery. The journey
should prove exciting.

Groton, CT, USA Frank E. Koehn






Contents

PartI Natural Product Drugs and Cancer Therapeutics

1 The Impact of Natural Products Upon
Cancer Chemotherapy............cccoooveeiiiiiiiiiiieniecieeeceee e
A. Ganesan

2 Identification and Development of Vascular
Disrupting Agents: Natural Products That Interfere
With TUmMOr Growth ...........cccooviiiiiiiiii e
Andrea T. Hooper, Frank Loganzo, Chad May,
and Hans-Peter Gerber

3 Discodermolide: Past, Present, and Future .........................c.ccooeoin.
Ross E. Longley

4 HDAC Inhibitors and Other Histone Modifying Natural
Products as Emerging Anticancer Agents.............c.ccccevvvvenvencieeneeneennne
Lilibeth A. Salvador and Hendrik Luesch

5 Natural Product Cytotoxins as Payloads for Antibody
Drug Conjugates ...........ccceoviiiieiiiieiieeieeie ettt ste e sae e
Frank E. Koehn

Part I Advances in Natural Product Cancer Drug Discovery

6 Natural Product Scaffolds in Cancer Therapy...........ccccocevvvenveenennen.
Christian P. Mang and Lars Ole Haustedt

7 The Role of Genetic Engineering in Natural Product-Based
Anticancer Drug DiSCOVErY ...........ccocivviiiiiiiiiieiieiieeeecieeee e
Claudia Eva-Maria Unsin, Scott R. Rajski, and Ben Shen



X Contents

8 Accessing Anti-cancer Natural Products by Plant
Cell CUItUTE ..ot 193
Lisa M. Leone and Susan C. Roberts

9 Natural Products as Tools for Discovering
New Cancer Targets
John A. Beutler



Contributors

John A. Beutler Molecular Targets Laboratory, Center for Cancer Research,
National Cancer Institute, Frederick, MD, USA

A. Ganesan School of Pharmacy, University of East Anglia, Norwich, UK

Hans-Peter Gerber Bioconjugate Discovery and Development, Oncology
Research, Pfizer Worldwide Research and Development, Pearl River, NY, USA

Lars Ole Haustedt AnalytiCon Discovery GmbH, Potsdam, Germany

AndreaT. Hooper Bioconjugate Discovery and Development, Oncology Research,
Pfizer Worldwide Research and Development, Pearl River, NY, USA

Frank E. Koehn Natural Products, Oncology Worldwide Medicinal Chemistry,
Pfizer World-Wide Research and Development, Groton, CT, USA

Lisa M. Leone Department of Chemical Engineering, University of Massachusetts,
Ambherst, MA, USA

Frank Loganzo Bioconjugate Discovery and Development, Oncology Research,
Pfizer Worldwide Research and Development, Pearl River, NY, USA

Ross E. Longley Lake Erie College of Osteopathic Medicine-Bradenton,
Bradenton, FL, USA

Hendrik Luesch Department of Medicinal Chemistry, University of Florida,
Gainesville, FL, USA

Christian P. Mang AnalytiCon Discovery GmbH, Potsdam, Germany

Chad May Bioconjugate Discovery and Development, Oncology Research, Pfizer
Worldwide Research and Development, Pearl River, NY, USA

Scott R. Rajski School of Pharmacy, Division of Pharmaceutical Sciences,
University of Wisconsin, Madison, WI, USA

xi



Xii Contributors

Susan C. Roberts Department of Chemical Engineering, University of
Massachusetts, Amherst, MA, USA

Lilibeth A. Salvador Department of Medicinal Chemistry, University of Florida,
Gainesville, FL, USA

Ben Shen Departments of Chemistry and Molecular Therapeutics, Natural Products
Library Initiative at The Scripps Research Institute, The Scripps Research Institute,
Jupiter, FL, USA

Claudia Eva-Maria Unsin School of Pharmacy, Division of Pharmaceutical
Sciences, University of Wisconsin, Madison, WI, USA



Part I
Natural Product Drugs
and Cancer Therapeutics



Chapter 1
The Impact of Natural Products Upon Cancer
Chemotherapy

A. Ganesan

Abstract Natural products are a historically valuable source of drugs. Their unique
features such as evolutionary selection to possess biological activity and comple-
mentarity of chemical space to synthetic drugs are discussed. This is followed by an
analysis of the physicochemical properties of all anticancer drugs that are natural
products or derived from a natural product lead. Log P and the number of hydrogen
bond donors are found to be the two most important parameters for bioavailability.
Most natural product anticancer drugs maintain a Clog P<4 and H-bond donors <5.

1.1 Introduction

Historically, crude natural product extracts were the major source of medications
for mankind. In the nineteenth century, it became possible to purify active ingredients
from such extracts. For example, alkaloids like morphine, quinine, atropine, and
cocaine date from this period and are widely used to this day. Compared to an extract,
a purified natural product has obvious advantages in terms of standardization of the
dose and the avoidance of side effects due to other components present in the mixture.
From this early beginning of investigating traditional medicines, the discovery of bio-
logically active natural products progressed in the twentieth century to large-scale
efforts involving mechanism-based screening. In this method, a library of crude extracts
is tested in a biological assay and active hits are fractionated to identify individual
compounds whose structure is then elucidated. Among others, the process has pro-
duced many of our clinical antibiotics, the cholesterol lowering statins, the immuno-
suppressant FK506, and the antiparasitic avermectins (Brown 2007; Cragg and

A. Ganesan (P)

School of Pharmacy, University of East Anglia,
Norwich Research Park, Norwich NR4 7TJ, UK
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4 A. Ganesan

Newman 2007). Nevertheless, natural products are no longer our sole provider of
medicines. Our increasing insight into disease targets at the molecular level has pro-
duced a large number of synthetic small molecule drugs made by medicinal chemists as
well as large molecular weight biologics made by cell culture. Competition from these
quarters and the intrinsic challenges in natural product screening lead to the reasonable
question of whether it will continue to play an important role in the future (Rishton
2008; Li and Vederas 2009; Kingston 2011). At least in the pharmaceutical industry, the
answer seems to be an unfortunate “No” as most organizations have either downsized
or removed natural product screening from their lead discovery efforts. We have
described (Ortholand and Ganesan 2004; Ganesan 2004, 2006) the unique features of
natural products and three that are relevant to drug discovery are summarized below.

1.1.1 Predisposition to Biological Activity

Natural products are often made by multistep biosynthetic pathways that consume
significant resources of the producing organism. It is likely that the retention of
these pathways provides some positive benefit to the producing organism, either
within itself or in its interactions with other species in its natural environment (Stone
and Williams 1992; Maplestone et al. 1992; Haslam 1994). Furthermore, biologi-
cally relevant protein space is relatively small with a finite number of protein folds.
Thus, a natural product that is designed to interact with a particular protein may
coincidentally bind with high affinity to another protein of interest as a therapeutic
target (Breinbauer et al. 2002; Eberhardt et al. 2011).

1.1.2 Complementary Chemical Space to Synthetic Compounds

The chemical reactions of natural product biosynthesis pathways are substantially
different to those of the medicinal chemist. Consequently, it is not surprising that
the two populate different areas of chemical space. Natural products tend to be rich
in oxygen atoms while medicinal chemistry emphasizes nitrogen. Many of nature’s
building blocks are non-aromatic and the resulting secondary metabolites have a
high proportion of sp? hybridized carbon—a metric recently recognized to be of
value in drug design (Lovering et al. 2009). Often, natural products exist in rigid
conformations with intramolecular hydrogen bonding—another useful concept in
medicinal chemistry (Kuhn et al. 2010). Natural products are rich in stereochemical
features such as chiral centers and bridging, fused and spirocyclic rings. Natural
products achieve high structural diversity by branching out from a small set of bio-
synthetic intermediates to a large number of distinct scaffolds whereas synthetic
compounds have relatively few scaffolds but more known examples within each
scaffold. In terms of drug discovery, both natural products and synthetics are exten-
sively populated by privileged scaffolds (Grabowski and Schneider 2007; Rosen
etal.2009; Welsch etal. 2010; Drewry and Macarron 2010; Khanna and Ranganathan
2011; Lopez-Vallejo et al. 2012).
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1.1.3 Continuous Evolution of Natural Product Chemistry

The process of natural product discovery is constantly evolving. Key are the recent
advances in the rapid dereplication of hits (Wolfender et al. 2011), structure elucida-
tion with smaller amounts of material (Molinski 2010), the activation of silent genes
(Lewinsohn and Gijzen 2009; Yin and Keller 2011), and metabolic pathway engi-
neering (Keasling 2010). With these improvements, some of the original factors that
led to a declining interest in natural product screening no longer hold true. It is time
for industry to reevaluate the role of natural products and the positive benefits they
bring (Schmitt et al. 2011; Camp et al. 2012; Koehn 2012). The historical record
certainly provides ample evidence of natural products used as tool compounds and
drugs that are often first in class against a particular target (Pucheault 2008; Carlson
2010; La Clair 2010; Gerwick and Moore 2012).

1.2 Natural Products and Cancer Chemotherapy

The comprehensive surveys by Cragg and Newman highlight the important role
played by natural products in drug development (Cragg et al. 1997; Newman et al.
2003; Newman and Cragg 2007). These reviews were the basis of our analysis of
natural products isolated in 1970-2006 (Ganesan 2008). In this period there were 24
unique natural product scaffolds that led to an approved drug and these were clearly
subdivided into two distinct families. One was largely compliant of physicochemi-
cal metrics of druglikeness such as Lipinski’s Rule of Five while the other largely
violated these rules. Even so, these compounds were compliant in terms of log P
and number of H-bond donors, highlighting the importance of these two parameters.
In this chapter, we will perform a similar analysis on all natural products irrespective
of year of discovery that have produced a drug in the specific therapeutic area of
cancer chemotherapy. Before doing so, it is helpful to appreciate the idiosyncratic
features of oncology drugs derived from natural products.

1.2.1 Congruence Between the Needs of Producing Organism
and Humans

A secondary metabolite with growth inhibitory or cytotoxic properties has
evolutionary advantages for the producing organism, whether it is competition for
resources or self-defense against predators. This cytotoxic property is the same that
we wish to exploit to inhibit tumor cell proliferation and the mechanism of action is
probably the same that the producing organism is targeting. The situation can be
different in other therapeutic areas where this matching may not be present e.g.,
bacteria can produce a natural product that happens to target a human virus although
this would be foreign to the natural environment of the producing organism.
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1.2.2 Ease of Discovery

Nowadays, new natural products are usually discovered by bioassay guided frac-
tionation of crude extracts. Thanks to the high-throughput screening efforts of the
National Cancer Institute, robust in vitro assays for growth inhibition and cytotoxic-
ity of cancer cell lines are available and are the most widely used assays by natural
product chemists. Thus, as long as a compound is cell permeable one can reliably
know if it has potential anticancer activity by looking at the data in the natural prod-
uct isolation paper. Although the mechanism of action is usually unknown, at least
the phenotypic activity can be observed. This situation is unique to cancer and to
some extent antimicrobials. In other therapeutic areas, highly active natural
products are undoubtedly missed as the appropriate screens are not routinely in
operation.

1.2.3 Unmet Health Care Need

Cancer is a complex disease with survival rates ranging from nearly 0 to 100%
depending on the type. As a result, oncology is a major therapeutic focus of the
pharmaceutical industry and there is a constant need for new medicines from natural
products, synthetics, and biologics. However, the severity of the disease allows
drugs that may not be ideal to be tolerated. The majority of cancer chemotherapeu-
tics are administered intravenously rather than the preferred oral route in other ther-
apeutic areas. Furthermore, the toxicity of anticancer drugs is inseparable from their
mechanism of action of cell killing. Clinically, these drugs are often employed close
to the concentration at which dose limiting toxicity manifests in order to have the
best chance of tumor regression.

1.3 The Chemical Space of Natural Product Anticancer Drugs

The above factors suggest that anticancer natural products are relatively easy to
discover but they may be inferior to natural products for other indications in terms of
oral bioavailability and side effects. However, for this very reason an analysis of anti-
cancer drugs is illuminating as it will highlight the physicochemical properties that are
most important and retained even in this therapeutic area. The starting point for the
analysis is Newman and Cragg’s comprehensive list of all anticancer drugs that
received approval from the 1940s to 2010 (Newman and Cragg 2012). Their survey
covers approvals in all countries globally and includes drugs that are now discontinued.
Two filters were applied to the natural product anticancer drugs as follows:

1. Drugs that are synthesized from a natural product starting material but do not
share a mechanism with the latter are excluded. For anticancer drugs, this crite-
rion mainly excludes steroid drugs made from inexpensive plant steroids.
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2. Drugs inspired by endogenous human metabolites are excluded. For anticancer
drugs, this criterion mainly excludes drugs based on peptide hormones.

To some extent, the exclusions cancel out as the steroids tend to be lipophilic com-
pounds whereas the peptide hormones are hydrophilic. After applying the filters, a
total of 42 drugs remain and these are listed in Table 1.1 in order of ascending MW.
The year of approval is indicated followed by “Type” where NP=natural product,
ND =natural product derivative, and NS =synthetic based on a natural product lead.
The majority of approved drugs are unmodified natural products while some are
semisynthetic derivatives. Two are fully synthetic, the first being amrubicin an
anthracycline related to daunorubicin and doxorubicin. Amrubicin is a synthetic
second-generation anthracycline developed by Sumitomo and produced by total
synthesis (Yamamoto et al. 2009). The second, eribulin (Havalen) is an excellent
argument for the value of total synthesis (Huyck et al. 2011). The drug originates
from Yoshito Kishi’s extensive studies on the marine natural product halichondrin
B and the biological testing of intermediates along the total synthesis route (Jackson
et al. 2009). Surprisingly, it was discovered that activity was retained in simpler
compounds that were only half of the halichondrin molecule—a result that could
not be predicted by investigating the natural product alone. The scarcity of the natu-
ral product and the structural simplification made a total synthesis approach viable
for drug discovery.

The “Target” column shows that anticancer natural product drugs have rather
limited mechanisms of action and typically work on the microtubule or DNA rather
than protein receptors or enzymes. Two recent exceptions are temsirolimus (Rini
et al. 2007) a semisynthetic rapamycin analog that targets the kinase mTOR
(mammalian target of rapamycin) and romidepsin (FK228) (VanderMolen et al.
2011) a depsipeptide natural product that inhibits HDACs (histone deacetylases).
The column “Route” indicates the method of administration. As expected, these
drugs are predominantly intravenous but it should be noted that there are six exam-
ples of oral drugs with MW >450.

The physicochemical properties for the drugs in Table 1.1 were generated from
their PubChem entries (http://pubchem.ncbi.nlm.nih.gov/). Shaded cells indicate
values exceeding the accepted limits for druglike space: MW 500, XlogP 5, H-bond
donors 5, H-bond acceptors 10, rotatable bonds 10, total polar surface area 140 10\2,
and heavy atoms 30. The results are striking: despite violations in some parameters,
natural product anticancer drugs are highly compliant in terms of log P. The impor-
tance of logP and its correlation with other properties that are critical in drug
development are now well recognized (Leeson and Springthorpe 2007; Leeson and
Empfield 2010; Hann 2011). Nature has known this all along and shows us that it is
possible to break some rules as long as the important ones are adhered to. After
log P, the next most important physicochemical parameter is the number of H-bond
donors. Once again, natural products are highly compliant in this parameter which
may be related to recognition by efflux transporters and provide a mechanism for
drug resistance (Raub 2006; Wager et al. 2010). The number of rotatable bonds is
the third parameter that natural product anticancer drugs largely obey. This helps
minimize the molecular flexibility and the potential for promiscuous off-target binding.
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Fig. 1.1 MW of anticancer natural product drugs plotted against year of approval

Interestingly, the MW of the natural products is not correlated with the year of
approval (Fig. 1.1) whereas synthetic drugs show a detectable rise in this parameter
attributed to industry going after harder targets with time (Leeson and Davis 2004).

1.4 Natural Product Chemotypes

Table 1.1 lists all the anticancer drugs derived from natural products. The number
of leads is smaller as multiple drugs have arisen from a common natural product.
Performing this reduction yields a total of 25 unique natural product leads that have
produced an approved anticancer drug (Table 1.2). Analysis of the leads shows that
they are a little smaller than the derived drugs but equally highly compliant in terms
of log P and H-bond donors.

The drugs classified as “ND and NS” in Table 1.1 are an interesting subset. These
are the examples where the natural product itself was modified to a semisynthetic
derivative or replaced by a synthetic compound. We can look at how physicochemical
properties evolved between the natural product lead and the marketed drug
(Table 1.3). The main improvement lies in the log P column where on average there
was a reduction of 0.5 log units. Once again, this emphasizes the importance of
logP in lead optimization. Less satisfactorily, the lower logP was typically
engineered by the introduction of polar functional groups that increase the number
of H-bond donors and acceptors. Since the natural product lead is typically low in
H-bond donors to begin with, this enables the introduction of additional donors
without exceeding the Lipinski limit.
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Table 1.2 Successful natural product anticancer leads from the 1940s t02010
Lead Derived drugs MW  XlogP3 HBD HBA Rot PSA HA
Sarkomycin Sarkomycin 140 0.2 1 3 1 54 10
Arglabin Arglabin 246 1.7 0 3 0 39 18
Ellipticine Ellipticine acetate 246 4.8 1 1 0 29 19
Streptozotocin Streptozotocin 265 -14 5 8 2 152 18
Pentostatin Pentostatin 268 2.1 4 5 2 112 19
Masoprocol Masoprocol 302 43 4 4 5 81 22
Mitomycin C Mitomycin C 334 0.4 3 8 4 147 24
Camptothecin Belotecan, irinotecan, 348 1 1 5 1 80 26
topotecan
Podophyllotoxin  Etoposide, teniposide 414 2 1 8 4 93 30
Epothilone B Ixabepilone 508 4.2 2 7 2 138 35
Daunomycin Aclarubicin, amrubicin, 528 1.8 5 11 4 186 38
daunomycin,
doxorubicin,
epirubicin, idarubicin,
pirarubicin, valrubicin
Romidepsin Romidepsin 541 2.2 4 8 2 193 36
Carzinophilin Carzinophilin 624 1.3 4 12 12 193 45
Neocarzinostatin  Neocarzinostatin 662 2.3 4 13 8 175 48
Trabectedin Trabectedin 762 34 4 15 4 194 54
Vincristine Vinblastine, vincristine, 825 2.8 3 12 10 171 60
vindesine, vinflunine,
vinorelbine
Paclitaxel Cabazitaxel, docetaxel, 854 2.5 4 14 14 221 62
paclitaxel
Solamargine Solamargine 868 1.1 9 16 7 239 61
Rapamycin Temsirolimus 914 6 3 13 6 195 65
Mithramycin Mithramycin 1,085 0.6 11 24 15 358 76
Halichondrin B Eribulin 1,111 3.6 3 19 4 216 79
Chromomycin A3 Chromomycin A3 1,183 23 8 26 20 359 83
Actinomycin D Actinomycin D 1,255 3.8 5 18 8 356 90
Calicheamicin Ozogamicin 1,368 2 8 27 24 410 84
Bleomycin Bleomycin, peplomycin 1,513 -1.9 21 29 36 770 101
Average 686.56 1.924 472 12.36 7.8 206.44 48.12

1.5 A Middle Space for Anticancer Drug Discovery

We can derive Lipinski-type “Rules” that fit the majority of the natural product
anticancer drugs in Table 1.1. For convenience, these are not taken to fit 90% of
all drugs but a slightly smaller proportion for some parameters and give rise to the
following guidelines:

The 4/5/10 rule for cancer chemotherapeutics

e ClogP<4

¢ H-bond donors <5
¢ Rotatable bonds <10
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Table 1.3 Changes in physicochemical properties from natural product lead to anticancer drug

Drug Lead AMW  AXlogP3 AHBD AHBA Arot APSA AHA
Elliptinium acetate Ellipticine 31 -0.2 1 0 0 11 2
Topotecan Camptothecin 74 -0.5 1 2 2 23 5
Belotecan Camptothecin 122 1 2 1 4 12 7
Amrubicin Daunorubicin -44 -0.9 5 -1 -1 -9 -3
Idarubicin Daunorubicin -30 0.1 5 -1 -1 -9 -2
Ixabepilone Epothilone B -1 -0.6 1 -1 0 2 0
Epirubicin Daunorubicin 16 -0.5 1 1 1 20 1
Irinotecan Camptothecin 239 2 0 4 4 23 17
Etoposide Podophyllotoxin 175 -1.4 2 5 1 68 12
Pirarubicin Doxorubicin 84 1.4 -1 1 2 -2 -6
Teniposide Podophyllotoxin 243 -0.8 2 6 2 96 16
Valrubicin Doxorubicin 180 2.7 -1 4 6 9 12
Eribulin Halichondrin B -381 -2.5 -1 =7 4 =70 =27
Vindesine Vinblastine =57 -1 2 -2 -3 -9 -4
Vinorelbine Vinblastine -32 0.1 -1 -1 0 -20 -1
Docetaxel Paclitaxel —46 24 1 0 -1 3 -4
Vinflunine Vinblastine 6 0.7 -1 1 0 =20 0
Cabazitaxel Paclitaxel -18  -13 -1 0 1 -19 2
Temsirolimus Rapamycin 116 -0.4 1 3 5 47 8
Peplomycin Bleomycin —444 48 0 -3 2 -74 1
Average 11.65 -0475 0.9 0.6 14 41 1.6

These Rules are identical to the Lipinski and Veber guidelines for small molecule
oral bioavailability except for a more stringent restriction of log P<4. Once again,
the key importance of log P as a measure of druglikeness is confirmed. There are
two approaches to maintaining low log P relative to molecular size. One is to stick
to small molecules with MW <500 and this is the strategy classically employed by
medicinal chemists. However, as drug discovery targets become more challenging
and the low hanging fruit have already been picked, it becomes harder to find drugs
within this MW range. An alternative approach is to go for medium-sized molecules
and this is the strategy successfully used by nature. As long as the above three criti-
cal parameters are adhered to, cancer drug space becomes significantly larger than
Lipinski space and the limits for MW and other properties are relaxed.

Secondary rules for cancer chemotherapeutics

e MW<1,000

* H-bond acceptors <15

* Polar surface area <200 A2
e Non-hydrogen atoms <60

Natural products thus provide valuable design considerations for medicinal
chemists who need to make synthetic compounds at the edge of Lipinski space for
difficult drug targets. A low log P is absolutely essential whereas MW up to 1,000
can be tolerated—provided care is taken to minimize H-bond donors and rotatable
bonds. These last two requirements help to enforce rigid conformations with internal
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H-bonds and reduce efflux and in compensation allow for molecules with a large
polar surface area and more H-bond acceptors. Finally, it is likely that many natural
products are recognized by transporters and uptake is by active transport (Dobson
et al. 2009; Sugano et al. 2010).

This chapter clearly demonstrates the historical effectiveness of natural products
in mankind’s fight against cancer. There are many more exciting natural products
that remain to be discovered and developed into medicines. The only way that we
will not harness this untapped potential is if we stop screening natural products as a
source for drug discovery.
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Chapter 2

Identification and Development of Vascular
Disrupting Agents: Natural Products

That Interfere with Tumor Growth

Andrea T. Hooper, Frank Loganzo, Chad May, and Hans-Peter Gerber

Abstract Despite rapid progress made in understanding the biological mechanism
regulating developmental and tumor vasculature, the clinical success of targeted
therapeutics that interfere with key molecular and cellular pathways of angiogenesis
has been limited by a lack of improved patient survival when these agents were
administered as single agents. These findings indicate a redundancy of mechanisms
regulating blood vessel formation, leading to tumor refractoriness to anti-angiogenic
treatment. In contrast, vascular disruptive agents (VDASs) induced rapid regression
of established tumors in preclinical studies. For several classes of VDAs, including
the natural products flavonoids, colchicines and vincas, it was demonstrated that the
effects on the vascular compartment diverge from that on the tumor parenchyma
and are both anti-angiogenic (vascular stasis/prevention) and vascular disrupting
(vascular regression)—resulting in catastrophic insults to the nascent vasculature.
Vascular endothelial cells (ECs) are exquisitely dependent on the tubulin cytoskeleton
for essential functions, including invasion, proliferation, migration, tube formation,
and cell signaling—hallmarks of tumor angiogenesis. However, the clinical devel-
opment of VDAs was frequently hampered by their narrow therapeutic index, limit-
ing the use of these compounds due to side effects in the normal vasculature and/or
other normal tissues. In this chapter we review the progress made to identify VDAs in
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oncology, with focus on preclinical and clinical studies. The identification of novel
natural products and therapeutic compounds with improved potency and safety
characteristics continue to keep great promise to overcome the limitations of first
generation VDAs.

2.1 Introduction

2.1.1 Identification of Natural Products Targeting
Tumor Vasculature

The prerequisite for the success of anti-angiogenic paradigm is the identification of
pathophysiological differences between ECs of normal vasculature and tumor
vessels, which can be harnessed therapeutically. A large variety of molecular and
cellular differences between normal and tumor vasculature have been described,
including the remodeling of tumor vessels, their reliance on a tubulin cytoskeletal
network for functional integrity, the lack of pericytes, and increased vascular per-
meability in tumor vs. normal vasculature (Pluda 1997; Darland and D’Amore
1999; Jain 2003, 2005; Neri and Bicknell 2005; Carmeliet and Jain 2011a, b). Tumor
associated ECs proliferate faster compared to ECs within the vasculature of normal
tissues, which display an average doubling time of several months (Denekamp
1982; Denekamp and Hobson 1982). Natural products targeting tubulin formation
display various degrees of selectivity for tumor vasculature. Among the most prom-
ising tubulin interfering agents are derivatives of combretastatins, colchicines, and
dolastatin-10 (Tozer et al. 2005).

In addition to the increased proliferation of ECs in the tumor vasculature, a variety
of changes between normal, resting vasculature and tumor vasculature, were
reported. Tumor vasculature is abnormal in a variety of structural and functional
aspects. Blood vessels within tumors are heterogeneous, tortuous, with irregular
branching patterns and vascular lumens. There is increased interstitial fluid pressure
within tumor due to the leakiness of tumor vessels and escaping fluid (Jain 2005).
As a consequence, blood flow is heterogeneous and blood cells, hematopoietic cells
and nutrients are distributed unevenly, causing a milieu of stress, including hypoxia,
hypoglycemia, and low pH. In summary, the magnitude and the variety of the
molecular and cellular vascular changes in tumor vs. normal tissues provide a wealth of
opportunities for therapeutic interference, including the identification of compounds
targeting metabolic and cell signaling pathways or structural components such as
tubulin. Ideally, novel therapeutic compounds selectively interfere with mecha-
nisms critical for the development of pathologic tumor vasculature, but not with the
maintenance of established, quiescent vasculature in normal tissues. Harnessing the
differences between contact inhibited, resting ECs and tumor associated, rapidly
proliferating ECs, yields great promise to identify a new generation of natural prod-
ucts interfering selectively with tumor vasculature.
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2.1.2 Pharmacological Advantages of Compounds Targeting
Tumor Vasculature

The recent FDA approvals of targeted therapeutics, or vascular targeting agents
(VTAGs) interfering with vascular endothelial growth factor (VEGF) induced angio-
genesis for the treatment of solid tumors has validated the anti-angiogenic approach
as a viable therapeutic strategy for the treatment of solid tumors (Ferrara et al.
2007). Given these clinical successes, the focus of future clinical and preclinical
oncology research is likely to include vascular targeting strategies. One of the key
advantages of VTAs, including VDA, is that they do not depend on penetration of
the many cellular and membrane layers within a tumor mass to exert their pharma-
cological effects. Vascular ECs are in direct contact with the circulatory system and
therapeutic agents, thus the frequently described limited tumor perfusion of high-
molecular-weight compounds into the tumor mass does not limit the exposure to
VTAs to their respective targets. Such favorable exposure/efficacy relationship of
VTAs may ultimately provide an important advantage for drug development by
potentially limiting undesired on- and/or off-target toxicities. In addition, the vascu-
lar targeting approach should be applicable to most solid tumor types, based on their
common dependence on angiogenesis for tumor progression (Folkman 1985).

2.2 Flavonoids

2.2.1 Identification and Mechanisms of Action

Flavonoids, which belong to a large family of polyphenolic compounds, are com-
promised of more than 5,000 compounds that can be classified into ten chemical
groups. These compounds are found in diverse botanical sources, including a variety
of fruits and vegetables, as well as green tea and red wine. They have been reported
to exhibit a variety of pharmacological properties including inhibition of tumor cell
proliferation and anti-angiogenic activities (Wahl et al. 2011).

Early in the developmental program of the National Cancer Institute (NCI), more
than 200 flavonoids were evaluated for their antitumor activities in vivo. At the time
none of these compounds demonstrated activity. However, the plant-derived
flavonoid quercetin was eventually rescreened in 1971 using different in vivo models
and demonstrated moderate antitumor activity (Folkman 1985) (Fig. 2.1). The results
from these observations led the NCI to screen a series of flavones from Lyonnaise
Industrielle Pharmaceutique (Venditti et al. 1984). Flavone acetic acid (FAA) ester
(LMO985) emerged as a lead compound from this screen after demonstrating modest
antitumor activity (Plowman et al. 1986) (Fig. 2.1). LM985 was selected for a
Phase I clinical trial in the UK, however it did not progress due to the negative
results of the Phase I data. It was reported during this time that LM985 appeared to
act as a prodrug for FAA, the compound which was thought to be responsible for the
antitumor activity in mice (Double et al. 1986; Bibby et al. 1987) (Fig. 2.1).
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Fig. 2.1 Flavonoids

Evidence from follow-up studies suggested FAA inhibited tumor growth by
reducing blood flow to the tumor as a result of vascular disruption (Bibby et al.
1989; Zwi et al. 1989) without effecting systemic blood flow (Bibby and Double
1993). FAA induced the release of cytokines from inflammatory cells, including
tumor necrosis factor (TNF), and these factors were proposed to play an important
role in the antitumor activity of FAA (Chabot et al. 1993). Further data suggested
that FAA-mediated nitric oxide (NO) production within the tumor also contributed
to the observed cytotoxic activity (Thomsen et al. 1990, 1991, 1992; Harris and
Thorgeirsson 1997).

2.2.2 Clinical Development of Flavonoids as Vascular
Disrupting Agents

A number of unsuccessful Phase I and II clinical trials were carried out with FAA
(Havlin et al. 1991; Pratt et al. 1991; Siegenthaler et al. 1992). The negative results
led to a search for more active drugs with structures related to FAA. This effort led
to the identification of a tricyclic analog xanthenone-4-acetic acid (XAA), and even-
tual synthesis of the highly potent XA A derivative 5,6-dimethylxanthenone-4-acetic
acid (DMXAA, ASA404), which displayed a significant increase in activity as
compared to FAA (Rewcastle et al. 1989) (Fig. 2.1).

While the precise mechanism of action of ASA404 is largely unknown, the
results of preclinical studies suggest ASA404-mediated vascular disruption may
occur by direct and indirect anti-vascular activities. Experimental data from
murine studies have reported a number of responses following ASA404 adminis-
tration, namely, increased tumor-vascular permeability (Zhao et al. 2005; Chung
et al. 2008), increased tumor endothelial cell apoptosis (Ching et al. 2002, 2004),
and decreased tumor blood flow (Zwi et al. 1994; Lash et al. 1998). Similar to
what was observed with FAA, evidence suggests vascular disruption may be
occurring by increasing intra-tumoral concentrations of TNF and NO following
administration (Joseph et al. 1999; Ching et al. 2002). TNF appears to be a major
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contributor to the induction of vascular collapse. This was demonstrated by a
significant reduction in anti-vascular activity in TNF or TNF-receptor (TNFR)
knockout mice following treatment with ASA404 (Ching et al. 1999; Zhao et al.
2002). Likewise, induction of NO after administration of ASA404 is considered
an important factor in mediating increased vascular permeability and inhibition of
blood flow (Thomsen et al. 1990). In response to tumor hypoxia resulting from the
disruption of tumor blood flow ASA404 has also been reported to increase VEGF
production (Baguley and Siemann 2010). TNF has been shown to enhance VEGF-
mediated endothelial cell permeability (Clauss et al. 2001), therefore the activity
of ASA404 may involve the combined effects of all these factors. The effects of
ASA404 culminate in the breakdown of vasculature and hemorrhagic tumor
necrosis. ASA404 has also shown to have either additive or synergistic antitumor
effects when combined with several cytotoxic chemotherapeutic agents (Siim
et al. 2003). The preclinical demonstration of ASA404 activity in combination
with taxanes and platinum-based anticancer drugs provided a rationale for combi-
nation clinical trials. Three Phase II trials were designed for patients with non-
small cell lung cancer NSCLC, ovarian cancer, and prostate cancer.

In the Phase II trial of carboplatin and paclitaxel with or without ASA404 con-
ducted in patients with NSCLC, ASA404 plus chemotherapy appeared to improve
efficacy over chemotherapy alone in terms of overall response rate (ORR), median
time to progression (TTP), and median overall survival (OS) (McKeage et al.
2008). To further verify those results a single-arm phase II trial of patients with
advanced NSCLC was performed to evaluate ASA404 at a higher dose, again in
combination with carboplatin and paclitaxel. Again efficacy appeared to be improved
with ASA404 in ORR, TTP, and OS. However, these increases did not reach statis-
tical significance (McKeage et al. 2009). Both Phase II trials designed for patients
with ovarian cancer and prostate cancer demonstrated increased response rates
when treatment was combined with ASA404, but did not prolong survival (Pili
et al. 2010).

The Phase II results led to the randomized, double blind, placebo-controlled
Phase III trials in advanced NSCLC, ATTRACT-1 (Antivascular Targeted Therapy:
Researching ASA404 in Cancer Treatment) as first-line therapy, and ATTRACT-2
as second-line therapy. ATTRACT-1 included patients with stage IIIB/IV NSCLC
who had not previously received systemic therapy for metastatic disease. These
patients were treated with ASA404 plus carboplatin and paclitaxel vs. placebo plus
carboplatin and paclitaxel (Lara et al. 2011).

In 2010 independent data monitoring committees reviewed the interim results
from the ATTRACT-1 and ATTRACT-2 Phase III trials. The committees recom-
mended halting both trials when interim data analyses demonstrated ASA404 when
used in combination with chemotherapy would not likely meet their primary end-
points of significantly extending overall survival (Lara et al. 2011) and the pharma-
ceutical company leading this effort announced that it would discontinue further
development of the tumor-vascular disrupting agent ASA404.



22 A.T. Hooper et al.

2.3 Colchicines

2.3.1 Colchicines as Vascular Disrupting Agents

Of the three major classes of microtubule-binding agents, those that bind to the
colchicine binding site are probably the least identified as traditional anticancer
therapies; however, the colchicines may have the most promise as VDAs—resulting
in severe interruption of tumor blood flow and necrosis to the tumor cell compart-
ment. As a class, colchicinoid microtubule-destabilizing agents are structurally
related to the well-studied tubulin binding agent colchicine and bind to the colchi-
cine binding site of tubulin, located at the interface between o and 3 subunits of
the tubulin dimer, thereby inhibiting microtubule polymerization. So well is the
colchicine site characterized, that previously tubulin was referred to as a “colchicine
binding protein.” Members of this class have been coined as mitotic or spindle poi-
sons due to their rapid and deleterious effects on the cytoskeleton. A significant
advantage of colchicinoid VDA, is dual targeting of both the stromal and paren-
chymal populations within a given tumor microenvironment, due to the concomitant
EC and tumor cell sensitivity to this class. The downstream effects of colchicinoids
occur just a few minutes after binding, starting with disruption in blood flow and
intravascular thrombosis, followed by direct assault on the ECs (Dark et al. 1997).
Events after drug administration include morphological changes and disruption of
interphase microtubules, cytoskeleton collapse, mitotic catastrophe—EC death,
subsequent vascular injury, platelet activation, thrombosis, vascular blockage,
plasma protein leakage into interstitial space, vasoconstriction, neutrophil recruit-
ment, reduction in blood flow, avascularization, and hemorrhagic necrosis (Parkins
et al. 2000; Galbraith et al. 2001; Tozer et al. 2001; Kanthou and Tozer 2002; Prise
et al. 2002; Brooks et al. 2003).

The ancient natural product colchicine, for which the class is named, is one of the
oldest known microtubule inhibitors and was noted for its spindle poisoning proper-
ties by Pernice, a Sicilian pathologist in 1889 (Stafford et al. 2005) (Fig. 2.2).
Colchicine is a highly soluble tricyclic alkaloid isolated from Colchicum autum-
nale, also known as autumn crocus or meadow saffron. Colchicine has long been
demonstrated to have anti-vascular effects (Ludford 1948; Baguley et al. 1991), and
has recently been demonstrated to be more precisely anti-angiogenic in an endothe-
lial sprouting assay; however, significant inhibitory effect blocking the initiation of
angiogenesis was only seen at higher concentrations of colchicine, whereas lower,
clinically more relevant dose levels were ineffective (Stafford et al. 2005). Therefore
these data and others indicate that, although colchicine induces vascular damage, it
is only at doses that are limited by toxicity —in fact, there is no clear-cut distinction
between nontoxic, toxic and lethal doses (Finkelstein et al. 2010). As a result, colchi-
cine is FDA approved exclusively for its anti-inflammatory activities in the prevention
and treatment of gout and familial Mediterranean fever. Notwithstanding, several
groups have shown that at least some of the anti-inflammatory properties of colchicine
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Fig. 2.2 Colchicines and 2-methoxyestradiol

are due to the regulation of adhesion molecules, such as selectins and VCAM, on the
EC surface, preventing neutrophil rolling, attachment, and extravasation (Cronstein
et al. 1995; Asahina et al. 2001). Interestingly, a prodrug of an N-acetylcolchinol,
related to colchicine, ZD6126 (also known as ANG453) (Fig. 2.2), has been in clinical
trials as a treatment for cancer as a VDA resulting in vascular occlusion and tumor
necrosis. ZD6126 had shown promising results in vitro and in vivo in tumor-bearing
mice although due to dosing concerns and limited dose related cardio-cytotoxicity
in human patients further development was halted (Micheletti et al. 2003; LoRusso
et al. 2008). Notably, cardiotoxicity related to tubulin inhibitors has been demon-
strated to be a direct effect on myocardial ECs (Mikaelian et al. 2010).
Combretastatins, a class of natural stilbenoid phenols, were the first microtubule-
binding agents identified to have vascular disrupting properties and are the leading
agents in the colchicinoid class, if not the entire category of VDAs. They are com-
petitive inhibitors of the binding of colchicine to tubulin (Lin et al. 1988). In par-
ticular, combretastatin A-4 (CA4) was first isolated from the bark of the South
African bush willow, Combretum caffrum (Pettit et al. 1987, 1989) (Fig. 2.2).
Indeed, over a dozen combretastatins have been isolated and reported from C. caffrum
and related plants. CA4 displayed potent cytotoxic activities against a wide range of
human cancer cell lines, including multidrug resistant (MDR) cancer cell lines, with
IC,, values consistently in low nanomolar to subnanomolar range. CA4 is not
recognized by P-glycoprotein, often cited as responsible for MDR, and therefore
CAA4 is less apt to result in drug resistance (Atalay et al. 2006). Besides their effects
on tumor cells themselves, CA4 and derivatives target ECs and cause disruption
of the endothelial cytoskeleton by binding to the colchicine binding site of the
[- subunit of tubulin, thereby inhibiting the polymerization of tubulin to microtu-
bules. CA4 has been demonstrated to be more potent, anti-proliferative and pro-
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cytotoxic to ECs than would be expected for a tubulin inhibitor and at doses
significantly lower than the maximum tolerated dose (MTD) in mice. In fact, in vitro
studies using human umbilical vein endothelial cells (HUVEC) by several groups
demonstrated that CA4 is cytotoxic if the cells are proliferating, resulting in cell
rounding, retraction, membrane blebbing, and substratum detachment, but not if
they are quiescent (Dark et al. 1997; Galbraith et al. 2001). CA4 has also been
shown to inhibit active angiogenesis in a HUVEC tube formation assay (Grosios
etal. 1999). The perhaps unexpected safety profile in mice may be due to the resis-
tance of quiescent endothelia to the effects of combretastatin—likely due to the
discriminating dependence of nascent endothelia on the tubulin cytoskeleton
(Galbraith et al. 2001; Young and Chaplin 2004). In support of this, a major change
that occurs after EC exposure to CA4 is an alteration in shape and morphology,
which is profoundly less than that which occurs in quiescent ECs, offering combret-
astatin, and tubulin inhibitors with similar mechanism of action, an exquisite level
of selectivity for ECs in the pathological milieu (Galbraith et al. 2001).

Significant selectivity of colchicinoid compounds for vascular targeting and
disruption has been demonstrated in preclinical and clinical studies. Of the com-
bretastatin derivatives, CA4P a simple water soluble prodrug derivative (active
when dephosphorylated to CA4 which can then bind tubulin), was the first and per-
haps most extensively to be studied (Banerjee et al. 2008) (Fig. 2.2). CA4P induces
microtubule disruption by targeting neovascular ECs in the highly proliferative
tumor environment which denude from the vessel wall, thereby disrupting tumor
blood flow and increasing vascular permeability, resulting in central hemorrhagic
necrosis (Galbraith et al. 2001; Tozer et al. 2001). CA4P effects in vivo are rapid
and severe, resulting in an acute reduction in tumor blood flow within minutes of
drug administration. Significantly, the precise mechanism of action has been defined,
in that CA4P interrupts VE-cadherin signaling and induces the regression of sus-
ceptible emerging tumor neovessels thereby selectively disrupting tumor vascula-
ture. CA4P actions on VE-cadherin and associated beta-catenin/AKT signaling
pathways, critical for endothelial cell survival, results in increased vascular perme-
ability and endothelial cell death (Vincent et al. 2005). However, reduction in tumor
growth is not attainable with a single dose and requires repeated administration of
the combretastatin over time. Notably synergism is attainable by combination treat-
ments with anti-VE-cadherin neutralizing antibodies (Vincent et al. 2005).

Although CA4P was shown in Phase I studies to selectively reduce tumor blood
flow at well-tolerated doses, it unfortunately does not result in tumor regressions or
substantial tumor growth delay as a single agent— so more selective targeting, com-
bination therapies (if toxicities can be mediated), and/or improved colchicinoids
may be required (Banerjee et al. 2008). In fact, CA4P was recently shown to improve
overall survival in a phase II/III trial in anaplastic thyroid cancer in combination
with paclitaxel and carboplatin. Currently, CA4P is in studies for NSCLC and plati-
num resistant ovarian carcinoma, and in combination with anti-VEGF bevacizumab
for persistent ovarian epithelial, fallopian tube, or primary peritoneal carcinoma.
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This is particularly interesting as combining VTAs with already established angio-
genesis inhibitory agents may provide the one-two punch necessary to prevent
tumor regrowth.

Naturally found congeners of CA4 include combretastatin A-1 (CAl), a simple
hydroxyl derivative of CA4 which binds to the colchicine binding site at high affinity
(Fig. 2.2). The diphosphate prodrug of CAl, referred to as CAIP or Oxi4503, is
currently in clinical development (Fig. 2.2). Preclinical studies with CA1P in mice
demonstrated profound damage to tumor microvasculature with minimal uninvolved
organ vascular bed damage, however complete tumor eradication was not achieved —
suggesting that combination therapies with other chemotherapeutic modalities
might achieve complete tumor eradication (Chan et al. 2007). CA1P is currently in
Phase I clinical trials for relapsed and refractory acute myelogenous leukemia
(AML) and myelodysplastic syndrome (MDS). Furthermore, several synthesized
derivatives of combretastatin have been pursued and are in advanced clinical devel-
opment. In particular the combretastatin-serine AVE8062 is currently being evalu-
ated in clinical cancer trials (Fig. 2.2). AVE8062 is a water soluble synthetic
combretastatin analog with nanomolar potency inducing G2/M arrest and apotosis
in mouse ECs in vitro and in vivo, which is enhanced by combination therapy with
docetaxel (Kim et al. 2007). Phase I and II studies of CA1P and CA4P (and several
other colchinoids—both natural products and synthetics) reported cardiovascular
toxicities. Cardiac events were dose-limiting in phase I trials with VDA monother-
apy and combination therapy (Subbiah et al. 2011). These studies suggest that mon-
itoring of cardiac biomarkers could play a valuable role in future trials of VDAs.

In 1994, Judah Folkman’s laboratory demonstrated that a previously identified
anti-angiogenic metabolite of estradiol, 2-methoxyestradiol (2MeO-E2, Panzem)
(Fig. 2.2), inhibited angiogenesis in the chick chorioallantoic membrane (CAM) via
binding to the colchicine site of tubulin (D’Amato et al. 1994). 2-MeO-E2’s
anti-angiogenic activity lies within its ability to reduce endothelial cell prolifera-
tion, induce EC apoptosis, and reduce the transcription and expression, nuclear
accumulation, and transcriptional activity of HIF-1o—thereby demonstrating that
2MeO-E2 is a true anti-neoangiogenic compound (Mabjeesh et al. 2003; Verenich
and Gerk 2010). This agent also inhibits tumor cell growth by binding to tubulin,
resulting in antimitotic activity, and by inducing caspase activation, resulting in cell
cycle arrest in the G2 phase, DNA fragmentation, and apoptosis. Phase I and II
clinical trials revealed that orally administered 2MeO-E2 is well tolerated by patients
with only grade 2 and 3 toxicities observed (Verenich and Gerk 2010). However,
2MeO-E2 faces many challenges due to poor solubility, no MTD determined in early
clinical studies, only nanogram per milliliter levels detected in plasma due to pre-
systemic metabolism despite large doses, and in vitro cytotoxicity effects on tumor
cells in the micromolar to submicromolar range (Verenich and Gerk 2010).

In addition to toxicities outlined above, one of the main concerns with using
colchinoids/combretastatins for vascular targeting as single agents is the potential
for reactive angiogenesis from the residual viable rim left after the central necrosis
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events have taken place (Horsman and Siemann 2006). There are two working non-
mutually exclusive hypotheses for what may contribute to the remaining viable rim
after colchinoid/combretastatin treatment: (1) functional and structural tumor
endothelial heterogeneity (interstitial pressure, vessel caliber, vascular compensa-
tion) resulting in drug susceptibility of the inner vasculature vs. outer vasculature;
(2) sustenance of the outer rim tumor cells from the surrounding normal vascula-
ture, largely resistant to VDAs (Tozer et al. 2005). One could argue that neither
colchinoids nor any tubulin inhibitors were designed to be single therapy agents and
are much more likely to be effective when administered in intermittent doses and in
synergy with other therapeutics (Young and Chaplin 2004). To combat the reactive
rim rebound angiogenesis, several groups suggested and evaluated the efficacy of
combination therapies, including nonconventional therapies, to inhibit the regrowth
of the tumor from the reactive angiogenic rim—including markedly successful
combinations with cisplatin, cyclophosphamide, radiation and a host of other stan-
dards of care (Dark et al. 1997; Li et al. 1998; Chaplin et al. 1999; Horsman et al.
2000; Siemann et al. 2002; Young and Chaplin 2004; Madlambayan et al. 2010).
The differential sensitivity for alternative mechanism of action chemotherapies and
radiation vs. combretastatins allows for a unique opportunity for dual population
targeting (central hypoxic tumor cells and tubulin inhibitor resistant tumor rim),
resulting in additive or synergistic long-term outcomes. Notably, other groups have
successfully used combretastatin-mediated vascular targeting to enhance the reten-
tion of therapeutic antibodies within the tumor microenvironment (Lankester et al.
2007). In addition, because therapeutic antibody targeting strategies often have
greatest affect at the tumor rim due to tumor penetration, it makes sense to combine
these strategies with VDAs, such as colchinoids. It is of note that vascular and tumoral
heterogeneity can confound the response of the patient or preclinical animal to
CA4P—not the least of which are tumor size, vascular perfusion, interstitial fluid
pressure, and vascular permeability. Using biomarker and clinical strategies for appro-
priate drug administration should improve the long-term benefits of colchinoid class
tubulin inhibitors in the clinic, resulting in personally designed dosing regimens with
less toxicity and improved efficacy indices—ultimately saving patient lives.

2.4 Vinca Alkaloids and Peptide Tubulin Inhibitors as Vascular
Disrupting Agents

Vinca alkaloids and peptide tubulin inhibitors are distinct classes of natural products
which share similar function as microtubule depolymerizing agents. The earliest
reported Vinca alkaloids were natural products derived from the periwinkle Vinca
rosea, later renamed Catharanthus roseus. Vinblastine and later vincristine were the
first natural alkaloids discovered from extracts of these plants (Kruczynski and Hill
2001) (Fig. 2.3). Medicinal chemistry efforts successfully generated multiple
analogs via semisynthetic approaches, several of which underwent clinical evaluation,
including vinorelbine, vindesine, and vinflunine (Fig. 2.3). The peptide tubulin
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inhibitors are a highly diverse class of natural products, most of which are com-
posed of nonnatural amino acids. Representatives of this class include dolastatins,
auristatins, hemiasterlins, cryptophycins, and others. Synthetic efforts have also
produced multiple analogs with modified tubulin binding, cellular potency, and
in vivo efficacy. Vinca alkaloids and peptide tubulin inhibitors share an overlapping
binding site on B-tubulin that is distinct from the colchicine and taxane binding
sites. In general, Vincas noncompetitively inhibit the binding of peptides such as
dolastatin and analogs to tubulin (Bai et al. 1990). Both classes of tubulin inhibitors
destabilize microtubules and shift tubulin into the soluble, heterodimeric form.
During normal physiological processes, microtubules undergo treadmilling, the net
addition of subunits at the growing “+” end of the microtubule and loss at the “—”
end, and dynamic instability, the switching at microtubule ends between phases of
slow and rapid growth. Vincas and peptides bind to microtubule ends and suppress
both dynamic instability and treadmilling. Several members of both Vinca and pep-
tide classes have demonstrated activity against both epithelial and endothelial cells.
We highlight vinflunine and soblidotin, one member of each class with enhanced
anti-vascular activity compared to their related analogs.

2.4.1 Vinflunine

In order to identify potentially more active Vinca analogs with an improved safety
profile, chemists and biologists at the Pierre Fabre research group designed, synthe-
sized, and analyzed novel Vinca analogs, ultimately advancing vinflunine
(Kruczynski and Hill 2001) (Fig. 2.3). Vinflunine represents a modification of
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vinorelbine at the 20" position with the addition of two fluorine atoms and reduction
of the 3',4" double bond in the catharanthine moiety. Despite the structural similari-
ties among the four major Vinca analogs, there are notable differences in their tubu-
lin binding and cellular properties. Data from multiple groups suggest that the
binding of vinflunine to tubulin is actually weaker than other Vincas, on the order of
vincristine >vinblastine >vinorelbine >vinflunine. Moreover, drug competition
studies demonstrated that vinflunine only weakly inhibited the binding of radiola-
beled vinblastine or vinorelbine and did not inhibit vincristine (Kruczynski et al.
1998). Vinflunine also showed unique effects on microtubule dynamics compared
with vinblastine (Ngan et al. 2000). These distinct differences in vinflunine’s inter-
action with tubulin compared with other Vincas may contribute to the reported anti-
vascular effects of vinflunine at concentrations that are lower than cytotoxic doses.

Tubulin mediates cell division by forming the organized spindle network of
microtubules that control chromosomal segregation into daughter cells. However,
microtubules also play critical roles during interphase, including cytoskeletal struc-
ture, cell migration, adhesion site dynamics, and protein transport. These activities
are particularly important during neovascularization. Therefore, drugs interfering
with tubulin function have pleiotropic effects on cell physiology, in addition to
the cytotoxicity promoted by mitotic catastrophe. ECs may be more sensitive to the
non-mitotic effects of tubulin inhibitors due to their dependence on microtubules for
a dynamic cytoskeleton, cell migration, and other functions.

The Braguer lab elegantly observed the effects of vinflunine on microtubule
dynamics in human dermal microvascular endothelial cells (HMVEC), allowing
direct assessment of vinflunine’s properties in an endothelial cell system (Honore
et al. 2008). In general, tubulin depolymerizing agents cause a decrease in the amount
of stabilized or “paused” microtubules. Using time-lapse video microscopy, the num-
ber of microtubule pauses were measured in HMVEC and found to be approximately
50% in untreated cells. Vinflunine doses as low as 10 pM reduced microtubule pauses
to ~20%, and also shortened the duration of the pauses. These effects were apparent
between 0.01 and 2 nM. Therefore, at very low concentrations, even below the doses
typically causing cytotoxicity, vinflunine destabilizes microtubules and prevents them
from participating in normal interphase functions. A direct comparison among Vincas
on microtubule dynamics conducted by another group confirmed that vinflunine
neither reduces the rate of microtubule shortening nor the duration of the “pause”
state, in contrast to vinblastine (Ngan et al. 2000). This reduced affinity of vinflunine
with tubulin likely results in the observed 4-7-fold reduced microtubule treadmill-
ing rates compared with vinorelbine and vinblastine.

In HMVEQC, vinflunine also decreased the duration of microtubule end interac-
tion with adhesion sites from 2.5 min in untreated cells to 38 min in the presence of
1 nM vinflunine (Honore et al. 2008). In addition, vinflunine altered actin dynamics
by increasing the size and duration of stress fibers between focal adhesions.
Microtubule-associated proteins such as EB1 typically mediate tubulin dynamics by
binding to the growing tubule at the (+) end. Vinflunine at 1 nM eliminated the
proper localization of transfected GFP-EB1 from microtubules in HMVEC. A direct
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correlation was also observed between vinflunine concentrations that alter microtubule
dynamics and the phenotype of cell migration. HMVEC speed was decreased from
a normal rate of 0.4 to 0.2 um/min in the presence of 0.01-1 nM vinflunine, doses
which are commensurate with the destabilization of microtubules.

The anti-proliferative effects of vinflunine were compared with other Vinca ana-
logs in a panel of tumor cell lines after 2 or 3 day treatment (Kruczynski et al. 1998).
In general, vinflunine was 2—44-fold less potent than vinblastine, vincristine, or
vinorelbine in eight cell lines, and >10- to >1,000-fold less potent in two cell lines.
The Kruczynski lab later reported the effects of vinflunine on ECs (Kruczynski
et al. 2006). One hour treatment with vinflunine caused the dissociation of newly
formed endothelial cell tubes at doses of 100 nM and greater. Statistically significant
inhibition of HUVEC migration was observed at 100 nM vinflunine. Much higher
concentrations of vinflunine were required to induce endothelial cell death during
acute exposure, ranging from 8 uM upon 4 h exposure and >100 uM upon 1 h expo-
sure. Similar results were reported for HMVECs (Pourroy et al. 2006). Low concen-
trations of vinflunine increased microtubule dynamics in HMVEC and were
sufficient to inhibit Matrigel tube formation and cell speed without altering mitotic
spindle function. This suggests that vinflunine selectively affects interphase micro-
tubule functions that are necessary for anti-vascular effects at concentrations that do
not induce mitotic arrest or cytotoxicity.

The effects of vinflunine on tumor vasculature were assessed in the poorly dif-
ferentiated and rapidly growing colon adenocarcinoma model, MAC15A (Holwell
et al. 2001). At the single-administration maximally tolerated dose of 50 mg/kg,
vinflunine caused >50% tumor growth inhibition 1 week following a single injec-
tion. Assessment of vascular damage in tumors was conducted by infusion with
Hoechst dye following drug treatment. Microscopy revealed staining only of ECs
and confirmed >50% vascular shutdown in tumors 4 h after treatment with vinflunine
at 1040 mg/kg. Approximately 80% inhibition of functional vasculature was evident
24 h after a single dose at concentrations below the MTD.

Vinflunine also inhibited growth factor induced angiogenesis when bFGF-
embedded Matrigel plugs were implanted subcutaneously in mice (Kruczynski
et al. 2006). At vinflunine doses of 1.25 mg/kg and greater, 2—3-fold decreases in
hemoglobin content were observed in the plugs, suggesting impaired vasculariza-
tion. In the same study, LS174T tumor cells were injected into mice spleens to
assess the effect of vinflunine on experimentally induced metastasis. Vinflunine
treatment reduced the number of liver metastases at 1.25 mg/kg, or 16-fold lower
than the MTD. In contrast, colchicine or vinblastine produced similar effects only at
doses near MTD. Vinflunine was also efficacious across multiple studies in xeno-
grafts derived from a variety of human tumor cell lines, including lung NCI-H69
and LX1, renal RXF944LX, colon TC37, prostate PC3, breast MX1, and pancreas
PAXF546 (Hill et al. 1999).

Several clinical studies were conducted to evaluate the safety and anticancer
efficacy of vinflunine. The predominate adverse events for vinflunine therapy across all
trials were grade 3 or 4 neutropenia (approximately 50% of patients) and constipa-
tion, fatigue, and/or anemia (approximately 10-20%). As a result of an acceptable
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safety profile in various phase I trials, vinflunine was advanced to proof-of-concept
studies. Phase II trials were conducted in patients with multiple tumor types includ-
ing renal cell carcinoma, ovarian cancer, and melanoma, with the most impressive
responses observed in lung, breast, and bladder cancers (Yun-San Yip et al. 2008). In
a phase II study conducted in 63 patients with NSCLC, an 8.3% partial response rate
was observed and responses persisted for an average of 7 months. In another phase II
study, metastatic breast cancer patients who failed taxane and anthracycline therapies
showed a 30% ORR and 14.3 month median overall survival. Another study with 51
bladder cancer patients who previously failed platinum therapies showed 18% partial
response rate and 67% disease control; 14% of patients previously treated with a
vinblastine-containing cocktail responded (Culine et al. 2006). Overall, single-agent
vinflunine showed higher response rates in clinical trials compared with trials evaluat-
ing paclitaxel, docetaxel, oxaliplatin, lapatinib, bortezomib, or pemetrexed (Yun-San
Yip et al. 2008). Several trials were also conducted to evaluate combination of
vinflunine with platins, gemcitabine, or capecitabine. Combination studies of
vinflunine with anti-Her2 antibody trastuzumab produced relatively high 62.5% and
73.7% response rates, at 280 or 320 mg/m? vinflunine respectively.

A phase III trial was conducted in transitional cell carcinoma of the urinary tract
(TCCU) to follow-up on the preliminary phase I and II activity in this subtype of blad-
der cancer (Bellmunt et al. 2009). A 2 month survival advantage was observed in
patients treated with vinflunine plus best supportive care (6.9 months) vs. BSC alone
(4.6 month) and a significant 23% improvement in overall survival. These data sug-
gest that vinflunine can benefit patients for second-line treatment of TCCU.

Specific vascular endpoints do not appear to have been evaluated or reported sys-
tematically across the majority of clinical trials, so it is difficult to determine if anti-
vascular activity is a major contributor of the clinical efficacy. Also, it remains
unknown whether the reduced affinity of vinflunine for tubulin ultimately imparts an
improved clinical profile compared with first generation Vincas. Interestingly, the
tubulin binding properties of the Vincas, more so than the cytotoxicity potencies,
corresponded to the doses utilized in the clinic. As noted above, tubulin binding
affinities were vincristine >vinblastine >vinorelbine >vinflunine. In contrast, the
cellular potency for vincristine, vinblastine, vinorelbine in a panel of tumor cell lines
were within fivefold of each other, while vinflunine was typically >10-fold higher.
Weekly dosing regimens for these drugs were approximately 0.4—1.4 mg/m? for
vincristine, 4-20 for vinblastine, 25-35 for vinorelbine, and 280-320 mg/m? for
vinflunine. These activity differences among the highly related Vinca alkaloids
further emphasizes that minimal but selective structural changes in analogs can
significantly alter binding to the therapeutic target and translate to relevant pharma-
cological differences. Chemotherapeutic agents are typically administered to patients
at maximally tolerated doses. Hence, it may be difficult to tease out the subtle bio-
logical differences in tubulin binding and anti-vascular effects observed at lower
concentrations for a drug like vinflunine. At high doses, cytotoxicity in normal pro-
liferating cells, such as hematopoietic and gastrointestinal compartments, can reduce
the therapeutic index. Rational and well-titrated combinations of novel anti-vascular
agents plus debulking cytotoxics remain an important focus in oncology.
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Fig. 2.4 Peptide tubulin inhibitors

2.4.2 Soblidotin

Soblidotin, also known as auristatin PE or TZT-1027, is an analog of dolastatin-10
(Kobayashi et al. 1997) (Fig. 2.4). Dolastatin-10 was originally extracted in 1987
from the Indian ocean mollusk Dolabella auricularia. Soblidotin demonstrated
anti-vascular activity that was more pronounced than dolastatin and related anti-
microtubule agents. Soblidotin inhibits purified tubulin in a cell-free system with
an IC, of approximately 2.2 uM, within range of other tubulin destabilizing agents.
Soblidotin was found to bind to tubulin at both high (K,=0.2 nM) and low
(K,=10 uM) affinity sites, and to non-competitively inhibit the binding of vinblas-
tine from tubulin (Natsume et al. 2000). The anti-vascular activity of soblidotin
was first observed as altered cell contraction and membrane blebbing in HUVEC
upon acute exposure that was more pronounced than vincristine (Otani et al. 2000).
Soblidotin induces mitotic arrest and apoptosis in cultured tumor and endothelial
cells and is cytotoxic at subnanomolar concentrations. The effect of drug exposure
time and cytotoxicity was reported for soblidotin and other anticancer agents in
murine colon carcinoma C26 cells and HUVEC. Soblidotin was highly potent
against both cell types, with an IC, of 0.014 ng/mL against C26 after 3 day treat-
ment; soblidotin was threefold more potent against HUVEC at approximately
0.0046 ng/mL (Watanabe et al. 2007). Interestingly, soblidotin retained ultra-
potency after only 24 h treatment in HUVEC (0.098 ng/mL) while other chemo-
therapeutics were 10—100,000-fold less potent. Short-term exposure of all drugs to
C26 cancer cells was ineffective (IC,;>1,000 ng/mL). These findings were
extended to the assessment of vascular permeability with HUVEC cells, where the
ability of inhibitors to damage the junctions between ECs was assessed by using
FITC-dextran (Watanabe et al. 2006, 2007). Soblidotin increased permeability by
approximately 12-fold, compared with 9- and 4-fold changes for vinblastine and
vincristine, respectively, and no effect for docetaxel, 5-fluorouracil, and cisplatin
(Watanabe et al. 2007). These data suggest differential effects of soblidotin on
ECs compared with other chemotherapeutics, including inhibitors of tubulin and
DNA function.

The effect of soblidotin on HUVEC vascular tube formation was explored
using cells plated on extracellular basement membrane (Watanabe et al. 2007).
Drug added at the time of HUVEC plating impairs the development of newly
formed tubules and when soblidotin was added 20 h after cell plating, it disrupted
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existing tubules with an IC_ range of approximately 0.1-1 ng/mL. The effect of
soblidotin on angiogenesis was assessed using a chick embryo CAM assay
(Watanabe et al. 2007). After 2 days of exposure to soblidotin, >80% inhibition of
neovascularization was observed. Transcriptional profiling was also conducted in
a lung carcinoma cell line treated with various anti-tubulin agents, and the
observed soblidotin gene expression pattern was distinct from that of vinblastine,
vincristine, paclitaxel, and docetaxel (Shimoyama et al. 2006). Interestingly,
soblidotin increased the expression of the MMP inhibitor, TIMP3, which is known
to interfere with VEGF binding to its receptor. Proteomic or RNA profiling of
soblidotin-treated ECs may provide additional support for the role of the peptide
on anti-vascular activity.

The in vivo efficacy of soblidotin was evaluated in a VEGF-dependent model
where human small cell carcinoma cell line SBC-3 was transfected with VEGF
cDNA and implanted into nude mice (Natsume et al. 2003). SBC-3/VEGF tumors
showed increased neovascularization and faster growth rate compared with control
cells. Nearly complete regressions were observed against both control tumors and
SBC-3/VEGEF tumors treated with soblidotin. This activity was more pronounced
than combretastatin-A4P, vincristine, docetaxel, or cisplatin at or near their maxi-
mally tolerated doses. Histological analyses showed enhanced erythrocyte accumu-
lation, leakage, and scattering from tumor vasculature of SBC-3/VEGF cells
compared with SBC-3/neo cells 348 h post-administration of soblidotin. The authors
suggest that soblidotin preferentially induced thrombi, extravasation and necrosis in
a VEGF-dependent manner. Combretastatin-A4P was ineffective in these models,
suggesting that a combination of both cytotoxic and anti-vascular activity is required
for maximal effect. Soblidotin also reduced tumor perfusion in C26 tumor-bearing
mice, caused erythrocyte leakage, and potentiated vascular permeability induced by
VEGF (Watanabe et al. 2006).

Multiple clinical trials have been conducted with soblidotin. Separate Phase I
studies were performed in patients with various advanced solid tumors, as well as in
a cohort of non-small cell lung cancer (NSCLC) (Schoffski et al. 2004; Greystoke
et al. 2006; Tamura et al. 2007). In the NSCLC trial (Horti et al. 2008), 49 patients
treated by dose-escalation had dose-limiting toxicities of neutropenia, fever, myal-
gia, and neuropathic pain. One complete response, 3 partial responses, and 20 stable
disease were reported.

A Phase 1II trial was conducted in 32 NSCLC patients previously treated with
platinum-based therapy, and the majority had also been treated with microtubule
inhibitor taxanes or vinblastine (Riely et al. 2007). Predominate adverse events
included leukemia and neutropenia, which are commonly seen with tubulin inhibi-
tors at MTD. However, no objective responses were observed and median disease
progression was 1.5 months. No data was reported specifically on anti-vascular
markers. A Phase II study was also conducted in patients with metastatic soft-tissue
sarcomas; 21% of patients showed stable disease but no partial responses were
observed (Patel et al. 2006). No further Phase II development work has been con-
ducted on soblidotin as a free drug beyond these trials.



2 Identification and Development of Vascular Disrupting Agents... 33
2.5 Conclusions and Future Directions

A variety of natural products exert pronounced anti-angiogenic effects in preclinical
models, however, their clinical development was frequently limited by the onset of
side effects, including damage in normal tissues. A key question to overcome the
current limitations of VDAs is how to select for natural products with optimal selec-
tivity for tumor vasculature, sparing normal, resting vasculature.

The balance between efficacy and safety is evident in clinical studies with ultra-
potent anti-microtubule agents such as soblidotin, dolastatin, and related molecules.
Clearly it is necessary to minimize toxicities associated with tubulin inhibitors
against rapidly proliferating cell compartments, such as hematological and gastro-
intestinal tissues.

A class of therapeutics targeting tumor vasculature, also referred to as VTAs, that
interfere selectively with key regulators of tumor angiogenesis, including agents
blocking VEGF-A and VEGFR-2 signaling, showed promising antitumor activities
in preclinical studies and in clinical trials (Ferrara et al. 2007). However, the increase
in overall survival by targeted therapeutics is frequently limited, and these agents are
most commonly administered in combination with standard of care cytotoxic regi-
mens. For example, the use of bevacizumab is approved only when combined with
cytotoxic or cytokine therapy (with the exception of patients with GBM) and patients
with metastatic disease are refractory or acquire resistance to VEGF inhibitors (Jain
et al. 2006; Bergers and Hanahan 2008). Therefore, novel compounds or therapeutic
modalities targeting tumor vasculature with improved efficacy and safety character-
istics are needed to increase the response to anti-angiogenic treatment.

One potential strategy to achieve this goal is to combine the unique potency and
selectivity of VDAs including tubulin inhibitors and flavonoids with the selectivity
of large molecules binding to antigens expressed on tumor vasculature. This
approach is showing success, in particular with auristatin-based tubulin inhibitors,
as evidenced by the clinical approval of brentuximab vedotin (SGN-35) for Hodgkin
lymphoma. The delivery of soblidotin and other peptide inhibitors to anti-vascular
antigen targets via tumor endothelial-specific antibodies may enhance the therapeu-
tic index and clinical activity of such agents.

Additional therapeutic modalities are currently developed in oncology which may
achieve this goal, including nanoparticles targeted to the tumor vasculature. It will be
interesting to test the potential of VDASs in the context of ADCs or nanoparticles and
to study their ability to interfere with tumor angiogenesis and to block tumor growth.

References

Asahina A, Tada Y et al (2001) Colchicine and griseofulvin inhibit VCAM-1 expression on human
vascular endothelial cells—evidence for the association of VCAM-1 expression with microtu-
bules. J Dermatol Sci 25(1):1-9

Atalay C, Deliloglu Gurhan I et al (2006) Multidrug resistance in locally advanced breast cancer.
Tumour Biol 27(6):309-318



34 A.T. Hooper et al.

Baguley BC, Siemann DW (2010) Temporal aspects of the action of ASA404 (vadimezan;
DMXAA). Expert Opin Investig Drugs 19(11):1413-1425

Baguley BC, Holdaway KM et al (1991) Inhibition of growth of colon 38 adenocarcinoma by
vinblastine and colchicine: evidence for a vascular mechanism. Eur J Cancer 27(4):482-487

Bai RL, Pettit GR et al (1990) Binding of dolastatin 10 to tubulin at a distinct site for peptide anti-
mitotic agents near the exchangeable nucleotide and vinca alkaloid sites. J Biol Chem
265(28):17141-17149

Banerjee S, Wang Z et al (2008) Efficacy of selected natural products as therapeutic agents against
cancer. J Nat Prod 71(3):492-496

Bellmunt J, Theodore C et al (2009) Phase III trial of vinflunine plus best supportive care com-
pared with best supportive care alone after a platinum-containing regimen in patients with
advanced transitional cell carcinoma of the urothelial tract. J Clin Oncol 27(27):4454-4461

Bergers G, Hanahan D (2008) Modes of resistance to anti-angiogenic therapy. Nat Rev Cancer
8(8):592-603

Bibby MC, Double JA (1993) Flavone acetic acid— from laboratory to clinic and back. Anticancer
Drugs 4(1):3-17

Bibby MC, Double JA et al (1987) Factors involved in the anti-cancer activity of the investiga-
tional agents LM985 (flavone acetic acid ester) and LM975 (flavone acetic acid). Br J Cancer
55(2):159-163

Bibby MC, Double JA et al (1989) Reduction of tumor blood flow by flavone acetic acid: a pos-
sible component of therapy. J Natl Cancer Inst 81(3):216-220

Brooks AC, Kanthou C et al (2003) The vascular targeting agent combretastatin A-4-phosphate
induces neutrophil recruitment to endothelial cells in vitro. Anticancer Res 23(4):3199-3206

Carmeliet P, Jain RK (2011a) Molecular mechanisms and clinical applications of angiogenesis.
Nature 473(7347):298-307

Carmeliet P, Jain RK (2011b) Principles and mechanisms of vessel normalization for cancer and
other angiogenic diseases. Nat Rev Drug Discov 10(6):417-427

Chabot GG, Branellec D et al (1993) Tumour necrosis factor-alpha plasma levels after flavone
acetic acid administration in man and mouse. Eur J Cancer 29A(5):729-733

Chan LS, Malcontenti-Wilson C et al (2007) Effect of vascular targeting agent Oxi4503 on tumor
cell kinetics in a mouse model of colorectal liver metastasis. Anticancer Res 27(4B):
2317-2323

Chaplin DJ, Pettit GR et al (1999) Anti-vascular approaches to solid tumour therapy: evaluation of
combretastatin A4 phosphate. Anticancer Res 19(1A):189-195

Ching LM, Goldsmith D et al (1999) Induction of intratumoral tumor necrosis factor (TNF)
synthesis and hemorrhagic necrosis by 5,6-dimethylxanthenone-4-acetic acid (DMXAA) in
TNF knockout mice. Cancer Res 59(14):3304-3307

Ching LM, Cao Z et al (2002) Induction of endothelial cell apoptosis by the antivascular agent
5,6-dimethylxanthenone-4-acetic acid. Br J Cancer 86(12):1937-1942

Ching LM, Zwain S et al (2004) Relationship between tumour endothelial cell apoptosis and
tumour blood flow shutdown following treatment with the antivascular agent DMXAA in mice.
Br J Cancer 90(4):906-910

Chung F, Liu J et al (2008) Consequences of increased vascular permeability induced by treatment
of mice with 5,6-dimethylxanthenone-4-acetic acid (DMXAA) and thalidomide. Cancer
Chemother Pharmacol 61(3):497-502

Clauss M, Sunderkotter C et al (2001) A permissive role for tumor necrosis factor in vascular
endothelial growth factor-induced vascular permeability. Blood 97(5):1321-1329

Cronstein BN, Molad Y et al (1995) Colchicine alters the quantitative and qualitative display of
selectins on endothelial cells and neutrophils. J Clin Invest 96(2):994—1002

Culine S, Theodore C et al (2006) A phase II study of vinflunine in bladder cancer patients pro-
gressing after first-line platinum-containing regimen. Br J Cancer 94(10):1395-1401

D’Amato RJ, Lin CM et al (1994) 2-Methoxyestradiol, an endogenous mammalian metabolite,
inhibits tubulin polymerization by interacting at the colchicine site. Proc Natl Acad Sci U S A
91(9):3964-3968



2 Identification and Development of Vascular Disrupting Agents... 35

Dark GG, Hill SA et al (1997) Combretastatin A-4, an agent that displays potent and selective
toxicity toward tumor vasculature. Cancer Res 57(10):1829-1834

Darland DC, D’ Amore PA (1999) Blood vessel maturation: vascular development comes of age.
J Clin Invest 103(2):157-158

Denekamp J (1982) Endothelial cell proliferation as a novel approach to targeting tumour therapy.
Br J Cancer 45(1):136-139

Denekamp J, Hobson B (1982) Endothelial-cell proliferation in experimental tumours. Br J Cancer
46(5):711-720

Double JA, Bibby MC et al (1986) Pharmacokinetics and anti-tumour activity of LM985 in mice
bearing transplantable adenocarcinomas of the colon. Br J Cancer 54(4):595-600

Ferrara N, Mass RD et al (2007) Targeting VEGF-A to treat cancer and age-related macular degen-
eration. Annu Rev Med 58:491-504

Finkelstein Y, Aks SE et al (2010) Colchicine poisoning: the dark side of an ancient drug. Clin
Toxicol (Phila) 48(5):407-414

Folkman J (1985) Tumor angiogenesis. Adv Cancer Res 43:175-203

Galbraith SM, Chaplin DJ et al (2001) Effects of combretastatin A4 phosphate on endothelial cell
morphology in vitro and relationship to tumour vascular targeting activity in vivo. Anticancer
Res 21(1A):93-102

Greystoke A, Blagden S et al (2006) A phase I study of intravenous TZT-1027 administered on day
1 and day 8 of a three-weekly cycle in combination with carboplatin given on day 1 alone in
patients with advanced solid tumours. Ann Oncol 17(8):1313-1319

Grosios K, Holwell SE et al (1999) In vivo and in vitro evaluation of combretastatin A-4 and its
sodium phosphate prodrug. Br J Cancer 81(8):1318-1327

Harris SR, Thorgeirsson UP (1997) Flavone acetic acid stimulates nitric oxide and peroxynitrite
production in subcutaneous mouse tumors. Biochem Biophys Res Commun 235(3):509-514

Havlin KA, Kuhn JG et al (1991) Phase I clinical and pharmacokinetic trial of flavone acetic acid.
J Natl Cancer Inst 83(2):124-128

Hill BT, Fiebig HH et al (1999) Superior in vivo experimental antitumour activity of vinflunine,
relative to vinorelbine, in a panel of human tumour xenografts. Eur J Cancer 35(3):512-520

Holwell SE, Hill BT et al (2001) Anti-vascular effects of vinflunine in the MAC 15A transplant-
able adenocarcinoma model. Br J Cancer 84(2):290-295

Honore S, Pagano A et al (2008) Antiangiogenic vinflunine affects EB1 localization and microtu-
bule targeting to adhesion sites. Mol Cancer Ther 7(7):2080-2089

Horsman MR, Siemann DW (2006) Pathophysiologic effects of vascular-targeting agents and the
implications for combination with conventional therapies. Cancer Res 66(24):11520-11539

Horsman MR, Murata R et al (2000) Combretastatins novel vascular targeting drugs for improving
anti-cancer therapy. Combretastatins and conventional therapy. Adv Exp Med Biol
476:311-323

Horti J, Juhasz E et al (2008) Phase I study of TZT-1027, a novel synthetic dolastatin 10 derivative,
for the treatment of patients with non-small cell lung cancer. Cancer Chemother Pharmacol
62(1):173-180

Jain RK (2003) Molecular regulation of vessel maturation. Nat Med 9(6):685-693

Jain RK (2005) Normalization of tumor vasculature: an emerging concept in antiangiogenic therapy.
Science 307(5706):58-62

Jain RK, Duda DG et al (2006) Lessons from phase III clinical trials on anti-VEGF therapy for
cancer. Nat Clin Pract Oncol 3(1):24-40

Joseph WR, Cao Z et al (1999) Stimulation of tumors to synthesize tumor necrosis factor-alpha in
situ using 5,6-dimethylxanthenone-4-acetic acid: a novel approach to cancer therapy. Cancer
Res 59(3):633-638

Kanthou C, Tozer GM (2002) The tumor vascular targeting agent combretastatin A-4-phosphate
induces reorganization of the actin cytoskeleton and early membrane blebbing in human
endothelial cells. Blood 99(6):2060-2069

Kim TJ, Ravoori M et al (2007) Antitumor and antivascular effects of AVE8062 in ovarian carci-
noma. Cancer Res 67(19):9337-9345



36 A.T. Hooper et al.

Kobayashi M, Natsume T et al (1997) Antitumor activity of TZT-1027, a novel dolastatin 10
derivative. Jpn J Cancer Res 88(3):316-327

Kruczynski A, Hill BT (2001) Vinflunine, the latest Vinca alkaloid in clinical development.
A review of its preclinical anticancer properties. Crit Rev Oncol Hematol 40(2):159-173

Kruczynski A, Barret JM et al (1998) Antimitotic and tubulin-interacting properties of vinflunine,
a novel fluorinated Vinca alkaloid. Biochem Pharmacol 55(5):635-648

Kruczynski A, Poli M et al (2006) Anti-angiogenic, vascular-disrupting and anti-metastatic activities
of vinflunine, the latest vinca alkaloid in clinical development. Eur J Cancer 42(16):2821-2832

Lankester KJ, Maxwell RJ et al (2007) Combretastatin A-4-phosphate effectively increases tumor
retention of the therapeutic antibody, 1311-A5B7, even at doses that are sub-optimal for vascu-
lar shut-down. Int J Oncol 30(2):453-460

Lara PN Jr, Douillard JY et al (2011) Randomized phase III placebo-controlled trial of carboplatin
and paclitaxel with or without the vascular disrupting agent vadimezan (ASA404) in advanced
non-small-cell lung cancer. J Clin Oncol 29(22):2965-2971

Lash CJ, Li AE et al (1998) Enhancement of the anti-tumour effects of the antivascular agent
5,6-dimethylxanthenone-4-acetic acid (DMXAA) by combination with 5-hydroxytryptamine
and bioreductive drugs. Br J Cancer 78(4):439-445

Li L, Rojiani A et al (1998) Targeting the tumor vasculature with combretastatin A-4 disodium
phosphate: effects on radiation therapy. Int J Radiat Oncol Biol Phys 42(4):899-903

Lin CM, Singh SB et al (1988) Interactions of tubulin with potent natural and synthetic analogs of
the antimitotic agent combretastatin: a structure-activity study. Mol Pharmacol 34(2):200-208

LoRusso PM, Gadgeel SM et al (2008) Phase I clinical evaluation of ZD6126, a novel vascular-
targeting agent, in patients with solid tumors. Invest New Drugs 26(2):159-167

Ludford RJ (1948) Factors determining the action of colchicine on tumour growth. Br J Cancer
2(1):75-86

Mabjeesh NJ, Escuin D et al (2003) 2ME?2 inhibits tumor growth and angiogenesis by disrupting
microtubules and dysregulating HIF. Cancer Cell 3(4):363-375

Madlambayan GJ, Meacham AM et al (2010) Leukemia regression by vascular disruption and
antiangiogenic therapy. Blood 116(9):1539-1547

McKeage MJ, Von Pawel J et al (2008) Randomised phase II study of ASA404 combined with
carboplatin and paclitaxel in previously untreated advanced non-small cell lung cancer. Br J
Cancer 99(12):2006-2012

McKeage MJ, Reck M et al (2009) Phase II study of ASA404 (vadimezan, 5,6-dimethylxanthe-
none-4-acetic acid/DMXAA) 1800 mg/m(2) combined with carboplatin and paclitaxel in pre-
viously untreated advanced non-small cell lung cancer. Lung Cancer 65(2):192-197

Micheletti G, Poli M et al (2003) Vascular-targeting activity of ZD6126, a novel tubulin-binding
agent. Cancer Res 63(7):1534-1537

Mikaelian I, Buness A et al (2010) Primary endothelial damage is the mechanism of cardiotoxicity
of tubulin-binding drugs. Toxicol Sci 117(1):144-151

Natsume T, Watanabe J et al (2000) Characterization of the interaction of TZT-1027, a potent
antitumor agent, with tubulin. Jpn J Cancer Res 91(7):737-747

Natsume T, Watanabe J et al (2003) Antitumor activity of TZT-1027 (Soblidotin) against vascular
endothelial growth factor-secreting human lung cancer in vivo. Cancer Sci 94(9):826-833

Neri D, Bicknell R (2005) Tumour vascular targeting. Nat Rev Cancer 5(6):436—446

Ngan VK, Bellman K et al (2000) Novel actions of the antitumor drugs vinflunine and vinorelbine
on microtubules. Cancer Res 60(18):5045-5051

Otani M, Natsume T et al (2000) TZT-1027, an antimicrotubule agent, attacks tumor vasculature
and induces tumor cell death. Jpn J Cancer Res 91(8):837-844

Parkins CS, Holder AL et al (2000) Determinants of anti-vascular action by combretastatin A-4
phosphate: role of nitric oxide. Br J Cancer 83(6):811-816

Patel S, Keohan ML et al (2006) Phase II study of intravenous TZT-1027 in patients with advanced
or metastatic soft-tissue sarcomas with prior exposure to anthracycline-based chemotherapy.
Cancer 107(12):2881-2887



2 Identification and Development of Vascular Disrupting Agents... 37

Pettit GR, Cragg GM et al (1987) Antineoplastic agents, 122. Constituents of Combretum caffrum.
J Nat Prod 50(3):386-391

Pettit GR, Singh SB et al (1989) Isolation and structure of the strong cell growth and tubulin
inhibitor combretastatin A-4. Experientia 45(2):209-211

Pili R, Rosenthal MA et al (2010) Phase II study on the addition of ASA404 (vadimezan;
5,6-dimethylxanthenone-4-acetic acid) to docetaxel in CRMPC. Clin Cancer Res 16(10):
2906-2914

Plowman J, Narayanan VL et al (1986) Flavone acetic acid: a novel agent with preclinical antitu-
mor activity against colon adenocarcinoma 38 in mice. Cancer Treat Rep 70(5):631-635

Pluda JM (1997) Tumor-associated angiogenesis: mechanisms, clinical implications, and thera-
peutic strategies. Semin Oncol 24(2):203-218

Pourroy B, Honore S et al (2006) Antiangiogenic concentrations of vinflunine increase the inter-
phase microtubule dynamics and decrease the motility of endothelial cells. Cancer Res
66(6):3256-3263

Pratt CB, Relling MV et al (1991) Phase I study of flavone acetic acid (NSC 347512, LM975) in
patients with pediatric malignant solid tumors. Am J Clin Oncol 14(6):483—486

Prise VE, Honess DJ et al (2002) The vascular response of tumor and normal tissues in the rat to
the vascular targeting agent, combretastatin A-4-phosphate, at clinically relevant doses. Int J
Oncol 21(4):717-726

Rewcastle GW, Atwell GJ et al (1989) Potential antitumor agents. 58. Synthesis and structure-
activity relationships of substituted xanthenone-4-acetic acids active against the colon 38 tumor
in vivo. J Med Chem 32(4):793-799

Riely GJ, Gadgeel S et al (2007) A phase 2 study of TZT-1027, administered weekly to patients
with advanced non-small cell lung cancer following treatment with platinum-based chemo-
therapy. Lung Cancer 55(2):181-185

Schoffski P, Thate B et al (2004) Phase I and pharmacokinetic study of TZT-1027, a novel syn-
thetic dolastatin 10 derivative, administered as a 1-hour intravenous infusion every 3 weeks in
patients with advanced refractory cancer. Ann Oncol 15(4):671-679

Shimoyama T, Hamano T et al (2006) Reference profiling of the genomic response induced by an
antimicrotubule agent, TZT-1027 (Soblidotin), in vitro. Pharmacogenomics J 6(6):388-396

Siegenthaler P, Kaye SB et al (1992) Phase II trial with flavone acetic acid (NSC.347512, LM975)
in patients with non-small cell lung cancer. Ann Oncol 3(2):169-170

Siemann DW, Mercer E et al (2002) Vascular targeting agents enhance chemotherapeutic agent
activities in solid tumor therapy. Int J Cancer 99(1):1-6

Siim BG, Lee AE et al (2003) Marked potentiation of the antitumour activity of chemotherapeutic
drugs by the antivascular agent 5,6-dimethylxanthenone-4-acetic acid (DMXAA). Cancer
Chemother Pharmacol 51(1):43-52

Stafford SJ, Schwimer J et al (2005) Colchicine and 2-methoxyestradiol inhibit human angiogenesis.
J Surg Res 125(1):104-108

Subbiah IM, Lenihan DJ et al (2011) Cardiovascular toxicity profiles of vascular-disrupting agents.
Oncologist 16(8):1120-1130

Tamura K, Nakagawa K et al (2007) Phase I study of TZT-1027, a novel synthetic dolastatin 10
derivative and inhibitor of tubulin polymerization, which was administered to patients with
advanced solid tumors on days 1 and 8 in 3-week courses. Cancer Chemother Pharmacol
60(2):285-293

Thomsen LL, Ching LM et al (1990) Evidence for the production of nitric oxide by activated
macrophages treated with the antitumor agents flavone-8-acetic acid and xanthenone-4-acetic
acid. Cancer Res 50(21):6966-6970

Thomsen LL, Ching LM et al (1991) Tumor-dependent increased plasma nitrate concentrations as
an indication of the antitumor effect of flavone-8-acetic acid and analogues in mice. Cancer Res
51(1):77-81

Thomsen LL, Ching LM et al (1992) Nitric oxide production in endotoxin-resistant C3H/HeJ mice
stimulated with flavone-8-acetic acid and xanthenone-4-acetic acid analogues. Biochem
Pharmacol 43(11):2401-2406



38 A.T. Hooper et al.

Tozer GM, Prise VE et al (2001) Mechanisms associated with tumor vascular shut-down induced
by combretastatin A-4 phosphate: intravital microscopy and measurement of vascular perme-
ability. Cancer Res 61(17):6413-6422

Tozer GM, Kanthou C et al (2005) Disrupting tumour blood vessels. Nat Rev Cancer
5(6):423-435

Venditti JM, Wesley RA et al (1984) Current NCI preclinical antitumor screening in vivo: results
of tumor panel screening, 1976-1982, and future directions. Adv Pharmacol Chemother
20:1-20

Verenich S, Gerk PM (2010) Therapeutic promises of 2-methoxyestradiol and its drug disposition
challenges. Mol Pharm 7(6):2030-2039

Vincent L, Kermani P et al (2005) Combretastatin A4 phosphate induces rapid regression of tumor
neovessels and growth through interference with vascular endothelial-cadherin signaling. J Clin
Invest 115(11):2992-3006

Wahl O, Oswald M et al (2011) Inhibition of tumor angiogenesis by antibodies, synthetic small
molecules and natural products. Curr Med Chem 18(21):3136-3155

Watanabe J, Natsume T et al (2006) Antivascular effects of TZT-1027 (Soblidotin) on murine
Colon26 adenocarcinoma. Cancer Sci 97(12):1410-1416

Watanabe J, Endo Y et al (2007) Antiangiogenic activity of TZT-1027 (soblidotin) on chick chorio-
allantoic membrane and human umbilical vein endothelial cells. In Vivo 21(2):297-304

Young SL, Chaplin DJ (2004) Combretastatin A4 phosphate: background and current clinical status.
Expert Opin Investig Drugs 13(9):1171-1182

Yun-San Yip A, Yuen-Yuen Ong E et al (2008) Vinflunine: clinical perspectives of an emerging
anticancer agent. Expert Opin Investig Drugs 17(4):583-591

Zhao L, Ching LM et al (2002) The antitumour activity of 5,6-dimethylxanthenone-4-acetic acid
(DMXAA) in TNF receptor-1 knockout mice. Br J Cancer 87(4):465-470

Zhao L, Ching LM et al (2005) Mechanisms of tumor vascular shutdown induced by 5,6-dimeth-
ylxanthenone-4-acetic acid (DMXAA): increased tumor vascular permeability. Int J Cancer
116(2):322-326

Zwi L], Baguley BC et al (1989) Blood flow failure as a major determinant in the antitumor action
of flavone acetic acid. J Natl Cancer Inst 81(13):1005-1013

Zwi L], Baguley BC et al (1994) Correlation between immune and vascular activities of xanthe-
none acetic acid antitumor agents. Oncol Res 6(2):79-85



Chapter 3
Discodermolide: Past, Present, and Future

Ross E. Longley

Abstract (+)-Discodermolide, a polyhydroxylated lactone isolated from the marine
sponge Discodermia dissoluta, is a promising antitumor agent that continues to be
the subject of intensive chemical, biological, and pharmaceutical research since its
discovery two decades ago. Although structurally distinct from taxol, discoder-
molide shares a common mechanism of action as a potent tubulin polymerizer,
resulting in blockage of cells in the G,/M phase of the cell cycle, aberrant microtubule
function, and cell death. Following its licensing from Harbor Branch Oceanographic
Institution in 1998 by Novartis AG as an antitumor agent, discodermolide was
afforded an unprecedented priority status for synthesis on an industrial scale,
borrowing and modifying in some cases, academic synthetic schemes to produce
quantities sufficient for clinical trial. From a co-discoverer’s viewpoint, the story of
discodermolide will be described here, starting with its discovery, its progression
through preclinical evaluation, highlights from the synthetic contributions of aca-
demia and industry, a brief SAR walk around the molecule, the results of the first
clinical trial and the more recent journey from the actual compound, through its vari-
ous analogs and finally to its evolution to some exciting novel “hybrid” molecules.

3.1 Discovery and Initial Studies

The discovery of discodermolide came about as part of an overall program in marine
natural products drug discovery in the late 80s and early 90s at Harbor Branch
Oceanographic Institution in Fort Pierce, Florida. The activities of that program
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Discodermolide R=H

Fig. 3.1 Structure of discodermolide where R=H. The molecule can be additionally divided into
three regions A, B, and C which represent fragments which can be obtained synthetically and then
coupled together to form the complete molecule

were geared toward the discovery of potentially clinically useful compounds with
antitumor, antimicrobial, and immunomodulatory activities, through a systematic
screening of extracts from the marine environment and purification of the active
components following a bioassay guided approach. The isolation and structural
determination of discodermolide was first reported by Gunasekera et al. (1990). The
structure of discodermolide was described as a polyhydroxylated lactone which was
isolated from a methanol/toluene extract of a Caribbean marine sponge, Discodermia
dissoluta which was collected by scuba in March, 1987 at Lucay, Grand Bahama
Island, at a depth of 33 m and was immediately frozen for later analyses. The com-
pound was isolated using silica gel and reverse-phase chromatography and the
structure was determined primarily using NMR spectroscopy and verified by X-ray
crystallographic analysis (Fig. 3.1). The extract of the sponge originally demon-
strated inhibition of the in vitro proliferation of P388 leukemia cells, inhibition of
the growth of Candida albicans yeast, and suppression of the two-way mixed lym-
phocyte reaction (MLR). However, upon further purification, anti-proliferative
properties towards fungal organisms disappeared. The pure compound displayed
potent antitumor activity towards P388 cells with an IC_ of 0.5 pg/mL and suppres-
sion of the two-way mixed lymphocyte response of both mice and humans (0.5 pg/
mL and 5.0 ng/mL, respectively). The compound appeared not to be overly toxic to
normal murine splenocytes. The carbon skeleton of discodermolide was reported as
novel and the relative stereochemistry revealed a hairpin structure in the middle of
the carbon chain (Fig. 3.2). Initial isolation schemes revealed an extremely low
yield of the compound, with only 7.0 mg of pure compound isolated from the initial
434 g of frozen sponge (0.002%).
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Fig. 3.2 URANUS drawing showing numbering scheme and hairpin structure (reprinted with
permission from Gunasekera et al. (1990). Copyright 1990 American Chemical Society)

3.1.1 Early In Vitro and In Vivo Studies with Discodermolide

The initial biological activity of discodermolide was further characterized by
Longley et al. (1991a) to possess a wide range of in vitro immunosuppressive activities,
including inhibition of mitogenic stimulation of murine and human lymphocytes,
suppression of PMA-ionomycin stimulation, and interleukin-2 receptor expression
of purified T-cells of both murine and human origin. The compound appeared not to
be overly cytotoxic in vitro to normal cells. The first in vivo immunosuppressive
studies with discodermolide were reported in our companion paper (Longley et al.
1991b) which described discodermolide’s ability to suppress the graft-versus-host
splenomegaly response of BALB/c => CB6F, (BALB/cxC57BL/6J)F, grafted
mice when administered as daily, i.p. injections (5.0, 2.5, and 1.25 mg/kg) for 7 days.
Some toxicity and morbidity was associated with the two higher doses, but significant
suppression was observed at nontoxic doses of 1.25 mg/kg and two additional tested
lower doses of 0.625 and 0.313 mg/kg. Splenocytes obtained from these discoder-
molide-treated animals were found to be deficient in their abilities to respond to
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mitogens in vitro and an impaired killing of YAC-1 tumor cells by natural killer
(NK) cells isolated from these animals. Antibody responses following immuniza-
tion of discodermolide-treated mice by sheep red blood cells, however, remained
entirely intact. Thus, in these early studies, it became apparent that discodermolide
was exhibiting more of a generalized immunosuppressive effect on immune respon-
siveness rather than one of a more T or B-cell specific type. In addition, microscopic
observations of mouse splenocyte and human lymphocytes stimulated with PMA-
ionomycin and incubated with discodermolide resulted in the appearance of large,
blast-like cells; a morphology which is consistent with cells which are blocked at the
G,/M phase of the cell cycle. These findings were instrumental in helping to design
studies which served to uncover the mechanism of action of discodermolide.

3.1.2 Mechanism of Action of Discodermolide

3.1.2.1 Cell Cycle Block

One of the first studies in our laboratory which pointed to the mechanism of action
of discodermolide was done in collaboration with colleagues at Hoffmann-La Roche
which described the effects of the compound on the proliferation of a number of
murine lymphoid, nonlymphoid, and human nonlymphoid cell lines (Longley et al.
1993). Our results showed that IC, | values for the inhibition of proliferation of
discodermolide-treated cell lines were all very similar, with ranges of 37-84 nM.
These results, combined with our previous observations of mitotically blocked
“blast cells,” led us to examine the effects of discodermolide on the progression of
cells through the cell cycle, using flow cytometry. Murine DO11.10T hybridoma
cells were used as cell cycle targets for discodermolide. Cells were incubated with
varying concentrations of discodermolide for 3, 5, and 24 h, stained with propidium
iodide and analyzed on a flow cytometer. Our findings indicated that in as little 3 h
incubation of cells with 1.0 pg/mL of discodermolide, increasing populations of
cells entering S and G,/M phases were observed with more than 50% of the cells
accumulating in G,/M phase by 24 h. Forward vs. side scatter patterns of discoder-
molide blocked cells confirmed a size range of approximately twofold, with a DNA
content of 2 N compared to untreated cells, thus confirming our initial observations
of the formation of large blast-like cells in discodermolide-treated cultures.

3.1.2.2 Tubulin Target and Discodermolide Binding Site

In collaborative studies with Billy Day’s laboratory at the University of Pittsburg
(Kowalski et al. 1995), discodermolide was shown to stabilize cellular microtubules
and polymers of tubulin and microtubule-associated protein (MAPs). In comparison
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Fig. 3.3 Effects of discodermolide on A549 human lung cancer cells. A549 human lung cancer
cells were incubated with and without 100 nM discodermolide for 24 h fixed in ethanol, stained
with fluorescent anti-alpha tubulin and examined with confocal microscopy. (a) 0.05% ethanol
control. Note regular, mesh-like microtubule network, and oval shaped nuclei. (b) 100 nM disco-
dermolide. Spectacular rearrangement of microtubules into thick bundles and fragmented nuclei
(used with kind permission from Harbor Branch Oceanographic Institution, Fort Pierce, FL)

to other microtubule polymerizing agents, epothilone A/B and taxol, discodermolide
was observed to be the most potent of these agents. In a subsequent paper (ter Haar
et al. 1996), the Day laboratory confirmed our original findings by the observation
of a G,/M block for discodermolide-treated Burkett lymphoma cells. They also
observed that 10 nM discodermolide treatment of MCF-7 breast cancer cells resulted
in a spectacular rearrangement of microtubule filaments into clusters or “bundles,”
similar to that which was routinely required 1.0 uM of taxol. These observations
extended to our own in which we observed a similar phenomenon with A549 human
lung adenocarcinoma cancer cells (Fig. 3.3). In vitro incubation of purified tubulin
plus MAPs with discodermolide resulted in almost total polymerization of tubulin
at 0°C, conditions in which taxol at an identical concentration was inactive.
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EC,, values for induction of tubulin assembly were 3.2 um for discodermolide vs.
23 um for taxol. Similar findings of G,/M block were reported by Hung et al. (1994)
in Stuart Schreiber’s laboratory, with some of the first synthetically obtained disco-
dermolide. The (+) enantiomer of synthetic discodermolide was found to have
potent anti-proliferative and G /M blocking activity in several cell lines in the nano-
molar range. Interestingly, the synthetic () enantiomer was 6—19-fold less potent
compared to the (+) enantiomer and its mechanism of action appeared to be linked
with accumulation of cells in S-phase rather than G,/M.

In subsequent studies, the Day group (Kowalski et al. 1997) found discoder-
molide to be strikingly potent in inhibiting the binding of [*H] taxol to tubulin poly-
mer, with an apparent K, value of 0.4 uM. The morphology of the tubulin polymers
formed with discodermolide was clearly different than that observed for taxol i.e.,
discodermolide polymers appeared much shorter in length. The Schreiber group
(Hung et al. 1996a) confirmed the discodermolide targeting of tubulin and showed
that discodermolide bound one molecule per tubulin dimer, with a higher affinity
than taxol. The binding of microtubules by discodermolide and taxol were mutually
exclusive, indicating either overlapping or different tubulin binding sites. More
recent studies by the Horwitz lab (Khrapunovich-Baine et al. 2009) indicate that
while taxol enjoys major interactions with the M-loop of tubulin, discodermolide is
oriented away from this loop and toward the N-terminal H1-S2 loop. Discodermolide
appears to stabilize microtubules primarily through tubulin interdimer contacts on
the R-tubulin side, and to a lesser extent on interprotofilament contacts between
adjacent B-tubulin subunits. These complementary stabilizing effects of discoder-
molide and taxol may help to understand the synergy of these two drugs observed
in vivo. Several groups continue to investigate the 3D structure of discodermolide,
relating the solution structure (Canales et al. 2008; Sanchez-Pedregal et al. 2006)
with that of the original proposed solid state conformation (Gunasekera et al. 1990;
Smith et al. 2000, 2001) in relation to its conformational binding to tubulin
Surprisingly, the solid state and solution conformations are similar, and more recent
studies by Jogalekar et al. (2010) suggest a new binding mode (pose) of discoder-
molide for B-tubulin which is more consistent with some of SAR data involving
certain lactone and diene substitutions which will be discussed later.

3.1.2.3 Activity Against Drug Resistant Tumor Cell Lines

Discodermolide was shown to have potent cytotoxic activity against various
multidrug resistant cell lines (Kowalski et al. 1997). P-glycoprotein over-expressing
human colon and ovarian carcinoma cell lines which were 25-89-fold more resis-
tant relative to their parental lines were sensitive to discodermolide, with IC, values
in the range of 70 nM for SWR620AD-300 MDR resistant colon carcinoma cells
(compared to 260 nM for paclitaxel) and 580 nM for A2789AD MDR resistant
ovarian carcinoma cells (compared to 3,900 nM for paclitaxel). For ovarian carci-
noma cells made resistant to paclitaxel due to mutations in their B-tubulin, IC,,
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values for discodermolide were 7.2 nM for 1A9PTX10 cells (compared to 32 nM
for paclitaxel) and 13 nM for 1A9PTX22 cells (compared to 41 nM for paclitaxel).
Susan Horwitz’s laboratory (Martello et al. 2000) was the first to show that discod-
ermolide could combine synergistically with taxol to kill A549-T12 human lung
carcinoma cells which had been made resistant to taxol, but were sensitive to dis-
codermolide. This same cell line also required low concentrations (2—-6 nM) of taxol
for growth. The microtubule active compounds such as the epothilones and elu-
etherobin could substitute for taxol in sustaining the growth of these cells, whereas
discodermolide could not. Thus, discodermolide’s mechanism of action seemed to
differ somewhat from that of taxol, and could explain the synergistic cytotoxic
effects observed with discodermolide/taxol combinations. Further studies in Mary
Ann Jordan’s laboratory (Honore et al. 2004) confirmed and extended these findings
in normal A549 cells. Discodermolide and taxol synergistically blocked cell cycle
progression at G/M interface (41%) compared to each drug alone (9.6% and 16%
for discodermolide and taxol, respectively), and they synergistically enhanced cell
death due to apoptosis. The combination of discodermolide and taxol at their respec-
tive anti-proliferative IC, values (7 and 2 nM) for discodermolide and taxol how-
ever, altered most parameters of microtubule dynamic instability in a synergistic
fashion, except for a time-based rescue frequency. The significance of these findings
lie in the ability of low concentrations of discodermolide to synergize with paclitaxel
to effect microtubule dynamics directly and to contribute to a synergistic G,/M arrest,
inhibition of proliferation, and induction of apoptosis.

One of the first in vivo studies to test the synergistic effects of discodermolide
and paclitaxel was described by Huang et al. (2006) in the Horwitz laboratory.
Discodermolide was used singly or in combination with taxol in the treatment of
nude mice bearing human ovarian SKOV-3 carcinoma cell xenografts. Engrafted
mice which were given a single tail vein injection of taxol (20 mg/kg) or similarly
treated with one dose of discodermolide (5 mg/kg) exhibited only minimal tumor
growth suppression 6 days following treatment. Taxol at the maximum tolerated
dose (MTD), in nude mice (60 mg/kg i.v. administered as 20 mg/kg qd X3), resulted
in tumor growth suppression but not regression. Engrafted mice which were given
a combined taxol/discodermolide dose showed 40% tumor regression. At 20 days
posttreatment, the tumor volumes of the combined treatment group were significantly
smaller compared to those of the single-agent groups. Additionally, the combination
treatment was well tolerated as evidenced by no weight loss or observable toxicities
compared to the taxol MTD group, where transient body weight loss occurred
(10%). Fibroblast growth factor-supplemented Matrigel plugs obtained from
animals treated with discodermolide/taxol combinations and separately had
significantly decreased vascularization in the combination-treated animals com-
pared with single-agent. The significance of these findings is multifold; the in vivo
results validate the previously described in vitro synergism of discodermolide and
taxol and point to the potential of combination therapy using these two drugs. In
addition, they give us insight on adjunctive mechanism of action of discodermolide
here, i.e., as a potent antiangiogenic agent.
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3.1.2.4 Other Mechanisms of Action of Discodermolide

A further definition of discodermolide’s mechanism of action was investigated by
Klein et al. (2005) in the Horwitz laboratory. They reported a type of “accelerated
senescence” of A549 cells which had been grown for more than a year in 8 nM of
discodermolide, before switching to a higher concentration of the drug. These cells
appeared to stop proliferating and exhibited a flattened, enlarged and granular mor-
phology. These cells expressed [-galactosidase, up regulation of plasminogen acti-
vator inhibitor (PAI-1), and induction of three important proteins of the MAPK
signaling pathway, p66Shc, a mediator of oxidase stress and Erk1 and Erk2, kinases
which phosphorylate cytoskeletal proteins and transcription factors, resulting ulti-
mately in regulation of cell growth. Interestingly, incubation of these cells with
equimolar concentrations of taxol had either no effect or diminished the expression
of levels of these proteins. This was the first study which demonstrated that discod-
ermolide could accelerate cellular senescence suggesting yet another mechanism by
which discodermolide suppresses tumor cell growth.

In yet another potential mechanism of action of discodermolide, Broker et al.
(2002) and Huisman et al. (2002) in the Giaccone group had previously reported
that paclitaxel, epothilone B, and discodermolide triggered cell death primarily via
caspase-independent routes in non small cell lung carcinoma (NSCLC) cell lines
Neither expression of the caspase-8 inhibitor CrmA nor preincubation with the
broad-spectrum caspase blocker zZVAD-fmk decreased the cytotoxic effects of these
compounds. Further studies by Broker et al. (2004) showed that discodermolide
could trigger disruption of lysosomes leading to release and subsequent activation
of the lysosomal protease cathepsin B, representing an early stage of the cell death
process in this type of cell. Inhibition of cathepsin B, and not of caspases or other
proteases such as calpains or cathepsin D, strongly protected against cell death,
indicating that cathepsin B was essential for the caspase-independent cell death trig-
gered by paclitaxel, epothilone B, and discodermolide. A most interesting mechanism
of action of discodermolide was reported by Smith et al. (2005d) involving the poten-
tial for use of a discodermolide analog compound in bacteriolytic therapy (Dang et al.
2001) of tumors. A single intravenous injection of (+)-2,3-anhydrodiscodermolide
combined with genetically modified Clostridium novyi-NT spores caused rapid and
complete regressions of tumors in mice bearing HCT116 colorectal cancer
xenografts. Treatment with each agent alone was not effective in causing tumor
regression. The combination of anaerobic growth of C. novyi-NT spores in
the hypoxic regions of the tumor and the cell growth inhibitory action of
(+)-2,3-anhydrodiscodermolide in the vascularized compartments of the tumor were
postulated to be the mechanism of action of tumor regression.

3.2 Supply

Discodermolide was originally isolated in very limited quantities from the sponge,
D. dissoluta (Gunasekera et al. 1990). The original 7 mg of the compound was
obtained from an initial quantity of 434 g of the frozen sponge (0.002%) and was
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utilized for some of the first in vitro studies. Additional milligram amounts were
isolated from subsequent recollections of the sponge by the Harbor Branch Group,
and were used for initial in vivo studies. It was clear from the start that harvesting
large quantities of sponge to provide isolated amounts of the pure compound
sufficient for anticipated clinical trials was both economically and ecologically pro-
hibitive. Alternative sources of the compound were therefore sought, which led to
the consideration of two avenues of investigation; (1) isolation of a potential
microorganism(s) from the source sponge which theoretically could be responsible
for production of the compound or (2) access via synthetic methods.

3.2.1 Microbial Sources of Discodermolide

Sponges contain a wide variety of microorganisms which live in a commensal type
relationship. Some of these microorganisms isolated from their respective sponges
have been shown to produce the very metabolites which were once thought to be
solely associated with the sponge source (Bewley et al. 1996; Davidson et al. 2001;
Unson and Faulkner 1993). Early attempts were made to isolate microorganisms
from D. dissoluta sponge material, both from freshly collected and frozen speci-
mens. Several morphological types were cultured and partially identified, but none
were shown to produce discodermolide (personal observations and unpublished
data). Shirmer et al. (2005) through the screening of sponge metagenomic libraries,
described a sponge-specific, filamentous bacteria found in whole tissue samples of
D. dissoluta, which belonged to the genus Entotheonella, This organism appeared
to constitute the majority of the filamentous population within the sponge. Briick
et al. (2008), in collaboration with Pomponi’s group at Harbor Branch, used cen-
trifugal sponge cell fractionation of dissociated tissue from Discodermia sp. and
was able to identify enriched populations of Entotheonella sp. by the use of 16sRNA
genomic analyses which was confirmed through the use of fluorescent in situ hybrid-
ization. The organism appeared to locate in the mesohyl of the sponge. While the
tantalizing possibility still exists that there may be a sponge-associated microorgan-
ism which could be isolated from Discodermia sp. sponge, cultured and fermented
to produce discodermolide, none has been reported thus far.

3.2.2 Synthesis of Discodermolide

A very thorough and excellent review of the synthesis of discodermolide has been
recently described in a paper by Florence et al. (2008) in the Paterson group, so
those details will not be presented here. However, a brief mention of the history of
the contributions of each of the groups involved in the syntheses, the relative yields,
number of steps, and number of grams provided (where appropriate) will be made
here. The first synthesis of the negative antipode of discodermolide was carried out
by Schreiber and coworkers (Nerenberg et al. 1993) and helped to establish the first
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absolute configuration. Synthesis of the natural (+) antipode followed shortly
thereafter (Hung et al. 1994), and as mentioned earlier, the two antipodes exhibited
quite different activities in relation to cell cycle block, with the natural (+) antipode
blocking cells at the G,/M phase of the cell cycle, while the unnatural (-) antipode
blocking cells in the S phase. The Schreiber synthesis was accomplished with an
overall yield of 4.3% over the 23 steps in the longest linear sequence and was the
first to establish the absolute stereo configuration of discodermolide which allowed
for subsequent preparation of a number of discodermolide analogs and initial struc-
ture activity relationship studies. The laboratory of Amos Smith was similarly suc-
cessful in providing a total synthesis of unnatural (—)-discodermolide with his first
attempts resulting in a 2.2% overall yield obtained over 28 steps in the longest linear
sequence (Smith et al. 1995). Synthesis of natural (+)-discodermolide was subse-
quently reported by his group (Smith et al. 1999). The overall synthetic scheme
improved the yield to 6% over 24 steps in the longest linear sequence and is most
notable for providing the greatest amount of discodermolide at that time (1.04 g)
which provided quantities sufficient for more in depth in vitro and in vivo biological
studies. A further improved synthesis which helped to negate a difficult high-
pressure step, a clear roadblock to scale-up synthesis, was reported by Smith et al.
(2003), however, yield suffered, with a 1.9% overall yield and 24 steps in the lon-
gest linear sequence. A fourth scheme was then initiated by Smith et al. (2005¢)
which described modifications which increased the overall efficiency and conver-
gence of the approach. This resulted in an impressive increase in overall yield of
9.0% with only 17 steps in the longest linear sequence.

Myles and coworkers first reported the synthesis of unnatural (—) discodermolide
in 2003 (Harried et al. 2003), followed by synthesis of natural (+) discodermolide in
2003 (Myles 2003). The Myles synthesis relied on a convergent strategy and
included a diastereoselective alkylation of a ketone enolate to establish the key
C15-C16 bond. Overall yield was 1.1% with 22 steps in the longest linear
sequence.

Marshall and Johns (1998) described a total synthesis of (+)-discodermolide in
1998, which featured the assembly of three key stereotriad polypropionate subunits
using allenylmetal addition methodology. The overall yield using this strategy was
2.2% in 29 steps in the longest linear sequence.

The Paterson group reported their first initial total synthesis of (+)-discoder-
molide in 2000 (Paterson et al. 2000). The basis of their synthetic strategy was the
use of stereo controlled aldol reactions to join three key subunits. This was their first
attempt at total synthesis with an impressive yield of 10.3% over 23 steps (longest
linear sequence). A second strategy, aimed at reducing the total number of steps and
to reduce the need to use all chiral reagents was subsequently reported (Paterson
et al. 2003) and resulted in a lower overall yield (5.1%), but greatly reduced the total
number of steps to complete the discodermolide molecule from 58 to 35 steps.
A third generation synthesis by the Paterson group was later described (Paterson
and Lyothier 2004, 2005), in which a revised strategy, utilizing a modified Still-
Gennari HWE coupling of advanced subunits which served to reduce the overall
linear sequence with increased yields and contributed to potential application of a
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more feasible industrial scale-up plan. The overall yield was an impressive 11.1%
with 21 steps (longest linear sequence).

Novartis licensed discodermolide from Harbor Branch Oceanographic Institution
in 1998 for clinical development as an anticancer drug and quickly realized that
sufficient and sustainable supplies of the drug could not be easily attained by isola-
tion of compound from collected specimens, nor was there a fermentable microor-
ganism isolated from source sponge which had been indentified to produce the
compound. A decision was made to engage the Novartis Process Chemistry Group,
led by Stuart Mickel, to tackle the complete synthesis of discodermolide in order to
obtain at least 50 g of discodermolide for the anticipated clinical trials. A combina-
tion of several key synthetic schemes taken from both the Paterson and Smith
approaches resulted in the production of 64 g of API discodermolide. Details of this
plan are reported in five papers (Mickel et al. 2004a, b, c, d, e).

Arefolov and Panek (2005) offered a stereo-controlled synthesis of (+)-discoder-
molide by introducing the absolute stereochemistry of the C1-C6, C7-C14, and
C15—C24 subunits by introducing asymmetric crotylation methodology. Overall,
the Panek’s synthesis resulted in an overall yield of 2.1% based on 27 steps (longest
linear synthesis). The Betzer/Ardisson total synthesis of (+) discodermolide (de
Lemos et al. 2007) utilized some of the strategies of Marshall and Johns (1998),
Smith et al. (1995) and Arefolov and Panek (2005). The resultant yield was 1.6%
from 21 steps (longest linear sequence).

3.2.3 Structure Activity Relationships of Discodermolide

An excellent review of the structure activity relationships of discodermolide ana-
logs was recently described by Shaw (2008). We will attempt to summarize and
present some examples in the literature which have helped to “map” the structure
activity of the discodermolide molecule. The original work by Gunasekara (1990)
presented the X-ray crystal structure of discodermolide which first suggested a hair-
pin feature of the molecule comprising the C8 through C14 region, although the
absolute configuration was not determined (Fig. 3.2). The tetraacetate derivative of
discodermolide prepared in this study and additional mono, di- and tri-acetates were
later evaluated for cytotoxic activity against P388 murine leukemia cells (Table 3.1)
(Gunasekera et al. 2001). We found that acetylation at C3 and/or C7 increased
cytotoxic activity towards P388 cells compared to parent discodermolide.
Interestingly, acetylation at C11 and/or C17 decreased the cytotoxic activity of dis-
codermolide, even in the presence of “enhancing” C3 and/or C7 acetylation, indi-
cating the importance of this region of the molecule for activity. In our subsequent
paper (Gunasekera et al. 2002a) we found similar effects of acetylation of the
compound on cytotoxicity towards A549 human lung cancer cells, again pointing
out the crucial importance of the C11 and C17 region of the molecule. We also
examined the ability of these acetylated discodermolide analogs to induce the
in vitro polymerization of purified bovine brain tubulin compared to taxol and
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Table 3.1 Cytotoxicity of discodermolide and discodermolide analogs in P388 murine leukemia
and A549 human lung adenocarcinoma cells as determined by MTT metabolism following 72 h
exposure to each test agent

R, R, R, R, P388 (nM)  A549 (nM)

Discodermolide H H H H 35.0 3.5
D-3-OAc COCH, H H H 3.6 3.8
D-7-OAc H COCH, H H 39 0.8
D-3,7-OAc COCH, COCH, H H 0.7 0.8
D-3,11-OAc COCH, H COCH, H 103.0 164.0
D-3,17-OAc COCH, H H COCH, 1109.0 524.0
D-3,7,11-OAc COCH, COCH, COCH, H 166.0 545.0
D-3,7,17-OAc COCH, COCH, H COCH, 6925.0 1000.0
D-3,7,11,17-OAc = COCH, COCH, COCH, COCH, ND 1000.0

Values expressed as IC, (nM). R -R, indicate group substitutions (reprinted with permission from
Gunasekera et al. (2002a), Copyright 2002 American Chemical Society)

discodermolide, under conditions of varying temperature and time (Fig. 3.4)
(Isbrucker et al. 2001). The kinetics of discodermolide include rapid polymerization
of tubulin (within seconds of addition) and maximum polymerization within 20 min
at a temperature of approximately 10°C. Taxol, on the other hand, induces tubulin
polymerization at a temperature of approximately 20°C, 15 min following addition
at 4°C, thereafter reaching to a maximum polymerization value at 35°C, which is
approximately one-half that induced by discodermolide. The surprising finding was
that none of the analogs induced the maximal tubulin polymerization response
observed with parent discodermolide, however, the D-3,7 analog reached a maxi-
mum response which was approximately 35% greater than that observed for taxol
(but less than discodermolide). The D-7 and D-3 analogs values were slightly less
than for taxol. The kinetics of the three discodermolide analogs revealed a slow
polymerization of tubulin (compared to discodermolide) with maximal polymeriza-
tion at approximately the same temperature as taxol. Our results suggested that these
three analogs appeared to have polymerization profiles more like taxol than discoder-
molide. More importantly, these studies were some of the first to show the critical
importance of the C-11 through C-17 region of the discodermolide molecule in helping
to support and maintain the biological activity of the compound. Additional analogs
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Fig. 3.4 Tubulin Polymerization Profiles of Discodermolide and Analogs. One mg/mL purified
bovine brain tubulin in G-PEM buffer induced by 10 mM of compounds B through F and vehicle
control A. Arrows above graph indicate temperature of cuvette holder throughout the assay (with
kind permission from Springer Science+Business Media: Isbrucker et al. 2001). Copyright
Springer-Verlag 2001

of discodermolide have been prepared by others through semi-synthesis, or as by-
products in total synthetic processes. In addition, academia and industry have
reported direct synthetic schemes to generate analogs for further study.

3.2.3.1 Fragments A, B, and C: A Walk Down the Molecule

The discodermolide molecule can be divided into three general fragments with
somewhat equal complexity (A, B, and C), which are then coupled together to form
the complete compound (Fig. 3.1). Synthetic intermediates and modifications to
each of these fragments have provided a wealth of information on structure activity
relationships. A walk down the molecule through a brief review of some of the work
from several groups will reveal some interesting insights on the SAR of the discod-
ermolide molecule. Unfortunately, space does not allow a complete review of all the
literature in this area, so only a few research highlights from various groups will be
described here.
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3.2.3.2 The A Fragment

Some of the earlier work by several groups with the A fragment and attachments to
the terminal diene, either as linkers (Hung et al. 1996b) or as fluorescent probes
(Smith et al. 2005¢) resulted in a discodermolide analog with potency similar to
parent compound, suggesting that space existed for the attachment of larger groups
within this domain. Additionally, the Novartis group showed that while reduction
of the terminal olefin did not impact the anti-proliferative activity of the compound,
further reduction of the second double bond or replacement of the diene with a
phenyl or benzyl ether resulted in dramatic reduction in potency (Kinder et al.
2002; Palmero et al. 2002). The carbamate group in fragment A has been analyzed
as well for structure activity relationships, and we were the first to report a natu-
rally occurring decarbamoyl analog, 19 desaminocarbonyldiscodermolide
(Gunasekera et al. 2002b), isolated from the source sponge, which showed only a
slight (3—5-fold) drop in potency compared to discodermolide. Smith et al. (2005a)
synthesized analogs in which alkyl or aryl groups were attached to the nitrogen of
the carbamate. These analogs, not surprisingly, exhibited potencies similar to dis-
codermolide, however, interestingly, the activity of these analogs towards discod-
ermolide sensitive cell lines which expressed the P-glycoprotein pump were lost.

The 17-hydroxyl portion of the molecule in the A fragment appears to play an
important role in maintaining activity, as we (Gunasekera et al. 2001, 2002a) and
others (Hung et al. 1994, 1996a) have shown that modifications in this area leads to
loss of biological activity presumably through altered stereochemistry.

3.2.3.3 The AB Linkage

Modifications to the AB linkage of discodermolide by several groups have yet to
yield compounds which are more potent than discodermolide. With the previous
report by Schreiber’s group that the activity of the 16-demethyldiscodermolide ana-
log was similar to that of parent discodermolide (Hung et al. 1996b), the Smith
group prepared and thoroughly investigated a series of 14-demethyl analogs (Smith
et al. 2005a, b). The summation of these studies resulted in the preparation of a
number of analogs whose activity either approached that of the parent compound or
was multifold less. An interesting finding was that for those analogs which were
equipotent for activity in discodermolide sensitive cell lines, the activity dropped off
considerably when tested in MDR cell lines, indicating a role for the 14-methyl
group in substrate specificity for the MDR efflux pump.

3.23.4 The B Fragment and BC Linkage

There have been only a few series of analogs prepared in the region of the B frag-
ment and BC linkage. Our previous work with acetylated discodermolide analogs
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which include the 11-hydroxyl group have shown the importance of this B region of
the molecule in maintaining potent cytotoxic properties, presumably through the
preservation of crucial stereochemistry (Gunasekera et al. 2001, 2002b). In addi-
tion, we analyzed several 9,13-cyclopentane analogs for cytotoxic activity and were
found to be active only in the micromolar range (Gunasekera et al. 2002b). Martello
et al. (2001), additionally showed that the 8,9-trans analog prepared during the
course of the Smith group discodermolide synthesis demonstrated 100-fold less
potency compared to discodermolide, again supporting the idea of the importance
of this region in maintaining proper positioning and stereochemical alignment of
the molecule in order to retain potent cytotoxic activity.

3.2.3.5 The C Fragment

The C fragment region of the molecule, containing the lactone ring with the 3- and
7-hydroxyls has yielded the greatest number of analogs generated and thus yielded
a wealth of information regarding the structure activity relationship of discoder-
molide. In some of our first SAR studies, we reported that acylation of the
3-hydroxyl group, to our surprise, resulted in a compound which was almost ten-
fold more potent than discodermolide (Gunasekera et al. 2001). Similarly and con-
sistent with our findings was the report by Sundermann et al. (2005) that alkylation
of the 7-hydroxyl to form the methoxymethyl or methyl analog resulted in com-
pounds with much increased activity compared to discodermolide. Regarding
changes in the lactone ring, our studies (Gunasekera et al. 2002a) as well as those
of Martello et al. (2001) have shown that the 2,3 anhydrodiscodermolide was
slightly more potent or slightly less potent, depending on the cell line tested, com-
pared to discodermolide. The 3-hydroxyl appears not to be required for activity
and is also carried through to other components surrounding the lactone ring (Shaw
et al. 2005, 2006). However, as we observed with the isolation of the naturally
occurring, 2-epi-discodermolide, the inversion of the stereocenter revealed a
potency which was tenfold less compared to discodermolide, suggesting a change
in the conformation of the ring structure which disrupts a crucial interaction of
discodermolide with tubulin.

There have been many attempts to make simplified analogs by altering and/or
replacing the lactone ring, some of which have resulted in compounds which come
within threefold potency of discodermolide, but none reported so far have succeeded
in surpassing cytotoxicity exhibited by discodermolide (reviewed by Shaw 2008).

3.3 C(linical Trial of Discodermolide

Discodermolide was licensed from Harbor Branch Oceanographic Institution to
Novartis AG in 1998. The clinical trials that ensued were designed to evaluate the
discodermolide (XAA296A) in patients with solid tumors. The results of the first
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Phase I trial of the compound were reported at the American Society for Clinical
Oncologists meeting by Mita et al. (2004). A summary of the results follows. The
compound was administered IV as a fixed infusion rate of 0.77 mg/mL/min once
every 3 weeks. Twenty six patients (17 male, 9 females) were treated with the fol-
lowing dose levels (mg/m?): 0.6 (3 patients), 1.2 (3 patients), 2.4 (4 patients), 4.8
(4 patients), 9.6 (4 patients), 14.4 (6 patients), and 19.2 (2 patients). The median age
of the patients was 59.5 years with a range of 19-79. Nine of the 26 patients had prior
taxane therapy. There were no dose limiting toxicities (DLT) reported nor were there
signs of neuropathy or neutropenia in the study at that time. One patient with appen-
dix carcinoma experienced stable disease for four cycles. Discodermolide demon-
strated a nonlinear PK characterized by a second broad peak at the terminal phase.

To date, there have been several references to pulmonary toxicity reported for
discodermolide which occurred later in the original clinical trial, although this data
has not been published. A full paper on the clinical trial of discodermolide is
currently being prepared by Mita (personal communication), and will hopefully
describe this pulmonary toxicity in greater detail.

3.4 Future Studies with Discodermolide

Despite Novarits having dropped its plans for further development of discoder-
molide as an antitumor agent, the outlook for the compound and its analogs remains
promising. New and more potent discodermolide analogs are yet to be discovered
which share the mechanism of action of the parent compound, or which possess
novel and totally unexpected modes of action are anticipated as well as those with
fewer toxic side effects. The effectiveness of a discodermolide analog in the bacte-
riolytic therapy of experimental cancers is one such example (Smith et al. 2005d).
Targeting of the bacterial tubulin “homolog,” FtsZ, an essential cell division protein
in bacteria, by taxanes as a type of novel antibacterial therapy (Huang et al. 2006a, b)
may additionally lend itself to the investigation of discodermolide and its analogs
for a similar purpose. A recent report by Fan et al. (2009) in Billy Day’s laboratory
which describes for the first time, the metabolism of discodermolide may also lead
to the development of new discodermolide analogs which may possess greater activity
with fewer side effects. Our discovery of the mechanism of action of the marine
natural product, dictyostatin, as a potent microtubule stabilizer (Isbrucker et al.
2003) and its structural similarity to discodermolide have led other groups to syn-
thesize the compound (Paterson et al. 2004; Shin et al. 2004; O’Neil and Philips
2006) and make possible the preparation of discodermolide-dictyostatin “hybrids”
which have shown enhanced anti-proliferative activity towards tumor cells in vitro,
compared to dictyostatin or discodermolide alone (Shin et al. 2002, 2007; Paterson
and Gardner 2007; Paterson et al. 2008, 2010). Finally, the original immunosup-
pressive properties of discodermolide which we first described may be a productive
avenue for a second look at this compound as a new immunosuppressive agent.
Whether discodermolide itself, its analogs or a hybrid molecule make it to the
clinic will continue to rely on the hard work ingenuity and genius of chemists and
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biologists who continue to work with the molecule as well as those who are yet to
come. It has been my great fortune to be associated with the initial discovery and early
work with discodermolide and I and my colleagues will continue to work and watch
with great amazement as the story of this interesting molecule continues to unfold.
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Chapter 4

HDAC Inhibitors and Other Histone Modifying
Natural Products as Emerging Anticancer
Agents

Lilibeth A. Salvador and Hendrik Luesch

Abstract Histone deacetylase (HDAC) inhibitors represent a new class of anticancer
agents that target dysregulated acetylation of histone lysines, an epigenetic
rather than a genetic event. Certain HDACsS are overexpressed and hyperactive in
cancer cells, and suppression of these enzymes’ activities provides superior selectivity
over more traditional anticancer agents. To date, two HDAC inhibitors — vorinostat
and romidepsin—have reached the market, with romidepsin being an actual natural
product and vorinostat closely related to the natural product HDAC inhibitor tricho-
statin A. Over the past 15 years, several secondary metabolites with high structural
diversity from microorganisms, marine sponges, and cyanobacteria have been
discovered to possess HDAC inhibitory activity and are currently at the clinical and
preclinical stages. In this chapter, we recapitulate the discovery of natural product
HDAC inhibitors, enumerate the challenges in their development and provide
insights in the continuing role of natural products in the discovery of HDAC inhibi-
tors as well as new modulators for other clinically-relevant epigenetic events,
including histone methylation.

4.1 Introduction

Nature has provided several of the most potent anticancer agents with different
biological targets, including paclitaxel and Vinca alkaloids that affect microtubule
assembly, the topoisomerase inhibitors camptothecin and etoposide, and the DNA
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interacting agents mitomycin C and ET743. Natural products have been a validated
starting point for the development of cancer chemotherapeutic agents, with ~70% of
those introduced from 1981-2010 either natural products or natural products-
derived (Newman and Cragg 2012). Natural products are again leading the way for
the development of a new generation of anticancer agents which target epigenetic
events at the levels of transcriptional regulation. Epigenetic modifications act inde-
pendent of the DNA sequence but are nonetheless capable of affecting gene expres-
sion, thereby contributing to genomic instability (Jones and Baylin 2007; Sharma
et al. 2010). These modifications are amenable to chemotherapeutic interventions
because of their reversibility that is regulated by selected enzymes. Modulation of
enzymes involved in epigenetic modifications thus presents a new method of combat-
ing cancer. Among the known modifications, histone acetylation has been success-
fully targeted by secondary metabolites through inactivation of the key enzymes
involved in this process—histone deacetylases (HDACs). More than 75% of human
cancer cell lines have higher expression of class  HDACs compared to normal cells
and 5-40% of various solid tumors showed overexpression depending on the tissue
(Nakagawa et al. 2007). In the past four years, two HDAC inhibitors have gained
approval for clinical use, vorinostat and romidepsin, a natural product-like com-
pound and a natural product itself, respectively, further supporting that natural
products continue to have a major impact in the field and provide first-in-class lead
molecules. In this review, we describe the discovery and development of HDAC
inhibitors, their contributions to our knowledge about transcriptional regulation,
the challenges in their development, and the continuing role of natural products in
the era of epigenetic drugs.

4.2 Covalent Modifications to Nucleosomes

Nucleosomes are the building blocks of chromatin and each unit is composed of
~146 bp of DNA coiled to a histone octameric core. Units are joined together by
linker DNA, and 14 contact points between histones and DNA of each nucleosome
provide an extremely stable structure under physiological conditions (Luger et al.
1997; Kornberg and Lorch 1999). The protein core of nucleosomes consists of four
different histones (H2A, H2B, H3, and H4) that are characterized by unstructured
amino terminal domains that appear as tails of variable length and are rich in basic
amino acids which are particularly susceptible to posttranslational modifications
(Luger et al. 1997). To date, there are eight distinct types of histone posttranslational
modifications at ~65 amino acid residues mostly on histone tails. As for basic amino
acids, Lys can undergo acetylation, methylation, sumoylation, and ubiquitination,
while Arg can be methylated or deimidated (Kouzarides 2007; Li et al. 2007). Other
posttranslational modifications include Pro isomerization and phosphorylation
of Ser and Thr. Covalent modifications primarily affect the interactions between
histone and DNA as well as histone—histone interactions; thus it influences higher
order chromatin structure and consequently access to genetic information without
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Fig. 4.1 Dynamic chromatin regulation is achieved through posttranslational modification of
histone amino acids and DNA bases. Transcriptional activation is marked by histone lysine acety-
lation and methylation of histone H3K4, while repression is characterized by DNA methylation at
promoter region, lack of acetylation, and methylation at histone H3K9 (Sharma et al. 2010; Liang
et al. 2004)

alteration of the primary DNA sequence (Li et al. 2007). Acetylation has been
regarded to favor an open chromatin structure and activation of transcription due to
neutralized charged interactions between histones and DNA (Fig. 4.1). The relation-
ship of acetylation to transcription has been proven to be more than due to
histone—DNA interactions, such that these covalent modifications also affect the
binding of transcription factors to the chromatin (Kouzarides 2007). Bromodomain-
containing non-histone proteins recognize acetylated residues, while methylation
and phosphorylation are marks for chromo-like domain of the Royal family, nonre-
lated PHD domains and domains of 14-3-3 proteins, respectively (Kouzarides 2007).
These histone modifications occur in specific combinations likened to a “histone
code” that determines the downstream cellular effects (Oliver and Denu 2011).
Although stable, these modifications are dynamically regulated and changing within
the cell. Global levels of posttranslational modifications are dictated by enzymes
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that introduce and remove these covalent changes as well as crosstalk among
histone posttranslational modifications, either favoring or opposing the introduction
of a covalent modification on amino acid residues on the same or different histone
tail (Oliver and Denu 2011; Lee et al. 2010).

Acetylation and methylation are the most characterized posttranslational
modifications of histones to date in terms of mechanism and downstream effects.
Acetylation is controlled by histone acetyltransferases (HATs) and HDACs and
involves introduction of an acetyl group derived from the cofactor acetyl-CoA to the
g-amino group of Lys (Fig. 4.1) (Smith and Denu 2009). There appears to be little
substrate specificity among enzymes that mediate this covalent modification.
Methylation of Arg and Lys is catalyzed by methylation state-, amino acid-, and
position-specific protein arginine methyltransferases (PRMTs) and histone lysine
methyltransferases (KMTs) which introduce a methyl group from the cofactor
S-adenosyl methionine (SAM) to the guanidino moiety of Arg and g-amino group
of Lys, respectively (Fig. 4.1) (Spannhoff et al. 2009). Lys can be mono-, di-, or tri-
methylated, while Arg can be mono- or symmetrically/unsymmetrically dimethy-
lated. Lys demethylation is likewise controlled by methylation state- and
position-specific demethylases. Lys specific demethylases (LSDs) do not act on
trimethylated Lys as substrate while Jumonji histone demethylases (JHDMs) cata-
lyze the demethylation reaction independent of the methylation state (Culhane and
Cole 2007; Mosammaparast and Shi 2010). The existence of Arg demethylases has
not been verified to date and turnover of methylated Arg is suggested to be through
deimidation. The effect of methylation on gene expression is more varied compared
to acetylation and depends on the amino acid residue, methylation state, and the
region of the gene to which it belongs (Fig. 4.2) (Li et al. 2007). Methylation does
not alter the charge of Lys and Arg on histone tails but affects the pK_, lipophilicity,
and hydrophobic interactions. Transcription-repressive methylation marks occur on
H3K9, H3K?27, H4K20 while activation is favored by methylation of H3K4, H3K36,
and H3K39 (Fig. 4.2) (Li et al. 2007). The specificity of histone methylases and
demethylases as well as the varied transcriptional effects of methylation is postu-
lated to selectively regulate a small subset of genes.

Aside from histones, methylation can also occur on DNA, predominantly on
cytosine (Fig. 4.1). This covalent modification introduces a methyl group on the C5
position of cytosine through DNA methyltransferases (DNMTs) using SAM as the
cofactor (Cheng and Blumenthal 2008; Jurkowska et al. 2011). DNA methylation
occurs mostly on CpG islands having GC content of >55% on promoter regions of
genes (Jones and Baylin 2002). This heritable modification has been extensively
documented to favor transcriptional repression by modulating the binding of regula-
tory proteins to DNA (Jones and Baylin 2002). Crosstalk between histone
modifications and DNA methylation also occur with histone methyltransferases and
HDAC S associating with DNMTs to regulate gene expression and the chromatin
structure (Jones and Baylin 2002, 2007; Sharma et al. 2010).
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Fig. 4.2 Histone posttranslational modifications and their effects on transcription rates depending
on location (Li et al. 2007)

4.2.1 Mechanism of Histone Acetylation

Three distinct structural families of HATs — GNAT, MYST, and p300/CBP—control
the acetylation of histones as well as non-histone proteins and polyamines such
as spermidines. The majority of these enzymes has an acetyl-CoA binding site and
a bromodomain, but otherwise is largely structurally unrelated (Hodawadekar and
Marmorstein 2007). Although HATs utilize a common acetyl-CoA dependent reac-
tion mechanism for acetylation, the kinetics varies between families (Fig. 4.3). The
GNAT family catalyzes a single-step acetyl transfer and forms a ternary complex
with the lysine substrate and acetyl-CoA (Smith and Denu 2009). Structural infor-
mation on the catalytic domain of GCN5, a member of the GNAT family, indicated
an active site Glul73 serving as a base to deprotonate the e-amino group of Lys and
the latter serving as the nucleophile to attack the carbonyl carbon of acetyl-CoA
(Lin et al. 1999; Tanner et al. 1999). The MY ST family undergoes a sequential ternary
complex (ordered Bi-Bi) kinetic mechanism of acetyl transfer where the active site
Glu residue also deprotonates the Lys substrate after cofactor and peptide binding
(Berndsen et al. 2007). The p300/CBP family on the other hand undergoes a
Theorell-Chance mechanism of acetyl transfer, where the ternary complex pos-
sesses a short lifetime (Liu et al. 2008).

There are 18 characterized HDACs to date that can be broadly classified into
classical HDAC:s (classes I, II, IV), which utilize a metal-dependent deacetylation
mechanism, and the structurally and mechanistically distinct class III sirtuins
(SIRTs) which require NAD* for the reaction (Gregoretti et al. 2004). Mammalian
class | HDACs (HDACI, 2, 3, and 8) show homology with the yeast HDAC Rpd
and are localized mainly in the nucleus (Gregoretti et al. 2004; De Ruijter et al.
2003; Ficner 2009). Class I HDACs (HDAC4-7, 9, 10) are closely related to the
yeast HDAC Hdal and localize both in the nucleus and cytoplasm. This class is
further subdivided into class Ila (HDAC 4, 5, 7) and class IIb (HDAC6 and 10),
differentiated by a functionally important N-terminal domain and two putative cata-
lytic domains, respectively (Ficner 2009). HDACI11 is the sole member of class IV
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Fig. 4.3 Mechanism of lysine acetylation catalyzed by HATs and deacetylation of e-acetyl-lysines
via HDAC and SIRT-mediated reactions. (a) Acetylation of terminal amino group of Lys requires
the cofactor acetyl-CoA. The reaction requires an initial deprotonation of the amino group by an
active site Glu residue and subsequently nucleophilic attack to the acetyl group of the cofactor.
(b) HDAC catalyzed deacetylations are Zn**-dependent reactions that liberate free acetate and Lys.
(¢) SIRTs utilize a distinct mechanism of deacetylation compared to HDACs and require NAD*.
Instead of liberating acetate, SIRTs conjugate the acetate group with ADP-ribose to generate
3'-0O-acetyl-ADP ribose and Lys

and is localized in the nucleus but coprecipitates with the mainly cytoplasmic
HDACS6. Classical HDACs consists of ~390 amino acids that share an identical o/f3
domain and have a homologous catalytic site with a characteristic 11 A tubular
channel that accommodates the acetylated lysine substrate, a penta-coordinated
Zn* ion that serves as the catalytic center and a His—Asp charge-relay system
(His143, His144, Asp176 and Asp183, based on HDACS8 numbering) which acts as
a general acid—base pair (Ficner 2009; Somoza et al. 2004). The His—Asp dyads
convert water into a nucleophile and also protonate the e-amino group of the Lys
substrate after deacetylation (Fig. 4.3) (Ficner 2009). The acetyl oxygen of the sub-
strate is bonded and polarized by Tyr306 and the Zn>* ion, thereby rendering the
carbonyl carbon susceptible to nucleophilic attack by water, forming a tetrahedral
intermediate that collapses to liberate acetate and lysine. Mammalian sirtuins
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(SIRT1-7) are closely related to the yeast Sir2p deacetylase and, compared to the
mainly nuclear and cytosolic HDACs, have a more variable cellular localization.
Aside from SIRT1 and SIRT6, which are found in the nucleus, other members of
this enzyme class are distributed in the cytosol (SIRT?2), nucleoli (SIRT7), and mito-
chondria (SIRT3-5) (Balcerczyk and Pirola 2010). Except for SIRT1-3, all other
members of this enzyme family have weak deacetylase activity, and instead func-
tion mainly as an ADP-ribosyltransferase. SIRTs, like canonical HDAC:s, also have
varied protein substrates that are not limited to histones; however, only SIRT1 and
SIRT?2 deacetylate modified lysines of histones H3 and H4 (Balcerczyk and Pirola
2010). SIRTs utilize Zn** mainly for structural stability rather than catalysis, and
instead require a 1:1 stoichiometry between the cofactor NAD* and the acetyl-Lys
substrate (Dittenhafer-Reed et al. 2011; Sanders et al. 2010). These enzymes are
composed of ~275 amino acids that form a large Rossman fold domain characteris-
tic for NAD* binding proteins and a small Zn?*-binding domain that are connected
by several loops which form the NAD* and acetyl-Lys binding sites (Sanders et al.
2010). The substrate and cofactor bind on opposite sides of the active site. Substrate
binding creates significant conformational changes that bring the Zn**-binding and
Rossman domains closer to facilitate correct orientation of the reactive centers
(Sanders et al. 2010). While canonical HDAC:s liberate acetate from the deacetyla-
tion reaction via nucleophilic attack of water to the electrophilic carbonyl carbon,
SIRTs transfer the acetate group to NAD* after elimination of nicotinamide and
utilize the carbonyl oxygen as the main reactive center for nucleophilic attack to
generate the a-1'-O-alkylamidate intermediate (Fig. 4.3) (Dittenhafer-Reed et al.
2011; Sanders et al. 2010). Both SN1 and SN2 mechanisms have been proposed for
the formation of this intermediate. Following a series of reactions, this intermediate
degrades to liberate Lys and 3'-O-acetyl-ADP ribose (Dittenhafer-Reed et al. 2011;
Sanders et al. 2010).

4.2.2 Mechanism of Histone Methylation

PRMTs are classified according to the product of the methylation reaction with type
I (PRMT1-4, 6, 8) giving monomethyl- and asymmetric dimethyl-Arg, while type
II (PRMTS, 7, 9) yields only symmetric dimethyl-Arg (Sippl and Jung 2009; Di
Lorenzo and Bedford 2011). PRMTI1 accounts for ~85% of cellular mammalian
PRMT activity and has been demonstrated to be critical for embryo development
and neural differentiation (Di Lorenzo and Bedford 2011). It is responsible for the
transcription activation mark at H4R3Me?2a and the methylation of non-histone pro-
teins involved in RNA processing and transport (Di Lorenzo and Bedford 2011;
Zhang and Cheng 2003). It is characterized by a B-barrel that is unique to PRMTs,
distinct SAM and substrate binding pockets, and a dimerization arm (Zhang and
Cheng 2003). Homodimerization is required for enzymatic activity and postulated
to improve cofactor binding and would also favor processive methylation reactions
to yield the dimethylated Arg product (Zhang and Cheng 2003). HKMTs, like



66 L.A. Salvador and H. Luesch

PRMTs, are also characterized by distinct cofactor and substrate peptide binding
sites and, except for the DOT1 family of HKMT, contain a conserved SET domain
(Min et al. 2003; Kwon et al. 2003; Zhang et al. 2003a; Xiao et al. 2003). The sub-
strate and SAM binding pockets are located on opposite sides of the SET domain.
The size and amino acid residues in the enzyme active site determine the methyla-
tion state of the substrate lysine residue (Zhang et al. 2003a). PRMTs and KMTs
utilize a similar mechanism for the methylation reaction, where the cofactor SAM
is held in place by hydrogen bonding and nonpolar interactions of the ribose and
adenine with amino acids of the enzyme (Xiao et al. 2003). This aligns the CH,
group of SAM for an SN2 reaction with the terminal amino or guanidino group of
the substrate Lys or Arg, respectively (Smith and Denu 2009; Xiao et al. 2003).

Demethylation of modified Lys is carried out either in a flavin adenine dinucle-
otide (FAD) or a-ketoglutarate dependent mechanism by LSD and JHDM family of
demethylases, respectively (Fig. 4.4). These enzymes, while utilizing distinct reac-
tion mechanisms, both yield a hemiaminal intermediate that degrades to liberate the
demethylated product and formaldehyde. LSDs are members of the monoamine
oxidase superfamily which reduce FAD to FADH, (Fig. 4.4), but are structurally
distinct from other members of this superfamily by possessing a Tower domain that
associates with the cofactor protein CoRest to render it catalytically active (Yang
et al. 2007). The oxidation—reduction step involved in the LSD-mediated demethy-
lation reaction requires a free electron pair, and hence this enzyme can only mediate
the demethylation of mono- and dimethylated Lys residues. JHDM demethylases,
on the other hand, are metalloenzymes that bear a catalytic Fe** ion and require
a-ketoglutarate as a cofactor and are distinct from LSDs in their ability to demethy-
late trimethylated Lys (Anand and Marmorstein 2007). The key step to the JHDM-
mediated reaction is the formation of an Fe'V-oxo intermediate from the reaction of
the catalytic Fe?* with molecular oxygen and a-ketoglutarate (Fig. 4.4) (Anand and
Marmorstein 2007). This intermediate oxidizes the CH, moiety of the methylated
Lys substrate to yield the hemiaminal intermediate (Smith and Denu 2009; Anand
and Marmorstein 2007).

4.3 HDAC Inhibitors as Chemotherapeutic Agents

4.3.1 General Pharmacophore

Compared to other histone modifying enzymes, inhibitors of HDACs are the most
represented and extensively studied to date (Fig. 4.5); the class III SIRTs are largely
unaffected by these agents. The cocrystal structure of two structurally related
hydroxamate-based inhibitors, vorinostat and trichostatin A, bound to the histone
deacetylase-like protein (HDLP) of Aquifex aeolicus, provided initial insights into
the binding and essential features of an HDAC inhibitor: a Zn** binding moiety, an
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Fig. 4.4 Mechanism of histone lysine methylation and demethylation. (a) Histone methyltrans-
ferases employ a common mechanism, utilizing the nucleophilic terminal amino or guanidino
group to abstract the methyl group of SAM. (b) Mono- or dimethylated Lys can be modified by
lysine specific demethylases through a FAD-dependent reaction, removing a CH, group that is
converted to formic acid. (¢) Demethylation of trimethylated Lys is catalyzed by JHDM enzymes
through an Fe?*-mediated reaction, distinct from LSD-catalyzed reactions

alkyl chain which mimics the aliphatic chain of acetylated Lys, and a cap group that
interacts with amino acid residues on the rim of the enzyme’s tubular channel
(Fig. 4.6) (Finnin et al. 1999).

The hydroxamate moiety of suberoylanilidine hydroxamic acid (SAHA) and
trichostatin A acts as a bidentate ligand of the catalytic Zn** ion, utilizing both the
hydroxy and carbonyl groups, and also forms hydrogen bonding interactions with
several amino acid residues in the active site (Finnin et al. 1999). Other documented
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Fig. 4.5 Distribution of epigenetic modulators from Nature. (a) HDAC inhibitors represent the
majority of natural epigenetic modulators. (b) Source organisms of these modulators are also
well-distributed, including terrestrial as well as marine macroorganisms and microorganisms.
(¢) Among the natural HDAC inhibitors, cyclic tetrapeptides and depsipeptides are the predomi-
nant class of compounds and feature a variety of “warhead” and cap moieties

HDAC inhibitor “warheads” include mercapto (thiol), epoxide, carboxylic acid,
amide, hydroxy, and keto functionalities. An alkyl chain length of four to five car-
bons is ideal for the best fit in the tubular channel and maximum interaction between
the catalytic center and “warhead” moiety. Cocrystallization of trichostatin A and
SAHA with HDACS showed similar interactions between the inhibitor and enzyme
as in HDLP (Vannini et al. 2004). Significant positional change was observed for
the side chain of Lys33, causing conformational distortion of amino acid residues
that make up the binding pocket of HDACS (Vannini et al. 2004). The cap moiety
(dimethyl aniline) of trichostatin A makes stabilizing n—n interactions with Y100 to
cause an ordered L2 loop (Glu98—-Pro103). Based on sequence alignment, different
HDAC isoforms have a highly homologous enzyme active site, while less
conserved residues make up the rim of the substrate binding site that can be exploited
for isoform selectivity (Somoza et al. 2004; Vannini et al. 2004). Trichostatin A
utilizes its dimethyl aniline moiety for this purpose, which can only interact with
regions close to the enzyme active site due to limited pharmacophore size of the
aromatic ring. In contrast, the cyclic depsipeptide HDAC inhibitors such as
romidepsin and largazole possess a highly functionalized cap moiety comprised of
multiple peptide—polyketide-derived units that can interact with divergent residues
of the enzyme, leading to pronounced class | HDAC selectivity (Bowers et al. 2009;
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Fig. 4.6 Essential features of an HDAC inhibitor include a Zn**-binding moiety attached to a C, or
C, alkyl chain. This is capped by structural elements that may confer HDAC isoform selectivity

Hong and Luesch 2012). The recently published cocrystal structure for HDACS and
largazole thiol (the bioactive species of largazole) rationalized the importance of the
3S-hydroxy-7-mercapto-4-heptenoic acid moiety and the depsipeptide ring struc-
ture (Cole et al. 2011). The mercapto (thiol) moiety of largazole thiol was shown to
exist as the thiolate anion which interacts with the catalytic Zn?** ion in a nearly per-
fect tetrahedral arrangement (Cole et al. 2011). This conformation of the thiolate—Zn**
coordination is stabilized by the fused thiazole—thiazoline system, which rigidifies
the depsipeptide ring structure. While the conformation of the depsipeptide core does
not change upon HDACS binding, the enzyme, however, showed notable conforma-
tional changes between Leu98 and Phel09, specifically with Tyr100 and Asp101,
not observed with small and less bulky HDAC inhibitors cocrystallized with HDACS
(Cole et al. 2011). Consequently, these changes also alter the conformation of the L1
loop (Leu31-Lys36) of HDACS (Cole et al. 2011).

4.3.2 Clinical HDAC Inhibitors

4.3.2.1 Zolinza® (Vorinostat)

Vorinostat (Fig. 4.7) was approved in October 2006 as third line treatment for cutaneous
T-cell lymphoma (CTCL). The development of vorinostat started with the observa-
tion that dimethyl sulfoxide induces growth arrest and erythroid differentiation.
Several series of polar, small molecules were synthesized and assessed for their
ability to differentiate Friend leukemia cells (Marks and Breslow 2007; Reuben
et al. 1976; Breslow et al. 1991; Richon et al. 1996; Tanaka et al. 1975).
Hexamethylene bisacetamide was the first member of this class of compounds to
enter clinical trials for myelodysplastic syndrome and acute myeloid leukemia
(AML), which did not progress due to short-lived cellular effects (Marks and
Breslow 2007; Young et al. 1988). To increase the potency, a hydroxamic acid
moiety and a bulky phenyl group were introduced together with an optimized alkyl
chain length joining these two terminal functionalities to maximize the interaction
with the target of this series of compounds, yielding SAHA (Richon et al. 1996). The
structural similarity of SAHA to the natural product HDAC inhibitor trichostatin
A (Fig. 4.7) isolated from Streptomyces hygroscopicus suggested the same molecu-
lar target and mechanism of action for the former (Finnin et al. 1999; Marks and
Breslow 2007). Both trichostatin A and SAHA are nonselective HDAC inhibitors.
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Fig. 4.8 Cyclic depsipeptide FK228 and the mechanism of its metabolic activation

4.3.2.2 Istodax® (Romidepsin)

Romidepsin (Fig. 4.8) was approved in November 2009 for use in CTCL patients
who have received at least one prior systemic therapy. Formerly known as
FR901228, FK228, and depsipeptide, romidepsin is a natural product HDAC
inhibitor purified from the fermentation broth of Chromobacterium violaceum
(Ueda et al. 1994a). It is characterized by a bicyclic depsipeptide structure and has
a mixed peptide—polyketide-derived unit (3S-hydroxy-7-mercapto-4-heptenoic
acid) fused through a disulfide bridge with D-Cys (Shigematsu et al. 1994). This
compound was initially shown to revert the Ras-transformed NIH3T3 phenotype to
normal, and initial in vitro cytotoxicity screening showed potent inhibitory activity
against 11 cancer cell lines with IC,_ range of 0.3-2.4 ng/mL while having weak
cytotoxic activity on human and mouse fibroblasts (IC, >500 ng/mL) (Ueda et al.
1994a, b). The mechanism of action of FK228 was elucidated based on the simi-
larity of its cellular effects and transcriptional activation of SV40 promoter in
comparison to trichostatin A (Nakajima et al. 1998). Despite the structural unrelat-
edness, FK228, like trichostatin A, caused accumulation of acetylated histones and
induced G1 and G2/M cell cycle arrest of M-8 cells (Nakajima et al. 1998). The
HDAC inhibitory activity of FK228 is dependent on its metabolic activation and
requires glutathione-dependent reduction of the disulfide moiety to liberate the
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active species redFK228, bearing two free sulthydryl groups (Furumai et al. 2002).
Molecular docking studies using the HDLP crystal structure demonstrated that one
of the sulfhydryl groups can access the catalytic Zn** ion via a water molecule
(Furumai et al. 2002). The importance of the glutathione-mediated cellular reduc-
tion was demonstrated in yeast mutants with glutathione synthesis defects, which
showed partial to complete resistance to FK228 treatment and suppression of his-
tone H4 acetylation (Furumai et al. 2002). The prodrug character of FK228 improves
its cellular permeability and stability, while redFK228 was less stable, based on
comparison of the half-lives in serum and growth media of these two species. FK228
has a half-life of >12 h and 4.7 h, while redFK228 has a half-life of 0.54 h and
<0.3 h in growth medium and serum, respectively (Furumai et al. 2002).

4.3.3 Preclinical Natural HDAC Inhibitors

The majority of histone modifying natural products are HDAC inhibitors, and the more
recently discovered HDAC inhibitors can be classified mostly into tetrapeptides and
depsipeptides (Fig. 4.5). Cyclic tetrapeptide HDAC inhibitors (Fig. 4.9) which
include trapoxins (Itazaki et al. 1990), microsporins (Gu et al. 2007), apicidins
(Singh et al. 1996, 2001), FR235222 (Mori et al. 2003a, b, c) and azumamides
(Nakao et al. 2006) are characterized by a 12- or 13-membered cyclic peptide core
structure consisting of three nonpolar and/or aromatic amino acid residues and a
fourth nonproteinogenic unit that is a C/C, modified aliphatic chain with a termi-
nal functional group as an epoxide, hydroxy-, or keto-group. The structurally rigid
peptide ring interacts with hydrophobic pockets of HDACs while the terminal func-
tionality acts as the Zn** binding moiety. The presence of aromatic amino acids can
provide additional m-m interactions between the cyclic peptide backbone and the
enzyme (Di Micco et al. 2008; Maulucci et al. 2007). Azumamides A—E from the
marine sponge Mycale izuensis are different from other cyclic tetrapeptide HDAC
inhibitors: they are comprised of three unnatural o.-amino acids with D-configuration
and bear a B-amino acid derived unit acid either as 3R-amino-2S-methyl-5-nonenoic-
1,9-diacid (Amnda) or the corresponding amide, giving a 13-membered ring system
instead of the usual 12-membered ring (Nakao et al. 2006). These metabolites also
do not contain a Pro or pipecolic moiety that is common among other cyclic tetra-
peptides. Trapoxins from Helicoma ambiens and the related antibiotics HC-toxin,
chlamydocin (Closse and Huguenin 1974), WF-3161 (Umehara et al. 1983), and
Cyl-2 (Hirota et al. 1973) utilize a distinct inhibition mechanism compared to other
HDAC inhibitors; these cyclic tetrapeptides are characterized by a terminal epoxide
ring that can undergo a nucleophilic reaction with an active site residue, presumably
a Cys, to form an irreversible enzyme—inhibitor complex (Kijima et al. 1993). The
phytotoxic compound depudecin, which bears an epoxide moiety, was demonstrated
to be a covalent HDAC inhibitor as well (Shimada et al. 1995).

Cyclic depsipeptides including spiruchostatins A and B (Masuoka et al. 2001)
and FR901375 (Chen et al. 2003) (Fig. 4.10) are structurally related to FK228 and
hence are also prodrug HDAC inhibitors that require glutathione-dependent
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reduction to expose the biologically relevant 3S-hydroxy-7-mercapto-4-heptenoic
acid portion (Furumai et al. 2002). The linear HDAC inhibitor psammaplin A
(Fig. 4.10) is a prodrug and requires activation by glutathione as well (Pina et al.
2003; Kim et al. 2007). Largazole (Fig. 4.10), a cyclic depsipeptide isolated from a
marine cyanobacterium Symploca sp., possesses a unique protecting group as an
octanoyl thioester rather than a disulfide; hence the sulfur atom bears a different
oxidation state (Taori et al. 2008; Ying et al. 2008; Hong and Luesch 2012). Through
protein-assisted hydrolysis, the metabolic activation of largazole also renders
3S-hydroxy-7-mercapto-4-heptenoic acid as in other cyclic depsipeptide HDAC
inhibitors (Ying et al. 2008; Liu et al. 2010). The thioester moiety is rapidly metabo-
lized in serum and cell lysates, with the bioactive largazole thiol being stable in its
free form or as a covalent adduct (Liu et al. 2010).
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4.4 Screening Approaches

HDAC inhibitors generally display in vitro antiproliferative activity on transformed
cells, with minimal cytotoxicity to nontransformed cells. The downstream cellular
effects of HDAC inhibitors are linked to modulation of gene expression via lysine
(de)acetylation of histones and pleiotropic effects on modification of non-histone
proteins. HDAC inhibitors alter the expression of 5-40% of genes in vitro, depend-
ing on the cell lines used and threshold applied. HDAC inhibitors upregulate the
expression of pro-apoptotic genes and negative regulators of the cell cycle, while
having an opposite effect on pro-survival genes and positive cell cycle regulators
(Liu et al. 2010; Glaser et al. 2003; Noh et al. 2009; Hoshino et al. 2007). These
effects of HDAC inhibitors served as the guides for their discovery using mostly
whole cell-based screening methods.

The HDAC inhibitors microsporins, psammaplin A, chlamydocin, and largazole
were purified as the antiproliferative constituents of their corresponding source
organisms following a cytotoxicity-guided fractionation. This phenotypic response
is based on the downstream cellular effects of HDAC inhibitors which include induc-
tion of cell cycle arrest and apoptosis (Fig. 4.11). Spectrophotometry-based cell
viability screens have largely replaced scintillation counting methods which measure
radiolabeled nucleotides incorporated into DNA during cell proliferation. Cell via-
bility screens using absorbance, fluorescence, or luminescence measurements are
correlated to cellular metabolism, protein activity and interactions, membrane per-
meabilization, and cellular respiration (Mosmann 1983; Papazisis et al. 1997; Voigt
2005; O’Brien et al. 2000). Colorimetric cell viability screens use formazan or resa-
zurin dye, which are reduced by living cells to tetrazolium and resorufin, respec-
tively. The conversion of the dye is generally proportional to the number of viable
cells. Dyes such as trypan blue, propidium iodide, and Hoechst differentiate viable

Target-based

Pathway / target
I gene-based

[ Phenotype-based ]

HDAC p21 upregulaton —— Cell cycle arrest
BCL2 modulation ——> Apoptosis
CDKs, cyclins
h Net changes in gene Differentiation
expression Detransformation

Fig. 4.11 Screening approaches for HDAC inhibitors have mostly been based on phenotypic
screens as a result of changes in gene expression. HDAC inhibitors induce cell cycle arrest, cell
death, and differentiation, while reverting oncogenic cell transformation
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and nonviable cells based on their ability to stain the nuclei or cytoplasm (Strober
2001; Altman et al. 1999). Cell staining and sorting of cell populations has been
used to quantitatively assess growth arrest at specific points in the cell cycle as well
as apoptosis.

Phenotypic assays based on the reversion of the transformed phenotype following
oncogene transfection of mouse fibroblast cells also yielded several of the natural
HDAC inhibitors (Fig. 4.11). FK228, trichostatin A, depudecin, and trapoxins were
shown to revert the transformed phenotype to normal. NIH3T3 cells were utilized due
to their high sensitivity to transformation following activation of the signal transduc-
tion pathway. Ras-, v-sis, and src-oncogenes were commonly used in transformation
assays (Fry et al. 1988). Transformed cells are observed to undergo changes in cell
morphology, loss of density-dependent growth regulation, and possess increased
growth rate, all of which are linked to altered gene expression, which in turn can be
modulated with HDAC inhibitors. Compared to the normal flat morphology of
NIH3T3 cells, transformed cells form swirling clusters (foci) and are highly refractile
in appearance (Clark et al. 1995). Morphological changes and foci formation are mon-
itored in either live cells or fixed cells stained with crystal violet (Clark et al. 1995).

Screening for positive regulators of gene expression of p2/ and plasminogen
activator inhibitor-1 using luciferase-based reporter assays yielded trichostatin A
and spiruchostatins as hit compounds, respectively (Masuoka et al. 2001; Abe et al.
1994; Uekia et al. 2001; Nie et al. 2001). The activation of p2/ expression is among
the validated downstream cellular effects of HDAC inhibitors and its expression has
been used as a biomarker for effective HDAC inhibition (Fig. 4.11) (Wilson et al.
2006). The p21 protein, also known as cyclin-dependent kinase inhibitor 1, is a
negative regulator of the cell cycle and controls the progression to S phase by direct
inhibition of cyclin E/CDK2 and cyclin D/CDK4/6 complexes. Plasminogen activa-
tor inhibitor-1 is induced via TGF-f signaling and has been linked to tumor sup-
pression; hence, chemical entities capable of phenocopying this effect could
represent a new class of anticancer agents (Abe et al. 1994). Recently, psammaplin
A was obtained as a sponge-derived screening hit that can activate the Wnt signaling
pathway. This effect of psammaplin A was mediated by its HDAC inhibitory activ-
ity rather than through specific modulation of the Wnt pathway (McCulloch et al.
2009). In this assay, the HEK293-based cell line STF3a was engineered to express
high levels of Wnt3a and contains a -catenin responsive luciferase reporter that
responds to changes in specific transcriptional activity, which can be related and
quantified through luminescence measurements (McCulloch et al. 2009).

HDAC inhibitory activity of natural products has been determined directly using
purified enzymes or nuclear cell lysates and fluorogenic peptide substrates, as well
as immunoblot analysis and immunohistochemistry using acetylation-specific anti-
bodies. Scintillation counting of *H-labeled histone substrate has been largely
replaced by fluorescence-based techniques (Wegener et al. 2003). High-throughput
screening for HDAC inhibitors using in vitro enzymatic assays offers the advantage
of direct target identification; however, this may have a drawback compared to phe-
notypic screening since prodrug HDAC inhibitors may be missed if the assay condi-
tions do not sufficiently activate them to yield the biologically relevant species.
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4.5 Challenges and Prospects to the Design
of HDAC Inhibitors

4.5.1 Metabolic Stability

One main concern for HDAC inhibitors is their metabolic instability, which conse-
quently affects their in vivo activity (Masuoka et al. 2008; Thaler and Minucci
2011). The trapoxins and related epoxide-bearing cyclic tetrapeptides have been
documented to be potent inhibitors of HDAC and growth of cultured cancer cells,
but failed to show significant biological activity in animal models. The in vitro IC,
value for chlamydocin against P-815 mastocytoma cells (40 h incubation) is 0.36 ng/
mL; however, in vivo testing of chlamydocin on mice inoculated with P-815 cells
with a dosage of 20—160 mg/kg by daily intraperitoneal injection showed no reduc-
tion in tumor and only a 10% optimal increase of life span (Stéhelin and Trippmacher
1974). Poor or no significant dose dependencies were observed in in vivo tests with
chlamydocin. Rapid metabolic inactivation led to a very low serum level of chlamy-
docin in rats. A dosage of 50 mg/kg of chlamydocin administered intravenously led
to a concentration of 14 ng/L of chlamydocin in rat serum, which, assuming an equal
distribution, would correspond to a ¢,,, of 2.5 min (Stéhelin and Trippmacher 1974).
Cytostatic activity of chlamydocin is rapidly lost upon incubation with serum and
heparinized blood and was used as a measure of its ¢, ,. Incubation of 1 mg/L of chla-
mydocin gave a ¢, of 8.7 min in freshly prepared rat serum and 0.68-3.6 min in
whole blood (Stihelin and Trippmacher 1974). The epoxide moiety for chlamydocin
is a metabolic liability. Synthesis of hydroxamic analogs of trapoxin and related
cyclic tetrapeptides where the epoxide moiety has been replaced with a hydroxamic
acid functionality showed comparable HDAC inhibitory activity and increased ¢, to
50 min (Komatsu et al. 2001).

Trichostatin A undergoes rapid Phase I biotransformation by reduction of the
hydroxamic acid to yield trichostatin A amide, N-demethylation to give
N-monomethyl trichostatin A and N-monomethyl trichostatin A amide, and oxida-
tive deamination to give trichostatic acid following intraperitoneal injection in
female BALB/c mice (Sanderson et al. 2004). It has a 7, , of 6.3 min and 9.6 min for
low (0.5 mg/kg) and high (80 mg/kg) doses, respectively. Trichostatin A is rapidly
absorbed in the peritoneum and detectable in the plasma within 2 min. Plasma sam-
ples collected 20 min postinjection showed that N-monomethyl trichostatin A is the
only biologically relevant metabolite present and was shown to maintain HDAC
inhibitory activity (Sanderson et al. 2004). Other metabolites at this timepoint did
not have an intact hydroxamic acid moiety and were inactive for HDAC inhibition.
The major metabolite obtained after 60 min is N-monomethyl trichostatin A amide;
no trichostatin A was detected 24 and 48 h after injection (Sanderson et al. 2004).
Further biotransformation pathways for N-monomethyl trichostatin A and
N-monomethyl trichostatin A amide have not been disclosed. In vitro incubation of
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trichostatin A with microsomes (rat and human) and hepatocytes (rat), however,
showed didemethylation of trichostatin A and trichostatin A amide but were not
observed in vivo (Elaut et al. 2002).

The problem of rapid metabolic inactivation has been somewhat addressed by
natural products themselves by disguising them as cryptic HDAC inhibitors. Aside
from romidepsin, spiruchostatins, FR901375, psammaplin A, and largazole, there
are several other prodrugs among natural products acting on different targets and
that have distinct mechanisms of bioactivation (Kwan and Luesch 2010). The pro-
tecting groups can improve cellular permeability, and/or prevent untimely release
and sequestration prior to reaching the site of action. In addition to their prodrug
moieties, the more elaborate and functionalized structure of cyclic depsipeptide
HDAC inhibitors also offers the advantage of protection from biotransformation.
Synthesis of analogs of potent HDAC inhibitors utilizing protecting groups and
stable functionalities to improve pharmacokinetic and pharmacodynamic profiles as
well as oral bioavailability has been a major theme in the development of newer
generation HDAC inhibitors. Tumor growth inhibition and more specific biomarkers
for in vivo activity such as histone acetylation and p21 expression in tumor cross-
sections have been utilized as assay endpoints, which together with information on
biotransformation pathway and biologically relevant metabolites in plasma link the
in vitro and in vivo activities of HDAC inhibitors.

4.5.2 Target Identification and Isoform Selectivity
of HDAC Inhibitors

Trichostatin A was the first secondary metabolite demonstrated to affect histone
acetylation and following this, vorinostat and romidepsin were shown to have the
same mechanism of action as trichostatin A based on structural similarity and phe-
notypic effects, respectively (Finnin et al. 1999; Nakajima et al. 1998; Yoshida et al.
1990). Trapoxin B was the first compound shown to interact with HDAC (Taunton
et al. 1996a, b). Target identification was achieved through affinity purification with
trapoxin B conjugated beads and the then unknown HDAC protein was character-
ized to show similarity with the yeast transcriptional regulator Rpd3p, later termed
as HDACI (Taunton et al. 1996b). Even though trichostatin A and trapoxins were
unable to reach clinical development, they were mainly utilized as molecular probes
to elucidate the structure and function of HDACsS. Initial structural information
derived from cocrystal structures of hydroxamic acid compounds and HDLP also
provided insights into the activity of other classes of HDAC inhibitors. Recent X-ray
crystal structures reported for HDAC?2 (Bressi et al. 2010), HDAC4 (Bottomley
etal. 2008), HDAC7 (Schuetz et al. 2008), and HDACS8 (Somoza et al. 2004; Vannini
et al. 2004) showed substantial differences in structure that may be exploited to
obtain HDAC isoform selectivity of inhibitors. The selectivity of current natural
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product HDAC inhibitors is mainly limited to each class rather than individual
isoforms. The cyclic depsipeptide HDAC inhibitors are more selective towards class
I HDAC isoforms due to their highly functionalized core structure that can interact
with divergent amino acids among HDAC classes located >10 A from the enzyme
active site. Isoform selective HDAC inhibition would be difficult to achieve with
agents that target homologous regions among canonical HDACs. While class I and
II HDAC:s show significant differences in enzyme structure outside of the catalytic
domain, members of class I HDACs are highly homologous. HDAC1 has ~85%
sequence identity to HDAC2, while being less related to HDAC3 and HDACS with
~50% sequence identity to both (De Ruijter et al. 2003). To date, several synthetic
compounds such as tubacin (Haggarty et al. 2003), PCI-34051 (Balasubramanian
et al. 2008), and diphenyl methylene hydroxamic acid derivatives (Tessier et al.
2009) have been demonstrated to be HDAC6 or HDACS isoform selective inhibitors
which target distinct enzyme domains of HDAC isoforms. Structural information
from cocrystal structures of existing HDAC inhibitors such as largazole thiol may
allow for the rational design of new generation, and isoform-specific HDAC inhibi-
tors. HDAC class selectivity has not yet been demonstrated to improve toxicity
profiles of inhibitors and their tumor selectivity, as both pan-selective vorinostat
and class I selective romidepsin showed similar side effects among which cardio-
toxicity is of utmost concern (Shah et al. 2006). Different members of class I
HDAC isoforms are emerging to play different roles in tumor progression, with
HDACI1 and HDAC?2 being linked to tumor aggressiveness and increased cell pro-
liferation, with the latter also related to sensitization of cancer cells towards che-
motherapy (Halkidou et al. 2004; Song et al. 2005). From mouse knockouts of
HDAC isoforms, it is evident that these enzymes do not have redundant function.
Selective isoform inhibition may improve the safety profile of the HDAC-based
anticancer agents while maintaining potent action. Deletion of HDAC]1 caused an
upregulation of p21 and p27 expression via a pS3-dependent mechanism, with con-
comitant increase in histone acetylation (Witt et al. 2009). HDAC3-null mice
showed a delay in cell cycle progression, while deletion of HDAC2 and HDACS
were lethal due to cardiac defects and enlargement of the heart, respectively. HDAC6
deletion, however, did not affect the level of histone acetylation, but increased
o-tubulin acetylation, a known non-histone protein target of HDACS6, indicating
that there are expectedly pleiotropic effects of HDACS unrelated to their ability to
modify histones (Witt et al. 2009).

4.5.3 Non-Histone Cancer-Relevant Protein Targets
of (De)Acetylases

Two recent reports on mass spectrometry-based analysis of human cell lines and
liver tissues showed an extensive network of acetylated proteins involved in DNA
repair, cytoskeletal function, cell cycle, chromatin remodeling, and metabolism,
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proving that HATs, HDACs, and SIRTs have a wider array of protein substrates than
just histones alone. A total of ~3,600 lysine acetylation sites in ~1,750 proteins were
identified from acetylome profiling of Jurkat cells, while ~1,700 acetylation sites in
~1,100 proteins were identified in human liver tissues (Choudhary et al. 2009; Zhao
etal. 2010). Improvements in detection, characterization, and absolute quantification
methods of acetylated proteins have greatly facilitated the mapping of the acety-
lome. Transcription factors such as p53, NF-kB, and STATs, the cytoskeletal pro-
tein a-tubulin, molecular chaperone heat shock protein 90 (Hsp90), and DNA repair
protein Ku70 are among the well studied non-histone proteins posttranslationally
modified by acetylation, which may contribute in part to altered cellular response to
stress and oncogenic transformation (Glozak et al. 2005). The tumor suppressor
protein p53 is acetylated at several Lys residues (Lys305/320/370/372/373/381/382
/386) located on the C-terminal regulatory domain, with the HATs p300/CBP and
PCAF facilitating this p53 posttranslational modification (Barlev et al. 2001; Wang
et al. 2003; Tang et al. 2008; Yamaguchi et al. 2009; Joubel et al. 2009). This
modification works in synergy with phosphorylation at the N-terminal domain in
modulating the interactions of p53 with its negative regulators Mdm?2 and Mdmx
(Tang et al. 2008). Mdm?2 is a polyubiquitin E3 ligase that catalyzes the degradation
of p53 via both ubiquitin-dependent and ubiquitin-independent pathways (Tang
et al. 2008). Unmodified Lys can be ubiquitinated, tagging p53 for subsequent deg-
radation. The role of C-terminal acetylation of p53 in DNA binding, however, has
not yet been completely established. Two p53 acetylation sites in the DNA binding
domain (Lys120/164) may suggest additional roles for this modification that is inde-
pendent of Mdm?2 (Tang et al. 2008). Although deacetylation of individual Lys resi-
dues of p53 was not sufficient to abolish p5S3-dependent expression of p21, complete
deacetylation of p53 abrogated p21 expression, thus demonstrating the importance
of p53 acetylation in the expression of this cell cycle regulatory protein (Tang et al.
2008). Romidepsin treatment induced acetylation at Lys373/382 together with p21
expression, while BAX activation, ROS production and apoptosis were observed in
response to vorinostat treatment, concomitant with pS3 acetylation at Lys320/373/382
(Yamaguchi et al. 2009; Zhao et al. 2006). These observations demonstrated the
importance of HDACs in controlling p53 posttranslational modification, whereby
HDACT and SIRT1 are mainly responsible for deacetylation of p53 (Glozak et al.
2005). The major mammalian NF-kB consists of a p50/p65 heterodimer, and both
subunits can be acetylated by p300/CBP, which affects the cellular localization
and DNA binding affinity of NF-kB. In the inactive state, the p50/p65 heterodimer
is complexed with its repressor protein IkB and is localized in the cytoplasm
(Quivy and Van Lint 2004). Phosphorylation of IxB by the IkB kinase (IKK) triggers
IkB degradation and dissociation from the pS0/p65 complex, which then signals the
translocation of NF-kB into the nucleus, where it binds to NF-kB target genes and
regulates transcription (Quivy and Van Lint 2004). High NF-kB nuclear activity is
present in a variety of human malignancies, through constitutive NF-kB activation
or inactivating mutations in IxB, leading to altered expression of pro-survival and
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antiapoptotic genes (Quivy and Van Lint 2004). Acetylation of different Lys
residues of p65 has variable effects on cellular localization and DNA binding.
Lys221/310 acetylation is required for transcriptional activation of NF-xB target
genes, while HDAC1 and HDACS3 are silencing this effect (Chen et al. 2005).
Acetylation of Lys310 is dynamically regulated by phosphorylation of Ser276/536
of p65, with phosphorylation providing additional favorable interactions between
p65 and the HAT p300/CBP (Quivy and Van Lint 2004; Chen et al. 2005). Acetylation
of Lys122/123 residues of p65 by p300/CBP and PCAF has an opposite effect on
p65 nuclear localization; acetylation of these residues decreases the affinity of
NF-«B for its target DNA sequence and promotes NF-kB—IxB complex formation,
thereby rendering the complex inactive and facilitating cytoplasmic export (Kiernan
et al. 2003). p300-mediated acetylation of pS0 at Lys431/440/441 increases target
DNA binding and transcription of the pro-inflammatory genes iNOS and COX-2
(Deng et al. 2003; Deng and Wu 2003). The STAT family of proteins, which mainly
function as signal transducers and activators of transcription, are characterized by
their cytoplasmic localization in the monomeric form and upon dimerization trans-
locate into the nucleus. Phosphorylation of Ser/Tyr residues at the COOH-terminal
region by an upstream kinase induces homodimerization of STAT proteins. STAT3
and STATS are generally considered tumor promoters, associated with several
malignancies, and also control the expression of cell cycle regulators, antiapoptotic
genes, and proangiogenic factors. Mammalian STAT3 dimerizes upon acetylation
of Lys685 and, although this posttranslational modification does not completely
account for STAT3 activation, this event is postulated to favor a cooperative interac-
tion and to augment dimer formation (Yuan et al. 2005).

Acetylation of cytoplasmic proteins o-tubulin and HSP90 can indirectly affect
protein levels rather than gene expression. Acetylation of a-tubulin is inversely
related to the mobility of microtubules and, while generally observed in stable
microtubules, it does not affect the dynamics of stable microtubule formation.
Despite being one of the first non-histone protein characterized to be dynamically
regulated by acetylation, the HAT family responsible for modification of Lys40 of
a-tubulin has not yet been characterized, while the mainly cytoplasmic HDAC6 and
SIRT?2 are the primary deacetylases acting on Ac-Lys40 of a-tubulin (Hubbert et al.
2002; Zhang et al. 2003b; Ledizet and Piperno 1987; Piperno et al. 1987; Maruta
et al. 1986). HDACG6 and the microtubule network are two critical components of
the aggresome pathway, implicated in the transport of misfolded proteins not
degraded by the proteasome and preventing accumulation of toxic protein aggre-
gates (Kawaguchi et al. 2003). Alleviation of cellular stress is also accomplished by
another HDAC6-targeted protein, HSP90, which stabilizes the protein conformation
and protects both normal and oncogenic client proteins from degradation (Aoyagi
and Archer 2005; Scroggins et al. 2007). Hyperacetylation of HSP90 disrupts
interactions with the client protein and co-chaperones. The inducible isoform
(HSP90a) was demonstrated to be a substrate of p300 and modified at
Lys69/100/292/327/478/54/558 (Yang et al. 2008). In all, altering acetylation of
non-histone proteins presents an additional avenue of targeting cancer independent
of chromatin dynamics, by instead modulating key mediators of malignant
transformation.
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4.5.4 Resistance to HDAC Inhibitors

Resistance to chemotherapeutic agents, either inherent or acquired, has been a primary
concern in cancer therapy. Acquired resistance upon prolonged exposure to a single
chemotherapeutic agent has been documented for anticancer drugs through either
mutation or overexpression of the drug target or drug efflux pumps (Ambudkar et al.
2003). Amino acid mutation of BCR-ABL, the kinase target of imatinib, at the gate-
keeper residue (T315]) is sufficient to cause a steric clash between the enzyme and
imatinib, and also prevents formation of essential hydrogen bonds between the
enzyme and imatinib, leading to ineffective kinase inhibition (Gorre et al. 2001).
P-glycoprotein (Pgp), encoded by the multidrug resistance gene 1 (MDRI), is
responsible for the transport of xenobiotics into the biliary tract and proximal tubules
of the kidney with amphipathic and cationic drugs as its major substrates. Vinca
alkaloids, anthracyclines, taxanes, and epipodophyllotoxins are all substrates for
Pgp which render cancer cells cross-resistant (Ambudkar et al. 2003). FK228 is a
substrate for Pgp and also increases the protein and mRNA expression of Pgp, which
hence leads to significant resistance to FK228 (Xiao et al. 2005). Although clinical
resistance to FK228 has not yet been documented, the response of patients to FK228
has been variable. FK228-resistant cell lines do not show cross-resistance to tricho-
statin A and SAHA, thus validating that FK228 resistance is independent of the
HDAC enzyme and also suggests a non-unified mechanism of drug resistance to
HDAC inhibitors (Xiao et al. 2005; Fedier et al. 2007; Dedesa et al. 2009). Resistance
to the hydroxamic acid-based inhibitors SAHA, trichostatin A, and panobinostat is
independent of P-glycoprotein expression (Fedier et al. 2007). Gene expression
profiling of CTCL cell lines with varying susceptibilities to SAHA showed that
STAT1, STAT3, and STATS expression and their phosphorylation states were bio-
markers for responsiveness to treatment (Fantin et al. 2008). Skin biopsies from
CTCL patients with advanced mycosis fungoides and Sezarky syndrome enrolled in
Phase 2B clinical trials with SAHA were probed for STAT1, STAT3, and STATS
expression by immunohistochemical staining and correlated to patient response
(Fantin et al. 2008). STAT1 expression and nuclear localization of STAT5 were
inversely related to treatment response, while low levels of nuclear phosphorylated
STAT3 showed good correlation with improved patient prognosis (Fantin et al.
2008). In vitro combination treatment of SAHA with a JAK inhibitor showed a
synergistic effect with a combination index of 0.28, preventing the activation of
STAT proteins by inhibiting their upstream activators (Fantin et al. 2008). In vitro
sensitivity to panobinostat treatment of CTCL cell lines, on the other hand, is related
to increased NF-kB and BCL2 expression (Shao et al. 2010). Frameshift mutation
in HDAC2 was observed in ~33% of colorectal and ~50% of endometrial carcinoma
cell lines that are characterized by microsatellite instability. This mutation leads to
deletion of two A and consequently loss in protein expression and enzymatic activity
of HDAC2 (Ropero et al. 2006). This mutation was observed in ~20% of primary colon,
endometrial, and gastric primary tumors but not in normal tissues (Ropero et al. 2006).
Cell lines harboring this mutation were resistant to trichostatin A treatment but not
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to sodium butyrate or valproate. Trichostatin A failed to induce cell cycle arrest or
apoptosis in cell culture and could not reduce tumor size in mouse xenografts bear-
ing HDAC?2 deficient cells (Ropero et al. 2006). In a follow up study, it was shown
that gene expression of several tumor and cell cycle promoters as well as angiogenic
factors can be indirectly or directly regulated by HDAC2 through binding to the 5'-
end regulatory regions, causing upregulation in HDAC2 deficient cell lines (Ropero
et al. 2008). A related study showed that the hydroxamate-based HDAC inhibitors
trichostatin A and SAHA were able to induce histone hyperacetylation but not
apoptosis in HDAC2-deficient cell lines (Hanigan et al. 2008). Induction of apopto-
sis was related to the upregulation of APAF1 in cell lines with functional HDAC?2.
APAF]1 binds cytochrome ¢ and ATP/dATP to form the apoptosome, a key mediator
in the caspase 9 cascade. APAF ] is directly regulated by HDAC?2 through binding to
the promoter region (Hanigan et al. 2008). The loss of functional HDAC2 in mutant
cell lines was proposed to lead to elevated levels of APAFI but is compensated by
upregulation of other survival pathways, which leads to observed resistance to hydrox-
amate-based HDAC inhibitors (Hanigan et al. 2008). Biomarkers of sensitivity and
clinical response to HDAC inhibitor treatment in addition to providing clues for pos-
sible mechanism of drug resistance can also aid in the design of effective therapeutic
regimens to maximize the benefits of HDAC inhibitors in cancer therapy.

4.5.5 Redefining HDAC Inhibitors Through
Combination Therapy

With the successful demonstration of HDAC inhibitors as monotherapies for hema-
tological malignancies, combination of these agents together with a wide variety of
cancer chemotherapeutic agents were introduced in both preclinical and clinical tri-
als to improve existing therapies and possibly curb clinical resistance. Combination
therapy with hydroxamate-based HDAC inhibitors and cytosine-based DNMT
inhibitors blocks two key epigenetic events associated with long-term gene silenc-
ing. In the presence of methylated promoter regions, trichostatin A was unable to
upregulate the expression of key cell cycle controllers, p2/ and p15, while 5-azade-
oxycytidine gave limited reactivation of these genes (Cameron et al. 1999).
Combination of trichostatin A and 5-azadeoxycytidine showed significant upregula-
tion of p2I and pl5 (Cameron et al. 1999). The induction of pro-apoptotic genes
and modulation of pro-survival genes by HDAC inhibitors also sensitizes cancer
cells to traditional chemotherapeutic agents such as microtubule disrupting agents
and topoisomerase inhibitors. In combination with traditional chemotherapeutic
agents, HDAC inhibitors lower the apoptotic threshold and render transformed cells
susceptible to programmed cell death causing an additive or synergistic effect
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(Richon et al. 2009; Kano et al. 2006). Gene expression changes induced by HDAC
inhibitors led to the hypothesis that death receptor ligands such as TRAIL could
potentiate the effect of HDAC inhibitors and increase progression of the extrinsic
apoptotic pathway (Frew et al. 2008).

Protein degradation is another major theme in combination therapy with HDAC
inhibitors, exploiting non-histone protein targets of these agents such as o-tubulin
and HSP90 (Bolden et al. 2006). Hyperacetylation of a-tubulin and HSP90 prevents
aggresome processing and client protein association, respectively, with downstream
cellular effects that include increased cellular stress and apoptosis due to elevated
levels of misfolded proteins (Kawaguchi et al. 2003; Aoyagi and Archer 2005;
Scroggins et al. 2007). Oncogenic proteins ERBB2 and BCR-ABL can evade degra-
dation by interacting with HSP90, however, the protective effect of HSP90 is attenu-
ated by hyperacetylation. HDAC inhibitors together with HSP90-targeting agents
(17-allyl-amino-demethoxy geldanamycin) or the corresponding inhibitors of client
proteins (trastuzumab or imatinib) have been used in combination regimes (Richon
et al. 2009; Kano et al. 2006; Rahmani et al. 2003; George et al. 2005). Accumulation
of ubiquitinated and misfolded proteins is attenuated by proteasome-mediated pro-
tein degradation and is facilitated by autophagy of perinuclear aggresomes in the
absence of a functional proteasome. Central to the aggresome pathway is a-tubulin,
which facilitates transport of aggresomes to lysosomes in a dynein-dependent man-
ner (Kawaguchi et al. 2003; Rodriguez-Gonzalez et al. 2008). HDACG6 has been
recognized as a key component of the aggresome pathway, where it binds misfolded
proteins and dynein motors and associates with the microtubule network to facilitate
protein transport (Kawaguchi et al. 2003; Rodriguez-Gonzalez et al. 2008). Disruption
of aggresome formation by inhibiting HDACG6, and without a functional proteasome,
leads to increased ER stress and apoptosis (Kawaguchi et al. 2003; Rodriguez-
Gonzalez et al. 2008). Combination regimens of the proteasome inhibitor bortezomib
together with HDAC inhibitors romidepsin, vorinostat, panabinostat, and belinostat
are in clinical trials for multiple myeloma therapy (Nawrocki et al. 2006).

Most combination regimens were designed based on observed effects of HDAC
inhibitors on downregulation of pro-survival genes, upregulation of pro-apoptotic
genes, and pleiotropic effects on non-histone proteins. While initial combination
regimens have proved to be successful, systematic and unbiased identification can
be facilitated by employing small interfering RNA (siRNA) screens (Whitehurst
et al. 2007; Bartz et al. 2006). Loss of gene function in mammalian tumor cells can
be related to increased cytotoxicity with otherwise sublethal concentration of the
inhibitor. Hence, chemical agents that phenocopy the cellular effect of siRNA
knockdowns would potentially act in synergy or additive with the HDAC inhibitor.
Such chemical-genetic interaction screening has been demonstrated for several anti-
tumor agents, and screening hits were found to be unique depending on the inhibitor’s
mechanism of action (Bartz et al. 2006).
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4.6 New Natural Modulators of Epigenetic Enzymes

4.6.1 Histone Acetyltransferase Modulators

Plant-derived polyisoprenylated benzophenones make up the majority of documented
HAT-modulating natural products. This class of compounds has been reported to
have cytotoxic, antioxidant, and antimicrobial properties. Garcinol, isogarcinol, and
guttiferones A and E (Fig. 4.12) inhibit HAT activity of p300/CBP, while nem-
orosone activates p300 HAT, despite the closely related structures among these con-
geners (Balasubramanyam et al. 2004; Dal Piaz et al. 2010). These natural products
are characterized by bicyclic nonane rings that are highly oxygenated and preny-
lated. Inhibition occurs in both competitive and noncompetitive fashion, with the
benzyl substituent occupying the acetyl-CoA binding site, while the prenyl moieties
bind to an allosteric site of HAT (Arif et al. 2009). Treatment of HeLa cells with
100 uM of garcinol upregulated the expression of ~1,600 genes while ~600 genes
were downregulated; some of the presumably relevant hits included caspase 4,
BCL2, and E3 ubiquitin ligase (Balasubramanyam et al. 2004).

4.6.2 SIRT Modulators

In contrast to the well-established role of canonical HDACs in tumor progression,
variable effects are observed for different SIRT isoforms. In addition, SIRTs are
upregulated and promote cell survival and proliferation during caloric restriction,
hence, selective activators of SIRTs that can phenocopy these effects are warranted
therapeutics in age-related diseases and life span extension. Known activators of
SIRT1 are mostly polyphenolic plant natural products (Fig. 4.12) such as resvera-
trol, fisetin, and butein that were identified from screening of libraries for SIRT1
modulators (Howitz et al. 2003). These compounds caused a 6—13-fold increase in
SIRT1 activity at 100 uM, and SAR studies indicated the importance of a trans-
stilbene backbone with two hydroxy groups at meta position to each other on ring A
and a 3’4" or 4’ hydroxylation pattern on ring B for SIRT activity (Howitz et al.
2003). These findings on the activation of SIRT1 by resveratrol have been chal-
lenged by several independent studies, which suggest the indirect role of resveratrol
in SIRT1 activation via resveratrol’s downstream cellular effects, instead of direct
SIRT1-resveratrol interaction. Incubation of SIRT1 with a nonfluorogenic peptide
substrate and resveratrol failed to increase enzyme activity, compared to the observed
activation using fluorogenic peptide substrates (Borra et al. 2005; Beher et al. 2009;
Pacholec et al. 2010). In contrast to the conflicting kinetic assay results for resvera-
trol, several in vivo assays showed lifespan extension of budding yeast,
Caenorhabditis elegans, and Drosophila using high resveratrol concentrations
(Howitz et al. 2003; Wood et al. 2004; Baur et al. 2006). However, at pharmacologi-
cally relevant concentrations of resveratrol that can be achieved through supplemen-
tation, ~4% lifespan extension was observed in C. elegans (Zarse et al. 2010).
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Fig. 4.12 Selected natural modulators of epigenetic enzymes other than canonical HDACs.
(a) Isoprenylated benzophenones constitute the majority of HAT modulators, with the prenyl and
benzyl moieties making critical enzyme interactions. (b) Lifespan extension derived from selective
SIRT1 activation has been one of the main aims in the discovery of small molecules which can
phenocopy this effect, such as polyphenols. (¢) The fungus-derived chaetocin has been the sole
natural product described to selectively inhibit G9a histone lysine methyltransferase. (d) Irreversible
DNMT inhibitors are oftentimes characterized by an a,B-unsaturated carbonyl moiety that can
form a covalent bond with the catalytic Cys residue of DNMT. Polyphenols can also act as non-
competitive DNMT inhibitor by depleting the pool of available SAM cofactor molecules that is
required for the reaction, and instead yielding SAH which creates a feedback loop in enzyme
inhibition
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The cellular effects of polyphenolics on SIRT1 activation may be linked to
upregulation of key enzymes nicotinamide phosphoribosyl transferase and (AMP)-
activated kinases which are involved in the production of NAD*, hence, creating a
feedback mechanism for SIRT1 activation through an in increase in cofactor avail-
ability. The trimeric resveratrol analog amuresin G from Vitis amurensis, however,
acts as an inhibitor of SIRT1 (Oh et al. 2010). Amuresin G (Fig. 4.12) was demon-
strated to enhance the cytotoxic activity of doxorubicin on multidrug resistant
MCF7 (MCF7/ADR) cells both in vitro and in vivo (Oh et al. 2010). The polyiso-
prenylated benzophenones (+)-guttiferone G, hyperofin and synthetic hyperofin
analog aristorofin have low uM activity against SIRT1 and SIRT2 (IC, values of
10-30 uM) (Gey et al. 2007). From a SIRT2 bioassay-directed isolation, the marine
cyanobacteria-derived compound tanikolide dimer was identified as a SIRT2 inhibi-
tor (IC,; 2-3 uM) (Gutierrez et al. 2009). The cellular effects of non-phenolic SIRT1
modulators from Nature have not been extensively documented, and identification
of key enzyme—modulator interactions has been precluded by difficulties in cocrys-
tallization of these enzymes.

4.6.3 Histone Methyltransferase Inhibitors

The development of histone methyltransferase inhibitors from natural products is
still in its infancy compared to that of HDAC inhibitors. Chaetocin (Fig. 4.12), an
epidithioketopiperazine alkaloid, previously isolated from cultures of the fungus
Chaetomium minutum, was identified as a histone methyltransferase inhibitor by
high-throughput screening of 3,000 compounds and demonstrated to inhibit meth-
yltransferase activity of recombinant enzyme and in Drosophila cells (Hauser et al.
1970; Greiner et al. 2005). It showed inhibitory activity against the histone lysine
methyltransferase SU(VAR)3-9 and G9a, which both methylate the Lys9 residue of
histone H3 (Greiner et al. 2005). Chaetocin has an IC, of 0.6 uM against
SU(VAR)3-9 and acts as a competitive inhibitor for the cofactor SAM and is selec-
tive towards the SUV39 family of methyltransferases (Greiner et al. 2005). Initial
SAR studies on chaetocin suggested the importance of the disulfide moiety, while
the absolute configurations of the chiral centers are apparently not determinants for
methyltransferase inhibition (Iwasa et al. 2010). Chaetocin has been previously
documented to be an antifungal and antimyeloma agent (Isham et al. 2007). In an
earlier study, it was demonstrated to induce apoptosis via a caspase 8-mediated
pathway in vitro and showed in vivo activity in a myeloma mouse xenograft (Isham
et al. 2007; Teng et al. 2010). The antimyeloma activity of chaetocin was linked to
oxidative stress; chaetocin was demonstrated to compete with thioredoxin as a sub-
strate for the oxidative stress remediation enzyme thioredoxin reductase 1 (Tibodeau
et al. 2009).
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4.6.4 DNA Methyltransferase Inhibitors

Natural products that inhibit DNMTs (Fig. 4.12) can be classified into: (1) covalent
inhibitors that form an adduct with the enzyme (parthenolide, nanaomycin)
(Liu et al. 2009; Kuck et al. 2010); (2) competitive inhibitor (mithramycin) (Lina
et al. 2007); and (3) noncompetitive indirect inhibitors (caffeic acid, chlorogeneic
acid, quercetin, fisetin, cathecin, epicathecin) (Lee et al. 2005; Lee and Zhu 2006).
In addition, psammaplins A and G, bisaprasin (Pina et al. 2003), mahanine
(Jagadeesh et al. 2007), and peyssonenynes A and B (McPhail et al. 2004), have
been documented to inhibit DNMT1 using direct enzyme assays; however, their
mechanism of enzyme inhibition has not been fully elucidated and requires further
study. Aside from the noncompetitive DNMT inhibitors, the majority of these com-
pounds appear to have cytotoxic effects. Parthenolide was demonstrated to reduce
tumor size in MV4—11 engrafted nude mice, and tumor sections showed downregu-
lation of DNMTT1 (Liu et al. 2009). The covalent inhibitors parthenolide and nanao-
mycin both possess an a,B-unsaturated carbonyl moiety that can undergo a
1,4-conjugated addition with the catalytic Cys651 of DNMT1 and DNMT3B,
respectively, based on molecular docking experiments (Liu et al. 2009; Kuck et al.
2010). Synthesis of a parthenolide analog lacking this moiety was shown to be inac-
tive (Liu et al. 2009). Nanaomycin, unlike parthenolide, does not inhibit DNMT1
but rather DNMT3B, presumably due to additional hydrogen bonding interactions
with Glu697, Arg731, and Arg733 (Kuck et al. 2010). The DNMT-inhibitory activ-
ity of polyphenols is related to their ability to undergo extensive O-methylation that
is mediated by catechol-O-methyltransferase and requires the same cofactor, SAM,
as DNMTs (Lee et al. 2005). This reaction then depletes the pool of available SAM
and converts SAM to S-adenosylhomocystine (SAH), a documented potent inhibi-
tor of DNMT, inducing a feedback mechanism for attenuating DNA methylation
(Lee et al. 2005; Lee and Zhu 2006).

4.7 Conclusion

HDAC inhibitors from Nature show diversity in both structure and mechanism of
enzyme inhibition. While there have been challenges in their development, these
compounds yielded new structural templates and potent anticancer agents. As in
other therapeutic arenas and/or for other biological targets, natural products science
is also at the forefront of discovery of new modulators of DNA and histone methyl-
transferases and HATSs. It has been established that secondary metabolites can mod-
ulate the activity of several of these epigenetic enzymes which are currently being
validated as drug targets.
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Chapter 5
Natural Product Cytotoxins as Payloads
for Antibody Drug Conjugates

Frank E. Koehn

Abstract Natural products from plants and microorganisms are unsurpassed as a
source of effective anticancer drugs. However it remains a major challenge to dis-
cover and develop natural product chemotherapeutics because of their dose-limiting
toxicity. Antibody drug conjugates (ADC) offer a modality by which the cell-killing
potency of a cytotoxin is coupled with the selectivity of a monoclonal antibody
(mAb) for delivery to the tumor. An ADC consists of a mAb which binds a tumor-
associated antigen, and to which one or more molecules of a potent cytotoxin
payload are covalently bound. All clinically validated ADC payloads to date are
directly derived from natural products. Natural product cytotoxins are well suited
for the role of ADC payload for they often posses the potency, mechanism of action,
chemical tractability, and structural properties required for effectiveness. This chap-
ter will detail the functional role and requirements for effective ADC payloads.
It then details current ADC payloads along with opportunities for new natural product
payload candidates.

5.1 Natural Product Anticancer Drugs and Antibody
Drug Conjugates

Natural products from plants and microorganisms are unsurpassed as a source of
effective anticancer drugs. Indeed, over the past 30 years just under 50% of all can-
cer drugs are either natural products themselves, or are directly derived from them
(Newman and Cragg 2012). Natural products structures represent a privileged class
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of biologically selected chemical scaffolds which are biased to bind protein targets,
and which can be optimized further for selectivity and drug-like properties through
modification of structure. The past decade has provided numerous natural product
anticancer agents which are either the naturally occurring compound itself, or a
direct structural analog. These include the native natural products trabectedin
(Cuevas and Francesch 2009), and romidepsin (Bertino and Otterson 2011), the
semisynthetic rapamycin derivatives temsirolimus, everolimus, and zotarolimus
(Reddy et al. 2006), the taxane analog carbazitaxel (Villanueva et al. 2011), the
epothilone analog ixabepilone (Borzilleri and Vite 2009) and the fully synthetic
eribulin (Yu et al. 2011). Natural products continue to be the well represented in
cancer clinical trials (Butler 2010).

Despite this record of success, it remains a major challenge to effectively dis-
cover and develop natural product chemotherapeutics which have the desired
levels of safety and efficacy, particularly for the treatment of solid tumors. One of
the main reasons for this is the dose-limiting toxicity associated with many of these
potential chemotherapeutics. This toxicity is due in great part to the narrow thera-
peutic index afforded by their nonselective mechanism of action. As a result, many
effective cancer cell-killing agents cannot be dosed at concentrations high enough
to eradicate the tumor (Chen et al. 2007). Function-blocking monoclonal antibod-
ies (mAb), on the other hand, are highly specific, but have shown only minimal
antitumor efficacy against solid carcinomas, predominantly because of their lim-
ited potency. Thus, these biologics are often used in combination therapy with
small molecule cytotoxins, examples being the combination of cetuximab and iri-
notecan, or bevacizumab combined with 5-flourouracil for colorectal cancer
(Pasetto et al. 20006).

Antibody drug conjugates (ADC) offer a modality by which the cell-killing
potency of a “small molecule” cytotoxin is literally coupled to the exquisite selec-
tively of a mAb as a means of delivery to the tumor (Carter and Senter 2008). An
ADC consists of a mAb which binds a tumor-associated antigen (target), to which
one or more molecules of a potent cytotoxin (payload) are covalently bound (conju-
gated) by means of a chemical linker (Fig. 5.1). The specificity of the mAb for the
tumor cell target serves to deliver the cytotoxin to the tumor cell and spares periph-
eral tissues from exposure to the cytotoxin. Upon target binding, the ADC-antigen
complex is internalized and the payload is released either by cleavage of the linker
or by catabolism of the antibody. Once released, the payload or payload-linker anti-
body fragment is free to engage the intracellular drug-target and kill the cell. The
overall design of the ADC approach is straightforward and elegant in principle.
However, the chemical, biochemical, and cellular processes necessary for the mode
of action are each highly complex, and are challenging to interrogate via assay.
Thus, prospective design and optimization of ADC’s is only now beginning to
emerge from what was initially a highly empirical approach for the first generation
of ADC’s. Nonetheless, the recent approval of brentuximab vedotin (SGN-35)
(Gualberto 2012) and the late stage clinical success of transtuzumab emtansine
(T-DM1) (LoRusso et al. 2011) and inotuzumab ozogamicin (CMC-544) (Kantarjian
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Fig. 5.1 Antibody drug
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antibody linker payload

et al. 2012) demonstrate the potential for ADC’s to be a major modality for cancer
therapy in the years ahead. Indeed, there are more than ten ADC programs undergoing
clinical evaluation against solid tumors at the time of this writing (Sapra et al. 2011).
We will see that natural product cytotoxins, by virtue of their diverse, potent mecha-
nisms of action, and privileged chemical scaffolds, are a promising source of payloads
for the next generation of ADC’s. Rather than an extensive review of the status of
selected ADC’s in clinical development, this chapter instead will provide insights,
based on recent published results with current ADC’s, as to the current role and
future potential of natural product cytotoxins as payloads for ADC’s. For detailed
reviews of current ADC’s against various cancer types, the reader is referred to
recent monographs (Polson et al. 2011; Sapra et al. 2011; Senter 2010).

5.2 Antibody Drug Conjugates: Processes and Components

The three main components of an ADC: antibody, linker, and payload, are each
critical to the efficacy and safety of the ADC, and their roles are highly interdepen-
dent within the overall ADC mode of action. These processes involved with ADC
function, and the role or dependency of the various ADC components within them,
are described here.

5.2.1 Systemic Circulation

Naked antibodies possess very long half-lives in blood circulation, and the ADC must
mimic this in order to achieve systemic exposure and tissue distribution sufficient to
engage the tumor (Boswell et al. 2011). However, payload loss (deconjugation) can
often degrade the pharmacokinetic properties of the ADC, particularly at high load-
ing. Once in circulation it is essential that the bound payload molecule itself be stable
to serum degradation, and that the payload-linker be stable to deconjugation in order



100 F.E. Koehn

to avoid payload loss by hydrolysis or by serum esterases, otherwise systemic exposure
to free payload will cause toxicity. Should premature shedding of the payload occur,
it is desirable that the payload itself be subject to high systemic clearance and have
low cellular permeability, so as to minimize exposure to nontumor tissue.

5.2.2 Antigen Binding and Intracellular Payload Release

The choice of antibody target is critical to the efficacy and safety of an ADC (Teicher
2009). Numerous antigens have been the subject of past and current ADC trials and
important target-related principals are emerging. One of these is the desirability of
so-called “clean targets,” i.e., antigens that are highly expressed on tumor cells but
not in nontumor tissues. In practice it has proven to be difficult to identify these
targets, as most cell surface antigens expressed on solid tumors are also present in
normal tissues (Sapra et al. 2011). It is also important that the target have a high
copy number, because in principle the number of ADC surface binding sites places
a ceiling on the number of payload molecules delivered to the internalization pro-
cess. Once the ADC binds, the surface antigen-ADC complex undergoes rapid
internalization and efficient trafficking to the lysosome, where it then undergoes
catabolism (Sutherland et al. 2006). For cleavable linkers, the payload is released
when the linker is cleaved by lysosomal enzymes or by the chemical environment
of the lysosome. For non-cleavable linkers, the ADC is catabolized by proteases,
resulting in a released specie that consists of the payload-linker bound to the remaining
conjugated amino acid residue (Doronina et al. 2006).

5.2.3 Linker Design

Over the past 15 years significant new chemistry has been incorporated into linker
design, the result being linkers which show improved serum stability, pharmacoki-
netics, and intracellular release kinetics (Ducry and Stump 2010). While not the
central topic of this chapter, the linker is a critical component of an ADC, and some
background description of linkers is appropriate as a basis for discussing payloads.
Examples of the main cleavable and non-cleavable linker systems used in clinically
validated ADC’s are shown in Fig. 5.2. Cleavable linkers release free drug or a
simple derivative, usually by hydrolytic or proteolytic means. They generally pro-
vide more potent ADCs and can release permeable payloads. The chemically cleav-
able acid-labile 4-(4'-acetylphenoxy) butanoic acid (Ac-But) linker system in
inotuzumab ozogamicin (CMC-544, Pfizer) is used to conjugate gamma calicheami-
cin dimethylhydrazide (DMH) to a humanized anti-CD22 IgG4 antibody (DiJoseph
et al. 2004). In it the 4-(4-acetylphenoxy)butanoic acid is conjugated to surface-
exposed lysine side chains of the antibody by an amide linkage. The other end forms
an acyl hydrazone linkage with a 3-dimethylthiopropionate that is linked via a
disulfide to the calicheamicin. In the acidic pH of the lysosome, the hydrazone is
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cleaved to liberate the calicheamicin prodrug, which is then activated by reductive
cleavage of the disulfide. The second cleavable linker shown in Fig. 5.2 is the pro-
teolytically cleavable self-imolative MalC-ValCit-PABC linker used in the recently
approved Adcetris™ ADC (Gualberto 2012). In this design, the linker is conjugated
at one end to one or more cysteine thiol groups on the antibody by means of a
maleimide precursor. Once in the lysosome, the amide bond between the citrulline
residue and the p-aminobenzylcarbamate is cleaved by cathepsins and the remain-
ing portion then undergoes a 1,6 elimination to liberate para-iminoquinone, CO,),
and the free amine of the payload.

Non-cleavable linkers rely on the full catabolism of the antibody in order to form
the active released specie. Two examples are shown in Fig. 5.2. The first is the
maleimidocaproyl (MalC) linker used in the SGN-75 of Seattle Genetics, an anti-
CD70 antibody bearing the auristatin MMAF (Ryan et al. 2010). In this ADC design,
once in the lysosome the antibody is catabolized while the linker remains intact.
The final released specie in ADC’s of this type has been shown to be the MMAF-
caproylmaleido-cysteine adduct (Doronina et al. 2006). The second example is the
thioether-based linker used in the transtuzumab-DM1 ADC of Immunogen (Erickson
et al. 2006). In this case the released specie is the intact maytansinoid payload and
linker attached to lysine (Fig. 5.2). In both non-cleavable examples the production
of payload-containing released specie is dependent upon intracellular trafficking
and lysosomal processing, and the cell-killing efficacy is dependent on the amino
acid-linker payload adduct maintaining sufficient potency for intracellular target
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binding. Internalization, intracellular trafficking, and lysosomal processing vary
between surface antigens, and so the effectiveness of any particular antibody-linker-
payload combination is variable between cancer types (Sapra et al. 2011).

5.2.4 Conjugation

Numerous methods have been developed to conjugate small molecules to proteins via
the functional groups present on the side chains of amino acid residues (Stephanopoulos
and Francis 2011). For clinically validated ADCs the requirements for control of stoi-
chiometry, chain specificity, conjugate stability, intracellular linker cleavage, and pay-
load release kinetics have led to the predominance of either thioether linkage to
cysteine or lysine amide-based conjugation methods (Ducry and Stump 2010). With
each of these approaches it is possible to exert some degree of control of the sites of
payload-linker attachment along with the number and distribution of payload mole-
cules bound to each antibody (loading). The site of conjugation been shown to exert a
significant effect on ADC in vivo stability and therapeutic efficacy (Shen et al. 2012).
Loading stoichiometry also plays an important role in the overall therapeutic index,
where partially loaded species bearing 2—4 payload molecules per antibody often
show better overall efficacy than more highly loaded ADC’s with 6-8 payloads per
antibody (McDonagh et al. 2006). The drug—antibody conjugation can be performed
with so-called “random” loading, where a population of cysteine or lysine residues
are modified, resulting in a population of ADC molecules bearing a distribution of
loading. Alternatively, conjugation can be performed in a “site selective” fashion by
means of site-specific antibody mutants (Voynov et al. 2010). In this case, the result-
ing ADC has a tightly defined residue of attachment and stoichiometry of loading.

5.2.5 Payload Design

ADC payload requirements cover a number of molecular characteristics and proper-
ties. Given the relatively small amount of payload that can be delivered to a tumor
by an ADC it is probably a safe assumption that high payload potency is a requisite.
This is exemplified by those highly potent payloads—calicheamicin, auristatin, and
maytansinoids that show clinical efficacy. The payload should possess a cell-killing
mechanism that provides efficacy against the targeted cancer but also has reduced
toxicity toward normal cells. The payload must also be chemically tractable, meaning
that it must bear one or more functional sites to which a linker can be attached for
conjugation to the antibody, and which either can be regenerated after the linker is
cleaved, or which is not essential for potency. The linker-payload must be stable in
serum for over the circulation time of the ADC, which can be weeks. It is desirable
that the free payload have limited cellular permeability on its own, so as to minimize
its action on peripheral tissues if it is liberated in serum prior to reaching the tumor.
Finally, for efficacy against certain tumors it must be a poor substrate for efflux.
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Fig. 5.3 Natural product ADC payloads

5.2.5.1 Potency and Mechanism of Action

A defining characteristic of many natural products is their highly potent cytotoxicity
and unique cell-killing mechanism of action. As a result, they are especially well-
positioned as ADC payload candidates. Perhaps this should come as no surprise,
because many natural products are utilized by their producing hosts as defense
mechanisms. It is the scope of biochemical mechanisms coupled with the remark-
able structural diversity that make natural products a truly rich source for ADC
payloads (Mayer and Gustafson 2008). This biological rationale is fortified by a
recent network analysis of the biochemical targets of known natural products, which
shows a high bias towards targets related to cell death (Dancik et al. 2010). The
potent cytotoxicity of natural products has led to many clinical trials of natural
product cytotoxins as small molecule drugs over the last several decades (Butler
2008). A number of these compounds, shown in Fig. 5.3, have found a role as ADC
payloads. Three classes—calicheamicin, dolastatins, and maytansines have led to
payloads on approved or late clinical stage ADC'’s.
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The ADC model is conceptually both elegant and simple in design. However,
there are fundamental limitations to the number of cytotoxin payload molecules that
can be delivered into a target tumor cell. One of these limitations is the absolute num-
ber of antigen molecules available on the tumor cell surface for antibody binding.
Many tumor antigens are frequently down-regulated by cancer cells as a means of
evading the immune system, resulting for some targets in a limited number of target
molecules for the ADC to bind (Begley and Ribas 2008). Added to that is the effect
of slow internalization or inefficient intracellular trafficking which serves to reduce
the intracellular target exposure of the payload. Payload potency is one effective
means by which these limitations can be overcome. The cohort of payloads that are
at the most advanced stage of clinical development are shown in Fig. 5.3. For the
most part the more effective payloads to date show extremely high potency against
cell lines in their non-conjugated state, typically a few hundred picomolar, with doxo-
rubicin and monomethylauristatin F (MMAF) being the exceptions. MMAF has lim-
ited cell permeability due to its free carboxylic acid group, and so its cell potency is
roughly 10-200 times less than that of the corresponding ester monomethylauristatin
E (MMAE). However, mAb-Val-Cit-MMAF conjugates are approximately ten times
more potent than corresponding MMAE conjugates (Doronina et al. 2004), reflecting
the high intracellular target potency of MMAF. It is important to note that the cellular
cytotoxicity is a liability for payloads which are prematurely released from the ADC,
as systemic exposure to free payload will lead to toxicity in nontumor tissues.

One of the particular strengths of natural products is the fact that within each
mode of action there are often several distinct structural and mechanistic classes of
molecules. One such group of natural products are the tubulin-interactive antimitotic
agents, a group which has produced several anticancer chemotherapeutics and two
clinically validated ADC payloads (Kingston 2009). The tubulin antimitotics group
can be divided into two main classes (1) agents which inhibit the polymerization of
tubulin such as the Vinca alkaloids, combretastatins, halichondrin B, dolastatins
10 and 15, rhizoxin, maytansine (ansamitocin), and hemiasterlin, and (2) agents
which are tubulin stabilizers (polymerization promoters) such as the epothilones,
taxanes, discodermolide, and dictyostatin (Fig. 5.4). Diversifying even further—
within each functional class there are multiple binding modes. For example, although
both the Vinca alkaloids and colchicines are tubulin depolymerizers, they bind the
tubulin heterodimer at distinctly different sites. Several members of this group have
become marketed cancer drugs and two—dolastatin 10 and maytansine have been
developed into ADC payloads.

The antimitotic natural products in Fig. 5.4 boast a broad diversity of structural
classes—indole alkaloids, peptides, polyketides, phenolics, and diterpenes. Structural
complexity ranges from the relatively simple colchicines and combretastatin to the
complex polyketide macrocycles such as dictyostatin and maytansine. The structural
diversity and multifunctionalization of natural products structures is important with
regard to ADC payload development. A payload candidate must bear a chemically
accessible amine, hydroxyl or thiol group in order to enable linker attachment in a
manner which does not interfere with the molecular mechanism of action. These
complex structures can often offer SAR-independent chemical handles of this type.
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5.2.5.2 Chemical Tractability

Cytotoxins that are suitable as ADC payloads, like any other lead chemical structure,
should be amenable to modification in order to optimize potency and properties.
They must also offer a path for scale-up production of final candidates. In addition,
it is essential that the payload structure include chemical functionality to support
covalent attachment of a linker. Functionalities which are amenable to linker tech-
nologies include thiol and amino groups (Ducry and Stump 2010). If a non-cleavable
linker is used, there is a requirement that the remaining portions of the linker and
antibody attached to the payload after lysosomal catabolism do not interfere with
the binding to the target. This is the case for maytansine DM1 and DM4 and
auristatin MMAF (Sapra et al. 2011). If a cleavable linker is used, and the linker is
attached at a portion of the molecule necessary for cytotoxicity, then it is important
that linker cleavage leave no residual fragment at the attachment site that will
diminish the target biding. In contrast to synthetic small molecule drugs, which
are designed to maximize target binding and optimize ADME and physical prop-
erties on a low molecular weight scaffold (Keseru and Makara 2009), natural
product structures are generally more complex and polyfunctionalized, particu-
larly classes such as microbial non-ribosomal peptides, polyketides, and plant
isoprenoids (Alex et al. 2011; Koch et al. 2005). An inspection of the payloads in
Fig. 5.3 bears this out. This characteristic can be both an advantage and a drawback.
Multi-functionalization offers the opportunity to find non-SAR-essential points for
linker attachment if only a portion of the structure is involved in drug-target bind-
ing. On the other hand, the presence of several functional groups in a single payload
requires development of selective chemistry for linker attachment. Nonetheless,
this hurdle can be surmounted with judicious selection of derivatization methodol-
ogy (Koehn and Carter 2005). Furthermore, it is now possible to modify complex
natural product structures by means of biosynthetic engineering of the producing
organism (Wilkinson and Micklefield 2007) or even by a combination of synthetic
and biosynthetic methods (Kirschning and Hahn 2012). The available functional-
ities for linker attachment differ amongst the various classes of natural products.
Non-ribosomal peptides can offer amino acid side chains which bear —SH, —-NH,
and —OH groups. In polyketides, oxygenated functionalities such as —OH and C=0
tend to predominate, while amine or thiol groups are far less prevalent. An addi-
tional aspect of chemical tractability relates to the overall hydrophobicity of the
payload. Conjugation of hydrophobic payloads such as calicheamicin (Fig. 5.3)
creates hydrophobic surface patches on the antibody that can lead to aggregation of
the ADC (Hollander et al. 2008). This can be alleviated to some degree by the use
of hydrophilic linkers (Zhao et al. 2011).

As with any drug substance, cost-effective supply of active pharmaceutical
ingredient (API) is essential for successful commercial outcome. Payloads based on
natural products can be accessed in a number of different routes. The payloads
shown in Fig. 5.3 are good examples. Molecules which are based on microbial fer-
mentation products, such as calicheamicin, ansamitocin, and doxorubicin can often
be produced in kilogram quantities as a result of strain improvement and large-scale
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discodermolide

trabectedin (Yondelis) eribulin (Halaven)

Fig. 5.5 Natural product drugs made by chemical synthesis

cultivation. This can be an arduous task, often requiring significant investment in
time, but one that often leads ultimately to success. Two prominent examples in
this area can be cited amongst the current clinical stable of natural product ADC
payloads. The first is calicheamicin. The original wild type producing strain of
Micromonospora echinospora ssp. calichensis produced calicheamicin in only trace
quantities, requiring more than 100,000 L of fermentation to produce sufficient
material for structural and biological characterization and lead advancement (Lee
et al. 1991). Later work focused on bioprocess development in order to produce
sufficient quantities to support advancement as an ADC payload. Recently biosyn-
thetic engineering methodologies have been very effective in improving production
of the enediyne family of polyketides (Chen et al. 2011).

The second example of an ADC natural product payload enabled by microbial
fermentation and biosynthetic engineering is the maytansoid ansamitocin—the pay-
load found in transtuzumab-T-DM 1. Following the original isolation of maytansine
from plant species of the genus Maytenus, various members of this class of antimi-
totics were isolated from other plant genera, mosses, and from the Actinomycete,
Actinosynnema pretiosum. Maytansine became the focus of clinical investigation
in the 1980s, culminating in a role as an ADC payload (Kirschning et al. 2008).
To advance the compound clinically it was necessary to develop a high producing
variant of A. pretiosum and a high yielding bioprocess as well (Kuo et al. 2005).
Recently, the development of new, potent ansamitocin analogs has been achieved
through biosynthetic engineering of the microbial producer (Taft et al. 2008).

Finally, natural product payload lead optimization and development can also be
advanced by total chemical synthesis. While the synthesis of complex natural prod-
ucts can be quite daunting, there are numerous cases where lead optimization and
advancement to clinical supplies have relied on either partial synthesis from a pre-
cursor or total synthesis from simple cost-effective starting materials. Some impor-
tant benchmark examples include the marine sponge-derived antimitotic polyketide
discodermolide (Paterson and Florence 2009), the marine alkaloid trabectedin
(Cuevas and Francesch 2009), and another sponge-derived polyketide eribulin
(Yu et al. 2011), all of which are shown in Fig. 5.5. Finally, the auristatins MMAE
and MMAF (Figs. 5.2 and 5.3) represent a class of totally synthetic ADC payloads
which are based a family of marine natural product peptides. The role of chemical
synthesis in the advancement of the auristatins is described in the section below.
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5.2.5.3 Cellular Permeability

The permeability of a payload plays a significant role in the overall safety of an
ADC as well as its efficacy against solid tumors. From the aspect of safety, one can
rationalize that a highly non-permeable payload is desirable, so that the effect of
any early systemic release of payload would be minimized. On the other hand, non-
permeable payloads have shown limited effectiveness against solid tumors for lack
of a “bystander effect” (Kovtun and Goldmacher 2007). This relates to the ability
of a payload, once it has been internalized, released from the ADC and has killed
the initial antigen-expressing cell, to then diffuse to adjacent cells and kill them.
The ability to kill neighboring cells of a tumor by a non-internalizing ADC mecha-
nism is perhaps fundamental in an ADC’s effectiveness, because the level of antigen
expression in solid tumors can be quite heterogenous (Christiansen and Rajasekaran
2004). In studies measuring the bystander effect in mixed cell cultures consisting of
both antigen positive and antigen negative cells using ADC’s bearing maytansi-
noid- or CC1065-based payloads, it was shown that bystander cell killing was
dependent on the presence of antigen positive cells, and also on the linker type
(Kovtun et al. 2006). Conjugates linked via a reducible disulfide bond were capable
of exerting the bystander effect whereas equally potent conjugates linked via a
nonreducible thioether bond were not. Presumably, the disulfide-linked payload
yielded a permeable released specie while the thioether did not. In the maytansi-
noid-based ADC’s it was shown that the permeability of the released specie plays a
major role in the bystander effect (Erickson et al. 2006). Erickson and coworkers
investigated the intracellular processing of huC242-maytansinoid conjugates con-
taining either a disulfide linker (huC242-SPDB-DM4) or a thioether linker (huC242-
SMCC-DM1), and found that lysosomal processing of either ADC was necessary
for cell-killing activity, but also that the disulfide-linked DM4 ADC was able to kill
adjacent cells, while the thioether-linked DM1 ADC was not. It was shown that the
sole maytansinoid thioether-linked product was the highly polar lysine adduct,
while the disulfide-linked ADC gave the lipophilic, and presumably permeable,
S-methyl-DM4. Natural products scaffolds often have the ability to maintain
permeability properties, even though they have larger, more complex structures.
This is a function of their ability to use conformational mobility to reduce polar
surface area in order to maintain favorable LogP values (Ganesan 2008).

5.2.5.4 Payload Efflux

Efflux of anticancer drugs mediated by multidrug resistance-associated proteins is
an underlying resistance mechanism for many tumors. This holds true for payloads
used in ADCs as well, for most ADC payloads currently under clinical investiga-
tion are substrates for the multidrug transporter MDR1 in their small molecule
chemical form. The calicheamicin-based drug conjugate CMC-544 shows limited
effectiveness against B-cell lymphocytic leukemia and lymphoma cell lines which
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over-express P-glycoprotein efflux pumps (Takeshita et al. 2009). There is good
evidence that the ADC format can be leveraged to mitigate MDR, for Kovtun and
coworkers showed that even though the DM1 maytansinoid payload is subject to
MDR efflux, this can be circumvented by the use of hydrophilic ADC linkers
(Kovtun et al. 2010). One of the keys to this approach lies in the structure activity
relationships of the payload itself, for the DM1 structural tolerance makes it pos-
sible to append the desired linkers to reduce MDR without severely degrading the
ability to bind tubulin. Furthermore, now that the clinical effectiveness of tubulin
depolymerization agents has been demonstrated, it is reasonable to expect that
other antimitotics which are not subject to MDR efflux will be the subject of new
investigations. There are also several classes of natural product inhibitors of
P-glycoprotein and other ABC transporters (Klepsch et al. 2010). However, these
agents suffer from significant systemic toxicity due to the widespread transporter
involvement in normal cellular function as well as drug uptake, disposition, and
metabolism. It is not inconceivable however that efflux pump inhibitors could also
be selectively delivered as ADC payloads as a means of mitigating their toxicity, or
it may be possible to design hybrid payload molecules which incorporate both
cytotoxicity and MDR resistance (Klepsch et al. 2010).

5.3 Current ADC Natural Product Payloads

5.3.1 Calicheamicin

The calicheamicin family of polyketide enediyne antitumor antibiotics was discovered
by the Lederle group of the American Cyanamid Company, who first isolated the
compounds from a fermentation broth of M. echinospora calichensis on the basis of
their striking antibiotic activity and cytotoxicity (Lee et al. 1989; Maiese et al. 1989).
The structure of calicheamicin (Fig. 5.3) was solved after a herculean effort to produce
sufficient material (a few milligrams) for extensive spectroscopic and chemical
analysis (Lee et al. 1992). Calicheamicin causes double strand scission of DNA by
binding with high specificity to the minor groove followed by generation of a
1,4-dehydrobenzene diradical ion which causes double hydrogen ion abstraction
from the DNA backbone (Zein et al. 1989), an event that is triggered by the nucleophilic
attack of intracellular thiol on the trisulfide moiety (Chatterjee et al. 1996) (Fig. 5.6).
The initial binding is highly specific for the (T-C-C-T)A:(A-G-G-A) regions, and is
mediated by the sugar residues and the unique conformational preferences of the ten-
member polyketide ring (Ellestad 2011). The lethality of double strand DNA lesions
are what give calicheamicin its exquisite cellular potency (Elmroth et al. 2003).
Calicheamicin shows picomolar cytotoxicity against a broad array of tumor cell
lines, but the nonselective mechanism of action makes the compound unsuitable as
a therapeutic agent. It was recognized however, that this inherent potency could be
harnessed by targeted delivery with an antibody, and early conjugates were made
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by linking to an internalizing anti-polyepithelial mucin antibody (Hinman et al.
1993). The calicheamicin conjugates retained the immunoreactivity of the
unmodified antibody and were specifically cytotoxic toward antigen bearing tumor
cells in vitro and in vivo. It was also found that improvement in the linker stability
led to an increase in therapeutic index. Subsequent studies with additional antibod-
ies led to the conjugation of N-acetyl-calicheamicin gamma to a humanized anti-
CD33 mAb using a chemically cleavable Ac-But linker (Stasi 2008). This ADC,
Mylotarg™ was approved in 2000 by the FDA for the treatment of CD33-positive
refractory or relapsed acute myeloid leukemia. The same calicheamicin payload-
linker combination is currently used on CMC-544 (Inotuzumab ozogamicin),
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ahumanized anti-CD22 monoclonal ADC currently undergoing Phase II/III clinical
trial (Thomas 2012).

5.3.2 Maytansine

The antimitotic ansa macrolide maytansine (Fig. 5.4) was first isolated by Kupchan
and coworkers from the plant Maytenus ovatus, who recognized early its potent
antileukemic activity and unique chemical structure (Kupchan et al. 1972; Remillard
et al. 1975). Later studies demonstrated that the potent cytotoxicity and in vivo
antitumor activity were the result of potent binding to tubulin at the Vinca alkaloid
site (Mandelbaum-Shavit et al. 1976). Through the 1970s the powerful antitumor
activity coupled with the relative scarcity of the compound inspired a great deal of
synthetic chemistry aimed at preparing quantities for clinical trial (Anon 1983).
These efforts were aided considerably by the discovery that a closely related group
of antitumor ansa macrocyclic polyketides, the ansamitocins, was produced by the
soil microorganism Nocardia (Higashide et al. 1977). Later studies showed that
ansa macrolides were also produced by a wider variety of plants and bacteria
(Nettleton et al. 1981; Tanida et al. 1980). The enhanced availability of maytansine
facilitated several safety and efficacy clinical trials against numerous cancers in the
mid-1970s (Douros et al. 1979), and additional clinical trials continued well into
the 1980s. Overall, the outcomes of these trials were disappointing, with the major
complications being dose-limiting toxicity and lack of efficacy (Blum et al. 1978;
Borden et al. 1982; Creech et al. 1982; Franklin et al. 1980; Rosenthal et al. 1980).
In order to mitigate the systemic maytansinoid toxicity, two groups initially explored
the suitability of the class as payloads for ADCs. The Okamoto group constructed a
bispecific mAb that bound ansamitocin P-3 and also the human transferrin receptor.
When tested in A431 tumor xenograft models in nude mice, the bound ansamitocin
delivered by the bispecific mAb was more effective in suppressing tumor growth
than was ansamitocin P-3 alone. Eventual tumor eradication was achieved, as well
as reduced toxicity (Okamoto et al. 1992). During the same period Chari and
coworkers at Immunogen reported the synthesis of high potency maytansine analogs
and their conjugation to antibodies via disulfide linkages to release fully active may-
tansine inside cells (Chari et al. 1992). An initial Phase I clinical trial of an immuno-
conjugate consisting of maytansine coupled to an anti-CD44v6 antibody was not
successful and led to the termination of CD44v6 as an ADC target (Riechelmann
et al. 2008). However, a following trial with maytansine bound to a humanized anti-
body against the CanAg antigen demonstrated improved safety and tolerability
(Rodon et al. 2008). Subsequent Phase II trials of Her2- and CD19-based ADC’s
bearing maytansine DM1 have shown robust clinical efficacy in breast and B-cell
malignancies respectively (Blanc et al. 2011; Burris et al. 2011), and numerous
additional efficacy and Phase III studies are underway.
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5.3.3 Auristatins

The antimitotic auristatin ADC payloads have their origins in the dolastatin group
of marine natural products, an extensive family of non-ribosomal peptides originally
discovered by the George Pettit group as antitumor constituents of the Indian Ocean
sea hare Dolabella auricularia (Pettit et al. 1981). Approximately 20 dolastatins
have been isolated to date, possessing a broad scope of structural diversity, mecha-
nism of action, pharmacological activity, and often stunning potency (Pettit 1997).
The dolastatins present a number of intriguing aspects in terms of their biosynthesis
and chemistry. It has been shown for several members of the class that the producing
organism is actually a cyanobacterial endo-symbiont of D. auricularia (Namikoshi
and Rinehart 1996; Harrigan et al. 2000). While complex in structure, the peptide
nature of several members of the family nonetheless makes them synthetically
accessible, an aspect which has facilitated studies of their structure—activity rela-
tionships as well as enabling clinical investigation (Pettit et al. 1995). The initial
promise of the dolastatins inspired several chemical syntheses, which furnished API
for clinical trial as well as new analogs with improved safety and properties (Singh
et al. 2008). Prominent members of the family include dolastatin 10, due to its pow-
erful inhibition of microtubule assembly, tubulin-dependent GTP hydrolysis, and
by the fact that it binds the same site on tubulin as the Vinca alkaloids (Bai et al.
1990) and dolastatin 15, a seven residue peptide which induces apoptosis and bcl-2
phosphorylation (Ali et al. 1998). Both of these agents were investigated in initial
clinical trials, either as the native structure in the case of dolastatin 10, or in the form
of a water-soluble analog LU-103793 in the case of dolastatin 15 (de Arruda et al.
1995). Initial clinical safety evaluation of these agents showed an acceptable profile,
with some dose-limiting toxicities (Pitot et al. 1999; Villalona-Calero et al. 1998).
Subsequent efficacy studies proved disappointing—LU 103793 lacked efficacy
against non-small cell lung cancer (Marks et al. 2003) and metastatic breast cancer
(Kerbrat et al. 2003), and showed only modest efficacy at best against malignant
melanoma (Smyth et al. 2001). Similarly, dolastatin 10 showed no objective response
or significant clinical efficacy against advanced colorectal cancer (Saad et al. 2002),
metastatic soft tissue sarcoma (von Mehren et al. 2004), platinum sensitive ovarian
carcinoma (Hoffman et al. 2003), prostate (Vaishampayan et al. 2000), or non-
small-cell lung cancer (Krug et al. 2000). Additional trials of dolastatin 10 analogs
such as TZT-1027 (Solbidotin) as single agents continue, but clinical efficacy
remains elusive (Patel et al. 2006; Riely et al. 2007).

A new class of dolastatin 10 synthetic analogs, the auristatins, were developed
with a simplified replacement of selected rare amino acid residues, making them
easier to synthesize while maintaining potency (Pettit et al. 1995). Among this
cohort of analogs were two compounds, auristatin E and monomethylauristatin E,
which showed comparable potency to dolastatin 10 itself, with improved drug prop-
erties (Pettit et al. 1998) (Fig. 5.2). Later, scientists at Seattle Genetics were able to
show that these auristatins could be effective ADC payloads in vitro and in vivo
when conjugated to cBR96 anti-Lewis Y and cAC10 anti-CD30 mAbs (Doronina
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et al. 2003). MMAE has reached the market as the payload for the anti-CD33 ADC
Adcetris™ (Brentuximab vedotin).

An additional auristatin MMAF (Fig. 5.2), a C-terminated phenylalanine aurista-
tin derivative that contains a free carboxyl group, was shown to be effective in vivo
when conjugated to anti-CD30 antibodies (Doronina et al. 2006), and has now been
conjugated to additional antibodies for future clinical evaluation (Sapra et al. 2011).
MMAF alone has marginal activity against hematological tumor cell lines. This is
presumably due to its poor permeability, a consequence of the free carboxylate group
of the terminal phenyalanine residue. The ADC effectively serves to deliver the pay-
load intracellularly, and results in a potency increase of 2,200-fold as well as reduced
toxicity against non-antigen-expressing cells. As a result of these and other develop-
ments, several clinical trials are ongoing with ADCs bearing auristatin payloads.

5.3.4 Other Natural Products ADC Payloads

Several other natural product classes are in clinical trial or advanced preclinical
development as ADC payloads (Fig. 5.3). These include payloads based on the DNA
alkylating agents duocarmycin CC1065 (Tietze et al. 2009), the ansamycin alkylator
doxorubicin (Stein et al. 2009) and the intercalating topoisomerase I inhibitor SN-38
(derived from the plant metabolite camptothecin (Cardillo et al. 2011). While the
total number of investigations of these ADC is impressive, the payloads employed
still represent only a fraction of the possible natural product cytotoxins which could
be considered. No doubt, this narrow focus is a result in large part of difficulties in
accessing those rare agents which could significantly expand the payload space.

5.4 Conclusions

For a small molecule to serve as an effective payload for ADCs, it must possess a
unique combination of potency, mechanism, chemical tractability, structure, and
physical properties. Natural product cytotoxins by virtue of their biological activity,
mode of action, privileged chemical structures and properties, fit these requirements
quite well and have proven to be a rich source of ADC payloads and payload candi-
dates. To date, all clinically validated ADC payloads are directly derived from natu-
ral products, as are those payloads in early clinical and late stage preclinical
development. A vast number of highly potent, mechanistically novel natural prod-
ucts remain to be investigated as ADC payloads. Given the track record to date, and
the relatively early stage of ADC development, we can anticipate that additional
natural product cytotoxins will find utility in this role.
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Chapter 6
Natural Product Scaffolds in Cancer Therapy

Christian P. Mang and Lars Ole Haustedt

Abstract Natural products are a unique pool of structurally amazing and so far
unprecedented novel molecular scaffolds. The sources for these compounds are as
diverse as their respective structures and this diversity is reflected by the variety of
their mechanisms of action. Even though these compounds selected by evolution
were not designed to fight cancer in the first place, they are indispensable in modern
cancer therapy. This review gives insight into sources, structural features, and struc-
ture activity relationships of a selection of natural products frequently used in can-
cer therapy. This analysis will be carried out on taxol, eribulin, geldanamycin,
camptothecin, epothilone, podophyllotoxin, and the anthracycline scaffolds.

6.1 Introduction

Ex nihilo nihil fit (Descartes, Principia philosophiae, Part I, Article 49)

Nothing comes out of nothing

A child of five would understand this. Send someone to fetch a child of five (Groucho
Marx).

Natural products are an invaluable source of new structures with unforeseen prop-
erties. They are of paramount importance in medicine since they have been used in
the form of plant parts, extracts, concoctions etc. probably since the early days of
mankind. The first historical records are reported from ancient India and Sumer,
Egypt and China and from this time onwards, written records can be found in every
culture (Borchardt 2002; Sonnendecker and Kremers 1986). Besides minerals and
ashes the main ingredients usually consist of parts from plants or animals. This tradi-
tion still continues to the present day, with 65% formulations of traditional medicines

C.P. Mang () ¢ L.O. Haustedt (D<)
AnalytiCon Discovery GmbH, Hermannswerder Haus 17, 14471 Potsdam, Germany
e-mail: c.mang@ac-discovery.com; l.haustedt@ac-discovery.com

EE. Koehn (ed.), Natural Products and Cancer Drug Discovery, Cancer Drug Discovery 123
and Development, DOI 10.1007/978-1-4614-4654-5_6,
© Springer Science+Business Media New York 2013



124 C.P. Mang and L.O. Haustedt

being derived from plants (Johnson 1999; Moerman 1986; Newman and Cragg
2010). The treatment of cancer with natural products also dates back to the early days
even though the definition of cancer is hard to trace in historical records. With the
onset of medicinal chemistry, the attempts to find a cure for cancer have been an
ongoing quest in this research area. Since then, an incredible rich and vivid scene has
emerged, with a sheer unconceivable multitude of approaches, ideas and in some
cases solutions. However, to date no convincing cure for cancer has been found.

With the advent of combinatorial chemistry and HTS technology, great optimism
arose that the key technologies to successfully tackle the medical challenges still
unmet had been identified, first and foremost of course the discovery of new antitu-
mor agents. This optimism faded rapidly, especially since the new process failed to
deliver the numbers of leads or candidate structures that were initially anticipated.
In retrospect, it was diagnosed that one main problem lay in the structures generated
during early parallel chemistry synthesis programs which were created for the
highly efficient new screening technologies. Characteristics of these “easy to make”
compound libraries were mostly flat, molecular architectures with fused and other-
wise linked aromatic rings. Later commentators suggested that the molecules appar-
ently did not possess the relevant biological space.

With the rising popularity of new chemistry and screening methods, natural
products became successively less popular. The main reason for this consisted in the
difficulties usually associated with working with natural products. With the looming
failure of the new technologies, the scene began to change slowly and the demand
for good compounds with perspectives to be developed into NCEs rose. The focus
slowly shifted back onto natural products. Their potential as an immensely rich
starting point for medicinal chemical developments in biological activity again
became clear. Statistical investigations also demonstrated quite impressively the
potential of natural products for drug discovery. It was shown, that roughly half of
all NCEs over a 20 years span had been derived in one way or another from a natural
product (Newman 2008).

The main fields of application for drugs derived from natural products are the
antibiotic and the cytostatic areas. While antibiotic research seemed to be able to
successfully solve most of the problems posed (at least for many years), cancer
research—despite all spectacular results—seemed way less successful. However,
the vastly demanding scientific challenge combined with the prospect of a hugely
profitable market led to a great number of marvelous approaches to solve the prob-
lem. A plethora of effective molecules of natural origin, with a vast structural vari-
ety was found to be effective against cancer and many of these have found their way
into cancer therapy.

One of the major drawbacks of natural products—apart from their often quite
complex structures and the resulting difficulties in structural optimization—is the
often limited access to sufficient quantities of the respective compound from natural
sources. Due to often quite complex molecular architectures, total synthesis in most
cases is not an option for the production of sufficient amounts (with a few bright
exceptions, e.g. eribulin, discodermolide). Semi-synthetic routes to natural products
seem to be highly underappreciated —especially in academic research—compared
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to the higher art of total synthesis. Considering the tremendous impact on health and
economic well being, as many of the following examples will show, this seems to be
a serious misconception.

After all a great number of natural products are currently being used in cancer
therapy with an impressive number of different modes of action. It would exceed the
scope of this review to discuss all the different molecules. Several more comprehen-
sive review articles have been published in the past and are highly recommended for
further reading (see e.g. Cragg et al. 2009).

6.2 Taxol

Although the initial publication of the structure elucidation and description of cellu-
lar activity approached its 40th anniversary in May 2011 (Wani et al. 1971), the fame
and attention surrounding the taxane family of natural products has in no way dimin-
ished. While accounts exist in ancient literature describing the toxic properties of the
European yew tree (Mann 1994; Caesar), its beneficial features were only first dis-
covered in the 1960s. Whereas the toxic properties are associated with the European
yew tree (Taxus baccata), the American yew tree (Taxus brefolia) does not contain
these toxic compounds. The two substances responsible for the toxicity of the
European yew tree were just recently identified to be taxine A and taxine B (Wilson
et al. 2001). These two compounds seem to be responsible for livestock poisoning.
As stated by Itokawa (Itokawa and Lee 2003) if the biomaterial used in the discovery
of taxol would have been the European yew, the whole story would have been sadly
different due to the toxic properties of these extracts (Scheme 6.1).

The stony path to reaping health benefits for millions of patients worldwide
started even earlier in the late 1950s of the last century. The U.S. Department of
Agriculture joined forces with the National Cancer Institute to initiate a program
which is even impressive in the era of high-throughput screening. From 1961 to
1981, 144,045 plant extracts and 16,000 extracts from animals were screened in
multiple cellular assays. This program comprised a plant sample from the pacific
yew tree, collected by Arthur S. Barclay in the Gifford Pinchot National Forrest
Washington near the foot of Mt. St. Helens in August 1962 (Stephenson 2002).

In Durham, North Carolina, Monroe Wall and his assistant, Mansukh Wani were
performing probably the first bioassay guided fractionation process established on
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Scheme 6.2 Taxol

so called 9 kb cancer tissue cultures (Leighton and Kalla 1958). In December 1963,
they isolated a sample and named it K172. K172 showed the broadest spectrum of
activity ever noted in their screening on mouse leukemia cell lines.

For the structure elucidation, Wall ordered 45 Ib of bark, twigs and needles of the
pacific yew (Taxus brevifolia). Right from the beginning, the major problem of pro-
curement was surfacing. Wall and Wani first announced the observed in vitro activ-
ity in 1967 at the 153rd ACS meeting in Miami Beach, FL. Four years later, after
tedious structure elucidation by 'H-NMR and together with Coggon and McPhail
from Duke University using X-ray, Wall and Wani published the structure, includ-
ing the correct absolute stereochemistry of K172 and named it taxol. Now, a second
major obstacle was becoming obvious. In spite of being stunning, the molecular
arrangement of functional groups around a unique, so far unprecedented, diterpene
scaffold is a very demanding challenge in terms of synthetic organic chemistry. In
fact, this challenging structure triggered one of the toughest races in the field of total
synthesis (Scheme 6.2).

The publication attracted so much attention that the NCI in 1977 had already
ordered 7,000 1b of bark from the pacific yew (corresponding to 1,500 trees). At this
stage, the issue of procurement increasingly became a pressing matter. On the other
hand, it was very clear that taxol was the most promising lead the NCI was pursu-
ing. The interest in taxol was even more fuelled in 1979 when Susan Horwitz pub-
lished a so far unprecedented mechanism of action (Schiff et al. 1979). In contrast
to the vinca alkaloids, taxol was promoting in vitro microtubule assembly resulting
in cell cycle arrest in the G, and/or M phase.

In 1984 the NCI compiled enough data to enter phase I clinical trials. At this
point in time, 10 tons of pacific yew bark were required. Promising results in phase
I paved the way for entering clinical phase II trials in 1985. With the publication of
phase II data in 1988, the public was becoming aware of the potential taxol inherited
in terms of curing ovarian cancer (results varied between 30 and 60% of patients
with observed tumor shrinking). The demand for taxol exploded. To being able to
cure every US woman suffering from ovarian cancer, the NCI would have needed
240 1b of pure taxol an equivalent of 360,000 lumbered trees. Normally left to rot
after being felled, suddenly the pacific yew tree caught so much attention that the
public was getting concerned about the environmental impact (The New York Times
1987). Just as demand exploded so did the costs invested by the NCI. By 1988 the
NCT had already spent 25 million USD on the taxol program. Due to this reason, in
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Scheme 6.3 Selective protection of deacetyl-baccatin III by Poitier et al.

August 1989, the NCI advertised a Cooperative Research and Development
Agreement (CRADA). In December 1989, Bristol-Meyer signed the agreement with
the NCI getting full access to the data the NCI had assembled so far. Furthermore,
Bristol-Meyer got the exclusive right to commercialize taxol without being able to
file a patent of matter.

As a starting material for the synthesis of taxol, 10-deacetyl-baccatin III was
identified by Potier et al. (Fig. 6.1). They performed a tubulin assay by screening
diverse parts of felled 7. baccata L. (European species), which had to give way for
a new approach on the Gif-sur-Yvette campus (Guénard et al. 1993). The extraction
yields from the leaves of the European yew tree could be improved from 0.02 to
0.1%. Although 10-deacetyl-baccatin III only showed weak bioactivity compared to
taxol, it was an excellent renewable starting material for the semi-synthesis of taxol
(Sénilh et al. 1984) (Scheme 6.3).

As 10-deacetyl-baccatin III is sensitive to acid (A-ring Wagner—Meerwein rear-
rangement and oxetane opening) and base (C2 benzoyl group hydrolysis, C4 acetyl
group hydrolysis, and oxetane opening to tetrahydrofuran system), Potier et al. had
to establish an orthogonal set of protecting groups, which allowed the flexible intro-
duction of the side chain at C13.

After the identification of an excellent starting material for a commercially via-
ble synthesis of taxol, the need for an efficient side chain synthesis had become
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Scheme 6.5 Potier—Greene semi-synthesis of taxol

more and more urgent. In 1986 Greene et al. published a synthetic approach to the
natural taxol side chain (Denis et al. 1986) (Scheme 6.4).

From here on, the way was paved for a renewable approach to taxol. In 1988,
Pierre Potier and Andrew Green published the first semi-synthetic approach to taxol
(Denis et al. 1988) (Scheme 6.5).

This synthetic approach could further be used to synthesize side chain analogs.
The t-butyl side chain analog could also be synthesized by the efficient methodol-
ogy published by Denis et al. (1986) (Scheme 6.6).

A patent filed in July 1986 by the CNRS and Rhéne-Poulenc (Colin et al. 1989
FR 8610401) comprised the structure later to be named Taxotere, now the most suc-
cessful active compound from the taxane structural family. Found in tubulin binding
assays, taxotere showed slightly better activity on tubulin and also in cellular screen-
ings (Gueritte-Voegelein et al. 1991).

The synthesis of taxotere can be achieved in a similar manner as taxol by using
the same universal taxane precursor (Collin et al. 1990 EP 0253738) (Scheme 6.7).

Robert Holton like Pierre Potier also realized the desperate need for an efficient
and practical synthetic access to taxol (Holton, 1991 US 5,015,744; Holton, 1992
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Scheme 6.6 Side chain synthesis of taxotere by Greene et al.
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Scheme 6.7 Semi-synthesis of taxotere by Potier et al.

US 5,175,315). Holton did also realize the fundamental role of 1.4 in a commer-
cially successful synthesis. Apart from a total synthesis of both enantiomers pub-
lished in 1994 (Holton et al. 1994a, b), Holton addressed the need for an efficient
semi-synthesis of taxol realizing that a total synthesis might not solve the procure-
ment issue within a reasonable time and cost frame. Key steps in Holton’s semi-
synthesis are a [2 +2]-cycloaddition to establish the two contiguous stereocenters of
the side chain and an efficient coupling with a selectively protected baccatin III
established by Potier et al. (Scheme 6.8).

The efficient semi-synthetic approach was filed by Holton in April 1992. Holton
described a way to directly couple the baccatin III intermediate with the p-lactam
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Scheme 6.8 Holton semi-synthesis of taxol

1. LIHMDS, THF, -45°C
—0°C,1.5h
- .
2. 0.5% aq H,0, EtOH,
0°C, 30h

Scheme 6.9 Second generation semi-synthesis of taxol by Holton

using a metal alkoxide (Holton, 1993 US 5,274,124). By deprotonation of the C13
alcohol with lithium hexadisilazide the B-lactam could be selectively opened to
form the natural side chain. This not only was the shortest and most efficient semi-
synthesis for taxol it does also opened a way for side chain analogs (Scheme 6.9).

Ojima et al. contributed a further improved enantioselective side chain synthesis
using an enolate imine cyclocondensation reaction (Ojimaetal. 1991) (Schemes 6.10
and 6.11).

The three major breakthroughs of a renewable and easily adjustable intermedi-
ate, an unproblematic accessible side chain precursor and an efficient coupling
method made the major success of semi-synthetic taxol possible. The process was
in licensed by Bristol-Myers and in 1994 the Food and Drug Administration (FDA)
approved semi-synthetic taxol for cancer treatment.

It was not only the invention of a very efficient synthetic access (80% in four
steps), it was also going beyond an all too common prejudice: It is not worth pursuing
a semi-synthetic approach compared to the synthetic Mount Everest of a total synthesis.
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Scheme 6.11 Semi-synthesis of taxol by Ojima et al.

It was Robert Holton’s farsighted view to set the priorities right. Although he also
climbed the Mount Everest by reaching the top first (Holton et al. 1994a, b), he
published his total synthesis after Nicolaou et al. in 1994 (other total synthesis were
published by Danishefsky et al., Wender et al. and Mukaiyama et al.) (Holton et al.
1994a, b; Nicolaou et al. 1994; Danishefsky et al. 1996; Wender et al. 1997,
Mukaiyama et al. 1999). He pursued first the route having the highest impact for
cancer patients worldwide.
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Scheme 6.12 Taxol biosynthesis

In addition to the interest in a semi-synthetic and synthetic access of paclitaxel
the biosynthesis of this molecule was equally important (Croteau et al. 2006). The
biosynthesis of baccatin-III as an intermediate in the paclitaxel biosynthesis is fur-
thermore of mutual importance for a sustainable semi-synthetic access.

By gaining a profound insight into the paclitaxel biosynthesis a production of
baccatin III has been established using cell culture technology (Yukimune et al.
1996). This process was used to guarantee the supply for the commercial synthesis
of paclitaxel and taxotere. Even a heterologous expression of the synthetic gene-
cluster in bacteria can be used for the production of the semi-synthetic precursor
and will eagerly lower the production costs for drugs belonging to the taxane family
(Ajikumar et al. 2010) (Scheme 6.12).

Beside from the accessibility of the drug there was a second major drawback
connected to taxol. The compound was virtually insoluble in water. This problem
was addressed by the NCI using formulation called Cremophore EL made out of
Castor oil. Cremophore EL is a widely used polyoxyethylated castor oil. With the
solubility being a show stopper at this time, this was the only solution at hand. It
later turned out to be a serious problem and a driving force for invention. Associated
with the Castor oil formulation is a hypersensitivity reaction in many patients, mak-
ing a premedication with high doses of corticosteroids and H1, H2 antagonists nec-
essary. Even with this premedication side reactions were observed in 41-44% of the
treatments. In 1.5-3% these side effects were life threatening. Besides hypersensi-
tivity, neurotoxicity seems also at least in part be associated with the castor oil for-
mulation (Gelderblom et al. 2001). To address the solubility and formulation issues
many efforts have been made ranging from structural modifications to alternate



6 Natural Product Scaffolds in Cancer Therapy 133

DAST

CH,Cl,
80-90%

1.) 2-4eq. DAST
CH,Cl, 1t

_ =

2) Hy/C

1.28 1.30

Scheme 6.13 Synthesis of a C7-C8 cyclopropyl analog

formulation vehicles. Abraxis Bioscience developed a solvent free paclitaxel
formulation. Paclitaxel is bound to human albumin in this nanoparticle injectable.
In 2005 Abraxane was approved by the FDA for breast cancer treatment. The highly
functionalized di-terpenoid nucleus of taxol not only provides a synthetic challenge
but is also subject to unusual and often unexpected transformations. One of these
transformations found by serendipity even led to a compound now in phase III clini-
cal trials. Unexpected transformation and skeleton rearrangements always have the
potential advantage to alter the ligand backbone which may eventually lead to a
compound more efficient in multidrug resistant (MDR) tumors. While the overall
pharmacophore stays in place subtle alterations of the backbone may lead to com-
pounds being less effectively excluded by efflux pumps or transporters. A group at
Bristol-Meyers-Squibb trying to establish a more thorough SAR around the C7
position of taxol found by chance an interesting transformation. Upon treatment of
7-epi-taxol with DAST (Diethyl amino sulfur trifluoride) the C7C8 cyclopropyl
forms in conjunction with a ring contraction of the A-ring to form a five-membered
ring. By lowering the reaction temperature and the equivalents of DAST the A-ring
contraction could be avoided (Chen et al. 1993). After hydrogenation the generated
cyclopropyl analog of taxol showed very similar bioactivity compared to the parent
compound (Scheme 6.13).

The initially formed 5-7-6 backbone showed remarkably diminished activity on
cancer cell lines (KB cell culture) though interestingly enough compounds from the
same backbone showed similar activities in tubulin depolymerization assays to
taxol itself (Samaranayake et al. 1991).

Combining the taxotere side chain with the cyclopropyl di-terpenoid scaffold
Sanofi-Aventis introduced a compound later named Larotaxel into clinical trials.
Larotaxel is currently in clinical trials phase III against metastatic breast cancer
pretreated with taxanes (Diéras et al. 2008). Especially against P-gp-mediated efflux
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larotaxel showed promising results compared to the parent compounds taxol and
taxotere (Schemes 6.14 and 6.15).

An C7,C10 bis-methoxy analog of taxotere got recent FDA approval for the
treatment of hormone refractory prostate cancer in combination with prednisone.
Sanofi-Aventis marketed this cabazitaxel named compound under the trade name
Jevtana. Even this very subtle structural change seems to influence the solubility
and PK properties compared to the parent compound. The elegant semi-synthesis
starts from 10-deacetyl-baccatin III. The 7 and 10 position of the tetrol were selec-
tively alkylated under low temperature conditions (Didier et al. 1999 US 5,962,702;
Bissery, 2002 US 6,403,634) (Scheme 6.16).

As depicted in Scheme 6.7 next to paclitaxel, taxotere, carbazitaxel, and abrax-
ane there are at least six further taxanes in clinical trials. Larotaxel is in phase III
clinical trials for pancreatic cancer, milataxel in phase II clinical trials for mesothe-
lioma, ortataxel is in phase II clinical trials for taxane-resistant tumors, tesataxel is
in phase II clinical trials for gastric cancer, colorectal cancer, and melanoma, BMS-
275183 was in phase II clinical trials for none small cell lung cancer (clinical trial
was terminated because of highly variable pharmacokinetics), TPI-287 is in phase
IT clinical trials for prostate cancer and pediatric CNS cancer (Dumontet and Jordan
2010) (Scheme 6.17).
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Scheme 6.19 Synthesis of conformational restricted paclitaxel analogs by Guéritte and Dubois et al.

Alongside the compounds already in clinical trials or on the market a tremendous
amount of effort was used to develop even more selective analogs which can evolve
from the taxane scaffold.

As many other groups and pharmaceutical companies the groups of Houlton,
Kingston and Ojima (Ojima et al. 2008) synthesized a plethora of analogous starting
from 10-deacetyl-baccatin III. Although there is a lot of structural information avail-
able many details of the structure activity relationship are still not well understood
(Scheme 6.18).

Snyder et al. postulated a T-shaped bioactive conformation based on crystal
structures of paclitaxel on B-tubulin (Synder et al. 2001). To challenge this model
the groups of Ojima, Guéritte, and Kingston designed conformationally restricted
analogs of paclitaxel. Guéritte et al. using a side chain amine and a substituent on
the benzoate side chain to install two terminal olefins utilized in a ring closing
metathesis (Querolle et al. 2004). Interestingly both the acyclic precursor and the
bridged macrocyclic derivative 1.42 showed comparable microtubule disassembly
inhibitory activity and cytotoxicity to cancer cell lines as docetaxel (Scheme 6.19).

Kingston et al. generated conformationally restricted bridged paclitaxel analogs
by ring closing metathesis. Compounds 1.44 and 1.45 showed up to 50-fold improve-
ments in terms of their activity against ovarian cancer cells (A2780) (Ganesh et al.
2007). The activity in the tubulin polymerization assay and against pancreatic
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Scheme 6.20 Synthesis of conformational restricted paclitaxel derivatives by Kingston et al.
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Scheme 6.21 Synthesis of borneol derivatives starting from a synthetic precursor of taxol by
Klar et al.

cancer cells are in a comparable range to paclitaxel. Despite the impressive cellular
activity these analogs come with the penalty of increased synthetic complexity.
None of the less they give important insights into the bioactive conformation of
paclitaxel (Scheme 6.20).

Despite the strong antitumor activity of paclitaxel, docetaxel and the other taxane
analogs in clinical trials or on the market there are many modes of resistance (e.g.
P-gp efflux and tubulin variability) which might be related to the taxane scaffold
itself. The structure-related resistance and the still cost intense treatments for active
compounds starting from 10-deactyl baccatin III make it worthwhile to search for
structurally less complex scaffolds directing a similar arrangement of pharmacoph-
oric groups as the parent compounds.

Klar et al. at Schering redirected a synthetic protocol developed by Wender et al.
during the pinene route to taxol (DE 4416 374 1995; DE 195 13 040 1996; Klar
et al. 1998; Wender and Mucciaro 1992), generating borneol derivatives. In the
attempt to isolate the epoxide intermediate after aqueous work-up Klar et al. iso-
lated a rearranged product. After esterification with the taxotere side chain, a weak
but significant microtubule depolymerisation activity was observed (Scheme 6.21).

After optimization of the side chain and slight modifications to the scaffold
(hydrogenation of the double bond generated inactive f-methyl and active o.-methyl
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derivatives) strongly improved microtubule stabilizing compounds were obtained.
Although compound 1.50 has even superior microtubule stabilizing activity than
taxol itself, it does not inhibit tumor cell growth effectively. As seen in the cyclopro-
pyl analog 1.29 the microtubule stabilization activity and the cytotoxic properties
have been decoupled. Although these compounds may have limited application in
tumor depression they might be interesting starting points for the treatment of
Alzheimers disease. For example it has already been proven that taxol very effec-
tively protects against 3-amyloid toxicity in primary neurons (Michaelis et al. 1998).
Compound 1.50 showed higher protective activity against B-amyloid-induced
toxicity of primary neurons than taxol itself. The survival rates were as high as 89%
with no reduced cell viability observed (Michaelis et al. 2005). The non-cytotoxic
properties of compound 1.50 compared to members of the taxane family are a clear
advantage for this application.

Despite the efficient semi-synthetic approaches to the taxane scaffold a much
simpler scaffold reachable by synthesis with retained biological activity would
still be desirable. The groups of Ojima, Kingston, Roussi, and many others were
working on structurally simpler taxane mimetics. Starting from cholic acid and
4-androstene-3,17-dione Roussi and Guéritte synthesized two docetaxel mimetics
with the parent phenyl isoserine and benzoate side chains. Molecular modeling
studies showed a good overlay with the T-shape docetaxel conformation, thought to
be representative of the active tubulin binding conformation (Roussi et al. 2005).
Both compounds could be readily synthesized in a few steps starting from the natu-
ral products. Unfortunately they showed no microtubule disassembly inhibitory
activity. Methyl ester 1.51 showed a weak activity on MCF7 cells together with a
significant cytotoxicity on KB cells (Scheme 6.22).

Ojima developed a synthetic route to 5-7-6, 5-8-6, 5-6-6 tricyclic, and 5-6 bicy-
clic scaffolds which were decorated with the phenyl isoserine side chain of taxol
and bearing the acetoxy and benzyloxy functionalities of the parent natural product
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Scheme 6.24 Paclitaxel mimetics by Kingston et al.

(Sun et al. 2010). The 5-7-6 tricyclic paclitaxel mimic 1.53 was the most potent
against drug-sensitive human breast cancer cell lines. Although less active than
paclitaxel itself the decrease in synthetic complexity makes these mimetics very
interesting starting points for optimization (Scheme 6.23).

Starting from commercially available 2-adamantanone Kingston et al. generated
a macrocyclic paclitaxel mimicking the T-taxol bioactive conformation (Ganesh
et al. 2006). The measurements of bioactivity and tubulin stabilization were compli-
cated by the low solubility in DMSO water solutions. Although compound 1.60 is
less cytotoxic as paclitaxel on ovarian cancer cell line A2780 this may well be due
to its insolubility (Scheme 6.24).

While in its 40s it seems fair to say that taxol has many fascinating sides still
to be discovered. There is something very special going on for this scaffold as
the above incredible efforts are showing: in this case nature does not give up its
secrets easily.
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6.3 Eribulin

Esai announced on 15th of November 2011 the FDA approval of Halaven (Eribulin
mesylate) (Ledford 2010). This was the celebration of 25 years of hard work in labs
both in academia and in industry (Jackson et al. 2009). The parent molecule from which
initially eribulin was developed is Halichondrin B. Halichondrin B was originally iso-
lated from the marine sponge Halichondria okadai Kadota collected on the coast of
Aburatsubo in the Miura Peninsula south of Tokio. The same organism okadaic acid
had been isolated from. Okadaic acid is remarkably toxic, unfortunately in vivo not
showing any antitumor activity if dosed in subtoxic amounts (Scheme 6.25).

H. okadai Kadota is a black-colored sponge living in the mediolittarol zone
(intertidal zone in particular the middle shore). Initially 600 kg of material were
collected (Uemura et al. 1985; Hirata and Uemura 1986). In a tedious procedure
12.5 mg of halichondrin B were isolated from the original 600 kg of biomaterial by
Hirata and Uemura using a bioassay guided fractionation. Already in the first publi-
cation together with NMR and X-ray structural data, very exciting in vitro (B-16
melanoma cells) and in vivo data was published. The structure of the nearly related
norhalicondrin A was unambiguously elucidated by X-ray crystallography of the
corresponding p-bromophenacyl ester (Scheme 6.26).

Halichondrin B

Scheme 6.26 Structures of halichondrin B and norhalichondrin A
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Scheme 6.27 Structures of homohalichondrin B and norhalichondrin B

Together with halichondrin B a whole class (seven further compounds) of
structural-related compounds were isolated and their structure elucidated. In 1988,
Blunt and Munro isolated the halichondrins from an unrelated New Zealand sponge
the black shallow-water Axinellid Raspalia agminata (Internal research report Dr.
R. J. Lake et al. 1988). From the bright yellow sponge Lissodendoryx sp. (family
Myxillidae, order Poecilosclerida) collected from deep water off the Kaikoura
Peninsula Munro and Blunt isolated isohomohalichondrin B (Litaudon et al. 1994)
(Scheme 6.27).

From the Western Pacific marine sponge Axinella sp. collected in Palau Pettit
et al. isolated homohalichondrin B and halichondrin B (Pettit et al. 1991). In spite
of the diversity of locations and species it was speculated whether the halichondrins
are secondary metabolites by a symbiont of the sponge rather than metabolites of
the sponge itself (Scheme 6.28).

From all of the isolated compounds of the halichondrin structural family hal-
ichondrin B seems to be the most active presenting subnanomolar IC, values in
cancer cell tissue cultures (Bai et al. 1991).

Halichondrin B is binding to tubulin without interfering with colchicine. It binds
to the vinca domaine of tubulin but not exactly to the vinca site. It inhibits vinca
alkaloids (especially vinblastine) binding to tubulin in a non-competitive manner. In
vitro it has been shown that halichondrine B disrupts normal mitotic spindle archi-
tecture and induces cell cycle arrest in the G/M phase. The in vivo data was com-
plemented by very encouraging in vivo data as well. In several human solid tumor
xenograft models halichondrin B showed exceptional results. Owing to the extraor-
dinary bioactivity halichondrin B was recommended by the NCI for preclinical
trials in 1992.

The amounts isolated from the original extraction by Hirata and Uemura were
discouraging. A re-isolation project by Blunt and Munro from Lissodendoryx sp. did
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Scheme 6.28 Total synthesis of halichondrin B by Kishi et al.

also not produce halichondrin B in sufficient amounts. From 200 kg of sponge Blunt
and Munro isolated 43 mg of halichondrin B (Litaudon et al. 1997). A pilot study to
cultivate the sponge in aquaculture did reveal an even decreased amount of isolated
halichondrin B relative to the harvested biomaterial (Munro et al. 1999). The only
sustainable method for the procurement of halichondrin B emerged with the iconic
hallmark total synthesis of Aicher et al. (1992).

The Kishi synthesis of halichondrin B is characterized by a highly convergent
approach. Kishi’s synthesis really mastered the Ni/Cr Nozaki—Hiyama—Kishi cross
coupling reaction for bringing the convergent synthetic intermediates together. This
together with the readily accessible carbohydrate starting materials made already
Kishi’s original synthesis highly efficient. As the success of halichondrin-derived
compounds in the clinic was surfacing the importance of a synthetic access to the
halichondrins became even more pressing. Accordingly the Kishi group continuously
improved the synthetic route to halichondrin B (Duan and Kishi 1993; Stamos and
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Scheme 6.30 Structures of the drug candidates ER-077349 and ER-086526 (ER-7389, Eribulin)

Kishi 1996; Stamos et al. 1997; Guo et al. 2009; Kim et al. 2009; Dong et al. 2009).
Of equal importance as the access to halichondrin B was the synthetic access to
unnatural analogs being generated using the same synthetic protocol. Although there
were numerous natural products isolated showing attractive bioactivity, they also had
the molecular complexity with halichondrin B in common (Scheme 6.29).

In 1992 samples of the synthetic halichondrin B and several synthetic intermedi-
ates were send to the Esai Research Institute by the Kishi group for cell growth
inhibitory activity evaluation. The most remarkable discovery was the activity of the
macrocyclic ketone 2.17 comprising the C1-C38 fragment of halichondrin B (Wang
et al. 2000; Kishi et al. 1995). The in vitro results of compound 2.17 and halichon-
drin B, although a lot less complex in structure, were within a magnitude compa-
rable. With this observation a synthetic access to halichondrin-related compounds
became in reach of economic feasibility. Compound 2.15 was also prepared by the
Kishi group and showed in vivo antitumor activity in the LOX human melanoma
xenograft model. With these two structures in hand a viable starting point for a drug
discovery program was reached (Scheme 6.30).

Although it is fair to say that Esai’s decision to start lead optimization program
from here was a remarkably brave one, this status would have never been reached
without the exceptional total synthesis option provided by the Kishi group. It is by
far the most impressive example of efficient contemporary organic synthesis and its
impact on health of humankind. One of the major hurdles in the development of the
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halichondrin-derived compounds is probably the instability of the macrocyclic lac-
tone (Scheme 6.31).

At the Esai Research Institute over 180 analogs of halichondrin B were generated
and tested. From this tremendous effort two macrocyclic ketone analogs were devel-
oped up to candidate status (Zheng et al. 2004; Littlefield et al. 1999). The major
differences between halichondrin B and the two candidates were the transformation
of the C1 lactone to a ketone functionality, a substitution of the C31 methyl with a
methoxy group and the substitution of the C29-C38 tricyclic system with a single
THE. In contrast to the macrolactone these macrocyclic ketones are stable even in
plasma for a sufficient period of time underpinning the theory of a ketone being a
more stable bioisostere to a lactone. ER-077349 and ER-086526 (ER-7389, eribu-
lin) showed both a very exciting bioactivity in vitro (eribulin has an IC_ of 0.07 nM
on MDA-MB-435 human breast cancer cells compared to 0.54 nM for vinblastine
and 2.6 for paclitaxel). Eribulin and ER-077349 were also active on several other
human cancer cell lines in contrast they did not show significant toxicity on MR-90
human fibroblast cell indicating excellent selectivity. The in vitro activities were in
average very comparable to the activities of halochondrin B.
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Thus, the structural simplifications relative to halichondrin did not significantly
alter the growth inhibitory potency. By utilizing a biotinylated halochondrin analog
and a negative control (see Scheme 6.32) o, -tubulin were unambiguously identified
as the cellular targets. By using cell flow cytometry the cell cycle arrest was local-
ized in the G,/M Phase.

As already the total synthesis of halichondrin B the Esai synthesis of eribulin is
highly convergent and starting from carbohydrate synthons (Smith et al. 1995;
Stamos and Kishi 1996).

The three convergent fragments were coupled by a Nozaki—Hiyama—Kishi reac-
tion followed by a sulfone aldehyde addition and a subsequent Nozaki—Hiyama—
Kishi macrocyclization (Scheme 6.33).

This late stage intermediate diol was furthermore transformed into the amino
alcohol 2.18 (Eribulin).
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Amino alcohol 2.18 (eribulin) can be subsequently transformed into the mesylate
salt being the active ingredient in Esai’s Halaven now on the market. After successful
phase III clinical trials halaven got FDA approval in 2010 for metastatic breast cancer
(Towle et al. 2001; Cortes et al. 2011; Cortes et al. 2010; Twelves et al. 2010).

Apart from being a key synthetic intermediate and showing interesting activities
on its own right diol 2.17 can also function as a late stage intermediate for the genera-
tion of novel analogs with improved PK properties. MDR tumors are one major rea-
son for shortages in clinical outcomes especially in the case of refractory tumors. One
mechanism by which cancer cells can develop MDR is the overexpression of efflux
pumps such as P-gp. Eribulin is a substrate for P-gp, as are paclitaxel and doxorubi-
cin. For the diol 2.17 similar in vitro and in vivo activities compared to eribulin were
detected but diol 2.17 was less susceptible to P-gp than eribulin (Scheme 6.35).
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By comparison of the ratio of IC_ values on doxorubicin-resistant human sarcoma
cells (MES-SA Dx5/Rx1) to IC, | values on the parental MES-SA cells a good indi-
cator for P-gp susceptibility is obtained (fold resistance ratio (FR)). By correlating
the FR value with calculated logD, , values a decision can be made which com-
pounds can be further pursued showing better activity on multidrug resistance cell
lines (Narayan et al. 2011a).

Compounds 2.30 and 2.31 bearing more lipophilic side chains compared to eribu-
lin showed a highly improved fold resistance ratio and displayed extremely low P-gp
susceptibility. Unfortunately 2.30 and 2.31 showed also decreased activity on mouse
xenograft models. By keeping the amine functionality in morpholine 2.32 with an
decreased basicity the analogs comprised a better oral bioavailability and while
keeping excellent activity on MDR cell lines displayed efficacy in DLD-1 xenograft
mouse models (Narayan et al. 2011b). By further increasing the lipophilicity of the
amine like in compound 2.33 high exposure levels to the brain and CSF could be
achieved while retaining excellent in vitro activities (Narayan et al. 2011c).

6.4 Geldanamycin

Geldanamycin is a benzoquinone ansamycin which binds to the heat shock protein
HSP90. Geldanamycin was first isolated by De Boer et al. from Upjohn by fermenta-
tion of Streptomyces hygropicus in 1970 (De Boer et al. 1970). The molecular struc-
ture of Geldanamycin was published shortly after by NMR and IR analysis (Sasaki
et al. 1970). Antiparasitic, antifungal, and antibacterial activities were reported for
geldanamycin. From the beginning the high reactivity of the 17-methoxy group
made it unsuitable for antibiotic drug discovery. The 17-methoxy group is reactive
towards nucleophiles commonly found in biological systems. There are several natu-
ral products described comprising similar bioactivity and structural relationship to
geldanamycin (e.g. herbimycin and macbecin I and II) (Scheme 6.36).

In 1995 several analogs of geldanamycin were reported blocking the expression
of the ErbB-2 oncoprotein in human breast cancer cell lines (Schnur et al. 1995a, b).
While geldanamycin has been postulated to have cell growth inhibition capabilities
by kinase (v-Src, Raf-1, ErbB2) inhibition (Fukasawa et al. 1991), subsequently
inhibition of HSP90 could be shown in vitro (Whitesell et al. 1994). HSP90 is a
90 kDa member of a protein super family and does exist in two isoforms. HSP90a
is the inducible form overexpressed in cancer cells, while HSP90p is the constitu-
tive form (Biamonte et al. 2010). HSP90 is one of the most abundant proteins in
unstressed cells (Wegele et al. 2004). It is ubiquitous molecular chaperone found
in eubacteria and all branches of eukarya. HSP90 is an elongated dimer with a dis-
sociation constant in the low nanomolar range. HSP90 consists of three major
domains: a highly conserved amino-terminal ATPase domain, a middle domain, and
a carboxy-terminal dimerization domain. As a response to cellular stress HSP90
gets overexpressed, predominantly in cancer cells. HSP90 helps its client proteins
to fold in the bioactive conformation. Many of the HSP90 client proteins are
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notorious oncogenes. Some of these are furthermore validated cancer targets (HER-2/
neu (Herceptin (trastuzumab)), Ber-Abl (Gleevec (imatinib mesylate)) or VEGF
(Sutent (sunitinib))). By inhibition of HSP90 the client proteins undergo degradation
as aresultof misfolding very effectively processed by an ubiquitinylation proteasome
pathway.

Herbimicin and geldanamycin were the first ligands described to bind to HSP9O0.
Due to the highly reactive 17-methoxy group geldanamycin showed unfortunately
a high liver toxicity and was not suitable as a development candidate for drug
discovery.

On the other hand this high reactivity could be used in a replacement reaction by
amines at room temperature. The in vivo anti-cancer activity and the synthesis of
these derivatives was first described in a patent application from Kaken Chemical
Company (Sasaki and Inoue 1980) (Scheme 6.37).
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Only after 1994 17-AAG was recognized to inhibit HSP90. In 1999 17-AAG
entered clinical trials. Although to a lesser extent 17-AAG showed as the parent
compound hepatoxicity. Furthermore 17-AAG is very insoluble and difficult to for-
mulate. As shown in Scheme 6.36 geldanamycin (3.1) can be converted in vivo into
the hydroquinone form 3.2. Infinity Pharmaceuticals reduced 17-AAG with sodium
dithionite and used the HCI salt of the hydroquinone a much better water soluble
compound than the parent one (Adams et al. 2005). Unfortunately the hydro chlo-
ride salt 3.7 is only stable at —20°C not at room temperature. Under acidic condi-
tions the benzoxazole analog formed under this condition and showed diminished
bioactivity (Ge et al. 2006) (Scheme 6.38). The hydroquinone 17-AAG entered
clinical trials in 2005.

By introducing an amino functionality into geldanamycin Kosan Inc. did also
increase the solubility compared to the parent compound (Tian et al. 2004). More
than 60 derivatives were synthesized and tested. From these 17-DMAG showed the
most promising in vitro and in vivo profile. By probing the 7-carbamate position for
superior substituents no residue with improved bioactivity could be identified
(Rastelli et al. 2005). Previously it was shown that although many derivatives
showed improved in vitro activity only simple alkyl amine or alkoxy substituents
showed improved in vivo activities compared to geldanamycin (Scheme 6.39).

In 2006 17-DMAG entered clinical trials, which were discontinued in 2008 as a
result of focussing the resources on a 17-AAG formulation. Independently the NCI
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Scheme 6.40 Photoaffinity
labeled 17-amino
geldanamycin

demonstrated the efficacy, water solubility, and oral bioavailability of 17-DMAG
and selected it for advanced studies. Currently 17-DMAG is in phase I clinical trials
forthe treatment of relapsed chronic lymphocytic leukemia (CLL), small lymphocytic
lymphoma (SLL), and B-cell prolymphocytic leukemia (B-PLL) (http://clinicaltrials.
gov/ct/show/NCT01126502).

Previously it was published that although many derivatives showed improved
in vitro activity only simple alkyl amine or alkoxy substituents show improved
in vivo activities. For photo affinity labeling studies the azido iodo phenacyl amide
3.10 could be synthesized and showed sufficient in vitro activity (Schnur and
Corman 2006) (Scheme 6.40). The compound could be used for photoaffinity label-
ing proteins which interact with geldanamycin.

Geldanamycin, 17-AAG, hydroxyquinone 17-AAG, and 17-DMAG share a
common unfavorable feature, the benzoquinone toxophore which undergoes redox
cycles involving a NAD(P)H/quinine oxidoreductase (NQO1) catalyzed 2-electron
reduction of quinone to dihydroquinone, leading to superoxide radical generation,
which has been suggested as a component of their cytotoxicity (Kelland et al. 1999;
Dikalov et al. 2002). 17-AAG and analogs have been shown to undergo Michael
additions with glutathione at C17 leading to cellular depletion. There are at least
two compounds in the literature bearing a phenol substitute instead of the quinone
moiety. Kyowa Hakko Ltd. prepared geldanamycin derivatives devoid of quinones
by reacting 17-AAG and anologs with methyl Grignard followed by reduction to
obtain 4-methyl phenol derivatives 3.11 (Yamaguchi et al. 2007) (Scheme 6.41).

During the screening of extracts from fermentation of Streptomyces sp. from an
Indonesian soil at Kyowa Hakko Ltd. four nonquinone HSP90 inhibitors were dis-
covered inheriting interesting binding affinities to HSP90 and in vitro activities
against a variety of cancer cell lines (Onodera et al. 2008) (Scheme 6.42).

By biosynthetic engineering of the macbecin I synthase cluster Biotica Ltd.
developed nonquinone HSP90 inhibitors (Zhang et al. 2008). The macbecin biosyn-
thetic gene-cluster was identified and its sequence obtained. Biotica’s strategy was
based on the thorough understanding of the quinone biosynthetic pathway for
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Scheme 6.42 Geldanamycin analogs isolated by Kyowa Hakko
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Scheme 6.43 Post-PKS modifications in the macbecin biosynthesis

ansamycin polyketides. The hydroxylation of a phenol precursor followed by auto
oxidation occurred with molecular oxygen. Molecular genetic manipulation of the
producing organism to delete mbcM (responsible for introducing oxygen at C21)
yielded a novel strain producing in the fermentation broth 3.12. C21-oxidation is
the second post-polyketide synthase (PKS) step in the biosynthesis of macbecin I
(Martin et al. 2011). To produce 3.12 as a single product the organism was further
modified. Cultivation of the modified strain Biot-3982 led to the exclusive produc-
tion of 3.12 in more than 200 mg/L fermentation titer. Mice dosed i.p. at 250 mg/kg/
day for 5 days showed no apparent toxicity in contrast to previous studies with
macbecin did (dosing 10 or 20 mg/kg) (Scheme 6.43).
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6.5 Camptothecin

Camptothecin 4.1 was discovered by Wani and Wall (the discoverers of taxol) in
1966 during an extensive screening program of random plants products at the
Cancer Chemotherapy National Service Center (Wall et al. 1966). Initially it was
isolated from Camptotheca acuminata (Nyssaceae), later it has also been detected
in several other non-related plant species (e.g. Nothapodytes foetida (Syn. Mappia
foetida), Icacinaceae, Ophiorrhiza pumila, Rubiaceae). Despite its quinoline structure,
camptothecin belongs biogenetically to a family of modified monoterpenoid indole
alkaloids (Yamazaki et al. 2004) (Scheme 6.44).

Very soon after its discovery it was found, that camptothecin showed extremely
promising results as an antitumor agent in animal models. The camptothecin sodium
salt was then taken to clinical trials (Moertel et al. 1972; Hutchinson 1981; Cai and
Hutchinson 1983), which were abandoned due to unfavorable properties like
insufficient water solubility, substantial toxicity (Erickson-Miller et al. 1997,
Giovanella et al. 1989), and—maybe most important of all —its rapid inactivation
via lactone hydrolysis at physiological pH yielding the hydroxy acid which is devoid
of any antitumor activity (Gottlieb and Luce 1972). In addition the acid binds very
effectively to human serum albumine and is thus inaccessible for cellular uptake.
The sodium salt is cleared by the kidneys, causing hemorrhagic cystis and myelo-
toxicity. The interest in the compound was renewed only several years later, when it
became clear that camptothecin acts via a completely new mode of action interact-
ing with a prime target hitherto not related to cancer therapy, topoisomerase I
(Pommier 2006; Hsiang and Liu 1988). Thus the impetus was given for great efforts
in the synthesis and biological profiling of less toxic and more soluble camptothecin
analogs. All activities around camptothecin have been covered in several excellent
reviews highlighting different aspects of research efforts (Venditto and Simanek
2010; Li et al. 2006; Du 2003), camptothecin is a member of a class of natural prod-
ucts sharing a highly conjugated and mostly planar polycyclic quinoline core
(11H-indolizino[1,2-b]quinoline-9-one) (Das et al. 2001) (Scheme 6.45).

Due to relatively detailed structural models (see below) and the accessibility of
biological data for a large number of structural analogs the rationale basis for the
generation of new, improved camptothecin derivatives is strong. For the optimization
there are several major objectives standing in the focus of attention like improved
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Scheme 6.44 Structural representation of naturally occurring camptothecins and analogs
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Scheme 6.45 The core
structure of therapeutically
relevant camptothecin
derivatives

water solubility, improved plasma stability, reduced plasma protein binding and
acute toxicity and susceptibility to defined enzymatic cleavage.
Important features of the SAR are:

* Planarity and conjugation of the ABCD ring system is mandatory. Disruption of
planarity leads to a substantial loss of activity. The quinoline unit can be replaced
by other ring systems.

* Modifications particularly in 9- and 10-position are well tolerated (see Topotecan
and Irinotecan). Mono- and disubstitution with electron rich substituents in posi-
tions 9 and 10 often increase the biological activity. Modification at C7 is often
used for the improvement of solubility and to improve the affinity to DNA.

* Substitutions at C11 are sometimes helpful.

* No modifications at C12 are tolerated.

e Substitution at C5 and C14 (CD-system) usually results in a loss of activity
(exemption 14-aza-camptothecin). This is reflected by findings that the pyridone-
amide plays a central role in the stabilization of the DNA/Topoisomerase/drug
interaction.

* The pyridone-amide unit is essential.

* The lactone unit is essential and plays a key role for biological activity. Extension
of the 6-membered ring into a 7-membered B-hydroxylactone improves stability
and biological activity. The S-stereochemistry is an essential feature for the activ-
ity, the R-isomer is almost inactive. Replacement of the OH-group or its omit-
tance leads to diminished activity. Esterification often leads to reduced toxicity
and can improve the in vitro antitumor activity.

Concerning resistance P-gp plays a role, even though the effect is much lower
than for other MDR substrates like doxorubicin or vinblastine.

Prime target for camptothecin is Topoisomerase I. The physiological function of
this essential nuclear enzyme is the release of torsional strain in supercoiled DNA
through the introduction of transient breaks in the DNA-backbone. In contrast to
Topoisomerase II which causes a complete break of the double strand Topoisomerase
I breaks only one strand thus allowing rotation around the remaining phospodiester
linkage of the intact strand and consequently reducing torsional strain. After relax-
ation religation takes place, a reaction that is much faster than the cleaving step
which ensures that the concentration of cleaved DNA remains low. This uncoiling
function is a central DNA processing step for events like replication, transcription,
recombination, repair, chromatin assembly or chromosome segregation. Due to the
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sheer size of the eukaryotic chromosome supercoiling can only be accomplished
locally. Usually the cleavage takes place between T at —1 and G at +1.

The interaction between Topoisomerase I and dsDNA has been elucidated in
detail and computational models for its interaction with camptothecin have been
described (Redinbo et al. 1998; Padlan and Kabat 1991; Laco et al. 2002; Thomas
et al. 2004; Staker et al. 2005). On a molecular level the interaction takes place via
a nucleophilic attack of a catalytic Tyr on a phosphodiester linkage generating a
covalently bound Topoisomerase-DNA-conjugate, the so-called binary complex.
The broken DNA-strand allows torsional relaxation. The role of camptothecin lies
in its ability to stabilize the covalent binary complex thus hindering religation. The
newly formed ternary complex interferes with the moving replication fork, which
leads to the induction of replication arrest and lethal double-stranded breaks in
DNA. As mammalian cells can not efficiently repair these double strand breaks, the
formation of this ternary complex eventually leads to apoptosis.

Structural data point to an intercalation of camptothecin into the DNA part of the
binary complex, occupying the space of the +1 base pair. The so generated stacking
interactions stabilize the complex. Moreover a hydrogen-bond between camptoth-
ecin and the enzyme is formed and conformational changes of the phosphodiester
link are induced with the consequence that religation is unlikely to happen. No data
could be generated concerning a possible role of the hydrolyzed lactone in the bind-
ing pocket, a possible scenario including the activation of camptothecin via hydro-
lysis is still under discussion.

Currently two camptothecin derivatives are therapeutically used —topotecan 4.7
and irinotecan 4.8—though a wide variety of analogs (including camptothecin
itself) are in different phases of clinical investigation. In both cases the problem of
insolubility of initial camptothecin was overcome by the introduction of solubilis-
ing groups which also tend to have a stabilizing effect on the lactone. One major
drawback of the structures and is the interpatient variability which continues to
hamper the wide spread use of camptothecins (Scheme 6.46).

Topotecan (Hycamtin) entered clinical trials in 1989 under National Cancer
Institute sponsorship in collaboration with SmithKline Beecham. In 1996, it was
approved for use by the United States FDA for previously treated patients with
advanced ovarian cancer. It is a semi-synthetic analog of camptothecin (Dennis
et al. 1997; Kollmannsberger et al. 1999) (Scheme 6.47).

Compared to camptothecin topotecan contains additionally a C9 tertiary amine
side chain and a C10 hydroxyl group both enhancing aqueous solubility. Topotecan
is not a prodrug. It is used for the treatment of advanced ovarian cancer in patients
with disease that has recurred or progressed following therapy with platinum-based
regimens. It is also used as a second-line therapy for treatment-sensitive small cell
lung cancer, as well as in combination with cis-platin for the treatment of stage
IV-B, recurrent, or persistent cervical cancer not amenable to curative treatment
with surgery and/or radiation therapy (http://drugbank.ca/drugs/DB01030).

Irinotecan (camptosar) was initially developed in Japan. It is a prodrug formula-
tion of the decarboxylated metabolite SN-38 (7-ethyl-10-hydroxy-camptothecin)
which plays at least a major role in the antitumor activity of irinotecan in vivo
(Scheme 6.48).
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Scheme 6.46 Structural representation of camptothecin analogs in therapeutical use or clinical
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Scheme 6.47 Synthesis of topotecan

It is used for the treatment of metastatic colorectal cancer (first-line therapy when
administered with 5-fluorouracil and leucovorin) and in combination with cis-platin
for the treatment of extensive small cell lung cancer. Irinotecan is currently under
investigation for the treatment of metastatic or recurrent cervical cancer.

Belotecan (camptobell) is the third drug in clinical use based on the camptothe-
cin scaffold, which is applied mainly for the treatment of small cell lung cancer.
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6.6 Epothilones

Epothilones are a small structural family of 16-membered macrolactones first
isolated from the gliding myxobacterium Sorangium cellulosum by Hofle and
Reichenbach at the Gesellschaft fiir Biotechnologische Forschung in Braunschweig
in 1987 during a study on the activity of natural products as fungicides and pesti-
cides (Hofle et al. 1996). The name is a combination of the designations of three
structural elements contained in the compound class: Epoxide, Thiazole, and
Ketone. In 1995 the activity of epothilone A and B as inhibitors of tumor growth
was discovered during a screening at the NCI (Bollag et al. 1995). Of particular
interest is the fact, that epothilones retain their biological activity in tumors insensi-
tive to paclitaxel. Moreover, despite the much reduced structural complexity, com-
pared to paclitaxel the binding affinity of epothilone B is higher and the solubility is
30-fold increased (Altmann 2003; Chou et al. 1998a).

Up to now six members of the family are known, epothilone A to F. Structural
differences consist in the occurrence of an epoxide (epothilones A, B, E, F) or a
double bond (epothilones C, D), the hydroxylation of the thiazole methyl group
(epothilones E, F) and the presence of a methyl group instead of a hydrogen atom in
position 12 (epotilones B, D, F) (Scheme 6.49).

Due to the outstanding importance of the structural class gains by its biological
activity the visibility was high and consequently much effort has been made to
investigate the epothilones. Furthermore the biosynthesis of the epothilones was
investigated in detail. It starts with the formation of the unique 2-methyl-4-
carboxythiazole, which is transferred to a type I PKS to generate the 16-membered
ring, followed by post-PKS modifications like oxidations and introduction of fur-
ther methyl groups (Molnar et al. 2000). Several total synthesis approaches have
been published (Luduvico et al. 2006; Balog et al. 1996; Su et al. 1997; Yang et al.
1997; Schinzer et al. 1997; Mulzer et al. 2000; Bode and Carreira 2001; Nicolaou
et al. 1997a).
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Scheme 6.49 Structural representation of naturally occurring epothilones

Scheme 6.50 The core structure of therapeutically relevant epothilone derivatives

The mechanism of action is similar to that of taxanes and discodermolide and
consists in the stabilization of the structure of microtubuli which are essential for cell
division (Bollag 1995). This stabilization causes the restriction of the dynamic pro-
cesses (polymerization-depolymerization of tubuline heterodimers) mainly during
mitosis (Jordan and Wilson 2004). The consequence is mitotic arrest and subse-
quently apoptosis or—in lower concentrations —aneupliodic cell division (Hoffmann
et al. 2008). Due to this concentration-dependant dichotomy of effects the term
biphasic mode of action was used (Ganguly et al. 2010; Chen et al. 2003). Since the
mode of action strongly affects the cytoskeleton also other cells with a distinct
microtubuli network are affected as well leading to inherent side effects. Dosing of
epothilones is limited due to the occurrence of peripheral neuropathy, a typical side
effect of these compounds. Compared to taxanes the epothilones tendency for the
development of resistances is greatly reduced. Epothilones share the same binding
site to the o,B-tubulin heterodimer subunit as the taxanes, though the binding con-
tacts are different (Nettles et al. 2004; Ojima et al. 1999), even though epothilone B
efficacy against tubulin-mutated cell lines suggests different interactions. Discussion
about whether the two classes of natural products also share a common pharmacoph-
ore is still ongoing (Giannakakou et al. 2000; Forli et al. 2010; Reese et al. 2007).

The structure activity relationship has been investigated in detail. Important fea-
tures are (Scheme 6.50):

e Stereochemistry at C3 is essential
e Gem dimethyl group at C4 can be replaced with cyclopropyl
e Keto group at C5 is essential
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Scheme 6.51 Structural representation of epothilone analogs in therapeutical use or clinical testing

e (C6-C7 stereochemistry is essential

e (C6-Methyl can be replaced by an allyl group

* (C8-Methyl is essential (can not be replaced by nor or dimethyl)

e 9,10-Unsaturation increases activity

* Presence of an R-configurated substituent at C12 is important (Me, Et, PR, Hex,
CF,, CN are tolerated)

* Epoxide is not essential (episulfide, alkene, aziridine, cyclopropane are tolerated)

e Cl15-Stereochemistry is essential

* Cl16-Methyl is not essential

e C16-C17 E-configuration is important

* Position of hetero aromatic nitrogen is important (thiazole, oxazole, and pyridyl
tolerated)

e Small groups at C26 are tolerated (e.g. amine)

The outstanding biological activity of the epothilones inevitable gave the phar-
maceutical industry an enormous impetus for the development of new cancer drugs
on the structural basis of the epothilones. One drug (Ixabepilone) is approved by the
FDA, several others are or were in clinical trials (Scheme 6.51).

Ixabepilon (Ixempra, BMS-247550), a product of Bristol-Myer-Squibb was
approved by the FDA in 2007 for the treatment of aggressive metastatic or locally
advanced breast cancer no longer responding to currently available chemotherapies
(anthracyclines, taxanes) and is in clinical use in the USA under the name Ixempra
either in monotherapy or in combination with capecitabin. The EMEA refused mar-
keting authorization in 2008 (European Medicines Agency 2009). Structurally
Ixabepilon is an aza-analogon of epothilone B and is semi synthetically produced
from it. The lactam moiety slows down enzymatic and spontaneous hydrolysis,
unfortunately the lactam moiety causes the recognition of the compound by efflux
pumps. The synthesis consists of a Pd-catalyzed attack of an azide ion with subse-
quent ring opening, the reduction of the resulting open chain epothilone analog
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Scheme 6.52 Semi-synthesis of ixabepilone starting from epothilone B

under Staudinger conditions and a ring closure reaction with DPPA (Diphenyl
phosphoryl azide) as a coupling reagent (Borzilleri et al. 2000) (Scheme 6.52).

Sagopilone (ZK-Epo) is an epothilone B derivative, developed by Schering AG
in which the methylthiazole moiety is replaced by a methyl benzthiazole and the
methyl group in C6 is substituted by an allyl group. Due to the relatively grave
alterations as compared to epothilone B a semi-synthetic approach was not eco-
nomical and a total synthetic route was developed. The route established by Schering
consisted of 39 steps by which about 350 compounds were synthesized. Sagopilone
proved to have the best preclinical properties out of these (Klar et al. 2006). Apart
from its outstanding biological activity two features make sagopilone especially
interesting. First it is able to cross the blood brain barrier giving rise to the prospect
of a possible agent for the treatment of brain tumors. Secondly sagopilone seems
not to be recognized by efflux pumps which makes the fast development of resis-
tances improbable.

Patupilone (EPO906) from Novartis is the natural product epothilone B itself
(Rothermel et al. 2003). In vitro data suggest that patupilone binds to B-tubulin with
higher affinity than taxanes or other members of the epothilones family (Buey et al.
2004). Although the in vitro affinity constant (K) for patupilone was 0.71 puM, the
IC,, for cell proliferation ranged from 0.13 to 2.92 nM (Kowalski et al. 1997;
Nicolaou et al. 1997b). This may be due to increased intracellular patupilone con-
centrations. Patupilone inhibited tumor growth in paclitaxel-resistant human lung
carcinoma A549, where resistance to paclitaxel was not mediated by P-gp overex-
pression (Martello et al. 2003). Patupilone went to Phase III clinical trials, but was
stopped since it did not show a significant overall survival advantage in a phase I1I
trial of patients with advanced ovarian cancer, refractory or resistant to platinum-
based therapy. Patupilone failed a phase III trial for ovarian cancer.

In cooperation with the MSKCC Kosan Biosciences Inc. started a synthetic pro-
gram to improve the pharmaceutical properties of the epothilones, developing
derivatives called second generation epothilones. Based on the consideration, that
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the high cytotoxicity of epothilone B might stem from the epoxide, this group was
replaced by a simple double bond which led to dEpoB with lower cytotoxicity but a
reduced potency as well (Chou et al. 1998b, ¢, 2001; Rivkin et al. 2005).

By introduction of an additional double bond in C9-C10 position and thus intro-
duced enhanced rigidity of the molecule the potency and serum stability could be
significantly improved. KOS-1584 (9,10 didehydroepothilone D, Dehydelone) at
6 nM effectively induced tubulin polymerization in a cell-based assay using MCF7,
a breast cancer cell line. Potent anti-proliferative activity against a broad range of
tumor cell lines was observed in vitro, including hematologic and solid tumor cell
lines, such as leukemia, breast, colon, lung, and ovary (average IC, 3.8+ 1.4 nM)
and is currently being evaluated in phase II clinical trials and combination trials
(Yiqing et al. 2005).

The observation of increased toxicity and a narrow therapeutic window of KOS-
1584 led to the development of so-called third generation epothilones. By substitut-
ing the C12-methyl group by CF, the therapeutic index of the new compound
Fludelone could be improved (Rivkin et al. 2004). By substitution of the methylthi-
azole moiety of Fludelone by an isoxazole ring the potency could be further improved
and a remarkable metabolic stability could be achieved (Chou et al. 2008). The com-
pound Isofludelone (KOS-1803) currently is in clinical phase II for solid tumors.

6.7 Podophyllotoxin

The cyclolignan Podophyllotoxin has been isolated for the first time from
Podophyllum peltatum (Berberidaceae) native to eastern North America. To prevent
overcollection of the slow-growing wild Podophyllum plants, cell cultures of lignan-
producing plant species were systematically investigated for their podophyllotoxin
production. The most promising production of podophyllotoxin was achieved by
Linum album (Linaceae). To optimize productivity, the biosynthesis of podophyl-
lotoxin has also been studied in detail in cell cultures. The biosynthetic sequence
starts with a stereospecific dimerization of two coniferyl alcohols, followed by
modification of the aromatic substitution, cyclization to the cyclolignan skeleton
and the final oxidation of 7-deoxpodophyllotoxin to podophyllotoxin (Seidel et al.
2002). Although lignans are typically produced by plants, there are some reports of
podophyllotoxin producing endophytic fungi, which could be promising candidates
for large scale production of podophyllotoxin (Kour et al. 2008).

Podophyllotoxin is an aryltetralin lignan that can extracted from the roots and
rhizomes of a variety of different Podophyllum species. The structure was eluci-
dated in 1932 by Borsche and Niemann (1932) and later confirmed by Gensler via
total synthesis (Gensler et al. 1954). The use of Podophyllotoxin containing plants
has a long tradition in traditional medicine—mainly in Asia—for an impressive
variety of ailments like gout, tuberculosis, gonorrhoea, syphilis, psoriasis, cough,
venereal wart any many more. In 1942 it was introduced by Kaplan (1942) for the
treatment of venereal warts and is still in use today (Liu et al. 2007). Even though
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Scheme 6.53 Structural representation of podophyllotoxin and clinically relevant derivatives

Podophyllotoxin has very promising properties as a antineoplastic agent, its clinical
development as antitumor agent was abandoned due to severe side effects like
gastrointestinal toxicity (Canel et al. 2000). However, the remarkably activity of
Podophyllotoxin inspired an intense research effort in the search for less toxic ana-
logs. Very successful actors in this area were researchers from Sandoz whose efforts
led to the development of acetalized glycosylated Podophyllotoxin analogs like
Etoposide and Teniposide (Stoll et al. 1954; Emmenegger et al. 1961; Kuhn and von
Wartburg 1969; Stihelin and von Wartburg 1991) which are still in clinical use
today even though they suffer of side effects like myelosuppression, gastrointestinal
toxicity, or hypersensitivity.

Roughly 20 years after the introduction of these two structures as therapeutic
agents the mode of action was clarified (Ross et al. 1984; Long and Brattain 1984;
Long and Minocha 1983; Long et al. 1984) (Scheme 6.53).

Podophyllotoxin has an impressive range of biological activities (Gordaliza et al.
2004). Aside of the antineoplastic activity which has led to the development of two
antitumor drugs (Etoposid, Teniposid) and the antiviral potency which is the reason
for its use against venereal warts (caused by the papilloma virus) Podophyllotoxin
analogs show immunomodulatory activity which in principle opens the possibility
of the development of candidates to be used in the clinic for organ transplantations.
Moreover anti-leishmanial activity, LOX-inhibition, and some others were reported.
The reason for the antiviral activity seems to be due to an interaction with tubulin
which disrupts the build up of the cytoskeleton und thus interferes with the viral
replication (Bedows and Hatfiled 1982; Hammonds et al. 1996; Charlton 1998).
This binding affinity to tubilin is completely absent for glycosylated derivatives like
Etoposide or Teniposide, the reason is thought to be the sterical hindrance imposed
by the carbohydrate residues.

The mode of action for etoposide and teniposide is based on the interaction with
Topoisomerase II which is a nuclear enzyme with the function of the introduction of
a break in dsDNA in order to deal with DNA tangles and supercoils. Unlike
Topoisomerase I—the target protein of Camptothecin and its derivatives—it is
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Scheme 6.54 The core
structure of therapeutically
relevant podophyllotoxin
derivatives

ATP-dependant. During the catalytic process the enzyme changes the linking
number of circular DNA by +2.

The exact details of the mechanism of action are not well understood, though it
is widely accepted that Podophyllotoxin, Etoposide, and Teniposide bind to the
Topoisomerase-DNA complex and thus stabilize the temporary break caused by the
enzyme. Religation is inhibited, DNA unwinding and replication are stopped and
eventually apoptosis occurs. The drugs are specific for the late S and early G, stage
(Imbert 1998; Hande 1998; Burden and Osheroff 1998; Pommier 1997). The fact
that Etoposide can form stable radicals has led to a discussion whether this factor
may add to the biological activity of Podophyllotoxin derivatives with a free 4’-OH
group (Haim et al. 1987; Sinha 1989).

Based on molecular modeling a common binding mode for intercalating and
non-intercalating Topoisomerase II inhibitors was published. It was suggested, that
inhibitory activity is based on three structural domains of the molecule. The interca-
lation is thought to be accomplished by the almost planar rings A and B, while
minor groove binding and maybe also interaction with Topoisomerase II takes place
via interaction with the dimethoxyphenol proportion of Etoposide and Teniposide.
C4 is the position where variable substituents are thought to be able to bind to the
minor groove as well (Cho et al. 1996).

A plethora of Podophyllotoxin analogs and their biological have been published
and extensively reviewed. Key features of the SAR concerning the cyctotoxic activ-
ity are (Liu et al. 2007; Xu et al. 2009; Lv and Xu 2011) (Scheme 6.54):

* The 4-B configuration is essential.

e The free 4’-OH is at least important. It is thought to be involved in groove bind-
ing and Topoisomerase association.

* The trans-lactone (2-o., 3-f) moiety is crucial.

* The dioxolane (ring A) is optimal, it is involved in the intercalation process dur-
ing the formation of the ternary complex.

* The free rotation of the dimethoxyphenol ring (ring E) is an essential feature for
biological activity.

* Ris variable.
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Scheme 6.56 Structural representation of etopophos

Etoposide 6.2 (Eposin, Etopophos, Vepesid, VP-16) is a semi-synthetic glycosylated
analog of Podophyllotoxin and is in use in combination with other chemotherapeutic
agents in the treatment of refractory testicular tumors and as first-line treatment in
patients with small cell lung cancer. It is also used to treat other malignancies such as
lymphoma, non-lymphocytic leukemia, and glioblastoma multiforme. Even though
it is a valuable drug which is in clinical use it suffers from several disadvantages like
moderate potency, poor solubility, fast metabolic inactivation, side effects due to
toxicity and the development of drug resistances (Scheme 6.55).

A substantial improvement was the introduction of a phosphate group to the free
phenolic group of etoposide forming a prodrug which can be administered in higher
doses than etoposide as a short intravenous injection, whereafter it is rapidly con-
verted to the parent compound by plasma phosphatases, and thus constitutes an
improved formulation of etoposide. Thus water solubility as well as bioavailability
(0.04-50%) was greatly improved. The drug was launched in 1986 by BMS under
the name Etophos (Scheme 6.56).

Teniposide (Vumon) is another glycosylated Podophyllotoxin derivative and is
mainly used for the treatment of refractory acute lymphoblastic leukemia.
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6.8 Anthracyclines

The Anthracyclines are a group of compounds which are produced by soil bacteria
and proved to be a source of very potent agents for the treatment of different kinds
of cancer. The first compounds of this structural class of natural products were iso-
lated in the 1950s by Brockmann (Brockmann and Bauer 1950; Brockmann 1963).
The cytotoxic potential of the anthracyclines was discovered soon after but the high
toxicity of the known compounds hindered the use in cancer therapy at that time.
A breakthrough was made, when research groups from Farmitalia (Grein et al. 1963)
and from Rhone-Poulenc (Dubost et al. 1963) independently isolated Daunorubicin
from Streptomyces strains. Later scientists from Farmitalia performed random
mutagenesis with the daunorubicin producing strain Streptomyces peceutius which
for the first time yielded doxorubicin (Arcamone et al. 1969) which was shown to have
improved pharmacological properties as compared to daunorubicin (Blum and Carter
1974; Weiss 1992; http://en.wikipedia.org/wiki/Daunorubicin). Anthracyclines
belong to the group of type II aromatic polyketides. They are produced by bacteria
of the genus Streptomyces and some closely related genera. During the last 50 years,
about 500 different natural anthracyclines have been isolated (Laatsch and Fotso
2008). Common structural fragment of all anthracyclines is a tetracyclic ring sys-
tem with a cyclohexyl unit linear attached to an anthraquinone (7,8,9,10-tetrahydro-
5,12-naphthacenequinone). Most of the anthracyclines bear sugar moieties as
O-glycosides (usually attached at O-7 position in the cyclohexane ring). Sugar moi-
eties often contain quite unique aminosugars like L-thodosamine and L-daunosamine.
The anthracycline skeleton is produced by a type II PKS. The biosynthesis of anthra-
cyclines is well known in detail including most of the enzymes and genes, predomi-
nantly causing this structure class to be the first target for combinatorial biosynthesis
(Salas 2008) (Scheme 6.57).

Important from a therapeutical point of view are four closely related structures:
doxorubicin 7.1, daunorubicin 7.2, Idarubicin 7.4, and Epirubicin 7.3. Structural
variations concentrate on C1 (OMe or H), C8 (acetyl or hydroxyacetyl) and C5 of

7.1 Doxorubicin R'=OH, R%=0-OH, R®-OMe
7.2 Daunorubicin R'=H, R®=0-OH, R®=OMe
.. : i 1 2 3
Scheme 6.57 Clinically 7.3 Epirubicin R'=OH, R°=p-OH, R’~OMe

. . . 1 2 3
important anthracyclines 7.4 Idarubicin R'=H, R"=a-OH,R°=H
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Scheme 6.58 The core
structure of therapeutically
relevant anthracyclines

the sugar moiety (daunosamin, o or 3) while the anthracycline scaffold is untouched
in all these structures (Scheme 6.58).

These structural differences have direct consequences for the selectivity of the
anthracyclines. Compounds with a primary alcohol in the side chain (doxorubicin
and epirubicin) show good activity against solid tumors and hematologic malignan-
cies, while structures lacking this functional group (dauno- and idarubicin) are pri-
marily used for the treatment of acute myeloblastic leukemia and AIDS-related
Kaposi Sarcoma. The biological activity depends crucially on the natural absolute
configuration in ring A. Due to their later discovery, Epi- and Idarubicin are described
as second generation antitumor anthracyclines.

Naturally as for a class of natural products with interesting biological activity a
plethora of methods for total synthesis, semi-synthesis, or bioengineering have been
published. These efforts mainly were triggered in order to improve the pharmaco-
logical profile (efficacy vs. cardiotoxicity). Due to the complex structures this
research proved extremely laborious.

One of the main drawbacks of the structural class of anthracyclines is the inher-
ent dose-related and cumulative cardiotoxicity of the compounds which significantly
reduces their therapeutic index. Upon treatment patients can experience arrhyth-
mias, hypotension, and a mild depression of myocardial contractibility, in few cases
(1%) acute myocarditis and pericardial effusions (acute cardiotoxicity) are observed,
conditions which are in most cases reversible and usually do not lead to the termina-
tion of the treatment. Moreover anthracyclines may cause dilative cardiomyopathy
and congestive heart failure. Responsible for these side effects are reductive events
at the quinone and the carbonyl group which are accompanied by iron and free radi-
cal reactions (Menna et al. 2008). Other side effects include bone marrow toxicity,
gastrointestinal disorders, stomatitis, or alopecia.

Tumor resistance against anthracyclines follows the line of classical multidrug
resistance which is due to the presence of P-glycoprotein (P-gp) in the plasma mem-
brane. No other mechanism for the development of resistances against anthracyclines
is known to date. This fact combined with the fluorescent abilities of doxorubicin
can be used for the visualization of the effusion of the drug from the cell. The sus-
ceptibility of anthracylines to resistance is one of the major reasons for the ongoing
effort in the research in this area.
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Even though the anthracycline compound class is among the most important
antitumor drugs available and used in cancer therapy for many years, the mode of
action is not yet comprehensively understood, also because different mechanisms are
in action simultaneously. One component of the therapeutic effect originates in the
ability of the molecules to intercalate into dsDNA, preferably between two adjacent
G/C basepairs flanked on the 5’ side by an A/T base pair with the daunosamine moi-
ety directed to the minor groove (DeVita et al. 1993). Moreover the complex inhibits
Topoisomerase II with the consequence of double strand fission during the super coil-
ing of the DNA. Not yet clear are the effects at the outside of the cell membrane,
effects caused by covalent DNA binding and the induction of apoptosis (Keizer et al.
1990). Well known is the fact, that doxorubicin causes the generation of free radicals
(Cummings et al. 1991) which is at least in part the cause for side effects like cardio-
myopathy (Seifert et al. 1994; Siveski-Iliskovic et al. 1995; Dorr 1996).

Daunorubicin is the member of the structure family first isolated in the 1950s
from Streptomyces peucetius and also was the first anthracycline in clinical use. It is
among the most effective agents for the treatment of leukemia (AML and ALL),
usually in combination with other cytostatics.

Doxorubin (Hydroxydaunorubicin, trade name Adriamycin) which was approved
in 1974 is the most prominent and most frequently used member of this class of
cytotoxic compounds. To date no analog has shown activity that is clearly superior
to that of doxorubicin which has a broad spectrum of activity and remains one of the
most effective drugs for the treatment of solid tumors. It is used for the treatment of
various kinds of cancer like Hodgkin’s disease, non-Hodgkin’s lymphoma, leuke-
mia, neuroblastoma, sarcoma, Wilms’ tumor, bladder cancer, breast cancer, lung
cancer, ovarian cancer, stomach cancer, and thyroid cancer. The drug commonly is
used in combination with other anti-cancer agents like cyclophosphamide, taxotere,
bleomycin, vinblastine, vincristine, or 5-fluorouracil. Several prodrugs of doxorubi-
cin are momentarily in clinical trials.

Epirubicin (traded name Farmorubicin/Pharmorubicin and Ellence (USA)) is a
very close semi-synthetic analog of doxorubicin with the only structural difference
of an epimerized hydroxyl group in position 4 of the aminosugar moiety. This results
in an improved toxicological profile with good antitumor activity and reduced
cardiotoxicity though a similar activity spectrum as compared to Doxorubicin
is retained.

Idarubicin (trade names Zavedos (UK) and Idamycin (USA)) which was synthe-
sized in order to improve the pharmacological profile of daunorubicin lacks a meth-
oxy group in the aglycon moiety of the latter, which results in enhanced lipophilicity
and an altered pharmacological profile. The most striking difference compared to
daunorubicinis ashiftin the modes of action, since the ability to induce Topoisomerase
IT mediated DNA-cleavage and the intracellular drug accumulation is enhanced
which leads to increased antitumor potency. Moreover in contrast to daunorubicin
which is not orally available at all, so the drug is orally administered. However,
idarubicin suffers from a drawback common to all analogs of daunorubicin—the
low activity against solid tumors. Its application is thus restricted to leukemia.
Idarubicin was approved in the USA in 1990.
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Scheme 6.59 Structural
representation of
aclacinomycin A

7.5AclacinomycinA

Aclacinomycin A (aclarubicin, aclacin) is the latest development in the field of
approved antitumor active anthracyclines. The new trisaccharide-anthracycline deriv-
ative has been isolated from S. galilaeus. It is employed for the treatment of leukemias
that are resistant to standard therapy. The compound shows less cardiotoxicity
compared to other agents within the anthracycline class (Oki 1980) (Scheme 6.59).

6.9 Perspective

This review is far from being a comprehensive overview about the field of natural
products in cancer therapy. The sheer size of this sector of medicinal chemistry
makes it impossible to be covered within the limits of a book chapter. However, it is
amazing to see the variety of molecules nature creates which are useful to tackle so
many facets of cancer. In fact natural products and derivatives still make up for the
predominant part of agents used for cancer therapy (also valid for antibiotics). Even
more astonishing is the fact, that most of the compounds used in this context are
synthesized by plants (Taxol by T. brevifolia, Camptothecin by C. acuminata etc.)
or bacteria (Anthracyclines by Streptomyces strains, Epothilones by myxobacteria)
for which the uncontrolled cell proliferation follows entirely different mechanisms
or does not exist at all. The question that logically arises is why do these organisms
invest substantial amounts of energy and devote considerable parts of their genetic
information (for the setup of the enzymatic machinery) in the production of second-
ary metabolites which are seemingly useless for the organism itself.

One explanation for this intriguing question might be a hypothesis according to
which plants, devoid of possibilities for escape, had to develop defence mechanism
against herbivores, or other plants competing for light, space, or nutrition. Plants do
not possess an immune system of their own which would cause fatal vulnerability
to microorganisms. In order to tackle these vital threats plants (and also microorgan-
isms) had to evolve effective defence mechanisms. This line of defence seems to be
established by secondary metabolites (Wink 2010; Williams et al. 1989).

Naturally these compounds would have unpleasant taste, causing unstable condi-
tions or even death to the attacking organism which would require biological activity
based on targets present in these organisms. Given the fantastic multitude of struc-
tures identified to be secondary metabolites from plants alone it is not unlikely that
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a large number of target classes can be addressed on a multitude of different
mechanisms of action. The astonishing number of natural products with biological
activity against cancer-related targets might be a hint for the account of this theory.
If there is some sense in these reflections an interesting outlook might be drawn.
Only 20-30% of all higher plants have been investigated thoroughly yielding already
tens of thousands of microorganisms of secondary metabolites. Given the impres-
sive multitude of different modes of action working on cancer-related targets already
discovered by now one can expect more spectacular discoveries in this field.
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Chapter 7
The Role of Genetic Engineering in Natural
Product-Based Anticancer Drug Discovery

Claudia Eva-Maria Unsin, Scott R. Rajski, and Ben Shen

Abstract Genetic engineering is the process of altering, in a premeditated fashion,
the genetic makeup of an organism and has started to play an increasing role in the
production and development of clinically significant antitumor compounds. Genes
can be introduced into the microbial producer of medicinally relevant secondary
metabolites or inactivated to achieve changes in the metabolic profile. The pharma-
ceutical use of natural products with anticancer activity is most often limited by
factors such as low production titers or poor solubility. Genetic engineering has
provided an alternative to circumvent such difficulties by affording recombinant
strains capable of high titers, as well as, recombinant strains able to produce novel
analogs with characteristics superior to those of the parent natural product. This
chapter highlights recent genetic engineering advances that have been successfully
applied to the development of natural product and natural product-based anticancer
agents. Titer improvement and combinatorial biosynthesis in actinomycetes to
produce new compounds will be discussed in detail.
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7.1 Introduction

Actinomycetes are a major source of bioactive natural products. More than 10,000
substances with bioactivity have been isolated so far from terrestrial and marine
actinomycetes (Berdy 2005, 2012) and many are clinically used as antitumor
agents, antibiotics, or immunosuppressants. Natural products such as bleomycin,
doxorubicin, rapamycin, mithramycin, and C-1027 constitute, or have inspired,
important anticancer therapeutics. The significance of natural product to human
health is by no means, however, restricted to anticancer agents. Regardless of their
uses, drug intolerance, severe organ toxicity, and pathogen resistance often provide
significant driving forces for analog design efforts. Genetic engineering is an impor-
tant approach to devise new compounds that lack the aforementioned undesirable
characteristics. Under the umbrella of genetic engineering, combinatorial biosyn-
thesis is applied to “mix and match” biosynthetic genes from different gene clusters
or gene environments. The resultant gene products often catalyze the production of
hybrid substances possessing novel features relating to structure, activity, and/or
solubility. Mutagenesis is another means of producing novel natural products via
genetic manipulation although mutagenesis does not generally permit the precision
of engineering approaches. Inactivation of enzymes from a biosynthetic pathway
through genetic ablation of specific genes leads in many cases to the generation of a
drug derivative, especially if the respective enzyme acts at the end of the biosyn-
thetic pathway. Titers can be elevated by heterologous expression of the biosynthetic
genes in a suitable host or by manipulation of the producer’s genetic system.
Regulatory genes can be altered to optimize expression levels. Most often, the over-
expression of biosynthetic genes leads to profound increases in natural product titer.
Alternatively, the expression of resistance factors or exporters can help stimulate
production or increase natural product export from the producing cells (Fig. 7.1).

7.2 Titer Improvement

Some antitumor substances are highly active but are produced in quantities
insufficient to support necessary development efforts. Exacerbating this difficulty is
that, in many cases, the structural complexity of these natural products vastly
complicates or prohibits their practical construction via total synthesis. It is therefore
highly desirable to enhance the ability of the producing organism to produce such
compounds in substantially greater quantities.

7.2.1 Titer Improvement in Native Producing Strains

An organism’s primary and secondary metabolic pathways are linked via the metabolic
burden that each places on the other. Although antitumor natural products result
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a) Regulation of
biosynthetic genes

b) Precursor supply c) Expression of

structural genes

d) Resistance

Production of
antitumor drug

€) Export

Fig. 7.1 Important steps targeted by genetic engineering approaches to improve production titers
of natural antitumor substances. (a) Derepression or activation of regulatory genes leads to over-
expression of structural genes; amplification of genes for (b) precursor supply or (c) structural
genes overcomes pathway bottlenecks; (d) enhancement of self-resistance increases production
levels; (e) enhanced expression of exporter proteins and efflux pumps increases the cell’s ability to
produce more compound by circumventing possible cell death and/or feedback mechanisms ordi-
narily used to limit compound production

from an organisms’ secondary metabolic machinery there remains an inextricable
link between natural product titers and the absolute metabolic burden with which
the producing organism needs to cope. As the principal producer of anticancer natu-
ral products, the actinomycetes have therefore evolved strict regulatory mechanisms
crucial to the maintenance of primary metabolism but that often limit natural prod-
uct titers. Indeed, these regulatory mechanisms are at the root of many obstacles
encountered in the industrial production of anticancer drugs. Such obstacles have
been largely addressed through a combination of approaches based on genetic engi-
neering (Fig. 7.1). Targeted inactivation of repressor genes and overexpression of
transcriptional activators both constitute strategies that have been very effective in
increasing natural product titers from their wild-type strains (Fig. 7.1a). The
overexpression of structural genes has also served as a useful approach to overcome
natural product-based feedback inhibition (Fig. 7.1b, c). Additionally, gene dosage
plays an important role in the improvement of production titers. Relevant genes
are multiplied or overexpressed in order to increase natural product production.
Self-resistance can also contribute significantly to low titers. Increased resistance of
the producer and amplified expression of structural genes can both lead to improved
natural product titers (Fig. 7.1d). Additionally, exporters, either as part of the self-
defense system or simply to transport the drug outside the cell, can be overexpressed
to enhance natural product synthesis (Fig. 7.1e). Importantly, these strategies can be
used individually or in combination to circumvent the problem of development- and
production-limiting natural product titers.
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7.2.1.1 Regulation

Pathway-specific regulators influence the transcription of structural genes and these
can have either positive (activator) or negative (repressor) effects on the expression
of biosynthetic genes. The identification of such elements is generally straightfor-
ward as biosynthetic genes for a given natural product are typically clustered
together in specific regions of the chromosome. This is in contrast to pleiotropic
regulators that control structural genes, pathway-specific regulator genes, and others
such as morphological genes or genes involved in regulating precursor and cofactor
supply. Furthermore, feedback regulation mechanisms limit the amount of drug
produced inside the cell. Manipulation of the regulatory system can change the
production profile significantly and there are clearly numerous opportunities for
such engineering efforts. The often dramatic success of titer enhancement strategies
has been recently reviewed (Chen et al. 2010).

In the context of anticancer drug discovery and development an extensively
investigated example of regulatory system manipulation involves biosynthesis of
the anthracycline-type antitumor antibiotic doxorubicin (Fig. 7.2), the production of
which is tightly regulated in Streptomyces peucetius. Overexpression of transcrip-
tional activators has been shown to increase doxorubicin production up to 4.3-fold
relative to the wild-type strain (Malla et al. 2010a). S. peucetius strains bearing
plasmids with an increasingly larger number of the regulatory genes dnrN, dnrl,
afsR, and metKI-sp produced increasingly greater amounts of doxorubicin.
Consistent with this work, when the global regulatory gene afsR, an established
transcriptional activator, was overexpressed in S. peucetius, doxorubicin production
was enhanced up to eightfold (Maharjan et al. 2009). Similar experiments with the
pikromycin producer Streptomyces venezuelae and the actinorhodin producer
Streptomyces lividans yielded similar results; afsR overexpression in S. venezuelae
led to a ~5-fold improvement in pikromycin (Fig. 7.2) production relative to the
wild-type strain and afsR overexpression in S. lividans led to a 1.5-fold improve-
ment in actinorhodin (Fig. 7.2) production relative to wild-type. Similar titer
improvements have been achieved in the fredericamycin producer Streptomyces
griseus ATCC 49344. Overexpression of fdmR1, which codes or a SARP family
member pathway-specific activator, led to a 5.6-fold improved production of fred-
ericamycin A (FDM A, Fig. 7.2) by S. griseus. The recombinant strain produces
FDM A with a titer of ~1.5 g/L sufficient to support future development efforts
for this antitumor pentadecaketide (Chen et al. 2008a). These recent examples of
regulatory manipulation to improve anticancer agent titers from fermentation com-
pliment many earlier examples.

Just as overexpression of activators can lead to improved natural product titers so
too can the repression of negative regulators. An excellent example of this comes in
the form of efforts to improve the production of the antibacterial compounds platen-
simycin and platencin (Fig. 7.2). The production of both compounds is encoded by a
single gene cluster in Streptomyces platensis MA7327. Within this cluster, the prmR1
gene was found to encode for what appears to be a member of the GntR family of
transcriptional repressors. Consistent with its role as a repressor of platensimycin
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Fig. 7.2 Clinically significant natural products whose development and application were enabled
by titer improvements accomplished by altered expression of regulatory genes (doxorubicin,
pikromycin, platensimycin, platencin, fredericamycin), structural genes (erythromycin A, doxoru-
bicin), resistance genes (actinorhodin, C-1027) and export genes (doxorubicin) or by enhance-
ments in biosynthetic precursor availability (actinorhodin, avermectin, pikromycin, FK506)
during fermentation, or by a combination of these approaches
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and platencin biosynthesis inactivation of prmR1 afforded S. platensis strains that
produced both natural products in titers ~100-fold superior to those of the wild-type
strain (Smanski et al. 2009). Clearly, repressors of biosynthetic machineries consti-
tute excellent targets of regulatory modification and complement, perhaps in multiple
ways, the effectiveness of targeting activators to achieve improved natural product
titers (Chen et al. 2010).

7.2.1.2 Precursor Supply

Bottlenecks in biosynthetic pathways restrict natural product titers and are often
associated with the limitations of primary metabolism in providing key precursors
necessary for secondary metabolic pathways. Such limitations can be overcome by
amplifying the gene or genes that code for enzymes associated with such bottle-
necks; increased enzyme levels translate to diminished bottleneck effects and hence,
improved titers. Examples correlating precursor supply to improve natural product
titers have focused on carbohydrate metabolism, fatty acid precursors, and intracel-
lular cofactor supplies (Olano et al. 2008). Such examples include heterologous
overexpression of the S-adenosyl-L-methionine (SAM) synthetase metK, which
improved production of a number of anticancer agents and antibiotics, such as acti-
norhodin, avermectin, and pikromycin (Fig. 7.2), by providing SAM as a substrate
or cofactor (Huh et al. 2004). More recently, it has been demonstrated that titers of
the immunosuppressant drug FK506 (Fig. 7.2) can be improved by enhancing
the intracellular pool of methylmalonyl-CoA, a critical building block for FK506
production. Medium supplementation with methyl oleate and simultaneous intro-
duction of the methylmalonyl-CoA mutase pathway into the FK-506 producer
Streptomyces clavuligerus CKD1119 led to a threefold improvement in FK-506
titers through transient intracellular increases in acetyl-CoA, which is rapidly con-
verted via the endogenous machinery to methylmalonyl-CoA (Mo et al. 2009).

7.2.1.3 Overexpression of Structural Genes

Structural genes code for any RNA or protein product not associated with regulation
and resistance. In the context of secondary metabolism, structural genes are neces-
sary for providing functional platforms on which natural products are constructed. An
absence or limited expression of these genes correlates to the production of interme-
diates or shunt metabolites that are co-isolated with intact natural products. Such
impurities can be minimized by structural gene overexpression and this strategy has
also been shown to induce enhanced natural product titers. The biosynthesis of the
antibiotic erythromycin A (Fig. 7.2) has been studied intensively in the past and
serves as a model for polyketide biosynthesis in actinomycetes. A large number of
natural anticancer agents are polyketides. The tailoring genes eryK (P450 hydroxy-
lase) and eryG (SAM-dependent O-methyltransferase) were overexpressed in the
producer strain Saccharopolyspora erythraea. Larger quantities of these enzymes
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led to titer improvement and purity of the antibiotic erythromycin A by conversion
of its intermediates (Chen et al. 2008b). A good example of titer improvement of
antitumor substances is engineering of tailoring genes in doxorubicin production.
Glycosylation is considered to be a rate-limiting step in doxorubicin biosynthesis.
Heterologous expression of structural sugar biosynthesis and glycosyltransferase
genes elevated doxorubicin levels in S. peucetius up to 5.6-fold (Malla et al. 2009).
Structural gene deletion or inactivation also can be used to increase natural product
titers. This is particularly applicable when applied to systems in which one natural
product is biosynthetically transformed to another, less useful, compound. However,
by and large, structural genes have been the target of overexpression in efforts to
improve anticancer natural product titers.

7.2.1.4 Overexpression of Resistance Genes

Enhanced levels of natural product resistance in the producer strain often correlate
to enhanced production of compound. One example of natural product resistance
involves CagA, the apoprotein of the enediyne antitumor antibiotic C-1027 (Fig. 7.2).
CagA binds to the toxic chromophore of C-1027, stabilizing the ordinarily labile
enediyne and playing an important role in C-1027 resistance to the producer
Streptomyces globisporus (Beerman et al. 2009; Kennedy et al. 2007; Liu et al.
2002). Disruption of the cagA gene showed that the apoprotein is important but not
essential for resistance and that other factors seem to be required for self-resistance.
Though not the sole source of resistance to C-1027, overexpression of cagA leads to
increased C-1027 production (Cui et al. 2009). Such a strategy to enhance titer is
limited only by the resistance mechanism; overexpression of resistance genes can
impact more than just one compound at a time. For instance, overexpression of
streptomycin resistance (rpsL ribosomal protein mutation) is known to increase the
production of the polyketide antibiotic actinorhodin (Hesketh and Ochi 1997).
Additionally, multiple drug resistance mutations have been used to obtain a strain
with 180-fold increased productivity. Using the same idea of enhanced resistance to
multiple antibiotics a new approach called “ribosome engineering” has been devel-
oped (Wang et al. 2008). By screening for a Streptomyces coelicolor strain that is
resistant to eight different antibiotics a strain capable of producing 1.63 g/L actinor-
hodin was identified. The high degree of resistance was attributed to mutant ribo-
somes which sustain a high level of protein synthesis, even at a late stage of growth
when antibiotic production starts. Furthermore, the mutants showed an increased
ability to accumulate ppGpp, which is an important signaling molecule for the onset
of antibiotic production. This example illustrates that resistance is tied to the regula-
tory network within the cell and can contribute to improved natural product titers.

7.2.1.5 Overexpression of Export Genes

Natural product biosynthesis is often subjected to negative feedback regulation
and a critical component of such mechanisms is the expression of exporter genes.
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Indeed, many anticancer natural products are removed from the cell by export
proteins. Intracellular accumulation of products and thus inhibition of biosynthetic
enzymes can be modulated by efflux systems. For instance, doxorubicin produc-
tion has been enhanced 2.2-fold by overexpression of the export genes drrA and
drrB. These genes encode an ATP-binding cassette (ABC) transporter that pumps
the antibiotic out of the cell thereby conferring resistance (Malla et al. 2010b).
Conversely, deletion of drrA and drrB resulted in a dramatic decrease of antitumor
antibiotic production in S. peucetius (Srinivasan et al. 2010). For the purpose of
titer improvement it is important to note that enhancement of drug export is not
limited to product-specific transporters. For instance, it is now well established
that the nonspecific multi-drug resistance (MDR) exporters can be modulated so
as to increase drug production (Adrio and Demain 2006).

7.2.2 Heterologous Expression

Many natural products with complex structures and anticancer activity have been
identified from marine and terrestrial actinomycetes, but large-scale production is
out of reach. Strains often grow very slowly or only under conditions that are not
feasible in the laboratory. Heterologous expression, the expression and exploita-
tion of biosynthetic gene clusters introduced into non-native host strains, has been
very effectively used to overcome these limitations and has been very rigorously
reviewed previously (Galm and Shen 2006; Wenzel and Muller 2005). Complete
gene clusters for antitumor antibiotics can be transferred into a more suitable
organism that grows faster, is genetically characterized and stable, and is amenable
to manipulation. Cosmids, BACs (bacterial artificial chromosomes), or YACs
(yeast artificial chromosomes) are generally used as vector systems for biosyn-
thetic gene clusters. These genetic elements carry large regions of DNA inserts
(up to 1,000 kb) and are easily transferable into other organisms, the “heterologous
hosts.” It is important for antitumor antibiotic biosynthesis that all structural genes,
regulatory genes, and resistance genes of a gene cluster be present and active.
Activating enzymes, cofactors, or strain-specific chaperones are often needed but
are not located in the gene cluster. If the host, for instance Escherichia coli, does not
have these required factors, the respective genes have to be transferred separately
into the heterologous host. Sometimes promoters have to be exchanged in order to
achieve efficient expression in the host. The genetic code for the translation of
mRNA into amino acids differs in some organisms; expression of specific tRNAs
overcomes this limitation.

Since an organism’s endogenous secondary metabolism represents an unproductive
carbon sink relative to the introduced machinery, it is often advisable to inactivate
endogenous antibiotic gene clusters present in the heterologous host so that the vast
majority of the host’s metabolic flux can be dedicated to production of the desired
natural product. This strategy has been very successfully exploited and numerous
anticancer products have been successfully expressed in heterologous systems
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Fig.7.3 Selected examples of natural products successfully produced in heterologous host expres-
sion systems

including but not limited to the epothilones (Fig. 7.3) in S. coelicolor (Tang et al.
2000) and in E. coli (Mutka et al. 2006), staurosporine (Fig. 7.3) in S. lividans
(Onaka et al. 2002), FDM A in Streptomyces albus (Wendt-Pienkowski et al. 2005),
and bleomycins in Streptomyces flavoviridis (Huang et al. 2012). Not surprisingly,
heterologous expression could emerge as promising alternative for the industrial
production and development of many natural anticancer agents (Galm and Shen
2006; Wenzel and Muller 2005).

7.3 Generation of New Analogs by Genetic Engineering

Two major enzymatic machineries are commonly found in natural antitumor agents:
polyketide synthases (PKS) and non-ribosomal peptide synthetases (NRPS). Both
systems are multi-enzyme complexes with modular organizations. Small precur-
sors, acyl units or amino acids, are activated and attached to a carrier protein.
Repetitive condensations of activated units lead to a polyketide or polypeptide
scaffold, respectively. Some modifications, such as reductions, can take place
during or after the assembly of the backbone. Tailoring enzymes catalyze finely
tuned and structurally discrete transformations to the core scaffold.

The high degree of modularity of PKS and NRPS enzymes makes them easy to
manipulate. Genes from different gene clusters can be readily mixed and matched
to produce novel hybrid natural compounds and this means of obtaining structural
diversity ideally represents the field of combinatorial biosynthesis. In addition to
diversification of a core scaffold or molecular framework, the introduction of exog-
enous tailoring enzymes to a specific producer’s genome allows another level of
structural complexity to be achieved. The promise and potential of combinatorial
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biosynthetic methods as applied to drug discovery have been previously reviewed
(Van Lanen and Shen 2006).

Just as combinatorial biosynthesis can exploit the introduction or modification
of genes en route to new structures, directed mutagenesis is also a useful tool to
manipulate functional genes within a biosynthetic gene cluster. Gene deletions or
insertions result in the inactivation of biosynthetic genes for a given natural
product. As a result, the gene is no longer translated into a functional enzyme and
the corresponding catalytic step is omitted in the biosynthetic pathway leading
ultimately to new, albeit truncated, natural products.

7.3.1 Combinatorial Biosynthesis

7.3.1.1 Exchanging Domains Within Modules

Some organisms contain elements from different biosynthetic gene clusters. This
phenomenon is found in nature and has proven to be a very effective means of
enhancing structural diversity in natural products. Both enzymatic machineries
work together via protein—protein interactions to catalyze the biosynthesis of a
hybrid compound, such as the non-ribosomal peptide/polyketide bleomycin
(Du et al. 2000) that results from a gene cluster bearing both PKS and NRPS mod-
ules. The combination of elements from different origins can be applied to genetic
engineering and this often calls for the use of linkers, short peptides at the end of
enzymes which allow compatible domains to communicate by protein—protein
interaction. It is possible to exchange enzyme domains if the linkers are still matching
and the exchanged domain has relaxed substrate specificity. For instance, an acyl-
transferase (AT) domain of the erythromycin PKS has been successfully combined
with a rapamycin AT domain to yield a novel triketide (Oliynyk et al. 1996). An
alternative strategy has been to use thioesterases (TE) to release polyketide or poly-
peptide chains from their synthases by hydrolysis or macrocyclization, thereby
making the basic scaffold available for subsequent tailoring (Schwarzer et al. 2001).
With the approach of swapping domains, libraries of hybrid PKS and NRPS can be
generated and screened for novel anticancer agents (Keller and Schauwecker 2003;
Kim et al. 2004).

7.3.1.2 Variation of the Starter Unit

The use of alternative starter units can be achieved by the exchange of loading
modules. Initial experiments exploiting this approach to molecular diversity
involved the actinorhodin PKS system. When coexpressed with the R1128 initiation
module, the actinorhodin minimal PKS produced novel hexaketides with propionyl
and isobutyryl primer units (Tang et al. 2004). This principle of mix and match can
be applied to enzyme domains from anticancer biosyntheses. Prodiginine antibiotics
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show anticancer and immunosuppressive activity. The initiation enzyme RedP from
undecylprodiginine biosynthesis in S. coelicolor was replaced by its homologous
enzyme from fatty acid biosynthesis, FabH. Besides undecylprodiginine, two new
analogs, methylundecylprodiginine and methyldodecylprodiginine, were produced
(Fig. 7.4) (Mo et al. 2005).

In contrast to the exchange of loading domains, utilization of synthetic
N-acetylcysteamine starter units or precursor analogs also leads to novel analogs
with altered starter molecules. Synthesis of unnatural polyketides with
N-acetylcysteamine (SNAc) thioesters as starter substrates and malonyl-coenzyme
A (CoA) or methylmalonyl-CoA as extender substrates provided novel products
that target the HER signaling pathway in human breast cancer cells (Kwon et al.
2010). In vitro reconstitution of the first three epothilone PKS/NRPS modules
results in epothilone precursor biosynthesis; if serine was utilized as a starter mol-
ecule instead of cysteine, an oxazole instead of thiazole moiety was found in the
epothilone structure (Fig. 7.4) (Schneider et al. 2002). Feeding of unnatural starter
units therefore has been shown to provide access to new natural product analogs in
the future.
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Fig. 7.4 Clinically significant natural products amenable to analog production via combinatorial
biosynthesis methods including starter unit variation, addition of tailoring enzymes and
mutasynthesis
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7.3.1.3 Addition of Tailoring Enzymes

Glycosylation significantly alters the bioactivity of compounds and therefore is a
very important modification exploitable for the generation of novel antitumor
substances. Genes for aglycon biosynthesis can be coupled with heterologous genes
for sugar biosynthesis and glycosyltransferases. The genetic engineering of
S. peucetius bypasses the classical low-yielding semisynthesis of 4'-epidoxorubicin
and 4'-epidaunorubicin (Fig. 7.4); both are important cancer chemotherapy drugs.
These 4'-epimeric anthracyclines are produced when the S. peucetius dnmV gene
for daunosamine biosynthesis is replaced with the Streptomyces avermitilis avrE
or Saccharopolyspora eryBIV genes. By introducing further mutations that increase
daunorubicin and doxorubicin titers in the wild-type producer strain, analog pro-
duction can be improved significantly (Madduri et al. 1998). This example, though
now dated, illustrates the effectiveness of this engineering strategy to produce new
hybrid antibiotics.

A more recent approach to product diversity is the modification of natural prod-
ucts by halogenation. The unique tailoring enzyme fluorinase FIA from Streptomyces
cattleya was used to engineer fluorometabolite production, which is rarely found in
natural product biosyntheses. Replacement of the chlorinase gene salL with flA in
Salinispora tropica resulted in the production of fluorosalinosporamide (Fig. 7.4),
the first engineered organofluorine produced in vivo (Eustaquio et al. 2010) thus
highlighting the feasibility of small molecule flourination via biosynthetic means.
The effectiveness of these enzyme replacement studies complements previous
mutasynthetic efforts, also capitalizing on the abolishment of SalL. activity in
S. tropica, from the same laboratory (Eustaquio and Moore 2008).

7.3.1.4 Mutasynthesis

Many antitumor antibiotics require substantial refinement prior to their approved
use in humans. A feature commonly encountered during drug development is that
of insufficient solubility. There are many reasons for why one strives for a readily
soluble (in physiological conditions) compound; an especially common consider-
ation is to circumvent undesired side effects. Recent examples validate biosyn-
thetic engineering as a means by which to improve drug solubility via modification
of the drug’s structure, even if such changes are very subtle. Key to such engineer-
ing approaches has been mutational biosynthesis or “mutasynthesis” in which
access to a normally abundant starting material is denied via genetic means and a
suitable replacement provided to the microorganism as a component of the fermen-
tation medium (Nagaoka and Demain 1975). Not only has this strategy yielded
new drug candidates but it has also been carefully applied to elucidate biosynthetic
pathways and to understand these pathways in the larger context of natural prod-
ucts biosynthesis. The application of mutasynthesis to the discovery of new natural
products has been recently reviewed (Weissman 2007) thus prompting our atten-
tion here to advances of the last several years. During this time mutasynthetic
approaches have resulted in the production of new antibacterial agents belonging
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to the aminocoumarin (Lutz 2009a, b), pikromycin (Gupta et al. 2008), and uridyl
peptide antibiotic (Gruschow et al. 2009) classes.

Anticancer drug discovery has benefited substantially from the application of
mutasynthetic methods to new natural products biosynthesis. Numerous examples
of the successful application of mutasynthetic approaches to new anticancer drug
candidates have appeared in the last several years. For instance, fluorinated rapamy-
cin analogs have been produced recently by feeding mutants of the producing strain
Streptomyces hygroscopicus, which cannot produce the natural starter acid required
to initiate polyketide synthesis fluorohydroxycyclohexanecarboxylic acids and their
ester derivatives (Fig. 7.4). The result of these mutasynthetic experiments was the
production of six fluorinated rapamycin analogs with titers ranging from 4 to
28 mg/L (Goss et al. 2010). Though classically viewed as an immunosuppressive
agent, rapamycin, and by association, rapamycin analogs are now being carefully
examined as cancer therapeutics; Torisel® and Afinitor®, both rapamycin analogs,
have recently been approved for the treatment of advanced renal cell carcinoma.
Mutasynthetic efforts have also involved geldanamycin (GDM), an antitumor anti-
biotic also produced by S. hygroscopicus (Fig. 7.4). Motivated by dose limiting
hepatotoxicity the production of GDM analogs displaying fewer and less severe
side effects has been achieved via a mutasynthetic approach. Gene inactivation of
the carbamoyltransferase gene gdmM yielded 4,5-dihydro-7-O-descarbamoyl-7-
hydroxy-19-0O-glycylgeldanamycin, which was isolated and subsequently converted
into 4,5-dihydro-19-0O-glycylgeldanamycin by a PKS-deficient S. hygropicus strain.
The resulting analog showed lower cytotoxicity against HepG2 cancer cells and
significantly greater water-solubility than GDM (Li et al. 2008). Another class of
anticancer agents, the salinasporamides, which operate via proteasome inhibition
have also been the subject of mutasynthetic efforts (Eustaquio and Moore 2008).
Salinosporamide A, a chlorinated natural product from S. tropica, is believed to get
its chloride moiety from 5'-chloro-5'-deoxyadenosine (CIDA) produced by virtue of
the enzyme SalL and its ability to convert S-adenosylmethionine (SAM) to CIDA in
the presence of chloride. Ablation of SalL activity and administration of syntheti-
cally produced 5'-fluoro-5'-deoxyadenosine (FDA) afforded a fluorinated analog of
salinosporamide A. Although the fluorinated analog is not as potent at proteasome
inhibition as the chlorinated natural product, these experiments reveal the amenabil-
ity of the salinosporamide biosynthetic machinery to mutasynthetic methods while
revealing a previously underappreciated SAM-dependent halogenation pathway.
Mutasynthesis is thus a powerful tool for answering biosynthetic questions in addition
to providing new natural products.

Our work and that of others on the glutarimide-containing polyketides migrasta-
tin, iso-migrastatin, and lactimidomycin support the significance of cell migration
inhibitors as potential antimetastasis agents (Fig. 7.5) (Ju et al. 2008, 2009; Perez
and Danishefsky 2007). Tumor cell migration inhibitors such as migrastatin, iso-
migrastatin, and lactimidomycin, studied extensively in our laboratories, constitute
excellent antimetastasis candidates for the control and treatment of cancers. It is
therefore significant that mutasynthesis of the natural product beauvericin, a cyclic
depsipeptide inhibitor of tumor cell migration isolated from Beauveria bassiana,
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Fig. 7.5 Natural product inhibitors of tumor cell migration processes currently being investigated
as antimetastasis agents. A combination of precursor supply manipulations and mutasynthesis has
been effectively used to produce 14 new beauvericin analogs some of which have antiproliferative
activities superior to beauvericin. Sites of possible structural departure from beauvericin are indi-
cated by darkened arrows

has been used to produce new beauvericin analogs (Fig. 7.5). This was accomplished
first by abolishing the function of KIVR, the biosynthetic enzyme responsible for
production of D-hydroxyisovalerate, a common precursor for depsipeptide biosyn-
thesis in B. bassiana. To the kivr knockout strain were then provided pairs of non-
natural amino acids whose use by the remaining biosynthetic machinery resulted in
14 new cyclic depsipeptides (Xu et al. 2009). Testing of the wide assortment of new
compounds has enabled an enhanced understanding of discrete molecular features
and their correlation to the assortment of biological activities, such as cytotoxicity
and antiproliferative activity as well as cell migration inhibition, displayed by beau-
vericin and its related congeners.

7.4 Conclusion

It is impossible to overstate the importance of natural products to the advent and
evolution of human medicine particularly in the realm of cancer treatment. However,
the microorganisms that produce these substances rarely produce them in quantities
sufficient to support large-scale applications. It is therefore critically important to
understand the optimization of natural product titer through genetic manipulation,
alteration of regulatory pathways and precursor supply, and modulation of resistance,
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export and heterologous expression. Furthermore, it is often necessary to derivatize
natural products to produce analogs with preferential physicochemical properties. In
addressing these needs it is clear that the application of genetic engineering, combi-
natorial biosynthesis, precursor-directed biosynthesis, and tailoring enzymes will
continue to enable advances in cancer therapeutics and medicinal improvements for
the human condition.
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Chapter 8
Accessing Anti-cancer Natural Products
by Plant Cell Culture

Lisa M. Leone and Susan C. Roberts

Abstract Natural products are a valuable part of drug discovery and represent key
products in the marketplace. High-throughput screening of large, synthetic libraries
has become a commonplace method in industrial drug development, partially due to
past difficulties in sourcing large quantities of natural products. Plants have histori-
cally been key sources of blockbuster anti-cancer drugs, and new approaches to
drug discovery and large-scale manufacturing are making innovative plant-derived
natural products more available commercially and clinically. This chapter explores
the growing capabilities of combinatorial biosynthesis in plants as well as techno-
logical developments in industrial plant cell culture, highlighting the stories of the
plant anti-cancer agents paclitaxel and cyclopamine.
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NP Natural product

PCC Plant cell culture

PCSC Plant cell suspension culture
SM Secondary metabolite

USDA United States Department of Agriculture

8.1 Introduction

From 1981 to 2002, 74% of the anti-cancer agents approved by the Food and Drug
Administration (FDA) were inspired by, derived from, or true natural products
(NPs) (Wilson and Danishefsky 2006). Biologically derived compounds often
exhibit “privileged structures” in terms of biological activity (Evans et al. 1988).
Unfortunately, these structures are often chirally complex and pose unique chal-
lenges for large-scale commercial production. For a significant number of NPs, a
route to chemical synthesis does not exist, and for the vast majority of NPs, total
chemical synthesis methods are not commercially viable due to structural complexity,
low yields, and environmental concerns (Kolewe et al. 2008). In the 1970s and
1980s, a lack of immediate production strategies for some NPs entering clinical trials
led to a perceived “supply crisis” for certain drugs, including the anti-cancer com-
pound paclitaxel. These situations led to reluctance in the pharmaceutical industry
for investment in NPs.

The ease of chemical synthesis in simple, non-NP-derived molecules is perhaps
one reason why synthetic combinatorial libraries became popular in drug develop-
ment (Ortholand and Ganesan 2004). The total chemical synthesis of a synthetic
combinatorial library’s components as a starting point ensures that every compound
will have a relatively simple (and known) route for eventual large-scale production.
A disappointing result of this cost-saving methodology is that the systematic explo-
ration of organic chemistry space has been limited to known and easily synthesiz-
able structures, which are not necessarily biologically relevant (Lipkus et al. 2008).
Among the millions of compounds screened in academia and industry, only a
relatively small number of compounds from high-throughput screens have been
shown to exhibit activity against drug targets, and even fewer have overcome
toxicity issues and moved to clinical trials (Newman and Cragg 2007). Because of
these difficulties, synthetic combinatorial libraries have shifted over the past decade
from large collections of simple compounds to a diversity-centered exploration of a
smaller chemistry space, aided by computational technologies (Schnur et al. 2011).

With this new focus, the drug industry has reverted back to a paradigm in which
natural organisms have unique advantages over a chemist’s bench. Plants, marine
organisms, and microbes still represent an extremely diverse and relatively untapped
space for lead discovery. The NP research of the past 30 years has made rapid prog-
ress in both increasing the diversity of leads through combinatorial biosynthesis and
high-throughput screening of crude extracts, as well as alleviating possible supply
issues through a variety of advanced technologies, including plant cell culture
(PCC) and heterologous expression in microbial systems, as discussed below.
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8.2 Plant-Derived Anti-cancer Agents

Naturally occurring plants, microbes, and fungi have been the source of a staggering
amount of NP diversity throughout the history of drug discovery. In the case of plants,
over 10,000 alkaloids and 23,000 terpenoids have been characterized, and these most
certainly are an underestimation of the capabilities of plants, of which only a small
portion of the world’s species are estimated to have been sampled (Cheng et al. 2007).
Many of these NPs (Fig. 8.1) have medicinal qualities, as summarized in Table 8.1.

Most plant NPs fall into the class of secondary metabolites (SMs), so called
because they do not necessarily serve primary metabolic functions in the growth
and maintenance of their native plant. Biosynthesis of plant SMs is complex, involving
many different precursors from primary metabolism. Some of these pathways are
interconnected, for example, all of the compounds within the alkaloid and terpenoid
classes of NPs originate in part from the common precursor isopentenyl diphos-
phate (IPP) and its allylic isomer dimethylallyl diphosphate (DMAPP). Biosynthesis
of many SMs often requires dozens of enzymes acting in concert, and as a result is
under strict metabolic control. The abbreviated biosynthetic pathways of paclitaxel
and vinblastine in Taxus spp. and Catharanthus roseus, respectively, are shown in
Fig. 8.2. While SMs do not play a role in primary metabolism in that they do not
directly pertain to plant growth or maintenance, many plant NPs have shown activ-
ity in nature as insecticides and anti-fungals, and are thought to confer evolutionary
advantages to their native plant (Hartmann 2007).

The “screening” hypothesis of NP diversity postulates that the chances of any
single NP possessing a potent bioactivity, as a fungicide or insecticide for example,
is very low. Therefore, it is advantageous for plants to produce many slightly different
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Fig. 8.1 Plant natural products in anti-cancer therapy. Important plant natural products that serve
as anti-cancer agents: vinblastine from Catharanthus roseus, homoharringtonine from Cephalotaxus
spp., paclitaxel from Taxus spp., cyclopamine from Veratrum californicum, podophyllotoxin from
Podophyllum spp., and camptothecin from Camptotheca accuminata
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Fig. 8.2 Biosynthetic pathways of paclitaxel and vinblastine. Biosynthetic pathways of paclitaxel
(terpenoid) in Taxus ssp. and the Vinca alkaloids (e.g., vinblastine) in C. roseus. Dashed lines
indicate multiple steps and bolded compounds (i.e., taxadiene and strictosidine) indicate committed
steps. Key enzymes are shown above reaction steps: TS (taxadiene synthase), PAM (phenylalanine
aminomutase), TDS (tryptophan decarboxylase), and STS (strictosidine synthase)

metabolites in small concentrations, in the hopes that at least one will be useful
against an external stressor, such as herbivorous insects (Firn and Jones 2003).
In this perspective, a single plant can be compared to a naturally occurring drug
discovery program, in which many compounds with slightly different functional-
ities are produced from simple starting structures. Plants accomplish this incredible
diversity at minimal biosynthetic cost by employing promiscuous enzymes, using
branched and matrix biosynthetic pathways, and generally producing minute quan-
tities of these SMs (Fischbach and Clardy 2007).

While plants already express an incredible amount of diversity naturally, increas-
ing the pool of NPs available for drug discovery may result in new, more effective
drugs. New approaches to library formation that harness the diversity of pathways
already existing in plants may lead to novel anti-cancer compounds. One promising
approach is plant combinatorial biosynthesis.

8.3 Combinatorial Biosynthesis

Combinatorial biosynthesis is a drug discovery platform that seeks to harness naturally
occurring biochemical diversity in living systems to generate novel compounds that
have a high likelihood to possess bioactivity. Combinatorial biosynthesis has already
generated many promising drug leads when applied in microbes, as exemplified
by the discovery of novel indolocarbazole compounds (Sdnchez et al. 2005). The
unique capabilities of plants to generate novel compounds in the alkaloid and terpe-
noid classes have only begun to be recognized. An excellent review of combinato-
rial biosynthesis in plants has recently been published (Pollier et al. 2011). A current
example of the power of plant combinatorial biosynthesis is the rational engineering
of C. roseus hairy root cultures (HRCs) to create novel products.
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The anti-cancer compounds vinblastine and vincristine are members of the
monoterpene indole alkaloid (MIA) class of compounds (Fig. 8.2). Metabolic engi-
neering has been successfully used to adjust MIA pharmacological properties bio-
synthetically in C. roseus HRCs. The synthesis of novel halogenated MIAs was
accomplished in a stepwise fashion, first by rationally engineering the enzyme con-
trolling entry to the MIA pathway, strictosidine synthase (STS) (Fig. 8.2). STS was
modified and transformed into C. roseus to accept halogenated tryptamine analogs
that were fed in media to the HRCs, resulting in unique halogenated alkaloids
(Bernhardt et al. 2007). To decrease competition from naturally occurring tryptamine
and increase yields of the halogenated products, native tryptophan decarboxylase
(TDC) was silenced using RNAi technology. Most recently, a bacterial halogenase
was transformed into C. roseus so that tryptamine could be halogenated in vivo
instead of being fed through external media (Runguphan et al. 2010). These novel
halogenated analogs of established pharmaceuticals can be evaluated for favorable
changes in pharmacological properties. This approach demonstrates the power of
plant metabolic engineering for the generation of libraries of novel NP drug leads
that inhabit a “privileged space” of bioactivity. However, supply of pure compound
remains a challenge that must be addressed individually for any compound of com-
mercial interest.

8.4 Supply Routes: Clinical Trials to Commercial Production

Different amounts of pure product are needed at different stages of development.
After a promising compound has been identified, milligram quantities are needed
for structural determination, multiple grams are needed for clinical development,
and multiple kilograms are needed for initial clinical trials (Cragg et al. 1995; Koehn
and Carter 2005). If a novel compound is found to be effective in clinical trials and
approved for use, supply will need to quickly ramp up to many kilograms for com-
mercialization. As shown in the story of paclitaxel (see below), supply issues can be
a major hurdle for NPs. Supply issues are especially untenable in the treatment of
terminal diseases such as cancer, where patients cannot wait months or years for a
supply route to be established. Fortunately, the field of NP synthesis has matured
since the paclitaxel supply crisis of the 1990s and there now exist many options for
supply depending on the properties of the NP and plant source.

8.4.1 Natural Harvest

Natural harvest is the method by which many plant NPs have initially been col-
lected, and for intermediate to long-term production it is an option when (1) the plant
producing the compound of interest is fast growing and easily cultivable, as in the
case of C. roseus, or (2) when the product of interest is produced in relatively large
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quantities in planta, as in the case of podophyllotoxin in Podophyllum hexandrum
rhizomes (Farkya et al. 2004). For many naturally occurring compounds neither of
these conditions is met, and environmental concerns can also arise when a plant is
endangered or vital to a local ecosystem. Additionally, in the case of novel NPs
found through strategies such as combinatorial biosynthesis, the native plant will
generally not produce the compound at all.

8.4.2 Chemical Synthesis

Chemical synthesis is an option when the compound of interest is relatively simple
and easy to synthesize, as in the case of flavopiridol, an anti-cancer NP in clinical
trials that is currently supplied via total synthesis (Naik et al. 1988). Complete
chemical syntheses have been published for many NPs of interest, such as paclitaxel
(Holton et al. 1994; Nicolau et al. 1994), but they often do not represent a viable,
scaleable production method due to low yields, complexity and number of steps, as
well as the use of environmentally unfriendly chemicals and solvents. Chemical
semi-synthesis can be used to create NP derivatives with more favorable pharmaco-
logical properties, as in the case of the camptothecin derivatives irinotecan and
topotecan, and in some cases, can be used to derive a NP from precursors that occur
naturally at high levels. For example, a paclitaxel intermediate, 10-deacetylbaccatin
III, was chemically modified to produce a semi-synthetic version of paclitaxel in the
1990s (Denis et al. 1988) and was used as the primary supply route for paclitaxel by
Bristol-Myers Squibb (BMS) for over a decade.

8.4.3 Heterologous Synthesis in Microbes

Transfer of plant NP pathways to microbial hosts has advanced rapidly in the past
decade. The driving force behind this development is the perceived advantage of
microbes, such as Escherichia coli and Saccharomyces cerevisiae, as production
organisms for fermentation, because they are well-studied model systems; additionally,
a mature infrastructure exists for the fermentation of these microbes at large scales.
One of the first success stories in this field was heterologous expression in yeast
(Ro et al. 2006) and E. coli (Dietrich et al. 2009) of enzymes to synthesize precursors
to artemesinin, an anti-malarial agent from the plant Artemisia annua. Under a tri-
partite partnership of Amyris Biotechnologies, the Institute for OneWorld Health
and the pharmaceutical company Sanofi-Aventis, the fermentation for artemesinin
is currently moving into the commercial phase and is expected to begin production
in 2012 (Hale et al. 2007; Solomon 2011). Efforts to transfer metabolic pathways
for isoflavones (Leonard et al. 2008), taxanes (Ajikumar et al. 2010), and alkaloids
(Nakagawa et al. 2011) are currently underway. However, major hurdles to microbial
biosynthesis still exist, including incomplete NP biosynthesis pathway knowledge



200 L.M. Leone and S.C. Roberts

and access to cloned genes, as well as the difficulty in expressing plant enzymes in
microbial systems.

Despite much research, knowledge of the biosynthetic pathways of many impor-
tant plant NPs remain incomplete in planta. For example, in the paclitaxel pathway
there are thought to be approximately 19 steps, of which several remain completely
unknown, and among the known steps, enzyme identification is incomplete (Croteau
et al. 2006). The formation of the oxetane ring in particular is essential to the clini-
cal function of paclitaxel (Kingston 1994), but enzyme candidates for this reaction
have not yet been found. A special difficulty in identifying biosynthesis genes is that
genes in the same biosynthetic pathway are not clustered in plants as is common in
microbial systems, making identification difficult unless the entire plant genome is
sequenced (Schifer and Wink 2009). Next-generation sequencing techniques are
starting to alleviate this challenge, but in the present and immediate future, lack of
plant genetic knowledge and tools has been a major bottleneck in the transfer of
plant pathways to microbes.

Another challenge that must be addressed on a case by case basis for microbial
transfer is enzyme engineering. Adapting enzymes for optimal function in a
non-native host can be difficult, particularly for plant cytochrome P450s (CYP450s).
CYP450s and their associated reductase partners are heme-thiolate enzymes consti-
tuting one of the largest super families of proteins, and are found in both prokary-
otes and eukaryotes. In eukaryotes, CYP450s are membrane bound, while in
prokaryotes they are soluble (Werck-reichhart and Feyereisen 2000). CYP450s are
responsible for many of the unusual oxidative reactions seen in the biosynthesis of
plant SMs, making them essential for heterologous expression of many plant NPs.
Numerous challenges exist in the expression of plant CYP450s, including: improper
folding, lack of an appropriate membrane binding site in prokaryotes, and difficulties
in maintaining adequate NADPH pools for reductase activity. These difficulties can
be overcome on a case by case basis via protein engineering and related strategies,
and multiple functioning plant CYP450s have been successfully expressed in E. coli
(Chemler and Koffas 2008).

8.4.4 Plant Cell Culture

Heterologous production of plant NPs in microbes will continue to develop for the
foreseeable future, but it is important to situate these breakthroughs in the context
of current pharmaceutical supply. Microbial fermentation has been touted as a cost-
effective route for large-scale production of high value plant NPs, but as mentioned
above, it is not possible for certain NPs, particularly for those with undefined bio-
synthetic routes. PCC is an attractive option for immediate production of plant NPs
when heterologous production is infeasible.

Environmentally friendly PCC has been used industrially for plant NP supply
since 1984, when Mitsui Petrochemical Industries, Ltd. began using a cell suspen-
sion of Lithospermum erythrorhizon to produce the pigment shikonin on a 750-L
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bioreactor scale (Georgiev et al. 2009). Today, PCC is utilized commercially to
produce a wide variety of pharmaceuticals, pigments, and food additives at scales
up to 75,000-L, as in the case of Phyton Biotech, Inc.’s paclitaxel process.

Plant SMs, which form the majority of plant NPs, are often under strict and
specific metabolic control; for example, some plant NPs are synthesized in response
to exogenously applied elicitors such as methyl jasmonate, salicylic acid or nitric
oxide, which are known to be key signaling molecules in the plant defense response
(Zhao et al. 2005). Some plant NPs require specialized cell types to synthesize the
desired NP; for example, the biosynthesis of vindoline, one intermediate in the vin-
blastine pathway (Fig. 8.2) appears to require three different mature cell types and
multiple intracellular compartments (Kutchan 2005). Overcoming limitations imposed
by metabolic control is a major area of research, with efforts placed towards activating
inherent secondary metabolism via elicitation, as well as metabolic engineering and
expression of transcription factors to rationally control plant metabolism.

8.4.4.1 Plant Cell Suspension Culture

Plant cell suspension culture (PCSC) is a subset of PCC in which cells from an
intact plant or plant embryo are “de-differentiated” using phytohormones and grown
in liquid media. Plant cells are totipotent, in that given correct signals they can dif-
ferentiate and develop into any plant cell type or organ; this also gives them the
ability to be maintained in a de-differentiated state. Given their constant growth,
PCSCs must be subcultured into fresh media every 1-4 weeks depending on their
specific growth rate. Importantly, cryopreservation techniques have been developed
for a number of medicinally relevant plant species to preserve vitality without
repeated subculture (Mustafa et al. 2011). However, recovery of PCSCs from cryo-
preserved cultures is a time-consuming process and does not always result in a
predictable performance (Harding 2004). As a result of incomplete separation after
cell division, plant cells in suspension grow as aggregates ranging in size from a few
cells (100 pm diameter) to thousands of cells (2 mm diameter) (Kolewe et al. 2008).
In addition, plant cells are more sensitive to shear than microbial cells, owing to their
large, water-filled vacuoles. A number of novel impeller configurations and bioreac-
tor types have been developed to meet the unique needs of PCSCs—most notably
the recent invention of disposable, gas-permeable-bag wave-type bioreactors—
although many plant cell types have been grown successfully in commonly available
stirred tank bioreactors at culture volumes up to 70 m* (Eibl and Eibl 2007).

A major area of research in PCSC is the variability in metabolite accumulation
of de-differentiated plant cells that have been subcultured repeatedly over a period
of years. It is known that the callus culture method by which de-differentiated
PCSCs are formed generally creates a heterogeneous population of cell types in
suspension (Senger et al. 2006). The de-differentiated state itself sometimes leads
to genomic instability over repeated subculture (Baebler et al. 2005). Additionally,
the aggregated nature of plant cells in suspension may cause epigenetic changes,
affecting product accumulation through unknown mechanisms (Patil et al. 2011).
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The relationship between aggregate size and NP accumulation has been studied in
a number of different plant systems, but results are varied, in part due to inconsis-
tent experimental methodologies. In a recent study using a more accurate whole-
culture measure of metabolite synthesis, paclitaxel accumulation in de-differentiated
PCSC increased as aggregate sized decreased, suggesting aggregation as a process
parameter that should be optimized (Kolewe et al. 2011).

A recent development in PCSC is the suspension culture of cambial meristematic
cells (CMCs). In planta, cells in the cambial meristem layer of tissue can grow
indefinitely and become any cell type. Because of this feature they have been likened
to plant stem cells and defined as “un-differentiated” in contrast to the “de-differen-
tiated” cells discussed previously. Suspension cultures of 7axus CMCs were made
by creating callus culture from isolated 7axus cambial meristem tissue. The CMC
cultures grew faster, formed smaller aggregates and displayed greater genetic stability
than de-differentiated cultures (Lee et al. 2010).

8.4.4.2 Hairy Root Culture

CMCs are an attractive new option for PCCs; however, some plant NPs are pro-
duced preferentially in more differentiated cell types and may be produced in small
quantities, or not at all, in truly un-differentiated cells (Roberts and Kolewe 2010).
HRC is another subset of PCC in which root tissue from a plant of interest is geneti-
cally transformed by the soil bacterium Agrobacterium rhizogenes, leading to
branched “hairy roots” that can grow indefinitely without exogenously supplied
phytohormones needed for PCSCs. Because HRCs are differentiated tissue, they
frequently have the ability to produce SMs that de-differentiated PCSCs cannot, and
in some cases can even produce plant NPs that are not normally found in roots of
intact plants. For instance, HRCs of A. annua accumulated artemisinin, whereas in
whole plants artemisinin is produced only in the aerial sections (Kim et al. 2002).
HRC:s also appear to be more genetically stable than de-differentiated cultures and
do not lose biosynthetic potential upon repeated subculture (Georgiev et al. 2010).
Despite their proven biosynthetic capabilities, HRCs have not yet been used
commercially for production of any plant NPs, mostly due to the lack of proven,
large-scale bioreactors. The branched and corporeal nature of HRCs make them
difficult to culture in stirred tank bioreactors, and nutrient transport limitations
result in slow growth and low productivity. Novel bioreactor designs may improve
HRC, and among the most promising are mist bioreactors. This novel bioreactor
type sprays exposed roots with a nutrient solution and it has been shown to increase
growth and metabolite productivity at high root densities (Weathers et al. 2008).

8.4.4.3 Yield Enhancement Strategies

Apart from variability in product accumulation, another major area of research in
PCC is enhancement of biosynthetic capabilities. This goal is realized through a num-
ber of strategies, including chemical elicitation of secondary metabolism, selection of
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elite cell lines, and metabolic engineering. While plant NPs are generally produced in
extremely small quantities under normal conditions, in some cases SMs may consti-
tute 20-60% of a plant’s dry weight (Verpoorte et al. 1999). Activation of secondary
metabolism using elicitors such as methyl jasmonate has been shown to significantly
increase production of plant NPs, almost 50-fold in the case of paclitaxel in Taxus
baccata PCSC (Yukimune et al. 1996). Elicitation pathways are highly conserved in
plants, and elicitors such as methyl jasmonate have been shown to activate secondary
metabolism in a wide variety of plants through similar pathways (van der Fits and
Memelink 2000; Gundlach et al. 1992).

A useful technique in cell culture to improve yields is to select individual cells that
have high biosynthetic productivity and culture them as “elite” cell lines. This tech-
nique is generally difficult to accomplish with plant cell lines, as cultures are com-
posed of genetically heterogeneous aggregates that may respond differently to
selection pressures. Furthermore, due to the unstable nature of de-differentiated cells,
elite cell lines may lose their increased capacity over time. A successful example of
using selection pressure to create stable, elite cell lines is establishment of Lavendula
vera cultures producing high amounts of the phenolic plant NP rosmarinic acid.
Selection was accomplished by feeding toxic amino acid analogs in the media with
the expectation that only cells expressing high amounts of an enzyme common to both
amino acid and rosmarinic acid biosynthesis would be able to detoxify the amino acid
analogs and remain viable (Georgiev et al. 2006). This approach was effective in
creating genetically stable, high-producing cell lines, but is limited to cases in which
an effective screening procedure exists. Additionally, the heterogeneous and aggre-
gated nature of PCSCs may dilute the effect of small numbers of high-producing cells
because they are not separated from large numbers of low-producing cells. In cases
where it is possible to disassociate individual cells from aggregates, labeling of the
plant NP of interest and flow cytometric cell sorting is a more robust method for
isolating and re-culturing elite cell lines (Naill and Roberts 2005a, b).

Manipulation of biosynthetic pathways at a genetic level offers significant poten-
tial for increasing yields of plant NPs in PCC. Recent technological developments,
such as 454 pyrosequencing, have lowered the barriers to identifying genes in
biosynthetic pathways, and deliver the promise of making “non-model” organisms
amenable to metabolic analysis (Briutigam and Gowik 2010). Once biosynthetic
pathway genes are known, Agrobacterium tumefaciens transformation can be used
to stably introduce or silence genes in plants, although some types of plants such as
trees and crop plants can be recalcitrant to Agrobacterium transformation.
Engineering of Agrobacterium strains for increased virulence as well as manipula-
tion of plant culture conditions have resulted in a wider applicability of this tech-
nique (Gelvin 2003). Transcription factors are also targets of metabolic engineering
efforts. For example, simultaneous up-regulation of the gene G/0H and the ORCA3
transcription factor in HRCs of C. roseus resulted in a 6.5-fold increase in catharanthine,
a precursor of vinblastine (Ni et al. 2011). In many cases, however, transcription
factor engineering is not effective at increasing production of the desired NP, and
new models of plant metabolism may better our understanding of how to manipu-
late metabolism on a systems level (Stitt et al. 2010).
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8.5 The Paclitaxel Story

Paclitaxel is one of the most successful drugs in the history of chemotherapeutics,
with annual reported sales in 2000 exceeding 1.5 billion USD (Expdsito et al. 2009);
however, the early history of paclitaxel was fraught with complications, and at many
points it was almost discarded as a drug lead. The story of paclitaxel (summarized
in Table 8.2) began in 1962, when a sample of bark from the Pacific yew, Taxus
brevifolia, was collected by United States Department of Agriculture (USDA)
workers. An extract tested positive for activity in the KB cytotoxicity assay.
Following the positive result, Dr. Monroe Wall fractionated the sample and isolated
the cytotoxic agent, paclitaxel, in 1971. Paclitaxel had favorable but unremarkable
cytotoxic activity against common cell-based cytotoxicity screens; however, inter-
est in paclitaxel was ignited in 1979, when Dr. Susan Horwitz showed that pacli-
taxel had a unique mechanism of action against tumor cells. Whereas previous
spindle poisons (e.g., the vinca alkaloids vinblastine and vincristine) act by rapidly
depolymerizing microtubules and preventing spindle formation in mitosis, pacli-
taxel instead stabilizes the tubulin polymers, preventing the cell from properly
assembling its spindle and continuing through mitosis.

Paclitaxel was a poor drug lead due to low aqueous solubility, structural complex-
ity precluding easy chemical synthesis, and the lack of a large and renewable supply
of the compound. However, interest from the research community, due to its novel
mode of action, helped to move it past major difficulties during its initial develop-
ment, including several deaths in Phase I clinical trials due to allergic reactions with
Cremophor, an emulsifying agent in its formulation. Although at many points in

Table 8.2 Timeline of paclitaxel discovery, efficacy, supply, and process development milestones
Year Event

1962 T brevifolia bark sample collected by USDA/NCI collaboration

1971 Paclitaxel isolated and identified by Dr. Monroe Wall

1979 Paclitaxel’s unique mechanism of action identified by Dr. Susan Horwitz

1984 Paclitaxel enters clinical trials against ovarian cancer

1988 Semi-synthetic route to paclitaxel published

1990 Phyton Biotech, Inc. founded

1991 NCI enters into CRADA with Bristol-Myers Squibb (BMS)

1991 First patent for PCC production of paclitaxel is issued

1992 FDA approves paclitaxel for treatment of ovarian cancer

1992 Pacific Yew Act is signed into law by George Bush

1993 Phyton Biotech acquires Phyton GmbH and their 75,000 L cGMP PCC facility
1994 FDA approves semi-synthetic route to paclitaxel

1994 Total syntheses of paclitaxel published independently by two different groups
1995 Phyton Biotech licenses its PCC process to BMS for paclitaxel production
1995 Samyang Genex begins work on PCC process to produce paclitaxel, under the name Genexol®
1997 Paclitaxel produced by PCC is approved in Korea

2004 FDA approves PCC route to paclitaxel

2007 Phyton Biotech patents elicitation strategies to increase titers to 900 mg/L
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paclitaxel’s history the chances of it emerging as a successful chemotherapeutic
appeared slim, clinical trials continued after the formulation was reworked, and
extremely promising Phase II results were obtained against refractory ovarian can-
cer (Cragg et al. 1993).

Even as paclitaxel enjoyed success in the clinic, there was still a major hurdle to
its development as a large-scale chemotherapeutic. While early research and initial
clinical trials had relied on collection and extraction of bark from wild-growing
T. brevifolia, the collection and extraction processes were environmentally damag-
ing. T. brevifolia’s properties as a SM producer were a perfect storm of unfortunate
specifications: the tree was slow growing, paclitaxel accumulated only in the bark,
and yields were very low. In contrast to harvest of the vinca alkaloids from fast-
growing C. roseus, natural harvest of paclitaxel was unsustainable —16,000 1b of
bark from approximately 2,000 yew trees were required to produce 1 kg of pacli-
taxel (Cragg and Snader 1991). In the early 1990s the paclitaxel supply problem
was finally recognized as a crisis. In 1991 the National Cancer Institute (NCI)
entered into a Cooperative Research and Development Agreement (CRADA) with
BMS to heavily fund research into alternate supply routes. Meanwhile, the destruc-
tion of trees became a high profile environmental issue and in 1992 federal legisla-
tion (The Pacific Yew Act) was passed to manage the survival of the 7. brevifolia.
Concurrently in 1992, paclitaxel was approved by the FDA to treat ovarian cancer
and demand for the drug sharply accelerated. By 1993 NCI was supporting 35 grants
on paclitaxel research, with funding of $4.6 million, in addition to BMS’s indepen-
dent research (Cragg et al. 1993).

The most immediate relief for the supply issues was a semi-synthetic method
that was first developed in 1986 and later re-worked to be more efficient (Denis
etal. 1988). 10-deacetylbaccatin III was extracted from the needles of various Taxus
species and converted to paclitaxel via chemical methods. Needle harvest was more
environmentally friendly than bark harvest, leaving the tree viable and intact, and in
1994 the semi-synthetic method was approved by the FDA to supply paclitaxel, now
trademarked Taxol®. However, the semi-synthesis method was expensive and envi-
ronmentally unfriendly due to a number of harsh chemical solvents used. Research
into production alternatives continued to be a hot topic during the 1990s, and in
1994 a total synthesis of paclitaxel was first reported (Holton et al. 1994; Nicolau
et al. 1994). Paclitaxel is a complex molecule containing over 11 chiral centers and
a unique oxetane ring chemistry, and total organic syntheses have still not resulted
in any cost-effective or industrially viable processes.

PCC was first funded by the NCI as a supply route for plant-derived anti-cancer
agents as early as 1977, but the contracts were terminated prematurely in 1980 due
to lack of interest at the time (Cragg et al. 1993). A number of PCC projects were
funded by the NCI in response to the paclitaxel crisis, and the first patent for PCSC
of T. brevifolia for paclitaxel production was issued in 1991, with reported yields of
1-3 mg/L (Christen et al. 1991). Phyton Biotech, Inc. was formed in 1990 near
Cornell University (Ithaca, NY) in response to a renewed interest in PCC technolo-
gies to supply paclitaxel. The company grew quickly and in 1993 acquired Phyton
GmbH and a 75,000 L cGMP PCC facility in Heidelberg, DE. Phyton Biotech
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licensed their PCC process to BMS in 1995, and continued to improve the paclitaxel
process, recently filing a patent for strategies to increase broth titers to 900 mg/L
(Bringi et al. 2007). FDA approved the PCC route for paclitaxel supply in 2004 and
the current worldwide supply of paclitaxel is provided mainly by Phyton Biotech,
which is now a subsidiary of DFB Pharmaceuticals, Inc. Samyang Genex, a Korean
company, also produces paclitaxel for the international market using a PCC process
(marketed as Genexol®), which they began implementing in 1995 and approved for
distribution in Korea in 1997. Recent research in Taxus PCC focuses on improving
paclitaxel yield and minimizing production variability by better understanding
paclitaxel biosynthesis and regulation on a genetic level, as well as the influence of
key process variables such as aggregation (Wilson and Roberts 2011).

8.6 Cyclopamine: A Case Study in the Future of Plant-Derived
Anti-cancer NPs

The Hedgehog pathway (Hh) has recently become an important target in anti-cancer
drug discovery. Disruption of the Hh pathway is thought to be a major regulator of
tumor initiation and growth in cancers such as basal-cell carcinoma and medullo-
blastoma, as well as a possible factor in metastasis and recurrence of solid tumors
(Rubin and de Sauvage 2006).

Cyclopamine, a plant NP from Veratrum californicum (corn lily), was found to
be a potent inhibitor of the Hh pathway by binding directly to the protein
Smoothened (Smo) (Chen et al. 2002), and has become an important pharmaco-
logical tool in developmental biology and cancer research as well as the precursor
to promising anti-tumor pharmaceuticals. Cyclopamine was discovered in the
1950s, when sheep ranchers in Idaho found that ewes that had grazed on
V. californicum bore lambs with severe birth defects, such as a single eyeball in
the middle of the forehead; the responsible compound was subsequently isolated
from V. californicum and named cyclopamine as an homage to its signature birth
defect (Heretsch et al. 2010). Cyclopamine remained a little-known plant NP until
1998, when its activity against the Hh pathway was discovered (Cooper et al.
1998). Cyclopamine began to be used in the research community to test hypotheses
on the role of Hh signaling in developmental biology. Concurrently, the potential
importance of the Hh pathway in cancer therapy began to be realized (Booth 1999).
Cyclopamine itself was considered as a drug lead, but its clinical applications were
limited due to poor solubility, weak activity in vivo and acid lability, precluding
oral delivery (Tremblay et al. 2008).

In 2009, the MA-based company Infinity Pharmaceuticals, Inc. published their
discovery of semi-synthetic derivatives of cyclopamine that improved upon its
pharmacological properties (Tremblay et al. 2009). One of these analogs, IPI-926,
had favorable results in animal models; IPI-926 inhibited tumor growth in mice
with medulloblastoma, delayed post-chemotherapy cancer regrowth in mice with
ovarian cancer and small-cell lung cancer, and prolonged survival of mice with
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pancreatic cancer when used in conjunction with the chemotherapeutic gemcitabine
(Read and Palombella 2012). IP1-926 entered Phase I clinical trials in 2010, and is
currently in Phase I clinical trials for head and neck cancer, BCC and solid tumors,
and Phase Ib/II clinical trials for pancreatic cancer and chondrosarcoma (Read and
Palombella 2012).

As in the case of paclitaxel, if IPI-926 is shown to be effective, large quantities
of the drug will be rapidly needed. IPI-926 utilizes cyclopamine as a chemical pre-
cursor, and current supply of cyclopamine is dependent on wild-growing V. califor-
nicum harvested from the Western U.S. Dried roots of V. californicum contain
approximately 2.34 g of cyclopamine per kg of plant material, and current published
extraction protocols yield 1.3 g cyclopamine per kg of plant material; however,
these protocols utilize significant amounts of benzene for extraction, which will
become an environmental issue at large production scales (Oatis et al. 2008). A total
synthesis route for cyclopamine has also been published, but involves many steps
and results in extremely low yields, making it unsuitable for commercialization
(Giannis et al. 2009).

In 2011, Infinity Pharmaceuticals gathered multiple tons of wild V. californicum
from mountainous regions of the Western U.S., where the weedy plant had once
been targeted for permanent removal due to its harmful effects on grazing livestock
(Havnes 2011). Infinity Pharmaceuticals is currently working on controlled cultiva-
tion strategies for the plant, and is simultaneously looking into the use of PCC as a
renewable supply option. As cyclopamine began to be recognized as a potential
chemotherapeutic, research was directed into creating V. californicum PCC proto-
cols. In 2006, suspension and HRCs of V. californicum were established and opti-
mized, with the end-goal of metabolically engineering V. californicum to produce
large quantities of cyclopamine in PCC (Ma et al. 2006). The patented plant cell
lines and optimal media formulations were shown to produce small quantities of
cyclopamine, especially when cultures were exposed to light (Ritala et al. 2007).

IPI-926 is not the only Hh targeting drug in development pipelines, as there are
also synthetic molecules in clinical trials, such as Genentech’s GDC-0449 and
Novartis’s NVP LDE225, both Smo inhibitors discovered in high-throughput
screening programs (Mas and Ruiz i Altaba 2010). GDC-0449 was successful in
Phase II clinical trials against advanced basal-cell carcinoma and is being reviewed
for approval by the FDA at the time of this review, but GDC-0449 failed in its most
recent trials treating colorectal and ovarian cancers in combination with gemcit-
abine (Read and Palombella 2012).

8.7 Conclusions

Plant NPs are still very relevant to drug discovery in the modern age, as is seen in the
case of cyclopamine and its derivatives. However, despite the vast biosynthetic capa-
bilities of plants and their NPs, their usefulness as pharmaceuticals is only as good
as our ability to foster and identify biodiversity as it pertains to clinical relevance.



208 L.M. Leone and S.C. Roberts

If a bark sample from 7. brevifolia had never been collected, paclitaxel might never
have been discovered, and if V. californicum had been eradicated from the mountains
of the Western U.S. as was desired 50 years ago, IPI-926 would never have been
developed as a potent anti-cancer agent. The usefulness of technologies such as PCC
in quickly providing stable, environmentally friendly sources of important anti-can-
cer drugs should not be overlooked by the pharmaceutical industry. In addition to
creating access to naturally occurring plant NPs, PCC is also becoming a force in
library synthesis and drug lead discovery through the use of combinatorial biosyn-
thesis, the products of which will need to be produced in PCC by necessity.

While chemical syntheses and microbial expression of plant NPs may lead to
cheaper manufacturing processes, PCC both creates and maintains diversity in drug
development and manufacturing. Cancer research is constantly uncovering new
pathways and targets of interest, and, as in the case of cyclopamine, the diverse pool
of plant NPs can provide initial structures as drug leads far before syntheses and
high-throughput screening has engineered a suitable drug lead. PCC can be used to
readily scale-up supply to meet present clinical needs. The benefits of PCC also
extend to large-scale commercialization, as in the case of paclitaxel, and infrastruc-
ture and technological expertise now exist for scale-up of PCC processes. Further
developments in plant biology, as well as next-generation sequencing technologies
are bringing about major breakthroughs in our understanding of plant NP biosyn-
thesis and metabolic control, which will translate to increased productivity at the
large scale. PCC has matured greatly as a field since the 1990s, and will continue to
provide access to life-saving pharmaceuticals in the twenty-first century.
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Chapter 9
Natural Products as Tools for Discovering
New Cancer Targets

John A. Beutler

Abstract In addition to being a major source of novel cancer drugs, natural products
have provided important insights into cancer mechanisms and cellular targets. There
are many natural products which have been reported to have empirical activity in
inhibiting cancer cell proliferation, carcinogenesis, angiogenesis, and metastasis.
By developing an understanding of the mechanisms by which these empirically
active compounds exert their effects, novel targets for cancer therapy may be
identified. This review describes prominent classes of anticancer natural products
for which mechanisms are not currently known, discusses experimental approaches
to elucidating the targets, and offers some recent examples of targets that have been
elucidated.

9.1 Introduction

9.1.1 Cancer

Since cancer encompasses a multitude of diseases by any measure (histologic,
genetic, organ of origin), rational treatment demands a correspondingly large
number of therapeutic approaches, each tuned to the specific nature of the cancer.
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The current approach to this problem entails such undertakings as (1) The Cancer
Genome Atlas (TCGA) project (Vockley and Ozenberger 2012), which aims to
genetically analyze hundreds of samples from different tumor types with a goal of
identifying potential therapeutic and diagnostic targets; (2) high throughput bio-
chemical screening of validated molecular cancer targets against very large libraries
(>1,000,000) of synthetic compounds; and (3) personalized medicine, which
attempts to match a patient’s tumor with therapy customized to its biology.

While these are worthy approaches, an enormous amount of work is required to
translate identified genes, screening hits, and specific clinical information into use-
ful therapies. A complementary approach would be to investigate compounds which
have demonstrated empirical biological activity in assays relevant to cancer pro-
cesses, to determine how their effects are mediated. Examples of empirical activity
include inhibition of cell growth, angiogenesis, or metastasis, as well as induction
of cell death. These cellular endpoints are cell fate processes which integrate a vast
system of subcellular constituents, including molecular targets and signaling path-
ways. Because the cell represents the fundamental unit of biological organization, it
is arguable that these cell fate endpoints are more relevant to targeting a disease of
disregulated cells than targeting molecules in isolation.

Natural products are an attractive starting point for such an endeavor, since
they have been shaped by evolutionary processes either to antagonize biological
processes of competitor organisms or to communicate between organisms
(Beutler 2009; Li and Vederas 2009). The constraints placed on their evolution
favor the selection of molecules that can diffuse in aqueous environments of the
cellular milieu, and cross cell membranes. In addition, natural products have
been a major source for anticancer drug development in the past (Butler 2008;
Newman and Cragg 2007). They have contributed to the elucidation of cellular
targets for many types of processes (Dixon et al. 2007) including cancer (Newman
and Cragg 2006).

9.1.2 Defining Terms

At the outset, it may be useful to distinguish four terms that are widely used but
poorly defined. These are molecular target, mechanism of action, mode of action,
and pathway. The most specific term is molecular target, which can be defined as
a biological macromolecule to which a drug binds and through which it exerts its
desired effects. This includes proteins, especially enzymes, but can also include
carbohydrates and nucleic acids. Thus, topoisomerase I, a protein with enzymatic
activity, is said to be the molecular target of camptothecin (Hsiang et al. 1985).
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Camptothecin

More precisely, camptothecin covalently binds DNA as part of a ternary “cleavable
complex” consisting of topoisomerase I, DNA, and camptothecin (Kerrigan and
Pilch 2001; Redinbo et al. 1998). Using the same example, the mechanism of action
of camptothecin can be described as inhibition of topoisomerase I enzymatic activ-
ity (Hsiang et al. 1985). The mode of action is induction of DNA single strand
breaks and inhibition of DNA synthesis (Hsiang et al. 1985). The affected pathway
is DNA repair. Thus, camptothecin affects a molecular target within the DNA repair
pathway, inducing phenomena which have a substantial biological effect, namely
inhibition of tumor growth.

9.1.3 Validation of Targets

Many compounds can be shown by biophysical methods such as calorimetry, sur-
face plasmon resonance, or fluorescence anisotropy to bind to purified proteins or
other macromolecules. Such methods have been used in reductionist screening
models to identify hits for drug targets. However, starting with reductionist models
carries the downstream burden of showing that the binding event causes a measur-
able biochemical event in the target (e.g., enzyme inhibition), then showing that the
biochemical event also occurs in a cellular context, before testing for a biological
response in an animal model. If large numbers of hits are generated in the primary
screen, this can place large demands on resources for the secondary assays neces-
sary to complete these steps.

In a targeted screening program, the proposed molecular target must be validated
to justify the expenditure of resources required to find compounds which affect the
target. What this means is that modulation of the target must be shown to have the
desired biological effect in a higher-order model, preferably an animal model.
Knockout mouse models are one avenue to demonstrating the functional importance
of inhibition of a target, although if a simple germ line knockout is lethal, conditional
knockouts may be required to properly understand the importance of a cancer target,
especially if the target is also involved in early development (Vidalin et al. 2009).
Knockout models are also prone to adaptation of other pathways to make up for
germline deletions, which complicates interpretation of the results. In cells, siRNA
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can be a useful tool for evaluating the importance of a particular gene product as long
as the function of the gene is understood. Thus, inhibition of cancer cell growth
caused by a specific sSiRNA may be considered valuable, especially if treated cells
lose the ability to form tumors in xenografts (Vidalin et al. 2009). The best validation
of a molecular target is to discover a proof-of-principle compound that is shown to
directly interact with the target, and has the desired effect in humans or animals, even
if the compound is not suitable for development as a marketed drug (Frye 2010).

With elucidation of the target of a compound identified in an empirical screen,
the same validation criteria apply, although in this case the investigator does not
choose the target, it is determined by experimentation, and validation is performed
after the fact.

9.1.4 Is There a Demarcation Between Targeted
and Empirical Screens?

A cell-free binding assay screening model and a simple cancer cell growth assay can
be considered to be at opposite poles of a continuum between targeted and empirical
screening; there are currently many screening models which mix aspects of both
poles. For example, the Vogelstein group constructed a screen using an isogenic pair
of cell lines, one harboring a mutant p21 gene, and the other with wild type p21. The
endpoint of the assay was preferential inhibition of cell growth in the mutant cell
line (Torrance et al. 2001). Our group has conducted a similar screen using a par-
ticular c-kit mutation (Henrich et al. 2007). While identical in endpoint to an empiri-
cal screen, a particular molecular target is interrogated. Hits from these screens
must be carefully evaluated to determine the mechanism by which they modulate
the target, if they do, and to remove hits which are a result of experimental artifacts
such as compound autofluorescence or generic protein synthesis inhibition. Thus,
there are very few screens which are purely empirical or purely targeted.

9.2 Intriguing Classes of Natural Products Active in Empirical
Cancer Assays with Poorly Defined Targets

The following examples are not exhaustive, but are intended to give a sampling of
empirically active anticancer natural products in which the molecular target respon-
sible for the activity has not been convincingly determined. In some cases targets
have been proposed, while in others there is no mechanistic information. All appear
to be worthy of further study.
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9.2.1 Aplyronine A

Aplyronine A

Aplyronine A is a macrolide isolated from the sea hare Aplysia kurodai, a Japanese
marine invertebrate (Yamada et al. 1993). Its potent cancer cell growth inhibition
stimulated research into its mechanism, and depolymerization of actin was proposed
(Saito et al. 1996). A number of analogs were prepared which also depolymerized
actin (Kigoshi et al. 1996; Suenaga et al. 1997), however the cytotoxicity and actin
depolymerization activity were not highly correlated. In fact, in vitro actin polymer-
ization activity for aplyronine A itself has been found to be in the micromolar range,
while cell growth inhibition has been found to be in the low nanomolar range. Thus,
there would seem to be another mechanism responsible for the observed cell growth
inhibition. Supporting this, many other known actin inhibitors have similar profiles
in the NCI 60-cell screen (Wrona et al. 2009) but aplyronine does not cluster with
them. Further investigation to attempt to separate actin depolymerization activity
from cell growth inhibition in this series would appear to be warranted.

9.2.2 Schweinfurthins

Schweinfurthin A
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The schweinfurthins are a group of prenylstilbene plant products which show potent
and selective cell growth inhibition against CNS, renal, and leukemia cell lines in
the NCI 60-cell screen (Beutler et al. 1998; Yoder et al. 2006). The profile of activity
is similar to that for the cephalostatins (Pettit et al. 1988), OSW-1 (Mimaki et al.
1997) and stellettins (McCormick et al. 1996), implying a common mode of action,
however, none of these compounds have established mechanisms (Guo et al. 1999).
The Wiemer group has been successful in synthesizing a substantial number of ana-
logs of schweinfurthins with good activity (Ulrich et al. 2010). Investigations of the
mechanism of action are ongoing, with initial work implicating the NF1 pathway in
CNS cells, however, a direct molecular target has not yet been identified (Turbyville
et al. 2010). Fluorescent analogs with bioactivity have been reported and may also
prove useful in understanding the target of schweinfurthins (Kuder et al. 2009).

9.2.3 Ellipticines
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Ellipticines were identified as CNS cancer-selective agents in the NCI 60-cell
screen, and cellular uptake mechanisms were found to be critical for their activity
(Acton et al. 1994; Shi et al. 1998; Vistica et al. 1994, 1996). More recently, ellipi-
ticine itself has been shown to increase the nuclear localization of p53 in colon
cancer cells, with a resultant increase in transactivation of the p21 promoter (Xu
et al. 2008). Further studies to explore the generality of these results in CNS cancer
cells appear to be warranted.

Ellipticine

9.2.4 Diketopiperazines
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Gliotoxin

Diketopiperazines are fungal and lichen metabolites formed by the cyclization of
two amino acids. Most interesting are those diketopiperazines wherein an additional
disulfide bridge is added, known as epidithiodiketopiperazines. Chaetomin and
gliotoxin were the earliest reported members of this class (Bell et al. 1958; McInnes
et al. 1976; Waksman and Bugie 1944; Xu et al. 2008), and many of its members
have been reported to potently inhibit cell growth (Ernst-Russell et al. 1999; Onodera
et al. 2004; Williams et al. 1998). Many mechanisms of action for these compounds
have been proposed, including topoisomerase I inhibition (Funabashi et al. 1994),
epidermal growth factor receptor antagonism (Hegde et al. 1997), inhibition of
mitochondrial ATP synthesis (Moerman et al. 2003), and stimulation of calcium
influx (Hurne et al. 2002). More recently, the HIF-1 pathway has been implicated,
with chaetomin blocking the interaction between HIF-1a and p300 via a zinc ejec-
tion mechanism (Cook et al. 2009; Kung et al. 2004). Whether these diverse effects
are relevant to inhibition of cancer cell growth remains to be sorted out.

9.2.5 Quassinoids

Bruceantin

Quassinoids are nontriterpene plant bitter principles which were discovered to have
empirical activity in leukemias and other cancers (Kupchan et al. 1973). The quassi-
noid bruceantin advanced as far as phase II clinical trials (Wiseman et al. 1982). The
mechanism of action has long been considered to be inhibition of protein synthesis
(Fukamiya et al. 2005), however, our group identified several quassinoids as inhibi-
tors of the transcription factor AP-1, and found poor correlation between AP-1
activity and cell growth inhibition (Beutler et al. 2009), while others have detected
several other potential mechanisms (Cuendet et al. 2004; Morre et al. 1998; Rosati
et al. 2004). Thus, there may be an opportunity to develop agents in this class which
do not depend on protein synthesis inhibition for their activity.
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9.2.6 Cucurmin

HO OH Curcumin
Curcumin is a phenolic pigment isolated from the spice turmeric, which is widely
used in Asian cuisine. Several studies have shown an empirical cancer chemopre-
ventative effect in animal models of carcinogenesis, as well as angiogenesis
(Maheshwari et al. 2006). Since it is ingested in large amounts in food, it is note-
worthy that some of these effects have been detected in colorectal tumor models
(Perkins et al. 2002). The molecular basis for these activities is unclear; many path-
ways and targets have been found to be affected by curcumin, including AP-1,
NF«B, TNF-a., and IL-13 (Maheshwari et al. 2006). Nonetheless, the strong empiri-
cal data supports continued efforts to uncover a molecular explanation.

9.3 Two Cautionary Tales

Not all empirically active compounds investigated necessarily lead to a clear-cut
target, and not all clear-cut targets of empirically discovered compounds are valid
targets for cancer therapy. Two examples illustrate these points.

9.3.1 Resveratrol

OH

ge
O OH

HO Resveratrol

Resveratrol is a simple stilbene found in a wide variety of plants, including such
foods as grapes, peanuts, and mulberries. It was identified as having cancer chemo-
preventative activity, interfering with tumor initiation, progression, as well as
inflammation (Jang et al. 1997). Since the seminal paper, dietary supplement mak-
ers have reaped great benefits from these findings. The scientific literature has also
been active, with over 1,000 papers concerning resveratrol and cancer entering the
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literature. Literally dozens of mechanistic hypotheses have been posed, but none
has been widely accepted (Goswami and Das 2009). Given its small molecular size
and apparent affinity for many potential targets, it is likely that in vitro assays will
not provide a meaningful answer to mechanistic questions about the compound.
However, abundant in vivo data supports its use and importance in chemoprevention
(Goswami and Das 2009).

9.3.2 Cardiac Glycosides

OH

-0 Neriifolin, a cardiac glycoside

Originally isolated from the plant Digitalis purpurea as cardiovascular agents,
cardiac glycosides from a wide variety of plant sources have also been found to
inhibit growth of cancer cell lines (Decosterd et al. 1994; Jolad et al. 1981). Mice
and rats are much less sensitive to the toxicity of these compounds than humans
(Gupta et al. 1986); when cardiac glycosides are tested in xenografts of human cell
lines in mice, there is a substantial therapeutic window. However, actual therapy of
cancer requires treatment of human tumors in human hosts, where no such window
exists. Thus, reliance on xenografts can lead to poor estimates of the potential of
cardiac glycosides in cancer therapy. As far as can be ascertained, the potency of
various cardiac glycosides to inhibit cell growth entirely parallels their ability to
inhibit Na/K ATPase, and no other convincing mechanism has been proposed to
account for their cell growth inhibition. Nonetheless, enthusiasm for the compound
class as anticancer agents still reappears regularly (Mijatovic et al. 2007).

9.4 Experimental Approaches to Target Identification

No single method can be relied on to give an accurate indication of the molecular
target or pathway affected by a small molecule. In most cases a judicious combina-
tion of techniques is required to make the case for a target.
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9.4.1 Microscopy and Fluorescent Tags

The localization of compounds within cells can provide clues to site of action and
mechanism. By adding a fluorescent moiety to the compound to be studied, its
movement through the cell can be monitored by microscopy. A generic strategy has
been proposed for fluorescent labeling of bioactive natural products by La Clair in
which modular fluorophore chemistries are proposed with several points of attach-
ment to the natural product (Alexander et al. 2006), since care must be taken in
using fluorescently labeled small molecules to see that the bioactivity is not impaired
by the tag. Red-shifted fluorescent tags are preferred to shorter wavelengths to avoid
interference from cellular constituents.

9.4.2 Affinity Methods

Various methods have been developed to utilize the affinity of a compound for its
target to isolate the target so that it can be identified. Classical methods utilizing
columns have largely been superseded by the use of magnetic beads with suitable
surface chemical modifications (Sakamoto et al. 2009). By covalently attaching a
small molecule to the beads, affinity purification of binding partners can be carried
out from cell lysates. Alternatively, beads coated with streptavidin can be used if the
small molecule is suitably conjugated to a biotin moiety. Both of these approaches
demand a thorough understanding of the structure-activity relationships (SAR) of
the molecule so that linkers can be attached to a noncritical position of the molecule.
Analysis of the bound and eluted partners can be carried out by gel electrophoresis,
although proteomic approaches are more powerful analytical techniques (Sleno and
Emili 2008).

A more challenging technique is the use of photoaffinity tags. This requires pre-
cise knowledge of SAR since the moieties to be attached may lead to undesirable
steric or electronic consequences. The probe is incubated with the cell or cell lysate,
and then irradiated, forming a covalent bond with whatever biomolecule is in close
proximity. The technique is most often used to map precise binding sites of mole-
cules on known targets (Kuroda et al. 2006; Ojima et al. 1995).

9.4.3 Computational Methods

9.4.3.1 COMPARE

The NCI 60-cell screening assay is a completely empirical system, with multiple
human cell lines in nine organ panels. It is a 2-day cell growth assay with a sulfor-
hodamine B protein stain endpoint. The dose response curves for all cell lines are
analyzed for selectivity and presented in a “mean-graph” format (Paull et al. 1989).
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Fig. 9.1 A comparison of the mean bar graphs at the Gl level for NCI 60 cell tests for (a) an
organic solvent extract of Macaranga schweinfurthii Muell.Arg., [N17023], for which the average
GI,; value was 2.3 pg/mL; (b) the purified compound schweinfurthin A from that extract, for
which the mean GI, value was 363 nM; (c) the unrelated natural product cephalostatin 1 for which
the mean GI value was 1.8 nM. Asterisks indicate that cell line data was not available for the test.
Cell line data is not shown where only one sample was tested against that cell line. Replicates were
n=1 for the extract, n=3 for schweinfurthin A, and n=9 for cephalostatin 1. Pearson correlation
coefficients at this level were 0.73 between (a) and (b), and 0.59 between (b) and (c¢)

While the initial intent was to discover compounds selective for all the cell lines in
a particular organ panel, it was soon realized that the patterns of cell line selectivity
were reflective of the mode of action of compounds (Shoemaker 2006). For instance,
all compounds which were known to interact with tubulin possessed a similar pat-
tern at the total growth inhibition (TGI) level of analysis (Paull et al. 1992). Similarly,
protein synthesis inhibitors generated a consistent profile in a recent study (Chan
et al. 2004). More sophisticated clustering analyses soon made global comparisons
possible (Keskin et al. 2000; Monks et al. 1997; Weinstein et al. 1992, 1997). In the
case of natural products extracts, it has been shown that purified active compounds
from the extract almost always posses a profile similar to that of the extract (Fig. 9.1a
vs. b), with rare exceptions (Beutler et al. 2000).

Thus it is possible to map all of the data for crude extracts and pure compounds
together. Where pure compounds with known mode of action occur, extracts within
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that region may be suspected of sharing the same mode, and that hypothesis can be
experimentally tested. Where there is no “signpost,” one is limited to grouping simi-
lar extracts, purifying the active compounds, and stating that the mode of action
appears to be novel.

The resolution of the data is modest; that is to say, fine distinctions of mechanism
do not generally result in a distinct pattern. For example, as mentioned above, all
known tubulin interacting drugs have a similar pattern, whether they operate by
inhibiting tubulin polymerization (e.g., Vinca alkaloids) or stabilizing microtubules
(e.g., taxanes) (Paull et al. 1992). Factors other than molecular target also play a role
in the patterns generated in the screen. Compounds which are substrates for p-gly-
coprotein have a pattern which is reflective of cell lines which posses the drug
exporter (Wu et al. 1992). A further use of NCI 60-cell data relevant to target dis-
covery is the correlation of gene expression patterns measured across the 60 cell
lines (Wosikowski et al. 1997).

9.4.3.2 Connectivity Map

The Golub group published a method using gene expression in LnCAP prostate
cancer cells and focusing on androgen receptor activation. Twenty-seven genes
which responded to androgen stimulation or deprivation were identified as a gene
signature. A bead-based Luminex assay for all 27 genes was then used as a screen-
ing tool to identify samples which suppressed the androgen signature. In addition to
several known drugs, multiple compounds in the celastrol and gedunin classes of
triterpenoid natural products were identified (Hieronymus et al. 2006). Their activ-
ity was traced to inhibition of the HSP90 pathway by reference to Connectivity Map
data, a tool for systematically matching gene expression profiles to those of known
drugs (Lamb et al. 2006; Lamb 2007). Others have identified similar activity for
gedunin analogs (Brandt et al. 2008). The Connectivity Map database initially con-
tained gene expression profiles from 4 human cell lines with 164 bioactive small
molecules, and currently contains more than 7,000 expression profiles representing
1,309 compounds (Lamb 2010).

9.4.4 Proteomic Methods

In the same fashion as with gene expression data, proteomic analysis can be used to
generate hypotheses about the molecular target of natural products. Proteomic anal-
ysis of affinity experiments (vide infra) can be useful as a high throughput readout
of affinity-isolated samples from experiments. In work on the Annonaceous aceto-
genin squamocin, this led to the identification of alternative targets to mitochondrial
complex I for its pro-apoptotic activity (Derbre et al. 2008). Alternatively, analysis
of differential protein expression between treated and control cells has been done.
Choice of drug concentration and timing in gene expression experiments are
critical, and apply to protein expression as well. Thus, a Brazilian group exposed
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Squamocin A

" OH

OH Astragaloside IV

glioblastoma cells to perillyl alcohol for six different treatment times, though at a
single dose (1.8 mM). Early events included stimulation of phosphorylation of gly-
cogen synthesis kinase and inhibition of ERK phosphorylation after 10 min (Fischer
et al. 2010). Similarly, the human liver cancer cell line HepG2 was treated with the
triterpene glycoside astragaloside IV for 3 days without causing cytotoxicity, but
with inhibition of colony forming activity. A number of proteins showed expression
changes, with the Vav3.1 oncogene down-regulated, supporting potential cancer
chemopreventative use of the compound (Qi et al. 2010).

9.4.5 Metabolomic Methods

The measurement of large numbers of cellular metabolites is a more recent approach
to mechanistic investigation than genomics or proteomics. While it holds promise
for understanding the mechanism and mode of action of anticancer compounds,
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most of the published literature in cancer concerns analysis of toxicity rather than
efficacy. For example, a metabolomic study of rats treated with aconitine alkaloids
identified changes in 27 endogenous metabolites, particularly reductions in
glutamine and creatinine (Sun et al. 2009). Metabolomics may be particularly useful
in understanding anticancer compounds which affect glycolytic pathways (Vander
Heiden et al. 2009).

9.4.6 Yeast Genetic Methods

The yeast three hybrid technique involves ligation of the target molecule to another
molecule with a known affinity (e.g., methotrexate) for a protein (i.e., dihydrofolate
reductase). A complementation circuit is completed for gene products which inter-
act with the test molecule, and only the yeast strain containing complemented genes
are able to grow (Abida et al. 2002; Baker et al. 2003). Mammalian versions of the
screen have been developed to more accurately reflect human biology.

The Boone laboratory has utilized a collection of viable yeast haploid deletion
mutants to screen both pure compounds and natural product extracts for hypersen-
sitivity to the test sample (Parsons et al. 2006). This chemical-genetic profiling was
undertaken to explore the mechanism of action of the samples. Clustering tech-
niques were used to group samples with similar modes of action, in much the same
way that NCI 60-cell data is analyzed. Also similarly to the NCI-60 data, extracts
revealed the same patterns as the purified compounds that were isolated from them,
enabling classification of the extracts prior to purification. While yeast genes are not
identical to human genes, the process generated testable hypotheses about modes of
action that could be productively examined in mammalian systems.

9.5 Recent Examples of Cancer Target Identification
for Natural Products

9.5.1 Cucurbitacins

Cucurbitacin B
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Cucurbitacins are a large group of highly oxygenated triterpenes bitter principles
isolated primarily from the plant family Cucurbitaceae (cucumbers). Some cucur-
bitacins were shown many years ago to inhibit cancer cell growth and to have
antitumor effects in mouse models (Gitter et al. 1961), and are often reported as cell
growth inhibitors. Cucurbitacin glycosides generally have much weaker cell growth
inhibition. Cucurbitacins B, D, E, and I have similar patterns of cell growth inhibi-
tion in the NCI 60-cell assay, suggesting that they may possess a common mecha-
nism (Fuller et al. 1994). Many mechanisms have been proposed for this activity of
cucurbitacins, however, the most convincing proposal involves inhibition of the
JAK/STATS3 signaling pathway (Blaskovich et al. 2003; Sun et al. 2005). It should
be noted that the effect is indirect, and that the precise molecular target remains
unidentified (Yue and Turkson 2009).

9.5.2 V-ATPase Inhibitors
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A number of novel macrocyclic compounds have been identified on the basis of
potent cell growth inhibition and later found to inhibit vacuolar ATPase. In our labo-
ratory, the NCI 60-cell patterns for the salicylihalamides (Erickson et al. 1997) and
lobatamides (McKee et al. 1998) were found to correlate to bafilomycins and con-
canamycins, agents already known to inhibit V-ATPase (Bowman and Bowman
2002). Experimental verification of this mechanism showed that mammalian
V-ATPase was inhibited, but the homologous fungal enzyme was not (Boyd et al.
2001). A further structural class of inhibitors, the chondropsins, was later found to
inhibit both fungal and mammalian V-ATPases (Bowman et al. 2003; Cantrell et al.
2000). Whether V-ATPase is a valid target for cancer therapy remains an unsettled
question (Torigoe et al. 2002).
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9.5.3 Cyclopamine

HO Cyclopamine

Cyclopamine is a steroidal alkaloid discovered on the basis of its teratogenicity to
sheep and other animals (Keeler and Binns 1968). Research on developmental
processes identified the Sonic hedgehog pathway as a potential nexus for cyclo-
pamine action (Incardona et al. 1998), which led cancer researchers to investigate
the mechanism further. Beachy’s group reported that cyclopamine could reverse
oncogenic mutations in both the Smoothened and Patched genes (Taipale et al.
2000). Direct binding of cyclopamine to the Smoothened protein was demonstrated
using photoaffinity and fluorescent tagged cyclopamine derivatives (Chen et al.
2002). It is not clear whether or not the “on-target” effects of cyclopamine on stem
cells will prohibit application in cancer therapeutics (Hovhannisyan et al. 2009).

9.5.4 Cortistatin

Cortistatin A

The marine sponge-derived cortistatins are steroidal alkaloids of unique structure
with potent and selective inhibition of growth of endothelial cells. They may be of
use in controlling angiogenesis (Aoki et al. 2006). By screening cortistatin A against
a panel of 402 (!) protein kinases in a binding assay format, Nicolau’s group found
that the compound avidly bound and potently inhibited ROCK, CDKS8 and CDK11
(Cee et al. 2009). Other groups are exploiting these findings to develop anti-angio-
genesis drug candidates (Czako et al. 2009).
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9.5.5 Spongistatin

Spongistatin 1

The Pettit group isolated spongistatins from an Eastern Indian Ocean sponge as
potent cell growth inhibitors (Pettit et al. 1993a, b). Spongistatin 1 was found to
bind to tubulin at the vinca site and inhibit microtubule assembly (Bai et al. 1993).
More recently, the Vollmar group has demonstrated that picomolar concentrations
of spongistatin 1 are capable of inducing degradation of X-linked inhibitor of apop-
tosis (XIAP) in leukemia cells, thereby leading to apoptotic cell death (Schyschka
et al. 2008). Since mitotic figures were observed at picomolar concentrations in the
earlier work (Bai et al. 1993), it seems likely that the two phenomena are linked in
some fashion, with apoptosis being a downstream result of mitotic inhibition.

9.5.6 Withaferin

Withaferin A
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Withaferin A is a steroidal lactone isolated from ashwaganda, the Ayurvedic
medicinal plant Withania somnifera (Lavie et al. 1965). Ashwaganda has many
indications, and it and its constituents have been found to have antitumor effects
(Chakraborti et al. 1974). Early work implicated inhibition of RNA synthesis as a
mode of action for withaferin A (Chowdhury and Neogy 1975). More recently, it
was found that withaferin A inhibits the chymotrypsin-like activity of the 20S pro-
teasome (Yang et al. 2007). Other studies found covalent binding to annexin II to be
important (Falsey et al. 2006), as well as HSP90 (Yu et al. 2010).

9.5.7 Avrainvillamide

Avrainvillamide

The fungal product avrainvillamide was isolated from a species of Aspergillus on
the basis of its antibacterial properties (Sugie et al. 2001). Affinity reagents gener-
ated in the course of total synthetic studies were used to show that the nuclear chap-
erone nucleophosmin binds avrainvillamide, and further cellular studies confirmed
that the binding was biologically relevant (Wulff et al. 2007).

9.5.8 Pladienolides

! Pladienolide B

Pladienolides are novel 12-membered macrolides isolated from cultures of
Streptomyces platensis on the basis of inhibition of the HIF-1 pathway under
hypoxia (Mizui et al. 2004). The splicing factor SF3b was identified using affinity
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methods as the proximate target of pladienolides (Kotake et al. 2007). Given that
pladienolides have shown activity in vivo, it will be interesting to see if splicing
factors can be validated as useful cancer targets.

9.6 Conclusions

Natural products identified through empirical cancer assays are a viable source for
the identification of novel cancer therapeutic targets, even if the natural product
itself is not a viable development candidate. New techniques and approaches in the
elucidation of targets, mechanisms and pathways affected by natural products have
been developed that make the task more tractable. This route is a worthwhile alter-
native to the currently dominant paradigm of high throughput genomics and high
throughput screening, and can provide a complementary pipeline to meet the need
for novel cancer therapeutics in an efficient manner.
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