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Preface to the Series

Medicinal chemistry is both science and art. The science of medicinal chemistry
offers mankind one of its best hopes for improving the quality of life. The art
of medicinal chemistry continues to challenge its practitioners with the need
for both intuition and experience to discover new drugs. Hence sharing the
experience of drug discovery is uniquely beneficial to the field of medicinal
chemistry.

The series Topics in Medicinal Chemistry is designed to help both novice
and experienced medicinal chemists share insights from the drug discovery
process. For the novice, the introductory chapter to each volume provides
background and valuable perspective on a field of medicinal chemistry not
available elsewhere. Succeeding chapters then provide examples of successful
drug discovery efforts that describe the most up-to-date work from this field.

The editors have chosen topics from both important therapeutic areas and
from work that advances the discipline of medicinal chemistry. For exam-
ple, cancer, metabolic syndrome and Alzheimer’s disease are fields in which
academia and industry are heavily invested to discover new drugs because of
their considerable unmet medical need. The editors have therefore prioritized
covering new developments in medicinal chemistry in these fields. In addition,
important advances in the discipline, such as fragment-based drug design and
other aspects of new lead-seeking approaches, are also planned for early vol-
umes in this series. Each volume thus offers a unique opportunity to capture
the most up-to-date perspective in an area of medicinal chemistry.

Dr. Peter R. Bernstein
Prof. Dr. Armin Buschauer

Prof. Dr. Ulrik Gether
Dr. John Lowe

Dr. Hans Ulrich Stilz



Preface to Volume 1

With supreme irony, the beginnings of modern cancer chemotherapy origi-
nated in chemical warfare. Autopsy findings from soldiers killed in the First
World War by exposure to sulphur mustard gas led to the proposal in the
1940s that low doses of nitrogen mustard might cause regression of human
lymphatic tumors. The pioneering success of this idea, albeit only equating
to brief remission of disease, established the principle that rapidly growing
tumors could be more susceptible to cytotoxic agents than normal tissues.

During the next half-century, through the endeavours of government in-
stitutions, academia and the pharmaceutical industry, a variety of potent cy-
totoxic drugs were discovered, such as antifolates, anthracyclins and platins.
Although there have been successes, most notably in treatment of testicular
cancer by platinum-based drugs, chemotherapy can currently still offer only
a modest increase in survival time in the majority of advanced disease cases.
An optimistic view, however, is that in the coming decades advances in pre-
vention, detection and treatment will finally see cancer become considered not
a fatal but chronic disease.

During the 1970s, recognition that tumors in the breast and prostate are sub-
ject to hormonal regulation had provided the first opportunity for a more tar-
geted approach to cancer chemotherapy. The pioneering antiestrogenic agent
tamoxifen originated from fertility research in the 1960s and later became the
first anticancer drug approved for preventative use by the US Federal Drug
Administration. Progress in the treatment of hormone-dependent prostate
cancer followed advances in breast cancer, with the introduction of nons-
teroidal androgen antagonist drugs like flutamide. The first chapter in this
volume summarises more recent developments in the area of antihormonal
chemotherapy.

Since the effects of cytotoxic agents on normal cells are responsible for many
of the well-known side effects of these drugs, the emphasis has now moved pre-
dominantly to drug targets essential to tumor function but not to vital organs
and tissues, an approach which should in principle give a better selectivity
margin than seen for historical cytotoxic drugs. By the late 1980s, advances
in molecular biology had begun to provide greatly increased understanding
of regulatory and signaling networks in normal cells that control fundamental
cellular processes such as vascularisation, growth and proliferation. The role
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of many of these networks was found to be greatly enhanced in tumor cells, in
response to factors such as genetic make up, age and exposure to environmen-
tal carcinogens. Interference with these key regulatory and signaling networks
forms the content of much of this volume.

During the late 1990s humanised monoclonal antibodies, such as trastu-
zumab for treatment of breast cancer, provided the first clinical success using
molecular targeted treatment. Advances in understanding of tumor biology
also coincided with developments in chemical synthesis and in vitro screening
technology, which increased the feasibility of finding small molecule leads with
activity against the new targets, and for some targets structural knowledge also
played an increasing role in optimisation of these leads.

In the opening years of the 21st century, regulatory approval followed for
imatinib, gefitinib and erlotinib, the first small molecule signal transduction
inhibitors. Like monoclonal antibodies, clinical studies with these drugs are
providing tumor profiling data from which better understanding of the role of
genetic factors in determining patient response is starting to emerge. Clinical
experience is also beginning to fulfil the anticipation that these targeted agents
could offer a more manageable side effect profile than cytotoxic therapy.

The last decade has thus seen clinical trials for a range of drugs that ex-
ploit fundamentally different cellular mechanisms from historical cytotoxic
chemotherapy, and a number of these agents have now been granted regula-
tory approval, a landmark recently highlighted as the journal Nature’s 24th
Milestone in Cancer. Experience from these trials is providing growing in-
sight into the role of factors such as patient selection, clinical trial design
and drug resistance mechanisms. An estimated 500 chemotherapeutic agents
were undergoing clinical trials in 2004, and this volume reviews the medicinal
chemistry behind some key classes of anticancer agent encompassed within
these numbers that have the potential to follow drugs like imatinib into clinical
practice. The coming decades will reveal if the shift to personalised medicine
widely envisaged through introduction of these agents becomes reality against
the full diversity of human tumors, and provides a real breakthrough towards
fulfilment of a therapeutic vision which began over half a century ago.

September 2006, Alderley Park, UK Robert H. Bradbury
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Abstract After over half a century of chemotherapy research, cancer remains one of the
most difficult life-threatening diseases to treat, a consequence of factors which include
limitations of animal models, tumour diversity, drug resistance and side effects of ther-
apy. This introductory overview gives a brief perspective on the discovery of historical
cytotoxic and anti-hormonal drugs, and then highlights the shift in research empha-
sis over the last 15 years towards agents that aim to selectively target regulatory and
signalling processes known to drive tumourigenesis. Experience with newer drugs like
imatinib (GLEEVEC™) is providing growing insight into the role of patient selection,
design of clinical trials and mechanisms of drug resistance, and is also beginning to ful-
fil the anticipation that such agents could offer a more manageable side-effect profile
than cytotoxic therapy. For medicinal chemists, the aims of anti-cancer drug discovery
programmes have come more into line with other areas of drug therapy, with emphasis
moving more towards orally bioavailable drugs with pharmacokinetics suitable for dosing
once or twice a day, and with a property profile that not only limits toxic effects on prolif-
erating tissue such as bone marrow but also minimises risks due to effects such as cardiac
arrhythmia potential, cytochrome P450 liability and variable absorption. This volume re-
views medicinal chemistry approaches to small molecule inhibitors of some key cellular
regulatory and signalling networks, which have the potential to follow drugs like imatinib
into clinical practice.

Keywords Cancer · Chemotherapy · Medicinal · Chemistry · Tumour

Abbreviations
ALL Acute lymphoblastic leukemia
AML Acute myeloid leukemia
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ATP Adenosine triphosphate
CML Chronic myelogenous leukemia
EGF Epidermal growth factor
FDA Food and Drug Administration
LHRH Luteinsing hormone-releasing hormone
RTK Receptor tyrosine kinase
VEGF Vascular endothelial growth factor

1
Introduction

After over half a century of chemotherapy research, cancer remains one of the
most difficult life-threatening diseases to treat, a consequence of factors that
include limitations of animal models, tumour diversity, drug resistance and
the side effects of therapy. Although there have been successes, most notably
in treatment of testicular cancer [1], chemotherapy can currently still offer
only a modest increase in survival time in the majority of advanced disease
cases [2]. The incidence of cancer is increasing due to ageing populations in
most countries, and it has been estimated that in 20 years time there will be
20 million new cancer patients worldwide each year [3]. An optimistic view,
however, is that in the coming decades advances in prevention, detection and
treatment will see cancer becoming considered not as a fatal but as a chronic
disease [3].

This volume aims to review for the non-specialist reader recent advances
in cancer chemotherapy research, which have followed from increased under-
standing of fundamental processes of cancer biology acquired during the last
three decades of the 20th century. Nine topics have been selected to reflect
a range of current medicinal chemistry approaches. An emphasis is deliber-
ately placed on small molecule drugs, while biopharmaceutical agents such
as monoclonal antibodies are primarily highlighted only to illustrate proof
of principle. Each chapter aims to cover drug target and biological rationale,
chemotypes, clinical status and future prospects. This introductory overview
gives a brief historical perspective [4–6] and then highlights the shift in
research emphasis over the last 15 years towards drugs that aim to target
selectively the biochemical processes now known to drive tumourigenesis.

2
Historical Perspective

With supreme irony, the beginnings of modern cancer chemotherapy had an
origin in chemical warfare [7, 8]. Autopsy findings from the lymphatic glands
of soldiers killed in the First World War by exposure to sulphur mustard gas
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led to animal experiments that showed rapid shrinkage of murine tumours
following dosing with nitrogen mustard, an agent also developed primarily as
a war gas in the 1930s. These observations prompted pharmacologists Louis
Goodman and Alfred Gilman to propose, in the early 1940s, that injection of
low doses of a solution of the hydrochloride salt of nitrogen mustard might
cause regression of lymphatic tumours. The pioneering success of this idea,
albeit only equating to brief remission of disease, established the principle
that rapidly growing tumours could be more susceptible to cytotoxic agents
than normal tissue. As concluded in the closing paragraph of the initial clini-
cal paper [8]:

“...the heuristic aspects of the actions of nitrogen mustard may eventually
prove of greater importance than the clinical results obtained.”

Subsequent studies demonstrated that the mechanism of action of ni-
trogen mustard involves formation of a covalent bond with DNA through
alkylation of specific sites on purine bases, leading to cross-linking of DNA
strands and cell death [9]. Stabilisation of the nitrogen mustard gave im-
proved alkylating agents such as cyclophosphamide (CYTOXAN™), which
could be administered orally for treatment of lymphomas, leukemias and, to
a lesser extent, solid tumours [10].

3
Cytotoxic Drugs

In stark contrast, the second historically significant anti-cancer drug,
methotrexate, originated from nutritional research. The observation that the
vitamin folic acid stimulated proliferation of acute lymphoblastic leukemia
(ALL) cells in children prompted synthesis of folate analogues. In the late
1940s methotrexate became the first drug to induce remissions in children
with ALL [11].

Nearly a decade later, treatment with methotrexate provided the first
demonstrable cure of a solid tumour [12] although, like nitrogen mustard,
many years elapsed before the mechanism of action of the drug became fully
understood [13]. From the earliest studies, however, it was apparent that
tumours quickly became resistant to drugs such as cyclophosphamide and
methotrexate, and that either combination with other drugs or use as adju-
vant therapy after surgery gave a better prospect for long term remission or
cure [14].

The chemical structures of cyclophosphamide, methotrexate and some
other landmark cytotoxic drugs discovered in the second half of the last cen-
tury are shown in Fig. 1. Table 1 summarises the clinical utility and principal
mode of action of these agents. While the therapeutic origins of nitrogen
mustard and methotrexate were rooted in pharmacology, the discovery in the
1950s of drugs such as 5-fluorouracil (ADRUCIL™) was based on biochemical
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Fig. 1 Chemical structures of cytotoxic drugs

Table 1 Cytotoxic drugs

Drug FDA Clinical utility b,c Principal mode of action
approval a

Methotrexate 1953 ALL Inhibitor of DNA precursor
synthesis [13]

Cyclophosphamide 1959 Non-Hodgkin’s DNA alkylating agent [10]
lymphoma

5-Fluorouracil 1962 Colorectal, gastric Inhibitor of DNA precursor
synthesis [15]

Doxorubicin 1974 Osteogenic sarcoma, Inhibitor of DNA replication,
Hodgkin’s disease, CML, transcription, repair [20]
soft tissue sarcoma

Cisplatin 1978 Ovarian, head and neck, DNA coordinating agent [19]
lung, testicular

Paclitaxel 1992 Ovarian, breast, small Inhibitor of microtubule
cell lung cancer assembly [21]

a Year of first FDA approval (http://www.fda.gov/cder/cancer/approved.htm)
b Not comprehensive
c Usually as part of combination therapy

reasoning around modification of nucleotide bases and consequent effects on
steps preceding cellular RNA and DNA synthesis [15, 16].

In a classic case of serendipity, cisplatin (PLATINOL™), a key component
of the combination therapy which revolutionised treatment of testicular can-
cer [1], was uncovered fortuitously in the 1960s during studies on the effect of
an electric current on the growth of E. coli [17, 18]. Cell division was inhibited
not by the electric current but by production of a platinum complex from the
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electrodes, an effect later attributed to coordination of the platinum complex
to purine bases in cellular DNA [19].

A number of major cytotoxic drugs introduced into clinical practice in
the last decades of the 20th century originated in the 1950s and 1960s from
screening of natural product extracts in mouse leukemia models. Drugs like
the anthracycline doxorubicin (ADRIAMYCIN™, an inhibitor of a topoiso-
merase enzyme mediating DNA replication, transcription and repair [20])
and paclitaxel (TAXOL™, an inhibitor of cell division through effects on as-
sembly of microtubules, which form an essential part of cell structure [21])
are nowadays increasingly used in combination with more recently discov-
ered targeted agents.

Formidable chemical obstacles stood in the way of clinical development of
these agents derived from natural products, notably in formulation of very
poorly soluble compounds for intravenous infusion and in manufacture of
bulk drug. For a time, production of Taxol from the bark of the Pacific Yew
tree aroused public controversy, which became a story of “nature and politics
in pursuit of an anti-cancer drug” [22].

The effects of cytotoxic agents on normal cells are responsible for many of
the well-known side effects of these drugs; effects which can seriously com-
promise most organs of the body. Prophetically, drug resistance and therapy
limiting effects of bone marrow toxicity were observed in the very first patient
treated with nitrogen mustard in 1942 [8]. Despite the advent of a number
of supportive measures to ameliorate bone marrow suppression, long term
effects on lung, heart, kidney and reproductive organs remain formidable
barriers to effective use of cytotoxic agents [23].

4
Anti-hormonal Drugs

Recognition that tumours in breast and prostate are subject to hormonal
regulation [24] provided the first opportunity for a more targeted approach
to cancer chemotherapy (Fig. 2, Table 2). The anti-hormonal drug tamoxifen
(NOLVADEX™), initially viewed as “a most unlikely pioneering medicine”,
originated from fertility research in the 1960s and later became the first can-
cer drug approved by the FDA for preventative use [25]. In proof of a principle
first highlighted as early as the 1930s [26], effects on breast tumour cells fol-
lowing administration of tamoxifen were shown to reflect high affinity for the
estrogen receptor [27].

The increasing clinical importance of tamoxifen in the 1980s prompted de-
velopment of drugs that indirectly target the estrogen receptor, for example
the aromatase inhibitor anastrozole (ARIMIDEX™), a selective inhibitor of
estrogen biosynthesis [28]. Progress in treatment of hormone-dependent
prostate cancer followed advances in breast cancer, with demonstration that
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Fig. 2 Chemical structures of anti-hormonal drugs

Table 2 Anti-hormonal drugs

Drug FDA Clinical utility b, c Principal mode of action
approval a

Tamoxifen 1977 Breast Estrogen antagonist [24]
Flutamide 1989 Prostate Androgen antagonist [29]
Anastrozole 1995 Breast Aromatase inhibitor [28]
Goserelin 1995 Breast, prostate LHRH agonist [30]

a–c See Table 1

non-steroidal androgen antagonist drugs like flutamide (EULEXIN™) block
binding of the endogenous ligand dihydrotestosterone to the androgen recep-
tor in prostate [29].

Another major approach to treatment of hormone-dependent cancer is
based on the finding that the pituitary gland becomes desensitised by pro-
longed stimulation with the peptide hormone LHRH. Sustained release depot
formulations of highly potent LHRH agonists such as goserelin (ZOLADEX™)
exert their effect through inhibition of testicular androgen synthesis in men
and ovarian estrogen synthesis in women [30].

5
Targeted Drugs

While introduction of anti-hormonal therapy represented a major advance
in treatment of breast and prostate tumours, Table 1 reflects relatively slow
progress in developing treatments for a wider range of tumours. In part, this
may be considered attributable to inability of historical mouse models based
on rapidly dividing haematological tumours to identify agents active against
slower growing solid tumours [31]. Human tumour cell lines and xenografts
in immunodeficient mice provided alternative models, but these screening
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Fig. 3 Acquired capabilities of cancer. Reproduced from [34] with permission of Elsevier

strategies continued to prove of limited success in predicting the outcome of
clinical trials [32].

By the late 1980s, however, advances in molecular biology had begun to
provide greatly increased understanding of regulatory and signalling net-
works in normal cells that control fundamental cellular processes such as
vascularisation, growth and proliferation. The role of many of these networks
was found to be greatly enhanced in tumour cells, in response to factors such
as genetic make up, age and exposure to environmental carcinogens [33].

In a seminal overview published in the first month of the year 2000 [34],
Douglas Hanahan and Robert Weinberg outlined some fundamental princi-
ples underlying the complexities of signalling pathways responsible for trans-
forming normal human cells into malignant cancers. As delineated in Fig. 3,
human tumour cells are proposed to acquire a number of essential capabili-
ties, “the hallmarks of cancer”, which collectively promote malignant growth.
Each of these changes represents the breaching of a fundamental anti-cancer
defence mechanism. The multiplicity of defences may explain why cancer is
not more common during the average human lifetime.

These findings have provided the basis for seeking inhibitors of macro-
molecular targets essential to the malignant tumour phenotype but not
utilised in vital organs and tissues, an approach which in principle should
lead to a better selectivity margin than seen for historical cytotoxic drugs [35].
Interference with these regulatory and signalling networks forms the content
of much of this volume and is described in detail in specific chapters.
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Advances in understanding of tumour biology coincided with develop-
ments in chemical synthesis and in vitro screening technology, which in-
creased the feasibility of finding chemical leads with activity against the
new targets [36]. For some targets, structural knowledge has also played an
increasing role in optimisation of these leads [37, 38]. Prompted by these
developments, by the mid 1990s the pharmaceutical industry, start-up com-
panies and research institutes were dedicating a major increase in resources
to discovery of anti-cancer drugs.

Receptor tyrosine kinases (RTKs), the protein kinases which catalyse phos-
phorylation of hydroxyl groups on tyrosine residues, predominantly follow-
ing activation by an extracellular ligand, have proved to be a particularly
tractable class of drug target involved in a wide range of cellular signalling
pathways [39, 40]. Inhibitors of protein kinases most commonly target the
ATP binding site of the activated kinase, although binding to an adjacent al-
losteric site or to an inactive form of the kinase has also been exploited [37,
41]. In contrast, progress has been less dramatic against other classes of
comparably well-validated signalling targets, for example targets that involve
inhibition of protein–protein interactions such as the p53 tumour suppres-
sion pathway [42].

A number of agents derived from this change in approach were intro-
duced during the years 1997–2004 (Fig. 4, Table 3), and validation was first
provided by humanised monoclonal antibodies to extracellular ligand bind-
ing domains [43]. Rituximab (RITUXAN™), approved by the FDA in 1997
for treatment of Non-Hodgkin’s lymphoma, targets tumour-associated mem-
brane proteins [44]. Trastuzumab (HERCEPTIN™) increases survival time in
patients with metastatic breast tumours, which over-express erbB2, a mem-
ber of the EGF family of growth factors [45]. The latter agent is now also
giving encouraging results in clinical trials in patients with erbB2-positive

Fig. 4 Chemical structures of marketed targeted drugs
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Table 3 Marketed targeted drugs

Drug FDA Clinical utility b,c Principal mode of action
approval a

Rituximab 1997 Non-Hodgkin’s lymphoma Monoclonal antibody
(anti-CD20) [44]

Trastuzumab 1998 Breast Monoclonal antibody
(erbB2) [45]

Imatinib 2001 CML Bcr–Abl kinase inhibitor [48]
Gefitinib 2002 Non-small cell lung cancer EGFR kinase inhibitor [49]
Bortezomib 2003 Multiple myeloma Proteasome inhibitor [51]
Bevacizumab 2004 Colorectal Monoclonal antibody

(VEGF) [47]
Erlotinib 2004 Non-small cell lung cancer, EGFR kinase inhibitor [50]

pancreatic

a–c See Table 1

early breast cancer [45], an outcome likely to herald a wider trend towards
treatment of early disease in patients selected by diagnostic profiling of ma-
lignant tissues [46]. More recently, bevacizumab (AVASTIN™), an antibody
to the vascular growth factor VEGF, has provided the first realisation of anti-
angiogenic therapy [47].

Regulatory approval followed for imatinib (GLEEVEC™), gefitinib (IRES-
SA™) and erlotinib (TARCEVA™), the first small molecule signal transduc-
tion inhibitors [48–50], and for the proteasome inhibitor bortezomib (VEL-
CADE™) [51]. Like monoclonal antibodies, clinical studies with these drugs
are providing tumour profiling data from which better understanding of
the role of genetic factors in determining patient response is starting to
emerge [35]. Clinical experience is also beginning to fulfil the anticipation
that these targeted agents could offer a more manageable side-effect profile
than cytotoxic therapy [52–54].

In the case of gefitinib, an inhibitor of the EGF signalling pathway which
regulates tumour cell growth and survival, objective responses were observed
in phase II and III monotherapy in 10–20% of patients with advanced refrac-
tory non-small cell lung cancer, but no significant additive effects were seen in
first line phase III trials in combination with chemotherapy [53, 55–57]. More
recent work has, however, provided evidence that mutations in the EGF re-
ceptor appear to confer increased sensitivity to inhibition by gefitinib [57, 58],
a hypothesis now supported by increased incidence of mutations in tumour
samples taken from patients with a higher objective response rate to gefi-
tinib [55, 59].

Tumour profiling during gefitinib clinical trials has also shown a longer
median survival time in patients with a high EGF receptor gene copy num-
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ber [58], a finding that opens up the prospect of use of a genetic marker to
identify patients more likely to be susceptible to the drug. Instead of therapy
based on histological classification, the stage nevertheless now looks set for
molecular tumour profiling and patient selection to become more central to
cancer therapy [60].

Clinical data for imatinib, an inhibitor of the tyrosine kinase Bcr-Abl, the
fusion protein product of a chromosomal translocation involved in pathogen-
esis of CML, are casting light on the subtleties of genetic mutation in develop-
ment of tumour cell resistance [61]. Mutations in the Bcr-Abl gene produce
drug-resistant cells in which the kinase domain binds the drug poorly but
remains catalytically active [62]. In some patients, drug-resistant cells have
been detected before exposure to drug [63], a finding which shows that cancer
cells have inherent capacity for resistance even prior to treatment. However,
as seen with monoclonal antibodies [43], clinical trials have demonstrated
synergy between imatinib and cytotoxic agents in suppressing the effects of
drug resistance [61].

From the earliest clinical studies with targeted agents, it has been acknow-
ledged that tumour shrinkage criteria traditionally used to evaluate cytotoxic
agents in phase II clinical trials are likely to be less suited to demonstrat-
ing clinical efficacy with agents that are primarily cytostatic rather than
cytotoxic [64, 65]. While effects on survival, tumour response or time to dis-
ease progression in randomised phase III studies will continue to be a long
term regulatory requirement in advanced disease [66, 67], a number of newer
agents have achieved FDA Fast Track designation on the basis of biomarker
and safety data in phase I trials [35]. Thus, for example, in phase I studies
with imatinib, blood levels of Bcr-Abl transcript mRNA were used as an early
marker of patient response [68]. Advances in use of imaging techniques such
as positron emission tomography are also beginning to offer the prospect
of demonstrating the molecular effects of targeted agents by non-invasive
methods [69, 70].

The beneficial side-effect profile of newer agents such as imatinib also
highlights the potential of these agents in early disease, but raises challenges
around evaluation in randomised trials against clinical endpoints other than
survival [65, 71]. However, while imitanib provides an outstanding example
of clinical development among newer drugs, experience with other classes
of agent such as farnesyl transerase inhibitors has so far been less reward-
ing. This outcome may to some extent reflect over-reliance on clinical trial
strategies more suited to evaluation of cytotoxic agents [65].

For cancer biologists and translational scientists, the advances of the last
two decades have led to a more rational approach in which knowledge of
the biology of the target has become central to drug discovery and devel-
opment [72]. From the large number of potential drug targets emerging
from sequencing of the human genome, molecular profiling can identify
oncogenes that are over-expressed in tumours and encode for signalling
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pathways mediating one or more of the acquired capabilities referred to
earlier [73].

Protein production and in vitro assay development enables primary
screening against a drug target within a signalling pathway. Secondary
screening assays using cell lines derived from tumours driven by, for ex-
ample, over-expression or mutation of the target protein can then be used
to confirm mechanism of action and effect on malignant phenotype. Cellular
mode of action screens can also form the basis of pharmacodynamic assays
to demonstrate target effect in an animal model [73], while understanding
of the signalling pathway can identify biomarkers to enable detection of ef-
fects in biopsy samples taken in early clinical trials [74]. Debate continues
around the role of selectivity screening and the relative merits of selective
versus multi-targeted drugs [75, 76], as clinical experience with signalling
pathway inhibitors has already provided several examples where effects on
mechanistically related targets contribute to clinical activity [72].

For medicinal chemists, the aims of anti-cancer drug discovery pro-
grammes have come more into line with other areas of drug therapy, with
emphasis shifting more towards orally bioavailable drugs with pharmacoki-
netics suitable for dosing once or twice a day, and with a property profile that
not only limits toxic effects on proliferating tissue such as bone marrow but
also minimises risks due to effects such as cardiac arrhythmia potential [77],
cytochrome P450 liability [78] and variable absorption [79].

By way of illustration, Fig. 5 summarises the discovery of the Bcr-Abl ty-
rosine kinase inhibitor imatinib from a chemical lead initially identified in
a screen for inhibitors of protein kinase C, a serine-threonine kinase [48, 80].
During optimisation of the lead structure, it was found that introduction of
an amide group at the 3-position in the phenyl ring gave improved activity
against tyrosine kinases such as Bcr-Abl, and that substitution of a methyl
group at the 6-position led to selectivity versus protein kinase C. Finally, add-
ition of a polar N-methyl piperazine moiety gave improved water solubility
and oral bioavailability commensurate with oral human dosing. Subsequent
X-ray structural work showed that the piperazine ring not only improved
physical properties but also made a key contact with the backbone of the in-
active form of the kinase [81]. These structural studies provide insight into

Fig. 5 Discovery of imatinib [48, 80]. See Fig. 4 for structure of imatinib
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how mutations in the Bcr-Abl gene produce the resistant form of the kinase
alluded to earlier [63], knowledge which offers the potential to design drugs
to overcome resistance [82].

6
Structure of This Volume

The major part of this volume covers medicinal chemistry approaches to inhi-
bition of regulatory and signalling networks, and individual chapters review
a significant number of small molecule agents that have the potential to follow
drugs like imatinib into clinical practice. Chemical structures of some drugs
granted regulatory approval during the past year or currently in phase II/III
trials are shown in Fig. 6, and the properties of these agents are summarised
in Table 4.

Fig. 6 Chemical structures of targeted drugs recently approved by FDA or in phase II/III
clinical trials

In the opening chapter, Drs. Jens Hoffmann and Anette Sommer sum-
marise recent advances in anti-hormonal research, a more longstanding area
of therapy where significant opportunities still remain for novel or improved
drugs. The following two chapters review inhibitors of cell growth and prolif-
eration: Drs. Eli Wallace, Ellen Laird, Tammie Yeh, James Blake and Joseph
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Table 4 Targeted drugs recently approved by FDA or in phase II/III clinical trials

Drug Clinical utility a,b Principal mode of action Volume
chapter

Lapatinib Breast EGFR/erbB2 kinase inhibitor 2
Sorafenib c Renal cell Raf/PDGFR/VEGFR/KIT kinase inhibitor 2
Tipifarnib AML Farnesyl transferase inhibitor 3
Sunitinib d Renal cell, PDGFR/VEGFR/KIT/Flt3 kinase inhibitor 7

gastrointestinal
Vatalanib Colorectal VEGFR kinase inhibitor 7
Dasatinib e ALL, CML Bcr–Abl/Src kinase inhibitor 8, 9

a Most advanced clinical trial
b Investigational Drugs Database (http://www.iddb3.com)
c NEXAVAR™, approved by FDA, December 2005
d SUTENT™, approved by FDA, January 2006
e SPRYCEL™, approved by FDA, June 2006

Lyssikatos discuss compounds targeting the erbB pathway, agents which aim
to follow the EGF kinase inhibitors gefitinib and erlotinib into clinical prac-
tice, while Drs. Patrick Angibaud, David End and Laurence Mevellec review
farnesyl transferase inhibitors, a compound class which has given disappoint-
ing results in phase III clinical trials against solid tumours, but which still
has potential for treatment of haematological malignancies and glioblastoma.
Dr. Carlos Garcia-Echeverria then outlines some approaches to inhibition of
survival signalling, an area of research at a much earlier stage where the first
compounds have provided proof of concept in preclinical studies and have
entered clinical trials. The two subsequent chapters review approaches to in-
hibition of the cell cycle: Drs. Robert Galemmo, Dana Johnson, Holly Koblish
and Kevin Moriarty discuss intervention at a number of key steps in the cycle
responsible for cell growth and arrest, while Drs. Peter ten Holte, Kristof van
Emelen, Michel Janicot, Peter Fong, Johann de Bono and Janine Arts review
inhibitors of histone deacetylases, enzymes which play a key role in expres-
sion of genes encoding for cell cycle arrest, differentiation and apoptosis. In
both these areas, a number of compounds are now undergoing phase I/II
clinical trials. In the next chapter, Drs. Keren Paz and Zhenping Zhu review
inhibition of VEGF receptor-2, which represents the most clinically advanced
small molecule approach to anti-angiogenic therapy, with several agents cur-
rently being evaluated in phase II/III trials. The final chapters focus on in-
hibitors of the related kinases Src and Bcr-Abl: Dr. Tomi Sawyer discusses Src
as an anti-metastatic therapeutic target, and in the concluding chapter Dr. Di-
ane Boschelli reviews new inhibitors of Bcr-Abl targeted at tumours resistant
to imatinib.

Each chapter reviews published literature through to early 2006. Limi-
tations of space have inevitably led to omission of a number of other ap-
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proaches that have led to small molecule drugs progressing to clinical trials in
recent years. Reviews are available elsewhere describing the clinical potential
of proteasome inhibitors [83], endothelin antagonists [84], sensitising agents
such as inhibitors of checkpoint kinase [85] and inhibitors of poly(ADP-
ribose) polymerase [86], matrix metalloprotease inhibitors [87], inhibitors of
mitotic kinesins [88] and inhibitors of urokinase plasminogen activator [89].
Research also continues on new cytotoxic agents, and reviews can again be
found elsewhere [19, 90].

7
Conclusion

The last decade has seen clinical trials of a range of drugs that exploit funda-
mentally different cellular mechanisms from historical cytotoxic chemother-
apy, and a number of these agents have now been granted regulatory ap-
proval. Experience from these trials is providing growing insight into the
role of factors such as patient selection, design of clinical trials and mech-
anisms of drug resistance. An estimated 500 chemotherapeutic agents were
undergoing clinical trials in 2004, a number predicted to rise by an order
of magnitude by 2010 [2]. This volume reviews the medicinal chemistry
behind a number of key classes of anti-cancer agents encompassed within
these numbers. The coming decades will reveal whether the shift to “per-
sonalised medicine” widely envisaged through introduction of these agents
becomes reality against the full diversity of human tumours, and provides
a real breakthrough towards fulfilment of a therapeutic vision that began over
half a century ago.
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Abstract Surgical oophorectomy and orchiectomy, first proposed over a century ago, are
effective in the therapy of breast and prostate cancer, respectively. Later, the discovery of
steroid hormones and the steroid hormone receptors led to the concept that inhibition of
steroid hormone receptor function by an antagonist prevents tumour growth. While the
first anti-hormones, cyproterone acetate (CPA) and tamoxifen, were found accidentally,
a deeper understanding of steroid hormone receptors as transcription factors enabled
more rational, structure–activity relationship-based drug discovery programmes. This re-
view will provide both a background on principles and an update on recent developments
in the field of endocrine therapy of cancer.

Results from recent drug-finding programmes on new steroid hormone receptor an-
tagonists will be reviewed. Among these, new steroidal and non-steroidal compounds
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with increased potency and efficacy, improved tissue selectivity, and without any agonis-
tic activity will be described. New pre-clinical and clinical data on development candi-
dates will be reported. Advanced breast and prostate cancer is effectively managed by es-
trogen and androgen ablation, respectively. However, although steroid hormone receptors
– estrogen receptor α (ERα) and androgen receptor (AR) – are still functionally ex-
pressed, this therapy fails in a majority of cases. As a novel strategy for the treatment
of advanced breast and prostate cancer, the selective down-regulation of the receptor
(ER or AR, respectively) has been proposed and this new therapeutic concept provides
a significant inhibition of tumour growth in vivo.

In addition, it will be our intention to present a deeper insight into the biosynthesis
of steroid hormones, which will allow definition of new targets and approaches for the
treatment of endocrine-responsive cancer. Enzymes involved in mechanisms of steroid
hormone biosynthesis might be novel targets for endocrine therapy. Moreover, further
therapeutic indications for modulators of steroid hormone receptors will be discussed.
In summary, many promising new opportunities for endocrine therapy of breast and
prostate cancer are now arising.

Keywords Cancer · Steroid hormones · Estrogen · Androgen · Gestagen

Abbreviations
AACR American Association for Cancer Research
AF-1/-2 Activation function 1 or 2
AI Aromatase inhibitor
AR Androgen receptor
ARE Androgen response element
BPH Benign prostate hyperplasia
CIS Carcinoma in situ
CPA Cyproterone acetate
CR Complete response
DBD DNA binding domain
DES Diethylstilbestrol
DHEA Dehydoepiandrostenedione
DHT Dihydrotestosterone
E1 Estrone
E1S Estrone sulfate
E2 17β-Estradiol
EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
EORTC European Organisation for Research and Treatment of Cancer
ER Estrogen receptor
ERE Estrogen response element
ERKO Estrogen receptor knock-out mouse
FSH Follicle-stimulating hormone
GnRH Gonadotropin-releasing hormone
GR Glucocorticoid receptor
HRE Hormone response element
HSD 17β-Hydroxysteroid dehydrogenase
HSP Heat shock protein
IEN Intraepithelial neoplasia
IGF-1 Insulin-like growth factor 1
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IL-6 Interleukin 6
KGF Keratinocyte growth factor
LBD Ligand-binding domain
LH Luteinising hormone
LHRH Luteinising hormone releasing hormone
MAPK Mitogen-activated protein kinase
MGA Megestrol acetate
MPA Medroxyprogesterone acetate
MMTV Murine mammary tumour virus
MR Mineralocorticoid receptor
NCI National Cancer Institute
4-OHA 4-Hydroxyandrostendione
4-OHT 4-Hydroxytamoxifen
OR Objective response
PIN Prostate intraepithelial neoplasia
PR Progesterone receptor
PR Partial response
PRE Progesterone response element
PRKO Progesterone receptor knock-out mouse
PSA Prostate-specific antigen
RAR/RXR Retinoic acid receptors
USPSTF US Preventive Services Task Force
SD Stable disease
SERD Selective estrogen receptor destabiliser
SERM Selective estrogen receptor modulator
SRC Steroid receptor co-activator
STS Steroid sulfatase
TR Thyroid hormone receptor

1
Introduction

1.1
Anti-hormones as Targeted Drugs

Endocrine therapy of cancer is based on at least one of the following princi-
ples:

• Hormone deprivation: Deprivation of endogenous hormones by inhibition
of biosynthesis of hormones or due to removal or inactivation of the hor-
mone producing tissue

• Hormone antagonism: Application of drugs that bind to and inhibit the
steroid hormone receptors or different types of releasing hormone recep-
tors

• Hormone interference: Application of high doses of hormones that either
directly or via negative feedback mechanisms inhibit tumour growth
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Most targets for the endocrine therapy are components of the hypotha-
lamo–pituitary–gonadal/adrenal axis (Fig. 1). Interference with this finely
tuned endocrine feedback loop can inhibit both, the hormone biosynthesis
and the binding of endogenous hormones to steroid hormone receptors. The
interference with the gonadotropin-releasing hormones (GnRH) inhibits the
secretion of luteinising hormone (LH), follicle-stimulating hormone (FSH) or
adrenocorticotropic hormone (ACTH) resulting in a decreased synthesis of
the steroid hormones estrogen, progestin and androgen in the testes, ovaries
or adrenal glands [1–4]. The estrogen, progesterone and androgen receptors
(ER, PR, AR), which are activated by estrogens, progestins and androgens, re-
spectively, are the downstream targets in endocrine-responsive tissues or in
tumours. Historically, agonistic ligands are called hormones and antagonistic
ligands are called anti-hormones.

Enzymes that are involved in steroid hormone biosynthesis or in steroid
metabolism are also targets of anti-hormonal therapy. Recently, it was dis-
covered that certain co-factors modulate the signalling of steroid hormone
receptors in a tissue-selective fashion. By binding the receptor ligand com-
plex, these co-activators and co-repressors are capable of either activating or
repressing transcription, respectively [5].

Fig. 1 Endocrine feedback cycle
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1.2
Steroid Hormone Receptors

Nuclear hormone receptors are transcription factors that when bound by
their cognate ligand affect biochemistry, cell biology, and physiology in
nearly all human tissues. They are grouped into two subgroups, type I and
II nuclear receptors. Type I nuclear receptors are also denominated as steroid
hormone receptors because most of the natural ligands have a steroidal struc-
ture. Estrogen receptors (ERα, ERβ), progesterone receptors (PR-A, PR-B),
the androgen receptor (AR), the glucocorticoid receptor (GR), and the min-
eralocorticoid receptor (MR) are important steroid hormone receptors.

The role of the steroid hormone receptors has extensively been defined
with the help of natural and synthetic agonists and antagonists and with char-
acterisation of transgenic and knock-out mice. In experimental studies, both
approaches have been useful tools for validating that a physiological process
is indeed mediated by the steroid hormone receptor under investigation.

The pharmacology of type II receptors is less well defined. Whereas for
some receptors (TR, VDR, PPARα, γ ) ligands or a physiological function
has been elucidated, for others knowledge is still rudimentary (orphan nu-
clear receptors and the ER-related receptors, PPARs, RXR). However, even for
orphan nuclear receptors, for which potential endogenous ligands have not
been identified, an involvement in important physiological or metabolic pro-
cesses has been observed and this provides evidence that they might also be
potential therapeutic targets [6, 7].

Steroid hormone receptor antagonists are the best currently available op-
tions for the treatment of tumours associated with significant morbidity and
mortality, even though their use is accompanied by undesirable side effects.
Therefore, considerable efforts in pharmaceutical research have been directed
towards identifying efficacious steroid hormone receptor ligands that are de-
void of side effects. As it is not possible to cover all the steroid hormone
receptors in this review, we will provide data on recent drug discovery efforts
for a selected class of steroid hormone receptor antagonists, namely the anti-
hormones of the ER, PR and AR and their pharmacology. We will focus on
those projects where we envision novel drugs to emerge in the near future.

1.3
Steroid Hormone Receptors as Transcription Factors

The classical model, which described the pharmacology of steroid hormone
receptors, hypothesised that antagonists function by competitively inhibit-
ing agonist binding, blocking the receptor and inhibiting transcription. Due
to the development of specific antagonists, and the identification of recep-
tor isoforms, co-factors and the crystal structures, which are now available
in complex with agonists and antagonists, it has become clear that for the
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classic steroid hormone receptors ER, PR and AR this simple model does
not adequately describe the pharmacology of steroid hormone receptors.
In addition, interference with steroid hormone receptor signalling does not
necessarily have to be directed against the receptors themselves. Our under-
standing of the molecular biology now offers new opportunities: For example,
post-translational modifications leading to accelerated receptor inactivation
or degradation might be exploited as new routes for interference with the
stability of steroid hormone receptors. Steroid hormone receptor protein ex-
pression is most probably subject to a finely tuned regulation. The half-life of
the steroid hormone receptors is rather short. Moreover, knowledge of epi-
genetic regulation of receptor expression [8], as well as about the function
of proteins involved in receptor degradation, is becoming more and more
comprehensive [9]. Interfering with the processes responsible for epigenetic
regulation of steroid hormone receptor expression, protein stability, and the
coordinated assembly of receptors, co-factors and the basal transcription ma-
chinery, and on steroid hormone receptor protein turnover are now moving
more and more into the focus of drug discovery activities [10].

1.3.1
Estrogen Receptors ERα and ERβ

Although estrogens are mainly produced locally by the ovaries, they exert
systemic effects on selected target tissues. The action of the estrogens is me-
diated by two different estrogen receptors (ERs), ERα and ERβ [11]. ERα and
ERβ are products of different genes and exhibit a tissue- and cell type-specific
expression. The ERα is expressed primarily in the uterus, liver, kidney and
heart, and sometimes it is co-expressed with the ERβ in mammary, thyroid
and adrenal glands, in bone, and in the brain, where they can form func-
tional heterodimers and where ERβ in many instances opposes the actions of
ERα [11]. ERβ in contrast, is expressed specifically in the ovaries, in prostate,
lung, in the gastrointestinal tract, bladder, and in the hematopoietic and cen-
tral nervous system [11].

Ligand binding induces conformational changes in the steroid hormone
receptor leading to dimerisation, protein–DNA interaction at the cognate
response elements, recruitment of co-factors, and the formation of the pre-
initiation complex (Fig. 2). It has long been recognised that estrogens pro-
mote proliferation of cancer cells. The current understanding is that down-
stream mediators of estrogen action stimulate cell cycle progression, particu-
larly at the G1 to S transition, by inducing the expression of c-Myc and cyclin
D1. In addition, estrogens also activate cyclin E-CDK2 [11]. These proteins
are rapidly up-regulated in response to estrogen and initiate cell cycle pro-
gression and proliferation [12].

The functions of some domains of the ER have been defined using dele-
tion mutants and site-directed mutagenesis as well as structural analyses [13].
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Fig. 2 Classic pathway of estrogen signal transduction. When an estrogen molecule binds
to an estrogen receptor (ER), the receptor dissociates from the cytoplasmic chaper-
ones, the receptor-associated heat shock proteins (HSP). The estradiol–ER complex then
translocates into the nucleus, where it binds to estrogen response elements (ERE) on
the DNA. Transcription requires the assembly of a transcription complex by associating
various factors, such as steroid-receptor co-activators. The proposed mechanisms of stim-
ulation includes the stabilisation of the pre-initiation complex, chromatin remodelling
and interaction with other transcription factors

DNA-binding studies have indicated that the ER binds as a dimer, and both
a motif within the DNA-binding domain (DBD) and a motif in the ligand-
binding domain (LBD) of the ER are involved in dimerisation [14]. The ERα

and ERβ share a high degree of sequence identity on the protein level, how-
ever, differential affinities to natural estrogen response elements (EREs) have
been noted for the two receptors [15]. Even for the ERα and ERβ LBDs, which
are highly conserved and exhibit similar affinities for the endogenous ligand
estradiol, subtype-specific agonistic and antagonistic ligands with different
affinities have been reported [16].

The physiological functions of the ER subtypes have been characterised
in mice lacking the ERα, the ERβ, or both receptors [11]. Disruption of the
ERα resulted in infertility of both male and female mice and inhibited the
outgrowth of the mammary duct during puberty, whereas disruption of the
ERβ had no effect on fertility and mammary gland development [17]. A num-
ber of ERα and ERβ isoforms have also been described, many of which alter
estrogen-mediated gene expression [18].

The LBDs of the ERα and the ERβ share a similar overall architecture.
Two separate transactivation domains (AF) mediate the transactivation of
the ER: an N-terminal ligand-independent activation function (AF-1) and
a C-terminal ligand-dependent activation function (AF-2), which is located
within the LBD (Fig. 3). The surface of the AF-1 is composed of amino acids
in helices 3, 4, 5 and 12, and the binding of ligands alters the position of helix
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Fig. 3 Schematic representation of the human ERα and ERβ, together with their transac-
tivation, DNA- and ligand-binding domains in the respective isoforms

12. The AF-1 domain in ERα is very active on a variety of estrogen responsive
promoters, whereas the AF-1 is only minimally active in ERβ [19].

Crystallographic studies of the LBD of human ERα bound to either the
agonist diethyl-stilbestrol or the selective antagonist 4-hydroxytamoxifen in-
dicated that helix 12 is positioned over the ligand-binding pocket and forms
an interaction surface for the recruitment of co-activators when the ERα LBD
is complexed with agonists [20]. In contrast, when the LBD is complexed with
an antagonist, helix 12 is displaced from its agonist position and occupies the
hydrophobic groove formed by helices 3, 4 and 5. In consequence, helix 12 is
dislocated and the interaction surface with the co-activator is disrupted [20].
However, Shiau et al. [21] identified compounds that are able to induce an ag-
onistic conformation in the LBD of the ERα and an antagonistic conformation
in the LBD of the ERβ.

The AF-2-dependent transcriptional activation of the two ERs is medi-
ated via the recruitment of co-factors to estrogen-responsive promoters. Co-
factors can be classified into co-activators, which promote ER activity, and
into co-repressors, which attenuate ER activity. It has been suggested that co-
repressors, many of which are histone deacetylases (HDACs), are recruited
to ER target genes. In contrast, co-activor complexes often contain histone
acetyltransferases (HATs), and thus an opposite transcriptional regulation is
brought about. Indeed, the histone deacetylase 2 (HDAC2), which is recruited
by co-repressor complexes such as N-CoR-SIN3, is required for the tran-
scriptional repression of tamoxifen-bound ERα, and the loss of co-repressors
might be one mechanism of tamoxifen resistance [22].

1.3.2
Progesterone Receptors

The physiological effects of progesterone are mediated by two progesterone
receptor isoforms termed PR-A and PR-B. These arise from a single gene
and act as ligand-activated transcription factors to regulate the expression of



Anti-hormone Therapy: Principles of Endocrine Therapy of Cancer 27

target genes involved mainly in reproduction. The structure and functional
properties of the PR isoforms and how functional differences between these
proteins are likely to impact the overall role of these receptors in the repro-
ductive systems have been discussed in detail by Conneely et al. [23]. The
crystal structure of the LBD of the PR in complex with progesterone has been
solved and it has a similar structure to the LBD of ERα in complex with estra-
diol [24].

In most cases, the expression of the PR is induced by estrogen, implying
that many of the in vivo effects attributed to progesterone could also be the re-
sult of concomitantly administered estrogen. Therefore, to clearly define those
physiological events that are specifically attributable to progesterone in vivo,
a mouse model carrying a null mutation of the PR gene has been generated [25].

A null mutation of both PR isoforms, PR-A and PR-B, leads to pleiotropic
reproductive abnormalities in mice [26, 27]. Male and female embryos with
a homozygous deletion of the PR (PR-KO) developed normally to adulthood,
but they displayed remarkable alterations in all reproductive organs. These
alterations included an inability to ovulate, uterine hyperplasia and inflam-
mation, severely limited mammary gland development, and an inability to
exhibit sexual behaviour. As female mice with a homozygous deletion of the
PR-A isoform have a lobuloalveolar developmental response, this indicates
that the PR-B isoform is sufficient to mediate pregnancy-associated mam-
mary development. The PR-KO model was also used to study the role of the
PR in stroma and epithelium on ductal and lobuloalveolar development in
the murine mammary gland [28]. Mammary gland transplantation experi-
ments in PR-KO mice demonstrated that the luminal-epithelial compartment
of the mammary gland is responsive to the progesterone-induced signalling.
There is strong evidence that the PR may exert proliferative effects onto
mammary epithelial cells that lack the PR through paracrine factors not yet
identified [29, 30].

The PR-KO model was also used to define the controversial role of
progesterone-initiated intracellular signalling in mammary gland tumourige-
nesis [31]. Performing tissue transplantation experiments in an established
carcinogen-induced (7,12-dimethylbenz(a)anthracene, DMBA) mammary tu-
mourigenesis model, it was shown that PR-KO mice have a marked reduction
in the incidence of mammary gland tumours compared to isogenic wild-type
mice. This observation indicates that in the absence of PR function, prolactin
alone is not sufficient to induce the neoplastic transformation and that pro-
gesterone may activate mitogenic mediators of the prolactin pathway. Under
these conditions, the epithelial cells might exhibit a low proliferative rate, and
they might not be susceptible to malignant transformation upon administra-
tion of the carcinogen DMBA.

The luminal-epithelial compartment has not only been considered to be
primarily responsive to the progesterone-induced proliferative signals and to
be the primary site for the initial carcinogenic insult but, in addition, the
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PR is highly expressed in this compartment [31]. One interpretation for the
reduction of mammary gland tumourigenesis in PR-KO mice is that the pro-
genitor cells for alveologenesis, the PR-expressing epithelial cells, are absent
in the PR-KO mice. As the majority of mammary gland tumours are of alve-
olar origin, the absence of these progenitor cells might reduce the number
of target cells susceptible to neoplastic transformation. These results strongly
support the application of anti-progestins in the therapy of breast cancer
because they might inhibit the prolactin-induced mitogenic activity on the
luminal-epithelial compartment.

Depending on the tissue, progesterone has been classified as a hormone
able to induce proliferation or differentiation. However, growth stimulation of
the ERα- and PR-positive human breast cancer cell line T47D by progestins
is restricted to one cell cycle, and is followed by growth arrest at the G1/S
boundary of the second cell cycle [32, 33]. Afterwards, the application of addi-
tional progestins does not stimulate cell cycle progression but rather renders
the cells resistant. During the progesterone-arrested state, the T47D cells up-
regulate expression of the epidermal growth factor receptor (EGFR) three- to
fivefold and acquire sensitivity to the proliferative effects of EGF [34]. This
led to the model put forward by Horwitz and co-workers [34], that proges-
terone is a competence factor that switches breast cancer growth from steroid
hormone-dependence to growth factor-dependence. These effects include the
attenuation of progestin responsiveness, decrease of the level of PR in cells
treated with EGF [35], and progestin-dependent regulation of EGF and EGFR
levels [36].

1.3.3
Androgen Receptor

The androgen receptor (AR), a transcription factor which is regulated via
the binding of androgens, has two transactivation functions. In contrast to
the ERα, ERβ and the PR, the C-terminal activation function AF-2 is only
weakly transcriptionally active. The N-terminal region of the AR contains
a stretch of variable length consisting of 6–30 glutamine and 3–18 glycine
residues. The length of this polymorphism influences the transcriptional ac-
tivity [37]. A nuclear localisation signal (NLS) spans the region between the
DNA-binding domain and the hinge region. AR-regulated gene expression is
responsible for male sexual differentiation and male pubertal changes. AR-
specific ligands are widely used in a variety of clinical settings.

The first crystal structure of the LBD of the AR in complex with metri-
bolone (R1881) was solved by Matias and colleagues in 2000 [38]. The LBD
has a similar three-dimensional structure to the other agonist-bound steroid
receptors, namely the ERα, ERβ and the PR [38]. The fact that all steroid hor-
mone receptors bind similar hormone response elements (HREs) stands in
sharp contrast to the specific activities elicited by application of the steroid
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hormones. Specificity is achieved by enhancer elements on the DNA sur-
rounding the HREs and the tissue- and cell type-specific expression of co-
factors [37]. Intra-molecular interactions between the N-terminal activation
function AF-1 and the C-terminal LBD may interfere with co-factor bind-
ing [37, 39]. The AR is also indirectly activated by cytokines and growth
factors, namely IL-6, IGF-1, KGF and EGF. Furthermore, the AR is directly
activated by phosphorylation and sumoylation [39–42].

In contrast to other steroid hormone receptors, a considerable number
of mutations have been detected in the AR sequence, and have been char-
acterised (a database is available at www.mcgill.ca/androgendb). As many
mutations reside in the DNA-binding domain or in the LBD of the human AR,
they result in different phenotypes. The mutation of amino acid residue 877
from threonine to alanine (T877A) is the most frequent [42]. The crystal
structure has shown that the mutant AR-T877A has an enlarged ligand bind-
ing pocket, which may explain why the bulkier ligands progesterone and the
glucocorticoids are able to activate this AR [38, 43, 44]. Whereas some AR
mutations enhance the transcriptional activity, others completely inhibit all
functions of the AR. The majority of these mutations are associated with
human genetic diseases, in particular androgen insensitivity syndrome. The
characteristic phenotype of men with complete androgen insensitivity syn-
drome (CAIS) are female external genitalia and an absence of internal and
external male organs [45]. Considering the important role of steroid hormone
receptors in reproduction and development, it is astonishing that mutations
in the androgen receptor gene, which lead to a completely inactive receptor,
elicit a rather mild phenotype.

1.4
Co-factors

Nuclear receptors exert their different transcriptional functions through in-
teractions with and the recruitment of co-factors to responsive promoters.
Co-factors are either positive or negative regulatory proteins and are classi-
fied as co-activators, which promote, or co-repressors, which attenuate the
activity of nuclear hormone receptors [46]. The molecular mechanisms that
regulate the mutually exclusive interactions of the nuclear receptor with ei-
ther class of co-factors have been analysed by crystallographic studies. Func-
tional and structural studies have shown that co-activators interact with
the transactivation function (AF) of nuclear hormone receptors via short,
leucine-rich motifs (LXXLL) termed “NR boxes”, thereby transducing hor-
monal signals to the basal transcription machinery [47].

Examples of co-activators are the steroid receptor co-activator (SRC) fam-
ily [48] and the components of the mammalian mediator complex, which
possesses chromatin remodelling ability and tethers activated steroid hor-
mone receptors to the basal transcription machinery [49]. Additional co-
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activators, such as histone acetyltransferases (HATs), CREB-binding protein
(CBP) and the related p300 protein, are tethered to the nuclear hormone re-
ceptors through interactions with the SRC family of co-activators (Fig. 4) [50].
The recruitment of co-factors with histone modifying and chromatin re-
modelling activities by steroid hormone receptors overcomes the transcrip-
tional repression mediated by histone deacetylases (HDACs), leading to active
transcription via the general transcription machinery (Fig. 4). Important co-
factors and their functions have been reviewed by Gao et al. [51].

In the absence of ligand, some nuclear hormone receptors associate with
co-repressors, namely, SMRT (silencing mediator of retinoic acid and thy-
roid hormone receptors) and N-CoR (nuclear receptor co-repressor). Both,
SMRT and N-CoR, recruit coregulatory protein SIN3 and histone deacety-
lases (HDACs) to form a large co-repressor complex that contains histone
deacetylase activity, implicating histone deacetylation in transcriptional re-
pression [52, 53].

The development of compounds that block the interaction of agonist-
liganded steroid hormone receptors with co-activators might provide unique
pharmacological agents for interrupting the signal transduction cascade. In
first attempts, short peptides were generated by screening a phage display li-
brary against canonical LXXLL motifs [54]. Most of the peptides identified
were able to discriminate between ERα and ERβ, and also between ERs com-
plexed with ligands of different structure, including antagonists. Recently,

Fig. 4 Co-activator and co-repressor complexes are required for nuclear hormone
receptor-mediated transcriptional regulation. The tissue-selective fine-tuning of gene
transcription by nuclear hormone receptors is due to different co-regulatory complexes
that have various functions and enzymatic activities. Co-activator complexes include fac-
tors that contain ATP-dependent chromatin remodelling activity often associated with
histone acetyltransferase (HAT) activity. Co-repressors include ATP-dependent chromatin
remodelling complexes, which function as platforms for the recruitment of several sub-
complexes that often contain histone deacetylase (HDAC) activity
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approaches to identify small molecular weight inhibitors of co-activator bind-
ing (CBI) based on three-dimensional data of steroid hormone receptors
and co-activator complexes have been reported [55]. Analyses were made to
see whether CBIs are able to block the interaction of a LXXLL sequence-
containing peptide (NR box of co-activators) with the ERα. The best CBIs,
which effectively blocked the interaction of the peptide with the ERα, were
found in a pyrimidine series [55]. Although blocking protein–protein inter-
action is usually very difficult to accomplish, the results provide a proof-of-
principle that effective small molecule CBIs can be generated.

In cells of the mammary gland, either in normal epithelial or in cancer-
ous cells, the packaging of chromosomal DNA into chromatin restricts the
access of the transcription machinery, thereby causing transcriptional re-
pression. The basic N-termini of histones are subject to post-translational
modifications, including lysine acetylation, lysine and arginine methylation,
serine phosphorylation and ubiquitinylation [56]. It has been proposed in the
“histone code hypothesis” that the intricate pattern of modifications of the
N-terminal histone tail influences gene regulation [57].

The potential impact of the chromatin structure on ERα- and ERβ-
mediated transcriptional activities was investigated using an in vitro chro-
matin assembly assay. These experiments have shown that the AF-1 domain
of ERα, but not of ERβ, contains a transferable activation domain, which per-
mits the ERα to efficiently activate transcription on chromatin templates [58].
Furthermore, the co-activators CBP/p300 and SRC have to be recruited to
the ERα in order to maximally enhance transcription on ERα-susceptible
chromatin templates. The p300/CBP–SRC complex, when interacting with the
AF-1 of the ERα, is primarily involved in the stable formation of the pre-
initiation complex of transcription [59].

1.5
Ligand-Independent Activation of Steroid Hormone Receptors
and Non-genomic Effects of Steroids

Estradiol is capable of eliciting fast biological effects in several tissues (e.g.
in bone, breast, brain and vasculature). Estradiol for example induces vasodi-
latation within minutes of application. This observation led to the hypothesis
that estrogens may induce “non-genomic” effects, i.e. effects that are inde-
pendent of de novo RNA transcription and protein biosynthesis. In order to
distinguish the classic action of estradiol from the non-genomic action, it has
to be shown that the steroidal effect is rapid, i.e. it occurs within seconds
or minutes, and cannot be accounted for by the induction of gene expres-
sion or protein biosynthesis mediated by the steroid hormone receptors. It
has been proposed that the non-genomic effects are mediated via steroid hor-
mone binding sites in the cell membrane, which are linked with intracellular
signal transduction pathways [60]. It has been recognised that different pools
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of ERα protein exist in the cell: a fraction of the ERα is localised to the endo-
plasmic reticulum and the plasma membrane [61]. One model involves events
that are initiated by the ERα, which includes activation of G proteins, cave-
olins and receptor tyrosine kinases.

Experimental evidence indicates that translocation of the ERα to the mem-
brane in the absence of estrogen is dependent on the caveolin-1 protein.
Dependent on the cellular context, the membrane-localised ERα seems to be
capable of activating c-Src [62]. In breast cancer cells it has been demon-
strated that this can activate kinases, in particular the EGFR tyrosine kinase,
imparting cellular growth and survival signals [63]. This demonstrates that
membrane-associated ERα might utilise a classic growth factor signalling
cascade in breast cancer cells [63]. The anti-estrogen ICI 182,780 inhibits
translocation of the ERα to the membrane and the association of the signal
transduction complex. Additional non-genomic effects for classic steroid hor-
mone receptors have been reported [64] (Fig. 5). Moreover, the interaction of
ligand-bound PR with c-Src activates Ras, Raf and the MAPK-cascade.

Fig. 5 Ligand-dependent versus ligand-independent ER activation. The estrogen receptor
can be activated by estrogen (left-hand panel) or independently of estrogen, for example
by growth factors that increase the activity of protein kinases that phosphorylate different
sites on the ER. In this model (centre panel), the unbound but activated receptor will then
exert transcriptional effects. In the case of the non-genomic estrogen-signalling path-
way (right-hand panel), cell-membrane estrogen receptors are located in cell-membrane
invaginations called caveolae. Their activity is linked to the mitogen-activated protein
kinase pathway, resulting in a rapid, non-genomic effect
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Recently, a membrane steroid hormone receptor for estradiol has been
identified. The GPR30 is a G protein-coupled receptor. G protein-coupled re-
ceptors (GPCRs) are 7-transmembrane spanning proteins that interact with
heterotrimeric G proteins. Upon ligand binding and exchange of GDP for
GTP, the Gα-GTP dissociates from the Gβγ subunits. Sometimes the Gβγ sub-
units also activate different signal transduction cascades. GPR30 is activated
by estradiol, tamoxifen and ICI 182,780 in the absence of ERα or ERβ pro-
tein [65–67]. With its long N-terminus, it has sequence homology to the GPCRs
angiotensin II1A, interleukin-8A, and chemokine type 1 receptor. Therefore, it
has been proposed that the endogenous ligand of GPR30 might be a peptide or
a chemokine. However, attempts to deorphanise, i.e. to identify the potential
endogenous peptidergic ligand of the GPR30 have not been successful [68].

The GPR30 is expressed ubiquitously and expression in placenta, breast,
ovaries, prostate, neural tissue, heart, endothelial, hepatic and lymphoid tis-
sue has been shown [69]. GPR30 is co-expressed with the ERα in breast can-
cer tissue and breast cancer cell lines [70]. An exception is the human breast
cancer cell line SK-BR-3, which is negative for the classic steroid hormone
receptors ERα and ERβ but which does express the GPR30 endogenously.
E2, but also the ERα antagonists 4-OH-tamoxifen and ICI 182,780 bind to
cell membrane preparations of these cells with high affinity [67]. HEK-293
cells, which neither express the ERα, ERβ nor the GPR30, were transfected
with a cDNA coding for GPR30. In membrane preparations of HEK-293 cells,
GPR30-bound radio-labelled E2 was displaced by E2, 4-OH-tamoxifen, and
ICI 182,780 [67]. In contrast, knock-down of endogenous GPR30 in SK-BR-
3 cells with specific small interfering RNAs (siRNAs) directed against the
GPR30, decreased the binding of E2. Binding of E2 to GPR30 activates the
stimulatory G protein Gαs and, via activation of adenylate cyclase, cAMP lev-
els are increased [67].

There is currently some debate about the subcellular localisation of GPR30.
While Revankar and colleagues [66] were able to show that GPR30 is predom-
inantly localised to the endoplasmic reticulum in COS-7 cells over-expressing
GPR30 using a fluorescent marker coupled to E2, Thomas and colleagues [67]
in contrast proposed in their supplementary material that GPR30 is localised
to the plasma membrane but only a diffuse staining is visible [67]. A locali-
sation of GPCRs to the endoplasmic reticulum is surprising and it disagrees
with previous results by others that have shown that non-genomic, fast sig-
nalling is initiated at the plasma membrane. Currently, it is not clear whether
or not the GPR30 is subject to disturbed post-translational processing and
trafficking to the plasma membrane in COS-7 cells.

Interestingly, both the SERM 4-OH-tamoxifen and the “pure” anti-
estrogen ICI 182,780 are antagonists of the genomic response of the nuclear
ERα. However, they are agonists of the non-genomic, fast response at the
GPR30 [66, 67]. So far, there is no proof that GPR30 plays a role in breast can-
cer. Nevertheless, it is tempting to speculate that resistance to anti-estrogens
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in breast cancer might be brought about by an activation of GPR30-dependent
pathways by tamoxifen or ICI 182,780, which stimulate proliferation or inhibit
apoptosis.

Furthermore, post-translational modifications activate steroid hormone
receptors in a ligand-independent fashion (Fig. 5), as shown for the ERα

which is phosphorylated on serine residue 118 in the AF-1 domain by the
Erk1/2 kinase [71]. In vitro, the serine-118 phosphorylated ERα is transcrip-
tionally active in a ligand-independent fashion.

2
Chemistry and Pharmacology of Endocrine Therapy

2.1
Hormone Deprivation – Inhibition of Steroid Hormone Biosynthesis

2.1.1
Aromatase Inhibitors

2.1.1.1
Rationale for the Use of Aromatase Inhibitors in Cancer Treatment

One approach to interfere with ER signalling is to reduce the circulating level
of its ligand estradiol by inhibiting the enzyme aromatase. Aromatisation is the
last step in the synthesis of estradiol. This reaction is catalysed by the P450 aro-
matase mono-oxygenase complex that is present in the smooth endoplasmic

Fig. 6 Enzymatic reactions leading to aromatisation, according to Brueggemeier [73]
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reticulum of placenta and granulosa cells of ovarian follicles. In three con-
secutive hydroxylating reactions, estrone and estradiol are synthesised from
their precursors androstenedione and testosterone, respectively (Fig. 6). The
final hydroxylating step in aromatisation does not require enzymatic action
and is not product-sensitive. Aromatase is also present in peripheral tissues,
including adipose tissue, liver, muscle, brain and breast cancer tissue. In the
peri-menopausal period, the ovaries, as a result of the complete loss of primor-
dial follicles, stop producing estrogens. This leads to a steady decline in ovarian
estradiol production although serum estradiol concentrations can vary consid-
erably. In post-menopausal women, approximate plasma estradiol levels are
20 pmol/L, and most of the estradiol is formed by peripheral, extra-gonadal
conversion of testosterone. As peripheral aromatase activity increases with
age, peripheral estrogen production approximately doubles. Estrone is the
predominant estrogen in these women [72]. There is substantial information
that breast cancer tissue contains all the enzymes responsible for the local
biosynthesis of estradiol from circulating precursors. Aromatase inhibitors
may therefore also inhibit enhanced in situ estrogen synthesis in both breast
cancer tissue and non-malignant adjacent tissue, i.e. adipose tissues [73, 74].

2.1.1.2
Chemistry of Aromatase Inhibitors

Development of aromatase inhibitors (AIs) began as early as the 1970s and
has expanded greatly in the past three decades. Consequently, numerous
comprehensive reviews on aromatase inhibitors have been published, see for
example [73].

Competitive Aromatase Inhibitors
Competitive AIs are chemical compounds that compete with the substrate an-
drostenedione for non-covalent binding to the active site of the enzyme to
decrease the amount of product formed. Initially, research and development
of AIs started with the synthesis and biochemical characterisation of compet-
itive inhibitors.

As a common chemical feature, non-steroidal AIs contain a hetero-atom,
which binds to the heme iron of cytochrome P450 and is thus involved in
the hydroxylation reaction by which estrone and estradiol are synthesised
from their obligatory precursors androstenedione and testosterone. Aminog-
lutethimide was the first AI to be studied in breast cancer patients and is
therefore referred to as a first-generation AI. Due to the unspecific inhibi-
tion of other heme iron-containing enzymes, aminogluthetimide had severe
side effects. Therefore, research and development was directed towards more
specific second-generation (imidazole type: fadrozole) and third-generation
(triazole type: vorozole, anastrozole, letrozole) AIs (Fig. 7). The competitive
inhibitor fadrozole is more potent and selective than aminoglutethimide, but
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Fig. 7 Chemical structures of aromatase inhibitors

still shows residual non-selective inhibition. A higher degree of specificity
has been obtained with the third-generation AIs, which are derivatives of
triazoles. These new agents are 100–3000 times more potent than amino-
glutethimide, and all inhibit whole-body aromatisation by more than 96%.
The first triazole analogue was vorozole, which potently inhibits the aro-
matase with an apparent Ki of 1.3 nM in human placental microsomes [75].
Anastrozole inhibits the aromatase with an IC50 of 15 nM in human pla-
cental microsomes and is selective over several other cytochrome P450 en-
zymes [76]. The triazole derivative letrozole is a potent inhibitor of aromatase
with an IC50 of 11.5 nM in human placental microsomes. It exerts no effect on
the biosynthesis of other steroid hormones such as aldosterone, progesterone
or corticosterone [77].

Steroidal Aromatase Inhibitors
Steroidal AIs have been synthesised using the structure of androstenedione
as starting point for the chemical optimisation programme (Fig. 6). These
inhibitors bind to the aromatase in the same manner as the substrate an-
drostenedione. The structure–activity relationship (SAR) of the androstene-
dione derivatives has extensively been investigated. Although several of these
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compounds exhibited apparent Ki values in the low nanomolar range and
were competitive inhibitors, none of these compounds has been further de-
veloped [73].

A different type of steroidal inhibitor is termed an irreversible, sui-
cide, or mechanism-based aromatase inhibitor and examples are 4-hydroxy-
androstenedione, exemestane, and atamestane (Fig. 7). Irreversible AIs are
initially recognised by the aromatase as alternative substrates and are then
transformed via an NADPH-dependent mechanism into reactive interme-
diates, which inactivate the aromatase enzyme. Irreversible inhibitors can
have distinct advantages because these inhibitors are highly enzyme-specific,
they produce prolonged inhibition, and often they exhibit a low toxicity.
The most effective irreversible inhibitors exhibit a short half-time of in-
activation (t1/2) and a rapid inactivation rate. Atamestane is a competi-
tive and irreversible inhibitor of estrogen biosynthesis [78]. Exemestane
(FCE 24304; 6-methylenandrosta-1,4-diene-3,17-dione) was the second ir-
reversible AI to be described. Exemestane has similar properties to 4-hy-
droxyandrostendione, with a similar affinity (Ki of 26 nM versus 29 nM) and
a slow inactivation rate (t1/2 of 13.9 versus 2.1 min). Exemestane does not in-
terfere with 5α-reductase. Besides weak binding to the AR, the compound
did not bind to other steroid hormone receptors. Due to the high selectiv-
ity and potency of the available third-generation AIs, the chance to identify
compounds with improved characteristics appears rather low. This scepticism
is reflected in the very limited number of new drug finding programmes re-
ported in the last few years that have focussed on the aromatase as target.

Flavonoids
Several flavonoids inhibit the aromatase, thus decreasing estrogen biosyn-
thesis and circulating estrogen levels [79]. Flavonoids encompass flavones,
isoflavones, flavanones and flavonols, with a benzopyranone ring system as
the common chemical scaffold. Approaches to develop synthetic flavonoids,
chromone or xanthone analogues with enhanced aromatase inhibitory activ-
ity have identified several selective and potent compounds [73]. Generally,
flavones and flavanones (chrysin has an IC50 value of 0.5 µM) are more potent
inhibitors of the aromatase than isoflavones (biochanin A with an IC50 value
of 113 µM). By introducing functional groups onto the isoflavone core, the
potency was enhanced approximately 160-fold. A synthetic pyridyl isoflavone
analogue exhibited an IC50 value of approximately 210 nM and an apparent
Ki value of 220 nM. Considering the rather weak potency of flavonoid-based
AIs in comparison to the triazole derivatives, this is very likely the reason why
there has been little effort to develop AIs on a flavonoid scaffold.

Recently, dual aromatase-sulfatase inhibiton (DASI) was introduced as
a new targeting approach [80]. It is based on the hypothesis that additional
inhibition of the steroid sulfatase (STS) should reduce estrone levels signifi-
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cantly [81] and should thus provide a novel approach for the treatment of
breast cancer. A series of DASIs based on the AI YM511 was developed [80].
By introducing the pharmacophore for STS inhibition (i.e. a phenol sulfamate
ester) into the AI letrozole, a new structural class of dual inhibitors was gen-
erated. Although these dual inhibitors exhibited a lower activity in vitro, with
IC50 values of 30 µM for aromatase and > 10 µM for STS in human choriocar-
cinoma JEG-3 cells, some in vivo activity on STS was observed [80]. Clearly,
there is still plenty of room for improvement and chemical optimisation.

2.1.1.3
Pharmacology of Aromatase Inhibitors

Due to the limited specificity of the first- and second-generation AIs, this
class of compounds has been neglected therapeutically for a long time. How-
ever, recent results from the clinical development of the selective and po-
tent third-generation AIs have provided accumulating evidence that AIs are
an alternative endocrine therapy for treating patients with advanced breast
cancer. Several randomised clinical trials demonstrated that AIs are supe-
rior to tamoxifen in the neo-adjuvant and first-line treatment of advanced
breast cancer [73]. Among these, three relevant clinical studies showed that
the third-generation AIs, anastrozole, letrozole and exemestane, are supe-
rior to tamoxifen in patients with advanced disease. These results led to
a series of clinical trials comparing AIs with tamoxifen in the adjuvant
setting [82].

Primary objectives of the “Arimidex, Tamoxifen, Alone or in Combination”
(ATAC) trial, were to discover whether anastrozole is at least as effective as
tamoxifen in post-menopausal women with localised breast cancer, and/or of-
fers benefits in safety or tolerability over tamoxifen in this group of patients.
In total, 9366 patients were recruited and randomised to either 5 years of the
AI anastrozole alone, tamoxifen alone or a combination of both. Three ef-
ficacy analyses have been completed with median follow-ups of 33 months,
47 months and 68 months. The completed treatment analysis at a median
follow-up of 68 months showed that disease-free survival (DFS) and time
to recurrence remained consistently in favour of anastrozole compared with
tamoxifen. The benefit of anastrozole over tamoxifen was most striking in
women with steroid hormone receptor-positive tumours and the absolute
difference in benefit continued to increase over time for anastrozole ver-
sus tamoxifen. Overall survival (OS), however, was similar in both treatment
groups [83]. Unexpectedly, the combination treatment arm had to be closed
because of low efficacy. Patients that were treated with the third-generation
AIs had significantly lower incidences of hot flushes, vaginal bleeding, vagi-
nal discharge, endometrial cancer, ischaemic cerebrovascular events, venous
thromboembolic events and deep venous thromboembolic events compared
with those treated with tamoxifen. However, anastrozole induced a signifi-
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cantly higher number of incidences of arthralgia and fractures than the bone-
sparing tamoxifen.

Exemestane is currently under investigation in several clinical studies: in
the TEAM study, which originally was designed to compare exemestane with
tamoxifen for 5 years, and in the study EXEM027, comparing exemestane to
placebo for 2 years in low-risk ER positive patients [84]. Due to the results
of the Intergroup Exemestane Study (IES) the protocol of the TEAM study
was amended such that sequential tamoxifen followed by exemestane was
compared against exemestane alone. In the IES, 4742 patients were enrolled
to investigate whether exemestane, when given to post-menopausal women
after receiving adjuvant tamoxifen therapy for 2–3 years for primary breast
cancer, could prolong disease-free survival as compared with continued ta-
moxifen therapy. At the second interim analysis, it was shown that switching
to exemestane significantly improved DFS compared with continued tamox-
ifen. There was no significant difference in OS. The results of the updated
analysis, at a median follow-up of 37.4 months, demonstrated that the ben-
efit of switching to exemestane compared with tamoxifen was maintained.
The updated safety data confirmed that patients switching to exemestane ex-
perienced fewer gynaecological symptoms, vaginal bleeding, muscle cramps,
myocardial infarction and thromboembolic events compared with continued
tamoxifen. Switching to exemestane continued to be associated with a signifi-
cantly higher incidence of diarrhoea, arthralgia and adverse musculoskeletal
events compared with continued tamoxifen. In summary, these results show
that switching to exemestane after 2–3 years of tamoxifen therapy is associ-
ated with a reduced risk of breast cancer recurrence. In general, these data
strengthen the evidence for the superiority of third-generation AIs over ta-
moxifen as adjuvant treatment [84].

A large ongoing randomised trial investigating primary adjuvant en-
docrine treatment with either letrozole or tamoxifen, demonstrated a 19%
improvement in DFS and a significantly reduced risk of distant recurrences
for patients treated with letrozole [85]. As there appears to be no additional
benefit from continuing tamoxifen therapy beyond 5 years, there is a risk
of breast cancer recurrence beyond 5 years. Therefore, a trial was initiated
to investigate the benefits of continued adjuvant treatment with an AI be-
yond 5 years with tamoxifen. The MA 17 trial demonstrated that 5 years of
adjuvant letrozole therapy after 5 years of adjuvant tamoxifen therapy in post-
menopausal women with early stage breast cancer significantly improved DFS
compared with placebo in the total population but there was no significant
difference in OS [86].

Adverse events observed during letrozole treatment were similar to those
seen during anastrazole treatment but with a significantly higher incidence
of hot flushes, arthritis, arthralgia and myalgia, and a significantly lower
incidence of vaginal bleeding compared with placebo. In addition, newly
diagnosed osteoporosis was more frequently seen in the letrozole group com-
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pared with placebo. These results, published in the last few years [87], led to
the recommendation that switching to an AI might offer advantages over con-
tinued tamoxifen treatment for women who have already received adjuvant
tamoxifen therapy.

The superior results of AIs compared to tamoxifen in the adjuvant and
first-line advanced settings have started to change the endocrine treatment
sequence for breast cancer patients. As switching to an AI allows patients
to receive a drug that might prove more effective, it might avoid the devel-
opment of tamoxifen resistance and it might also offer a better tolerability.
The use of an AI should now be considered as the preferred initial adjuvant
endocrine treatment for post-menopausal women with hormone receptor-
positive localised breast cancer [84]. These changes, however, require new
options for the second-line treatment of advanced disease.

There are now two main groups of patients to consider when sequencing
endocrine treatment in breast cancer: those who progressed on or after ad-
juvant or first-line advanced tamoxifen treatment, and those who progressed
on or after adjuvant or first-line advanced AI treatment. There is a need for
treatments that are effective and that are not cross-resistent with tamoxifen
or AIs.

Atamestane, a steroidal AI, which was developed by Schering for treatment
of benign prostate hyperplasia (BPH), is now in phase III clinical trials, being
evaluated in combination therapy with toremifen against letrozole. Results re-
ported at the ASCO meeting 2006 in Atlanta, revealed a identical time to pro-
gression (11.2 months) in the two arms [88]. The pharmacology of atames-
tane was investigated in mice, rats, rabbits, dogs, monkeys and humans. In all
species tested, atamestane has no other intrinsic hormonal or anti-hormonal
activities, and does not inhibit other cytochrome P450-dependent enzymes
involved in the adrenal steroidogenesis besides aromatase [78, 89]. However,
it does inhibit the estrogen-induced negative feedback loop.

Currently, anastrozole and letrozole are efficacious in early-stage, locally
advanced, and metastatic disease and thus they present with the most com-
plete data set for the different stages of breast cancer. Although it seems rather
unlikely that one will be able to detect differences with respect to clinical ef-
fects at the tumour level, the indirect comparison of different AIs suggests
a stronger evidence for the use of exemestane compared with other AIs for
breast cancer therapy [90].

Importantly, extended biological knowledge and large-scale profiling of
gene expression of breast cancer specimens [91] will most probably help to
define which patients might benefit most from treatment with an AI. This
technology also offers the possibility to explore mechanisms of therapy re-
sistance, including estrogen hypersensitisation or the switch from hormone
to growth factor pathways. Based on the hypothesis that estrogen deprivation
induced by AIs could sensitise tumours to the treatment with estrogens at
pharmacological doses, those tumours that developed resistance to AIs have
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been treated with estrogens at high doses. During this regimen objective re-
sponses were observed in ten out of 29 patients, and some responses lasted for
more than 2 years [92].

Another observation focusses on cyclooxygenase 2 (COX2) expression in
breast cancer and the regulation of aromatase expression [93]. Although, thus
far, no study reported intra-tumoural estrogen levels in patients treated with
a COX2 inhibitor, the potential influence of COX2-derived signals on estro-
gen synthesis [94] provided the background for implementing celecoxib in
adjuvant and breast cancer prevention trials in concert with AIs. Whether
combining a COX2 inhibitor with an aromatase inhibitor may improve ther-
apeutic outcome is still awaiting data.

2.1.2
17β-Hydroxysteroid-dehydrogenase Inhibitors

2.1.2.1
Rationale for the Use of 17β-Hydroxysteroid-dehydrogenase Inhibitors
in Cancer Treatment

Besides AIs, inhibitors of other steroidogenic enzymes have the potential
to reduce circulating or tissue levels of active estrogens by blocking their
biosynthetic pathway. The 17β-hydroxysteroid dehydrogenases (17β-HSDs)
play an important role in the modification of steroid hormones such as es-
trogen and androgen (Fig. 8). In the last decade, several isoforms of 17β-HSD
have been discovered [95]. The enzymatic activities of the different mem-
bers of the 17β-HSD family are ubiquitous in human tissues. The type 1 or
human placenta estradiol dehydrogenase (17β-HSD1) catalyses the final step

Fig. 8 Enzymatic mechanism involved in the formation of estrogens: role of the 17β-HSD
pathway
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in the biosynthesis of 17β-estradiol (E2) via the reduction of estrone (E1)
using NADPH or NADH as co-factor [96]. 17β-HSD1 is expressed in many
steroidogenic tissues, including breast tissue, and has been found to be ac-
tive in breast cancer cells and could therefore be a target for breast cancer
therapy. The potential therapeutic effects of inhibiting this enzyme have been
the rationale of the search for selective inhibitors. Although several inhibitors
have been reported in the literature [96], none of them is available in the
clinic because an in vivo efficacy of selective 17β-HSD inhibitors has not been
demonstrated [96].

2.1.2.2
Chemistry of 17β-HSD Inhibitors

The synthesis of inhibitors from several structural classes has been reported.
A review article by Poirier [96] focussing on 17β-HSD inhibitors summarised
all known activities on 17β-HSD inhibitors. In addition to giving an up-to-
date description of inhibitors of 17β-HSD isoforms 1–8, this review provides
information on the isoform selectivity and residual estrogenic or andro-
genic activity. Both, derivatives of steroidal and non-steroidal structure, have
been described as 17β-HSD inhibitors. Among them are substituted agonists
like estrogens, progestins and phytoestrogens, which either irreversibly or
reversibly inhibit the 17β-HSD1 (e.g. bromoacetoxy or alkylamide deriva-
tives) [97].

Several potent anti-estrogens also have a potential to be used as 17β-HSD
inhibitors because some of them have a dual site of inhibitory action: they
block both the estrogen receptor (anti-estrogen effect) and estrogen forma-
tion (inhibitory effect on 17β-HSD). Despite the complexity of a dually active
agent, such inhibitors have interesting properties suitable for their potential
use in the treatment of estrogen-sensitive diseases, but their potency and se-
lectivity for 17β-HSD1 have to be improved [98].

As more insight into the three-dimensional structure of 17β-HSD has been
gained in recent years [99], information on the three-dimensional structure
of the catalytic site can now be derived. Based on these data, novel inhibitors
have been discovered. Amides containing an aromatic pyridyl moiety have
been found to give the best inhibition, indicating that the pyridyl group in-
teracts with the active site. The chemical optimisation and pharmacological
evaluation of these novel inhibitors is currently ongoing [99].

2.1.2.3
Pharmacology of 17β HSD Inhibitors

Historically, the 17β-HSDs have been classified as “reversible” enzymes, i.e.
being able to catalyse both reductive and oxidative conversions. However,
Luu-The and colleagues [95, 100] observed that, although the activity of 17β-
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HSDs in homogenised cells is reversible, their activity in intact cells is mainly
uni-directional. Based on these findings, each member of the 17β-HSDs fam-
ily has now been classified as either reductive or oxidative. The effects of
17β-HSD inhibition on tumor cell proliferation has been evaluated only in the
human breast cancer cell lines MCF-7 and T47D. Compounds from the class
of pure steroidal anti-estrogens (ICI 164,384) inhibit the conversion from E1
to E2 by 53%. However, the high IC50 values which range between 0.5–5 µM
preclude the use of these compounds in vivo [101]. Clinical and pre-clinical
observations demonstrated that progestins can interfere with 17β-HSD ex-
pression and activity. Inhibiton of both, oxidative and reductive activities
have been reported [102]. Whether 17β-HSD inhibition alone is sufficient to
suppress the growth of breast cancer or whether a combination with an aro-
matase inhibitor might provide additional clinical benefit still remain open
questions.

2.1.3
Steroid Sulfatase Inhibitors

2.1.3.1
Rationale for the Use of Steroid Sulfatase Inhibitors in Cancer Treatment

The biologically inactive estrone sulfate (E1S) and dehydro-epiandrosterone-
sulfate (DHEAS) are the most abundant circulating estrogenic precursors in
the plasma of post-menopausal women [103]. Desulfation of inactive steroid-
3-O-sulfates by estrone-sulfatase (STS) plays a key role in the regulation of
levels of receptor-active estrogenic steroids (estradiol and androstenediol) in
breast cancer cells (Fig. 9). There is strong evidence suggesting that estrone
sulfatase (STS) and DHEA-sulfatase are the same enzyme [103].

Although the affinity of androstenediol for the ER is much lower than that
of estradiol, the plasma concentration of androstenediol is 100-fold higher
than that of estradiol and it is presumed that the amount of circulating an-
drostenediol is sufficient to stimulate hormone-dependent breast cancer cells.
In addition, the activity of the STS and the tissue concentration of estrone sul-
fate were found to be higher in tumour than in normal breast tissue [104].
This led to the hypothesis that the sulfatase pathway, where the STS con-
verts E1S into E1, provides most of the E1 for the last step of E2 formation.
Circulating estrone sulfate is seen as a reservoir for the local formation of
free, biologically active estrogens by an intracrine mechanism, particularly
after the menopause. STS is located in the endoplasmic reticulum and ac-
cepts a range of substrates. The structure of the STS has been determined
at 2.6 Å resolution by X-ray crystallography and is used for molecular mod-
elling of inhibitors [105]. The presence of two different isozymes was shown
by Zhu et al. [106]. In summary, STSes have been implicated in the growth of
hormone-dependent breast cancer, and they might be an important target for
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Fig. 9 Enzymatic mechanism involved in the formation of estrogens. A The sulfatase
pathway. B,C Structure of the potent STS inhibitors EMATE and COUMATE. D New phar-
macophore for the inhibition of estrone sulfatase: R general carbon backbone (aromatic
or aliphatic), X electron withdrawing groups (e.g. nitro), Y additional functionality in-
cluding fused or adjacent/remote ring structures so as to meet the log P requirement

endocrine therapy. There is now considerable interest in discovering how to
control and block this enzyme.

2.1.3.2
Chemistry of Steroid Sulfatase Inhibitors

Research on STS inhibition is still at its early stage, but several steroidal
and non-steroidal compounds are under investigation. From the large se-
ries of steroidal compounds estrone-3-O-sulfamate (EMATE) (Fig. 9) was
found to be the most potent inhibitor of STS. EMATE is an irreversible STS
inhibitor with an IC50 for STS inhibition of 65 pM (measured in MCF-7
cells with estrone sulfate as the substrate at a concentration of 2 nM) [107].
All further structural modifications, either on the sulfamate group, on al-
ternative groups, or by varying the steroidal backbone (androgens, pro-
gestins, cholestane) resulted in compounds that potently inhibit the STS;
however, in general they were less potent than EMATE [108]. The major
drawback of most of the steroidal STS inhibitors is their intrinsic estro-
genicity. Therefore, non-steroidal compounds devoid of estrogenic activ-
ity and based on different backbones (phenols, indoles, flavones, stilbenes,
coumarin, tetrahydronaphthol, tyramines and even ethyl alcohol) were syn-
thesised [109]. One prominent example for a non-steroidal inhibitor is the



Anti-hormone Therapy: Principles of Endocrine Therapy of Cancer 45

coumarine 4-methylcoumarin-7-O-sulfamate derivative, COUMATE, with an
IC50 of 380 nM. SAR analyses led to a simplified pharmacophore (Fig. 9)
with the sulfamate group attached to a carbon backbone as the most im-
portant group within potential non-steroidal inhibitors of STS [110]. Potent
sulfamoyloxy-substituted stilbenes with anti-estrogenic activity were synthe-
sised and evaluated as inhibitors of STS by Walter et al. [111]. These com-
pounds inhibited the STS with IC50 values in the submicromolar range. The
data disclosed in the recent publications have confirmed STS as an attrac-
tive target for a range of potential indications, primarily for the therapy of
estrogen-dependent breast cancer. Now, the new STS inhibitors await valida-
tion of their therapeutic potential in clinical trials.

2.1.3.3
Pharmacology of Steroid Sulfatase Inhibitors

The available information on the pharmacology of STS inhibitors is restricted
to a few in vitro and in vivo models. From all steroidal compounds, the irre-
versible inhibitor EMATE was found to be the most potent STS inhibitor with
an IC50 of 65 pM [107]. However, it has been proposed that the sulfamate moi-
ety of EMATE irreversibly binds to the active site and releases the steroidal
backbone estrone. This means that EMATE, although a potent inhibitor of
STS, counteracts its own effect by releasing estrone. The most potent deriva-
tive from a series of sulfamoyloxy-substituted stilbenes inhibited the growth
of MCF-7 breast cancer cells with an IC50 value of 13 nM [111].

Recently Shields-Botella et al. [112] reported novel, orally active STS in-
hibitors. Several compounds were synthesised and explored for the treatment
of estrogen-dependent breast cancer. The compounds TX 1299, TX 1492 and
TX 1506 proved to be inhibitors of STS in the choriocarcinoma cell line JEG-
3 at an IC50 of 5–70 nM and in the breast cancer cell line MCF-7 at an IC50 of
0.07–0.7 nM. They were shown to be negative in estrogenicity assay in human
endometrial adenocarcinoma Ishikawa cells. In vivo potency of TX 1299, was
evaluated in comparison with COUMATE. TX 1299 showed anti-uterotrophic
activity in adult ovariectomised rats supplemented with estrone sulfate (E1S)
without residual estrogenic activity. In addition, the measurement of uter-
ine sulfatase levels confirmed the complete inhibition of the enzyme STS
within the target organ [112]. These preliminary studies indicate that non-
steroidal compounds are potent and rather selective in vitro, efficacious in
vivo, and results from further studies are awaited eagerly. However, it turns
out that most of the non-steroidal compounds may hit additional targets, i.e.
the estrogen receptor, or the aromatase, or even inhibit tubulin polymeri-
sation [81]. As it is difficult or nearly impossible to attribute the general
anti-proliferative effects of such inhibitors to one mechanism, the therapeu-
tic relevance of STS inhibition still has to be shown. Compounds which are
able to inhibit two enzymes could, however, have the potential to totally block
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the synthesis of estrogens. As a consequence, a number of research groups
have directed their research into compounds that are dual inhibitors of aro-
matase and STS [113]. The compound YM 511, as an example of a dual
aromatase and STS inhibitor (DASI), was already mentioned in the section
on AIs [80].

2.1.4
5α-Reductase Inhibitors

2.1.4.1
Rationale for the Use of 5α-Reductase Inhibitors in Cancer Treatment

Steroid 5α-reductase is a membrane bound, NADPH-dependent enzyme that
is responsible for the selective, irreversible conversion (reduction) of 4-ene-
3-oxosteroids into the corresponding 5α-3-oxosteroids (Fig. 10). Two genes
code for 5α-reductase activity, the 5α-reductase type 1 and type 2 (5αR-1
and 5αR-2), and they are only 50% homologous on the protein level [114].
5αR-1 is mainly expressed in the sebaceous glands of the skin and in the
liver, whereas 5αR-2 is expressed in androgen-sensitive tissues, i.e. prostate,
epididymis and other reproductive tissues [115]. The 5α-reductases are im-
portant regulators of endocrine action in androgen-sensitive cells. The 5αR-2
isoenzyme has a high affinity for the most important substrate testosterone
(Km 4–50 nM) while the affinity of the 5αR-1 for testosterone is consider-
ably lower (Km 1–5 µM). The physiological roles of testosterone and dihy-
drotestosterone (DHT) are quite different. In males, testosterone determines
the modification of external genitalia, increases the muscle mass, deepens
the voice, and affects spermatogenesis, sexual potency and male sexual be-
haviour. DHT is responsible for the increase of body hair and facial hair
and the enlargement of the prostate. The abnormal production of DHT has
been associated with diseases of the prostate and the skin, and high interest
has been paid to the synthesis of 5α-reductase inhibitors for the treatment
of DHT-related pathologies. Further evidence for a role of the 5αR-2 in the
pathogenesis of DHT-related disorders comes from the clinical phenotype of
5αR-2 deficiency. In individuals with a total deficiency of 5αR-2, the prostate
remains undeveloped, facial and body hair growth patterns are more femi-
nine in character, and the temporal regression of the hair line is significantly
reduced, indicating that 5αR-2 is involved in prostatic diseases and to some
extent in androgenic alopecia [116]. For this reason, the development of
5αR-2-specific inhibitors for the treatment of DHT-dependent pathologies
has been a major focus of pharmaceutical research.

Whether the selective inhibition of 5αR-2 may provide an advantage over
inhibition of both 5αR-2 and 5αR-1, will have to be shown by comparing
finasteride (rather type 2-selective) and dutasteride (a type 1 and type 2 in-
hibitor) (Fig. 10). At present, no selective 5αR-1 inhibitor is available for the
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Fig. 10 A Enzymatic mechanism of 5α-reductase and B structures of 5α-reductase in-
hibitors

treatment of 5αR-1-related pathologies but pharmaceutical research is active
in this field [117].

2.1.4.2
Chemistry of 5α-Reductase Inhibitors

The first 5αR-2 inhibitors were synthesised by modifying the structure of
the natural substrate testosterone. Substitution of one carbon atom at the
A- or B-ring by an hetero-atom, led to the discovery of potent inhibitors
of 5αR-2 such as the 4-azasteroids, 6-azasteroids, 10-azasteroids, as well as
steroidal carboxylic acid inhibitors [118]. Among all these compounds, only
the 4-azasteroides finasteride and dutasteride are approved for the treatment
of benigne prostate hyperplasia (BPH). Dutasteride (GI198745) emerged
from a family of 6-azasteroids through modification of the steroidal struc-
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ture [119]. Epristeride, a steroid with an carboxylic acid in the A-ring, is
a potent non-competitive steroidal inhibitor of 5αR-2 with weaker type 1 ac-
tivity [120].

Following a paradigm shift in the field, the recognition of “potential” un-
desired endocrine actions of steroidal compounds directed activity towards
research on non-steroidal inhibitors. As three-dimensional structures for the
two 5α-reductase enzymes are not available, SAR-driven compound design
was not possible. Nevertheless, in the last few years, some groups in academia
and in the pharmaceutical industry have pursued research on non-steroidal
compounds that inhibit human 5α-reductase type 1 and type 2 [121]. Several
classes of non-steroidal inhibitors have been reported so far. They were de-
signed by removing one or more rings from the (aza)steroidal structures. The
most potent inhibitor of the benzoquinolinones series is LY191704 [122], with
an IC50 of 8 nM. Among compounds with benzoquinolizinone structure, some
potent dual inhibitors with IC50 values ranging between 93 and 166 nM for both
isozymes, were identified [123]. Benzoquinolizinone-based inhibitors are very
potent type 1-selective inhibitors with an IC50 of 7.6 nM [124].

Novel substituted benzoylbenzoic acids and phenylacetic acids inhibitors
have been synthesised that exhibit IC50 values in the nanomolar range. The
compounds turned out to be potent and selective human 5αR-2 inhibitors.
The phenylacetic acid derivatives, equipotent to finasteride and more po-
tent than the analogous benzoic acids (IC50 values: 5 versus 23 nM) were the
strongest inhibitors in this class [125]. Analogues of ONO3805 are selective
inhibitors of human 5αR-1, although not very potent, with IC50 of 310 nM
towards type 1 isozyme and > 100 000 towards type 2 [126]. Alpha-1 adren-
ergic antagonists relax the smooth muscle of the prostate, thereby decreasing
the resistance to urine flow and improving BPH symptoms. Research on non-
steroidal compounds with dual inhibitory action on the α1-adreno receptor
and 5αR-2 in rat models is currently ongoing and these compounds could
represent a true innovation for the treatment of BPH [127, 128].

Numberless phytotherapeutic preparations for the treatment of BPH are
on the market. However, the active ingredients and the mode of action remain
unknown for most of them. Serenoa repens (also known as saw palmetto from
the American dwarf palm) has been investigated in a number of scientific ex-
periments and in clinical trials. It has been proposed that it inhibits the 5αR-2.
Since Serenoa repens has no effect on serum prostate-specific antigen (PSA)
levels, the mode of action might certainly differ from the mode of action of
finasteride or dutasteride [129].

2.1.4.3
Pharmacology of 5α-Reductase Inhibitors

Finasteride, the first 5α-reductase inhibitor, was introduced more than
a decade ago. It competitively inhibits 5αR-2 but is only weakly active against
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type 1. It reduces human serum DHT levels by 65–70% and prostatic DHT
levels by 85–90% [130]. The efficacy, safety and ability to reverse the natural
progression of benign prostatic hyperplasia have convincingly been demon-
strated. Since serum testosterone levels are unaffected, side effects such as
decreased libido, fertility and sexual function are rare. Treatment with finas-
teride results in shrinkage of the prostate gland by inducing apoptosis and
atrophy of the epithelial cells with little effect on the stroma [130]. As fi-
nasterides selectively inhibit the 5αR-2, the prostate still receives androgenic
stimuli from the residual 30% of serum DHT and 10% of intraprostatic DHT,
which has been generated by the 5αR-1.

More recently, dutasteride, has emerged as alternative treatment option.
Dutasteride is a dual type 1 and type 2 5α-reductase inhibitor with 60-fold
stronger inhibition of type 2 than finasteride and it is also potent antagonist
of the 5αR-1. A phase II study in 399 men compared DHT suppression by var-
ious doses of dutasteride, 5 mg finasteride and placebo at the end of a 24-week
treatment period. Dutasteride decreased serum DHT levels by 98.4%±1.2%
at a dose of 5 mg. In comparison, finasteride caused a decrease of 70.8% ±
18.3%. Dutasteride thus appears to achieve stronger, less variable, and al-
most maximal serum DHT suppression compared to finasteride [131]. In
men with symptomatic BPH, long-term treatment with dutasteride resulted
in sustained and continued improvements in symptoms and flow rate [132].
The other dual 5α-reductase inhibitor, epristeride, irreversibly binds to the
enzyme and this results in the formation of an unproductive complex of
testosterone, enzyme and NADPH. As testosterone is caught in a trap, the re-
ciprocal intraprostatic testosterone increase seen with finasteride should not
occur. Despite this, phase II clinical trials with epristeride showed only a 74%
reduction in intraprostatic DHT, compared to the 85–90% reduction seen
with finasteride. So far, no results regarding phase III clinical trials have been
published [130].

The Prostate Cancer Prevention Trial (PCPT) tested, in a prospective ran-
domised trial, whether finasteride treatment prevents prostate cancer growth.
The trial demonstrated a nearly 25% reduction in the prevalence of prostate
cancer compared with placebo and provided proof of principle that a chemo-
prevention strategy using an endocrine agent such as a 5α-reductase inhibitor
can be effective. Recent evidence suggests that an increased expression of the
5α-reductase type 1 in prostate cancer compared to benign prostate tissue
also makes dutasteride an attractive compound to be studied in this malig-
nant disease [133, 134]. The REDUCE (Reduction by Dutasteride of Prostate
Cancer Events) trial will use the dual 5α-reductase inhibitor dutasteride in
a group of men identified at increased risk of developing prostate cancer
to determine whether treatment with dutasteride will provide an effect-
ive chemoprevention strategy [135]. The lack of appropriate animal models
for BPH and the observed differences in sensitivitiy of rat versus human
5α-reductase enzymes are major hurdles for the pharmacological character-
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isation of all recently synthesised non-steroidal inhibitors. This means that
finally only clinical trials in humans might give useful information for the
development of drugs for the treatment of BPH.

2.1.5
CYP-17 Inhibitors

The bioconversion of cholesterol to testosterone and DHT in the testes
and adrenal glands proceeds via two routes: one involves pregnenolone
and dehydro-epiandrosterone and the other involves progesterone and an-
drostenedione. The crucial steps of this process are mediated by a single
cytochrome P450 monooxygenase called CYP-17, which displays two enzy-
matic activities. On the one hand it is a 17α-hydroxylase, which stereo-
specifically hydroxylates pregnenolone and progesterone at C17, and on the
other hand it is a 17,20-lyase, which catalyses the side-chain cleavage of the
17-hydroxylated derivatives of pregnenolone and progesterone resulting in
the biosynthesis of the 17-keto-androgens: dehydro-epiandrosterone and an-
drostenedione. A recent review by Leroux summarises the development of
new steroidal and non-steroidal inhibitors of CYP-17 [136]. As androgens are
implicated in the development and progression of prostatic diseases, this en-
zyme has become a promising therapeutic target. In order to avoid undesired
side effects, CYP-17 targeted androgen biosynthesis inhibitors have to be
very specific so that they will not influence corticoid biosynthesis. Attempts
were made to obtain selective steroidal as well as non-steroidal inhibitors of
CYP-17 [137].

In the last few years, several inhibitors based on a steroidal backbone
(pregnenolone and progesterone) were developed by attaching a functional
group, which complexes the heme iron into the 17-position. This modifica-
tion prevented CYP-17 from catalysing the hydroxylation step. Compounds
with a 3-pyridyl group in the 17-position, like abiraterone, were the most
active (Fig. 11) [138]. Abiraterone was the only steroidal compound used in
a clinical trial. Recently, the group of Hartmann et al. [139] reported that
pyrimidyl derivatives are potent inhibitors, two to three times more active

Fig. 11 Inhibitors of P450 CYP-17
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than abiraterone (IC50 24 nM versus 73 nM) [139]. These compounds could be
promising candidates for clinical evaluation. Steroidal compounds often bind
to the mineralocorticoid receptor (MR) and the glucocorticoid receptor (GR)
and thus elicit side effects. However, non-steroidal inhibitors based on the tri-
azole backbone of ketoconazole or bifonazole were less potent in vitro (IC50
130 nM) and inactive in vivo due to rapid metabolic degradation [140].

2.2
Hormone Antagonists – Blockade of Steroid Hormone Receptors

2.2.1
Anti-estrogens

2.2.1.1
Rationale for the Use of Anti-estrogens in Cancer Treatment

The effects observed after surgical oophorectomy and the discovery of steroid
hormones and the steroid hormone receptors led to the concept that inhi-
bition of steroid hormone receptor function by antagonists should prevent
tumour growth. While the first anti-estrogen, tamoxifen, was found acci-
dentally, a deeper understanding of the estrogen receptor as a transcription
factor enabled more rational, SAR-based drug discovery. The introduction
of the anti-estrogen tamoxifen has changed the treatment of all stages of
breast cancer. It is still the method of choice not only for the treatment of
advanced disease in pre- and post-menopausal women but also for preven-
tion in women at high risk for developing breast cancer [141]. Tamoxifen
has some interesting side effects that render this compound so unique that
the term selective estrogen receptor modulator (SERM) was coined for this
class of compounds. Although tamoxifen is an anti-estrogen, the drug is
a partial estrogen receptor agonist with regard to estrogen-like effects, which
are mainly beneficial but in some cases can be harmful. The reduced es-
trogenicity is not reflected in a reduction in the incidence of blood clots
but in the consistent ability to decrease the serum levels of low density
lipoprotein (LDL). Unlike estrogen, tamoxifen does not increase high-density
lipoprotein (HDL). Proliferative effects on the endometrium have been re-
ported. The partial estrogenicity of tamoxifen maintains bone density in
post-menopausal women and a decrease in hip, wrist and spinal fractures has
been noted [142].

Resistance to tamoxifen is a complex phenomenon and there is evidence
that relapse under tamoxifen therapy is linked to the estrogenicity of the
drug. Both, the great success of tamoxifen and its liabilities have boosted
the search for new analogues in the past 25 years with the goal of identify-
ing a compound with increased anti-tumour activity and with reduced side
effects. A second generation of structurally related triphenyl-ethylenes like
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droloxifene, toremifene and idoxifene has been developed but these com-
pounds were not superior to tamoxifen [143]. Even raloxifene was not further
evaluated as a breast cancer treatment when early clinical trials showed less
activity than tamoxifen in therapy of advanced breast cancer. Nevertheless,
raloxifene was more effective in prevention of osteoporosis and was success-
fully developed as the first SERM for this indication. Only later was a reduc-
tion of the incidence of breast cancer observed as a beneficial side effect in the
placebo-controlled raloxifene trials [144].

Current interest in new SERMs has built on the experiences with the two
prototypical anti-estrogens of the SERM type, namely tamoxifen and ralox-
ifene, with tamoxifen having strong anti-tumour activity and with raloxifene
having an improved safety profile and offering bone protection. With the goal
of combining only the positive effects and thus decreasing the potential for
drug resistance in breast cancer, a third generation of SERM compounds is
currently under development.

The observation that as long as the ERα is present, transcription of
estrogen-responsive genes and tumour growth may still be stimulated by
small amounts of estrogens or partially agonistic anti-estrogens, or even
(in a ligand-independent fashion) by growth factor-mediated ERα phospho-
rylation [145], resulted in the development of a new generation of pure anti-
estrogens, the selective estrogen receptor destabilisers or SERDs. In 1991, the
first prototype of a so-called pure anti-estrogen (fulvestrant, or ICI 182,780)
was introduced [146]. This compound lacks estrogen agonistic activity and it
induces a rapid reduction of protein levels of ERα. As those compounds have
no agonistic activity but rather destabilise the ERα protein and completely
disrupt ERα-mediated growth stimulation, SERDs represent an important
therapeutic option for breast cancer treatment and appear to be an effective
approach even for tamoxifen-resistant breast cancer.

Results from drug-finding programmes on new anti-estrogens will be re-
viewed in this section. Drug discovery programmes have focussed on the
identification of pure and orally available anti-estrogens. A number of pure
anti-estrogens were synthesised and their SAR characterised [147]. These new
steroidal anti-estrogens are highly active, pure ER-antagonists that lead to an
efficient degradation of the ERα protein without any agonistic activity. Data
obtained in pre-clinical tumour models in mice and rats showed a high po-
tency with regard to growth inhibition of ERα-positive breast cancer [148].

2.2.1.2
Chemistry of Anti-estrogens

Approaches from medicinal chemistry that resulted in the discovery of first-
and second-generation SERMS have been reviewed extensively [149] and will
not be discussed in this section. The more recently published chemical struc-
tures of anti-estrogen were derived from different classes, e.g. stilbestriol,
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hexestriol, phenylindoles, napthalenes, and benzothiophenes [149]. Arzox-
ifene (Fig. 12) is a third-generation SERM of the benzothiophene class that
is currently under development for cancer treatment [150]. Replacement of
the carbonyl function of raloxifene with an ether oxygen and methylation of
the phenolic hydroxyl group resulted in a tenfold increase in anti-estrogenic
potency in vivo and in vitro.

Lasofoxifene, a diaryltetrahydro-naphthalene derivative is a further third-
generation SERM that is structurally distinct from raloxifene [151] (Fig. 12).
The compound was discovered during a programme aiming at the synthesis
of novel SERMs with good oral bioavailability and higher potency in vivo. In
order to circumvent the poor oral bioavailability and limited in vivo potency
associated with phenolic groups of benzothiophene derivatives such as ralox-
ifene, which are extensively glucuronidated in the intestinal wall, non-planar
phenols such as dihydro- and tetrahydro-naphthalene derivatives, which are
poorer substrates for glucuronidation, were introduced. This led to the con-
cept of modulating phenolic glucuronidation to obtain pharmacokinetically
superior SERMs. Lasofoxifene is more resistent to glucuronidation and this
resulted in an improved oral bioavailability.

Fig. 12 Chemical structures of first and second generation non-steroidal anti-estrogens
(tamoxifen and derivatives), and novel third generation SERMs



54 J. Hoffmann · A. Sommer

Non-steroidal analogues of the potent 7α-substituted steroidal anti-
estrogens were synthesised with the goal of identifying orally active, pure
anti-estrogens [152]. The benzopyrene derivatives aclobifene (EM-652) and
its prodrug EM-800 are active anti-estrogens in human breast cancer cells in
vitro as well as in nude mice in vivo [153]. Although EM-652 and EM-800
have frequently been proposed as pure anti-estrogens, partial estrogenicity was
observed in some experiments (Hoffmann, unpublished results). GW5638 is
a SERM with a rather conventional triphenylethylene structure that was identi-
fied in a screen for compounds that are mechanistically distinct from tamoxifen

Fig. 13 Chemical structures of steroidal anti-estrogens
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and raloxifene. In contrast to tamoxifen, the dimethylamino-ethyoxy group is
replaced by an acrylate side chain. This structural modification should result
in beneficial estrogenic properties, but unlike tamoxifen, it is a more potent
antagonist in breast cancer cells and has no uterotrophic behaviour [154, 155].
Bazedoxifene represents an example of a SERM that has a phenylindole struc-
ture. Bazedoxifene acetate represents a further promising new structural class
of SERMs; however, it is currently developed for osteoporosis treatment only
because it might cause less uterine and vasomotor side effects than the SERMs
that are currently used for osteoporosis treatment [156].

ICI 164,384 and fulvestrant (ICI 182,780) (Fig. 13) represent the first gen-
eration of pure anti-estrogens with ER destabilising activity [146]. These
compounds are 7-α-substituted analogues of 17β-estradiol. SAR studies iden-
tified fulvestrant (ICI 182,780), a compound with significantly increased anti-
estrogenic potency. As fulvestrant has a very low bioavailability when admin-
istered orally it has to be applied by intramuscular injection [146].

Further drug-finding activities focussed on the identification of an orally
available pure anti-estrogen with strong anti-tumour activity in endocrine-
responsive breast cancer. Rational drug design led to the synthesis of the
steroidal compound ZK-703 (Fig. 13). The distinguishing features of ZK-703
are an amino-function in the 7α-side chain and a fluorine atom in the 11β-
position of the molecule. Although the activity of ZK-703 was encouraging,
this compound still was less effective when administered orally than when
administered subcutaneously. Therefore, the metabolically labile thioether
moiety of ZK-703 was replaced by two methylene groups which resulted in the
compound ZK-253. Preliminary in vitro studies in liver microsomes indicated
an enhanced metabolic stability for ZK-253, which eventually may lead to an
increased bioavailability [148].

TAS-108 (SR16234) is a novel and orally active steroidal compound with
a proposed additional molecular mode-of-action that is different from that
of SERMs such as tamoxifen and raloxifene [157]. TAS-108 is a full estrogen
receptor-α antagonist, and it should also recruit co-activator transcriptional
intermediary factor 2 to ER-β, which may have a preventive effect on bone
loss [157].

2.2.1.3
Pharmacology of Anti-estrogens

From a clinical perspective, tamoxifen is still the first and only SERM worth
mentioning from the first- and second-generation compounds. The phar-
macology of tamoxifen has been reviewed extensively [142]. The NSABP-11
adjuvant trial and the Breast Cancer Prevention Trial (BCPT-1) are some of
the milestones in the history of tamoxifen [141].

Palliative and adjuvant phase III trials with toremifene demonstrated that
this compound is as effective as tamoxifen [158, 159]. Toremifene is less estro-
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genic, which results in a different side-effect profile. While lipid levels were
similar, the proliferative effects on the endometrium were reduced and the
osteoporosis protection was less effective under toremifene treatment [160].
Although droloxifene was more potent in pre-clinical assays, it was signifi-
cantly less active than tamoxifen in a randomised phase III trial in advanced
breast cancer [161]. Levormeloxifene and idoxifene were noted to increase
uterine prolapse and incontinence during phase III trials and therefore the
trials were terminated prematurely [162].

Raloxifene was successfully approved for osteoporosis prevention after ini-
tial failure in breast cancer studies [144]. In the randomised, double-blind
“MORE” study (Multiple Outcomes of Raloxifene) a 72% decrease in the inci-
dence of invasive breast cancer was found after 4 years of raloxifene therapy,
besides the prevention of osteoporosis [144]. A “CORE” (Continuing Out-
comes Relevant to Evista) trial was conducted to examine the effect of an
additional 4 years of raloxifene therapy on the incidence of invasive breast
cancer in women who participated in the MORE trial and who agreed to con-
tinue in the CORE trial. Women who had randomly been assigned to receive
raloxifene (either 60 or 120 mg/day) in MORE were now assigned to receive
raloxifene (60 mg/day) in CORE (n = 3510) and women who had been as-
signed to receive placebo in MORE continued on placebo in CORE (n = 1703).
Over the period of the 8 years of both trials, the incidence of invasive breast
cancer and of ER-positive invasive breast cancer was reduced by 66% and
76%, respectively, in the raloxifene group compared with the placebo group.
Further advantages of raloxifene are the abundant stimulation of the uterus
and the lowering of serum lipid concentrations. During the CORE trial, the
relative risk of thromboembolism in the raloxifene group compared with that
in the placebo group was 2.17 (95% CI 0.83–5.70). This increased risk, also
observed in the MORE trial, persisted over the 8 years of both trials [163].

These findings led the National Surgical Adjuvant Breast and Bowel Project
(NSABP) to design and launch the STAR trial (P-2, the Study of Tamoxifen
And Raloxifene). The trial was designed to recruit a total of 22 000 post-
menopausal women that are randomly assigned to receive either tamoxifen
(20 mg/day) or raloxifene (60 mg/day) in a double-blind design and the re-
sults were reported recently [164]. Raloxifene is as effective as tamoxifen in
reducing the risk of invasive breast cancer and has a lower risk of throm-
boembolic events and cataracts but a non-statistically significant higher risk
of non-invasive breast cancer. The risk of other cancers, fractures, ischemic
heart disease and stroke is similar for both drugs.

The novel SERMs, which include bazedoxifene and ospemifene (also known
as deaminohydroxy-toremifene), are being investigated for the prevention and
treatment of osteoporosis in post-menopausal women in phase III clinical
trials [151, 165]. The non-steroidal SERM lasofoxifene (CP-336156) [151], cur-
rently under consideration by the Food and Drug Administration for both
prevention of osteoporosis and urogenital atrophy, may have potential for
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breast cancer therapy. Lasofoxifene has been reported to be in phase III clinical
studies in breast cancer, but so far no data have been published.

Currently, very large and cost-intensive clinical trials are necessary to
prove efficacy of SERMS in breast cancer. This might be one of the rea-
sons why no further follow-up compounds have been introduced into the
clinic. Development and implementation of biomarkers and surrogate end-
points in clinical trials of breast cancer treatment and prevention might help
to improve this unsatisfying situation [166]. First attempts were recently re-
ported with arzoxifene, a new SERM with strong anti-estrogenic activity in
breast cancer which lacks agonist activity in the uterus [167]. Arzoxifene
was explored as a potential chemoprevention agent in a multi-centre study
in women with newly diagnosed ductal carcinoma in situ or T1/T2 invasive
breast cancer. In a phase IB trial, 76 postmenopausal women were ran-
domised to 20 mg of arzoxifene versus matched placebo. Serum specimens
collected at entry and at re-excision and were assayed for various hormones
and growth factors. In parallel, tissues from biopsies (ERα positive and/or
PR positive) were evaluated immunohistochemically for proliferation mark-
ers Ki-67 and proliferating cell nuclear antigen (PCNA). In this trial, an
increase in serum sex hormone binding globulin (SHBG) was noted, as well
as a decrease in insulin-like growth factor 1 (IGF1) and IGF binding protein-
3 (IGFBP3) ratio (P < 0.007 versus control/placebo). For 58 evaluable women,
a decrease in ERα expression for arzoxifene was observed compared with
no change with placebo (P = 0.0068). However, the decrease of proliferation
markers after treatment with arzoxifene was not statistically significant when
compared to the placebo group. This might be due to the confounding effect
of stopping hormone replacement therapy before entry into the study. The
effects on biomarkers reported in this study reveal that arzoxifene remains
a reasonable candidate for an additional study as a breast cancer chemopre-
vention agent [168].

The prodrug EM-800 and its active metabolite EM-652 are orally active
anti-estrogens. EM-652, however, was misclassified as an orally active pure
anti-estrogen. SAR of EM-652 predicted that EM-652 would be a SERM with
potential cross-resistance to tamoxifen and analogues. In-house experiments
demonstrated that EM-800 retains some estrogenic activity (9–18% of estra-
diol) in the rat uterus assay (Hoffmann, data not shown). EM-800 is a potent,
orally active anti-tumour agent in experimental tumour models. Beneficial
effects on bones and lipids, observed in pre-clinical and first clinical stud-
ies, also support the classification of EM-652 as a SERM. Results from one
phase II study in tamoxifen-resistant patients have been reported for EM-652.
The clinical benefit rate (CRs + PRs + SDs) was 35% with a median dura-
tion of response of 8 months. Similar results were observed in large studies
performed in a comparable population of patients who had failed tamoxifen
therapy and who received the pure steroidal anti-estrogen fulvestrant. Here,
44.6% and 42.2% of the women, respectively, had clinical benefit rates [169].
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The pure steroidal anti-estrogen fulvestrant (ICI 182,780) is the only com-
pound from the class of anti-estrogens that induces the degradation of the
ERα protein, culminating partially in an abrogation of estrogen-induced gene
transcription. The different mechanism of action suggested a lack of cross-
resistance with other SERMS such as tamoxifen. Indeed, first pre-clinical
studies have confirmed that fulvestrant has the potential to inhibit the growth
of tamoxifen-resistant human breast cancer cell lines [170]. The rate of degra-
dation of estradiol-occupied ERα appeared to be directly correlated with
the transcriptional activity. The analysis of the ubiquitination pathways re-
vealed that the ERα is hypo-ubiquitinated in presence of tamoxifen. In the
presence of fulvestrant, the ERα is hyper-ubiquitinated. It is likely that the
ligand-induced conformational changes in ERα influence its degradation by
modulating its interaction with components of the 26S proteasome [171].

Fulvestrant has been evaluated in two randomised phase III trials in post-
menopausal women with advanced disease after progression on prior anti-
estrogen therapy. In both trials, fulvestrant was at least as effective as anas-
trozole. In a prospectively designed combined analysis of the results from
both trials, median time to progression (TTP) was 5.5 months for fulves-
trant versus 4.1 months for anastrozole [172]. Fulvestrant and tamoxifen have
been compared as first-line treatments in a trial including post-menopausal
women with advanced breast cancer. In this study, the between-treatment dif-
ference was non-significant (median TTP 6.8 versus 8.3 months) [173].

Pre-clinical studies demonstrated that the destabilisation of the ERα oc-
curs dose-dependently. Although fulvestrant at 250 mg was shown to be ef-
fective, the level of ERα down-regulation achieved in a clinical setting has
not yet matched the degree of down-regulation seen in pre-clinical studies.
Indeed, it was shown recently that a more frequent application of fulves-
trant leads to a stronger down-regulation of the ERα [173]. In women re-
ceiving an i.m. injection of either 6 or 18 mg of a short-acting fulvestrant
formulation daily for 7 days prior to surgery, a significant dose-dependent re-
duction in the median ERα levels was evident. Whether strong initial ERα

down-regulation may impact the long-term efficacy of the drug still has to
be shown, but it may allow earlier identification of patients who respond
to treatment. As the down-regulation of the ERα is a dose-dependent pro-
cess that seems to correlate with response, it is assumed that more potent
selective estrogen receptor destabilisers (SERDs), which achieve a further
reduction of the levels of ERα, may have an impact on the long-term effi-
cacy. Drug discovery programmes, therefore, focussed on the identification
of pure and orally available anti-estrogens with improved potency. A number
of pure anti-estrogens were synthesised and their SAR characterised [147].
The novel compound ZK-703 is a pure estrogen antagonist that efficiently
destabilises the ERα protein in T47D breast cancer cells. The concentration
required for destabilisation (0.129 nM) is lower than the concentration re-
quired for anti-proliferative activity (IC50 2.1 nM), suggesting that receptor
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Fig. 14 ZK-253 effects on tamoxifen-resistant breast cancer xenograft tumours. Estrogen-
dependent MCF-7/TAM tumours were implanted on day 0 into one flank of 70 estrogen-
and tamoxifen-supplemented nude mice. After tumours had reached approximately
25 mm2 in size (after about 22 days), mice were randomised into seven groups (10 mice
each): three control groups (control tamoxifen, control vehicle or control ovariectomy
without estradiol), and the four treatment groups (ZK-703, ZK-253, raloxifene or fulves-
trant) each at 10 mg/kg subcutaneously daily. Treatment was continued either until the
end of the experiment or until tumours reached a median of approximately 100 mm2

(larger tumours were observed in some mice). The tumours were then removed, snap
frozen, and used for analysis of ER levels. a Xenograft tumour growth curves. Data are
expressed as medians with interquartile ranges. b ERα levels. Data are expressed as mean
with upper 95% CI

destabilisation strongly contributes to the inhibition of tumour cell growth.
The promising pharmacological profile of ZK-703 appears to provide an ad-
vantage for the treatment of breast cancer. Although the potency and effi-
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cacy of ZK-703 is very encouraging, this compound was less effective after
oral than after subcutaneous administration. In contrast, ZK-253, a struc-
turally optimised derivative of ZK-703, retained the anti-proliferative activity
of ZK-703 even when given orally. Treatment with ZK-703 and ZK-253 re-
sulted in prolonged growth control of the tamoxifen-resistant MCF-7/TAM
xenograft tumour mouse model, and occurrence of resistance was not ob-
served (Fig. 14a). From these experiments it was concluded that tamoxifen-
resistant tumours were not cross-resistant to ZK-703 and ZK-253; and con-
sequently these drugs should be active against tumours that developed a re-
sistance to the triphenylethylene class of anti-estrogens. Treatment with ei-
ther of the two novel anti-estrogens, but not with tamoxifen, raloxifene or
fulvestrant resulted in measurable ERα destabilisation in the MCF-7/TAM
xenograft tumour model (Fig. 14b). These data suggest that decreased ERα

levels in MCF-7 tumours, as caused by treatment with the novel pure anti-
estrogens ZK-253 and ZK-703, contribute to the sustained growth inhibition
of estrogen-dependent tumour cells (Fig. 14b). If, however, the anti-estrogen
no longer destabilises the ERα protein, as observed with fulvestrant in the
MCF-7/TAM xenograft tumour model (Fig. 14a), this might result in an ac-
quired cross-resistance to tamoxifen. Broad and direct comparisons with
other anti-estrogens such as tamoxifen, fulvestrant and EM-800 in hormone-
sensitive breast cancer models completed the pharmacological characterisa-
tion of ZK-253. The novel pure anti-estrogen ZK-253 was remarkably superior
to all other anti-estrogens in all hormone-sensitive breast cancer models that
were investigated [148].

2.2.2
Progesterone Receptor Antagonists

2.2.2.1
Rationale for the Use of Progesterone Receptor Antagonists in Cancer Treatment

It is well known that progesterone in physiological concentrations – be-
side estradiol – may be required for the proliferation of mammary carcino-
mas [174]. Therefore, it is expected that progesterone receptor (PR) antago-
nists (PRAs) will be able to block the growth of those mammary carcinomas
that express a functional PR, and that PR antagonists might be promising
new tools for breast cancer therapy [175]. Although these compounds require
a functional PR in order to block tumour growth, there is strong experimen-
tal evidence that PR antagonist-mediated tumour growth inhibition is not
solely based on progesterone antagonism. The ability of these compounds to
induce tumour cell differentiation that leads to apoptosis is a unique ability
compared to all other endocrine therapies [176].

In the last few years, considerable progress has been made in elucidat-
ing the mechanism of action of PR antagonists. According to the classical
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mechanism, PR antagonists bind to the PR and modulate PR-dependent gene
transcription. In addition, it has been demonstrated that the biological re-
sponse to a PR antagonist involves more factors and that this response is
not only the result of competition for progesterone [176]. In order to clearly
define those physiological effects that are specifically attributable to pro-
gesterone in vivo, a mouse knock-out model carrying a null mutation of
the PR gene (PRKO) was generated. Male and female embryos homozygous
for the PRKO developed normally to adulthood but they displayed signifi-
cant defects in the development of the reproductive organs [177]. The PRKO
model was also used to define the controversial role of progesterone-initiated
signalling in mammary gland tumourigenesis [178]. Combining tissue trans-
plantation with an carcinogen (DMBA)-induced mammary tumourigenesis
model, a marked reduction in mammary tumour incidence in PRKO mice
as compared with isogenic wild-type mice was observed. This section of the
review will focus on the pre-clinical and clinical development of new PR an-
tagonists with high specificity for the PR and high selectivity for treatment
of breast cancer. PR antagonists and selective progesterone receptor modu-
lators (SPRMs) display direct anti-proliferative effects in the endometrium,
justifying their use in the treatment of myomas and endometriosis [179]. In-
terestingly, clinical data show that treatment with these compounds is not
associated with hypo-estrogenism and bone loss [179]. The notion that an
anti-progestin such as mifepristone has been linked to drug-induced abortion
has unfortunately restricted the involvement of the major pharmaceutical
companies in the development of PR antagonists and SPRMs.

2.2.2.2
Chemistry of Progesterone Receptor Antagonists

Since the discovery of the anti-progestin mifepristone, hundreds of similar
compounds have been synthesised. This family includes pure progesterone
receptor antagonists (PR antagonists) and SPRMs, which have mixed agonist–
antagonist properties. The discovery of RU38486 (RU486; mifepristone), the
first compound with pronounced anti-glucocorticoid and anti-gestagenic ac-
tivities, was a starting point for drug discovery and medicinal optimisa-
tion [180]. The steroid nucleus was modified at various positions. Among
them, 11β-aryl-substituted PR antagonists with reduced anti-glucocorticoid
activity were synthesised and characterised [181]. One of the members of
this class is onapristone (ZK98299). Onapristone has a similar structure to
mifepristone, which is a 19-norprogesterone derivative, also with 11β-aryl
substitutions as Org33628 and Org31710. Asoprisnil (J867) is a hydrophobic
oxime with substitutions at the 11 position (Fig. 15) [182].

SAR analyses revealed that unwanted endocrine side effects such as anti-
glucocorticoid activities were reduced by modifying position C-17. Among
a variety of modifications, the 17α-pentafluoroethyl side chain (Fig. 15) led
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Fig. 15 Chemical structures of progesterone receptor antagonists

to a new anti-progestin (ZK230211) with a pronounced anti-progestagenic
activity and low or no other endocrine activities [183]. Non-steroidal PR an-
tagonists and SPRMs have also been developed [184], but are currently not
clinically evaluated. Eremmophilane-type sesquiterpenes, isolated as bacte-
rial metabolites from Penicillium obtalum about 7 years ago, have received
some attention as progesterone receptor modulators [185]. Tetrahydroben-
zindolone analogues such as CP8661, CP8668 and CP8863, and analogues of
aryl-substituted benzimidazolones, benzoxazinones and oxindoles are also
potent PR antagonists [186].

2.2.2.3
Pharmacology of Progesterone Receptor Antagonists

PR antagonists such as onapristone, ZK112993, ZK136798 and ZK230211,
which are highly selective for the progesterone receptor and possess a re-
duced anti-glucocorticoid activity compared to mifepristone, exerted a strong
anti-tumour activity in a panel of hormone-dependent mammary tumour
models [187–189]. Observations from these pre-clinical experiments in dif-
ferent model systems led to the conclusion that the strong anti-tumour ac-
tivity of these “pure” PR antagonists in breast cancer does not only depend
on the classic anti-hormonal mechanism. For the first time Michna et al.
(1992) described that the morphological pattern in experimental breast tu-
mours after treatment with PR antagonists differs totally from that after
treatment with tamoxifen, high doses of estrogen, or ovariectomy [190]. By
using light and electron microscopy they found that the anti-tumour ac-
tion of PR antagonists is accompanied by the initiation of differentiation by
induction of active secretory glandular formations while undifferentiated ep-
ithelial tumour cells disappeared. Mammary glands and breast tumours from
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onapristone-treated rats displayed morphological features of terminal dif-
ferentiation with the appearance of apoptotic cell death. In addition, flow
cytometry studies revealed an accumulation of the tumour cells in the G0–G1
phase of the cell cycle, together with a significant and biologically relevant
reduction in the number of cells in the G2M- and S-phases, which may re-
sult from induction of differentiation [176]. The ability of PR antagonists to
reduce the number of cells in S-phase may offer a clinical advantage, since
it has been established that the S-phase fraction is a highly significant pre-
dictor of disease-free survival among axillary node-negative patients with
diploid mammary tumours. In contrast, conventional endocrine therapies for
breast cancer such as tamoxifen as well as ovariectomy did not alter in the
distribution of cells in the cell cycle phases [190]. It can be concluded from
these data that PR antagonists clearly differ in their mode of action from
compounds used in established endocrine treatment strategies for breast
cancer.

To date, the results of five phase II clinical trials with PR antagonists in
patients with metastatic breast cancer have been reported [191]. In post-
menopausal women, two studies with mifepristone as second- or third-line
treatment for metastatic breast cancer showed an objective response rate
(complete response plus partial response) of 10 and 13% and stable disease
in 54 and 40% of patients, respectively. A third study was conducted using
mifepristone as first-line treatment. An objective response rate of 11% and
a stable disease rate of 39% was reported [191].

Onapristone was the first PR antagonist investigated as an alternative en-
docrine agent for the treatment of advanced breast cancer. In a phase II study,
onapristone was given at a dose of 100 mg/day to 118 patients with metastatic
breast cancer resistant to tamoxifen. The objective response rate was 10%,
and in 39% of the patients there was stable disease for at least 3 months. The
overall time to progression was 4 months [192]. In an explorative phase II
clinical trial [193], 19 patients with either locally advanced breast cancer
(n = 12) or who were elderly, unfit patients with primary breast cancer (n = 7)
received onapristone at 100 mg/day. Seventeen of the 19 tumours expressed
the ER while 12 of the 18 tumours tested expressed the PR. Tumour remission
was categorised according to the criteria of the International Union Against
Cancer. One patient was withdrawn after 4.5 months. Of the remaining 18 pa-
tients, ten (56%) showed a partial response and two (11%) a durable static
disease (≥ 6 months), giving an overall tumour remission rate of 67%. This
confirmed that onapristone does induce tumour responses in human breast
cancer. The median duration of remission was 70 weeks. Studies are on-
going to investigate whether onapristone induces a differentiation of these
human breast cancer cells similar to the changes seen in the in vivo models
described above. Due to the fact that some patients developed abnormali-
ties in liver function tests, the development programme for onapristone was
terminated.
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Nevertheless, these clinical results suggest a potential benefit of adding PR
antagonists to the panel of options for the treatment of endocrine-responsive
breast cancer, especially in order to extend the therapeutic options in anti-
estrogen refractory diseases. The extension of endocrine treatments to other
tumour entities is also a promising approach for further developments. El
Etreby et al. demonstrated that applying the PR antagonist mifepristone in
combination with 4-hydroxytamoxifen increases the induction of apoptosis
additively and down-regulates the apoptosis-inhibitory protein Bcl-2 in the
human breast cancer cell line MCF7 [194]. These results suggest a potential
clinical benefit of adding a PR antagonist to anti-estrogen therapy of breast
cancer patients. The effects of PR antagonists (onapristone) has also been in-
vestigated in other tumour types, both in classic endocrine-sensitive tumours
such as prostate cancer and in non-classic endocrine-sensitive ones as gas-
trointestinal tumours [188].

By definition, SPRMs have mixed agonist–antagonist properties and oc-
cupy an intermediate position in the spectrum of compounds active on
the progesterone receptor. Asoprisnil differs from the previously described
PR antagonists because it is a partial PR agonist. Asoprisnil treatment
in cynomolgus monkeys resulted in endometrial atrophy and reversibly
suppressed menstruation [195]. Two randomised, placebo-controlled, dose-
finding phase II studies of asoprisnil (5, 10 and 25 mg) have been conducted
in patients suffering from endometriosis-induced pain. All three asoprisnil
doses significantly reduced the average daily combined non-menstrual pelvic
pain/dysmenorrhea scores at all treatment months compared with placebo.
All effective doses of asoprisnil showed similar effects on pain; however,
the effect on bleeding pattern was dose-dependent. A separate study with
an identical design using lower asoprisnil doses (0.5, 1.5 and 5 mg) showed
that 5 mg is the minimum effective dose for pain relief in subjects with en-
dometriosis [196]. Both studies also confirmed the favourable safety and
tolerability profiles of asoprisnil during short-term treatment. Adverse events
were evenly distributed among treatment and placebo groups and were gen-
erally mild and self-limiting. No serious drug-related adverse events were
reported during treatment or follow-up period.

2.2.3
Anti-androgens

2.2.3.1
Rationale for the Use of Anti-androgens in Cancer Treatment

Prostate cancer is the most frequently diagnosed malignancy in males and
ranks second only to lung cancer in terms of annual mortality. Great efforts
have been made in the past to develop novel approaches to the treatment of
prostate cancer. The two main options for the treatment of prostate cancer are



Anti-hormone Therapy: Principles of Endocrine Therapy of Cancer 65

limited to surgical removal by radical prostatectomy (if the tumour is organ-
confined) or endocrine therapy (if the tumour has crossed the capsule). One
major problem in the treatment of non-organ confined prostate cancer is
that the currently available therapies are only palliative. For locally advanced
or metastatic prostate cancer the only effective therapies are those target-
ing the androgen receptor (AR). As most prostate cancer cells initially grow
androgen-dependently, androgen withdrawal results in the apoptosis and in-
hibition of tumour proliferation. Although the majority of patients (80%)
responds to endocrine therapy, almost all prostate cancer patients undergo
a relapse after a median duration of 12–18 months [197]. As no effective ther-
apies are available for such patients, there is a high medical need for better
therapies. The common therapies targeting the AR can be divided into lig-
and depletion by reduction of serum testosterone levels of testicular origin
via orchiectomy, application of LHRH analogues, high dose estrogens, and
the blockade of the AR.

Failure of androgen ablation therapy is likely to result from progression of
prostate tumours to androgen independency that may have different reasons
such as: (1) AR activation by residual androgens in androgen hypersensi-
tive tumour cells, (2) mutant ARs activated by other endogenous steroid
hormones, (3) ligand-independent AR activation by growth factor-mediated
signal tranduction pathways and (4) insufficient efficacy of available anti-
androgens.

It was shown that expression of the AR is not decreased or lost in ad-
vanced prostate tumours but instead is frequently increased and in addition
the AR gene is amplified [198]. Furthermore, mutations that convert the AR
into a promiscuous receptor that can be activated not only by androgens
but also by various other hormones and growth factors have been associ-
ated with tumour progression [199]. It was also shown that the AR can be
activated in a ligand-independent fashion in the absence of hormones by var-
ious growth factors such as insulin-like growth factor (IGF-1), keratinocyte
growth factor (KGF), epidermal growth factor (EGF) and cAMP-activating
compounds [200]. All these findings point out that prostate tumours may
use several pathways to circumvent their androgen requirements to adapt
to an androgen-deprived environment. Nevertheless, the key regulatory pro-
tein involved both in the androgen-dependent and the androgen-independent
growth of prostate tumours seems to be the AR.

The currently available anti-androgens have a relatively low AR affinity
when compared to anti-hormones that are specific for the ER and the PR. This
is reflected by IC50 values in the higher nanomolar range in in vitro transac-
tivation assays. Based on the evidence outlined above it becomes obvious that
there is room for improved prostate cancer therapies targeting the AR. The
AR might be a potential target for antisense or RNA interference (RNAi) ther-
apies to inhibit a key regulatory step in the androgen signal cascade. A further
approach is based on the positive experience with SERDs such as fulvestrant
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in the therapy of breast cancer. These compounds are pure anti-estrogens and
in addition they destabilise the receptor protein and lead to a complete dis-
ruption of steroid receptor-mediated growth stimulation. Complete blockade
of all AR functions by AR destabilising anti-androgens could represent an
important therapeutic option for prostate cancer treatment.

Attempts have been made to generate highly potent anti-androgens that
completely block all AR-mediated effects (ligand-dependent or -independent,
mediated by wild-type or mutated AR). Such compounds should be of supe-
rior efficacy when used in first-line therapy, they should delay the tumour
relapse, and they should be effective after relapse under classic androgen
ablation therapy. The successful development of selective estrogen receptor
modulators (SERMs) has triggered a strong interest in developing selective
androgen receptor modulators (SARMs). A SARM should be an antagonist
or weak agonist in the prostate, but an agonist in the pituitary and muscle.
For an ideal SARM, the antagonist activity in the prostate should inhibit the
growth of prostate cancer cells or it may even prevent the growth of nascent
or undetected prostate cancer, while the selective agonist activity in the mus-
cle and bone should prevent muscle-wasting conditions, hypogonadism or
age-related fragility.

2.2.3.2
Chemistry of Anti-androgens

The biology and structure–activity relationships for the emerging class of AR
antagonists have been discussed in many reviews [201]. Based on their struc-
ture, the known AR antagonists can be classified as steroidal or non-steroidal.
A few steroidal compounds have been used as anti-androgens, including
cyproterone acetate (CPA), which was originally developed for other thera-
peutic purposes. When CPA was evaluated for the originally intended use,
the anti-androgenic activity manifested as an undesired side effect. CPA is
a progestin that suppresses gonadotropin release and binds to the AR with
relatively high affinity and inhibits the growth of prostate cancer cells [202].

It was proposed that non-steroidal ligands will have a high specificity
for the AR, improve oral bioavailability, and achieve tissue selectivity. In
addition, they might allow more flexible chemical modifications if deemed
necessary. First, substituted toluidides such as bicalutamide, flutamide and
nilutamide were developed as non-steroidal anti-androgens (Fig. 16). Unlike
the steroidal CPA, these toluidides are considered to be pure anti-androgens
because they possess little if any intrinsic androgenic activity when bound to
wild-type AR and they do not cross-react with any of the other steroid recep-
tors [203]. As such, the non-steroidal anti-androgens are mainly used to treat
androgen-sensitive prostate cancer or BPH.

A variety of investigational anti-androgens are in development. These
compounds have not yet been evaluated clinically but demonstrate potent
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Fig. 16 Chemical structures of anti-androgens

anti-androgenic activity in in vitro and pre-clinical models. Structural mod-
ification led to the development of a series of hydantoin derivatives that act
as AR antagonists [204]. The lead compound BMS-564929 binds to the AR
with high affinity and specificity and acts with high selectivity in the tar-
get tissues [203]. A series of quinolone derivatives bind to the AR in the
nanomolar range and work as AR antagonists. In intact male rats, the lead
compound LG120907 showed antagonist activity in the prostate and sem-
inal vesicle without raising the plasma levels of luteinising hormone and
testosterone. However, the tissue selectivity observed in rats has not yet been
demonstrated in humans [205].

Structural modifications of bicalutamide led to the discovery of the first
generation of selective androgen receptor modulators (SARMs). These com-
pounds not only bind to the AR with an affinity in the nanomolar range, but
they also show tissue selectivity in animal models [206].

The mechanism by which the AR distinguishes between agonists and an-
tagonists was studied for non-steroidal AR ligands using site-directed mu-
tagenesis of the AR and structural evidence of the mechanism by which
non-steroidal ligands interact with the wild-type AR. Furthermore, mutations
at the amino acid residues Trp-741, Thr-877, Met-895, W741L, T877A and
M895T allow for accommodation of larger ligands such as corticosteroids and
non-steroidal antagonists within the AR binding pocket. Additionally, it was
demonstrated that R(-)bicalutamide stimulates transcriptional activation of
AR harbouring the T877A or M895T point mutation [207]. These studies pro-
vide a strong rationale for further AR-based drug design activities with the
aim of identifying novel non-steroidal AR antagonists that overcome this type
of resistance. Furthermore, the concept of AR destabilising compounds has
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been developed in the last few years and the first results will be published in
the near future.

2.2.3.3
Pharmacology of Anti-androgens

Anti-androgens competitively bind to the AR-LBD. In clinical use are CPA,
flutamide, nilutamide and bicalutamide. The first steroidal anti-androgen
CPA has been reviewed extensively [202]. CPA suppresses gonadotropin re-
lease and leads to a decrease of testosterone levels. Flutamide and bicalu-
tamide are non-steroidal compounds widely used in prostate cancer treat-
ment. Bicalutamide [208] has replaced flutamide and nilutamide as the anti-
androgen of choice for prostate cancer treatment since it has less side effects
and a longer half-life. It is therefore administered at a relatively lower dose
of 50 mg/day. Response rates of bicalutamide in phase II clinical trials were
comparable to those of CPA and flutamide [209]. In ongoing phase III stud-
ies, bicalutamide was compared with androgen ablation or maximal androgen
blockade. Interim analyses confirmed the improved tolerability of bicalu-
tamide; however, the compound failed to improve survival [210, 211].

Combined androgen blockade, first proposed by Labrie, is under investi-
gation in a number of randomised studies. For example, in a recent study
the combination of flutamide or nilutamide with a GnRH agonist has been
evaluated. Although the combination seems to improve time to progression
(TTP) and overall survival (OS), final data have not yet been published [212].
Whereas the EORTC trial reported significant advantages of a combination of
goserelin plus flutamide [213], this combination failed in other studies [214].
A meta-analysis showed a 5% increase of the 5-year survival under combi-
nation therapy [215]. A final consensus for endocrine treatment options for
prostate cancer, comparable to the St. Gallen consensus for breast cancer, still
has to be established. In some clinical trials, finasteride, an inhibitor of the
5α-reductase type 2, has been added to the combined androgen blockade
(goserelin and flutamide) [216].

Flutamide was the first drug used in prostate cancer therapy for which the
withdrawal syndrome was reported. In that study, 40% of patients showed
a decline in prostate specific antigen (PSA) levels after cessation of flutamide
from the therapeutic protocol. The decline in PSA levels was associated with
an improvement of the clinical symptoms. Based on these paradoxical ob-
servations, the concept of sequenced androgen ablation was proposed [217].
Several phase II clinical studies were performed, demonstrating safety and
tolerability, however, a direct comparison in randomised phase III trials is
necessary [218].

Although administration of all currently available anti-androgens in most
cases leads to stabilisation of the disease, survival of prostate cancer patients
has still not been significantly improved. There are several mechanisms by
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which AR antagonists acquire agonistic properties. A possible approach to
control prostate cancer growth is to develop therapies that down-regulate
AR expression. However, the AR is also implicated in regulating prostate dif-
ferentiation and a better understanding of the physiological role of the AR
might be achieved when critical co-activators associated with prostate can-
cer progression have been identified. These co-activators, if drugable, may be
regarded as novel targets for the therapy of prostate cancer.

In the bicalutamide prostate cancer programme, the adjuvant treatment of
patients with advanced prostate carcinoma (T1–T4; N0/NX, M0) with bicalu-
tamide (150 mg, once a day) was evaluated. 4052 patients were randomised
to bicalutamide with best standard care (either radiation, prostatectomy or
“watchful waiting”), whereas 4061 patients received a placebo with best stan-
dard care. An initial reduction of prostate cancer recurrence, which was
observed in an interim analysis, later was not confirmed [219]. As the sur-
vival time in the bicalutamide treatment group was decreased, the study was
terminated ahead of time.

A recent study shows that inhibition of AR expression results in prostate
tumour growth inhibition in vivo. These promising results further underline
the key role of the AR in prostate tumour growth and warrant further testing
down-regulation of the AR as a treatment for prostate cancer. As the function
of the AR seems to be mediated exclusively through genomic mechanisms,
one can also envision drugs that prevent AR nuclear translocation or impair
assembly of AR transcription complexes on target genes. Finally, it will be im-
portant to determine in more detail which mechanisms are responsible for
anti-androgen resistance implicated in therapy failure [220].

2.3
Hormone Interference – Estrogens and Progestins

Prior to the introduction of tamoxifen, high-dose estrogens such as diethyl-
stilbestrol (DES) or ethinyl estradiol were generally considered the endocrine
treatment of choice for post-menopausal women with breast cancer and for
men with prostate cancer [221]. Subsequently, the use of estrogens declined,
but data from recent clinical trials underline that these drugs have a simi-
lar efficacy as tamoxifen and are able to produce responses, even in patients
who have received extensive prior endocrine therapy. However, the use of
these agents is limited by their toxicity profile. The mode of action of high
dose estrogens is still under discussion. Besides a negative feedback regu-
lation of the hormonal cycle, cytotoxic effects and induction of apoptosis
have been proposed [222]. A modification of the treatment schedule and new
formulations like sulfamates, phosphates or esters, which avoid the primary
liver passage of the estrogen, may lead to a renaissance of this very effective
treatment option for breast and prostate cancer patients who are resistant to
anti-hormones [221].
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High-dose progestins are used as last-line endocrine therapy [223]. They
inhibit the adrenal steroid biosynthesis. The decrease of estrogen levels is
comparable to that caused by the administration of aromatase inhibitors. In
post-menopausal women, the progestin megestrol acetate (MGA) decreases
serum plasma level of DEAH, androstenedione and cortisol to less than
10% [223, 224].

2.3.1
Inhibitors of Releasing Hormones

2.3.1.1
Rationale for the Use of Inhibitors of Releasing Hormones in Cancer Treatment

Prostate cancer and breast cancer are both stimulated by steroid hormones.
The synthesis of estrogens and androgens is initiated by gonadotropins.
In pre-menopausal women, gonadotropin-releasing hormone (GnRH) is re-
leased from the hypothalamus in a pulsatile fashion and is carried by the
portal veins directly to the anterior pituitary gland where it binds to GnRH
receptors, stimulating the release of luteinising hormone (LH) and follicle
stimulating hormone (FSH) (Fig. 17). The ligand-bound receptors cluster and
are taken up into the pituitary cells. These inactivated G protein-coupled
GnRH receptors are replaced by newly synthesised receptors on the cell sur-
face, ready for the next pulse of GnRH. LH stimulates the ovaries to produce

Fig. 17 Mode of action of GnRH analogues
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estrogens, including estradiol. This process is responsible for producing up to
90% of circulating estradiol, depending on the phase of the menstrual cycle.
The aromatisation of androgens by the adrenal glands is responsible for the
synthesis of the remaining 10% estradiol in pre-menopausal women and for
all estradiol in post-menopausal women (Fig. 17).

Long-term administration of GnRH superagonists effectively down-regu-
lates the GnRH receptors in the pituitary gland, whereas GnRH antagonist
can directly block the release of gonadotropins [225, 226].

2.3.1.2
Chemistry of Inhibitors of Releasing Hormones

The luteinising hormone-releasing hormone (LHRH; one of the GnRH pep-
tides) is an endogenous decapeptidic hormone with a short plasma half-life.
Based on the sequence of LHRH, amino acids in positions 2, 3 and 7 were
replaced leading to potent analogues with long half-lives. Further improve-
ments were achieved by systematic SAR approaches, and the use of modified
amino acids. In the past few years, more than 3000 analogues of LHRH have
been synthesised, with substitutions in up to seven positions [227, 228]. Ago-
nistic analogues, such as decapeptyl, zoladex, leuprolide and buserelin, more
potent than LHRH itself and available in depot formulations, have important
clinical application in gynecology and oncology. Potent antagonists of LHRH
such as cetrolelix, ganerelix and abarelix, suitable for clinical use, have been
synthesised likewise. All relevant LHRH superagonists and LHRH antagonists
are listed in Table 1 (modified from Kiesel et al. [229]).

2.3.1.3
Pharmacology of Inhibitors of Releasing Hormones

The action of GnRH analogues are mediated by high-affinity receptors for
GnRH found on the cell membrane of the pituitary gland. An acute admin-
istration of GnRH agonists induces a marked release of LH and FSH. How-
ever, continuous stimulation of the pituitary by chronic administration of
GnRH agonists inhibits the hypophyseal-gonadal axis via “down-regulation”
of GnRH receptors in the pituitary, desensitisation of the pituitary gland, and
a suppression of circulating levels of LH, estrogens or androgens. This down-
regulation of GnRH receptors, produced by the sustained administration of
GnRH agonists, provides the basis for the clinical applications of GnRH su-
peragonists in gynecology and oncology [230].

Antagonists of GnRH exhibit no intrinsic activity, but compete with GnRH
for the same receptor. GnRH antagonists produce a competitive blockade
of GnRH receptors and cause an immediate inhibition of the release of go-
nadotropins and steroid hormones. The principal mechanism of action of
GnRH antagonists was thought to be based only on a competitive occupancy
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of GnRH receptors, but it was shown that administration of the GnRH antag-
onist cetrorelix induces a down-regulation of pituitary GnRH receptors and
a decrease in the levels of mRNA for GnRH receptors [231].

GnRH analogues have had a great impact on the endocrine therapy of
prostate cancer. Administration of GnRH agonist alone or in combination
with anti-androgens is currently the preferred treatment for men with ad-
vanced prostate cancer. In about 70% of cases GnRH agonists are selected for
primary treatment [232]. Administration of anti-androgens prior to and dur-
ing early therapy with agonist can prevent the disease flare [233]. The most
important therapeutic advantage of “chemical castration” using GnRH ana-
logues is the reversible inhibition of steroid hormone biosynthesis.

Clinical trials in patients with advanced prostate cancer show that a GnRH
antagonist could be beneficial as a monotherapy for patients with prostate
cancer and metastases in the brain, spine, liver and bone marrow in whom
the GnRH agonist cannot be used as single drug, due to the possibility of
a flare-up [234]. GnRH antagonists immediately decrease the levels of go-
nadotropin and testosterone and greatly reduce the time of onset of ther-
apeutic effects. In addition, treatment with GnRH antagonists can produce
long-term improvement in patients with symptomatic BPH [234] and they are
a treatment option for patients with BPH who are considered under surgical
risk.

Experimental studies have clearly demonstrated that GnRH agonists are
effective agents for the treatment of estrogen-dependent breast cancer. This
suggested that GnRH agonists should be considered as endocrine therapy for
breast cancer. Various clinical trials carried out since the early 1980s demon-
strated a regression of tumour mass and the disappearance of metastases in
pre- and post-menopausal women with breast cancer. These studies showed
that GnRH agonists are efficacious for the treatment of pre-menopausal
women with ER-positive breast cancer achieving response rates of 53% [235].
GnRH superagonists are now the treatment of choice for pre-menopausal
women with ER-positive breast cancer. In the adjuvant treatment, GnRH su-
peragonists and chemotherapy have comparable effects on survival, however,
the endocrine therapy is better tolerated [236]. Side effects in pre-menopausal
women are typical menopausal symptoms, which are reversible [229]. Ad-
ditional studies evaluating GnRH superagonists in endometrial and ovarian
cancer an ongoing [229, 237, 238].

3
Conclusion and Outlook

Pharmacological knowledge, gained with the discovery of steroid hormones,
their nuclear receptors and their function in normal and malignant tissues,
has been successfully translated into the first targeted drugs in oncology.
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Blocking steroid receptor function, by antagonists or inhibitors of steroid
synthesis, inhibits or even prevents breast or prostate tumour growth. While
the first anti-hormones were found accidentally, a deeper understanding of
the steroid receptors as transcription factors and of the pathways of steroid
hormone synthesis enabled more rational, structure–activity relationship-
based drug discovery. Steroid hormone antagonists still have unspecific side
effects and improvement of receptor and even tissue selectivity is the chal-
lenge for future research in this field. The development of compounds that
block the interaction of agonist-liganded nuclear hormone receptors with co-
factors might provide unique pharmacological agents for interrupting the
signal transduction cascade [239].

In summary, research on steroid receptor action will provide many oppor-
tunities to further improve treatment of hormone-dependent cancers.
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Abstract Approval of Gleevec and its demonstrated therapeutic value marked the full
recognition of kinase inhibitors as a relevant means of cancer treatment. A significant
number of kinase inhibitors have recently entered clinical practice for the treatment of
a variety of cancers and many others are in advanced stages of clinical research. Among
these are several promising agents that act in the pathway that initiates with the growth
factor receptors EGFR/ErbB2 and signals through Raf and MEK to the MAP kinase ERK.
This chapter focuses on the biological rationale, enzymatic and pharmacological proper-
ties, and clinical status of several inhibitors of EGFR/ErbB2, Raf, and MEK1/2. Coverage
is given of those compounds that have gained approval or are being evaluated in human
clinical trials.

Keywords EGFR inhibitor · ErbB2 inhibitor · Raf inhibitor · MEK inhibitor ·
Kinase inhibitor · Cancer · ERK

Abbreviations
Abl Abelson leukemia virus tyrosine kinase
Akt Protein kinase B (PKB)
AUC Area under the curve
Bcr-Abl Breakpoint cluster region–Abelson leukemia virus tyrosine kinase
bid Twice a day
CDK2 Cyclin-dependent kinase 2
CML Chronic myelogenous leukemia
DLT Dose-limiting toxicity
EGF Epidermal growth factor
EGFR (ErbB1, HER-1) Epidermal growth factor receptor
ErbB2 HER-2
ErbB3 HER-3
ErbB4 HER-4
ERK1/2 Extracellular signal-regulated kinase 1/2
ERK5 Extracellular-signal regulated kinase 5
FAK Focal adhesion kinase
FGF Fibroblast growth factor
FGFR Fibroblast growth factor receptor
FISH Fluorescence in situ hybridization
Flt1 Fms-like tyrosine kinase 1
Flt3 Fms-like tyrosine kinase 3
HER Human epidermal growth factor receptor
HGFR Hepatocyte growth factor receptor
Hsp27 Heat shock protein 27
Hsp90 Heat shock protein 90
IGF-1R Insulin-like growth factor-1 receptor
IR Insulin receptor
IRK Insulin receptor kinase
JAK Janus kinase
KDR (VEGFR2) Kinase domain receptor (vascular endothelial growth factor re-

ceptor 2)
MEK1/2 Mitogen-activated protein kinase kinase 1/2
MTD Maximum tolerated dose
NSCLC Non-small cell lung cancer
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P38 p38 Mitogen-activated protein kinase
PAK p21 Activated kinase
PBMC Peripheral blood mononuclear cells
PDGFR Platelet-derived growth factor receptor
PFS Progression-free survival
PI-3 kinase Phosphatidylinositol 3-kinase
PKA Protein kinase A or cAMP-dependent protein kinase
PMA Phorbol 12-myristate 13-acetate
qd Once a day
RCC Renal cell carcinoma
RMSD Root mean square deviation
SCID Severe combined immunodeficiency
SOS Son of sevenless
STAT Signal transducer and activator of transcription
TGFα Transforming growth factor α

TGI Tumor growth inhibition
tid three times a day
VEGF Vascular endothelial growth factor

1
Introduction

Cancer can result from dysregulated growth factor signaling. Given that many
kinases play pivotal roles in this process, it is not surprising that several
kinase inhibitors are now at the forefront of drug discovery for cancer treat-
ment. This chapter will focus on several of the major kinase targets in growth
factor signaling (e.g., EGFR/ErbB2, Raf, and MEK1/2) and the development
of principal compounds in each class. Covering this important area in some
depth requires limiting this review to small-molecule agents that have been
either approved or evaluated in human clinical studies. The characterization
of these compounds in enzymatic, cellular, animal, and human clinical stud-
ies will be discussed.

2
Biological Background and Rationale

Growth factors regulate cellular proliferation, differentiation, apoptosis, mi-
gration, and invasion by binding to their cognate receptors, which are ex-
pressed on the surface of specific cells. These receptors contain an extracellu-
lar ligand-binding domain, a single transmembrane domain, and an intracel-
lular tyrosine kinase catalytic domain. As summarized in Fig. 1, the binding
of growth factor leads to the activation of the receptor tyrosine kinase which
results in the activation of the G protein Ras. Activated Ras initiates the ki-
nase cascade which begins with Raf. Raf phosphorylates and activates MEK1
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Fig. 1 Targets of interest (bold) that are reviewed in this chapter

and 2, which in turn phosphorylate and activate ERK1 and 2. ERK1/2 pro-
ceed to phosphorylate other downstream proteins, including transcription
factors, which will determine the overall cellular response, such as growth.
In addition to Raf/MEK/ERK, other downstream signaling modules can also
be activated, such as the PI-3 kinase/Akt pathway, usually associated with
the propagation of survival signals, which is the subject of another chapter
(Garcia-Echeverria et al., in this volume).

There are more than 70 members of the tyrosine kinase family of growth
factor receptors. Overexpression and/or mutation of many of these recep-
tors, such as EGFR, ErbB2, KDR (VEGFR2), PDGFR, IGF-1R, MET, and RET,
have been identified and implicated in human cancers [1–4]. The EGFR and
ErbB2 signaling pathways will be highlighted here. There are four members
of the ErbB family of growth factor receptors: EGFR (epidermal growth fac-
tor receptor, ErbB1, HER-1), ErbB2 (HER-2, neu), ErbB3 (HER-3), and ErbB4
(HER-4). EGF, TGFα, and other EGF-related peptide growth factors bind to
EGFR, whereas heregulin and other neuregulins bind to ErbB3 and ErbB4.
There are no known ligands for ErbB2, but it does contain a functional kinase
domain. In contrast, ErbB3 lacks an active catalytic domain. Consequently, in
order to compensate for their missing functions, ErbB2 and ErbB3 participate
in heterodimers with other ErbB family members.

Overexpression of ErbB2 has been observed in cancer, particularly in
breast cancer [5]. Trastuzumab, a monoclonal antibody directed against
ErbB2 for treating ErbB2-positive breast cancer, was the first agent to validate
growth factor receptors as molecular targets for therapeutic intervention [6].
Overexpression of EGFR has also been detected in many human cancers, in-
cluding more than 65–85% of non-small cell lung cancer (NSCLC), and has
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been associated with poor prognosis [2]. Deletion or point mutations that
result in increased EGFR activity have been detected in human tumors as
well. For example, ca. 50% of human glioblastomas express a form of EGFR
that is missing part of the extracellular region (EGFRvIII), which results in
ligand-independent kinase activity [7]. Recently, NSCLC patients who re-
sponded favorably to an EGFR inhibitor were shown to have mutations in
the EGFR catalytic domain that can lead to increased and prolonged kinase
activity [8, 9]. The identification of receptor overexpression and overactive
mutant forms has led to a significant effort toward the development of small-
molecule inhibitors of the ErbB family receptor tyrosine kinases.

Activation of the ErbB receptors, usually through ligand binding, leads to
the formation of homo- and heterodimers and the transphosphorylation of
tyrosine residues that subsequently serve as docking sites for signaling pro-
teins, such as the p85 subunit of PI-3 kinase, Src, PLC-γ, STAT proteins, and
Grb2. Membrane-associated Ras, a G protein with intrinsic GTPase activity,
exists in either an active GTP-bound form or an inactive GDP-bound form.
When SOS, a GTP–GDP nucleotide exchange factor, is recruited to the recep-
tor complex through its association with Grb2, it catalyzes the exchange of
GDP for GTP, resulting in an increase in the active GTP-bound form of Ras.

Ras, a historical proto-oncogene, is frequently mutated in many hu-
man cancers, including 90% of pancreatic cancers, 50% of colorectal can-
cers, 30% of lung cancers, and 15–30% of melanomas [10–12]. There are
three Ras genes that encode four family members: K-Ras (two alternatively
spliced isoforms), H-Ras, and N-Ras. Mutations are most commonly found in
K-Ras [13]. These mutations result in impaired GTP hydrolysis, which shifts
the equilibrium toward GTP-bound active Ras, and results in constitutive in-
tracellular signaling.

In order for Ras to function properly, the protein must be localized to the
plasma membrane. This is achieved by the addition of a farnesyl group to a cys-
teine residue near the carboxy terminus, which then acts as a tether to the
cellular membrane. Farnesyl transferase, the enzyme that adds the farnesyl
moiety to Ras, is also a target for small-molecule intervention. This class of
inhibitors is the subject of another chapter (Angibaud et al., in this volume).

The binding of GTP to Ras induces a conformational change, resulting in
the unveiling of a high-affinity binding region for downstream effector pro-
teins. Although Raf is the best studied effector protein, Ras also interacts with
the p110 subunit of PI-3 kinase, ralGEF proteins, AF-6 and RASSF adaptor
proteins, and the IMP E3 ubiquitin ligase [14]. Interestingly, mutations in Ras
and B-Raf appear to be mutually exclusive, suggesting that, at least in the con-
text of human cancer, Raf may be the most relevant effector in Ras-dependent
oncogenic signaling. It is not surprising that K-Ras, the most prevalent mu-
tated form of Ras, is also the most potent activator of Raf [15]. Ras induces the
translocation of Raf to the plasma membrane, where it can be phosphorylated
and activated by other kinases in the vicinity, such as PAK, Src, and JAK.
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There are three members of the Raf family: A-Raf, B-Raf, and C-Raf
(Raf-1). C-Raf was first identified as the cellular homolog of the v-Raf onco-
gene and has been the subject of extensive study over the last two decades.
However, in recent years, the focus has shifted to B-Raf after it was discovered
that point mutations in B-Raf are prevalent (approximately 65%) in human
melanomas [16]. Subsequently, point mutations in B-Raf have been identi-
fied in other cancers including 40–70% of papillary thyroid cancers, 60% of
low-grade ovarian tumors, and 4–16% of colorectal cancers [17]. The most
prevalent point mutation in B-Raf, V600E, results in a constitutively active
B-Raf. Presumably, the negatively charged glutamate mimics the phosphory-
lation of a neighboring serine or threonine residue required for activation.
Conversely, mutations in A-Raf and C-Raf are rare in human cancer [18, 19].
Unlike A-Raf and C-Raf, B-Raf is primed for activation because the other crit-
ical residues that need to be phosphorylated are either already constitutively
phosphorylated or are replaced by a negatively charged aspartate residue.

The two principal substrates for Raf are MEK1 and MEK2, which are dual-
specificity kinases that can phosphorylate both serine/threonine and tyrosine
residues. MEK1 and 2 share 80% sequence identity in the catalytic domain
with 100% identity within the ATP binding site. The role of these enzymes in
oncogenesis has not been differentiated. As such, the discussions that follow
will generally not distinguish them. Interestingly, the enzymes do play dif-
ferent roles in development, as the MEK2 knockout is viable while the MEK1
knockout is lethal [20, 21].

Upon activation, MEK1/2 phosphorylate and activate the serine/threonine
kinases ERK1 and 2. As studies have yet to define distinct roles of ERK1 and
2 in cancer, they will also be grouped together in the discussions that follow.
ERK1/2 translocate to the nucleus where they phosphorylate transcription
factors, resulting in specific changes in gene transcription that ultimately
influence cellular responses. Although MEK1/2 are not frequently mutated
in human cancers, elevated ERK1/2 phosphorylation is detected in numer-
ous cancers, which reflects the convergence of various oncogenic signals
(e.g., overexpressed/mutated EGFR, mutated Ras, or mutated B-Raf) at this
point [22].

From the identification of abnormally active signaling proteins to the use
of molecularly targeted agents, the role of the EGFR/ErbB2–Raf–MEK1/2–
ERK1/2 pathway in growth factor signaling and oncogenesis has been clearly
established.

3
Structural Biology

Despite more than 10 years of clinical interest in EGFR signaling, there are
remarkably few structural biology reports for targets in this central path-
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way. X-ray crystal structures of EGFR complexed with two inhibitors (er-
lotinib [23] and lapatinib [24]) have been described in the literature and de-
posited with the Protein Data Bank. Available structures of B-Raf are limited
to low-resolution complexes with sorafenib [25], and only cocrystals of MEK
with two related allosteric inhibitors have been reported [26]. Although few in
number, these crystal structures reveal some of the more unusual examples of
induced fit and allosteric binding available for kinases. It is also important to
note that none of these structures was available at the time that the inhibitors
were first disclosed. The structural biology is insightful in evaluation of ad-
vanced compounds, and these complexes are undoubtedly in use by several
researchers in devising and optimizing new chemical matter.

3.1
EGFR

The first reported X-ray structures of the catalytic domain of EGFR con-
sist of unbound enzyme and a single complex with erlotinib (Fig. 2) [23].
The standard kinase fold is evident, wherein a smaller N-proximal lobe con-
sisting largely of β-sheet is connected to a helix-rich C-proximal lobe via
a single hinge-like strand that interacts with ATP and ATP-competitive in-
hibitors [27, 28]. Ligand binding does not alter the structure; the backbone
RMSD of the two structures is 0.6 Å and the side change positions are com-
parable.

Fig. 2 X-ray structure of erlotinib and the catalytic domain of EGFR

The binding mode of the aminoquinazoline inhibitor, erlotinib, is con-
sistent with that which had been observed previously for the intracellular
kinases CDK2 and p38 [29]. The N1 and C8 edge of the heterocycle is ori-
ented toward the hinge, with N1 accepting a hydrogen bond from Met769. N3
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participates in a water-mediated hydrogen bond to the side chain of Thr766,
and the aniline NH serves as a conformational device that directs the phenyl
group into the gatekeeper pocket of the enzyme.

There are two distinguishing features of the EGFR family of receptor ty-
rosine kinases. First, they do not require phosphorylation for catalytic ac-
tivity [30]. Second, an intracellular dimerization motif is presumed to exist
between the catalytic domain and the C-terminus [31, 32]. The apo and bi-
nary X-ray structures of EGFR offer plausible explanations for both of these
observations: most kinases require phosphorylation on their activation loop
in order to adopt a stable fold that is sterically and catalytically capable
of binding a substrate. Crystal structures of both the non-phosphorylated
and phosphorylated forms are available for a few kinases (e.g., IRK [33],
Lck [34]). In the non-phosphorylated state, disorder of the activation loop is
evident and appears to adopt many random conformations. In contrast, phos-
phorylated structures present a consistent loop conformation that is closely
wrapped against the C-lobe. The apo structure of EGFR reveals an activa-
tion loop that is comparable to that observed in phosphorylated kinases such
as Lck and IRK [23]. This competent loop structure likely owes its stabiliza-
tion to the presence of Glu848, whose interaction with Tyr845 is strikingly
similar to pTyr394 in phosphorylated Lck. The Glu848 carboxylate can mimic
the phosphate interaction with Arg812, which precedes the catalytic Asp and
whose interaction appears important in bringing the catalytic elements into
proximity. The interdomain angle in the EGFR structures is also comparable
to that seen in phosphorylated kinases such as Lck and IRK. These observa-
tions are consistent with the fact that Tyr845 can be mutated to a Phe without
detriment to activity [30].

The expression construct used for the X-ray structure (residues 672–
998) includes a motif that is implicated in regulation of oligomerization and
transphosphorylation in EGFR family complexes [35]. This Leu955-Val-Ile
(LVI) motif has been postulated to contact another protein directly, as muta-
tions (particularly at Leu955) reduce transphosphorylation. In this structure,
the LVI motif is associated with the C-lobe, and Leu955 in particular is
buried in a hydrophobic pocket. Loss of this contact likely leads to a sig-
nificant conformational change and availability of the carboxyl terminus as
a substrate.

The original structure of EGFR in complex with erlotinib revealed the
general binding mode for quinazoline inhibitors, but could not offer a ra-
tionale for the differences in inhibition profiles between them. For example,
erlotinib and gefitinib are EGFR-selective, while the structurally related la-
patinib is a dual inhibitor of EGFR and ErbB2 (vide infra). Additionally,
the erlotinib X-ray complex was generated by soaking the inhibitor into the
preformed apo crystals. The recent structure of EGFR cocrystallized with
lapatinib reveals significant differences that provide insights into inhibitor
behavior [24].
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The overall fold of the domain and binding mode of the aminoquinazoline
is conventional. However, the C-helix has been displaced by approximately
10 Å at its N-terminus, and the activation loop is severely disordered. The
structure does retain the DFG sequence that precedes the activation loop in
a conventional, closed conformation, and the residues within Van der Waals
contact of the inhibitor retain positions comparable to those observed in
the erlotinib complex. The larger benzyloxy substituent is accommodated by
movement of Met742 of the C-helix, and a pivot of the side chain of Phe832
(DFG sequence). The Met742 reposition is enabled by the overall shift of
the more distal regions of the helix that contains it. Lapatinib appears to
have captured and stabilized a state of the enzyme that is unable to bind or
phosphorylate substrate. Lapatinib has also been shown to have a very slow
off-rate, which is consistent with the significant reorganization required to
disengage the deeply buried benzyloxy substituent (Fig. 3).

Erlotinib and gefitinib are apparently able to diffuse readily into (and out
of) the preformed pockets of EGFR, while lapatinib requires capture or for-
mation of an inactive state. The ability of lapatinib to inhibit ErbB2 would
indicate that a lower population of the catalytically relevant conformation of
ErbB2 is available compared to EGFR. In fact, ErbB2 possesses an Asp residue
(i.e., a shorter side chain) in its activation loop in the position equivalent to
the phosphate-mimicking Glu848 in EGFR, which would be consistent with
a decreased ability to stabilize the active conformation of the enzyme.

The LVI motif retains its conformation and interactions in the lapatinib-
bound EGFR structure, but the C-terminal residues of the construct are in
a significantly different orientation compared to the erlotinib/EGFR struc-
ture. In the original apo and erlotinib-bound structures, residues Glu961–
Gln996 interact with a neighboring molecule in the crystal, hence they are
unlikely to be in a physiologically relevant orientation. In the lapatinib struc-

Fig. 3 Comparison of erlotinib (thin lines) with lapatinib (thick lines). The C-helix is
portrayed as a backbone ribbon, and the side chain of Met742 is explicitly shown
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ture, most of this sequence is not modeled, but ten residues (Ser971–Glu980)
are clearly associated as a helical motif passing across the ATP pocket near
the hinge. This association is reminiscent of kinases where the C-terminus is
intact, e.g., AKT [36] and PKA [37]. In fact, Met978 is within Van der Waals
contact of the C8–C9 edge of lapatinib. It is likely that residues from the
C-terminus that extend beyond what is considered generally to be solvent-
exposed space contribute to potency and selectivity profiles for aminoquina-
zoline inhibitors.

3.2
B-Raf

In an even more striking example of induced fit, the X-ray structure of B-Raf
in complex with the recently approved sorafenib [25] reveals the same gen-
eral binding mode that was disclosed previously for both imatinib bound to
Abl [38] and for BIRB796 in complex with p38 [39]. The authors disclosed two
cocrystal structures with sorafenib: wild-type B-Raf and the activating mu-
tant V600E. The structures are low resolution (3.9 and 4.0 Å, respectively),
but the similarity of the binding modes and retention of interactions com-
pared to imatinib and BIRB796 increase confidence in the accuracy of the
salient features (Fig. 4).

The pyridinyl amide makes two hydrogen-bonding contacts to the main
chain of Cys531, while the central aryl ring occupies the gatekeeper pocket—

Fig. 4 The binding site for sorafenib is illustrated as a Connolly surface, with Glu501
and the displaced DFG sequence explicitly displayed. Hydrogen bonds from the aryl urea
moiety are shown with dotted lines
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which is accessible owing to a small threonine at the beginning of the hinge.
The aryl urea fits into a pocket that is formed between the C-helix and a dis-
placed DFG sequence of the activation loop. The activation loop is severely
disordered, and the inhibitor appears to trap an inactive conformation with
a blocked substrate binding site. The urea forms hydrogen bonds with the
side chain of Glu501 and the main chain NH of Asp594. The terminal aryl ring
occupies a hydrophobic pocket that has been vacated by the displaced Phe595
of the DFG sequence, which in turn forms a new edge–face contact with the
central aryl ring of sorafenib. This general binding mode has emerged over
the last few years as a potential source of efficacy via its combination effect
of blocking ATP and substrate binding, preventing a kinase’s own activation,
and possessing a slow off-rate [40].

3.3
MEK1 and MEK2

To date, the only MEK1/2 kinase inhibitors to enter clinical development
have shown inhibition that is not ATP competitive. This unique mechanism
of inhibition of MEK1/2 has enabled compounds such as ARRY-142886 and
PD0325901 to achieve excellent enzymatic and cellular selectivity for, and po-
tency against, MEK1/2.

Publication of the X-ray crystal structures of the catalytic domains of both
MEK1 and MEK2, in complex with MgATP and various small-molecule in-
hibitors, have provided key insights into the binding features that give rise
to the kinetics of inhibition [26]. The key binding interactions of the ternary
complex of an N-terminally truncated (unphosphorylated) human MEK1
with MgATP and the anthranilic acid type inhibitor PD318088 are highlighted
in Fig. 5.

This mode of inhibition bears little resemblance to the typical hinge re-
gion H-bond donor–acceptor arrangement found in the vast majority of
ATP-competitive kinase inhibitors. As revealed in the 2.4-Å-resolution X-ray
structure, the B-ring of PD318088 fills a narrow hydrophobic pocket formed
by residues Leu118, Ile126, Val127, Phe129, Ile141, Met143, Phe209, and
Val211. Additionally, at the base of this pocket, Phe209 forms an edge-to-
face interaction with the B-ring (the center-to-center ring distance is 5.4 Å).
The allosteric pocket is separated from the MgATP binding site by the side
chains of Lys97 and Met143. Given the hydrophobic nature of this pocket,
it is not surprising that substitution of the B-ring with relatively large halo-
gen atoms leads to increased potency [41]. In particular, 4-iodo substitution
is near optimal for the B-ring of the PD318088 series of compounds, and it
has been suggested that it participates in an electrostatic interaction with the
backbone carbonyl oxygen of Val127, which is at a distance of 3.1 Å. The two
fluorine atoms of the 3,4-difluoro substitution of the A-ring of PD318088 ap-
pear to play dual roles. The 3-fluoro group fills a small hydrophobic pocket
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Fig. 5 The binding site for PD318088 with MgATP and MEK1

formed by Leu115, Leu118, and Val211. The 4-fluoro substitution, on the
other hand, is within 3.5 Å of the amide N of Ser212 and 3.4 Å of the N of
Val211, and appears to form a weak hydrogen bond, or electrostatic inter-
action. The hydrophobic A and B rings of the PD318088 series of inhibitors
contribute to the bulk of the potency of this class of compounds, and form
the core of the pharmacophore. The remaining inhibitor interactions are pri-
marily H-bonding in nature. Both oxygen atoms of the hydroxamate interact
with the amine portion of Lys97 (the catalytic lysine), and form a bifurcated
H-bond, while the diol of the side chain interacts with the terminal phosphate
of ATP and Lys97.

While no MEK apo structures have been published, comparisons to the
catalytic domains of similar kinases reveal a number of differences versus the
tertiary structure of MEK1. Relative to a crystal structure of PKA, there is
an outward rotation of the N-terminal portion of helix C by approximately
10 Å and the formation of a short, two-turn α-helical segment of the acti-
vation loop. Both of these changes give rise to the allosteric binding pocket
which enables the unique binding mode. Inhibitors such as PD318088 stabi-
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lize this conformation, which prevents the conserved Glu114 in helix C from
participating in its catalytic interaction with Lys97. Interestingly, the role of
Glu114 appears to have been replaced by the hydroxamate of PD318088-like
compounds, which occupies a similar position and interaction with Lys97.
The shift in the position of helix C and displacement of the activation loop
likely preclude binding and phosphorylation of ERK1/2.

As with MEK1, the structure of MEK2 has also been solved as a ternary
complex with MgATP and the oxadiazole inhibitor, PD334581. Overall, the
catalytic domain of MEK2 is ca. 85% identical to that of MEK1, thus one
would expect a high degree of structural similarity as well. A comparison
of the 3.2-Å X-ray structure of MEK2 to MEK1 reveals ca. 0.8 Å RMSD
between the α-carbon positions and preservation of the allosteric binding
pocket as well. The binding of PD334581 is very similar to the mode depicted
for PD318088 (Fig. 5). The 1,3,4-oxadiazole of PD334581 interacts with the
catalytic lysine (Lys101 in MEK2), and the A- and B-rings occupy equiva-
lent hydrophobic pockets as in MEK1. The most significant difference is seen
in the region of the terminal phosphate of the bound MgATP. For this in-
hibitor, the N of the 2-amino side chain is ca. 3.1–3.7 Å from the closest
phosphate oxygen, with the morpholine group extended toward the solvent-
exposed region.

Despite being formed by relatively simple conformational changes in the
activation loop and helix C, thus far only MEK1 and 2 have this allosteric
binding site adjacent to the ATP site. Comparison of the structural similarity
of the residues that make up the MEK1 allosteric binding pocket (within 5 Å
of PD318088) with the superfamily of human protein kinases reveals that only
MEK2 (100%) and MEK5 (81%) possess significant identity. MKK4 shows
moderate similarity (70% identity) and all other kinases show only low sim-
ilarity in that region [26]. The lack of significant sequence identity in the
inhibitor binding pocket most likely contributes to the exquisite selectivity
profile of un-competitive MEK inhibitors.

4
Inhibitors of the ErbB Family

The discussion of drugs and drug candidates that target the EGFR/ErbB2–
Raf–MEK pathway will begin with the largest group, those that target ErbB
receptor tyrosine kinases directly. These have been separated into subgroups:
(1) selective inhibitors of single ErbB family members, (2) dual inhibitors tar-
geting EGFR and ErbB2, and (3) inhibitors of ErbB family members and other
kinases. With the exception of BMS 599626 and AEE788, all of the inhibitors
reviewed here utilize an aminoquinazoline or aminoquinoline template, and
their fundamental mode of interaction is expected to be comparable to that
described in Sect. 3 for erlotinib and lapatinib (vide supra).



96 E.M. Wallace et al.

4.1
Selective Inhibitors Targeting Individual ErbB Family Members

Fig. 6 Selective ErbB inhibitors

4.1.1
Erlotinib

Erlotinib is a selective and reversible ATP-competitive inhibitor of EGFR. The
compound was originally discovered by Pfizer but later transferred to OSI
Pharmaceuticals under a Federal Trade Commission decree following Pfizer’s
acquisition of Warner–Lambert in 2000. Currently, erlotinib is codeveloped
by OSI, Genentech, and Roche. Erlotinib is a potent inhibitor of the EGFR en-
zyme (IC50 = 1 nM) and is selective vs ErbB2 (IC50 = 760 nM). Erlotinib has
been screened in a panel consisting of 20 kinases, and has been found to have
nearly a 100-fold window between EGFR activity and the other enzymes, with
the exception of GAK, where a 40-fold selectivity was reported [42]. In cell-
based models, erlotinib inhibits EGFR autophosphorylation (IC50 = 20 nM
in HN5 head and neck squamous cell carcinoma cells) as well as cellular
proliferation (IC50 = 100 nM in EGFR overexpressing DiFi colon carcinoma
cells) [43]. Erlotinib is not a general inhibitor of proliferation since its effects
on the proliferation of non-EGFR driven cell lines, such as NIH-3T3-Raf and
FRE-Ras, are weak (IC50 = 7 and 3 µM, respectively). Furthermore, erlotinib
inhibits EGF-dependent growth of FRE cells (IC50 = 70 nM), but does not in-
hibit growth that is induced by other growth factors (IC50> 1 µM). Depending
on the cellular context, erlotinib is capable of inducing apoptosis or cell cycle
arrest in the G1 phase of the cell cycle.

Erlotinib has been evaluated in several human tumor xenograft models,
with extensive emphasis placed on establishing both the mechanism of inhi-
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bition in vivo and a pharmacokinetic/pharmacodynamic (PK/PD) relation-
ship [44]. Efficacy was demonstrated in immunocompromised mice bear-
ing small (< 50 mm3) human tumors, HN5 and A431, by oral administra-
tion of erlotinib. Fifty percent tumor growth inhibition (TGI) was observed
with doses of 7 (HN5) and 14 (A431) mg/kg/day, respectively. In an HN5
tumor xenograft study that was initiated with larger tumors of approxi-
mately 500 mm3, complete stasis (100% TGI) was observed with oral doses
of 11 mg/kg/day. Inhibition of EGFR autophosphorylation (pEGFR) in ex-
cised HN5 tumors after erlotinib treatment was measured in a dose–response
study and over 24 h after a single dose of the inhibitor. Maximum inhibition
of pEGFR (80%) in tumors was observed at the top oral dose of 100 mg/kg. In
the dose–response study, pEGFR was examined 1 h after dosing, and a clear
PD relationship was established. The ED50 of erlotinib for pEGFR inhibition
was determined to be 9.9 mg/kg, which corresponds to an EC50 in plasma
of 8 µM. An EC50 of free drug concentration of 400 nM (160 ng/ml) was de-
termined after factoring in the plasma protein binding (95%) of erlotinib in
mice. Since the human plasma protein binding was similar, a target plasma
concentration was determined for clinical development. The PK/PD rela-
tionship was less evident when the time course of inhibition of pEGFR was
examined. A single dose of ca. 100 mg/kg of erlotinib gave equivalent plasma
levels of erlotinib at both the 12- and 24-h time points. However, the mag-
nitude of the inhibition of pEGFR in the tumors was not equivalent, with
80 and 50% inhibition at the 12- and 24-h time points, respectively. Neither
tumor drug levels nor density of EGFR receptors resolved this discrepancy.
It is possible that unidentified active metabolites contribute to the in vivo
activity of erlotinib in the HN5 model. In general, the role of metabolites
must be considered when evaluating PK/PD relationships and is of particu-
lar importance when examining the time course of inhibition. It is possible
that within 12 h of dosing, active metabolites of erlotinib are involved, while
in the later stages of the dosing interval, metabolites become insignificant
contributors.

Erlotinib has been approved by the FDA for second- or third-line treat-
ment of NSCLC [45], and in combination with gemcitabine as first-line ther-
apy for pancreatic cancer [46]. Since the majority of human studies with
erlotinib have been in NSCLC, the clinical discussion will focus on this in-
dication. When dosed orally once a day at 150 mg/day in an uncontrolled
phase II study, erlotinib resulted in a 12% objective response rate in second-
or third-line NSCLC patients [47, 48]. In first-line NSCLC, phase III studies
of standard-of-care with or without erlotinib failed to show a clinical benefit
in objective response rate, time to progression, or survival for the erlotinib-
treated group. However, in a large placebo-controlled phase III trial, erlotinib
provided a clear survival benefit as single agent in second- or third-line treat-
ment of NSCLC, which subsequently led to FDA approval [45, 49]. In that
trial, patients were randomized to receive erlotinib in addition to supportive
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care or supportive care alone. Erlotinib treatment resulted in a 2.0 month in-
crease in survival as compared to placebo with a hazard ratio (HR) of 0.76.
Two interesting subsets of patients were identified in this pivotal trial. First,
in a third of patients evaluated for EGFR status there was a clear benefit
for patients with EGFR-positive tumors. Survival in this group increased to
10.7 months, compared to 3.3 months in the placebo-treated patients that
were EGFR-positive. In contrast, no survival benefit was detected in the
EGFR-negative subset when compared to placebo. Second, the HR for never
smokers was 0.42 vs 0.87 for current or former smokers. While the num-
ber of patients in these subsets was too low to make definitive conclusions,
the results were convincing enough for the FDA to recommend follow-up
studies [45].

At the recommended dose of 150 mg, erlotinib is rapidly absorbed
(Tmax 2–4 h) in patients with an elimination half-life of ca. 18 h, which sup-
ports once-daily dosing [50, 51]. The maximum concentration attained is
variable, 2.12 + 1.52 µg/ml, while the steady-state trough concentrations are
less so, at 1.17 + 0.50 µg/ml. Roughly linear exposure was observed over
the 20 to 200 mg/day dose range. Erlotinib has an oral bioavailability of
59% in fasted patients and 100% in fed patients. It is primarily metabolized
by CYP3A4, with generation of an active desmethyl species as the major
metabolite. Clinical studies with both inhibitors and inducers of CYP3A4
have demonstrated influence on the levels of erlotinib. The CYP3A4 inducer
rifampin decreased the exposure to erlotinib by 67%, while the CYP3A4 in-
hibitor ketoconazole increased exposure by 67%.

As described previously, significant preclinical evaluation of erlotinib in
human tumor xenograft models established an EC50 for pEGFR inhibition
of 8 µM total and 400 nM free plasma concentration [44]. Considering free
plasma concentrations are similar in humans and mice, the levels required
for significant inhibition of EGFR are not achieved over the dosing inter-
val in the clinic (steady-state total plasma trough levels are ca. 2 µM in the
clinic). This analysis does not account for the presence of active metabolites
in either human or rodent. It is notable that the increased sensitivity of the
EGFR mutants (vide supra), which correlates with objective response rate,
would be expected to be inhibited by the steady-state levels of erlotinib at
the recommended 150-mg dose level. Thus, it is possible that the single agent
clinical activity of erlotinib is a result of the presence of sensitive mutant
EGFR receptors, and that the modest activity in patients with wild-type EGFR
is a result of tolerability-limited exposure. Alternatively, because it has been
demonstrated with erlotinib and other targeted agents (i.e., sorafenib) that
objective response rate does not correlate with survival and progression-free
survival (PFS), robust inhibition of pEGFR may not be required for disease
stabilization.
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4.1.2
Gefitinib

Gefitinib, which was developed by AstraZeneca, was the first small-molecule
inhibitor of EGFR to be approved for use as a third-line agent in NSCLC. Gefi-
tinib is a potent and selective reversible ATP-competitive inhibitor of EGFR.
The compound demonstrates an IC50 vs EGFR of 33 nM and excellent se-
lectivity against ErbB2 (IC50 = 3.7 µM) [52]. Recently, a broader selectivity
profile was reported for both gefitinib and erlotinib [42]. Their profiles were
similar, with the least selectivity against GAK (erlotinib IC50 = 40 nM and
gefitinib IC50 = 7 nM).

Gefitinib inhibits EGFR autophosphorylation in several human cell lines
(HT29, KB, Du145, A549, and A431) with IC50 values ranging from 30 to
100 nM [52]. Inhibition of EGF-induced growth of KB and HUVEC cells has
also been demonstrated with similar potencies. This inhibitory effect is selec-
tive for EGF-mediated growth, because gefitinib does not significantly affect
the growth of KB cells in the absence of EGF (IC50 = 8.8 µM) or the growth
of FGF- and VEGF-stimulated HUVEC cells (IC50 = 1–3 µM). The antiprolif-
erative effect of gefitinib in the majority of responsive cell lines arises from
cytostasis, although induction of apoptosis can also occur (e.g., MDA-MB-
175, SK-Br-3, and H3255 cells) [53, 54]. In NSCLC cell lines, sensitivity to
growth inhibition correlates with the inhibition of EGFR-mediated phospho-
rylation of AKT and ERK1/2 [55]. In addition, and consistent with clinical
observation, the presence of EGFR mutations can confer increased sensitivity
to gefitinib. For example, the H3255 cell line, which expresses the EGFRL855R

mutant, is one of the most sensitive NSCLC cell lines (IC50 = 40 nM), whereas
the wild-type EGFR-expressing cell line H1666 is much less sensitive (IC50 =
2 µM) [54].

Gefitinib has shown efficacy in several preclinical models [52]. For ex-
ample, when dosed orally at 200 mg/kg/day it inhibited the growth of
small A431 tumors (< 100 mm3 at dosing initiation) and caused regression
in large A431 tumors (600 mm3 at dosing initiation). In excised A431 tu-
mors, c-fos mRNA, which is a biomarker of proliferation, was completely
inhibited at the 200 mg/kg/day dose. In addition, in an HT-29 colon carci-
noma model, a 200 mg/kg/day oral dose resulted in modest tumor growth
inhibition.

Gefitinib was one of the first selective small-molecule kinase inhibitors
to be approved for the treatment of solid tumors. It was approved by the
FDA as a single agent for locally advanced or metastatic non-small cell lung
cancer in patients that have failed both platinum-based and docetaxel thera-
pies [56]. At the time of its approval, there were no drugs available for third-
line NSCLC. The approval of gefitinib was based on two large, uncontrolled
phase II trials where ca. 10% objective response rates were observed [57, 58].
Approval was contingent on demonstrating a survival benefit in subsequent
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trials. The phase III trial was designed to compare supportive care with and
without gefitinib in NSCLC patients for whom chemotherapy and radiation
had failed. Unfortunately, the drug showed no survival benefit [59]. Con-
sistent with the phase II data, there was ca. 10% objective response rate in
this placebo-controlled trial, but that did not translate into a significant sur-
vival benefit. Additionally, gefitinib failed to show any clinical benefit in two
large phase III trials in first-line NSCLC that examined standard care with
and without gefitinib [60, 61]. Because of the lack of survival benefit, As-
traZeneca has withdrawn gefitinib from the market, but continues to make it
available to patients that have experienced clear benefit from the drug. Cur-
rently, gefitinib is undergoing clinical evaluation in a variety of indications
and combinations.

The pharmacokinetic profile of gefitinib supports once-daily dosing in pa-
tients [56, 62]. The fasted bioavailability is ca. 60%, with a moderate rate of
absorption (Tmax = 3–7 h), and an elimination half-life of 24–30 h. Exposure
increases nearly linearly over a dose range of 50–500 mg. The compound has
moderate binding to plasma proteins (91%) and is predominantly metab-
olized to an active O-desmethyl species by CYP3A4. As was observed with
erlotinib, the CYP3A4 inducer rifampicin decreased exposure (85%) and the
CYP3A4 inhibitor itraconazole increased exposure (88%). Gefitinib is a mod-
erate inhibitor of CYP2D6 (43% at 11.2 µM). As a result, when gefitinib is
dosed with the CYP2D6 substrate metoprolol, exposure of the latter is in-
creased by 30%. Coadministration of gefitinib with the H2-antagonist raniti-
dine resulted in lower exposure of the EGFR inhibitor. This result highlights
the importance of pH-dependent solubility in the absorption of gefitinib.
Ranitidine administration increases the pH of the stomach to ca. 5, which de-
creases the solubility of the weakly basic gefitinib. Since many cancer patients
are currently being treated with proton-pump inhibitors, this becomes an im-
portant consideration for drug developers who are evaluating weakly basic
kinase inhibitors.

Although formal preclinical PK/PD experiments have not been reported
with gefitinib, significant antitumor activity was achieved in sensitive hu-
man tumor xenograft models at 200 mg/kg/day. The trough levels in mice
at 200 mg/kg are ca. 2.8 µg/ml, and although the trough levels of gefitinib
from the clinic have not been reported, the maximum concentration at the
recommended 250 mg dose is typically 0.16 µg/ml. As with erlotinib, the rec-
ommended dose of gefitinib results in significantly less plasma concentration
than the levels required for preclinical efficacy. With the limitations of pre-
clinical models, it is impossible to conclude that these exposure comparisons
explain the modest clinical activity of gefitinib. However, as additional agents
progress, more comparisons to preclinical efficacy models will be made,
which will allow better evaluation of their validity.
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4.1.3
Erlotinib and Gefitinib: Comparison of Clinical Outcomes

As described above, erlotinib and gefitinib are similar in several respects, and
have followed similar development paths, yet only one drug has demonstrated
a survival benefit. Several possible explanations for the different survival out-
comes have been suggested [50], and there are several facts to consider. First,
in most, if not all, preclinical studies, erlotinib is approximately twofold more
potent than gefitinib [47], and the exposure in patients at the recommended
dose of erlotinib (150 mg/day) is significantly higher than that for the rec-
ommended dose of gefitinib (250 mg/day) [62, 63]. Patients given erlotinib
clearly achieve higher exposures of active drug. Second, erlotinib was ad-
ministered at its maximum tolerated dose (MTD), while gefitinib was dosed
at its “optimum dose” as determined from clinical evaluation [64]. The de-
cision to evaluate gefitinib below its MTD was supported by clinical data
that showed no increase in objective response rate, but with increased inci-
dence of adverse events, when comparing 250 and 500 mg/day. In retrospect,
the clinical results from erlotinib and the anti-EGFR monoclonal antibody
cetuximab, both of which demonstrate a survival benefit and a correlation
between response and severity of rash [65, 66], argue for dosing these sig-
nal transduction inhibitors to the MTD. Another interesting point is that
survival benefit does not correlate with response rate with these inhibitors.
Both of these agents showed similar objective response rates in all trials,
yet only erlotinib demonstrated a survival benefit. A relationship between
EGFR expression levels and survival was demonstrated with erlotinib in the
phase III setting, despite earlier trials in which both these agents failed to
link EGFR expression levels with objective response rate. Finally, even though
gefitinib did not establish a survival benefit, subsets of patients clearly expe-
rience impressive objective responses. The overall marginal clinical benefits
observed over the last several years highlight the importance of identify-
ing predictive markers of patients that will benefit from selective anti-EGFR
therapy.

4.1.4
CP-724714

CP-724714 is a reversible ErbB2-selective inhibitor that has been advanced
into phase I clinical trials by Pfizer. The compound has an in vitro IC50
against ErbB2 of 8 nM and inhibits ErbB2 autophosphorylation in engineered
NIH-3T3 cells that express chimeric ErbB2 (IC50 ca. 30 nM). It also inhibits
the proliferation of SK-Br-3 cells with an IC50 of approximately 50 nM. It is
a weak inhibitor of EGFR (IC50 = 4300 nM), and is essentially inactive (IC50
> 10 000 nM) against several other kinases including PDGFR, KDR, IR, IGF-
1R, c-Abl, c-Src, and c-Met. CP-724714 has demonstrated preclinical efficacy
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in three human tumor xenograft models [67]. In PK/PD studies that meas-
ured pErbB2 inhibition after dosing CP-724714 in the FRE/ErbB2 transfectant
mouse model, the EC50 was determined to be 1 µg/ml.

Phase I evaluation of CP-724714 in cancer patients is ongoing [68]. The
majority of patients in this trial have breast cancer and have received
trastuzumab previously. The MTD was determined to be 250 mg with the
dose-limiting toxicity defined as hyperbilirubinemia and elevated liver en-
zymes. No objective responses have been reported for the 20 patients evalu-
ated to date. Thirty-five percent of patients have experienced stable disease
for an undetermined period of time. In contrast to trastuzumab, cardiomy-
opathy has not been observed in this trial.

Pharmacokinetic data reported thus far show dose-proportional exposure
with a short half-life of ca. 2 h. Exposure in patients receiving 250 mg/day
of CP-724714 reportedly exceeds the plasma levels required for efficacy in
preclinical tumor xenograft models (50 to 60% TGI). However, robust effi-
cacy (stasis or minor regression) in mouse models was only achieved at doses
resulting in plasma exposures 40% higher than those observed in humans.
From a kinetic standpoint, it appears that within 3 h, plasma concentrations
in humans of CP-724714 fall below the levels required for pErbB knockdown
in mouse models. This analysis, of course, neglects free fraction differences
that may exist between species and the differential levels of active metabolites.
Enrollment in this trial continues at the 250 mg/tid dosing level.

4.2
EGFR/ErbB2 Dual Inhibitors

4.2.1
Lapatinib

Lapatinib, discovered by GSK, is a reversible ATP-competitive dual inhibitor
of EGFR and ErbB2 which is in phase III clinical trials for breast cancer.
Lapatinib shows comparable in vitro potencies against both EGFR (IC50
= 11 nM) and ErbB2 (IC50 = 9 nM) [69]. It inhibits ErbB4 at higher con-
centrations with an IC50>1 µM [24]. Gefitinib, erlotinib, and lapatinib were
tested under the same assay conditions. Gefitinib and erlotinib were found
to have greater EGFR potency (Kapp

i : 0.70 and 0.40 nM, respectively, vs
3.0 nM), and much weaker ErbB2 activity (Kapp

i : 760 and 240 nM, respec-
tively, vs 13 nM) than lapatinib [24]. Lapatinib has been tested against a var-
iety of tyrosine and serine/threonine kinases and has been found to be
quite selective [69]. A unique feature of lapatinib is its very slow off-rate
(Koff = 0.0023 min–1) from both EGFR and ErbB2 [24]. Its slow off-rate is
also evident in cells. Lapatinib-treated HN5 cells still showed 85% inhibi-
tion of p-EGFR formation 96 h postwashout as compared to gefitinib- and
erlotinib-treated cells, which exhibited 40 and 0% inhibition, respectively,



Small-Molecule Inhibitors of ErbB, Raf and MEK 103

Fig. 7 Dual EGFR/ErbB2 inhibitors

at the same time point. The clinical significance of this property remains
to be seen.

Lapatinib exhibits potent growth inhibition against EGFR- and ErbB2-
expressing cell lines (Table 1). As expected, this compound is superior to
gefitinib and erlotinib in inhibiting the proliferation of tumor cell lines that
have significant expression of both ErbB2 and EGFR [69]. In cell lines that
preferentially overexpress EGFR relative to ErbB2, all three compounds are
essentially equipotent. Lapatinib has been shown to almost completely inhibit
both pAKT and pERK1/2 production in BT-474 and HN5 cells at 1 and 5 µM,
respectively [70]. Moreover, HN5 cells that are treated with lapatinib undergo
cell cycle arrest rather than apoptosis.

Preclinical evaluation of lapatinib has demonstrated inhibition of tumor
growth and phosphorylation of EGFR, ErbB2, and downstream signaling pro-
teins in excised tumors from EGFR- and ErbB2-driven xenograft models [69].
In nude mice with established HN5 tumors that overexpress EGFR, twice-
daily oral treatment with lapatinib at 30 mg/kg resulted in greater than 50%
tumor growth inhibition. A 100 mg/kg/bid dose completely inhibited tu-
mor growth. Similarly, in SCID mice bearing BT-474 tumors that overexpress
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Table 1 Cell growth inhibition by lapatinib, gefitinib, and erlotinib [69]

Cell line EGFR a ErbB2 a Lapatinib Gefitinib Erlotinib
IC50 (µM) IC50 (µM) IC50 (µM)

HFF (normal + – 12 > 10 > 8.7
fibroblasts)
MCF-7 + + 4.0 14.2 > 30
T47D + + 3.0 10.5 14.5
A-431 +++ + 0.16 0.08 0.10
HN5 +++ + 0.12 0.08 0.18
BT-474 + +++ 0.10 1.1 9.9
N87 + +++ 0.09 2.6 4.6
CaLu-3 ND +++ 0.13 ND ND
HB4a + – 9.1 14.5 23.8
HB4a c5.2 + +++ 0.21 1.1 1.8

a Expression level as determined by Western blot analysis

ErbB2, 30 and 100 mg/kg/bid lapatinib resulted in 30% tumor growth in-
hibition and tumor stasis, respectively. In these models, lapatinib treatment
inhibited both autophosphorylation and activation of downstream signaling
proteins [70]. In HN5 xenografts, production of pEGFR, pAkt, and pERK1/2
was inhibited in excised tumors after five doses of lapatinib at either 30
or 100 mg/kg/bid. Likewise, in BT-474 tumors excised after five doses of
100 mg/kg/bid lapatinib, both pErbB2 and pERK1/2 formation were inhib-
ited. These xenograft studies suggest that lapatinib can inhibit tumor growth
that is driven by either EGFR or ErbB2. The corresponding plasma levels of
lapatinib that are required for inhibition of the targets in vivo were not re-
ported.

Lapatinib is currently undergoing clinical evaluation for several cancer
indications. In a phase II study, doses of lapatinib escalating from 1250
to 1500 mg/day resulted in ca. 10% objective response in trastuzumab-
refractory metastatic breast cancers [71]. More recently, approximately
30% objective response was observed when lapatinib was administered at
1500 mg/qd or 500 mg/bid in first-line ErbB2-positive (as determined by the
FISH technique) breast cancer [72].

Single-dose pharmacokinetic analysis in healthy volunteers showed near-
linear increases in exposure over the 10 to 250 mg dose range, with a half-life
of 7 h [73]. In cancer patients, exposure increased with dose, albeit with
significant interpatient variability [74]. In patients dosed with 1600 mg la-
patinib, maximum concentrations of drug ranged from 1.36 to 3.35 µg/ml
with steady-state trough values ranging from 0.28 to 1.49 µg/ml. Interest-
ingly, the area under the curve and half-life increased upon reaching steady-
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state levels in both healthy volunteers and cancer patients, even though the
single dose half-life does not support accumulation. Possible explanations in-
clude a food effect, which would result in both a delay of and an increase
in lapatinib absorption, or a decrease in systemic clearance because of in-
hibition of metabolism. Regardless of the mechanism of accumulation, the
steady-state pharmacokinetic profile in patients supported once-daily dos-
ing. As was observed for several of the agents discussed in this review, the
area under the curve that is required for robust preclinical antitumor activ-
ity is significantly higher (ca. 120 µg h/ml) than that achieved in the clinic
(29 µg h/ml) [74, 75].

Unlike other compounds with EGFR inhibitory activity, the DLT of la-
patinib has not been reached upon once-daily dosing [74]. While mild to
moderate rash and diarrhea have been observed (generally grade 1 and 2),
they have not limited dosing. Interestingly, increasing the dose from 500 to
1600 mg/day did not increase the incidence of moderate rash (grade 1/2 rash
observed in 5 of 13 patients @ 500 mg vs 3 of 13 patients @ 1600 mg). With
twice-daily dosing, the severity of diarrhea became dose-limiting.

4.2.2
BMS 599626

BMS 599626 is a pyrrolotriazine-based dual EGFR/ErbB2 inhibitor discovered
by BMS that has recently entered into phase I clinical trials [76–78]. To date,
very little data have been disclosed regarding this compound. BMS 599626
inhibits both EGFR (IC50 = 40 nM) and ErbB2 (IC50 = 40 nM), and is inac-
tive (IC50>10 µM) against a limited panel of kinases reported thus far (Met,
FAK, p38, MAPKAP Kinase2, and IGF-1R). BMS 599626 inhibits the growth
of BT-474 cells (IC50 = 860 nM) and Sal2 cells (salivary gland carcinoma IC50
= 460 nM). This compound also inhibits ErbB2, ERK1/2, and AKT activation
in N87 cells. BMS 599626 is reported to have good oral bioavailability in dogs
(49%), monkeys (31%), and mice (83%), and has demonstrated antitumor ac-
tivity in models driven by either EGFR (GEO colon carcinoma) or ErbB2 (N87
gastric carcinoma). Although dose–response relationships were established in
these models, robust antitumor activity required 240 mg/kg/qd.

Phase I clinical evaluation of BMS 599626 is ongoing [79, 80]; however,
no efficacy data have been reported to date. Dose escalation has proceeded
to 660 mg/day and is ongoing since a MTD has not been reached. The
pharmacokinetic profile in both healthy volunteers and cancer patients sup-
ports once-daily dosing with a half-life of ca. 20 h. An area under the
curve of ca. 2.4 µg h/ml with a maximum concentration of ca. 0.18 µg/ml
was achieved at steady state after 100-mg dosing in patients. In mice at
a dose that resulted in modest antitumor activity (ca. 50% TGI), signifi-
cantly higher plasma levels were achieved (AUC ca. 14.5 µg h/ml and Cmax
ca. 5.0 µg/ml) [76].
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4.2.3
ARRY-334543

ARRY-334543, discovered by Array BioPharma, is a quinazoline whose struc-
ture has not been fully disclosed [81]. It is a potent, ATP-competitive, selective
inhibitor of EGFR and ErbB2 receptor tyrosine kinases (IC50 = 2 nM and
7 nM, respectively). ARRY-334543 demonstates residual activity against Src
family members (e.g., 82% inhibition of Lck at 1 µM), but does not apprecia-
bly inhibit a panel of greater than 100 kinases examined to date. ARRY-334543
shows good activity in cell-based assays. It inhibits EGFR autophosphoryla-
tion with an IC50 of 36 nM in A431 cells, and inhibits ErbB2 autophosphory-
lation (IC50 = 43 nM) in BT-474 cells. It also inhibits AKT activation in BT-474
cells (IC50 = 44 nM).

ARRY-334543 shows robust efficacy in several human tumor xenograft
models, including BT-474, MDA-MB-453, H1650, Calu3, and A431 [81, 82].
Target inhibition in vivo or PK/PD relationships have not been reported.
ARRY-334543 recently entered phase I trials; no data have been reported.

4.2.4
Canertinib

Canertinib, discovered by Parke-Davis, was the first irreversible pan-inhibitor
of the ErbB family to enter clinical trials. It is a potent ATP-competitive
compound that exhibits time-dependent inhibition. The compound binds
covalently to the Cys773 residue of EGFR in the ATP-binding site [83]. Caner-
tinib inhibits EGFR, ErbB2, and ErbB4 with IC50 values of 0.8, 19, and
7 nM, respectively [84]. Furthermore, canertinib has a comparable selectiv-
ity profile to those of gefitinib and erlotinib, with activity against only two
non-ErbB family kinases (GAK and EphA6: IC50 values of 44 and 72 nM, re-
spectively) [42].

It also inhibits ligand-dependent autophosphorylation of EGFR in A431
cells, and ErbB2, ErbB3, and ErbB4 in MDA-MB-453 cells with IC50 values
ranging from 5 to 14 nM [84]. It is notable that upon binding, canertinib stim-
ulates receptor ubiquitination, which leads to the ultimate degradation of the
receptor via a mechanism mediated by HSP-90.

It has demonstrated activity in several mouse xenograft models, including
A431 epidermoid carcinoma, H125 NSCLC, MDA-MB-468 mammary car-
cinoma, and SF767 glioblastoma xenografts [31]. Efficacy in these models
ranged from regressions (A431 and SF767) to moderate tumor growth inhi-
bition (H125). Examination of excised A431 tumors after dosing canertinib
showed inhibition of EGFR phosphorylation.

Canertinib appears to have been evaluated in more phase I and II tri-
als than the other inhibitors discussed in this review [84–87]. It has been
studied under a wide variety of oral dosing schedules. Moreover, canertinib
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has also been dosed by intravenous administration [88]. After oral admin-
istration, canertinib is rapidly absorbed and eliminated, with a half-life of
ca. 2 h. Tolerated doses of 250 mg result in maximum concentrations ap-
proaching 0.20 µg/ml. Neither a high-fat diet nor multiple days of dosing
led to increases in canertinib exposure. Depending on the turnover of the
ErbB receptors, half-life may be less important in determining the dosing
frequency with an irreversible inhibitor. Despite its broad clinical experi-
ence, little efficacy has been reported. Of the nearly 200 treated patients,
only one partial response in a squamous cell skin cancer patient was re-
ported. Approximately 28% of patients experienced stable disease of variable
duration. Phase II single agent and combination clinical studies are still
under way.

4.2.5
BIBW 2992

BIBW 2992 is an irreversible ATP-competitive EGFR/ErbB2 inhibitor that is
under development by Boehringer Ingelheim. The compound inhibits EGFR
and ErbB2 in vitro with IC50 values of 0.50 and 14 nM, respectively, and
does not potently inhibit a small set of non-ErbB family kinases (IR, KDR,
HGFR, c-Src). Of the principal EGFR/ErbB2 inhibitors in clinical develop-
ment, BIBW 2992 appears to be the most potent compound in cell-based
assays when examining inhibition of pEGFR, pErbB2, and cell proliferation
(Table 2). In preclinical models, BIBW 2992 has shown tumor stasis or regres-
sion at 20 mg/kg/day in models of epidermal, ovarian, and gastric carcino-
mas [89].

Phase I clinical evaluation of BIBW 2992 is under way [90–92]. An MTD
of 70 mg/day on a 14-days-on/14-days-off schedule, with DLTs consisting
mainly of rash and diarrhea has been reported. Overall, 84 patients have re-
ceived BIBW 2992 on a 14-day-on/14-day-off or continuous schedule, with
one partial response (adenocarcinoma of the lung) and 36% stable disease
rate reported. Clinical pharmacokinetic data have not yet been reported.

4.2.6
HKI-272

HKI-272 (Wyeth) is also an irreversible ATP-competitive inhibitor of EGFR/
ErbB2, and is currently in phase I clinical trials. This compound replaced
an earlier irreversible entrant, EKB-569, which demonstrated good potency
against EGFR (IC50 = 80 nM), but weaker activity against ErbB2 (IC50 =
1230 nM) [93, 94]. HKI-272 inhibits both ErbB2 (IC50 = 59 nM) and EGFR
(IC50 = 92 nM) in vitro. HKI-272 is reported to be very selective against a se-
ries of tyrosine and serine/threonine kinases. Only KDR (IC50 = 800 nM) was
significantly inhibited at concentrations less than 1 µM.
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HKI-272 inhibits autophosphorylation of ErbB2 in BT474 cells (IC50 =
5 nM), and EGFR in A431 cells (IC50 = 3 nM). Accordingly, the levels of
pERK1/2, pAkt, and CyclinD1 are also decreased (IC50 = 2–9 nM). The im-
proved potency that is observed in cells is probably a result of the time-
dependent inhibition profile of HKI-272, as the cells were exposed to inhibitor
from 3 to 12 h, while the enzymatic assays were incubated with inhibitor for
1 h. HKI-272 inhibits the growth of cell lines that either overexpress EGFR
(e.g., A431, IC50 = 81 nM) or ErbB2 (e.g., BT-474, IC50 = 2 nM). Notably, cell
lines that exhibit weak expression of EGFR and ErbB2, and are thus less likely
to be driven by ErbB signaling (e.g., MDA-MB-435, SW620, and 3T3 cells), are
less sensitive to growth inhibition (IC50 ca. 700 nM).

HKI-272 has shown activity in animal models: daily doses of 40 mg/kg re-
sult in greater than 75% tumor growth inhibition in xenograft models of both
BT-474 breast carcinoma and A431 epidermal carcinoma [93]. Reports of the
phase I evaluation of HKI-272 are not yet available.

4.3
Direct Comparison of Select EGFR/ErbB2 Inhibitors

ErbB inhibitors in development differ in several aspects, including potency,
selectivity, and mechanism of inhibition. Fortunately, there are data that
compare erlotinib, gefitinib, lapatinib, canertinib, HKI-272, and BIBW 2992
directly in enzymatic and cellular studies, as shown in Tables 2 and 3 [89, 95].

Although there are differences in enzymatic and cellular potencies against
EGFR, all five compounds show an increase in potency when tested against
the mutant EGFR (L858R) that was identified in NSCLC patients that are most
responsive to erlotinib and gefitinib (Table 3). Similarly, there is a loss of po-
tency when tested against the mutant EGFR (T790M) that has been associated
with resistance to small-molecule inhibitors of EGFR. Interpretation of the
T790M data is straightforward from the structural biology information. All

Table 2 Comparison of EGFR/ErbB2 inhibitors [89]

Compound EGFR ErbB2 A431 NIH-3T3 ErbB2 N87 BT-474
IC50 IC50 EC50 EC50 EC50 EC50 (nM)
(nM) (nM) (nM) (nM) (nM)

Assay Enzyme Enzyme pEGFR pErbB2 pErbB2 pErbB2 Growth

Gefitinib 3 1100 35 2300 541 3710 1070
Erlotinib 2 238 5 734 468 930 829
Canertinib 0.3 30 22 85 288 184 66
Lapatinib 3 15 105 171 101 99 52
BIBW 2992 0.5 14 13 71 48 35 12
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Table 3 Activity against EGFR wild-type and mutant-containing cell lines [95]

Compound H1666 (wt-EGFR) H3255 H1975
EC50 (nM) (L858R mutant EGFR) (T790M mutant EGFR)

EC50 (nM) EC50 (nM)

Growth pEGFR Growth pEGFR Growth pEGFR

Gefitinib 187 72 5 11 > 4000 > 4000
Erlotinib 110 87 40 52 > 4000 > 4000
Canertinib 198 127 1 5 101 79
Lapatinib 534 1424 63 3698 > 4000 > 4000
HKI-272 172 201 7 18 172 579
BIBW 2992 60 7 0.7 6 99 93

of these inhibitors are expected to occupy the “gatekeeper” pocket of EGFR
that is made accessible by the small threonine residue; mutation to a large and
hydrophobic methionine clearly blocks entry to this space. The cause for the
increase in potency against the L858R mutant is not clear.

In terms of clinical efficacy, the most important attribute that differenti-
ates the inhibitors may be the relative potencies for EGFR vs ErbB2, because
EGFR-related toxicities appear to be dose-limiting in humans.

4.4
Multi-Kinase Inhibitors

4.4.1
AEE788

AEE788 is the second pyrrolopyrimidine inhibitor of the ErbB family that No-
vartis has progressed into the clinic. The first one was PKI166, which was
discontinued due to elevated, but reversible, liver enzyme levels (17% of pa-
tients experienced grade 3 levels of elevated transaminases) [96]. In AEE788,
the phenol of PKI166 is replaced with a methylene-linked N-ethylpiperazine
moiety that may have been designed in an effort to increase solubility and de-

Fig. 8 Multi-kinase inhibitors
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crease hepatic toxicity. Although AEE788 is described as an inhibitor of KDR
as well as of EGFR/ErbB2, it is more potent at inhibiting the latter. The in vitro
IC50 values against EGFR and ErbB2 are 2 and 6 nM, respectively, while the in
vitro potency of AEE788 against KDR, Flt1, c-Abl, c-Src, c-Fms, and PDGFRβ

is at least an order of magnitude weaker (IC50 values are 77, 59, 52, 61, 60, and
320 nM, respectively) [97].

In cellular models, AEE788 is a more potent inhibitor of EGFR autophos-
phorylation (A431, IC50 = 11 nM) than ErbB2 autophosphorylation (BT-474,
IC50 = 220 nM) [97]. Its activity against KDR autophosphorylation in CHO
transfectants is weaker still (IC50 = 960 nM). AEE788 exhibits antiprolifera-
tive effects in many different cell lines at sub-micromolar levels, including
NCI-H596, MK, SK-BR-3, and BT-474. As expected, AEE788 does not po-
tently inhibit the proliferation of MCF-7 (IC50 = 2500 nM) or T24 cells (IC50
= 4526 nM), because neither of these cell lines is driven by EGFR or ErbB2
activation. In contrast, AEE788 inhibits the proliferation of VEGF- and EGF-
driven HUVEC cell proliferation (IC50: 43 and 155 nM, respectively) but does
not inhibit serum- or bFGF-driven HUVEC proliferation at concentrations up
to 1 µM.

AEE788 inhibits the growth of two human tumor xenografts that overex-
press EGFR [97]. In the NCI-H596 adenosquamous lung carcinoma model,
tumor stasis was observed following a 50 mg/kg oral dose three times a week.
Using the same dosing regimen, the growth of DU145 human prostate car-
cinoma tumors was moderately inhibited. Examination of excised tumors
from the NCI-H596 model after five daily doses of AEE788 at 30 mg/kg
showed complete inhibition of pEGFR for 72 h beyond the last dose. Activity
of AEE788 in an ErbB2-driven cell line was determined using a NeuT/ErbB2
GeMag syngeneic orthotopic mouse tumor model. Oral doses of AEE788 at
50 mg/kg three times a week resulted in approximately 60% tumor growth
inhibition. Inhibition of the autophosphorylation of ErbB2 after five daily
treatments of AEE788 was established in this model, with inhibition lasting
ca. 24 h after the final dose. The duration of inhibition of the targets in vivo
by AEE788, particularly the inhibition of pEGFR formation for 72 h following
the last dose, was surprising.

Pharmacokinetic data may explain these observations [97]. In a separate
study, analysis of AEE788 following a single 100 mg/kg oral dose in nude mice
showed high levels of AEE788 in the plasma over 24 h (AUC 58.5 µmol h/l),
with even higher levels found in tumor tissue (AUC 1337 nmol h/g). The
ratio of drug in tumor tissue to plasma was ca. 20-fold and 50-fold at 6 and
24 h, respectively. This accumulation of inhibitor in tumor tissue may explain
the long-lasting inhibition of pEGFR formation in excised tumors. However,
these data are difficult to interpret, as there is no way to determine if the
drug found in the tumor is available for action. If the drug is freely perme-
able and available, the free drug levels in plasma should approximate the free
drug levels in the tumor. The property of importance is the concentration
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of free fraction in the cytosol, which is undetermined. Regardless of the ex-
planation, the ability of AEE788 to inhibit pEGFR for several days following
administration may allow for intermittent dosing in the clinic.

AEE788 is currently in phase I/II clinical testing, where it has been dosed
orally in more than a hundred patients [98–100]. Two phase I trials have
been completed: one study enrolled patients with a wide variety of solid tu-
mors, while the other focused on recurrent glioblastoma multiforme (GBM).
In both trials, DLTs were observed at 550 mg/day and consisted of diarrhea,
fatigue, and anorexia. The MTD was determined to be 400 mg/day, and an in-
termediate dose is under evaluation. Mild to moderate rash was also observed
at doses above 150 mg. AEE788 was not associated with changes to electrocar-
diographs; however, grade 3 and 4 reversible increases in liver enzyme levels
were reported. As mentioned previously, the first-generation pyrrolopyrimi-
dine, PKI166, was discontinued because of reversible, elevated liver enzyme
levels. One patient with angiosarcoma who received 400 mg/day AEE788 ex-
perienced a partial response. Overall, ca. 35% of patients in the AEE788 trials
have had stable disease of varying duration.

Pharmacokinetic analysis in cancer patients shows that steady-state lev-
els are reached within 15 days and that the effective half-life is greater than
24 h [99]. The exposures in patients are variable, with an AUC after admin-
istration of 400 mg of approximately 2.0 µg h/ml, and maximum and trough
concentrations of approximately 0.13 and 0.06 µg/ml, respectively. AEE788
is metabolized by CYP3A4 to an active species, AQM674, the structure of
which has not been disclosed. The plasma levels of AEE788 increase super-
proportionally, wherein a 22-fold increase in dose results in a 58-fold increase
in exposure. Over the same dose range, the formation of metabolite AQM674
increases nearly linearly with dose. The ratio of parent to metabolite increases
with dose, which suggests saturation or inhibition of metabolite formation.
This is consistent with CYP3A4-mediated formation of AQM674, because
AEE788 is an inhibitor of CYP3A4 (IC50 = 3.6 µM).

4.4.2
XL647

XL647 was discovered by Exelexis, and is another potent inhibitor of both
EGFR (IC50 = 0.3 nM) and ErbB2 (IC50 = 16.1 nM). XL647 is currently un-
dergoing phase I clinical trials; although its full structure has not been dis-
closed, it is known to be a quinazoline-based inhibitor. This compound also
inhibits KDR (IC50 = 1.5 nM) and EphB4 (IC50 = 1.4 nM) in cell-free as-
says. Moreover, XL647 inhibits PDGFR and FGFR1 at moderate levels (IC50:
346 and 855 nM, respectively), but does not inhibit IRK (IC50 > 26 000 nM).
In cell assays, XL647 inhibits the autophosphorylation of EGFR (IC50 =
1 nM) and EphB4 (IC50 = 3 nM). It also inhibits the autophosphorylation
of ErbB2 and KDR, but less potently with IC50 values of 84 and 70 nM,
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respectively. XL647 inhibits VEGF-induced tubule formation in endothelial
cells, but does not inhibit PDGFR autophosphorylation at concentrations
up to 1200 nM [101].

The preclinical pharmacokinetic profile of XL647 is interesting. The com-
pound is only 26% orally bioavailable in mice despite having low plasma
clearance (615 ml/h/kg, corresponding to an extraction ratio of 12%) and
high solubility (ca. 19 mg/ml). Similarly, the compound has moderate oral
bioavailability in rats (46%) despite low plasma clearance (1214 ml/h/kg,
corresponding to an extraction ratio of 30%). These data may indicate that
the compound has limited permeability. Conversely, XL647 has high oral
bioavailability in dog (72%) despite high plasma clearance that is essentially
equal to hepatic blood flow. The compound may either be saturating the first
pass effect or the clearance could have an extra-hepatic component. Com-
pounds that exhibit low permeability are often better absorbed in dogs due to
leakier junctions in the intestines. In all three species (mouse, rat, and dog),
the steady-state volume of distributions (19, 18, and 24 l/kg) are very high
and the half-lives are correspondingly long (11, 22, and 12 h) [101].

Extensive in vivo studies that examine tumor growth inhibition, pharma-
codynamic measurements of target inhibition including EGFR, ErbB2, KDR,
and EphB4, and establishment of PK/PD relationships have been reported
in several xenograft models with XL647 [101]. Dose–response relationships
have been established in models of breast (MDA-MB-231 and BT-474), colon
(HT29), NSCLC (Calu6), prostate (PC3), and epidermal (A431) cancers. Addi-
tionally, 100 mg/kg XL647 dosed for 7 days resulted in a significant decrease
in microvessel density in excised tumors, which supports an antiangiogenic
effect [101]. This inhibitor displays a multi-kinase profile in the preclinical
setting.

XL647 is currently in phase I clinical trials [102]. The MTD has not
yet been defined, although two DLTs have been observed: one QTc pro-
longation at 3.12 mg/kg/day (ca. 220 mg/day) and one grade 3 diarrhea at
7.0 mg/kg/day (ca. 500 mg/day). One partial response (NSCLC) has been ob-
served early in the dose escalation (0.06 mg/kg or 4.2 mg/day). Twenty-three
percent of patients have experienced stable disease in the trial.

Exposures at the highest dose level reported (3.12 mg/kg) were vari-
able, with an AUC at day 1 that ranges from less than 5.0 to close to
15 µg h/ml [102]. The variability is also evident in maximum concentrations,
which range from less than 0.05 to nearly 0.30 µg/ml. After eight daily doses,
XL647 accumulates with 2.8- to 3.2-fold increases in AUC and 2.5- to 4.2-
fold increases in maximum concentrations. Accumulation was expected as the
elimination half-life of XL674 is ca. 70 h. As the dose escalation continues, it
will be interesting to see if the exposure level reaches the reported EC50 for
inhibition of the multiple targets of this inhibitor that were derived from pre-
clinical rodent models (EGFR, 360 nM, 0.18 µg/ml; KDR, 600 nM, 0.30 µg/ml;
EphB4, 1200 nM, 0.60 µg/ml; ErbB2, 1800 nM, 0.90 µg/ml).
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Table 4 Preclinical EGFR and ErbB2 activity of XL647 [101]

Assay A431 BT-474
EGFR driven ErbB2 driven

Inhibition of cellular 1 84
autophosphorylation IC50 (nM)
In vivo inhibition of receptor 0.72 3.6
phosphorylation EC50 (µM)
In vivo inhibition of receptor 2.8 7
phosphorylation ED50 (mg/kg)
Tumor growth inhibition ED50 3.8 35
(mg/kg)
Mouse xenograft—100 mg/kg Partial tumor Tumor stasis

regression

AEE788 and XL647 clearly show profiles of multiple kinase inhibition in
vitro and in preclinical models. However, closer examination of the pharma-
cology suggests that these “multi-kinase” inhibitors are functionally selective.
As mentioned above, AEE788 is most potent at inhibiting EGFR (IC50 =
11 nM), followed by moderate activity against ErbB2 (IC50 = 220 nM) and
with weak activity against KDR (IC50 = 1 µM) in cellular assays of autophos-
phorylation [97]. Thus, the concentration required to inhibit EGFR autophos-
phorylation is 20-fold and 100-fold less than that required for ErbB2 and
KDR, respectively. If clinical dosing is limited by an event that is driven by
EGFR signaling (i.e., rash and diarrhea), then the concentrations required to
affect ErbB2 and KDR activity may never be reached. The same is true for
XL647, as can be seen from an examination of its activities against EGFR- and
ErbB2-driven effects across biological systems (Table 4) [101]. If the rodent
models are not susceptible to the EGFR-driven toxicities that are observed
in humans, as seems likely, then the preclinical data that demonstrate multi-
kinase inhibition may be misleading. Close evaluation of the clinical data will
determine whether these drugs work through the inhibition of multiple ki-
nases or if dose-limiting toxicities and/or pharmacokinetics reveal them to be
a new generation of EGFR-selective inhibitors.

5
Inhibitors of Raf

Sorafenib is a reversible ATP-competitive inhibitor of multiple kinases de-
veloped by Bayer and Onyx. It was originally described as a C-Raf inhibitor,
but has since been reported to inhibit B-Raf, p38α, KDR, and a several other
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Fig. 9 Structure of sorafenib

kinases (Table 5) [103–105]. The activity against the mutant B-RafV600E has
generated interest, because it has been reported recently that over 60% of
melanomas have mutations in B-Raf, and most of these contain the V600E
point mutation. The inhibitory potency of sorafenib against B-RafV600E is es-
sentially equivalent to that of wild-type B-Raf, which is not unexpected since
the mutant residue is located in the activation loop and is not in direct contact
with the inhibitor.

Sorafenib has been shown in MDA-MB-231 cells to inhibit both MEK1
phosphorylation (IC50 = 40 nM) and ERK1/2 phosphorylation (IC50 =
100 nM), while having no affect on the Akt pathway. However, its ability to
inhibit pERK1/2 production in other cell lines (HCT-116, DLD-1, Colo205,
BxPC-3, and LOX) has been less impressive (IC50 = 1000–4000 nM), de-
spite the presence of Ras and B-Raf mutations. In contrast, sorafenib inhibits
PDGFRβ autophosphorylation (IC50 = 10 nM) in HAoSMC cells and also
inhibits KDR autophosphorylation in HUVEC cells (IC50 = 100 nM) and
3T3-VEGFR2 transfectant cells (IC50 = 100 nM). Inhibition of the cellular
growth of MDA-MB-231 and HCT116 cells is moderate (IC50 = 2.6 and
4.6 µM, respectively), although the compound has higher activity in the
PDGFR-dependent cell line HAoSMC (IC50 = 280 nM), which suggests that
the inhibition of non-Raf targets may be the driving mechanism of action for
sorafenib [105].

Sorafenib has demonstrated significant antitumor activity against a range
of mouse xenograft models from breast, colon, and lung carcinomas that con-
tain either Ras or B-Raf mutations [105]. MDA-MB-231 is the most sensitive

Table 5 Enzymatic activity of sorafenib [103–105]

Kinase IC50 (nM) Kinase IC50 (nM)

C-Raf 6 mVEGFR3 12
B-Raf wt 22 mPDGFRβ 57
B-RafV600E 38 Flt-3 58
KDR 90 c-Kit 68
mVEGFR2 6 P38α 38
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model, with regressions observed at the top dose of 60 mg/kg/qd. Treatment
with 30 and 60 mg/kg/qd sorafenib resulted in tumor stasis in HT-29, Colo-
205, DLD-1, and A549 models.

Closer examination of the results from HT-29, A549, and NCI-H460
xenograft models illustrates the difficulty of pinpointing the mechanism
of antitumor activity in these preclinical models with a multi-kinase in-
hibitor [105]. In the HT-29 xenograft model, tumors were excised 3 h after
the last of five daily 30 and 60 mg/kg doses of sorafenib. Examination of
pERK1/2 levels in these tumors showed complete inhibition of pERK1/2 for-
mation as compared to the control tumors, with no effect on total ERK1/2
protein levels. As there was no pharmacokinetic component reported with
the pharmacodynamic data, it can only be speculated that the plasma drug
concentrations at the 3-h time point were greater than 5 µM, as those con-
centrations were required to completely inhibit pERK1/2 production in HT-29
cells. These results support the view that the activity of sorafenib in this
model arises from inhibition of ERK1/2 phosphorylation. However, signifi-
cant inhibition of microvessel area (MVA) and microvessel density (MVD)
was also seen in the excised tumors, which indicates that sorafenib has an
antiangiogenic effect. This antiangiogenic effect could be attributed to dis-
ruption of MEK/ERK signaling [41], or from direct inhibition of KDR. With
the lack of pharmacokinetic and excised tumor data at the dosing interval
(24 h), it is not possible to determine the mechanism of the antitumor effects
of sorafenib in the HT-29 xenograft model. Additionally, the activity of so-
rafenib against both A549 and NCI-H460 xenografts does not correlate with
cellular MEK/ERK studies. Both of these cell lines express high basal levels
of pERK, which sorafenib was unable to inhibit at concentrations as high as
15 µM. While no studies were reported on excised tumors from these models,
it is reasonable to assume that the antitumor effects observed are attributable
to the inhibitory activities of sorafenib on protein kinases other than those of
the Raf family. Undoubtedly, sorafenib is a multi-kinase inhibitor whose pre-
clinical effects are caused by inhibition of its multiple targets. It is also clear
that extrapolation from the clinical results of sorafenib to future selective Raf
kinase inhibitors is inappropriate.

Phase I dose-ranging studies (50 to 800 mg) of sorafenib in 69 patients
demonstrated the compound to be generally tolerated up to 400 mg bid [106].
Dose-related toxicities included skin rash, diarrhea, fatigue, vomiting, hyper-
tension, and hand–foot syndrome. At doses above 400 mg bid (the MTD),
unacceptable incidents of diarrhea and hand–foot syndrome were reported.
Of the 45 patients that were evaluated for efficacy in phase I, one patient with
hepatocellular carcinoma had a partial response, and 25 had stable disease,
while 18 patients had progressive disease. Based on these results, phase II
studies were designed with increased progression-free survival (PFS) as the
primary endpoint. Since sorafenib inhibits multiple targets, the phase II trial
included all comers, who were treated with 400 mg bid for 12 weeks. At the
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end of this period, patients were assessed for tumor progression. Responders
and nonresponders were assigned randomly to either a treated or a placebo
control group (responders, who were defined as patients that experienced
a > 25% regression in lesions, continued in the treated group); a total of 484
patients were enrolled, 202 of which had RCC. During the 12-week enrollment
phase, the RCC patients were evaluated for efficacy [107]. From this popula-
tion of patients, 144 showed disease stabilization; eight experienced a partial
response. From the randomization phase, the PFS was found to be 24 weeks,
compared to only 6 weeks in the control group.

Given the high occurrence of B-Raf mutations in melanoma lesions [107]
and the reported activity of sorafenib against B-Raf in vitro, its efficacy was
evaluated in 20 patients with stage IV refractory melanoma [108]. During the
course of the 12-week study (400 mg bid), 15 patients experienced disease
progression prior to the study endpoint. One patient had a partial response
while three had stable disease. Five patients experienced grade 3 skin toxicity,
and two experienced hypertension that necessitated treatment. Sorafenib was
not effective in treating melanoma as a single agent.

Based on the efficacy of sorafenib in treating RCC in the phase II setting,
a phase III study was initiated that targeted this indication in patients that
were refractory to previous treatments, and had overall survival and PFS as
the endpoints [109]. From the 796 patients that were enrolled into the study,
384 were administered 400 mg bid sorafenib, while the remainder received
a placebo. Objective evaluation of 574 patients revealed disease stabilization
in 261 (78%) of the treated group vs 186 (55%) in the placebo control group.
Seven partial responses were observed in the sorafenib group vs none in the
placebo group; disease progression was found in 29 (9%) of the sorafenib
group, compared to 102 (30%) of the control group. As in the phase II stud-
ies, there was a significant increase in the PFS from 12 weeks in the placebo
to 24 weeks in the sorafenib group. Based on interim analysis, patients who
received sorafenib experienced a 39% survival advantage over patients that
received the placebo, although the data did not reach statistical significance.
Upon the completion of the interim analysis, the benefit of sorafenib treat-
ment was deemed sufficient to allow patients that received the placebo to
cross over to the treatment arm. The approval of sorafenib for RCC was based
on PFS.

Exposure to sorafenib in patients is extremely high and variable [106, 110].
Absorption is slow and highly variable, with Tmax ranging from ca. 2 to 8 h
in single-dose studies. After both single and multiple doses, exposure does
not increase with dose, nor does it appear to be related to dose (Table 6).
Significant accumulation is observed, with Cmax increasing 3.8-fold and AUC
increasing 5.7-fold after multiple doses. The elimination half-life of sorafenib
is consistent and ranges from 24 to 30 h, while food intake did not signifi-
cantly affect any parameter. Once per day dosing should be supported with
a 24- to 30-h half-life; however, comparisons of once per day and twice per
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Table 6 Multiple-dose pharmacokinetic parameters of sorafenib in cancer patients [106,
110]

Dose Cmax (µg/ml) AUC (µg h/ml)
Mean %CV a Mean %CV a

100 2.31 54 23.8 43
200 2.84 88 16.1 83
400 9.35 44 71.7 43
600 9.81 51 79.0 52
800 7.21 28 44.9 30

a %CV is the coefficient of variance, also known as “relative standard deviation”

day schedules demonstrated a twofold greater AUC and higher Cmin levels.
Apparently, twice-daily dosing partially alleviates issues related to saturation
of absorption. The lack of a dose–response relationship in exposure, and the
high variability, makes it difficult to correlate dose/exposure to either adverse
events or efficacy in patients.

6
Inhibitors of MEK

Fig. 10 MEK inhibitors

6.1
ARRY-142886 (AZD6244)

ARRY-142886 (AZD6244) is a potent, highly selective, ATP-uncompetitive
MEK1/2 inhibitor [111]. ARRY-142886 was discovered at Array BioPharma
and is currently in phase I clinical trials. The compound has high activity
against constitutively active MEK (IC50 = 12 nM) and is highly selective (IC50
>10 µM) vs a panel of approximately 40 kinases. Although ARRY-142886 in-
hibits EGF-stimulated phosphorylation of ERK1/2 in A431 cells, it does not
inhibit EGF-stimulated phosphorylation of ERK5 or MEK1/2. Moreover, the
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compound does not inhibit p38 or Akt in HeLa cells at concentrations up
to 50 µM. The compound inhibits ERK1/2 phosphorylation with an IC50 <
40 nM in HT-29, Malme-3M, SK-MEL-28, MiaPaCa2, and BxPC-3 cells [112].
ARRY-142886 also inhibits the proliferation of several cell lines that contain
Ras and B-Raf mutations; it does not inhibit the growth of Malme-3 cells (IC50
>10 µM), which are the normal counterparts of Malme-3M melanoma cells.
In responsive cell lines, ARRY-142886 induces a G1/S growth arrest (HT-29)
and, depending on cellular context, is also able to induce apoptosis (Malme-
3M and SK-MEL-2). The cellular activity of ARRY-142886 is summarized in
Table 7.

The inhibitor has excellent pharmacokinetics in both mice and rats, with
high bioavailabilities (82 and 74%, respectively) [113]. Additionally, the po-
tential for drug–drug interactions after administration of ARRY-142886 is
low as it does not inhibit any of the major cytochrome p450 isoforms below
20 µM.

In preclinical models, ARRY-142886 treatment results in either tumor re-
gression or stasis in xenograft models of colorectal, non-small cell lung, pan-
creatic, breast, and melanoma cancers. Most of these cell lines contain either
the B-RafV600E or K-Ras mutations. Complete inhibition of pERK1/2 forma-
tion in excised tumors from both HT-29 and BxPC3 studies was achieved 4 h
after an oral dose of 20 mg/kg/day ARRY-142886 [114]. In a separate HT-29
study, a PK/PD relationship was established [115]. Twelve hours after a single
30 mg/kg oral dose of ARRY-142886, approximately 80% inhibition of ERK1/2
phosphorylation was observed with a corresponding plasma concentration
of about 0.60 µg/ml. In the same study at 24 h, ERK1/2 phosphorylation was

Table 7 Cellular activity of ARRY-142886 [111, 112]

Cell line Stimulation Study IC50 (nM)

HT-29 None pERK < 8
Malme-3M None pERK ≤ 8
BxPC-3 None pERK < 8
HT-29 None Cell viability 190
Malme-3M None Cell viability 50a

SK-MEL-2 None Cell viability 270a

SK-MEL-28 None Cell viability 76
Malme-3 None Cell viability No effect
BT474 None pERK5 No effect
A431 EGF pMEK1,2/pERK5 No effect
HeLa 10% FBS pS6 No effect
HeLa Anisomycin pHsp27 No effect

a Caspase 3/7 activation observed—indication of apoptosis induction
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inhibited by approximately 65% with ca. 0.10 µg/ml of ARRY-142886. Simi-
larly, in a BxPC3 xenograft study, EC50 and EC90 (near Cmin) on tumor growth
inhibition were determined to be 0.18 and 0.34 µg/ml, respectively [116].
The EC90 levels were achieved following a 6 mg/kg/day dose where pERK1/2
levels were inhibited by about 90% in excised tumors. In a third BxPC3
study, ARRY-142886 was able to shrink large tumors after a dosing hol-
iday [114]. After demonstrating complete tumor growth inhibition at 100
and 50 mg/kg/day for 21 days, a 7-day dosing holiday followed, in which
tumor size in the 100 mg/kg/day group remained static and those in the
50 mg/kg/day group grew to ca. 500 mg. Continued treatment resulted in
significant regression of the low-dose group to levels equivalent in size to
predose animals (200 mg). Preclinical efficacy studies with ARRY-142886 es-
tablished antitumor activity, proof of inhibition of target in vivo, and PK/PD
relationships in two models (Table 8).

Preliminary results from the initial phase I study suggested dose-limiting
toxicities of rash and diarrhea, with prolonged stable disease the best clinical
response reported [117]. The rapid absorption and half-life of ARRY-142886
in cancer patients supports twice-daily dosing. A trend toward increasing ex-
posure with dose was observed over a 50 to 300 mg dose range. An evaluation
of pERK1/2 inhibition in PBMC from treated patients determined an EC50 of
0.17 µg/ml [118]. This agrees well with preclinical PK/PD studies in excised
tumors from both HT-29 and BxPC3 models. Encouragingly, the trough levels
of ARRY-142886 at both the 100 and 200 mg/bid doses (0.20 and 0.39 µg/ml,
respectively) exceed the concentrations necessary to inhibit 50% of ERK1/2
phosphorylation in PBMC from treated patients and in excised tumors from
preclinical xenograft models.

Table 8 Preclinical efficacy of ARRY-142886 [113–116]

Cancer type Model Mutational status Activity (mg/kg/day)

Colorectal HT-29 B-RafV600E Cytostatic—ED50 20–40
HCT116 Mutant Ras Cytostatic—ED90 < 20

NSCL A549 Mutant Ras Cytostatic—ED90 < 20
Calu6 Mutant Ras Cytostatic—ED90 < 20

Pancreatic BxPC-3 Unknown Regressions @ 3–12
EC50 0.18 µg/ml
EC90 0.34 µg/ml

PANC-1 Unknown Cytostatic—ED90 < 20
MIA PaCa-2 Mutant Ras Regressions @ ∼ 40

Breast MDA-MB-231 Wild-type Raf/Ras Cytostatic—ED90 < 20
Zr-75-1 Wild-type Raf/Ras Cytostatic—ED50 20–40

Melanoma LOX B-RafV600E Regressions @ < 20
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6.2
PD0325901

Pfizer has reported data for PD0325901, which is a second-generation, potent,
highly selective inhibitor of MEK that is currently in phase I/II clinical trials.
This compound replaced CI-1040, which was terminated in phase II trials due
to poor efficacy and exposure [119]. PD0325901 is an improvement over CI-
1040 in nearly every relevant aspect [120, 121]. PD0325901 exhibits a Ki for
activated MEK1 of 1.1 nM and 0.79 nM for activated MEK2. The compound is
also very potent (Ki = 0.90 nM) in the more biologically relevant Raf-activated
MEK assay. PD0325901 is highly selective (IC50>10 µM in a panel of 27 ki-
nases), which is not surprising because the compound is not competitive with
ATP or ERK1/2. PD0325901 inhibits ERK1/2 phosphorylation in C26 mouse
colon carcinoma cells with an IC50 of 0.34 nM, whereas CI-1040 is much less
potent (IC50 = 82 nM). PD0325901 is much more soluble at pH 6.5 than CI-
1040 (190 vs < 1 µg/ml, respectively) and inhibits CYP3A4 less than CI-1040
(IC50 > 40 µM vs 5 µM, respectively). The rat oral bioavailability is similar be-
tween the two compounds (77% vs 85% at 10 mg/kg); however, the dog oral
bioavailability is much better for PD0325901 (103% vs 5%).

PD0325901 has shown activity in a range of xenograft models at its MTD
of 25 mg/kg/qd [122]. In a syngenic mouse C26 model, a single 3 mg/kg
dose was able to inhibit pERK1/2 production in excised tumors by 75% 10 h
postdose, with recovery of pERK1/2 levels to control values at 24 h, while
a single 25 mg/kg dose was able to inhibit ERK1/2 phosphorylation by 75%
at 24 h. Extensive PK/PD modeling determined both the EC50 for inhibition
of ERK1/2 phosphorylation in excised tumors and the EC50 for tumor growth
inhibition in four responsive xenograft models (Table 9) [123]. In addition to
showing that 0.10 µg/ml plasma concentrations of PD0325901 are sufficient
for significant inhibition of the target in vivo, this work demonstrates that in-
hibition of the target in vivo is correlated with antitumor effects in several
models. This study also demonstrated that inhibition of ERK1/2 phosphory-
lation declined with declining concentrations of PD0325901 and in a rapid
fashion. This extensive preclinical work could be coupled with predictions

Table 9 PK/PD relationships of PD0325901 in mouse xenograft models [123]

Model pERK1/2 response Tumor growth inhibition
in excised tumors (EC50 [µg/ml]) (EC50 [µg/ml])

BxPC-3 0.041 0.009
HT-29 0.054 0.116
Mia PaCa-2 0.005 0.023
Colo-205 0.012 0.049
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of human pharmacokinetics to direct the clinical program. For example, it
may be reasonable to set an initial target drug minimum concentration of
0.10 µg/ml. These data also suggest that a dosing interval should be chosen
that will result in 24-h coverage, if complete and continuous inhibition of
pERK1/2 is necessary for efficacy.

PD0325901 is currently in phase II clinical trials [119]. In phase I stud-
ies, 41 patients received drug with the MTD reported as less than 20 mg/bid.
The DLTs were rash, congestive heart failure, and syncope. Two melanoma pa-
tients achieved partial responses, albeit at dose levels (20 mg/bid) above the
MTD, and eight patients experienced stable disease. In paired pre- and post-
treatment biopsies, doses above 2 mg/bid resulted, on average, in greater than
80% inhibition of ERK1/2 phosphorylation. Unfortunately, tumor tissue in-
hibition of ERK1/2 phosphorylation did not correlate with clinical response.
Although the complete pharmacokinetic profile has not been disclosed, doses
above 15 mg/bid resulted in steady-state levels of PD0325901 maintained
above those predicted from preclinical models for significant inhibition of
ERK1/2 phosphorylation (> 0.27 µg/ml). The activity in melanoma is encour-
aging: the prevalence of B-Raf mutations gives a clear biological rationale for
MEK inhibition in this disease. Most important, current treatment options for
patients with malignant melanoma are poor.

7
Biomarkers

In this emerging era of molecular-targeted therapies, biomarkers are becom-
ing more useful and perhaps even necessary for the success of new drugs.
In this context, the two classes of biomarkers that are most relevant are
pharmacodynamic biomarkers, which are used to confirm drug activity and
mechanism of action, and predictive biomarkers, which are used to predict
clinical response to targeted therapies.

Among the compounds that have been discussed in this chapter, the an-
alysis of biomarkers has been most extensive and advanced for gefitinib
and erlotinib. Skin has been used as a surrogate tissue in several studies
because it is more readily attainable and is a known site of EGF action
and EGFR expression. In phase I and phase II studies of gefitinib and er-
lotinib, skin biopsies from pretreated and treated patients were analyzed for
steady-state levels of protein biomarkers by immunohistochemistry [124–
128]. Decreases in pEGFR and pERK1/2, as well as an increase in the level
of the cell cycle inhibitor p27 KIP-1, were observed in 25–90% of patients.
However, as reported for the gefitinib trial, there was no correlation be-
tween biomarker readout and dose, plasma concentration, rash, or objective
response [124]. These studies demonstrate that the biological activity and
mechanism of action of EGFR inhibitors can be verified using skin biop-
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sies, but that activity in accessible surrogate tissue may not predict antitumor
activity.

What is ultimately important is whether the compound is distributed to
the site of the tumor and able to inhibit the target of interest. Obtaining paired
tumor biopsies, however, is challenging on several levels, from patient accrual
to the quality of the tumor biopsy for subsequent analysis. Although there
have been studies addressing biomarkers for EGFR inhibitors in tumors, the
actual number of tumor pairs that can be evaluated has been restrictive. In
a phase I/II trial of gefitinib in colorectal cancer, pre- and posttreatment biop-
sies from liver metastases were analyzed for levels of pEGFR, pERK1/2, and
pAkt [129]. From 11 paired biopsies, only one of the pretreatment tumors had
detectable pEGFR, one had detectable pERK1/2, and two had detectable pAkt.
Although the number of samples was limited, inhibition of each phospho-
biomarker was seen. More significantly, detectable pERK1/2 in neighboring
tumor stromal fibroblasts was inhibited in five of nine patients, which demon-
strated that the compound did reach the site of the tumor. In a phase II
gefitinib trial in breast cancer, examination of 16 available paired tumor
biopsies showed that four tumors had detectable baseline pEGFR and eight
tumors had detectable baseline pERK1/2 [125]. Decreases in each phospho-
protein in these tumors were observed with treatment. However, inhibition of
pERK1/2 levels did not correlate with an increase in p27 KIP-1, emphasizing
that, in addition to demonstrating inhibition of the target, it is equally im-
portant to select tumors that will respond to that inhibition. Although tumor
biomarker information is limited at this time, these results do suggest that
gefitinib is distributed to the tumor and behaves as expected; a correlation to
objective response is still lacking.

There has been recent promise of a predictive biomarker for EGFR in-
hibitors with the identification of EGFR mutations in approximately 80% of
patients that respond to gefitinib or erlotinib [8, 9, 54]. The presence of EGFR
mutations correlates strongly with the clinical response rates. This correlation
is further upheld when patients are stratified into various subgroups: non-
smokers vs smokers, adenocarcinoma vs other cancers, female vs male, and
East Asian vs US populations [9, 54, 130]. These EGFR mutations are somatic,
often heterozygous, and comprise both point and deletion mutations in the
catalytic domain. Characterization of several EGFR mutants in cellular stud-
ies suggests that most, but not all, lead to not only a greater response to ligand
but also a longer duration of the response [8, 9]. Most importantly, the EGFR
mutants are 10–100-fold more sensitive to inhibition by gefitinib and er-
lotinib [8, 9]. The presence of a mutation may confer a greater tumor response
rate to EGFR inhibition because (1) the increased activity of the receptor re-
sults in an increased propensity for the tumor to be driven by EGFR, and
(2) the mutant may exhibit increased sensitivity to inhibition by gefitinib
and erlotinib. This increased sensitivity has significant clinical consequences,
since plasma levels of compound can be limiting.
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The analysis of the biomarker data for sorafenib is more difficult to in-
terpret due to limited data and the broad activity of this compound [17].
Clinical biomarker studies have been focused on the activity of sorafenib
against Raf. Although MEK1/2 are the downstream targets of Raf, phospho-
rylation of ERK1/2 has been the principal biomarker because the available
reagents are superior and ERK1/2 are accepted as the only known substrates
of MEK1/2. In a phase I trial, the levels of PMA-induced pERK1/2 in CD7+
T cells were shown to decrease after 21 days of sorafenib dosing [106, 131].
Neither plasma concentrations nor the postdose time point for the samples
was reported, making these observations less meaningful. The analysis of
pERK1/2 in paired tumor biopsies has been reported for one melanoma pa-
tient who experienced a partial response [110]. The levels of pERK1/2 were
shown to decrease after the second cycle of treatment (1 cycle = 7 days on,
7 days off), and correlated with a decrease in tumor activity as measured by
glucose uptake.

The utility of baseline pERK1/2 as a predictive biomarker for tumor re-
sponse was evaluated in a phase II trial for sorafenib where pretreatment
tumors were analyzed for pERK1/2 levels [132]. Three patients that showed
moderate to high staining of pERK1/2 were partial responders, including the
melanoma patient described above. One patient did not respond and had low
basal levels of pERK1/2. Another prime candidate for a predictive biomarker
is the mutational status of B-Raf. The analysis of mutant B-Raf and tumor
response has been reported for only a combination study of sorafenib with
carboplatin and paclitaxel in melanoma patients [17]. No correlation was
seen in this context. It is difficult to draw conclusions from all these obser-
vations, since sorafenib may be acting through its activity against kinases
other than Raf. Unfortunately, the analysis of biomarkers for these other tar-
gets in the clinical setting has not been reported. These studies emphasize the
difficulty of using biomarkers for agents that target multiple kinases.

The measurement of pERK1/2 inhibition has proven to be a useful phar-
macodynamic marker for measuring the activity of MEK1/2 inhibitors in
the clinical setting. Inhibition of PMA-treated pERK1/2 in PBMCs has been
reported for both CI-1040 and ARRY-142886 [117, 118, 133]. In both cases,
a dose-dependent relationship was demonstrated between plasma concen-
tration and inhibition. Pre- and postdose biopsies from patients dosed with
CI-1040 and PD0325901 have shown inhibition of ERK1/2 phosphorylation
in the tumor, ranging from 40 to 100% inhibition [119, 133]. However, no
correlation with tumor response has been reported. The lack of correlation
could be because dependency on the MEK1/2 pathway will vary among tu-
mors, but also because the degree of inhibition was either not high enough or
not sustained long enough.

The utilization of pERK1/2 as a predictive biomarker for MEK inhibitors
is still unclear. In the phase II trial for CI-1040, archived tumors that dated
from months to years before treatment were analyzed for pERK1/2 [134].
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Despite the limitations of the samples, the data did suggest a correlation be-
tween elevated baseline pERK1/2 levels and stable disease. The mutational
status of B-Raf is another logical candidate for a predictive biomarker, espe-
cially since B-Raf mutations have been shown to confer increased sensitivity
to MEK1/2 inhibitors using in vitro and in vivo models [135]; nothing has yet
been reported.

An interesting observation from the analysis of many clinical studies is
that many inhibitors of the EGFR–Raf–MEK1/2–ERK1/2 pathway share the
dose-limiting toxicities of rash and diarrhea. Even administration of EGFR
antibodies, such as cetuximab, can lead to rash, which suggests that this side
effect is pathway-based. These adverse events are not life-threatening and
may be better tolerated than the side effects of existing chemotherapeutic
agents. In fact, this side effect may actually be informative as a predictive
biomarker, as there are data that correlate objective response to the severity
of the rash [66].

8
Conclusions and Outlook

The last decade of research and development on small-molecule inhibitors of
growth factor signaling has led to many advances, but there is still much more
to accomplish. Initially, the rationale to target the EGFR/ErbB2–Raf–MEK
pathway relied primarily on overexpression of the growth factor receptors in
human cancer. Since then, research in the laboratory and the clinic has estab-
lished more relationships between this pathway and uncontrolled cell growth.
Several of these relationships were discovered after small-molecule inhibitors
were identified. Some of the excitement over the MEK inhibitors derives from
the prevalence of B-Raf mutations in certain cancers that leads to constitu-
tive activity of MEK and ERK. Interestingly, B-Raf mutations were identified
after a MEK inhibitor was already in human trials. Likewise, EGFR activat-
ing mutants were not found until erlotinib and gefitinib were in phase III
trials. Clinical experience has shown that target overexpression alone is not
as powerful a validation as was first thought. Much more useful, and elu-
sive, is a correlation between the target and tumorigenesis, such as Bcr-Abl
in CML. The hope is that in the near future, even stronger correlations to
disease progression can be made and used to select responsive patients to
EGFR/ErbB2–Raf–MEK inhibitors.

There was a time not long ago when researchers were united in the belief
that potent, selective kinase inhibition was crucial for the development of safe
drugs and that it would be very difficult, if not impossible, to achieve. Con-
ventional wisdom held that the high concentration of cytosolic ATP (in the
millimolar range) precluded the identification of nanomolar ATP-competitive
kinase inhibitors in cell-based assays. Some of these beliefs were grounded
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in the fact that human kinases share a highly similar ATP binding site, and
that there were thousands of human kinases. Since then, as a result of the
human genome project, we know that the number of kinases is actually at
least tenfold lower. Evident from the experimental drugs covered here is
the fact that structural biology, molecular modeling, and medicinal chem-
istry have aided the discovery and development of selective, potent, small-
molecule ATP-competitive inhibitors of many kinases. Additionally, allosteric
inhibitors with exquisite selectivity have been discovered. Furthermore, the
approvals of sorafenib, sutent, and imatinib have dispelled the notion that
selectivity is required for the development of safe therapeutics.

The development of multi-kinase inhibitors has generated a new debate.
With some safety concerns alleviated, some believe that multi-kinase inhi-
bition in a single agent will lead to greater efficacy [136]. Others think that
a selective inhibitor is preferred as nearly all cancer chemotherapy is and
will continue to be poly-pharmacy, and a selective inhibitor will allow for
greater flexibility, and possibly less overlap of adverse events, in devising and
testing combination therapy. For example, within the field of growth factor
inhibitors, it is unclear if optimal efficacy and therapeutic index are achieved
by one agent that equally and continuously inhibits multiple targets, or if
varying degrees and duration of inhibition of the targets of interest are desir-
able. The latter is only achievable with multiple selective agents. In addition,
selective inhibitors allow for easier biomarker development and correlation.
The final word on multi-kinase versus selective inhibitors will only come from
significant clinical evaluation.

Not long ago, many clinicians and researchers thought that targeted kinase
inhibitors, unlike traditional cytotoxic chemotherapy, would demonstrate ef-
ficacy well below toxic doses, as was observed in animal models. While it is
true that the toxicities with targeted kinase inhibitors are less severe than
those of many cytotoxic drugs, they still exist and limit dosing. Retrospec-
tively, preclinical safety studies predicted the gastrointestinal adverse events
observed with most agents, but did not predict the unique rash observed
with EGFR and MEK inhibitors. With the recent realization that rash may
be a mechanism-based side effect of these agents, evaluation of rash treat-
ment options is still in its infancy. In the future, hopefully, this rash will
become more manageable, potentially allowing higher dosing of EGFR and
MEK inhibitors. Interestingly, the selective ErbB2 inhibitors CP-714724 and
trastuzumab are not limited by skin toxicities. Until quite recently, many be-
lieved an optimal biological dose, below the MTD, existed with signal trans-
duction inhibitors. Today, there is a growing consensus to dose targeted signal
transduction inhibitors to their MTD in an attempt to demonstrate robust
clinical efficacy.

Finally, these new inhibitors are forcing oncology researchers and clin-
icians to rethink the relationship between objective response rate and
survival/progression-free survival. As a result, more and more phase II trials
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are designed with treatment arms comparing the new therapy to the standard
of care. This design allows a time to progression efficacy measurement not
available from a single treatment arm phase II study, where the only efficacy
measure is objective clinical response. Successful comparator phase II trials
will give clinicians more confidence going forward into the large, placebo-
controlled phase III trials required to demonstrate statistically significant
progression-free survival.

This is an interesting time to be in the field of anticancer drug research
and development, as the discovery and evaluation of new selective and mul-
titargeted small-molecule inhibitors reshape our thoughts about treating
cancer patients. While EGFR/ErbB–Raf–MEK targeted drugs have not been
a panacea, there is no question that advances in this field have had a positive
effect on the study and treatment of cancer. Many of these advances have only
been made possible by progressing small-molecule inhibitors into the clinic.
There is no question that as data from these cutting-edge inhibitors feed back
to researchers in the laboratory, it will enable them to make the next break-
through. The development and clinical use of targeted therapies will not be
straightforward, but such agents have the potential of improved efficacy and
a higher therapeutic index than current chemotherapeutic approaches.
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Abstract Over a decade has passed since the first report describing farnesyl protein trans-
ferase (FTase) and tetrapeptide inhibitors triggered a search for small-molecule inhibitors
that could be developed as oral therapeutics. There are now several farnesyl protein in-
hibitors (FTIs) in various phases of clinical development and at least two compounds
have entered phase III. The published data suggest some disappointing activity in the
major solid tumors, with more promising activities emerging from studies of hemato-
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logical malignancies and glioblastoma. The current compounds emerged from various
research strategies including modeling around the CAAX motif peptide substrate and
the farnesyl pyrophosphate (FPP) substrate, as well as high-throughput screening cam-
paigns. The interaction of inhibitors in the active site of the FT enzyme can be accurately
described thanks to the publication of the X-ray structure as well as excellent mechanis-
tic work. Published structure–activity data have revealed an interesting convergence on
imidazole pharmacophores. The original hypothesis that drove development of FTIs an-
ticipated therapy targeted specifically at the farnesylated Ras oncoproteins and cancers
with ras gene mutations. As experience with the newer potent FTIs grew, data emerged to
suggest that multiple downstream effectors contribute to the antitumor activity of FTIs.
The mechanism(s) of action of FTIs and the full therapeutic activity of the class remain
areas of active investigation.

Keywords Farnesyl transferase inhibitor · Protein prenylation · Ras protein ·
Acute myeloid leukemia
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CENP-E Centromere-associated protein-E
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Rheb Ras homolog enriched in brain
SAR Structure–activity relationship
SH2/SH3 Sequence homology-2/sequence homology-3
SOS Son of sevenless
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1
Introduction and Historical Overview

Interest in the posttranslational modification of proteins by prenylation grew
out of studies in the early 1980s, which sought to understand how cholesterol-
lowering statin HMGCoA reductase inhibitors blocked cell proliferation in
vitro [1, 2]. The growth arrest was not due to cholesterol depletion, since nei-
ther exogenous cholesterol nor cholesterol intermediates could reverse the
effects. Only mevalonic acid reversed the effects of HMGCoA reductase in-
hibitors. By tracking the fate of radiolabeled mevalonate in cells treated with
HMGCoA reductase inhibitors, the presence of proteins covalently labeled
with the radiotracer revealed a novel mechanism for the posttranslational
modification of proteins involving an isoprenoid intermediate of cholesterol
synthesis (Fig. 1) [3].

Nuclear lamin proteins and the Ras proteins were later shown to be modi-
fied by this prenylation reaction [4–6]. The prenyl molecule involved was
found to be a 15-carbon farnesyl moiety attached to a C-terminal cysteine
by a thioether bond [5, 6]. Since these farnesylated targets were involved
in cell division and signal transduction associated with cell proliferation,
the findings suggested an important role for this pathway in tumor cell

Fig. 1 Relationship of posttranslational protein isoprenylation pathways to the mevalonate
pathway of cholesterol biosynthesis



136 D.W. End et al.

growth. In particular, attention focused on the well-characterized ras onco-
gene CAAX protein product [7–9]. However, the level of isoprenoid depletion
required to effect these changes in protein prenylation using HMGCoA re-
ductase inhibitors required high micromolar concentrations of the inhibitors
in vitro [10]. Also, the lack of selectivity for protein prenylation made them
poorly suited for use in animal studies or in patients. In 1990, the report of
the purification of the mammalian farnesyl protein transferase and character-
ization of CAAX tetrapeptide inhibitors launched a number of drug discovery
programs hoping to find cancer chemotherapy selective for the tumors with
ras mutations [11, 12].

The 1990s witnessed an intensive effort to develop small-molecule in-
hibitors of FTase, which eventually provided proof of concept for this target
in preclinical models. Although the original hypothesis envisioned inhibitors
that selectively depleted farnesylated Ras proteins from tumor cell mem-
branes, the emerging data on FTIs indicated mechanisms which were subtle
and more complex (for a review, see [13]).

A few successful candidates entered phase I oncology clinical trials in
1997. By 1999, the safety of chronic administration of FTIs was established,
and demonstration of biological activity with the first hints of therapeu-
tic activity in patients were presented in the following year [14–17]. Al-
though the compounds entering into clinical development were extremely
potent and selective FTase enzyme inhibitors, the downstream effectors con-
tributing to the antitumor effects following FTase inhibition remain under
investigation to this day. Searches of available genomic data have revealed
over 140 CAAX motif proteins as suitable substrates for the enzyme. Sev-
eral of these CAAX proteins are under investigation as downstream effectors
of FTIs. Gene expression microarrays are also revealing interesting tran-
scriptional changes triggered by FTIs, not only in cell cultures but also in
patients receiving FTIs as experimental therapy [18–20]. Although complex-
ity intervened in the development of this targeted FTI therapy, the new ge-
nomic tools may help redefine the targets of FTIs and allow optimization in
therapy.

2
Biochemistry of Farnesyl Protein Transferase

FTase catalyzes the covalent attachment of a farnesyl moiety via a thioether
linkage to the proteins bearing a C-terminal amino acid sequence known as
the CAAX motif (Fig. 2) [12, 21]. The farnesyl moiety is derived from farnesyl
pyrophosphate (FPP), a 15-carbon isoprenyl intermediate in the mevalonate
pathway of cholesterol biosynthesis. The binding of FPP to the enzyme has
relatively high affinity (Kd = 1–10 nM), and FPP binding must precede the
binding of the peptide substrate for successful catalysis [22, 23].
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Fig. 2 Schematic representation of the farnesyl protein transferase (FTase) reaction

This high affinity is reflected in the extensive depletion of isoprenoid in-
termediates, which is required to inhibit farnesylation via inhibition of HMG-
CoA reductase. The FTase active site is unusual in the sense that a portion of
the isoprene backbone of the FPP substrate actually contributes to the bind-
ing of the CAAX peptide substrate [24]. The four carboxy-terminal amino
acids of protein substrates provide the major recognition sequence for the
peptide substrate binding cleft [12, 24]. This “CAAX” motif refers to the re-
active cysteine residue (C), followed by two aliphatic amino acids (A) and
completed by the C-terminal amino acid X, which is critical to recognition by
the enzyme. The X amino acid in preferred substrates of FTase is methionine,
serine, or glutamine. If the X-terminal amino acid is a leucine, the peptide is
a substrate for geranylgeranyl protein transferase type I (GGTase I), a paral-
lel and sometimes redundant posttranslational pathway [25]. Specificity is not
absolute and there are some important exceptions to this.

The structure and mechanism of catalysis of FTase were well defined in the
late 1990s from several X-ray crystallography and elegant biochemical stud-
ies [24, 26–30]. The enzyme is a heterodimer of α and β subunits [31, 32].
The β subunit contains binding sites for both the farnesyl pyrophosphate and
the CAAX protein substrates. A catalytic zinc (Zn2+) identified in the active
site of the β subunit participates in the binding and activation of the CAAX
protein substrates [28]. The Zn2+ is coordinated to the enzyme in a distorted
tetrahedral geometry and surrounded by hydrophobic pockets [24, 27]. Upon
binding of the CAAX peptide, the thiol of the cysteine displaces water and
is activated for a nucleophilic attack via thiolate on the C-1 carbon atom of
farnesyl pyrophosphate [30].

In addition to protein farnesylation, two other pathways exist for pro-
tein prenylation. As mentioned above, GGTase I also utilizes the C-terminal
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C-A-A-X recognition motif, and is a heterodimer very similar to FTase [25,
32]. FTase and GGTase I share a common α subunit, which functions to en-
hance catalysis, but have distinct β subunits, which contain the substrate
binding domains. GGTase I recognizes protein substrates containing leucine
in the X-position and attaches a 20-carbon geranylgeranyl moiety to the
thiol of cysteine [25]. However, there are CAAX motif proteins containing
a C-terminal methionine, which can function as substrates for either FTase or
GGTase I (vide infra). These exceptions to the rule have had some important
implications to the mechanism of FTIs.

Following geranylgeranylation or farnesylation, modified CAAX proteins
undergo proteolytic cleavage of the AAX, followed by carboxy O methyla-
tion [33, 34]. The Ras CAAX endoprotease or RCE is currently the target of
several drug discovery programs. All three reactions are required for full ac-
tivation or membrane localization of the proteins.

A third protein prenylation enzyme, geranylgeranyl protein transferase
type II (GGTase II), is structurally and catalytically different from both FTase
and GGTase I [35]. This enzyme is also known as the Rab geranylgeranyl
transferase, since its activity is restricted to proteins of the Rab family bear-
ing CXC or CC terminal motifs. Rab proteins participate in the trafficking of
intracellular membrane vesicles. Since this enzyme has no known role in tu-
morigenesis and has been linked to the human genetic X-chromosome-linked
disease choroideremia, the enzyme has not directly been a target for drug
discovery [36].

3
Downstream Effectors

3.1
Ras Proteins

The initial hypothesis driving the development of FTIs for cancer therapy
focused on the Ras proteins. The compounds as a class were discussed as Ras-
selective therapy because Ras protein requires posttranslational processing
via the farnesylation pathway to attach to the plasma membrane to function
in signal transduction and cell transformation. Plasma membrane localiza-
tion brings the Ras proteins into closer proximity to the initiation point
for cell signaling via multimeric signaling complexes of membrane recep-
tors and the SH2/SH3 domain adapter proteins Grb2 and SOS [37]. Raf and
related effectors downstream of Ras also require the farnesylated membrane-
associated form of Ras for recruitment to the membrane and subsequent
activation [38, 39]. In early studies in ras-transfected cell lines, a series of
peptidomimetic FTIs selectively reversed the malignant morphology induced
by transfection of the activated v-ras or mutant H-ras gene [40, 41]. As ex-
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perience with FTIs increased and more potent FTIs became available, the
role of Ras proteins in mediating the antitumor effects of this class of agent
became less certain. First, the FTI antiproliferative activity did not corre-
late with the presence or absence of ras mutations. Although FTIs clearly
reversed the cell transformation induced in cell lines transfected with the ac-
tivated mutant H-ras gene, the compounds were equally active in some cell
lines bearing wild-type ras [42, 43]. Also, the different H-Ras, N-Ras, and
K-Ras isoforms were found to behave differently with respect to modifica-
tion by prenyl transferases and their responses to FTIs. The K-RasB protein
was found to be resistant to FTIs [44–46]. This had broad implications in
the therapeutic utility of FTIs, since mutations in the K-ras gene were the
most frequently observed activating ras mutation in human cancers [7, 47–
50]. Oncogenic mutations in the H-ras gene or the N-ras gene are quite
rare in human malignancy [7, 51]. With isolated enzyme, the K-Ras protein
demonstrated a higher affinity for FTase, which decreased the potency of FTIs
competitive for the CAAX binding site [44]. In intact tumor cells, the mu-
tant, activated K-Ras isoform was associated with resistance to FTIs due to
alternative geranylgeranylation via GGTase I [45, 46]. K-Ras was one of the
rare farnesylated proteins which could also undergo geranylgeranylation. The
geranylgeranylated K-Ras protein was still active in supporting malignant
transformation resulting in a redundancy in the prenylation of this important
oncogene product. In separate studies the N-Ras isoform was also reported
to undergo alternative geranylgeranylation to an active form [46]. However,
FTIs did inhibit the growth of human tumor cell lines bearing K-ras and
N-ras mutations [52, 53]. Observations that FTIs inhibited tumor cell growth
while geranylgeranylated K-Ras was still functioning and that FTIs inhibited
tumor cell lines bearing wild-type ras provided compelling evidence forc-
ing investigation into alternatives to the “Ras-selective” hypothesis of FTI
action.

The discovery of the alternative geranylgeranylation of K-Ras suggested
that inhibitors of GGTase I might have a role in Ras-targeted therapy. Be-
cause the widely distributed and functionally important γ subunit of signal
transducing G-proteins are geranylgeranylated, inhibition of GGTase I was
originally felt to present toxicity risks [53]. The GGTase I inhibitor GGTI-297
was reported to have interesting antitumor activity without gross toxicity to
the tumor-bearing mice. Inhibition of K-RasB prenylation in intact cells and
tumors was reported for the combination of GGTI-297 and an FTI (FTI-276)
(Fig. 3) [54].

However, neither agent alone was capable of inhibiting the growth of tu-
mors bearing K-rasB mutations. These findings suggested that substrates of
GGTase I, which are distinct from K-rasB, may also participate in tumor
growth and the antitumor effects of this class of compound. In contrast to
these earlier findings, a recent report cited severe in vivo toxicity for the com-
bination of an FTI and GGTase I inhibitors [55]. In mice, continuous 72-hour



140 D.W. End et al.

Fig. 3 Structure of GGTI-297 and FTI-276

infusion of an FTI and a GGTI produced severe myelosuppression with 100%
lethality at doses which only reduced geranylgeranylation by 30%. However,
two combined FTase/GGTase I inhibitors have been tested in man, L-778,123
and AZD-3409, without producing the lethality observed in the mouse studies
(Fig. 4).

Fig. 4 CAAX competitive heterocyclic farnesyl protein transferase inhibitors. The in-
hibitors shown in the first row are reported to be in phase I, II, or III clinical development
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3.2
Rho Proteins

A compelling set of data supports the role of RhoB as an important down-
stream effector following FTase inhibition [56]. RhoB is a 21 Kd GTP binding
protein which regulates cytoskeletal functions related to cell shape and motil-
ity, and which participates in ras transformation [57, 58]. These functions are
consistent with some of the profound morphological and cytoskeletal effects
produced by FTI treatment of ras-transformed cells in culture. RhoB is re-
quired for ras transformation since transfection with a dominant-negative
rhoB blocked transformation induced by activated ras in rat fibroblasts [58].
Although the RhoB CAAX motif contains the terminal leucine (L), which
should direct the molecule to be exclusively geranylgeranylated by GGTase I,
the unique CKVL CAAX motif allows the RhoB protein to be either farne-
sylated or geranylgeranylated [59, 60]. Treatment of intact cells with the FTI
L-739,749 (Fig. 5) was shown to induce an alternative processing of RhoB via
PGGT I with a gain of geranylgeranylated RhoB and concomitant reduction of
the farnesylated RhoB [61, 62].

The accumulation of geranylgeranylated RhoB was associated with an-
tiproliferative effects. In further support of this observation, transfection
of RhoB with CAAX motifs that restricted prenylation to geranylgerany-
lation quite consistently reproduced many of the effects of FTI treatment,
including reversal of the transformed phenotype as well as induction of
apoptosis [63, 64]. Cells from RhoB knockout mice were also shown to lose
apoptotic responses to the DNA-damaging agents doxorubicin and radia-
tion [65]. The sensitizing effects of FTIs to the DNA-damaging agents were
also lost. In separate studies, transfection of the exclusively farnesylated RhoB
isoform endowed NIH3T3 cells with radioresistance, an effect that was re-
versed by treatment with an FTI [66]. Also, both FTIs and expression of
geranylgeranylated RhoB were shown to reverse the malignant phenotype
of inflammatory breast cancer cells overexpressing the RhoC or mammary
epithelial cells transfected with RhoC, a Rho family protein linked to the ag-
gressive phenotype of inflammatory breast cancer [67]. The data provided
further support for RhoB farnesylation in the actions of FTIs. However, addi-
tional recent studies have shown that expression of either farnesylated RhoB
or geranylgeranylated RhoB in human epithelial tumors produced similar
tumor-suppressive activity [68]. The farnesylated RhoB reduced anchorage-
independent growth and induced apoptosis. Transfected cells also did not
produce tumors in nude mice. Thus, the role of RhoB in the effects of FTIs
in human tumors is uncertain. Although it provides an attractive and en-
compassing mechanism for the actions of FTIs, the RhoB hypothesis may
be limited to certain tumor cell lineages. Recent studies have demonstrated
some additional downstream effectors required for the apoptotic effects of
FTIs and geranylgeranylated RhoB. Bin 1 is a tumor suppressor gene that
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Fig. 5 CAAX peptidomimetic FTIs

can induce apoptosis when transfected into transformed but not normal cells
and Bin 1 acts downstream of RhoB in triggering FTI-induced apoptosis [69].
Bin 1 can be deleted in some tumor types. Hence, Bin 1 status may be an im-
portant modulator of antitumor responses to FTIs. Bin 1 status has not been
monitored in clinical trials. Additionally, the cell cycle regulatory protein Cy-
clin B1 also modulated the apoptic response to FTIs and geranylgeranylated
RhoB [70]. Downregulation of Cyclin B1 via geranylgeranylated RhoB was re-
quired to trigger the apoptosis induced by the FTI L-744,832 in vitro (Fig. 5).
Upregulation of RhoB abolished FTI-induced apoptosis in vitro and endowed
tumor xenografts with FTI resistance in vivo. Cyclin B1 can be overexpressed
in some human tumors. Again, Cyclin B1 status has not been evaluated in FTI
clinical trials.

3.3
Nuclear Proteins and G2/M Growth Delay

Several farnesylated nuclear proteins have been identified. The nuclear
lamins A, B, and C function in the assembly and reorganization of the nu-
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clear membrane following mitosis. The nuclear lamin B was initially shown
to incorporate radiolabel from exogenously supplied [14C]mevalonate [4, 71].
Both prelamin A and B but not lamin C were later shown to contain CAAX
motifs (CSIM and CAIM, respectively), which directed them to posttrans-
lational modification by farnesylation [72]. Unlike other CAAX proteins,
prelamin A undergoes a unique endoproteolytic cleavage of C-terminal far-
nesylated peptide resulting in a “mature”, functional lamin A protein [73].
In the presence of FTIs the prelamin A accumulates in the nucleoplasm
of cells, and prelamin A specific antibodies have allowed some investiga-
tors to monitor prelamin A as a biological marker for the effects of FTIs
in patients [74]. Mutational analyses and studies with HMGCoA reductase
inhibitors revealed that farnesylation was required for assembly of nuclear
lamin A complexes [10, 72]. However, when cells were treated with the
peptidomimetic FTI BZA-5B (Fig. 5) for prolonged periods of time at con-
centrations of compound which completely inhibited farnesylation monitored
as the incorporation of [3H]mevalonate, no disruption of nuclear lamin as-
sembly into lamina or alterations in nuclear morphology were observed [75].
These unexpected results suggested that lamins A and B were not involved in
the antiproliferative effects of FTIs. This might be due to redundancy in the
function of nuclear lamins or to retention of residual function in unfarnesy-
lated lamins A and B. While posttranslational processing of nuclear lamins
may not be relevant to cancer therapy, recent studies have shown potential
utility of FTIs in Hutchinson–Gilford syndrome or progeria, a rare genetic
disease that presents with a phenotype resembling premature aging [76–79].
The disease has been linked to mutations in lamin A that prevent its proper
processing and nuclear membrane localization after farnesylation. This in-
duces a disrupted nuclear morphology that can be reversed in cell culture by
several different FTIs. No in vivo preclinical data or clinical studies have been
reported yet.

Additional reports provided some interesting findings from studies of
the mechanism for accumulation of cells in G2/M following treatment with
FTIs [80, 81]. In a search of protein databases for CAAX motif proteins, two
centromere-associated proteins (CENPs) were found to have FTase-directed
CAAX motifs. CENP-E and CENP-F (mitosin) contained CKTQ and CKVQ
motifs which made them FTase substrates with isolated enzyme and in in-
tact cells. The proteins could not be geranylgeranylated. The proteins were
shown to be selectively expressed during mitosis, wherein they contributed to
the alignment and segregation of chromosomes required for proper cell divi-
sion [82–85]. Treatment of human tumor cell lines with the FTI SCH 66336
(lonafarnib) (Fig. 4) inhibited the farnesylation of CENP-E and CENP-F. Inhi-
bition of CENP-E and CENP-F was correlated with a delay in the alignment of
chromosomes and accumulation of cells in prometaphase.

While G2/M growth arrest and delay is an attractive mechanism for an
antitumor agent, it remains to be determined whether this in vitro response
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mediates all of the antitumor effects observed in animal tumor models or
in the clinic. It has been suggested that this mechanism contributes to the
synergistic interaction observed between taxanes and FTIs [86, 87]. It is also
interesting to note that transfection of the geranylgeranylated RhoB produced
a G2/M growth delay in some p53-deficient cell lines, suggesting that different
prenylated effectors may converge to contribute to FTI-induced alterations of
the cell cycle [63].

3.4
Upregulation of Transforming Growth Factor β (TGF-β)
Receptor Type II (R II)

The TGF-β family of peptide growth factors (TGF-β 1,2,3, activins, and bone
morphogenetic proteins) exert a variety of tissue-selective differentiating ef-
fects and prominent antiproliferative effects, which may contribute to an am-
bient tumor-suppressive activity in mammals [88]. Disruption of the growth-
suppressive activity of TGF-β via downregulation of TGF-β receptor signaling
is an early event in a variety of tumors including pancreatic cancer, colon can-
cer, head and neck cancer, breast cancer, and myeloid leukemia [89–93]. The
ligand occupied TGF-β receptor is a heterotetramer of TGF-β receptor I (RI)
and TGF-β receptor II (RII) subunits [88]. Therefore, it is very interesting that
two independent studies have described an upregulation of TGF-β RII in pan-
creatic tumor cell lines treated with FTIs [94, 95]. Upregulation of TGF-β RII
was associated with restoration of the growth-suppressive activity of TGF-β
and signal transduction down to the level of transcriptional activation. FTI-
induced restoration of TGF-β RII signaling was also linked to an induction of
radiosensitization in pancreatic tumor cell lines [96].

3.5
Additional Mechanisms:
Rheb, Modulation of Survival, and Host–Tumor Interactions

Some recent studies have suggested that the farnesylated protein Rheb (Ras
homolog enriched in brain) GTP binding protein contributes to the cellu-
lar effects of FTIs [97]. Rheb can activate the mTOR (mammalian target of
rapamycin) pathway, which in itself is a pathway targeted for cancer thera-
peutics. Rheb activation of mTOR results in S6 phosphorylation that can be
inhibited by the FTI lonafarnib. FTI inhibition of the mTOR/S6 kinase path-
way appeared to be linked to the ability of FTIs to enhance the sensitivity of
MCF-7 breast cancer cells to tamoxifen and paclitaxel. In addition to these
cellular events investigated primarily in cell culture and related to tumor cell
proliferation, it must be recognized that FTIs produce effects on the malig-
nant phenotype which are dependent on the growth environment. It is rare
to find a tumor cell line responding to FTIs by induction of apoptosis when
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cells are grown as monolayer cultures. However, FTIs can produce signifi-
cant apoptotic events in more complex growth environments and in tumor-
bearing hosts. FTIs induce apoptosis, or more specifically anoikis, when cells
are denied substrate [98]. A similar profound induction of apoptosis was re-
ported for C32 melanoma cells when grown as subcutaneous tumors in nude
mice [43]. When the same C32 melanoma cell line was grown as monolayer
cultures, only an antiproliferative effect was observed. Similar events have
been suggested in several H-ras transgenic tumor models wherein profound
tumor regressions have been noted following treatment with FTIs [99, 100].
The apoptotic events appear to be derived from an inhibition of H-Ras acti-
vation of the PI3-kinase/Akt-3 pathway [101]. Furthermore, activation of the
PI3-kinase/Akt survival pathway can block FTI-induced anoikis [102]. The
findings suggest the possibility that a small pool of H-Ras protein that is
highly sensitive to FTIs can be sufficiently depleted to produce a significant
reduction in survival signaling. RhoB may also be involved in survival sig-
naling and apoptosis in as much as deletion of RhoB prevented the induction
of apoptosis produced by doxorubicin, radiation, and FTIs [64]. Transfection
with RhoB constructs that are exclusively geranylgeranylated also suppressed
Akt activity, demonstrating that the geranylgeranylation of RhoB is sufficient
to account for the effects of FTIs on the Akt survival pathway [103]. As is
consistent with the concept of the malignant phenotype, cell transformation
and the effects of FTIs on cell transformation involve more than cell prolifer-
ation. FTIs seem to impair tumor cell survival mechanisms, which function in
unfavorable environments.

In four multiple myeloma cell lines, tipifarnib inhibited the PI3-kinase/
AKT phosphorylation survival pathway in a concentration-dependent man-
ner. A concentration-related increase in apoptosis was observed in three out
of the four cell lines. Levels of phospho-AKT expression correlated with re-
sistance to tipifarnib induction of apoptosis, with the more resistant cell lines
showing higher levels of phospho-AKT and incomplete inhibition [104]. The
PI3-kinase pathway may be particularly relevant for the effects of FTIs in
acute myelogenous leukemia (AML), since a Ras-dependent activation of the
PI3-kinase pathway was linked to the constitutive NF-κ-B DNA binding activ-
ity observed in 16 out of 22 (73%) AML cases [105]. In AML cells in culture,
both a PI3-kinase inhibitor and an FTI suppressed the constitutive activation
of NF-κ-B. The activated NF-κ-B in the AML cells was linked to a reduced
apoptotic response. Similarly, the inhibition of NF-κ-B functions by FTIs was
confirmed in several different cell lines including the Jurkat human T-cell
lymphoma [106]. The inhibition of NF-κ-B activation by a variety of stimuli,
including cigarette smoke and phorbol 12-myristate 13-acetate, appeared to
involve modulation of Ras function. Taken together, recent evidence points to
an important role for inhibition of the NF-κ-B survival pathway in the actions
of FTIs in AML.
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3.6
FTase Knockout Mice

Recently, results from studies of FTase knockout mice have been re-
ported [107]. The FTase knockout was incompatible with embryo survival.
The recovered embryonic tissue was disorganized and displayed reduced pro-
liferation with increased apoptosis. Embryonic fibroblast recovered from the
FTase knockout mice proliferated at a slower rate and displayed a flattened
morphology, findings consistent with the phenotype observed for FTI-treated
cells in culture. In order to generate mature mice lacking FTase enzyme,
conditional knockouts were successfully bred. The mice did not display any
obvious pathological phenotype, except some subtle defects were seen such
as delayed wound healing, slightly smaller spleens, and a defect in erythroid
maturation. This was consistent with the FTIs being fairly well tolerated but
did not reproduce the dose-limiting toxicities reported for FTIs in the clinic.
This could be species differences or a real disconnect between genetic versus
pharmacological modulation of the target. Two models of in vivo tumorige-
nesis were investigated. The FTase knockout background did not alter the
number of tumors driven by a K-ras mutation consistent with the observa-
tions that the K-Ras can be alternatively prenylated via geranylgeranylation.
In a skin tumor model involving H-ras mutations, the FTase knockout did not
alter the incidence of chemically induced tumors but did reduce the progres-
sion of early tumors. The findings do provide genetic evidence for a role of
FTase in proliferation and tumor progression.

4
Biomarkers

Since FTIs were originally anticipated to specifically target the Ras proteins
and other well-defined biochemical targets, a series of biomarkers or ex
vivo biochemical correlates were examined in various phase I studies. It was
anticipated that a biologically optimal dose could be defined using pharma-
codynamic endpoints. Most studies utilized surrogate tissues such as mucosal
epithelial cells or peripheral blood lymphocytes because of the ethical and
technical difficulties of serial biopsies from solid tumors [16, 108–110]. At
least one study did perform paired serial biopsies of tumor samples by uti-
lizing sequential bone marrow aspirates in patients with advanced leukemia
before and during treatment with the FTI tipifarnib [108]. Several biochem-
ical endpoints were investigated including direct ex vivo measurement of
FTase enzyme activity and analysis of the accumulation of unprenylated FTase
substrate proteins including Ras, lamin A, and HDJ-2 [108, 109]. Quite con-
sistently, inhibition of FTI-targeted biomarkers was demonstrated at doses
that were clinically tolerated. However, inhibition of FTI-targeted biomark-
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ers did not correlate with responses, and dose–response relationships were
not evident. Thus, the targeted research endpoints of optimal biological dose
selection or selection of patients who would be FTI responders could not
be achieved. The results suggested that better knowledge of the downstream
mechanisms discussed previously is needed to develop better biochemical
correlates, predictive of response. At least retrospectively, the biomarker data
did demonstrate that the design of dose-escalation schemes in the phase I
studies of both tipifarnib and lonafarnib did minimize patient exposures to
biologically inactive doses of compounds. Microarray analysis of patient bone
marrow samples from tipifarnib AML clinical studies revealed an interesting
predictor of FTI-responsive patients. The expression of the lymphoid blast
crisis genes AKAP13 (A-kinase anchoring protein 13) was highly predictive of
responses to the FTI tipifarnib in a large phase II study [20, 110].

5
Farnesyl Transferase Inhibitors

During the last decade the design of potent FTIs has been the focus at a sig-
nificant number of pharmaceutical companies and academic research insti-
tutions, as tools to better understand biology or as clinical candidates, and
has led to the synthesis of thousands of highly active compounds (some of
them have already been cited in the preceding sections). It will not be pos-
sible to exhaustively review all these inhibitors, but we will rather focus on key
examples and compounds that have reached the clinical development phase.

5.1
CAAX Peptidomimetics

The first FTIs were the CAAX tetrapeptides reported by Brown and Gold-
stein [12]. The tetrapeptides were valuable tools allowing for characterization
of the isolated FTase enzyme, but their zwitterionic charge and instability
precluded studies in intact tumor cells. In 1993, Genentech and Merck gen-
erated the first CAAX peptidomimetics which were active in intact tumor
cells (Fig. 5) [40, 41]. These molecules provided an important proof of prin-
ciple that inhibition of FTase in intact cells could lead to growth arrest and
reversion of the ras-transformed phenotype, observations which supported
the FTI–Ras hypothesis. Although the compounds were extremely potent
with isolated enzyme, the molecules still suffered significant loss of potency
in intact cells. Further directed chemical synthesis using the CAAX pep-
tidomimetic strategy led to molecules such as B956 (Esai), L-739,750 (Merck),
and FTI-276 (University of Pittsburgh) which inhibited the growth of tumors
when administered parenterally in mice (Figs. 5 and 3) [111–114]. In FTI-276
for example, the Val-Ile of CVIM was replaced by 2-phenyl-4-aminobenzoic
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acid giving a compound that inhibits farnesylation of H-Ras with an IC50 of
0.5 nM. These molecules were important in extending proof of principle to in
vivo tumor models.

5.2
FPP Competitive Compounds

Rhône Poulenc Rorer synthesized an extensive series of heterocyclic FPP
competitive compounds such as RPR130401 (Fig. 6) displaying antitumor
activity in murine tumor models following oral administration [115–117].
RPR130401 demonstrated some interesting activity when combined with
a CAAX peptidomimetic GGTase 1 inhibitor. Banyu’s J-104,871 (Fig. 6) is an-
other interesting competitive inhibitor of FPP developed from a series of
squalene synthase inhibitors [118, 119]. The molecule inhibited the isolated
enzyme at a concentration of 3.9 nM and inhibited the growth of tumors
produced by H-ras transformed NIH3T3 cells at doses of 40 and 80 mg/kg
administered parenterally. In cell culture studies, the investigators demon-
strated an important principle that lowering the FPP pool via inhibition of
HMGCoA reductase enhanced the activity of FPP competitive compounds. It
is doubtful that this combination strategy would work with the CAAX com-

Fig. 6 Inhibitors of farnesyl protein transferase, which are competitive for farnesyl py-
rophosphate binding
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petitive FTIs. A-176120 (Fig. 6) from Abbott Laboratories was another FPP
competitive molecule derived from squalene synthase inhibitors [120]. The
compound exhibited excellent selectivity toward FTase versus squalene syn-
thase. In addition to inhibiting tumor cell proliferation in vitro, the molecule
exhibited some interesting antiangiogenic activity in human umbilical vein
endothelial cell (HUVEC) cultures. The compound produced some modest
increases in survival in mice bearing H-ras transformed NIH 3T3 cell tu-
mors but required continuous infusion from osmotic minipumps, suggesting
some problems with bioavailability. Although originally reported to be an
immunostimulant, Arglabin (Fig. 6) has also been reported to be an FPP com-
petitive FTI [121, 122]. Arglabin is a natural product isolated from Artemisia
glabella (wormwood). The compound has been tested clinically in the coun-
try of origin, Kazakstan.

The development status of these molecules is not known. It will be inter-
esting to note whether any differences emerge from the CAAX competitive
versus FPP competitive molecules as more data become available for these
compounds. Since FPP itself contributes to the CAAX peptide binding pocket,
the interaction of FPP competitive FTIs with CAAX peptide competitive FTIs
will be of interest. The selectivity of FPP competitive FTIs for the FTase path-
way versus other biochemical pathways utilizing FPP, such as ubiquinone
synthesis and the heme farnesyltransferase, has also not been reported. These
other FPP reactions have important roles in mitochondrial function, which
presents some risk for adverse events or possibly opportunities for modulat-
ing early apoptotic events.

5.3
CAAX Peptide Competitive Heterocyclic Inhibitors

Two orally active heterocyclic FTIs have advanced phase II/III clinical stud-
ies: tipifarnib (R115777, Zarnestra®) from Johnson & Johnson Pharmaceu-
tical Research & Development, and lonafarnib (SCH66336, Sarasar®) from
Schering-Plough (Fig. 4) [108–110, 123, 124]. Both molecules compete for the
CAAX peptide binding site but at different regions within the site [125].
The tricyclic ring system appears to be the dominant pharmacophore in
lonafarnib with a great deal of tolerance for substitutions in the attached
tail. X-ray crystallographic studies revealed that the tricyclic pharmacophore
aligns perfectly in the CAAX peptide binding site created by FPP substrate
binding. In tipifarnib, the major pharmacophore is the imidazole ring, which
interacts with the Zn2+ coordination structure required for catalysis in the ac-
tive site. Both molecules were discovered using traditional screening methods
of compound libraries. The Schering molecule was developed from early leads
derived from the antihistamine loratadine which was rapidly transformed
into SCH44342 (Fig. 7), use of which was hampered by a very short half-life
in vivo [126].
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Fig. 7 Target design strategy of Schering-Plough’s FTIs

In attempts to reduce metabolism and increase the potency of SCH44342,
pyridine N-oxide and a bromine atom at C-3 on the benzocycloheptapyri-
dine nucleus were introduced and resulted in a sevenfold potency improve-
ment (see compound 1 in Fig. 7) [127]. Further bromination at C-10 im-
proved cellular potency and introduction of the 1-formylamine-piperidine-
4-yl-acetic acid moiety on the piperidine ring nitrogen provided lonafarnib
with improved pharmacokinetics and oral bioavailability [128]. Bromination
at C-10 is a key substitution, which introduces an intramolecular constraint
on piperidine forcing this ring to exist in a pseudoaxial position. This re-
striction of mobility is translated into reduced entropy and could explain
the enhanced potency of lonafarnib. The initial synthesis of lonafarnib of
19 steps contained a resolution process in the end steps. It was replaced
by an elegant shorter synthesis based on an asymmetric condensation of
a 4-methylpiperidinyl Grignard reagent [129]. Extensive SAR data on this
series of compounds has now been published [130–133], including modifi-
cations of lonafarnib by incorporating groups such as amides, esters, ureas,
and lactams on the first or the distal piperidine [132] and bridgehead mod-
ification resulting in a potent FTI 2 (Fig. 8) with improved oral metabolic
stability [133].

The X-ray crystal structure of the lonafarnib:FTase complex inspired the de
novo design of indolocycloheptapyridyl FTIs [134] (i.e., SCH 207758) where
the β-methyl substituent on the indole ring restricts conformational mo-
bility of the C(11) appendage. Interestingly, targeting the catalytic zinc by
introducing a propylaminolimidazole amide moiety on the 2-position of the
piperidine ring gave FTIs with activities in the picomolar range, as exempli-
fied by compound 3a (Fig. 8) [135]. Zinc chelation can also be reached by
introducing a piperazine moiety from either the 5- or 6-position of the tri-
cyclic bridgehead giving an FTI of nanomolar potency (3b) despite the lack
of C-3 and C-10 bromine substituents [136]. A very recent paper also depicts
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Fig. 8 Second-generation benzocycloheptapyridyl FTIs

the systematic efforts deployed toward zinc binding using specially designed
libraries [131].

Tipifarnib was optimized from early antifungal imidazoles [137] and de-
spite the fact that no crystal structure was available at the time of its dis-
covery, key interactions were deduced from traditional medicinal chemistry
programs. The putative interaction of the imidazole free nitrogen with the
zinc cation, which was demonstrated retrospectively [138], is one of the key
anchor points of tipifarnib in the catalytic site, together with aromatic stack-
ing interactions that the two phenyl groups and the quinolinone backbone
make with Tyr or Trp amino acids. Tipifarnib also tolerated several modifi-
cations of its quinolinone backbone while keeping intact the overall potency,
giving birth to a series of azoloquinolines and quinazolines [139, 140].

It is interesting to note the convergence of independent screening pro-
grams into molecules containing the imidazole pharmacophore (Fig. 4). Also
noteworthy is the absence of the hydroxamic acid moieties, the Zn2+ phar-
macophore featured prominently in inhibitors of the zinc matrix metallopro-
teases [141]. The structure–activity relationships developed in independent
research programs and publications point to a unique catalytic role for the
FTase Zn2+ coordination structure, which is susceptible to coordination by
imidazoles. BMS-214662 from Bristol-Myers Squibb (Fig. 4), a nonpeptidic
FTI containing an unsubstituted imidazole ring, has also entered clinical
phase I trials [142, 143]. SAR studies demonstrated that a hydrophobic group
(thienyl here, but also phenyl or methyl) linked to N-4 by a hydrogen bond
accepting group (e.g., a sulfonyl moiety) as well as 7- or 8-hydrophobic sub-
stituents were important to achieve potent enzyme inhibition. The 7-cyano
moiety also provided a better solubility. BMS-214662 was originally reported
to have some unique apoptosis-inducing properties not necessarily shared
by other FTIs. A recent publication indicated that BMS-214662 is a RabG-
GTase II inhibitor and inhibition of RabGGTase II was correlated with the
apoptotic activity of the molecule in cell culture [144]. These findings were
unexpected given the unique C-terminal CXC motif recognized by RabG-
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GTase II. Although orally available, dose-dependent gastrointestinal toxicities
limited the use of this route and administration to patients was performed by
intravenous infusion [145]. This may explain why Bristol-Myers Squibb has
also investigated a second generation of FTIs, represented by the lead com-
pound BMS-316810 (IC50 = 0.7 nM) based on the tetrahydroquinoline ring
(Fig. 9). BMS-316810 showed good oral absorption properties and is orally
active in a murine tumor model [146].

Fig. 9 Structure of BMS-316810

In an effort to find a thiol surrogate to their already potent FTI 4 (IC50 =
1 nM) which could function as a zinc ligand, Merck also directed its chem-
istry toward imidazole-containing compounds (Fig. 10). In an important dis-
covery, attaching a 4-cyanobenzyl group to the imidazole significantly im-
proves potency relative to the unsubstituted imidazole [147, 148], suggesting
that the added cyanobenzyl group takes advantage of a novel, high-affinity
aryl binding site [149]. A breakthrough for in vitro and in vivo potency
of nonpeptide FTIs (i.e., L-778,123) arose from remodeling the structure of
5, guided by a NMR-based model for the enzyme-bound conformation of
a peptidomimetic FTI. The central piperazinone moiety of L-778,123 repre-
sents a constraint of the original tetrapeptide backbone also present in the
3-amino pyrrolidinone ring that has been used to generate potent FTIs (i.e.,
8) (Fig. 10) [150]. Compound 8 was found to have an unusually favorable ratio
of cell potency to intrinsic potency, compared with those for other known
FTIs. It exhibited excellent potency against a range of tumor cell lines in vitro
and showed full efficacy in the K-rasB transgenic mouse model.

L-778,123 was evaluated in phase I/II as a continuous intravenous infusion
but development was stopped due to compound-associated ECG abnormal-
ities [151, 152]. The molecule is a dual FTase and GGTase I inhibitor that
has a unique dual mechanism. X-ray crystallography revealed that L-778,123
competed for the CAAX peptide binding region in FTase [153]. However, in-
hibition of GGTase I proceeded through competition of the geranylgeranyl
phosphate binding site [154]. A strategy to modify L-778,123 or other con-
straint analogs was to alter the linkage of the cyanophenyl and N-aryl rings
via macrocyclization, without disrupting the other structural features, aim-
ing to improve potency and increase the window between inhibition of Ftase
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Fig. 10 Strategy developed by Merck to modify L-778,123 and other constraint analogs

and prolongation of the QTc interval in vivo. Macrocyle 6 (Fig. 10) emerged
as a highly potent FTI with only moderate activity versus GGTase I. Macro-
cycles such as 10 (Fig. 10) combined improved pharmacokinetic properties
with a reduced potential for side effects. In dogs, oral bioavailability was good
to excellent, and increases in plasma half-life were due to attenuated clear-
ance. Optimization of this 3-aminopyrrolidinone series of compounds led to
significant increases in potency, providing 13 [155].

Interestingly, by replacing the naphthyl ring in 6 with a substituted ben-
zyl group, a series of macrocyclic compounds 7 has been identified with
dramatically increased GGTase I inhibition, leading to highly potent macro-
cyclic dual FTI-GGTIs (Fig. 10) [156]. A series of novel diaryl ether lactams
(Fig. 11) have also been identified as very potent dual inhibitors of FTase and
GGTase I [157].
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Fig. 11 Aryl cyanophenyl FTIs

Modifications to the structure of 14, including an alternative imidazole
substitution pattern and quaternization of the benzylic carbon, were aimed
at limiting in vivo metabolism. Compounds 15 and 16 inhibit the prenylation
of the important oncogene Ki-Ras4B in vivo. Unfortunately, doses sufficient
to achieve this endpoint were rapidly lethal. Moreover, aryloxy substitution
alpha to the cyano group yielded compounds with significantly improved
GGTase I activity while maintaining high intrinsic FTase activity [158]. These
latter analogs were used to demonstrate the potentially severe toxicity of com-
bined FTase/GGTase I inhibition [55].

Interestingly, Abbott also employed the peptidomimetic strategy of replac-
ing the central two amino acids of the CAAX by a biphenylene moiety but
also further replaced the cysteine residue with aryl, alkyl, or heterocyclic side
chains [159]. This work culminated in the discovery of the potent ABT-839
(IC50 = 1 nM on enzyme, IC50 = 16 nM on cells) (Fig. 12). They discovered
that many of these amino acid containing biphenyl compounds possessed
modest bioavailability and a short half-life. Therefore, Abbott researchers
then looked at replacing the last amino acid, namely the methionine moiety,
by a cyano group and found that they could advantageously use the interac-
tion between an imidazole group and the Zn2+ cation [160]. Although com-
pounds such as 17 showed an unacceptable pharmacokinetic profile in rats,
continued efforts toward the discovery of potent, orally bioavailable FTIs gave
birth to a huge series of imidazole-containing FTIs (some examples are shown
in Fig. 12) [161–166]. As exemplified by recent publications, some of these
efforts were based on modifications of the tipifarnib structure (Fig. 13) [167–
170]. This culminated in the discovery of ABT-100 (Fig. 14), a highly selective,
potent (IC50 on human Ftase is 0.05 nM), and orally bioavailable FTI that was
reported to be near the clinical phase [171].

Looking at the X-ray crystal structure of Ftase complexed with ABT-100,
it is very interesting to note that both are making similar interactions and
that one can nearly superimpose tipifarnib and ABT-100 in the catalytic
groove. ABT-100 showed broad-spectrum antitumor activity against a series
of xenograft models similar to the FTIs in clinical development, which has led
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Fig. 12 Representatives of Abbott’s FTIs

Fig. 13 Examples of Abbott’s modifications of the tipifarnib structure

to the design of a kilogram-scale process [172]. However ABT-100 has been
discontinued due to toxicity problems [173]. Several attempts were made to
find an imidazole surrogate able to chelate zinc in a similar way, but results
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Fig. 14 Structure of ABT-100

were disappointing with perhaps the exception of the N-methyl-1,2,4-triazol-
3-yl moiety [137, 165, 174].

BIM-46228 (Fig. 4) from Beaufour Ipsen is another interesting FTI featur-
ing the cyanobenzyl-substituted imidazole [175]. The compound was active
following oral administration in several xenograft models and reversed the
radioresistance of tumor cells in culture. The development status of this
compound is not known. The cyanobenzyl–imidazole moiety was also intro-
duced with success by Pierre Fabre researchers on their CNS aminophenyl
piperazine scaffold, giving compounds of nanomolar potency (Fig. 15) [176].
A group from Laboratoires Servier introduced the same moiety on an azepin-
2-one based scaffold (Fig. 15) and obtained a series of FTIs exhibiting
nanomolar activities on both enzyme and cells [177, 178]. However, to our
knowledge no further developments were reported for these compounds.

LB-42908 (Fig. 4) is another interesting phenyl-substituted FTI from LGB
Chemical Ltd. The compound was submitted to the National Cancer Institute
for preclinical and clinical development as NSC-712392 [179].

AstraZeneca also entered a molecule (AZD-3409) (Fig. 4) into phase I/II
studies [180]. AZD-3409 is a double prodrug inhibiting both FTase and
GGTase I. AZD-3409 is converted in vivo into a prodrug, the main compon-
ent in plasma of dosed animals, which is further metabolized in cells to the
active drug. Recently published phase I data indicate that AZD-3409 was well

Fig. 15 FTIs from Laboratoires Pierre Fabre and Servier
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tolerated and orally bioavailable with a half-life of 15–20 h in healthy volun-
teers [181]. Development of AZD-3409 has now been discontinued.

Coming from a collaboration between Pfizer and OSI Pharmaceutical, CP-
609754 has recently entered phase II, but the structure of this molecule has
not been disclosed [182]. Moreover, in recent patent applications [183] Pfizer
claimed several compounds bearing a striking resemblance to Johnson &
Johnson’s tipifarnib. One enantiomer (Fig. 4) was emphasized but no data
were presented.

6
Clinical Experience

The early phase I clinical experience with FTIs was encouraging, with ev-
idence of biological activity, good tolerability, and preliminary reports of
clinical activity warranting further evaluation of at least tipifarnib and lon-
afarnib in phase II and phase III clinical trials. Several other FTIs dis-
cussed previously have advanced to the point of providing published phase I
data, but have been halted or the status of their further development is not
known.

The FTIs that have continued in clinical development are oral agents,
which is a practical advantage in the chronic cancer treatment setting. The
compounds have demonstrated varying degrees of activity and tolerability
as oral agents in phase I trials [184, 185]. With inhibition of FTase activity
as the principal mechanism of all FTI action, some commonality in FTI-
related adverse events has been observed. These include myelosuppression
(e.g., neutropenia and thrombocytopenia), fatigue, nausea, and neurosensory
symptoms [123, 184–186]. In phase II studies, overall activity of the FTI class
against the major solid tumors (prostate, pancreatic, colon, and non-small
cell lung cancer) has been disappointing with the exception of early studies
with tipifarnib in advanced breast cancer [187]. Some interesting activity has
also been noted in glioma with tipifarnib [188]. The most consistent activity
has been observed in hematological malignancies with the most promising
activity observed in AML and myelodysplastic syndrome [108, 189]. As clin-
ical development of FTIs in hematological malignancies and solid tumors is
the subject of several recent in-depth reviews [190–194], it will not be further
discussed here.

7
Further Developments

Several groups have shown that protein farnesylation also occurs in try-
panosomatid parasites which cause diseases such as African sleeping sick-
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ness, Chagas disease, and leismaniasis or in the malaria parasite, and that
FTIs which are well tolerated in man are toxic for these parasites [195–201].
New drugs of low cost are desperately needed to replace existing treatments
that show either toxicity, limited efficacy, or face drug resistance problems
for the millions of people concerned, mainly in Africa and Latin America.
It seemed then clever to capitalize on low toxicity pharmacological data and
SAR knowledge of FTI anticancer agents and use them as starting points to
accelerate progress in the development of therapeutics for protozoan parasitic
diseases.

Some of the FTIs in clinical development (lonafarnib, tipifarnib, BMS-
214662) were tested for their ability to inhibit the growth of Plasmod-
ium falciparum (the causal parasite of malignant tertian and pernicious
malaria) [202]. Although lonafarnib and tipifarnib were not effective against
P. falciparum cell proliferation, BMS-214662 showed an ED50 of 180 nM and
this triggered further testing of tetrahydroquinoline (THQ) related com-
pounds. Encouraging results were obtained, with BMS-388891 inhibiting
P. falciparum FTase (Fig. 16) with subnanomolar IC50 and an ED50 of 5 nM.

Several groups are also applying their knowledge of FT inhibition to spe-
cifically design novel lead structures for antimalarial FTIs, emphasizing sim-
ple molecular architecture and straightforward chemical synthesis to aim
at low-cost treatments [203–207]. Trypasonoma brucei (Tb, causal agent of
sleeping sickness) and Trypasonoma cruzi (Chagas disease) have also recently
been the focus of attention. It has been shown that catalytic sites of rat FTase

Fig. 16 Further developments of FTIs
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and TbFTase share a high homology [208] allowing transfer of knowledge.
Thus, compounds based on the 4-aminomethylbenzoic acid scaffold [209]
were found to be highly potent inhibitors against T. brucei, especially com-
pound 27 (Fig. 16) (ED50 = 1.5 nM against bloodstream parasite growth).

Inhibition of T. cruzi is still in an early phase but significant results have
been obtained using a homology model and benzophenone-based FTIs pro-
viding compounds 28 and 29 (Fig. 16), which display in vitro activity against
T. cruzi in the nanomolar range and induce enhanced survival rates when
tested in vivo [210]. It is noteworthy that the concentrations of tipifarnib ne-
cessary to inhibit 50% growth of T. cruzi amastigotes in culture (4 nM) or
its IC50 against the T. cruzi FTase enzyme (75 nM) are also in the nanomolar
range [211]. Hope resides in the fact that optimization of the oral bioavailabil-
ity and pharmacokinetic properties of these lead compounds could rapidly
provide a drug candidate for human clinical trials.

8
Conclusion and Perspectives

Identification of new cancer targets provides challenges to both discovery
teams and clinical investigators. Several companies and institutions have al-
ready fine-tuned their candidates in clinical trials, capitalizing on further
interactions at the binding site to improve their drugability, and are prepar-
ing second- or third-generation FTIs. As clinical trials progress, investigations
into the molecular mechanisms downstream of Ftase inhibition responsible for
antitumor action are advancing in parallel. Over the next several years, cross-
fertilization of data between these dual research tracks may generate important
clues for optimal clinical use of these new anticancer agents. New insights into
modulation of genetic and protein expression profiles via microarray and pro-
teomic techniques may help answer key questions about patient selection, the
best dose and schedule for FTI therapy, and the possible benefits of combina-
tion regimens. It is also likely, of course, that findings in the clinic will inform
and enhance laboratory efforts to pinpoint the diverse molecular actions of
FTIs within the cancer cell. Clearly, the synergy between clinical and labora-
tory FTI research is increasing the momentum of progress in both arenas. As
such, FTIs represent an important new therapeutic approach, with significant
potential across a range of solid tumors and hematologic malignancies. In add-
ition, FTIs may in the future represent an opportunity for people suffering from
parasitic diseases such as malaria or Chagas disease, thus illustrating how pi-
oneer discovery work and an opportunistic approach could ultimately provide
benefit to patients in new therapeutic areas.
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Abstract The phosphatidylinositol-3-kinase/protein kinase (PI3K/PKB) signaling path-
way—also known as the survival or anti-apoptotic pathway—plays an important role in
controlling cell growth, proliferation and survival. Whatever the mechanism, the preva-
lence of PI3K/PKB signaling abnormalities in human cancer cells has suggested the
potential use of PI3K/PKB pathway modulators as novel targeted therapeutic agents. Al-
though often non-selective for the intended target, early PI3K/PKB inhibitors have been
extensively used as molecular probes for improving our understanding of the biologi-
cal processes associated with this pathway. A few of these early compounds, or closely
related analogues, have provided proof-of-concept in preclinical settings and have en-
tered clinical trials. This work covers recent salient achievements in the identification and
development of PI3K/PKB pathway modulators, updating recent reports on this class of
potential targeted anticancer drugs.
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1
Introduction

The phosphatidylinositol-3-kinase/protein kinase (PI3K/PKB) signaling path-
way—also known as the survival or anti-apoptotic pathway—plays an im-
portant role in controlling cell growth, proliferation and survival. Whatever
the mechanism, the prevalence of PI3K/PKB signaling abnormalities in hu-
man cancers and its potential biological effects (e.g., competitive growth
advantage, evasion from apoptosis and therapy resistance) has suggested the
potential use of PI3K/PKB pathway modulators as novel targeted therapeutic
agents. Following this strategy, a number of compounds have demonstrated
antitumor activity in preclinical and clinical settings by targeting directly
or indirectly the different components of this pathway. This work covers re-
cent salient medicinal chemistry achievements in the identification of these
pathway modulators, updating recent reports on this class of potential can-
cer drugs [1–4]. To help the reader, each section of this piece of work starts
with a brief background to understand the target rationale and then moves
on to the lead discovery, drug optimization, and clinical results stages as ap-
propriate. A schematic representation of signaling through this pathway and
the pathway components covered herein are shown in Fig. 1.

Fig. 1 Schematic representation of signaling through the PI3K/PKB pathway
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2
Insulin-like Growth Factor I Receptor

The Insulin-like Growth Factor-I Receptor (IGF-IR) is a member of the in-
sulin receptor family of tyrosine kinases. This transmembrane-spanning pro-
tein is composed of two α- and two β-subunits linked by disulfide bonds.
While the α-subunits are extracellular, the β-subunits span the plasma mem-
brane and encompass an intracellular tyrosine kinase domain devoted to
the initiation of several signal transduction cascades. Signaling through
IGF-IR is initiated upon binding of the cognate ligand—Insulin-like growth
factor-I (IGF-I) or II (IGF-II) —to the extracellular domain of the receptor.
It is thought that this peptide-protein interaction induces a conformational
change that results in auto-transphosphorylation of each β-subunit at spe-
cific tyrosine residues within the intracellular kinase domain and outside
the catalytic domain. Activation of the receptor triggers, through docking
and/or phosphorylation of several transduction molecules (e.g., IRS-1, IRS-2
or Shc), results in activation of downstream signaling pathways, of which the
Ras/Raf/MAPK pathway is primarily responsible for mitogenesis, and the sur-
vival PI3K/PKB pathway appears to play a major role in mediating the IGF-IR
biological functions.

A growing body of evidence links IGF-IR activation and downstream
signaling to human tumor biology. From an epidemiological point-of-view,
up-regulated levels of IGF-IR, IGF-I or both have been documented in
carcinomas of the lung, breast, thyroid, colon, and prostate [5], and, al-
though contradictory among some studies, it is generally accepted that
increased risk of solid tumors is associated with high levels of IGF-I in
plasma [6–8].

Parallel to the preceding epidemiological findings, a broad range of experi-
mental studies have revealed that IGF-IR function is implicated in most of the
hallmarks of cancer, i.e., self sufficiency in growth signals, evasion from apop-
tosis, tissue invasion and metastasis, as well as angiogenesis [9–11]. From
the preceding biological functions, it is probably the anti-apoptotic activity
of the IGF-I/IGF-II/IGF-IR axis [12, 13] that makes IGF-IR an attractive thera-
peutic target in anticancer drug discovery. Activation of IGF-IR signaling has
been shown to protect cancer cells from apoptosis induced by DNA damaging
agents, targeted anticancer drugs, and radiation [14–16]. Conversely, inhibi-
tion of IGF-IR signaling by various approaches was reported to enhance the in
vivo or in vitro sensitivity of selected cancer cells to radiation and antitumor
agents [17–19]. Thus, the use of an IGF-IR modulator could be envisioned
as a single agent for the treatment of IGF-IR dependent malignancies or in
combination with established therapeutic modalities.

Among the different drug discovery approaches explored in the past few
years to modulate IGF-IR function, two of them—antagonistic antibodies and
small molecular mass kinase inhibitors—represent, at this point in time, the
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most likely clinically viable options. These two approaches will hereafter be
described and discussed in more detail.

2.1
Targeting the Extracellular Domain of IGF-IR
with Humanized Monoclonal Antibodies

As in the case of other receptor tyrosine kinases like erbB1 and erbB2, efforts
have been directed to identify and develop humanized antibodies that block
the physical interaction between IGF-IR and its cognate ligands. Although ob-
tained by applying different approaches, these antibodies have been shown in
a variety of preclinical systems to specifically bind to the extracellular domain
of IGF-IR, preventing downstream signaling.

On the basis of the current available information, the most advanced
IGF-IR antibody seems to be CP-751,871, which is in Phase I clinical trials.
This fully human IgG2 anti-IGF-IR antibody displays a high binding affin-
ity for its target (Kd = 1.5 nM), potently blocks receptor autophosphorylation
(IC50 = 0.42 nM), and shows selectivity toward human and monkeys, as op-
posed to rat, dog, rabbit, and marmoset. As observed also by other IGF-IR
antibodies in cellular and in vivo settings, binding of CP-751,871 to its tar-
get induces internalization of IGF-IR and downregulation of the receptor
at the plasma membrane. Upon intraperitoneal administration, the in vivo
antitumor efficacy of CP-751,871 was demonstrated, as single or in combi-
nation studies with doxorubicin, 5-fluorouracil, or tamoxifen, in xenograft
tumor models derived from cells transformed by the overexpression of hu-
man IGF-IR (3T3-IGF-IR), colorectal cancer cells (Colo205), or breast cancer
cells (MCF-7). CP-751,871 is currently undergoing Phase I clinical trials in pa-
tients with multiple myeloma (relapse, refractory, or stable phase). Although
no data have been disclosed yet concerning safety or responses, fluorescence
activated cell sorting (FACS) analyses have shown that the antibody down-
regulates IGF-IR expression on multiple myeloma cell and granulocytes in
samples collected from treated multiple myeloma patients.

Other representative antagonistic antibodies that have been described over
the past few years are EM164 [20], IMC-A14 [21], and h7C10 [22].

In addition to the preceding biopharmaceuticals, a novel strategy, which
uses a bispecific antibody to target simultaneously IGF-IR and Epidermal
Growth Factor Receptor (EGFR), merits special attention. BsAb-IGF-IR-EGFR
combines in a single antibody two previously identified neutralizing antibod-
ies [23]. It binds to the extracellular domains of IGF-IR and EGFR blocking
their activation and downstream signaling. Although in vivo activity has not
been reported yet for this bispecific recombinant human antibody, this ap-
proach may expand the therapeutic application of engineered antibodies and
represents an intriguing new twist in exploiting biopharmaceuticals for tar-
geted anticancer therapy.
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2.2
Modulating IGF-IR Function with Kinase Inhibitors

Parallel to the efforts directed to block the extracellular domain of IGF-IR
with antibodies, drug discovery activities have also been aimed at modulat-
ing IGF-IR function by targeting its intracellular kinase domain. As shown in
this section, several series of drug-like small molecules have been discovered
and are currently being optimized.

A disproportional number of low-molecular mass inhibitors currently in
preclinical studies and clinical trials are directed against the ATP-binding
cleft of the targeted protein kinase. Initially, inhibition of protein kinases
by ATP-site directed inhibitors was considered unlikely to result in selectiv-
ity due to the assumption that the ATP binding pocket of purine-binding
enzymes is highly conserved. In this context, the identification of specific low-
molecular mass inhibitors of IGF-IR kinase activity has proven to be a major
challenge for medicinal chemistry due to the high sequence identity at the
kinase domains of IGF-IR and InsR (around 84%) and, in particular, at the
ATP-binding pocket [24]. Notably, the amino acids that line the ATP bind-
ing cleft of these two kinases are strictly conserved, and only two residues
(Ala85 and His87 in InsR versus Thr and Arg in IGF-IR) that are close, but
do not have a direct interaction with ATP are different. Additional confirma-
tion for a high structural similarity was obtained when the X-ray structures
of the recombinant kinase domains of IGF-IR and InsR in different activa-
tion forms were available [25–29]. On the basis of the high sequence identity
and structural similarity, it would be reasonable to predict that the identifica-
tion and development of selective ATP-site directed inhibitors for IGF-IR is an
unachievable objective, but, for some compound classes, this assumption has
proven to be wrong.

Potent and cellular selective IGF-IR kinase inhibitors have been reported
for a new class of pyrrolo[2,3-d]pyrimidine derivatives. A representative ex-
ample of this chemotype is NVP-ADW742 (compound 1, Fig. 2) [30]. As
expected from the high sequence and structural kinase identity of these two
proteins, the compound is equipotent against IGF-IR and InsR enzyme ac-
tivity in biochemical assays using monomeric recombinant kinase domains
(IC50 = 0.14 µM and 0.12 µM, respectively), but, under similar experimen-
tal conditions, it shows around 16-fold selectivity for the IGF-IR (IC50 of
0.17 µM) versus InsR (IC50 of 2.8 µM) in model cellular autophosphoryla-
tion assays. The selectivity achieved at the cellular level with NVP-ADW742
and derivatives thereof suggest conformation differences between the native
forms of IGF-IR and InsR—from the unactivated to the fully activated form—
that can effectively be exploited for drug discovery. Although the resolution
of the X-ray structures of the unactivated and activated IGF-IR and InsR
full-length proteins has not been accomplished yet, we can imagine that the
activation of these kinases must require complex conformation rearrange-
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Fig. 2 Representative examples of kinase inhibitors of IGF-IR

ments that may result in relative dissimilarities in the conformational states
and topography of their ATP-binding pockets. Along this line of thought,
the X-ray structures of the unphosphorylated kinase domains of IGF-IR and
InsR have revealed some differences in the ATP-binding pocket, particularly,
in the nucleotide and activation loops. Interestingly, recent biochemical and
structural studies have revealed that pyrrolo-5-carboxaldehyde derivatives
(e.g., compound 2, Fig. 2) exhibited a greater, albeit modest, IGF-IR selectiv-
ity against InsR (∼ 6 fold) when targeting the unphosphorylated form of the
targeted enzyme [31].

Inhibition of IGF-IR autophosphorylation by NVP-ADW742 results in
a plethora of pro-apoptotic molecular events that may account for its effec-
tiveness as a single agent and in enhancing the antitumor activity of a broad
spectrum of chemotherapeutic and anticancer targeted agents. Initial in vivo
proof-of-concept of the potential therapeutic benefit of blocking IGF-IR ki-
nase activity in tumor cells was obtained in an orthotopic multiple myeloma
(MM) model of bone and bone marrow disease. In this mice model, MM
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lesions are established after i.v. injection of luciferase-expressing human MM-
1S cells, and tumor burden and its response to therapy is quantified by
whole-body non-invasive bioluminescence imaging. The observed anatomic
distribution of bone injuries (e.g., the axial skeleton and long bones) is con-
sistent with the presentation of disease in human multiple myeloma patients.
When used alone or in combination with cytotoxic agents (e.g., melpha-
lan), NVP-ADW742 suppresses tumor growth and prolongs survival of mice
without significant toxicity [30]. Additional preclinical experiments support
the potential application of these inhibitors in combination with established
antitumor modalities for the treatment of small cell lung cancers [32] or mus-
culoskeletal tumors (e.g., Ewing’s sarcoma) [33].

Recently, benzoimidazole derivatives have also been recently disclosed as
ATP-site directed inhibitors of IGF-IR [34]. BMS-536924 (compound 3, Fig. 2)
is equipotent against IGF-IR and InsR (IC50 = 100 and 73 nM, respectively)
in biochemical assay, but, as far as cellular mode of action is concerned, no
cellular IGF-IR or InsR autophosphorylation inhibition has been disclosed
yet. As expected from its mechanism of action, BMS-536924 blocks with
good potency the proliferation of a series of tumor cell lines known to be
dependent on IGF-IR mediated signaling (e.g., IC50 = 202 nM, RD1). The anti-
proliferative potency of BMS-536924 on tumor cell lines could be clearly
delineated on the basis of down-regulation of the anti-apoptotic PI3K/PKB
pathway. Treatment of mice (100/300 mpk qd or 50/100 mpk bid, po) bearing
established tumors (e.g., IGF-IR Sal or Colo205) resulted in strong inhibi-
tion of tumor growth relative to a vehicle-treated control group. The animals
treated at the efficacious doses (50/100 mpk bid, po) did not show a signifi-
cant elevation in glucose levels at the end of the in vivo antitumor efficacy
experiment, but upon glucose challenge (oral glucose tolerance test) a sig-
nificant elevation in glucose levels was observed at the highest active dose
(100 mpk bid, po).

Although less explored, drug discovery efforts have also been directed to
modulate IGF-IR kinase activity by compounds that do not necessarily inter-
act with the ATP-binding cleft. Initial attempts to inhibit IGF-IR enzymatic
activity with non-ATP competitive inhibitors resulted in the identification of
several tyrphostin-type compounds (e.g., compound 4, Fig. 2) that showed
weak activity in blocking IGF-IR autophosphorylation (IC50 ≈ 7–13 µM), but
some selectivity over InsR (4- to 8-fold) [35]. Confirmation of the possibil-
ity to identify potent and selective non-ATP competitive inhibitors of IGF-IR
was obtained recently with a cyclolignan derivative, termed picropodophyllin
(PPP; compound 5, Fig. 2). In an initial report, it was demonstrated that
PPP potently inhibited IGF-IR autophosphorylation (IC50 = 0.04 µM) in intact
cells and was selective against a panel of other receptor tyrosine kinases, in-
cluding InsR [36]. ATP-kinetic studies confirmed that the compound did not
interfere with the IGF-IR tyrosine kinase activity at the level of the ATP bind-
ing site, suggesting an alternative mechanism of action. Additional efforts to
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elucidate its kinase inhibitory mechanism showed that PPP interferes with the
phosphorylation of Tyr-1136 in the activation loop of the kinase, while spar-
ing the other two tyrosines (Tyr-1131 and Tyr-1135) [37]. As shown by X-ray
crystallography, P-Tyr-1136 stabilizes the conformation of the activation loop,
while P-Tyr-1131 and P-Tyr-1135 destabilize the autoinhibitory conformation
of the activation loop. Without structural information it is difficult to under-
stand how PPP blocks preferentially Tyr-1136 phosphorylation, but this effect
has an interesting cellular outcome. Thus, PPP treatment of IGF-IR overex-
pressing cells results in a preferential inhibition on the PI3K/PKB pathway, as
opposed to the MAPK pathway. We do not know how PPP’s unusual mechan-
ism of action may affect its antitumor activity and/or toxicity, but indepen-
dent of this, the identification of PPP and the elucidation of its mechanism of
action confirm that other therapeutic approaches besides ATP mimetics can
be exploited for this challenging kinase.

As in the case of the pyrrolo[2,3-d]pyrimidines reported before, PPP has
shown potent antiproliferative activity against a panel of multiple myeloma
cell lines and freshly purified primary MM tumor cells when used alone or in
combination with cytotoxic agents. This cellular activity was later confirmed
in vivo using the 5T33MM mouse model [38]. Thus, PPP (ip, 20 mg/kg,
bid) reduced the bone marrow burden and serum paraprotein concentration
in the 5T33MM mice by 77% and 90%, respectively, compared to the con-
trol group. These effects resulted also in a significant increase in survival
(10 days). Overall, the compound was well tolerated in the in vivo experi-
ments and no increase in serum and glucose levels were observed.

As in the case of non-ATP competitive kinase inhibitors, the possibility
to target the unphosphorylated form of a kinase and take advantage of the
conformational differences that may occur in this state has been poorly inves-
tigated (vide supra, compound 2, Fig. 2) [31]. In this context, it is of interest
to note that the possibility to target the unphosphorylated form of IGF-IR
has been explored using a continuous coupled spectrophotometric assay [39].
In this biochemical assay, production of ADP is coupled to the oxidation
of NADH, which is measured as a decrease in absorbance at 340 nm. This
screening approach led to the identification of a group of 6–5 ring-fused com-
pounds (pyrrolo[2,3-d]pyrimidine and 2,4-diaminofuro[2,3-d]pyrimidines
derivatives; e.g., compound 6, Fig. 2) that showed some selectivity over InsR
(≈ 3-fold). Competition experiments with 5′-(β,γ -imido)triphosphate, which
is a non-hydrolyzable ATP analog, showed that compound 6 is not a pure
competitive inhibitor with respect to ATP, suggesting a complex mode of inhi-
bition. No additional studies with this class of compounds have been reported
yet.

In addition to preceding inhibitors, a number of patent specifications
claim protein kinase inhibitors active against IGF-IR (e.g., 4-(pyrazol-3-
ylamino)pyrimidines, imidazopyrazines, 2,4-pyrimidinediamines, pyrazolyl-
pyrimidinyl-amino derivatives and indolesulfonamides). We can expect that
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the diverse chemical scaffolds covered in these specifications may represent
promising new lead compounds for the future generation of ATP-site directed
IGF-IR kinase-selective inhibitors.

In terms of potential clinical proof-of-concept with this approach, INSM 18
(structure and biological activity not disclosed; Insmed Inc.) seems to be the
only low-molecular mass IGF-IR kinase inhibitor to have entered clinical tri-
als (http://www.insmed.com, press releases). INSM 18, which is also active
against the human erbB2 receptor, has demonstrated antitumor activity in
mice bearing breast, lung, pancreatic and prostate human xenografts. Insmed
Inc. announced in October 2004 that it had initiated a Phase I clinical trial in
patients with relapsed prostate cancer (unspecified route). No data from this
study are available yet.

3
Phosphatidylinositol 3-Kinases

The phosphatidylinositol 3-kinases (PI3Ks) are widely expressed lipid ki-
nases that phosphorylate phosphoinosites at the D-3 position of the inositol
ring. These enzymes function as key signal transducers downstream of cell-
surface receptors. The eight members of the PI3K family are grouped into
three classes based on their primary amino acid sequence, in vitro substrate
specificity, structure and mode of regulation [40]. The subject of this section
is class I PI3Ks, which is composed of two subgroups, IA and IB.

Class I PI3Ks catalyzed the formation of phosphatidylinositol-3,4,5-
triphosphate, PtdIns(3,4,5)P3—also referred to as PIP3—a process that is
reverted by the action of a phosphatase, phosphatase and tensin homologue
deleted on chromosome 10 (PTEN).

Genetic aberrations within class I PI3Ks are common in human can-
cer. Thus, PI3KCA, which encodes the catalytic p110α, is amplified and
overexpressed in some cancers of the uterine cervix and the ovary [41].
Somatic missense mutations have also been recently identified in a sub-
stantial fraction of solid tumors, in particular, colorectal cancers (74 of
199), glioblastomas (4 of 15), gastric cancer (4 of 12), breast cancer (1 of
12), and lung cancers (1 of 24) [42]. The mutations primarily result in sin-
gle amino acid substitutions and most of them (> 85%) map to a few hot
spots within the catalytic and helical domains. Functional analyses revealed
that the three most frequently observed mutants of p110α—E542K, E545K
and H1047R—increase lipid kinase activity and induce oncogenic trans-
formation [43]. Parallel to these findings, a high frequency of coexistent
PI3KCA/PTEN mutations (∼ 26%, 66 samples) has been reported in endome-
trial carcinoma [44].

Other biological alterations can also affect the correct regulation of PIP3
signal transducers. Loss of the PTEN protein or function has been found
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in a large fraction of advanced human cancer, including glioblastomas, en-
dometrial, breast, thyroid, prostate cancer and melanoma [45–47]. In add-
ition, germline mutation of PTEN also results in autosomal dominant cancer
syndromes, and several related conditions (e.g., Bannayan–Riley–Ruvalcaba
syndrome or Proteus syndrome) [45].

Overall, the preceding genetic aberrations suggests that they may play an
important role in cancer pathogenesis, and provide strong support for the po-
tential targeted therapeutic anticancer application of agents that inhibit the
catalytic activity of wild-type or mutated class I PI3Ks [1, 2, 4, 48].

3.1
Kinase Inhibitors of PI3K

Two well known and isoform unselective PI3K inhibitors are the fungal
metabolite wortmannin (compound 7, Fig. 3) and LY294002 (compound 8,
Fig. 3). These two compounds have served as powerful research tools for more
than a decade to elucidate the role of PI3Ks in human tumorigenesis and
evaluate the potential utility of PI3K inhibitors as cancer therapeutics.

Wortmannin, which is a metabolite antibiotic originally isolated from
Penicillium wortmanni [49], is an irreversible inhibitor that forms a covalent
bond with a conserved lysine residue (Lys-802 of p110α and Lys-883 of p110γ )
in the ATP-binding cleft of the lipid kinase [50]. Because of its mechanism
of action, wortmannin inhibits PI3K enzymatic activity in the low nanomo-
lar range (IC50 ≈ 2 nM) [51, 52], and it is somewhat non-specific against other
lipid and protein kinases (e.g., myosin light-chain kinase, IC50 = 260 nM; and
polo-like kinase, IC50 = 24 nM) [53, 54].

LY294002 is an ATP-competitive PI3K inhibitor (IC50 = 1.40 µM) that
was identified from a medicinal chemistry optimization process using
quercetin (compound 9, Fig. 3) —a previously described PI3K inhibitor,
IC50 = 3.8 µM—as a model [55–58]. Additional studies have shown that
LY294002 has a broad activity profile, inhibiting class I PI3K, PI3KC2β and
2γ , mammalian target of rapamycin (mTOR, casein kinase 2, and DNA-PK,
all with IC50 values in the µM range) [59].

In addition to the crossover inhibition of other lipid and protein kinases,
wortmannin and LY294002 suffer from unfavorable pharmaceutical proper-
ties and severe toxicity. For instance, the clinical use of wortmannin has
been precluded due to its instability under physiological conditions—half-life
of 8 min to 13 min—and acute liver and hematologic toxicity [60]. Despite
the preceding drawbacks, these two compounds have been used broadly in
the past few years and have provided proof-of-concept for the anticancer
activity—at least for pan-PI3K inhibitors—in preclinical experimental stud-
ies [61]. Of special interest is the observation that wortmannin and LY294002
are cytostatic agents. Thus, a strong G1 arrest is observed upon incubation
of these PI3K inhibitors with a variety of tumor cell lines, and induction of
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Fig. 3 Representative examples of kinase inhibitors of PI3K

apoptosis is only observed by combination with chemotherapeutic agents or
radiation [62]. On the basis of these limited preclinical results, it seems that
PI3K inhibitors may exhibit the most therapeutic anticancer value as compo-
nents of combination regimens.

Using wortmannin as a model, broad-spectrum PI3K inhibitors with im-
proved pharmaceutical properties and therapeutic indexes have been re-
ported in recent publications. PWT-458 (compound 10, Fig. 3), which is a pe-
gylated derivative of wortmannin, was shown to inhibit PI3K signaling and
hold a higher therapeutic index over its parent compound when used in sev-
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eral human xenograft tumors (e.g., U87MG, A549 and A498) grown in nude
mice [63]. Upon in vivo cleavage of its poly(ethyleneglycol) moiety, PWT-458
releases 17-hydroxywortmannin (17-HWT); efficacious i.v. doses of PWT-458
ranged from 0.5 mg/kg to 10 mg/Kg, achieving a superior therapeutic index
over 17-HWT, its parent compound.

Another recent example of wortmannin-based optimization is PX-866
(compound 11, Fig. 3), which was identified from a compound library of
over 100 viridins. The selection criteria was based on its activity in the
National Cancer Institute (NCI) human tumor cell line cytotoxicity assay
(IC50 ≤ 2.2 nM), and lack of liver toxicity. PX-866 potently inhibits PI3Kα,
γ and δ (IC50 = 5.5, 9.0 and 2.7 nM, respectively), but unlike wortmannin,
shows a certain level of selectivity over PI3Kβ (IC50 > 300 nM) and higher bi-
ological stability [60, 64]. The compound blocks activation of PKB in cellular
settings (IC50 = 25 nM and 16.8 nM against A549 and HT-20 cells, respec-
tively), and when given i.p. or i.v. to nude mice (6, 8, 9, or 12 mg/kg, qd),
exhibited in vivo antitumor activity against s.c. OvCar-3, HT-29, or A-549 hu-
man tumor xenografts (T/C values in the 30 to 62 range). Moreover, PX-866
increases the in vivo antitumor effects of chemotherapeutic drugs (e.g., cis-
platin), targeted anticancer agents (e.g., gefitinib) and radiation treatment.
A major toxicity of PX-866 administration to SCID mice was hyperglycemia
with decreased glucose tolerance. This effect, which can be ascribed to block-
ing insulin signaling through PI3K, was insensitive to the antihyperglycemic
drug metformin but was reversed by insulin and the hypoglycemic drug pi-
oglitazone, which is a peroxisome proliferator-activated receptor-γ activator.
In addition to the effect on glucose, there was also a decreased gain in body
weight and a significant increase in white blood cells. All of these changes
were reversed upon cessation of treatment.

In addition to the efforts made to overcome the limitations encountered
with wortmannin, high-throughput screening and medicinal chemistry ac-
tivities have been directed to develop isoform—particularly PI3Kα—or pan-
PI3K inhibitors, but the paucity of public information about isoform selective
PI3K inhibitors is a clear indicator that this approach has proven to be a ma-
jor challenge for medicinal chemists. Although often the isoform-activity
data are not provided, a number of patent specifications describing pan-PI3K
inhibitors including compounds that exhibit some selectivity for individual
isoforms have been published in the past few years. Overall, the new gener-
ation of PI3K inhibitors have better pharmacological characteristics than the
early inhibitors as well as improved PI3K selectivity profile. Some of these
compounds are briefly reviewed in the following paragraphs.

Imidazopyrimidines and pyridofuropyrimidines with class I PI3K selectiv-
ity have been disclosed in several patent cases [65–67], and some biological
data have been presented at scientific meetings [68–70]. For example, PI103
(compound 12; Fig. 3) exhibited IC50 values of 1.5 nM, 3.0 nM, 3.0 nM, and
15 nM against p110α, p110β, p110δ, and p110γ , respectively, in biochemi-
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cal assays [69]. Medicinal chemistry efforts to improve its specificity profile
and pharmaceutical properties resulted in the identification of PI509 (struc-
ture not disclosed; IC50 = 4.5 nM, 37 nM, 19 nM, and 112 nM for p110α, β, δ,
and γ , respectively) and PI540 (structure not disclosed; IC50 = 13 nM, 44 nM,
9 nM, and 321 nM for p110α, β, δ, and γ , respectively). These two com-
pounds, which showed an excellent selectivity profile against a panel of 72
protein kinases, inhibit in a dose-dependent manner the phosphorylation of
PKB in a cellular setting (IC50 = 12 nM and 10 nM for PI-509 and PI-540, re-
spectively). In vivo antitumor activity (80% reduction in tumor growth) was
observed when PI540 was administered i.p. (200 mg/kg qd or 100 mg/kg bid)
to nude mice bearing U87MG subcutaneous xenografts [70].

Pyridopyrimidines and benzopyranones have been described as potent
and selective PI3Kβ inhibitors [71, 72]. A representative example of this type
of inhibitor is TGX-221 (compound 13; Fig. 3), which showed an IC50 value of
5 nM against PI3Kβ, and exhibited good selectivity over the other PI3K iso-
forms: 20-fold against PI3Kδ and > 1000-fold over PI3Kα and γ . The main
therapeutic utility for these PI3Kβ isoform selective inhibitors seems to be as
antithrombotic agents [73, 74], and a compound, KN309 (structure not dis-
closed), was scheduled to enter Phase I clinical trials in 2005. No anticancer
activity for these inhibitors has been reported yet.

In contrast to class IA PI3K members, PI3Kγ is mainly activated by seven-
transmembrane G-protein-coupled receptors (GPCRs), through its regulatory
subunit p101 and G-protein βγ subunits. Potent and selective PI3Kγ in-
hibitors containing the thiazolidine-2,4-dione scaffold have been described
in a recent publication [75]. AS-605240 (compound 14, Fig. 3) is an ATP-
competitive inhibitor that blocks PI3Kγ enzymatic activity (Ki = 7.8 nM) as
well as PI3Kγ -mediated signaling and chemotaxis in vitro and in vivo. The
compound is isoform selective with over 30-fold selectivity for PI3Kγ and β,
and 7.5-fold selectivity over PI3Kα. This selectivity profile can be ascribed to
key interactions with the ATP-binding pocket of the target enzyme. Analysis
of the crystallographic structure of AS-605240 bound to the catalytic domain
of PI3Kγ revealed that the negatively charged nitrogen of the thiazolidine-
2,4-dione template forms a salt-bridge interaction with the side chain of
Lys833, whereas the nitrogen peptide backbone of Val882 forms a hydrogen
bond with the nitrogen of the quinoxyline ring of the inhibitor. In accordance
with its biological profile, AS-605240 suppresses upon oral administration
the progression of joint inflammation and damage in both lymphocyte-
independent and dependent mouse models of rheumatoid arthritis. These
results show the potential pharmacological application of PI3Kγ inhibition in
the treatment of chronic inflammatory disorders, but no data are available yet
on the potential use of AS-605240 or derivatives thereof in the treatment of
cancers.

Novel quinazoline derivatives like IC87114 (compound 15, Fig. 3) have
been disclosed as inhibitors of p110δ with good selectivity over the other
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three isoforms (IC50 = 0.5 µM, PI3Kδ, > 100 µM, PI3Kα, 75 µM, PI3Kβ, and
29 µM, PI3Kγ ) [76]. In this context, it has been recently demonstrated that
the p110δ isoform of PI3K is consistently expressed at a high level in blast
cells from acute myeloid leukemia (AML), and the p110δ-selective inhibitor
IC87114 is able to inhibit the proliferation of these malignant cells without
affecting the proliferation of normal hematopoietic progenitor cells [77]. In
addition to their potential therapeutic application in the treatment of cancers
of hematopoietic origin, p110δ inhibitors may also be of interest in control-
ling breast cancer cell chemotaxis [78].

In addition to the preceding chemotypes, thiazoles, quinolin-2-ones and
cycloalkanothieno-pyrimido-thiazoles [79], azolepyrimidines derivatives,
trisubstituted pyrimidines, benzo[b]thiophenecarboxamides and benzofu-
rancarboxamides [80–83], and substituted benzopyranones have also been
claimed in different patents as PI3K inhibitors [1].

The identification and optimization of the preceding PI3K inhibitors has
certainly benefited by having early access to structural information [84, 85].
X-ray crystal structures of the p110 subunit of PI3Kγ [86] have provided
a detailed molecular map of the ATP-binding cleft of this special family of
kinases. Sequence alignment and homology models have revealed that the
residues forming the ATP-binding pocket are strictly conserved within the
class I PI3K [59]; by contrast, some amino acid differences between class IA
PI3K members and PI3Kγ exist at the entrance of the ATP cleft. Modulating
and fine-tuning the interactions of the modified molecular scaffold with the
amino acids that line the entrance to the ATP binding pocket of the different
PI3K isoforms may provide an opportunity to obtain spectrum-selective PI3K
inhibitors [75, 76].

Parallel to the current synthetic efforts to identify and develop isoform se-
lective PI3K inhibitors or compounds that target PI3K mutants, studies with
small interfering RNAs (siRNAs) are expected to improve our knowledge of
the degree of selectivity that may be needed to have an antitumor response
and therapeutic index, as well as the degree of knockdown of target activity
required.

4
3-Phosphoinositide-dependent Protein Kinase-1

The 3-phosphoinositide-dependent protein kinase-1 (PDK1) is a 556-amino
acid enzyme composed of three well-differentiated motifs: an N-terminal do-
main, a constitutively activated serine/threonine kinase domain, and a Pleck-
strin homology (PH) domain at its C-terminus [87–91]. The attractiveness of
PDK1 as a potential anticancer target is linked to its ability to control the ac-
tivity of a diverse set of AGC kinase members, in particular the three PKB
isoforms [92]. Full activation of PKB requires phosphorylation at two sites,
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one within the activation loop (e.g., Thr-308 for PKBα), and one within the
C-terminus (e.g., Ser-473 for PKBα). Phosphorylation of the critical and con-
served threonine residue in the activation loop of the three PKB isoforms
is carried out by PDK1 at the plasma membrane [93–97]. In addition to
PKB, other members of the AGC kinase subfamily like p70 ribosomal S6 ki-
nase, serum- and glucocorticoid-induced protein kinase and protein kinase C
(PKC) are phosphorylated by this promiscuous kinase [92, 98, 99].

4.1
Kinase Inhibitors of PDK1

Contrary to the other major components of the PI3K/PKB survival pathway,
the development of PDK1 inhibitors would be, to a certain extent, simpler as
only a single PDK1 isoform exists in human cells. Moreover, the observation
that PDK1 hypomorphic mice expressing only approximately 10% of the nor-
mal level of PDK1 display no obvious harmful phenotype—they are 40–50%
smaller than control animals — [100], indicates that a PDK1 inhibitor may
provide effective anticancer therapy at an acceptable therapeutic index.

The most potent PDK1 kinase inhibitor reported to date is UCN-01 (com-
pound 16; Fig. 4; IC50 = 6 to 33 nM) [101], a staurosporine analogue isolated
from the culture broth of Streptomyces sp. Originally developed as an in-
hibitor of calcium-dependent PKC, UCN-01 has the capacity to inhibit a broad
spectrum of kinases [102], including other members of the AGC subfam-
ily of kinases (e.g., IC50 = 491 nM for PKB) [103]. UCN-01-induced PDK1
inhibition has also been observed in in vivo murine and human tumor
xenografts [101].

UCN-01 is currently being explored in cancer patients in Phase I/II clin-
ical trials, both as a single agent and in combination with conventional
chemotherapeutic drugs (e.g., cytarabine, topotecan). In this last scenario,
results from a Phase I clinical trial in combination with topotecan showed an-
titumor activity in 12 patients with advanced solid tumor with one partial
response and three cases of stable disease. However, and due to the low se-
lectivity of UCN-01, it is unclear which inhibited kinase(s) are suppressing
growth and survival of cancer cells in these clinical studies.

In addition to pulmonary toxicity, nausea/vomiting, lactic acidosis and
transaminitis, UCN-01 induced insulin resistance during Phase I clinical tri-
als. As shown recently with rat adipose cells, this effect may be due to UCN-01
inhibition of PKB Thr-308 phosphorylation—no effect on Ser-473 was ob-
served in this study—and subsequent blockade of GLUT4 translocation in
response to insulin [104]. If this mode of action is confirmed in the ongoing
clinical trials and contrary to what was observed in the PDK1 hypomorphic
mice (vide supra) [100], insulin resistance may represent an important hur-
dle in the development of PDK1 inhibitors and, in general, of any agent that
blocks the PI3K/PKB pathway in adipose and muscle cells.
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Fig. 4 Representative examples of kinase inhibitors of PDK1

In addition to UCN-01 and other staurosporine or maleimide derivatives
(e.g., compounds 17 and 18; Fig. 4) [102, 103, 105–107], PDK1 kinase activity
is inhibited by aminopyrimidines. A representative example of this com-
pound class is BX-320 (compound 19, Fig. 4), a PDK1 inhibitor (IC50 = 30 nM)
that displays good selectivity over protein kinase A (PKA, 35-fold) [108].
BX-320 blocks the growth in soft agar of a wide range of tumor cell lines
(IC50 = 0.093 to 1.32 µM), and shows efficacy in a metastasis mouse model
(200 mg/kg bid).

Although other signaling targets cannot be excluded, it has been found
that celecoxib (compound 20, Fig. 4), which is a cyclooxygenase-2 (COX-2) in-
hibitor, can block the activation of PKB [109] in a variety of cancer cells by in-
hibiting PDK1 activity [110]. In an immunoprecipitated assay, the compound
inhibited in a dose-dependent manner the kinase activity of PDK1 with an
IC50 value of 3.5 µM. However, weaker inhibitory activity (IC50 = 30 µM) has
been obtained when celecoxib was tested in another cell-free assay using the
recombinant PDK1 protein [111]. Interestingly, celecoxib inhibits PDK1 by
competing with ATP for binding, and on the basis of this result and using
a structure-based design optimization strategy, celecoxib derivatives (e.g.,
OSU-03013, compound 21; Fig. 4) with slightly improved antiproliferative ac-
tivity (IC50 = 3 µM) were identified [111].
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Epidemiological studies have suggested an inverse association between
non-steroidal anti-inflammatory drugs treatment and risk for certain type
of cancers, in particular breast tumors. Moreover, preclinical experiments
showed that celecoxib could induce apoptosis in cancer cells in in vitro and in
vivo settings [112, 113]. The preceding epidemiological and preclinical find-
ings prompted the clinical evaluation of celecoxib for the treatment of human
cancers. Celecoxib is currently being investigated in Phase III clinical studies
as a therapy for bladder and colorectal cancers, and in Phase II for prostate
cancer. Parallel to these studies, additional Phase II clinical trials are also
investigating the use of celecoxib in combination with paclitaxel and carbo-
platin in the treatment of patients with non-small cell lung cancer, and as
a single agent in the prevention of skin cancer in patients with actinic ker-
atoses. The compound has received marketing approval in several countries
for the treatment of familial adenomatous polyposis. As for other indications,
the potential cardiovascular risks of COX-2 inhibitors may limit the use of
celecoxib in cancer patients.

Initial insights into how PDK1 kinase selectivity might be designed into
ATP-competitive inhibitors have been provided by the solving of the X-ray
co-crystal structures of PKA, PKB, and PDK1 bound to ATP, ATP analogs, or
kinase inhibitors [102, 114–116]. As expected from the high sequence identity
between the members of the AGC subfamily of kinases, the structural studies
have shown that the kinase domain of PDK1 presents a high structural sim-
ilarity with the one of PKA [116, 117]. As shown in the previous paragraphs,
it is therefore not a surprise that, thus far, no sufficiently specific inhibitor of
PDK1 has been reported.

In addition to the preceding chemotypes, a limited number of patent spe-
cifications include PDK1 as a target for the inhibitors exemplified in the cases.
Thus, 5-aminocarbonylindazoles, pyrazolopyrimidines, triazolo[1,5-a]-
pyrimidines, pyrazolopyrroles and phthalimides have been claimed to be
active against PDK1 [1], but further biological data are awaited.

5
Protein Kinase B

Protein kinase B (PKB), which is also known as Akt, is a serine/threonine
kinase that also belongs to the AGC kinase subtype. Three mammalian
isoforms—PKBα, β, and γ have been identified. These proteins are broadly
expressed and, although isoform-specific patterns of expression exists in
some tissues, the three kinases have a similar organizational structure: an
amino-terminal PH domain, a central serine/threonine catalytic domain, and
a short regulatory region at the carboxy terminal end containing the so-called
hydrophobic motif [118–120].
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The PKB enzymes catalyze the phosphorylation of serine/threonine
residues at consensus phosphorylation sites—ArgXxxArgXxxXxxSer/Thr—
in molecular targets, including proteins with key roles in the regulation of
cell growth and survival. PKB is downstream of PI3K and is a critical node
in this signal pathway. To be fully activated, PKB requires translocation to
the plasma membrane and its phosphorylation by other kinases at two key
regulatory residues, Thr308 and Ser473 (numbering for PKBα) [97, 121–124].
The threonine residue is located in the T-loop, also known as the activation-
loop, whilst the serine amino acid is C-terminal to the catalytic domain in
the hydrophobic regulatory region of the protein. Following growth factor
stimulation of PI3K, PKB is recruited at the plasma membrane, an event ac-
complished by physical, direct interaction between its PH domain and the
generated PtdIns(3,4,5)P3 molecules (see Sect. 3). Co-localization of PDK1 at
the plasma membrane allows the phosphorylation of Thr308 by this enzyme,
which is necessary and sufficient for PKB activation [90, 96, 121–123, 125].
However, maximal enzymatic activation requires phosphorylation of Ser473.
The molecular identity/ies of the kinase/s, often termed as PDK2, involved
in the phosphorylation of Ser473 is still controversial and has been hy-
pothesized, among other proteins, to be DNA-PK [126] or the mTOR/rictor
complex [127].

PKB isoforms have been found to be overexpressed in a variety of human
tumors, and, at the genomic level, to be amplified in gastric adenocarcinomas
(PKBα), ovarian (PKBβ), pancreatic (PKBβ), and breast (PKBβ) cancers [128,
129]. In addition, many tumor cells display elevated levels of PI3K products
as a result of deletion/mutations of PTEN, activation of Ras or expression of
autocrine growth factors (vide supra). The biological consequences of uncon-
trolled PKB activation in tumor cells are critical for inducing, among other
effects, a survival signal that allows them to withstand apoptotic stimuli.
Thus, PKB protects tumor cells from death by phosphorylating and inactivat-
ing components of the intrinsic apoptosis pathway [130].

5.1
Kinase Inhibitors of PKB

Non-selective PKB inhibitors have been extensively used as tool compounds
to elucidate the role of this kinase in the biology of human cancers. Thus,
PKB isoforms are potently inhibited by promiscuous kinase inhibitors like
staurosporine (compound 22, Fig. 5; IC50 = 48 to 11 nM for PKBα) [131–133]
and derivatives thereof (e.g., compound 23, Fig. 5) [134]. Another example of
a potent and non-selective pan-PKB inhibitor is Ro-31-8220 (compound 24,
Fig. 5), a PKC inhibitor (IC50 = 10 nM) [135] that also interferes with PKB
kinase activity (IC50 = 240 nM for PKBα).

Initial medicinal chemistry attempts to improve PKB kinase inhibitory se-
lective exploited a previously described PKA inhibitor (compound 25, Fig. 5;
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Fig. 5 Representative examples of kinase inhibitors of PKB

Ki = 48 nM for PKA) [136], as a starting point in the optimization pro-
cess [137]. Obtained by parallel synthesis, NL-71-101 (compound 26, Fig. 5)
inhibits PKB enzymatic activity in vitro (IC50 = 3.7 µM), blocks GSK3β phos-
phorylation in intact cells (IC50 ≈ 25 µM), and causes programmed cell
death in tumor cells (e.g., OVCAR-3), albeit at high concentrations (ED50 ≤
100 µM). In terms of its in vitro selectivity profile, NL-71-101 is 2-fold less ac-
tive against PKA and PKC (IC50 = 9–11 µM) and inactive against PKC and p38
(IC50 ≥ 100 µM).

Exploiting the X-ray crystal structure of (–)-balanol, which is a potent in-
hibitor of AGC-kinases, in complex with PKA, medicinal chemistry efforts
have been directed to impart PKB selectivity and improve its pharmaceutical
properties [138–141]. Starting with compound 27 (Fig. 5) as a lead compound
(IC50 = 5 nM for PKBα and PKA), a new series of potent PKB inhibitors (e.g.,
compound 28, Fig. 5; IC50 = 20 nM for PKB versus IC50 = 1900 nM for PKA)
were obtained by exploiting a binding site in PKB that is narrower in PKA.
The X-ray structure of compound 28 bound to PKA shows that the piperidine
moiety of the inhibitor adopts an energetically unfavorable envelop conform-
ation to avoid a steric clash with the side chain of phenylalanine-187; these
negative interactions do not occur in the modeled complex of the inhibitor
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bound to PKB; in this protein, the amino acid at position 187 is leucine and
not phenylalanine. The activity of these azepane derivatives in cellular set-
tings or in vivo models has not been reported yet.

Promising PKB inhibitors have also been obtained from indazole-pyridine-
based derivatives [142]. These new inhibitors, exemplified by A-443654 (com-
pound 29, Fig. 5; Ki = 160 pM), are reversible, ATP competitive inhibitors able
to decrease the phosphorylation of PKB downstream targets in cells (e.g.,
GSK3α/β, FOXO3, TSC2, and mTOR) and in vivo in a dose-dependent man-
ner. Interestingly, and as reported for other PKB-inhibitors, the preceding
biological effect is associated with a concomitant increase in the Thr-308 and
Ser-473 phosphorylation of PKB. This effect is blocked if PI3K inhibitors are
co-administered.

Synergy was observed when A-443654 was combined with doxorubicin or
camptothecin [143]. In animal experiments, the compounds showed antitu-
mor activity as single agents and in combination regimens in a number of
tumor xenografts, but the dosing period is limited due to malaise and weight
loss. Although further studies with other chemotypes will be required to
assess the generality of these in vivo findings, the side effects observed in an-
imal models raise concerns that the therapeutic application of PKB inhibitors
will be limited by mechanism-based metabolic toxicities.

In addition to the preceding kinase inhibitors, a number of patents de-
scribe compounds that are claimed to be active against PKB (e.g., diamino tri-
azines, diaminopyrimidines or 5-aminocarbonylindazoles) [1, 144]. Although
in general no kinase inhibitory data are provided in these patents, the diverse
chemical scaffolds covered in these specifications may represent promising
new chemotypes for the future generation of PKB kinase-selective inhibitors.

If the identification of potent and selective PKB kinase inhibitors has
proven to be a difficult task, the design of PKB isoform selective modula-
tors represents a higher medicinal chemistry challenge. The kinase domain
of PKBα has a sequence identity of 90% and 87% with PKBβ and PKBγ , re-
spectively. Notably, the amino acids that line the ATP binding cleft of PKBα

are strictly conserved in PKBβ, and only one amino acid is different in PKBγ

alanine in PKBα/β versus valine in PKBγ ). A detailed molecular map of the
ATP-binding pocket of these kinases has been obtained recently by solv-
ing the X-ray crystal structure of ∆PH-PKBβ with adenyl-imidodiphosphate
tetralithium salt (AMP-PNP) and a GSK3β-derived peptide [114, 144, 145],
but the structure-based design of PKB isoform selective inhibitors will prob-
ably require access to the structures of the full PKB isoforms. Amino acids
away from the ATP binding pocket or the interaction of the kinase do-
main with other parts of the protein may alter the size and shape of the
ATP-binding cleft and hence the binding affinity and selectivity of an ATP-
competitive or allosteric inhibitor.

Eventually, other pockets besides the ATP-binding cleft can be exploited
for the identification and development of PKB kinase modulators. Thus,
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allosteric inhibitors of PKB containing the 2,3-diphenylquinoxaline or 5,6-
diphenyl-pyrazin-2(1H)-one scaffolds have been described in recent publi-
cations [134, 146–149]. A high-throughput homogenous time-resolved flu-
orescence kinase assay was used to screen around 270 000 compounds for
their ability to inhibit PKB enzymatic activity. The inhibitors identified ex-
hibit a linear mixed-type inhibition against ATP and peptide substrate, show
isozyme selectivity, and are only active against the full length protein (e.g.,
compound 30, Fig. 5; IC50 = 2.7 µM for PKBα versus IC50 > 250 µM for ∆PH-
PKBα). Although the mechanism of inhibition by these compounds has not
been fully elucidated and there is not structural information yet, it seems
that these molecules may bind outside the ATP-binding pocket, interacting
with the PH domain and/or hinge region and probably promoting the for-
mation of an inactive conformation. Interestingly, incubation of tumor cells
with these allosteric inhibitors results in significant reduction of the phos-
phorylation of both Thr-308 and Ser473, which is something unexpected for
a “classical” PKB kinase inhibitor. This interesting work not only illustrates
alternative ways to block kinase activity, but shows that this is probably the
way to go when targeting an isoenzyme or a member of a closely related
kinase family.

6
Mammalian Target of Rapamycin

The mammalian target of rapamycin (mTOR) is a 290-KDa serine-threonine
kinase that regulates both cell growth and cell-cycle progression. This protein
is downstream of the PI3K/PKB pathway and recent studies have established
a biological route from PKB to mTOR. In its unphosphorylated form, tuber-
ous sclerosis complex (TSC) 2 is bound to TSC1 in a complex that blocks
mTOR activation. Phosphorylation of TSC2 by PKB disrupts the TSC1/TSC2
complex, allowing the activation of mTOR by Ras homolog enriched in brain
(Rheb). mTOR activation leads to the phosphorylation of several downstream
signaling effectors and transcription factors that influence cell proliferation,
angiogenesis and survival [150].

6.1
Inhibitors of mTOR

Extensive preclinical studies have shown that sensitivity to mTOR inhibition
may correlate with aberrant activation of the PI3K pathway or loss of func-
tional tuberous sclerosis complex (TSC), as occurred in patients with tuber-
ous sclerosis syndrome [151, 152]. Rapamycin (compound 31, Fig. 6), which
was the first compound shown to inhibit mTOR kinase activity, is an ap-
proved drug for prevention of allograft rejection. Rapamycin is a macrocyclic
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Fig. 6 Representative examples of mTOR inhibitors

triene antibiotic produced by Streptomyces hygroscopicus, a streptomycete
that was isolated from a soil sample collected from Easter Island (Rapa Nui).
The mechanism of action of rapamycin differs from that of other kinase in-
hibitors. The natural product initially forms a complex with the FKBP-25
cellular receptor. This complex, in turn, binds to a 133 amino acid hydropho-
bic FKBP:RAPA binding domain located immediately upstream of the kinase
sequence. The formation of this complex interferes with the kinase activity of
mTOR, but it does not inhibit all the functions of mTOR, nor do they inhibit
the mTOR/rictor complex [153, 154]. In fact, mTOR inhibition by rapamycin
and derivatives thereof can result in activation of PKB [155]. This intrigu-
ing effect suggests that targeting upstream of mTOR in the survival pathway
might be required to interrupt feedback loops and achieve optimal therapeu-
tic activity in cancer cells.



192 C. Garcia-Echeverria

Currently, three rapamycin derivatives—CCI-779 (compound 32, Fig. 6),
RAD-001 (compound 33, Fig. 6), and AP-23573 (compound 34, Fig. 6)—are
being evaluated in cancer clinical trials. All these mTOR inhibitors have
shown potent cytostatic activity in cellular settings and in vivo antitumor
activity in a variety of hematological and solid tumor preclinical models as
single agents and in combination with standard cancer therapeutics, targeted
anticancer agents, and radiation [2, 151, 156]. It is important to mention that
CCI-779 and RAD-001 are pro-drugs of rapamycin, while stability and in vitro
studies along with in vitro metabolism studies have shown that AP-23573
is not.

Recent review papers have covered in detail the available clinical results
with the mTOR inhibitors [151, 156]. Overall, the compounds are well tol-
erated and may induce prolonged stable disease and increase time to pro-
gression in a subset of cancer patients. In particular, promising activity has
been reported for CCI-779 in patients with mantle cell non-Hodgkin’s lym-
phoma [151].

7
Other Medicinal Chemistry Approaches to Block the Survival Pathway

Although much of the drug discovery efforts have been directed to modulate
the enzymatic activity of the different components of the survival pathway,
other therapeutic modes have been successfully explored for pathway inter-
ruption. Some of these alternative medicinal chemistry approaches are briefly
reviewed in this section.

7.1
Phosphatidylinositol Analogues

Phosphatidylinositol lipid analogues, which are structurally similar to the
products of PI3Ks, have been designed and synthesized to interact with
PH domains and disrupt the activation of the PI3K/PKB pathway in tu-
mor cells. A representative example of this class of inhibitors is D-3-deoxy-
phosphatidyl-myo-inositol ether lipid (DPIEL, compound 35, Fig. 7) [157].
This compound specifically binds to the PH domain of PKB, blocking the
translocation of this protein from the cytoplasm to the plasma membrane and
thus preventing PKB phosphorylation and activation (IC50 = 1.5 ± 0.3 µM).
DPIEL inhibits the proliferation of MCF-7 and HT29 tumor cell lines with
IC50 values of 7.2 and 2.1 µM, respectively. Replacement of the phosphate
linkage of DPIEL with a carbamate group or varying the nature of the lipid
groups on the diacylglycerol-like side chain of DPIEL resulted in derivatives
that were less potent than the parent compound at inhibiting PKB in cells
(18- to 8-fold) and also less specific for the PH domain of PKB. In addition
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Fig. 7 Other modulators of the PI3K/PKB pathway

to its modest cellular activity, further development of DPIEL was hampered
by its poor in vivo profile. Thus, oral administration of DPIEL resulted in low
bioavailability due to acid lability, and i.v. administration resulted in massive
hemolysis and animal death [158].

In addition to DPIEL, other phosphatidylinositol analogues (PIAs) (e.g.,
SH-5 and SH-6, compounds 36 and 37, respectively, Fig. 7) have been recently
reported [159, 160]. When used at 5 or 10 µM, SH-5 and SH-6, which are sup-
posed to be more resistant to phosphatidylinositol-specific phospholipase C
mediated degradation [161], effectively block the phosphorylation and acti-
vation of PKB in HL60AR tumor cells, and sensitize this and other leukemic
tumor cell lines to the effects of etoposide and cytarabine. No effect on the
survival rate of hematopoetic precursor cells was observed if the compounds
are used at 5 µM.

To improve metabolic stability and inhibitory potency, the inositol ring
of the phosphatidyl-myo-inositol scaffold has also been the subject of exten-
sive chemical modifications [162]. Exploiting a model of the interaction of
PtdIns(3,4,5)P3 with the PH domain of PKB, selected substituents were intro-
duced at individual sites of the inositol ring to maximize hydrogen-bonding
or polar interactions between the modified PIA and the target protein. These
modifications resulted in the identification of new PIAs (e.g., compounds
38–40, Fig. 7) that inhibited the activation of PKB in H1703 cells with IC50
values around 2 to 4 µM. As for other PIAs, the cellular effect on PKB phos-
phorylation was not due to inhibition of upstream kinases. Interestingly,
induced programmed cell death was observed when tumor cell lines with
high PKB activity were incubated with these compounds (c = 10 µM) for
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24 h. No information about the in vivo activities of these PIAs is available
yet.

7.2
Inositol Polyphosphates

Inositol and its phosphorylated forms have been exploited to antagonize
the activation of the PI3K-pathway by competing with the binding of
PtdIns(3,4,5)3 to PH domains [163]. A representative example of this com-
pound class is Ins(1,3,4,5,6)P5 (compound 41, Fig. 7) [164] (for other exam-
ples see also [165]). This highly negatively charged molecule is able to inhibit
PKB kinase activity in vitro (43% at 50 µM), and to induce apoptosis in ovar-
ian, lung, and breast cancer cell lines (e.g., 40% at 100 µM using SCL-H69
cells). In a cellular setting, Ins(1,3,4,5,6)P5 (c = 50 µM) sensitizes cancer cells
to the apoptotic effect of a variety of chemotherapeutic agents (e.g., pacli-
taxel). Furthermore, the compound (50 mg/kg/day; ip) blocks the growth of
SKOV-3 xenograft implanted s.c. in nude mice without signs of toxicity, as
judged by parallel monitoring body weight [166]. Ex-vivo analyses of tumor
tissue showed that PKB phosphorylation at Ser473 and Thr308 was inhibited
after 12 days of treatment. Contrary to what one could expect, Ins(1,3,4,5,6)P5
is rapidly and efficiently internalized by cells and is only minimally converted
into different metabolites.

Interestingly, other inositol polyphosphates (e.g., Ins(1,2,3,4,5,6)P6) have
little or no effect in the preceding biological assays. This specificity can be as-
cribed to key interactions of Ins(1,3,4,5,6)P5 with the PH domain of PKB; in
particular, the presence of the phosphate group at position 1 and the free OH
group at position 2 [167, 168].

7.3
Phospholipids

This compound class has been exploited in recent years to modulate mem-
brane function and signaling targets that use naturally occurring lipid moi-
eties as substrates or co-factors. Several publications have shown that perifo-
sine (NSC 639966, compound 42, Fig. 7), which is an orally active analogue
of alkylphosphocholine, blocks the activation and phosphorylation of PKB
in cellular settings [169, 170]. Although the mechanism of action of perifos-
ine is not fully understood, one hypothesis is that, following insertion into
the cellular membrane, perifosine interferes with PKB membrane localization
by inhibiting the association of its PH domain with PtIns(3,4,5)P3. Interfer-
ence with PKB plasma membrane localization has been demonstrated [171]
using immunofluorescence imaging [169]. Perifosine has exhibited broad an-
tineoplastic activity in preclinical studies. Of special interest is the synergistic
antiproliferative effect observed when perifosine was used in combination
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with UCN-01 in cell culture assays with PC3 and A459 tumor cells [172],
and with the anti-EGF receptor antibody cetuximab in PTEN-deficient can-
cer cells [173]. Blocking simultaneously distinct components of the PI3K/PKB
pathway seems to enhance the inhibition of phosphorylation of PKB along
with activation of the apoptotic pathway.

Perifosine is currently undergoing Phase II clinical trials. These studies
are conducted by the NCI for prostate, head and neck, breast and pancreatic
cancers, as well as melanomas and sarcomas. Encouraging evidence of antitu-
mor activity as a single agent or in combination with radiation was reported
in Phase I clinical trials, in particular, in the treatment of non-small cell
lung cancer patients. However, no significant clinical activity was observed
in Phase II clinical studies in previously untreated patients with metastatic
melanoma [174], and in patients with progressive, metastatic androgen-
independent prostate cancer [175].

7.4
Heat-Shock Protein Inhibitors

The 90 kDa heat-shock proteins (Hsp90s) are ATP-dependent molecular
chaperones involved in the folding and stability of a selected range of sub-
strates, the so-called “client proteins” [176]. The Hsp90 family of chaperones
is composed of four isoforms: Hsp90α, Hsp90β, GRP94, and TRAP-1. The
Hsp90 chaperone binds to the “client protein” in the presence of other part-
ner proteins to produce a multiprotein complex that folds the target substrate
into its biologically active conformation. Binding and release of Hsp90 “client
proteins” is regulated by the activity of the N-terminal ATPase domain, which
binds and hydrolyzes ATP to mediate a series of association-dissociation cy-
cles between Hsp90 and its substrate.

Heat-shock proteins are believed to be involved in dealing with the cel-
lular stress associated with the hostile cancer environment, as well as being
essential for the proper function of key oncogenic proteins. Many of the pro-
teins that interact with Hsp90 are key players in signal transduction pathways
that are essential to mediate and sustain tumor cell growth and survival.
The group of Hsp90 client proteins includes PKB and PDK1, and a func-
tional chaperone is required for their correct folding and stability [177, 178].
Thus, inhibition of Hsp90 leads to the ubiquination and proteasome mediated
degradation of PDK1 and PKB [179].

The chaperoning function of Hsp90 can be “switched-off” by inhibiting its
ATP-ase activity [180, 181].

Initial attention in the development of Hsp90 inhibitors as anticancer
agents was focused on two natural products, geldanamycin (compound 43,
Fig. 8) and radicicol (also called monorden, compound 44, Fig. 8). These com-
pounds bind into the ATP-binding cleft of the N-terminal domain of Hsp90
preventing the chaperone from cycling between its ADP and ATP-bound
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Fig. 8 Representative examples of Hsp90 inhibitors

conformations [182, 183]. These natural products showed potent antitumor
activities in preclinical models [184], but, due to several development is-
sues, the clinical evaluation of these compounds has not been pursued. In
the case of geldanamycin, extensive medicinal chemistry efforts have been
made to generate analogues with improved pharmaceutical properties. One of
these derivatives, 17-allyamino-17-demethoxygeldanamycin (17-AAG, com-
pound 45, Fig. 8) [185], has undergone Phase I clinical trials and Phase II
monotherapy trials began last year (malignant melanoma). Although 17-AAG
has shown some encouraging clinical responses, it presents important draw-
backs (e.g., liver toxicity and cumbersome formulation) that may limit its
clinical application. KOS953 and CNF1010, which contain proprietary forms
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of 17-AAG in novel, optimized formulations, are also undergoing Phase I clin-
ical trials.

More recently, novel geldanamycin analogues with increased chem-
ical/metabolic stability and formulation options have been reported or
claimed. Among these new compounds, 17-(2-dimethylaminoethyl)amino-
17-demethoxygeldanamycin (17-DMAG, KOS1022; compound 46, Fig. 8) [186]
and IPI504 (structure not disclosed; a pro-drug of 17-AAG) [187] have en-
tered Phase I clinical trials.

In terms of clinical activity, promising results from a Phase I trial inves-
tigating KOS953 in patients with multiple myeloma were presented at the
American Society of Hematology meeting in 2005. Among the 22 patients
who received KOS953, one patient had a measurable response while two
showed partial responses.

As in the case of geldanamycin, synthetic efforts have been directed to
identify radicicol derivatives with improved in vivo activity [188, 189]. A rep-
resentative example of this new class of inhibitors is KF58333 (compound 47,
E-form isomer, Fig. 8), which increased the median survival time of mice in-
oculated with K562 chronic myelogenous leukemic cells when given i.v. at
50 mg/kg [189].

In addition to the medicinal chemistry activities around the preceding
natural products, structure-based design and high-throughput screening ap-
proaches have been taken to identify new chemotypes that inhibit Hsp90
ATPase activity [190, 191]. Representative examples of low-molecular mass
Hsp90 inhibitors reported to date are purine- (e.g., PU24FCl, compound 48,
Fig. 8) [192, 193], pyrazole- (e.g., CCT018159, compound 49, Fig. 8) [194], and
isoxazole- (e.g., compound 50, Fig. 8) [180] based compounds. A recent pub-
lication has shown that a new series of purine-based Hsp90 inhibitors (e.g.,
compound 51, Fig. 8) can slow s.c. tumor growth in nude mice upon oral
dosage, albeit high doses are needed (200 mg/kg/day) [195].

8
PI3K/PKB Pathway Modulators with Unknown Mechanism of Action

Effective PI3K/PKB pathway interruption has also been reported with a se-
ries of compounds whose mechanism of action is still unknown. The three
examples reviewed in this section also illustrate the potential application and
challenges that chemical genetics may face in this area of drug discovery.

Triciribine, also known as Akt/protein kinase B signaling inhibitor-2
(API-2); compound 52, Fig. 9), was identified by screening the National Can-
cer Institute Diversity Set chemical library (1992 compounds). The screen
was performed using a cell-based proliferation assay with PKBβ transformed
NIH3T3 cells, and triciribine scored positive in this assay with an IC50 value
of 50 nM [196]. Although the compound blocks the cellular phosphorylation
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Fig. 9 PI3K/PKB pathway modulators with unknown mechanism of action

of PKB (IC50 < 0.5 µM) and induces apoptosis in human tumor cells with
elevated levels of PKB, it does not inhibit the kinase activity of recombi-
nant myr-PKBβ, PI3K, or PDK1. In vivo antitumor activity (tumor growth
inhibition ≥ 80%) against a panel of s.c. human tumors xenografts (e.g., OV-
CAR3, OVAR8, and PANC1) with aberrant PKB activation was observed when
triciribine was administered i.p at 1 mg/kg/day. Ex vivo analyses of tumor
samples showed that the compound blocks PKB phosphorylation at Thr308
and Ser473 without affecting protein content. At the therapeutic dose, the
compound did not affect body weight and glucose levels in plasma. The com-
pound fulfilled the preclinical requirements and entered Phase I clinical tri-
als a few years ago. Hepatotoxicity, hypertriglyceridimia, thrombocytopenia,
hypocalcemia, and hyperglycemia have been reported as the most common
side effects, and, due to its side effects at high doses, the compound has been
limited in the clinic. Phase II clinical trials have been performed in cancer pa-
tients with advanced solid tumors, but it appears that further development of
triciribine has been discontinued. Independently of this, further understand-
ing of the molecular mechanism of the action of triciribine [e.g., molecular
target(s)] would be greatly beneficial for the design of new analogues with
improved pharmaceutical properties.

Deguelin (compound 53, Fig. 9), which is a rotenoid isolated from
Munduleasericea (Legumonosae) [197] and synthesized from rotenone [198],
has been shown to inhibit in a dose- and time-dependent manner the growth
of transformed human bronchial epithelial (HBE; IC50 < 10–8 M) [199] and
NSCLC cells [200] by blocking the PI3K/PKB-mediated signaling path-
way [199, 201]. The compound inhibited PI3K activity and reduced P-PKB
levels at concentrations of 10–7 M, but had no discernable effect on MAPK
pathway [199]. Although it is unclear how deguelin inhibits PKB activity at
this moment, experimental results seem to indicate that the mechanism of ac-
tion of deguelin involves PI3K-dependent and independent pathways [201].
In addition to its effects on the PI3K/PKB pathway, it has also been shown
that deguelin induces inhibition of COX-2 expression in HBE cells [199]. Pre-
clinical findings with carcinogenesis models have pointed to the potential
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therapeutic use of deguelin for chemoprevention in early-stage lung carcino-
genesis and in the treatment of lung cancer [201, 202]. However, no recent
developments for deguelin have been reported.

Indole-3-carbinol (compound 54, Fig. 9) and derivatives thereof have been
shown to inhibit the phosphorylation and activation of PKB in tumor-derived
breast and prostate cell lines [203, 204]. As in the other examples in this
section, the precise mechanism of compound-mediated inhibition of the
PI3K/PKB pathway needs to be elucidated, but it is clear that these molecules
are not acting as direct kinase inhibitors. Thus, indole-3-carbinol did not
inhibit PKB kinase activity when added to an in vitro kinase assay at concen-
trations up to 750 µM [203]. Recently, the biological activity of an optimized
natural indole derivative (structure not disclosed) has been reported [205].
SR13668 inhibits phosphorylation of PKB in MDA-MB-468 breast cancer cells
(c = 75 to 100 µM) and tumor xenografts (50 mg/kg/day, po). Interestingly,
assessment of glucose metabolism in mice treated at doses ten times higher
than were needed for antitumor activity showed no adverse effect on the
fasting glucose concentration after 14 days of oral treatment. The compound
also significantly inhibited angiogenesis in the choroallantoic membrane as-
say, and was effective at inhibiting adriamycin-, cisplatin-, and tamoxifen-
resistant breast cancer cell lines. Although this compound was selected for
inclusion in the National Cancer Institutes’ “Rapid Access to Preventive Inter-
vention Development” (RAPID) program, its development status is unclear at
this point in time.

9
Conclusions and Outlook

As shown in the preceding sections, substantial drug discovery efforts have
been devoted in the past few years to identify and develop therapeutic agents
able to specifically down regulate the PI3K/PKB pathway in tumor cells. Al-
though often non-selective for the intended target, first generation inhibitors
have been extensively used as molecular probes for improving our under-
standing of biological processes associated with this pathway. A few of these
early inhibitors, or closely related analogues, have provided proof-of-concept
in preclinical settings and entered clinical trials. The differences in thera-
peutic response and toxicity observed with these compounds suggest that
inhibiting the PI3K/PKB pathway at different nodes might yield very differ-
ent antitumor activities and therapeutic windows. Overall, we can conclude
that the introduction of PI3K/PKB inhibitors as potential targeted anticancer
agents is still in an early stage, and that additional preclinical and clinical
investigations with more selective inhibitors, or at least better characterized
compounds, will be required to determine where and how to target the PI3K
survival pathway in order to provide the best efficacy and therapeutic window.
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Abstract Inhibitors of the kinases controlling the cell cycle have emerged as an import-
ant therapeutic modality for the treatment of cancer. Drug discovery efforts have focused
on inhibitors of the cyclin-dependent kinases, the Aurora kinases, and Polo-like kinases.
Agents for each kinase are now advancing in human clinical trials. In this review we will
summarize the work in this area with special emphasis on the structural biology and
structure–activity relationships developed for the many chemotypes explored.
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1
Introduction

Therapeutic intervention targeting the cell cycle has emerged as an import-
ant strategy for the development of new therapeutic agents for the control of
cancer. To realize this approach, three kinase families have been studied ex-
tensively by the pharmaceutical industry, academia, and government because
of their role in driving the proliferation of tumor cells. The most mature effort
has been the development of inhibitors of cyclin-dependent kinases (CDK1,
CDK2 and CDK4,6), long recognized as enzymes responsible for control of
the entry into and exit from the cell cycle in proliferating cells. In the last few
years the focus has shifted to the development of inhibitors of Aurora kinase
A and B, kinases involved in the regulation of spindle assembly and chro-
mosome processing. Finally, Polo-like kinase-1 (PLK1), a regulator of spindle
formation, chromosome segregation, centrosome maturation, and cytokine-
sis has become the subject of recent interest.

The universal strategy has been to develop inhibitors of the adenosine
triphosphate (ATP) binding site of these kinases. The advantages and chal-
lenges of this approach can be understood by considering the nature of nu-
cleotide cofactor binding. ATP, a compact, highly solvated heterocycle, binds
with modest affinity to a binding domain composed of a fairly conserved
peptide sequence found throughout the 518 protein kinases of the human
kinome [1]. The challenge for the medicinal chemist has not been to find
inhibitors with high affinity for this binding site, but rather to design in speci-
ficity. As daunting as this task may appear, however, considerable progress
has been made by taking advantage of the great deal of structural biology
information that has been generated for this enzyme class [2]. It is clear
from the available data, some reviewed here, that kinase inhibitor profiles
range from highly selective to quite promiscuous. In this chapter we review
the progress that has been made in the discovery of inhibitors of the CDK,
Aurora and PLK kinases through the eyes of the medicinal chemist. Our
emphasis will be on the available structural data and the structure–activity
relationships developed in the design of potent and selective inhibitors of
these targets.

2
Cyclin-Dependent Kinases

2.1
Biology of the CDKs

Progression through the four phases of the cell cycle is tightly regulated
by the temporal expression and destruction of CDK complexes. The het-
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erodimeric complexes of a CDK catalytic subunit and a cyclin regulatory
subunit trigger the phosphorylation of key substrates such as Rb to drive
the cell cycle [3]. These complexes are themselves regulated both by phos-
phorylation and through interactions with endogenous cell-expressed CDK
inhibitors. CDK4 and CDK6 partner with the D type cyclins to control early
to mid-G1 progression in response to mitogenic signals, CDK2 binds cyclin E
to drive the cell through the G1 to S checkpoint, then with cyclin A to con-
trol progression through S phase. Subsequently, CDK1 forms a complex with
cyclin A during G2, then cyclin B to control entry into mitosis.

Clinical evidence supports a significant role for these complexes in tumor
development. The catalytic CDK subunits have been shown to be overex-
pressed in a variety of cancers: breast [4], lung [5], and pancreatic [6] cancers
for CDK4; gastric [7], ovarian [8], and hepatocellular [9] cancers for CDK2;
and breast [10] and oral squamous cell [11] cancers for CDK1. Often CDK
overexpression is accompanied by overexpression of the regulatory cyclin
subunits [6–9]. When enhanced expression of cyclins and CDKs is not seen
in cancer samples, decreased expression of the naturally occurring CDK in-
hibitors is often detected, resulting in a net increase in basal activity in the
cell [12]. Components of this network of kinases are therefore attractive drug
targets for selective and multi-targeted agents; the discovery of compounds of
both of these classes will be discussed.

2.2
Structural Biology of the CDKs

CDKs are serine/threonine kinases displaying the typical bilobal kinase motif
found in all kinases (Fig. 1) [13]. Because of the strong sequence homology
between CDKs, it is expected that their three-dimensional structures will be
similar. The structures of the CDKs consist of an amino-terminal lobe rich
in β-sheets and a larger, mostly α-helical, carboxy-terminal lobe. The ATP
binding site is located in a deep cleft between the two lobes, which are linked
together by a “hinge” region that plays an important role in forming the
catalytic active site. Crystallographic studies have shown the important in-
fluence cyclin binding has on the CDKs. Cyclin binding remodels the kinase
architecture from an inactive to an active conformation with respect to sub-
strate binding, positioning of ATP, and configuration of the active site. First,
the activation-loop, which blocks substrate access in the monomeric CDKs,
is forced outside the catalytic cleft after the cyclin binds and promotes the
activating phosphorylation. The activating phosphorylation of the CDKs is
catalyzed by the CDK activating kinase CAK, itself a cyclin-dependent ki-
nase consisting of a CDK7 catalytic subunit in complex with cyclin H and an
assembly factor Mat1. CAK phosphorylates a conserved serine or threonine
site in the activation-loop of the CDKs. Phosphorylation on threonine (CDK1
Thr161; CDK2 Thr160; CDK4 Thr172; CDK6 Thr177) induces a further con-
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Fig. 1 Ribbon structure of the CDK enzyme complexed with cyclin

formational change in the CDK, resulting in enhanced interaction between
the CDK, the associated cyclin, and the substrate. Both cell cycle CDKs (such
as CDK1, CDK2, and CDK4,6) and transcription CDKs (such as CDK7 and
Kin28p) have been shown to require CAK phosphorylation to be activated.
The second conformational change induced by cyclin binding is found within
the ATP binding site where a reorientation of the amino acid side chains
induces the alignment of the triphosphate of ATP necessary for phosphate
transfer [14–16].

Crystal structures for the kinases CDK2, CDK6 and CDK7 have been
reported in the literature. The structures for CDK2 include Apo-CDK2,
phosphorylated and unphosphorylated CDK2/cyclin A/ATP complexes, the
p27Kip1 inhibitory domain bound to the phospho-CDK2/cyclin A com-
plex, CDK2/cyclin A complex with recruitment peptides, CDK2/cyclin M,
CDK2/KAP, CDK2/cyclin E, and with small molecule inhibitors bound to the
active site [17–27]. Three structures of CDK6/cyclin V complexed with the
inhibitor INK4 have been described as well as an inactive ternary complex be-
tween CDK6/viral cyclin D/INK4 and CDK6/cyclin V with a flavone inhibitor
bound in the active site [28–32]. One X-ray crystal structure of human CDK7
in complex with ATP has been reported [33]. Although there is no reported
structure for wild-type CDK4, crystal structures of a CDK4 mimetic have
been described [34]. This approach utilized a CDK2 mutant with the same
amino acid sequence as CDK4 in the ATP binding pocket. The mutant en-
zyme was crystallized both in its free form and with a series of small molecule
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inhibitors (vide infra). The structural information gleaned from this CDK4
mimic led to the development of highly specific CDK4 inhibitors. There is no
reported crystal structure for CDK1; however, homology models have been
constructed based on the CDK2 structure [35, 36].

2.3
Structure–Activity Relationships of CDK Inhibitors

Flavopiridol (alvocidib, 1) serves as the prototype inhibitor for this class of
cell-cycle regulator as the first CDK inhibitor to enter clinical trials [37–
39]. Preclinical studies have characterized 1 as a pan-CDK inhibitor active
against CDKs – 1, – 2, – 4, – 6 and – 7 with IC50 values ranging from 100
to 400 nM. The web page www.clinicaltrials.gov lists 47 human trials of 1 at
this time. However, reports from completed clinical studies claim only mi-
nor responses for this compound as a single agent or in combination. Dose
scheduling in initial trials used long continuous infusions that produced only
nanomolar plasma levels of drug and accentuated toxicities. Currently, bo-
lus infusions followed by maintenance infusions are being tried to achieve
micromolar levels of drug. A further complication has been the lack of ac-
ceptable pharmacodynamic endpoints to gauge effective doses in these early
trials. Clinicians are attempting to optimize study design with 1 then follow
up with more potent inhibitors of the CDK target [40].

Structure 1

Extensive efforts by many groups, both in industry and academia, have
led to the identification of a number of more potent inhibitors of the CDKs.
It is beyond the scope of this chapter to cover them all in detail so repre-
sentative series have been selected to illustrate how inhibition activity and
kinase selectivity have been optimized through the use of X-ray crystallog-
raphy, modeling, and traditional SAR studies. The reader may turn to many
excellent general reviews covering the CDKs for further information [41–47].
A number of more recent compounds with a variety of CDK profiles, in-
cluding seliciclib (3), AG-024322 (20), PD0332991 (32a), Ro4584820 (46) and
BMS-387032 (64, a.k.a SNS-032), have progressed to clinical trials [48] and
data from these studies are awaited.
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2.3.1
Purines

Extensive efforts over the last 12 years, carried out in both industrial and
academic laboratories, have been focused on purine analogs as CDK in-
hibitors. Since the discovery of the olomoucine (2) [49], the first inhibitor
with a reasonable selectivity profile for the CDKs, a number of potent and
selective purine analogs have been identified: (R)-roscovitine (CYC202, selici-
clib) (3), H717 (4) and purvalanols A and B (5a,b). Many of these compounds
have undergone preclinical in vivo efficacy studies and clinical evaluation,
thus confirming that the CDKs are a proper target for the development of
new anticancer drugs [50–52]. This area has been extensively reviewed and
these publications offer a more in-depth discussion of the purine chemotype
than possible here [53–55]. In this section we will highlight the discovery
of NU6102 (7b) as a representative example of this chemical class [56–
58]. The ATP-competitive purine inhibitor NU2058, 6 (CDK1 Ki = 5 µM;
CDK2 Ki = 12 µM), was the starting point for a structure-based design pro-
gram carried out by AstraZeneca in collaboration with Newcastle University.
A crystal structure of 6 bound to the fully activated CDK2/cyclin A com-
plex was obtained to determine the binding mode of this class of inhibitors.
Compound 6 (Fig. 2) formed three hydrogen bonds between the purine
and residues Asp81 and Leu83 of the hinge region of CDK2. An edge–face
aromatic–aromatic contact was formed between the purine and Phe80 while
the O6-cyclohexylmethyl group is situated in the binding site that accom-
modates the ribose moiety of ATP. This group forms a hydrophobic interac-
tion with the non-polar glycine-rich loop. Previous SAR studies showed that
the O6-cyclohexylmethyl group was optimal and was retained in subsequent
analogs.

Fig. 2 Binding model for compound 6 in CDK2
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Structure 2

Structure 3

Structure 4

Structure 5
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Structure 6

Analysis of these structural features led to the hypothesis that elaboration
at the 2-position of the purine would enhance potency. From the 2-position,
groups would contact the “specificity surface” of CDK2 and project out of
the ATP binding pocket to solvent. Substitution here offered the potential to
increase potency and selectivity, and to improve the physiochemical proper-
ties of these inhibitors. Incorporation of an aniline at the 2-position gave 7a,
an inhibitor with a >tenfold increase in potency against CDK2 over 6. To in-
crease potency further, a sulfonamide group was added to the para-position
of the aniline ring to form a hydrogen bond to the Lys89. Analog 7b (NU6102)
was a highly potent CDK1 and CDK2 inhibitor (CDK1 Ki = 0.0095 µM; CDK2
Ki = 0.0054 µM), was selective versus CDK4 (> 250-fold compared to CDK2),
and inhibited cell growth in MCF-7 tumor cells in vitro. The crystal struc-
ture of 7b bound to the CDK2/cyclin A complex confirmed that the ani-
line ring was situated within the ATP binding cleft and directed towards
the solvent interface. Interestingly, the X-ray structure of 7b revealed that
the sulfonamide group interacts with Asp86, rather than Lys89 as hypoth-
esized. The – NH2 of the sulfonamide donated a hydrogen bond to a side-
chain carboxylate oxygen and a sulfonamide oxygen accepted a hydrogen
bond from the backbone – NH – of Asp86. The importance of this inter-
action was highlighted by comparison of N-methylsulfonamide 7c (CDK1

Structure 7
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Ki = 0.009 µM; CDK2 Ki = 0.007 µM), that was as active as 7b, with the N,N-
dimethylsulfonamide 7d (CDK1 Ki = 0.077 µM; CDK2 Ki = 0.056 µM) that
was substantially less potent. These results indicate that at least one sulfon-
amide H-bond interaction was required for optimal binding to the enzyme.
Consistent with this conclusion, the methylsulfone 7e was equipotent (CDK1
Ki = 0.08 µM; CDK2 Ki = 0.063 µM) to 7d.

2.3.2
Pyrrolocarbazoles

A screening effort at Lilly identified the natural product arcyriaflavin A (8a)
as a potent inhibitor of CDK4/cyclin D1 (IC50 = 0.16 µM) [59]. SAR devel-
opment of this lead revealed that substitution at – R1 enhances potency
for CDK-4 by about twofold while increasing selectivity against CDK1 and
2, CamKII, and PKA. Addition of an alkyl group at – R2 improved selec-
tivity further. The most potent compound of this series was 8b (CDK-4/
cyclin D1 IC50 = 0.042 µM) with good selectivity against CamKII and PKA
(IC50 > 2.0 µM for both) but with modest inhibition against CDK-2/cyclin E
(IC50 = 0.121 µM). This compound had submicromolar anti-proliferative
activity against HCT-116 and H460 tumor cell lines and induced G1 ar-
rest in both cell lines at 0.5 µM and 2 µM concentrations. Unspecified
analogs from this series were claimed to induce tumor growth delay in
a HCT-116 tumor xenograft model. A head-to-head comparison of the
indolo-[2,3-a]pyrrolo[3,4-c] carbazoles 8a–e and their bis-indolylmaleimide
synthetic precursors 9 demonstrated that between related analogs the
pyrrolocarbazoles were almost tenfold more potent as CDK4 inhibitors than
the maleimides [60]. Furthermore, as expected for potent inhibitors of CDK4
and CDK2, 8a–e caused G1 phase arrest in HCT-116 and H460 tumor cells,
while the maleimides (9) tested induced G2/M phase cell cycle arrest. These
findings are exemplified by 8c–e. Compound 8c was a potent inhibitor of
CDK4 (IC50 = 0.05 µM) and CDK2 (IC50 = 0.16 µM) with anti-proliferative ac-
tivity against HCT-116 (IC50 = 0.52 µM) and H460 (IC50 = 0.53 µM). Methyl

Structure 8
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Structure 9

substitution in 8d gave a compound that was potent against CDK4 (IC50 =
0.08 µM) but not against CDK2 (IC50 > 1.0 µM). Activity against both HCT-
116 (IC50 = 0.51 µM) and H460 (IC50 = 0.41 µM) cell lines was maintained.
Alkylation of both indole nitrogens in 8e gave a compound with reduced
CDK4 inhibition (IC50 = 0.26 µM) but potent CDK2 activity (IC50 < 0.06 µM).
Anti-proliferative activity was submicromolar in both tumor cells lines for 8e.
The proposed binding model for these compounds rationalized much of the
observed selectivity by invoking interactions between substituents at – R2 and
– R3 with the peptide side chains of Asp86, Gln131 (CDK2) or Glu131 (CDK4)
and Glu145 in the ATP binding site.

Quinoline and isoquinoline fused pyrrolocabazole analogs were a further
elaboration of screening hit 8a with improved enzyme and cell activity [61].
Compounds 10a and 10b represent ring fusions that gave the best CDK4 in-
hibition activity. The most potent compound was 10a in both the enzyme
and tumor cell anti-proliferation assays (CDK4/cyclin D1 IC50 = 0.069 µM,
HCT-116 IC50 = 0.13 µM, H460 IC50 = 0.074 µM) while 10b was effective in
a HCT-116 tumor xenograft model. A broad survey of indole replacements
found that the naphthyl[2,1-a] analog 10c was a potent CDK4/cyclin D1 inhi-
bition (IC50 = 0.045 µM), with good selectivity against PKA, PKCα, PKCβII,
PKCγ , and glycogen synthase kinase-3β (GSK-3β) and modest selectivity
versus CDK1 and 2 [62]. Unfortunately, 10c had poor anti-proliferative activ-
ity against the HCT-116 (IC50 = 5.05 µM) and H460 (IC50 = 2.11 µM) tumor
cell lines, possibly due to the low aqueous solubility of this molecule. Other

Structure 10
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Structure 11

scaffolds, represented by 11a (IC50 = 0.18 µM), 11b (IC50 = 0.26 µM), and 12
(IC50 = 0.15 µM), had good activity against CDK4/cyclin D1. The Lilly group
published an extensive study of indolo[6,7-a]pyrrolo[3,4-c]carbazoles (13a–
c) [63]. Compound 13a was potent as both a CDK4 (IC50 = 0.017 µM) and
CDK2 (IC50 = 0.006 µM) inhibitor while having anti-proliferative activity in
the HCT-116 (IC50 = 0.17 µM) and H460 (IC50 = 0.23 µM) cell lines. Selec-
tivity against CDK2 was obtained with substitution at R2. Introduction of
a solubilizing group at this position gave 13b (CDK4 IC50 = 0.008 µM; CDK2
IC50 = 0.978 µM) and 13c (CDK4 IC50 = 0.019 µM; CDK2 IC50 = 1.03 µM). Be-
tween the two more soluble analogs, 13b is superior as an anti-proliferative
agent (HCT-116 IC50 = 0.20 µM; H460 IC50 = 0.14 µM). Compound 13c was
selective when screened against 39 kinases (IC50 > 5 µM).

Structure 12

Structure 13



Progress in the Development of Agents to Control the Cell Cycle 219

2.3.3
Paullones

With flavopridol (1) as a reference, a COMPARE search of compounds eval-
uated by the NCI as part of the Anti-tumor Drug Screen program (ADS)
uncovered kenpaullone (14a) as a potential CDK1/cyclin B inhibitor (IC50 =
0.4 µM). Subsequent testing confirmed this activity [64]. From a model of
14a docked in the ATP binding site of CDK2, it was suggested that sub-
stitution at the 9-position with a hydrogen bond acceptor might increase
affinity by forming a H-bond with a conserved water molecule found in
the crystal structure of CDK2 [65]. This hypothesis was confirmed by com-
paring the unsubstituted paullone scaffold 14b, with poor CDK1 activ-
ity (IC50 = 7.0 µM), to 9-CN paullone 14c, a 300-fold improvement (IC50 =
0.024 µM). Substitution with a nitro group at the 9-position gave alster-
paullone (14d, IC50 = 0.035 µM), a compound with submicromolar anti-
proliferative activity against the HCT-116 tumor cell line (GI50 = 0.83 µM).
Further analysis of the model of 14a docked in CDK2, suggested that sub-
stitution on the 2-position of the paullone scaffold with an alkyl chain
terminated by a polar group should afford favorable interactions between
the polar group and solvent or protein side chains at the solvent inter-
face of the binding pocket. Synthesis and testing of a series of 2-alkyl-9-
trifluoromethyl paullones identified the 2-cyanoethyl analog 15a as a potent
inhibitor of CDK1/cyclin B (IC50 = 0.047 µM) and tumor cell proliferation
(HCT-116 GI50 = 0.79 µM) [66]. A further improvement was observed for
the 2-cyanoethyl version of alsterpaullone 15b. This compound was reported
to be a remarkably potent inhibitor of CDK1/cyclin B (IC50 = 0.00023 µM),
CDK5/p25 (IC50 = 0.030 µM), and GSK-3β (IC50 = 0.0008 µM) [67]. The se-

Structure 14

Structure 15
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lectivity of the paullones was investigated by affinity chromatography. The
4-aminobutoxy group substituted at the 2-position of the kenpaullone scaf-
fold (16, nee gwennpaullone) was found to be a suitable side chain ana-
log for immobilization to an agarose matrix. Following elution of porcine
brain extracts from the modified agarose with increasing concentrations of
ATP, analysis of the bound proteins by SDS-PAGE confirmed GSK-3α and
GSK-3β as additional kinase targets inhibited by the paullones [68]. The
CDK2/cyclin A crystal structure was used as a starting point for a homol-
ogy model of 14a bound to the ATP site of CDK1/cyclin B. This model was
the basis of a 3D-QSAR study that resulted in the accurate prediction of the
CDK1 pIC50 values for 9-cyanopaullone 14c and the 9-nitro alsterpaullone
14d [69, 70]. Using a CoMSIA analysis, the comparison of several equations
with different combinations of electronic and steric parameters, showed that
a simple relationship between the polar effect (σm) of the 9-substituent gave
the best prediction of CDK1 pIC50 values. Because derivatives of the paullone
scaffold were known to have good activity for GSK-3 and CDK5, targets of in-
terest for diabetes and Alzheimer’s disease, the CoMSIA approach was applied
to both GSK-3 and CDK5 to provide a rational basis for the design of selective
inhibitors of these enzymes [71].

Structure 16

2.3.4
1H-Pyrazolo[3,4-b]pyridine

Bristol Myers Squibb has reported a series of 1H-pyrazolo[3,4-b]pyridines to
be CDK1/CDK2 selective inhibitors [72–74]. Initial screening efforts identi-
fied SQ-67563 (17a), as an inhibitor with moderately potent enzyme activity
(CDK1/cyclin B IC50 = 0.15 µM, CDK2/cyclin E IC50 = 0.11 µM) and selectiv-
ity for the CDKs. Optimization efforts led to the discovery of BMS-265246
17b, a potent and selective inhibitor of CDK1 and CDK2 (CDK1/cyclin B
IC50 = 0.006 µM, CDK2/cycline E IC50 = 0.009 µM and CDK4 IC50 = 0.23 µM).
Critical to the activity of these inhibitors was the 2,6-difluorobenzoyl sub-
stituent. Benzoyl group substitution analogs revealed a para methyl group
(17c, CDK2/cycline E IC50 = 0.21 µM) was preferred over the ortho or meta
substitutions. 2,6-Difluoro-substitution (17d, CDK1/cyclin B IC50 = 0.032 µM,
CDK2/cycline E IC50 = 0.064 µM and CDK4 IC50 = 21 µM) conferred im-
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Structure 17

proved CDK1 and CDK2 activity with selectivity against CDK4. Structure–
activity studies showed that replacing the benzoyl group of 17a with small
alkyl groups such as methyl (18a, CDK2/cyclin E IC50 > 1.0 µM) resulted in
a >tenfold loss in activity while a 3-pyridyl ring (18b, CDK2/cyclin E IC50 =
2.4 µM) caused about a 200-fold loss in potency. An amide (18c, R = PhNH-,
CDK2/cyclin E IC50 = 19 µM) and a methyl ester (18d, CDK2/cyclin E IC50 >
1.0 µM) at this position were not tolerated. On the other hand, neutral het-
erocycles, such as the 2-furanyl analog (18e, CDK1/cyclin B IC50 = 0.28 µM,
CDK2/cyclin E IC50 = 0.18 µM) had activity comparable to the initial hit 17a.
Compound 17b was the most potent CDK1/CDK2-selective inhibitor of this
chemotype. It was 25- and 11-fold more potent than 17a versus CDK1 and
CDK2, respectively. Furthermore, 17b has anti-proliferative activity against
the A2780 ovarian cancer cell line (IC50 = 0.78 µM). X-ray crystal structures
of a 4-bromo-2,6-difluorobenzoyl analog and 17a bound in the ATP bind-
ing site of unactivated CDK2 have been reported. These structures reveal
that both compounds form a hydrogen bond between the pyrazolopyridine
1-NH and the 7-position ring nitrogen with the backbone amide carbonyl
oxygen and NH of Leu83, while the 4-butoxyl side chain spans the re-
gion occupied by the ribose of ATP without forming specific contacts with
the protein. The 4-bromo-2,6-difluorobenzoyl and benzoyl group of 17b lie
buried within the protein, contacting Phe80 through a lipophilic stacking
interaction.

Structure 18
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2.3.5
3,5-Substituted-Indazoles

A novel series of 3,5-substituted indazoles were reported by Agouron (now
Pfizer) to be CDK2/cyclin A inhibitors [75, 76]. Compound 19 was a po-
tent inhibitor of CDK2/cyclin A (19 Ki = 0.05 µM), while 20 (AG-024322) was
a pan-CDK inhibitor with Ki values in the range of 0.001 to 0.003 µM for
CDKs 1, 2, and 4. Compound 20 had potent in vitro anti-proliferative activity
against the HCT-116 colon tumor cell line (IC50 = 0.030 µM), the lung tumor
cell line A549 (IC50 = 0.090 µM), breast MDA-MB-468 (IC50 = 0.20 µM), and
ovarian A2780 (IC50 = 0.080 µM). In vivo 20 inhibited tumor cell growth in
HCT-116, A2780, and HL60 (leukemia) xenograft models [77]. Compound 20
(AG-024322) is in early human clinical trials.

Structure 19

Structure 20

2.3.6
Indeno[1,2-c]pyrazol-4-ones

High throughput screening of the DuPont Pharmaceuticals (now Bristol-
Myers Squibb) compound collection against CDK4/cyclin D led to the
identification of 21a (CDK4/cyclin D IC50 = 26 µM, CDK2/cyclin E IC50 =
45 µM) [78, 79]. Screening against other CDKs and relevant serine/threonine
kinases showed 21a to be selective for the CDK family. SAR studies with
this series demonstrated that the pyrazole NH provided a key interaction
with the enzyme since the N-methyl analog 21b was inactive (CDK4/cyclin D
IC50 > 340 µM, CDK2/cyclin E IC50 > 340 µM). Modifications of the aromatic
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Structure 21

portion of the indenopyrazole to introduce a hydrogen bond donating sub-
stituent gave the 5-acetamido analog 21c (CDK4/cyclin D IC50 = 0.46 µM,
CDK2/cyclin E IC50 = 0.51 µM). Extensive variation at – R2 suggested the
presence of a binding pocket that was rather large and promiscuous [80].
According to modeling studies – R2 was situated within the ATP bind-
ing pocket, not just protruding out to solvent; this hypothesis was con-
firmed by X-ray crystallography. A variety of substituted N-glycyl analogs
were prepared with high affinity for CDK2 and CDK4. The most active
analogs were N-methylpiperazinyl 21d (CDK4/cyclin D IC50 = 0.125 µM,
CDK2/cyclin E IC50 = 0.012 µM), and the morpholine 21e (CDK4/cyclin D
IC50 = 0.195 µM, CDK2/cyclin E IC50 = 0.021 µM). The addition of the highly
polar substituents to these molecules dramatically improved their physi-
cal properties [81]. Replacing the N-alkylglycinamide group at – R2 with
a urea also produced potent analogs. The most active was unsubstituted 21f
(CDK4/cyclin D IC50 = 0.066 µM, CDK2/cyclin E IC50 = 0.007 µM) while dis-
ubstitution of the urea, as with the N′,N′-diethyl analog 21g (CDK4/cyclin D
IC50 > 1.3 µM, CDK2/cyclin E IC50 > 1.3 µM), rendered the series inactive.
This loss in activity was postulated to arise from a combination of intolerance
of the binding pocket to branching at this position and the loss of a NH hydro-
gen bond. Although the urea modification produced potent compounds they
were poorly soluble compared to the glycinamides [81]. Introducing a semi-
carbazide moiety at – R2 improved the CDK4 activity, giving compounds that
were equipotent for both CDK2 and CDK4. Two analogs, 21h (CDK4/cyclin D
IC50 = 0.009 µM, CDK2/cyclin E IC50 = 0.012 µM) and 21i (CDK4/cyclin D
IC50 = 0.012 µM, CDK2/cyclin E IC50 = 0.018 µM), were tenfold more po-
tent against CDK4 than the corresponding glycinamides. Molecular modeling
studies could account for the improved activity of the ureas and semicar-
bazides over the glycinamides: the added NH of the semicarbazide or urea
functionality formed an additional H-bond with the side chain carbonyl of
Asp156.
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A variety of groups substituted on the 3-position of the pyrazole were
accommodated including phenyl, heterocycles, and alkyl. In the case of the
3-phenyl analogs, small alkyl, aminoalkyl, and alkoxide substituents were tol-
erated in the para position of the phenyl ring. The most potent analogs were
a series of glycinamides with either the para-dimethyl-aminophenyl (22a,
CDK4/cyclin D IC50 = 0.007 µM, CDK2/cyclin E IC50 = 0.015 µM) or para-
morpholinophenyl (22b, CDK4/cyclin D IC50 = 0.018 µM, CDK2/cyclin E
IC50 = 0.026 µM) at the 3-position. In both cases the N-4-((aminomethyl)pi-
peridine)glycinamide substituent at the 5-position gave very potent CDK4/
cyclin D and CDK2/cyclin E activity. Substitution of the 3-position with
a thiophene or thiazole yielded potent analogs in the 5-semicarbazide se-
ries [81]. While these compounds were more potent than the 3-phenyl
and 3-alkyl analogs, 3-thiophenes and 3-thiazoles usually displayed high
plasma protein binding. However, compounds 23 and 24 from this series
were shown to have anti-proliferative activity and selectivity for HCT116
(23 IC50 = 0.13 µM; 24 IC50 = 0.014 µM) cancer cells over a “normal” hu-
man fibroblast cell line AG1523 (23 IC50 > 30 µM; 24 IC50 > 21 µM), sug-
gesting the potential for a therapeutic window between spontaneously pro-
liferating cancer cells and quiescent normal cells. They displayed excellent
activity against CDK1/cyclin B (23 IC50 = 0.004 µM; 24 IC50 = 0.006 µM),
CDK2/cyclin E (23 IC50 = 0.013 µM; 24 IC50 = 0.014 µM), and CDK4/cyclin D1
(23 IC50 = 0.057 µM; 24 IC50 = 0.007 µM) as well as good selectivity against
other kinases. Both analogs demonstrated activity against a broad panel of
human and murine tumor cell lines.

Structure 22

Structure 23
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2.3.7
3-Aminopyrazoles

Pharmacia (now Pfizer) reported on a series of N-acyl-3-aminopyrazoles as
potent CDK2 inhibitors [82–84]. Compounds 25 and 26 inhibited CDK2/
cyclin A (25 and 26 IC50 = 0.037 µM) and had modest selectivity against
CDK1/cyclin B (25 IC50 = 0.27 µM; 26 IC50 = 0.208 µM) and CDK5/p25
(25 IC50 = 0.114 µM; 26 IC50 = 0.065 µM). However, these compounds were
> 500-fold selective against CDK4 and a panel of 31 unrelated kinases. Both
inhibited A2780 and HT-29 tumor cell proliferation in vitro and exhibited
anti-tumor activity in-vivo at 7.5 mg/kg (p.o., bid) in the human ovarian
A2780 xenograft model with > 50% inhibition of tumor growth for 25 and
> 70% inhibition for 26. Compounds 25 and 26 had good ADME properties;
however 25 had higher plasma protein binding (99% bound) than 26 (74%
bound). In the crystal structure of 25 bound to CDK2 (Fig. 3), the 5-position
of the pyrazole ring was oriented toward the Phe80 residue, thus the addition
of large groups at this site was predicted to cause an unfavorable steric inter-
action and result in a loss of binding affinity. Consistent with this analysis,
only small cycloalkyl groups were accommodated at the 5-position.

Structure 25

Structure 26
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Fig. 3 Compound 25 bound to CDK2

A second series of pyrrolo[3,4-c]pyrazoles exemplified by 27 was reported
by Pfizer [85]. Compound 27 was a potent CDK2/cyclin A inhibitor (IC50 =
0.036 µM) with moderate selectivity against CDK1/cyclin B (20-fold) and
CDK5/p25 (fourfold), and good selectivity versus CDK4/cyclin D (> 278 fold)
and Aurora-A (> 278-fold). Compound 27 did not significantly inhibit other
protein kinases (IC50 > 10 µM) in a panel of 22 enzymes; however, it was a po-
tent inhibitor of GSK-3β. This compound was an effective anti-proliferative
agent against the A2780 ovarian tumor cell line (IC50 = 0.130 µM), as well
as the HCT116 (IC50 = 0.120 µM) and HT-29 (IC50 = 0.070 µM) colon tu-
mor cell lines. Analysis of the cell cycle profile and the CDK2 substrate
phosphorylation status demonstrated that the anti-proliferative effect was
mediated by CDK2 inhibition. SAR studies found the combination of
a 3-arylacetamide substituent with the pyrrolo[3,4-c]pyrazole scaffold, as
with 27, produced inhibitors that preferentially inhibited CDK2/cyclin A,
whereas, substitution with a 3-benzamide group produced inhibitors of
Aurora-A. GlaxoSmith Kline disclosed a series of N-aryl 3-aminopyrazoles
as inhibitors of CDK2 [86]. Compound 28a was a potent inhibitor of CDK2
(IC50 = 0.00034 µM) with 1000-fold selectivity versus CDK1 and six other ki-
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Structure 28

nases. In an X-ray crystal structure of 28b with activated CDK2, this inhibitor
was bound in the ATP binding pocket of the kinase with the sulfonamide NH
forming a hydrogen bond to the Asp86 residue located at the opening to the
ATP binding cleft.

2.3.8
Pyrido[2,3-d]pyrimidin-7-one

Pfizer/Warner Lambert disclosed in patents and papers the CDK inhibi-
tion activity of pyrido[2-3-d]pyrimidin-7-ones 29a–e [87–92]. The 6-aryl
substituted pyrido[2-3-d]pyrimidin-7-one template was the starting point
for the program, though it was known to be active against EGFr, FGFr,
PDGFr, and c-Src. Homology binding models suggested that if the 6-aryl
group of the pyrido[2-3-d]pyrimidin-7-one core was removed, the result-
ing molecule would be accommodated by the CDK ATP binding site. This
was confirmed with compound 29a (CDK4/cyclin D IC50 = 0.62 µM). SAR
studies of the 2-aniline substitution pattern showed a strong preference for
electron releasing substituents in the para position. For example, the m-meth-
oxyaniline analog 29b (CDK4/cyclin D IC50 > 40 µM) was inactive versus
CDK4 while the p-methoxyaniline 29c (CDK4/cyclin D IC50 = 0.60 µM) was
equipotent to 29a. The most effective para-substituents in this study were
the 2-(dimethylamino)ethoxy analog 29d (CDK4/cyclin D IC50 = 0.16 µM)
and the N-methylpiperizine 29e (CDK4/cyclin D IC50 = 0.085 µM). Tertiary
amine substituents, as exemplified by 29d and 29e, enhanced potency through

Structure 29
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a beneficial electrostatic interaction with the carboxylate side chain of Asp98.
SAR studies focused on the 8-position of the pyrido[2-3-d]pyrimidin-7-one
demonstrated the presence of a large hydrophobic pocket. There was a pref-
erence for cycloalkyl groups over linear alkyl or aryl groups. Combination
of the best 2-anilines with the most potent 8-position cycloalkyl moieties
gave analogs with greatly improved activity, such as 30 (CDK4/cyclin D
IC50 = 0.008 µM).

Structure 30

These CDK inhibitors were evaluated against CDK1/cyclin B, CDK2/
cyclin A, CDK2/cyclin E and CDK4/cyclin D. In general, they have modest
selectivity for CDK4 over CDK1 and 2. Compound 30 had the best profile
with greater than 15-fold selectivity for CDK4/cyclin D over CDK2/cyclin E
and no inhibition activity against CDK1/cyclin B. Furthermore 30 was
a potent inhibitor of proliferation of the HCT116 human colon cell line
(IC50 = 0.213 µM). When the 2-aniline was replaced with a 2-aminopyridine
substituent there was a substantial improvement in CDK4 selectivity over
CDK2. Further modification with the addition of a bromine atom at
the 6-position resulted in compound 31 (CDK4/cyclin D IC50 = 0.016 µM,
CDK2/cyclin A IC50 > 5 µM, CDK2/cyclin E IC50 > 5 µM), a CDK4 selective

Structure 31
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inhibitor reported to induce G1 arrest on asynchronously growing Rb-
positive MDA-MB453 breast cancer cells. A wide range of substitutions at
the 6-position improved potency while maintaining good selectivity, includ-
ing small polar groups such as NH2, non-polar groups such as ethyl, and
chain-extended substituents such as methoxyethoxymethyl. However, the
bulky sec-butoxy group was not tolerated, suggesting a size limitation in
this region of the binding pocket. A methyl group at the 5-position of the
pyrido[2-3-d]pyrimidin-7-one template influenced selectivity and potency.
This effect of the 5-methyl group was dependent on the nature of the adja-
cent 6-substituent. Improved potency and selectivity was observed for 32a
where the 5-methyl group was paired with a 6-acetyl group (CDK4/cyclin D
IC50 = 0.011 µM, CDK2/cyclin A IC50 > 5 µM) rather than the 6-bromine
atom in 32b (CDK4/cyclin D IC50 = 0.16 µM, CDK2/cyclin A IC50 > 5 µM).
This result suggested that the 6-acetyl carbonyl can form an effective H-bond
interaction with the protein only when the adjacent 5-methyl group forces
the carbonyl out of the plane of the pyrido[2-3-d]pyrimidin-7-one tem-
plate. Extensive SAR studies determined that the optimal substituent for the
2-aminopyridine side chain giving superior potency, selectivity, and physico-
chemical properties was the piperazine of 32a and 32b [91]. Compound 32a
(PD0332991) was chosen for further biological evaluation. It was a highly se-
lective inhibitor of CDK4 with weak activity against a panel of 36 protein
kinases, had potent anti-proliferative effects against Rb-positive cell lines and
induced G1 arrest of the cell cycle in the same cell line. Oral administration
of 32a to mice bearing the Colo-205 human colon carcinoma xenografts pro-
duced significant tumor regression. Furthermore, 32a was orally bioavailable
(F = 56%) and had moderate clearance (Cl = 37.5 mL/min/kg) in rat. This
compound is currently in Phase I clinical trials.

Structure 32

2.3.9
Quinazolines

Pfizer/Warner Lambert filed patent applications covering quinazolines, such
as 33 (CDK4/cyclin D IC50 = 0.001 µM, CDK1/cyclin B IC50 = 0.132 µM,
CDK2/cyclin A IC50 = 0.28 µM, CDK2/cyclin E IC50 = 0.25 µM) as CDK in-
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Structure 33

hibitors [93, 94]. As in the case of the pyrido[2-3-d]pyrimidin-7-ones, incor-
poration of a 2-aminopyridine side chain at the 2-position enhanced selectiv-
ity for CDK4. Dupont Pharmaceutical disclosed a series of quinazolines as in-
hibitors of CDK4/cyclin D and CDK2/cyclin E [95]. SAR studies on the quina-
zoline template demonstrated that small, non-ionizable electron-withdrawing
substituents such as trifluoromethyl and trichloromethyl were preferred at
the 2-position. Branched alkyl amines such as t-butyl, t-amyl and benzyl
amine groups were preferred at the 4-position. The 6-position was found to
be sensitive to both the size and the electronic nature of the substituent as
exemplified by 34 (CDK2/cyclin E IC50 = 0.54 µM) and 35 (CDK2/cyclin E
IC50 = 0.65 µM). This series of quinazolines had a five- to 20-fold selectivity
for CDK2/cyclin E over CDK4/cyclin D. The crystal structure of 35 with CDK2
revealed that the inhibitor was bound to the ATP pocket and made an indi-
rect hydrogen bond via a water molecule from the 1-position nitrogen of the
quinazoline to the backbone carbonyl oxygen of Glu81 located in the hinge
area. Compound 36 (CDK2/cyclin E IC50 = 0.93 µM) inhibited the growth of
HCT116 cancer cells (IC50 = 5.72 µM) but had no effect on “normal” fibrob-
lasts under identical assay conditions.

Structure 34

Structure 35
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Structure 36

2.3.10
Diaryl Ureas

Banyu/Merck recently reported an elegant de novo design effort to optimize
a novel series of diarylureas as potent and selective CDK4 inhibitors [96–100].
This effort began with the X-ray crystal structure of a potent lead compound
37 with broad CDK inhibition activity (CDK4/cyclin D IC50 = 0.042 µM,
CDK2/cyclin A IC50 = 0.078 µM, CDK1/cyclin B IC50 = 0.12 µM) and mod-
erate selectivity (> 50-fold) over other kinases. The non-conserved amino
acids in the ATP binding site of this CDK4 crystal structure were identified
from the protein alignments of 390 representative kinases. Next, using the
locations of the altered amino acid residues and the binding mode of the
lead compound, 37 was redesigned to produce a highly selective and potent
CDK4 inhibitor. Based on these modeling studies it was determined that re-
placing the 2-aminopyridine urea substituent in 37 with a 2-aminopyrazole
would give access to the non-conserved residues while maintaining critical
intramolecular hydrogen bonding interactions. Three amino acids of CDK4,
Asp99, Thr102, and Gln98, found in the p16-binding region of the ATP bind-
ing pocket, were selected as the residues to target for improved selectivity.
The 5-position of the pyrazole ring was predicted to be the most appropriate
site to allow optimal contact with the side chains of the targeted residues. The
5-position was modified with a variety of (alkylamino)methyl-substituents
with the (5-chloroindan-2-ylamino)methyl- analog giving a highly potent
and selective inhibitor 38 (CDK4/cyclin D IC50 = 0.0023 µM, CDK2/cyclin A
IC50 = 0.44 µM, CDK1/cyclin B IC50 = 1.8 µM). Compound 38 was selective
for CDK4 over CDK1 (780-fold) and CDK2 (190-fold) as well as many other
kinases (> 430-fold). This compound was reported to induce G1 arrest in the
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Structure 38

Molt-4 cancer cells, an Rb(+) cell line, at concentrations between 0.1 and
0.5 µM.

2.3.11
Quinox-2(1H)-ones

A Banyu patent application explored the potential of introducing a conforma-
tional restriction to the diaryl urea platform of the previous CDK4 inhibitor
series (vide supra) through a series of quinoxalin-2(1H)-ones as inhibitors of
CDK4 and CDK6 [101]. The quinoxalin-2(1H)-one template, exemplified by
compounds 39 and 40, was derived by cyclizing the diaryl urea between the
urea-NH and the 2-pyridyl nitrogen of 37 to mimic the critical intramolecular
hydrogen bonding contact between these atoms. The kinase inhibition activ-
ity for CDK4/cyclin D (39 IC50 = 0.12 µM; 40 IC50 = 0.005 µM) and CDK6/
cyclin D (39 IC50 = 0.09 µM) was reported in the patent application; how-
ever, no selectivity data was presented. Banyu expanded on the theme of
introducing conformational restrictions with a series of macrocyclic quinox-
aline derivatives [102]. Compound 41 was a very potent inhibitor of both
CDK4/cyclin D (IC50 = 0.012 µM) and CDK6/cyclin D (IC50 = 0.024 µM) in
vitro and prevented the proliferation of HTC-116 human colon cancer cells
(IC50 = 0.016 µM).

Structure 39



Progress in the Development of Agents to Control the Cell Cycle 233

Structure 40

Structure 41

2.3.12
Pyrimidines

Roche has reported a 2,4-diaminopyrimidine 42 (Ro-4584820) to be a Phase
I clinical candidate [48, 103]. Compound 42 is a pan-CDK inhibitor (CDK1
Ki = 0.001 µM; CDK2 Ki = 0.003 µM; CDK4 Ki = 0.001 µM), consequently it
induces both G1 and G2 cell cycle arrest in tumor cell lines. It is a po-
tent inhibitor of tumor cell proliferation in both the HCT-116 colon cancer
(IC50 = 0.080 µM) and the H460A (IC50 = 0.055 µM) lung cancer cell lines.

Structure 42
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This compound is effective in tumor xenograft models when dosed orally
or IV. Compound 42 is in safety and tolerability studies in humans.

A high throughput screening campaign carried out by AstraZeneca iden-
tified a 4,6-bis-anilino pyrimidine compound 43a that was a weak inhibitor
of CDK4 activity (IC50 = 15 µM) and was selective against CDK2 (IC50 =
93 µM) [104]. Following this discovery, efforts focused on the goal of improv-
ing potency to identify a compound suitable for X-ray crystallography. Initial
SAR studies evaluated the effect of substitution on the 6-aniline. It was found
that many substituents were tolerated with the 2′-bromo (43b CDK2/cyclin E
IC50 = 28 µM, CDK4/cyclin D IC50 = 4 µM), and 2′-nitro (43c CDK2/cyclin E
IC50 = 25 µM, CDK4/cyclin D IC50 = 2 µM) the most potent. Disubstituted
derivatives were also prepared with two compounds, 43d (CDK2/cyclin E
IC50 = 38 µM, CDK4/cyclin D IC50 = 9 µM) and 43e (CDK2/cyclin E IC50 =
35 µM, CDK4/cyclin D IC50 = 6 µM), having sufficient potency and solubility
to obtain protein crystal structures. In this case, the inactive CDK2 monomer
was used as a structural surrogate for CDK4. This tactic successfully deter-
mined the bound conformation for this series and was used to construct
a binding model for the CDK4 target. The observed interactions were con-
sistent with those found for other pyrimidine kinase inhibitors. The pyrim-
idine N1 was a hydrogen bond acceptor with the – NH – of Leu83 while the
6-aniline – NH – formed a hydrogen bond donor contact with the backbone
carbonyl of Leu83. The para-substituent of the 4-aniline was oriented towards
the solvent interface at the edge of the ATP binding pocket while 6-aniline was
buried inside the binding site. In the CDK2/43e structure a water molecule
was situated between the 4-aniline – NH – and the Asp145 residue, while
in the CDK2/43d structure this water molecule appeared to be displaced by
the ortho-fluorine atom of 43d. From the X-ray structure data it was de-
termined that N-alkylation of the 6-aniline NH would force the aniline into
a conformation similar to the CDK2/43e structure and displace the bound
water molecule. N-Alkylation improved the potency of the series with the
N-cyanomethyl analog giving a 20-fold increase in CDK4 activity versus an
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unsubstituted compound. Increased chain length or removal of the cyano
group resulted in a loss of activity, indicating that this group made a specific
interaction with the protein. An X-ray structure was obtained with compound
44 (CDK2/cyclin E IC50 = 3 µM, CDK4/cyclin D IC50 = 0.1 µM) complexed
with CDK2. As predicted, the 6-aniline was situated in a conformation simi-
lar to that observed for compound 43e, the cyanomethyl group displaced the
bound water molecule and the carbon-nitrogen triple bond made a stacking
interaction with the π-cloud of the Phe80 side chain. This binding mode was
consistent with the observed loss of activity upon extending the chain length
and the removing the nitrile.

Structure 44

In comparative SAR studies, the 2,4-bis-anilinopyrimidines (45a–d) were
found to be about tenfold more potent for CDK4 and more selective against
CDK2 than the corresponding 4,6-bis-anilinopyrimidine analogs [105]. Un-
like the 4,6-derivatives, there was little change in potency over a wide
range of substituents for the 2,4-derivatives: disubstitution on the corres-
ponding 4-aniline of the 2,4-bis-anilino series did not increase potency but
caused a loss in CDK4/CDK2 selectivity. An X-ray structure of the 2,4-
bis-anilinopyrimidine 45a (CDK2/cyclin E IC50 = 1.0 µM, CDK4/cyclin D

Structure 45
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IC50 = 0.8 µM) complexed with CDK2 adopted a different conformation
in the binding site compared to the 4,6-series, with a change in the tilt
of the 4-aniline relative to the pryrimidine core. N-Alkylation, which im-
proved potency in the 4,6 series, had a less dramatic effect on the 2,4-bis-
anilinopyrimidines. Once again, the N-cyanomethyl 45b was a potent in-
hibitor (CDK2/cyclin E IC50 = 0.7 µM, CDK4/cyclin D IC50 = 0.1 µM) and
the N-propyne analog 45c (CDK2/cyclin E IC50 = 2.0 µM, CDK4/cyclin D
IC50 = 0.2 µM) was equally effective. Following examination of the CDK2/44
X-ray structure it was suggested that a substituent at the 5-position of the
2,4-dianilino-pyrimidine core would reach the same area occupied by the
N-cyanomethyl substituent. It was found that the 5-halo analogs, such as 45d
(CDK2/cyclin E IC50 = 10.0 µM, CDK4/cyclin D IC50 = 0.1 µM), gave com-
pounds as potent against CDK4 as the N-alkyl series but with improved
selectivity against CDK2. A crystal structure of compound 45d bound to
CDK2 revealed that the water molecule evicted by the N-cyanomethyl group
in the CDK2/44 structure was still in position and the bromine atom of 45d
was packed against the side-chain phenyl of the Phe80 residue. Based on the
SAR and X-ray structure analysis it was suggested that more polar, larger
substituents at the 5-position would force the 4-aniline into a more favor-
able conformation and improve the packing interaction with the phenyl of
Phe80. If this hypothesis was correct then combining both features should
yield compounds with increased potency. Indeed, this was confirmed by com-
pound 45e with a bromine at the 5-position and a N-(4,4,4-trifluoro)butyl
group appended to the nitrogen atom at the 4-position, this compound
had improved potency against CDK4 (IC50 = 0.01 µM) and CDK2 (IC50 =
0.2 µM). The selectivity profile can be shifted in favor of CDK2 over CDK4
in the 2,4-bis-anilinopyrimidine series by altering the para-substituent on
the 2-aniline [106]. Where the 3-dimethylaminopropan-2-ol of 45e gave en-
hanced inhibition activity against CDK4, the para-sulfonamide group favored
inhibition of CDK2. Compound 46 nicely illustrated this reversal of selectivity
(CDK2/cyclin E IC50 = 0.006 µM, CDK4/cyclin D IC50 = 2.7 µM).

Structure 46
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2.3.13
3-(Pyrimidin-4-yl)imidazo[1,2-a]pyridine
and 3-(Pyrimidin-4-yl)imidazo[1,2-b]pyridazines

A high-throughput screen of the AstraZeneca compound library identified
the 3-(pyrimidin-4-yl)imidazo[1,2-a]pyridine 47a as an inhibitor of CDK2
(IC50 = 4 µM) and CDK4 (IC50 = 8 µM) [106]. Substitution of the 2-amino
group led to 47b, a compound with sufficient potency (CDK2/cyclin E IC50 =
2.5 µM) and solubility to obtain a crystal structure with the inactivated CDK2
enzyme. The imidazo[1,2-a]pyridine 47b formed a hydrogen-bonding net-
work between the pyrimidine N1 and Leu83 NH, the 2-acetamido NH of
47b and the amide carbonyl of Leu83, and the imidazo[1,2-a]pyridine N1′
and the Lys33 side-chain amine. A water molecule acts as a bridge between
the 2-acetamide carbonyl of 47b and the Asp86 carboxylate. Addition of
an aniline at the 2-position to the 3-(pyrimidin-4-yl)imidazo[1,2-a]pyridine
core resulted in 48a, a compound with a 100-fold improved inhibition ac-
tivity against CDK2 (IC50 = 0.036 µM) and selective against CDK4 (IC50 =
3.6 µM). As with previous series, adding a sulfonamide as a para-substituent
on the 2-aniline improved the CDK2 selectivity. For 48b (CDK2/cyclin E
IC50 = 0.032 µM, CDK4/cyclin D IC50 = 0.15 µM) with a 3-(dimethylamino)-
2-(hydroxy)propoxyl para-substituent, there was little change in the CDK2
activity and CDK4 potency was improved 20-fold. For 48c (CDK2/cyclin E
IC50 < 0.003 µM, CDK4/cyclin D IC50 = 2.5 µM) adding the para-sulfonamide
substituent resulted in a highly CDK2-selective inhibitor. The X-ray structure
of 48c with CDK2 showed that the para-sulfonamide group formed a hydro-
gen bond network with the Asp86 NH and its side-chain carboxylate. Because
the Asp86 residue is conserved in both CDK2 and CDK4, a facile rationaliza-
tion of the observed CDK2 selectivity of 48c is not possible. However, acidic
or neutral residues in the CDK4 enzyme replace several basic residues that
line the ATP binding site of CDK2. These changes were invoked to explain the
preference of CDK4 for 48b, a compound with a basic side chain.
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Structure 48

SAR studies on the series illustrated by compounds 49a–d demonstrated
that substitution at – R2 had a profound effect on CDK2 inhibition activ-
ity [107]. The – R2 methyl analog, 49a (CDK2/cyclin E IC50 = 4.0 µM) was
a poor inhibitor of CDK2 while the desmethyl 49b (CDK2/cyclin E IC50 <
0.003 µM) suppressed activity to the lowest limit of detection in the kinase
assay. This effect at – R2 rendered all variations at – R1, the meta-Cl ana-
log 49c (CDK2/cyclin E IC50 < 0.003 µM) and the para-sulfonamide analog
49d (CDK2/cyclin E IC50 < 0.003 µM), equipotent. Consequently, in the – R2
desmethyl series (49b–d) CDK2 activity was insensitive to substitution on the
para-sulfonamide group. This was consistent with the binding mode observed
for 48c in the CDK2 crystal structure with the para-sulfonamide directed to
the solvent–protein interface. This provided an avenue for modification of
the physical properties of the lead by the incorporation of polar and basic
side chains to improve solubility, reduce serum protein binding and increase
cell potency. The introduction of the sulfonamide group in this series led to
a decrease in cytotoxicity in non-proliferating cells, attributed to the reduc-
tion of off-target activity by the improved CDK2 selectivity. One example of
this series, 49e (CDK2/cyclin E IC50 = 0.005 µM) has threefold selectivity over
CDK1 (IC50 = 0.015 µM) and is 52-fold selective over CDK4 (IC50 = 0.26 µM).
Furthermore, 49e was a potent inhibitor of the growth of MCF-7 cells with
an (IC50 = 0.070 µM). Optimization to improve the physico-chemical prop-
erties of the imidazo[1,2-a]pyridine series for oral activity required the re-
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duction of the lipophilicity of the core structure. This was accomplished by
adding an additional nitrogen atom to the pyridine ring of the imidazo[1,2-
a]pyridine system, giving a new series of CDK inhibitors: the 3-(pyrimidin-
4-yl)imidazo[1,2-b]pyridazines [108]. These compounds had CDK2 activity
similar to the corresponding imidazo[1,2-a]pyridines. However, as exempli-
fied by 50a (CDK2/cyclin E IC50 = 1.0 µM) the presence of a para-sulfonamide
substituent was required for potency. Comparison of 50b (CDK2/cyclin E
IC50 < 0.003 µM) with 50c (CDK2/cyclin E IC50 = 0.003 µM) demonstrated
that, unlike the analogous imidazo[1,2-a]pyridines, introduction of a methyl
group at – R2 did not adversely affect CDK2 inhibition activity.

Structure 50

The divergence of the SAR between these two series, namely the tol-
erance to substitution at – R2 exhibited by the imidazopyridazine 50a–d
compared to the imidazopyridines 49a–e, indicated a significant change in
the binding conformation between the two heteroaryl rings. This was con-
firmed by comparison of the crystal structures of the parent imidazo[1,2-
a]pyridine 49d and the imidazo[1,2-b]pyridazine 50d. Both structures had
key hydrogen bonding interactions between the pyrimidine N1 and Leu83
NH and between the aniline NH and Leu83 amide carbonyl oxygen. However,
the orientation of the imidazo[1,2-b]pyridazine ring in 50d was “flipped”
180◦ relative to the imidazo[1,2-a]pyridine ring of 49d. The reorientation
of 50d directed the – R2 of the imidazo[1,2-b]pyridazine ring to the open
end of the binding pocket, thus the tolerance to substitution at this pos-
ition. Furthermore, reorientation of the imidazo[1,2-b]pyridazine 50d led to
the formation of a new edge-to-face interaction with the phenyl side chain
of Phe80. The “driving force” behind the reorientation of the imidazo[1,2-
b]pyridazine was attributed to the minimization of electrostatic repulsion
between the N4′ of the imidazo[1,2-b]pyridazine and the N3 of the adjacent
pyrimidine ring that would result if 50d were to adopt the same orien-
tation as the imidazo[1,2-a]pyridine of 49d. The most potent compounds
in the imidazo[1,2-b]pyridazine series, 50b and 50c, were characterized in
more detail. Both 50b (> 13-fold) and 50c (100-fold) were selective for CDK2
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over CDK1. Compound 50b had broad kinase selectivity with IC50 values of
> 10 µM against the following kinases: CSK, EGFR, FAK, FGFR-1, IGF-1R,
JAK3, Src, vAbl, Zap70, p38α, JNK1, and PKA. Furthermore, these com-
pounds had improved plasma levels and their half-lives following oral dosing
compared to the imidazo[1,2-a]pyridine series.

2.3.14
Aminoimidazo[1,2-a]pyridines

Screening of the Lilly compound library led to the identification of aminoimi-
dazo[1,2-a]pyridine 51a (CDK2/cyclin A IC50 = 0.122 µM) as an ATP-compet-
itive inhibitor scaffold [109, 110]. X-ray crystal structures of 51a and 51b
(CDK2/cyclin A IC50 = 0.324 µM) bound to the inactive form of CDK2 revealed
two unique binding modes (Figs. 4 and 5). Both inhibitors occupied the ATP
binding site and formed a similar H-bonding network with the hinge area of
the kinase: (i) the N-1 of the imidazopyridine was a hydrogen bond accep-
tor with the backbone amide NH of Leu83, and (ii) the NH of the C2 amino
group donated a hydrogen bond to the backbone carbonyl oxygen of Leu83.
In addition, there was a hydrogen bond between the Asp145 amide NH and
the carbonyl oxygen of the benzoyl group at the 6-position of the imidazopyri-
dine scaffold of both inhibitors. The difference in the binding modes between
compound 51a (Fig. 4) and 51b (Fig. 5) lay in a twist resulting from a com-
petition between intra- and intermolecular interactions. In compound 51b,
an intramolecular H-bond between the 2-amino group and the carbonyl oxy-
gen of the 3-benzoyl forced the two pendant aromatic rings into a face–face
stacking arrangement. Compound 51a, which did not have this intramolecular
hydrogen bond, adopted an orientation where one aromatic ring was rotated
90◦, placing the ring into a hydrophobic space in the ATP binding pocket.

SAR studies on 51a revealed that at least one ortho-substituent on the
6-benzoyl was required to obtain IC50 values < 1 µM. Disubstitution with

Fig. 4 Binding interactions of compound 51a in crystal structure
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Fig. 5 Binding interactions of compound 51b in crystal structure

Structure 51

electron-withdrawing groups at both ortho-positions gave the most active
compounds. The preferred electron-withdrawing substituents at the 2,6-
positions of the 6-benzoyl were fluorine and chlorine. Most compounds of
this series were selective for the CDKs versus PKA, CAMKII and GSK3β,
with the selectivity ratio ranging from four- to > 400-fold. All were less ac-
tive against CDK4 than CDK1 and 2. Compound 51c (CDK2/cyclin A IC50 =
0.091 µM) inhibited the proliferation of HCT-116 cancer cells in tissue culture
(IC50 = 0.47 µM). Further modifications to the aminoimidazo[1,2-a]pyridine
template included exchanging the 2,6-difluorobenzoyl group at the 3-position
of 51a–c for a para-substituted aniline at the 2-position in 52a–c. This ma-
neuver compensated for the loss of the internal hydrogen bond interaction
and gave moderately potent inhibitors of the CDKs [111]. A crystal structure
of 52a (CDK2/cyclin E IC50 = 0.56 µM) revealed the basis for this behav-
ior (Fig. 6). As expected, 52a was bound in the ATP binding site with the
previously observed H-bonding network, namely, the N-1 of the imidazopy-
ridine was a H-bond acceptor with the backbone amide NH of Leu83 and
the 2-aniline NH donated a hydrogen bond to the backbone carbonyl of
Leu83. However, the para-sulfonamide substituent of 52a made two new hy-
drogen bond interactions, one between a sulfonamide oxygen and Lys89, the
other through the sulfonamide NH to Asp86. These new interactions were
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Structure 52

Fig. 6 Binding interactions of 52a in crystal structure

proposed to be responsible for maintaining the inhibition activity of this
series. This was confirmed experimentally: removal of the sulfonamide oxy-
gens to give the methylsulfide 52b resulted in a precipitous loss of activity
(CDK2/cyclin E IC50 = 13.84 µM) and the N-dimethyl sulfonamide 52c lost
potency (CDK2/cyclin A IC50 = 1.54 µM). Compound 52a was selective when
tested against a panel of other serine/threonine kinases including GSK3β,
CAMKII, PKA, and the PKCs-α,β,ε,γ .

2.3.15
Imidazo[1,2-a]pyrazines, Imidazo[1,2-a]pyridines, Pyrazolo[1,5-a]pyridines
and Pyrazolo[1,5-a]pyrimidines

Schering-Plough published patents covering four structurally related se-
ries as CDK2, ERK and GSK-3β inhibitors: imidazo[1,2-a]pyrazines 53a
(CDK2/cyclin E IC50 = 0.240 µM) [112], imidazo[1,2-a]pyridines 53b (CDK2/
cyclin E IC50 = 0.036 µM) [113], pyrazolo[1,5-a]pyridines 54 (CDK2/cyclin E
IC50 = 0.078 µM) [114], and pyrazolo[1,5-a]pyrimidines 55 (CDK2/cyclin E
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Structure 53

IC50 = 0.011 µM) [115, 116]. The SAR gleaned from the patent for the
imidazo[1,2-a]pyrazines 53a suggested that a chlorine atom at – R1 in-
creased CDK2 inhibition activity 28-fold over an unsubstituted analog, while
bromo- and iodo- at – R2 were more potent than the corresponding chloro-
analog. The (pyridin-3-yl)methylamine was reported to be the preferred
group at the 8-position. For the imidazo[1,2-a]pyridines 53b the best com-
pounds had a chlorine atom at – R1. The optimal group at the 8-position was
the (pyrimidin-5-yl)methylamine; however, substitution on the pyrimidine
ring was not tolerated. Unlike the imidazo[1,2-a]pyrazines and imidazo[1,2-
a]pyridines, the pyrazolo[1,5-a]pyrimidines 54 with the phenyl ring un-
substituted at – R1 gave the most potent compounds. In the case of the
pyrazolo[1,5-a]pyrimidines 55, activity was further enhanced by the addition
of a 4-(sulfonamido)aniline at the 8-position. Substitution of the sulfonamide

Structure 54

Structure 55
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with an alkylamine improved activity. By varying the chain length from
a N-2-(dimethylamino)ethyl to a N-2-(dimethylamino)propyl, CDK2 activity
was improved twofold.

2.3.16
Oxindoles

Oxindole CDK inhibitors related to the pan-kinase inhibitor indirubin 56
isolated from Chinese herbal medicine [117, 118] have been reported by sev-
eral companies: Sugen (now Pfizer) [119, 120] (57), Hoffman La Roche [121]
(58), Boehringer Ingelheim [122] (59), and GlaxoSmithKline [123] (60). Many
of these analogs were very potent inhibitors of the CDKs and exhibited ex-
cellent anti-proliferative activity against tumor cell lines. The series from
GlaxoSmithKline [123] is selected here to exemplify this class of inhibitor and
illustrate how, through the use of X-ray crystallography, modeling, and SAR
studies, activity and selectivity were optimized.

Structure 56

Structure 57

The indolin-2-one template, a feature of inhibitors of the receptor tyro-
sine kinases of Her-2, VEGF, and EGF, was used by GlaxoSmithKline scientists
as a starting point to design a series of analogs from which the selective
CDK-2 inhibitor 60 (IC50 = 0.06 µM) was identified. A thorough analysis of
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Structure 58

Structure 59

Structure 60

the crystal structure of 60 complexed with the inactive form of CDK2 (Fig. 7)
showed that the oxindole ring occupied the ATP binding pocket in a man-
ner similar to previous compounds of this class: the oxindole NH donated
a H-bond to the backbone carbonyl of Glu81 and the oxindole carbonyl oxy-
gen of 60 accepted a H-bond from the backbone NH of Leu83. The 7-position
of the oxindole was in close proximity to the Phe80 side chain and appeared
to be too crowded to permit further substitution, while the 6-position pro-
jected toward a cavity in the back of the pocket into the region affected by
cyclin A association. This cavity could accommodate only small substituents
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Fig. 7 Compound 60 bound to CDK2

due to the bulk of the Phe80 side chain. The 5-position of the oxindole was
close to Lys33, which suggested the possibility of a beneficial H-bond in-
teraction at this location. A lipophilic substituent at the 4-position of the
oxindole could result in a favorable interaction with the adjacent hydropho-
bic environment. The sulfonamide group, which interacted with Asp86 at the
opening of the binding cleft of CDK2, provided a site for substitution that
would project into solution and could be used to adjust the physical proper-
ties of this series.

Disubstitution at the 4- and 5-positions provided potent inhibitors of
CDK2. Especially effective were compounds with a fused heterocycle such
as 61. The quinoline nitrogen was designed as a hydrogen bond acceptor
to interact with the γ -amino group of the Lys33 side chain. Compound 61,
had excellent activity against CDK1 (IC50 = 0.0015 µM) and CDK2 (IC50 =
0.015 µM). In the crystal structure of 60, the sulfonamide moiety formed
two H-bonds, one with the backbone NH and one with the side-chain car-
boxylate of Asp86 at the opening to the binding cleft of CDK2. However, the

Structure 61
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Structure 62

SAR demonstrated by sulfonamide 62a (CDK2 IC50 = 0.003 µM; CDK1 IC50 =
0.029 µM) and sulfone 62b (CDK2 IC50 = 0.008 µM; CDK1 IC50 = 0.100 µM)
suggested that the hydrogen bond between the sulfonamide NH and the
Asp86 carboxylate did not play a significant role in binding. These com-
pounds selectively inhibited proliferation of tumor cells over a human fibrob-
last “normal” cell line and arrested tumor cell proliferation at the G1/S phase
check point, consistent with the CDK activity.

2.3.17
Diaminotriazoles

Johnson & Johnson claimed a series of diaminotriazoles, exemplified by
compound 63a (JNJ-7706621), to be potent CDK inhibitors [124–126]. As
a CDK inhibitor, 63a was selective for CDK1/cyclin B (IC50 = 0.009 µM)
and CDK2/cyclin A (IC50 = 0.004 µM) over CDK3 (15-fold versus CDK2),
CDK4/cyclin D1 (63-fold versus CDK2), and CDK6/cyclin D1 (44-fold ver-
sus CDK2). Against other kinase families, 63a had a “multitargeted” profile.
It was a moderate inhibitor of the Aurora kinases and several receptor ty-
rosine kinases involved in angiogenesis: VEGF-R2, FGF-R2, VEGF-R3, Tie2,
and FGF-R1. The compound was anti-proliferative towards tumor cell lines
in vitro (HeLa IC50 = 0.28 µM; HCT-116 IC50 = 0.25 µM). In flow cytometry

Structure 63
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studies, 63a induced cell cycle arrest in the G2/M phase consistent with the
CDK inhibition profile. This inhibitor was efficacious in an A375 melanoma
human tumor xenograft model in nude mice. The SAR of the series demon-
strated the importance of the carbonyl group of the 2,6-difluorobenzoyl for
CDK1 activity: substitution by a 2,6-difluorobenzyl group at -R resulted in
an inactive compound (63b, CDK1 IC50 > 100 µM). Replacing the benzoyl
with a 2-carboxylthienyl, such as with 63c, gave a potent inhibitor (CDK1
IC50 = 0.003 µM) with good tumor cell anti-proliferative activity (HeLa IC50 =
0.072 µM; HCT-116 IC50 = 0.027 µM). An effective surrogate for the carbonyl
group of 63a and 63c was the thiourea group in 63d. This compound re-
tained good enzyme inhibition (CDK1 IC50 = 0.0006 µM) and tumor cell
anti-proliferative activity (HeLa IC50 = 0.035 µM; HCT-116 IC50 = 0.02 µM).

2.3.18
N-Acyl- and N-Aryl-2-aminothiazoles

Bristol Myers Squibb reported a series of N-acyl-2-aminothiazoles to be po-
tent and selective inhibitors of CDK2/cyclin E with anti-tumor activity in
mice. Compound 64 (BMS-387032), now licensed to Sunesis (SNS-032), is the
Phase 1 clinical candidate from this series [127]. In a cell-free enzyme as-
say, 64 inhibited CDK2/cyclin E (IC50 = 0.048 µM), was tenfold selective over
CDK1/cyclin B, and 20-fold selective over CDK4/cyclin D. Furthermore, 64
had excellent selectivity in a panel of 12 unrelated kinases and had potent
anti-proliferative activity against the A2780 tumor cell line (IC50 = 0.095 µM).
In pharmacokinetic studies 64 had a plasma half-life of 5–7 h in three species
and low protein binding in both mouse (69%) and human (63%) serum.
When administered orally, 64 exhibited good bioavailability across three
species: mouse (100%), rat (31%), and dog (28%). Compound 64 was effi-
cacious in both a P388 murine tumor model and an A2780 human ovar-
ian carcinoma xenograft model. The three-dimensional solid-state structure
of 64 complexed with CDK2 in the absence of cyclin was determined by
X-ray crystallography. The crystal structure confirmed that 64 was bound
in the ATP binding site and the inhibitor adopts the same orientation and
“folded” conformation previously described for this series [128]. While the
N-acylaminothiazoles analogs exhibited selectivity for CDK2 over both CDK1

Structure 64



Progress in the Development of Agents to Control the Cell Cycle 249

Structure 65

and CDK4, a related series of N-arylaminothiazoles have been reported and
characterized by the workers at BMS as pan-CDK inhibitors [129]. Compound
65a (BMS-357075) is a potent inhibitor of CDK1 (IC50 = 0.018 µM), CDK2
(IC50 = 0.003 µM), and CDK4 (IC50 = 0.026 µM). In a P388 murine leukemia
model 65a produced a 56% increase in survival time over an untreated con-
trol. The structure of a related analog 65b complexed with CDK2 in the
absence of cyclin was determined by X-ray crystallography. The crystal struc-
ture showed that 65b binds in the ATP binding site in a “folded” conformation
similar to 64 [127].

2.3.19
5-Benzoyl-2,4 diaminothiazoles

Agouron (now Pfizer) disclosed in a series of patents the discovery of potent
CDK inhibitors based on the 5-benzoyl-2,4 diaminothiazole template [130,
131]. Compounds 66 and 67 were both potent CDK2 inhibitors (66 Ki <
0.005 µM; 67 Ki = 0.10 µM), but these compounds varied in their activity

Structure 66

Structure 67
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Structure 68

against CDK4. Compound 67 had potent inhibition activity for CDK4 (Ki =
0.028 µM) while compound 66 was much less potent for CDK4 (Ki = 1.1 µM).
Compound 67 was anti-proliferative against the HCT-116 tumor cell line
(IC50 = 0.043 µM). Hoffman La Roche patented a series of 5-benzoyl-2,4-
diaminothiazoles as potent and selective CDK4 inhibitors [132–134]. Com-
pounds 68 (CDK4 IC50 = 0.014 µM), 69 (CDK4 IC50 = 0.022 µM), and 70
(CDK4 IC50 = 0.012 µM) were also claimed to have selectivity over CDK1 (68
71-fold; 69 136-fold; and 70 107-fold) and CDK2 (68 57-fold; 69 42-fold; and
70 240-fold).

Structure 69

Structure 70
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3
Aurora Kinases

3.1
Biology of the Aurora Kinases

The Aurora family of serine/threonine kinases plays a central role in regu-
lating mitosis, with each member having unique functions and localization
patterns. This family is crucial in controlling chromosome segregation and
condensation, spindle assembly and cytokinesis during mitosis [135]. Over-
expression of members of this kinase family has been observed in a variety
of human cancers, including hepatocellular, pancreatic and ovarian cancer
(for Aurora-A, [136–139]) and thyroid cancer and astrocytomas (for Aurora-
B, [140, 141]). Additionally, the Phe31Ile polymorphism of Aurora-A, asso-
ciated with enhanced transforming capability and increased polyploidy, has
been detected in colorectal, esophageal, and breast cancer samples [142–144].

Aurora-A (also known as Aurora-2, STK15/STK6, BTAK), functions through
its association with centrosomes and microtubules to regulate sister chromatid
migration and spindle assembly and maintenance [145]. Although this associ-
ation with centrosomes does not require kinase activity, phosphorylation of
a key substrate, cdc25B, which activates CDK1/cyclin B1, occurs only when
Aurora-A is associated with the centrosome [146]. Aurora-A also directs the
phosphorylation of p53 at Ser315, which targets p53 for Hdm2-mediated ubiq-
uitination and destruction by the proteosome [147]. The ability of Aurora-A to
phosphorylate its substrates in cells is linked to its association with TPX2,
which prevents dephosphorylation of Aurora-A by PP1 and allows for ad-
ditional autophosphorylation of Aurora-A [148, 149]. Consistent with these
activities, functional disruption of Aurora-A activity arrests cells in mitosis.

Aurora-B (also known as Aurora-1) regulates cytokinesis and chromosome
architecture. Aurora-B, a chromosome passenger protein, has a distinct local-
ization pattern from Aurora-A. Aurora-B phosphorylates its binding partner
INCENP and together with Survivin forms a complex that phosphorylates
histone H3 [150–152]. Although Aurora-A and Aurora-B have a different
spectrum of activities, dual inhibitors cause tumor cells to display a pheno-
type derived from Aurora-B disruption. Studies to investigate the basis of
this revealed that the need for Aurora-A is bypassed when Aurora-B is not
functional [153] therefore, cellular inhibition of Aurora-B may be sufficient.
Several features of Aurora-C are shared with Aurora-B, including localization
and interaction with Survivin; this would be expected from the late evolution-
ary divergence between the two family members and the ability of Aurora-C
to complement Aurora-B function in cells [154]. The altered expression of Au-
rora kinases in clinical samples and evidence that genetic neutralization of
this family of kinases disrupts the maintenance of a stable genome has led to
the development of chemical inhibitors of the Aurora kinases at several com-
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panies. As a result of this work, the first Aurora kinase inhibitors, VX-680
(71), AZD1152 (92), and MLN8054 (97), have now progressed to clinical trials
and data from these studies are awaited.

3.2
Structural Biology of the Aurora Kinases

3.2.1
Aurora-A

AstraZeneca, Pharmacia, Vertex, Syrrx, and the European Molecular Biology
Laboratory (EMBL) have reported crystal structures of Aurora-A [149, 155–
160]. All the crystal structures of Aurora-A are of N-terminal truncated cata-
lytic domains. The structures published by Vertex and Syrrx are of unphos-
phorylated Aurora-A co-crystallized with adenosine and ADP, respectively.
Three crystal structures reported from EMBL are of doubly phosphorylated
Aurora-A (Thr287, Thr288), one with bound ATP, one with ADP, and one con-
sisting of an ADP complex with the activating microtubule-associated protein
TPX2. AstraZeneca and Pharmacia (Nerviano Medical Sciences) have both re-
ported crystal structures with small molecule inhibitors bound to the active
sites of mutant forms of Aurora-A with point mutations at T287D and T288D.
The structure of Aurora-A has the typical bilobal kinase motif, consisting of
a β-sheet containing the N-terminal domain and a C-terminal domain com-
prised mainly of α-helices. These domains are linked together by the typical
“hinge” region that plays an important role in forming the catalytic active site
(Fig. 8) [161, 162].

Fig. 8 Ribbon structure of Aurora-A
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ATP is bound in a hydrophobic pocket created, in part, by the residues
Leu137 and Val147 in the glycine-rich loop, Ala160 and Leu263 located in the
active site. The 6-amino and 1-imido groups of adenosine bind to the “hinge”
peptide through direct hydrogen bonds with the amide residues Glu211 and
Ala213, respectively. The 6-amino group of the adenosine points toward a hy-
drophobic pocket, a “fluorophenyl pocket”, so-named from a series of p38
MAP kinase inhibitors which contained a fluorophenyl group and interacted
with a similar active site pocket [163], which is created by residues Ala160,
Leu194, Leu210, and Glu211 from the hinge region and Val147 from the
glycine-rich loop (Fig. 9).

Aurora-A displays several unique features that can be exploited in the de-
sign of selective inhibitors. In the vicinity of the purine base of adenosine,
there are two regions that could be used for the design of potent and selec-
tive inhibitors of Aurora-A. The first is the deep hydrophobic “fluorophenyl
pocket” formed by the flexible glycine-rich loop and the hinge region. This
pocket contains several residues that are not conserved in Src [164, 165],
IRK [166, 167], and the CDKs [168, 169]. Corresponding to Leu210 in Aurora-
A, Src, IRK, and the CDKs have Thr, Met, and Phe residues at the correspond-
ing position (Fig. 10). The Thr of Src presents a hydrogen-bonding group and
a less hydrophobic surface at the entrance to this pocket while the Phe in the
CDKs and Met of IRK restrict the access to this pocket. As with the MAP

Fig. 9 ATP binding pocket of Aurora-A
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Fig. 10 Differences in the “fluorophenyl pocket” of Aurora-A, CDK, IRK, and Src kinases

Fig. 11 Gly 216 insertion in the “hinge peptide” of Aurora-A
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kinases, the “fluorophenyl pocket” offers the possibility of exploiting differ-
ences in shape and charge to obtain Aurora-A selectivity.

Another opportunity for differentiation lies in the hinge region of Aurora-
A. This polypeptide contains a single Gly insertion, changing the size and
conformation of the adenosine-binding pocket. The conformational change
induced by the insertion of Gly216 in Aurora-A at a point where the hinge
meets the C-terminal lobe creates a smaller ATP-binding pocket (Fig. 11).

3.2.2
Aurora-B

Crystal structures of Aurora-B have been reported by the European Institute
of Oncology working in collaboration with the FIRC Institute of Molecu-
lar Oncology Foundation and University of Virginia Medical School [170].
The crystal structures of Aurora-B consists of one bound with the “IN-box”
segment of the inner centromere protein (INCENP) activator and another co-
crystallized with INCENP and the small molecule inhibitor Hesperadin (96)
(Fig. 12).

Aurora-B, like Aurora-A, has the classical bilobal protein kinase fold con-
sisting of an N-terminal lobe, rich in β-strands, and a C-terminal lobe
comprised mainly of α-helices. The ATP binding pocket lies in the “hinge”
region at the interface between the lobes. There is about a 60% sequence
homology between Aurora-A and Aurora-B in mammals. Comparison of
the ATP-binding domains revealed that the 26 amino acids in the active
site of the human homologues of Aurora-B and Aurora-C varied by only

Fig. 12 Aurora-B–INCENP–Hesperadin complex
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Fig. 13 Comparison of the catalytic clefts of Aurora-B: INCENP and Aurora-A: TPX2

three residues from Aurora-A [162] and are located at the cleft in the
direction of the solvent-accessible region. Potential selectivity for Aurora-
A over Aurora-B may be possible by targeting these non-conserved residues.
On the other hand, comparison of the Aurora-A/TPX2 [149] and Aurora-
B/INCENP structures revealed that the Aurora-B/INCENP catalytic cleft is
open ∼ 15◦ wider than in Aurora-A/TPX2 (Fig. 13). The size difference be-
tween the catalytic clefts may offer the means to prepare Aurora-B selec-
tive inhibitors and account for the Aurora-B selectivity observed with some
inhibitors.

3.3
Structure–Activity Relationships of Aurora Kinase Inhibitors

The patent literature has reports of many compounds that are claimed to have
Aurora kinase inhibition activity but in some of these cases it is not possible
to determine whether these compounds are pan-kinase inhibitors or if the
compounds are selective for the Aurora kinases. We limited this review to
publications that give specific data for the Aurora kinases and have pertinent
selectivity data. Another review has appeared recently [171].

3.3.1
Pyrazoles and Pyrazolones

VX-680 (71) is the most advanced pyrazole class Aurora inhibitor, disclosed
by Vertex. The compound is reportedly in Phase I clinical development in
patients with relapsed or refractory acute myelogenous leukemia, myelodys-
plastic syndrome, acute lymphocytic leukemia, and chronic myelogenous
leukemia and in Phase II for advanced colorectal cancer [172, 173]. VX 680
(71) was a potent inhibitor of all three Aurora kinase enzymes (Aurora-A
Ki = 0.0006 µM; Aurora-B Ki = 0.018 µM; Aurora-C Ki = 0.0046 µM). Com-



Progress in the Development of Agents to Control the Cell Cycle 257

Structure 71

pound 71 was selective against 56 kinases (IC50 > 1 µM) but was an inhibitor
of FLT-3 (IC50 = 0.03 µM), Fyn (IC50 = 0.52 µM), ITK (IC50 = 0.22 µM), Lck
(IC50 = 0.08 µM), and Src kinases (IC50 = 0.35 µM). The compound inhib-
ited the phosphorylation of Histone-H3 in MCF7 cells at concentrations of
0.003–0.3 µM and blocked tumor cell proliferation in a wide panel of tu-
mor cell lines (colorectal, leukemia, breast, prostate, pancreatic, melanoma,
cervical) with EC50 values ranging from 0.015 to 0.113 µM. In MCF7 cells
71 induced polyploidy in cells with 4N DNA content. Compound 71 inhib-
ited HeLa cell division; however, these cells were still able to enter mitosis
and proceed through S-phase. Compound 71 had no effect on the viability
of non-cycling cells or peripheral blood mononuclear cells at concentrations
up to 10 µM. The inhibitor promoted a dose-proportional inhibition of tu-
mor growth in in vivo human xenograft tumor studies in nude mice following
either intraperitoneal or intravenous administration in HL-60 acute myleoge-
nous leukemia, MIA PaCa-2 pancreatic and HCT-116 colon cancer models. In
71-treated HCT-116 bearing mice there was a marked reduction in histone
H3 phosphorylation and a higher incident of apoptosis compared to con-
trol untreated tumor. Although efficacy was observed in a mouse syngeneic
leukemia model using the BaF3 murine leukemia line with an activating hu-
man FLT-3 internal tandem deletion mutation it is unclear whether the FLT-3
(IC50 = 0.03 µM) or Aurora kinase inhibitory activities of 71 led to the anti-
tumor effects in this study. One initial challenge in the discovery of 71 was
to control the inherent GSK3 activity of this series. SAR studies illustrated
that GSK3 selectivity could be managed by appropriate substitution at R1
and R2. Compounds 72a–c demonstrated excellent activity against Aurora-
A (Ki < 0.1 µM), while the R1 cyclopropylamide 72b, the substitution pattern
adopted for 71, was more selective against GSK3 (Ki = 1.0 to 7.0 µM) than
the acetamide 72a (GSK3 Ki = 0.1 to 1.0 µM) [174, 175]. When R2 was var-
ied, greater selectivity against GSK3 was observed for the 5-methylpyrazole
72a (GSK3 Ki = 0.1 to 1.0 µM) than the 5-cyclopropylpyrazole 72c (GSK3
Ki < 0.1 µM).

Vertex has reported several variations of the pyrazole class with activity
against Aurora-A and a number of other protein kinases [174–187]. Patent
applications covering (1H-pyrazol-3-yl)quinazolines (73a,b) and a series ex-
emplified by 74 were described as having protein kinase inhibitor activity
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Structure 72

Structure 73

Structure 74

against Aurora-A, GSK3, and Src kinases along with CDK2, Akt, and ERK in
some cases. Furthermore, a wide variety of five-membered heterocyclic re-
placements for the pyrazole were claimed although no biological data was
included for these substitutions [188–190]. Some pyrazoles closely related
to 71 but substituted with an indazolinone ring (75) have also been re-
ported [191]. No compound-specific data was provided but it was claimed
that compounds with inhibitory constants < 0.1 µM for Aurora-A and GSK3
had been prepared. A series of pyrazolone derivatives were reported to be
useful as inhibitors of GSK3, Aurora-A, and CDK2. For example, 76 has an in-
hibitory constant of < 0.1 µM for Aurora-A and GSK3β and between 1–20 µM
for CDK2. No additional selectivity data against other kinases was reported
for these analogs [192].
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Structure 75

Structure 76

3.3.2
Pyrrolopyrazoles

Pfizer (Pharmacia/Nerviano) has described the versatile 1,4,5,6-tetrahydro-
pyrrolopyrazole scaffold as both a potent Aurora-A (77 Aurora-A IC50 <
0.01 µM; CDK2/cyclin A IC50 > 10 µM)) and CDK2 (78 Aurora-A IC50 >
10 µM; CDK2/cyclin A IC50 = 0.03 µM) kinase inhibitor [157, 193, 194]. Ac-
cording to the binding model for both kinases, the aminopyrazole of
the pyrrolopyrazole core would interact with the “hinge” peptide, the
3-substituent was directed toward the solvent while the 5-substituent en-
ters the phosphate binding region of the ATP pocket. As illustrated by 77,
3-benzamide derivatives were potent Aurora-A inhibitors while selectivity
for CDK2 was achieved with 3-phenylacetamide substitution in 78. This se-

Structure 77
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Structure 78

lectivity was believed to be due to a difference in protein conformation
between the hinge region and the beginning of the C-terminal tail, which dis-
favored non-planar inhibitors for Aurora-A. The 4′-tertbutylbenzamido and
4′-(4-methyl-piperazin-1-yl)benzamido moieties emerged as the 3-position
substituents that gave the highest inhibitory activity for Aurora-A. Optimiza-
tion of the 5-position led to increased enzymatic potency for Aurora-A, but
the cellular activity was not correlated with this improved enzyme inhibition.
Compound 79 (PHA-680632) inhibited all three Aurora kinases (Aurora-
A IC50 = 0.027 µM; Aurora-B IC50 = 0.135 µM; Aurora-C IC50 = 0.120 µM)
and had potent anti-proliferative activity against five tumor cell lines (HCT-
116 IC50 = 0.045 µM; HL-60 IC50 = 0.130 µM; A-2780 IC50 = 0.110 µM; HT-29
IC50 = 0.080 µM; HeLa IC50 = 0.410 µM). In a selectivity panel, 79 was 25-fold
more potent for Aurora-A over 19 of the 20 unrelated kinases evaluated.

Structure 79

3.3.3
Thienopyrazoles, Furopyrazoles, Indazoles

Pfizer (Pharmacia) disclosed the development of potent Aurora-A kinase
inhibitors containing the 3-aminothieno[3,2-c]pyrazole (80) and 3-amino-
furo[3,2-c]pyrazole (81) scaffolds [195, 196]. Extensive data was not reported
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for the furopyrazole series, however, compound 81 had CDK2 and PAK4 in-
hibition activity (Ki < 0.5 µM) as well as Aurora-A (Ki < 0.1 µM). The SAR of
the 3-aminothieno[3,2-c]pyrazole series showed that a wide variety of para-
substituted 3-benzamides were tolerated with the 4-methylpiperazin-1-yl,
found in 80 (Aurora Ki = 0.001 µM; HeLa IC50 = 0.002 µM), and 4-morpholin-
4-yl groups the most preferred. The gem-dimethyl group in 80 can be re-
placed with cyclopropyl, R or S methyl or ethyl, and S-methyl(pyrollidin-1-yl)
or S-methyl(morpholin-4-yl) with little consequence to the Aurora inhibi-
tion (Ki = 0.001 to 0.018 µM) or tumor cell anti-proliferative activity (HeLa
IC50 = 0.002 to 0.18 µM). Aventis has published a patent application describ-
ing indazoles as inhibitors of Aurora-A [197]. These indazoles had broad
activity against kinases, as exemplified by compound 82, which inhibited
Aurora-A (97% inhibition at 10 µM), FAK (98% inhibition at 10 µM), KDR

Structure 82
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(70% inhibition at 10 µM), Src (89% inhibition at 10 µM), and TIE-2 (86%
inhibition at 10 µM).

3.3.4
Pyrrolopyrimidines, Thiazolopyrimidines, Imidazolopyrimidines

Vertex disclosed a series of pyrrolopyrimidines, represented by 83 and 84, as
kinase inhibitors active against Aurora-A, GSK3β, JNK3, Src, and Erk [198].
No compound-specific data was given but it was claimed that IC50 values
ranged from < 1 to 5 µM. A patent application covering thiazololopyrim-
idines as inhibitors of Aurora-A, GSK3β and SYK has been published by
Vertex [199]. For example, compound 85 was reported to have an inhibitory
constant < 0.5 µM for Aurora-A, > 1 µM for GSK-3β, and 0.5–2 µM for Syk.
Cyclacel disclosed a series of thiazolopyrimidines as Aurora-A kinase in-
hibitors [200–202]. Compound 86 had broad CDK kinase activity, inhibiting
CDK2 (IC50 = 0.5 µM), CDK4 (IC50 = 3.3 µM), CDK7 (IC50 = 1.6 µM), and
CDK9 (IC50 = 0.69 µM) in addition to Aurora-A (IC50 = 0.033 µM). The SAR
provided for the thiazole-2-one analogs suggested that the N-ethyl group
had a small but beneficial effect on the selectivity profile. Imidazolyl pyrim-
idines, which had been initially developed as JNK protein kinase inhibitors,
also had potent activity for Aurora-A, Src, and Lck [203]. Compound 87
had an inhibition constant of < 0.1 µM for Aurora-A and 0.1–1 µM for
JNK3. The SAR gleaned from this patent illustrated the importance of the
imidazole NH for Aurora activity in this series. Exchanging the imidazole
for a thiazole resulted in the loss of Aurora inhibition while maintaining
moderate activity for JNK3. Analogs with the most potent inhibition ac-

Structure 83

Structure 84
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Structure 85

Structure 86

Structure 87

tivity for the Aurora kinase had a 3,5-dichlorobenzyl group as a common
feature.

3.3.5
Quinazolines

A series of 4-anilinoquinazolines, exemplified by compound 88a (Aurora
IC50 = 0.374 µM), was identified through a high through-put screening cam-
paign and used as a starting point for AstraZeneca’s medicinal chemistry
efforts. These inhibitors were notable for both their potency and selectivity
for Aurora kinases [155, 156, 204–206]. The binding mode for quinazoline-
based kinase inhibitors is well understood. They are known to orient in the
ATP binding site by making a critical H-bond interaction with the “hinge”
peptide of the protein through the quinazoline N-1, causing the 4-benzamide
to extend into the selectivity pocket and the 6,7-dimethoxy group of 88a
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Structure 88

to be directed towards the solvent-accessible region of the enzyme. Replac-
ing the 7-methoxy of 88a with 3-(morpholin-4-yl)propoxy gave 88b, which
had improved activity in the in vitro kinase inhibition assays (Aurora-A,
IC50 = 0.11 µM, Aurora-B IC50 = 0.13 µM) and cellular potency (MCF7 IC50 =
1.06 µM). Compound 88b was a relatively weak inhibitor of MEK1 (IC50 =
1.79 µM), Src (IC50 = 1.03 µM), Lck (IC50 = 0.88 µM) and inactive (IC50 >
10 µM) against CDK1, CDK2, CDK4, CHK1, Flt, KDR2, IKK1/2, PLK1, and
FAK kinases. A FACS study demonstrated that 88b caused a concentration-
dependent increase in 4n DNA and induced apoptosis in cycling cells, con-
sistent with the proposed mechanism of action. Compounds 88a and 88b,
had low aqueous solubility (1–10 µM at pH 7.4) and were highly protein
bound in rat plasma (88a 0.01% free drug; 88b 0.3% free drug). Exchang-
ing the 4-aniline for six-membered heterocycles led to analogs with increased
potency and selectivity, and with improved physical properties [205, 207].
While both pyridin-3-yl and pyrimidin-5-yl analogs had improved potency
and selectivity for Aurora kinases, the most notable was the pyrimidin-2-yl
89 (Aurora-A IC50 = 0.008 µM; Aurora-B IC50 = 0.025 µM). The physicochem-
ical properties of 89 also led to a substantial improvement in rat plasma
protein binding (4.5% free drug) over 88a,b. Extensive work on this scaffold
led to the phosphate prodrug 90 (Aurora-A IC50 = 0.003 µM; Aurora-B IC50 =
0.012 µM; MCF7 IC50 = 0.30 µM) where the complementarity of the ben-

Structure 89



Progress in the Development of Agents to Control the Cell Cycle 265

Structure 90

zamide was carefully fine-tuned with a 3-chloro-4-fluorophenyl substituent
and the 7-alkoxy interaction was optimized with a 3-(N-hydroxyethyl-N-
ethyl)aminopropoxy group [207] to provide an effective lipophilic contact
with the protein, while gaining access to the solvent channel with a polar
group.

In the previous study, replacement of the aniline ring with six-membered
heterocycles resulted in potent inhibitors, therefore, replacing the aniline
group with five-member heterocycles was also explored. Quinazolines with
five-membered rings of various structures were prepared and evaluated. The
5-thiophene 91a (Aurora-A IC50 = 0.011 µM; Aurora-B IC50 = 0.057 µM) and
the 2-thiazole 91b (Aurora-A IC50 = 0.004 µM; Aurora-B IC50 = 0.042 µM)
were potent inhibitors with good activity against both Aurora-A and Aurora-
B kinases [208–210]. Inserting a methylene group between the amide car-
bonyl and the five-membered heterocycle resulted in analogs with excellent
potency against both Aurora-A and Aurora-B. This could be clearly seen
through the direct comparison of compound 91c (Aurora-A IC50 < 0.001 µM;
Aurora-B IC50 < 0.001 µM) with 91b, where insertion of the methylene link-
age between the thiazole ring and the amide carbonyl lead to improved
activity against Aurora-A and Aurora-B [209–211]. In addition, 91c had in-
creased potency in the MCF7 (IC50 = 0.008 µM) and SW620 (IC50 = 0.012 µM)
cell proliferation assay. In vivo, compound 91d induced dose-dependent
inhibition of histone H3 phosphorylation (25–45% at 25–50 mg/kg i.p.)
in nude mice inoculated with SW620 tumors [212]. From this series, the
Phase I clinical candidate AZD-1152 (92) was identified. Compound 92 is

Structure 91
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Structure 92

a phosphate prodrug that is soluble in basic vehicles and readily hydrolyzed
to the parent in vivo. The parent compound of 92 is a potent inhibitor
of Aurora-A (IC50 < 0.001 µM) Aurora-B (IC50 = 0.007 µM) and Aurora-C
(IC50 = 0.005 µM); 92 suppressed histone H3 phosphorylation in human tu-
mor cell lines with IC50 values from 0.005 µM to 0.035 µM, and had a potent
anti-proliferative effect on SW620 cells (IC50 = 0.002 µM). In colorectal and
lung human xenografts, 92 inhibited tumor growth by 69% and 100%, re-
spectively, after 48 h of dosing at 150 mg/kg/day sc [213–219]. Compounds
where the five-membered heterocycle was a pyrazole, triazole, or imidazole
were also potent inhibitors of the Aurora kinases when this methylene linkage
was present in the molecule [220–223]. Removing the 6-methoxy substituent
from compound 93a (Aurora-A IC50 = 0.010 µM; Aurora-B IC50 = 0.008 µM)
yielded 93b (Aurora-A IC50 = 0.500 µM; Aurora-B IC50 = 0.009 µM) an ana-
log with > 50-fold selectivity for Aurora-B over Aurora-A. These compounds
had excellent cellular activity (93a SW620 IC50 = 0.001 µM; 93b SW620 IC50 =
0.001 µM).

Structure 93

3.3.6
Quinoline

Scientists at AstraZeneca replaced the quinazoline core of the previous se-
ries with a quinoline to give analogs such as 94 with good selectivity for the
Aurora kinases [224]. Compound 94 (Aurora-A IC50 = 0.052 µM; Aurora-B
IC50 = 0.012 µM) was potent in the enzymatic assays and had good solubility.
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Structure 94

However, while the quinoline analogs were more potent in cell assays (MCF7
IC50 = 0.360 µM) they exhibited shorter plasma half-lives compared to the
corresponding quinazolines.

3.3.7
Indolopyrimidines

Montigen has disclosed a series of indolopyrimidine Aurora inhibitors [225].
The lead compound, MP-235 (95), was reported to inhibit Aurora kinases at
nanomolar concentrations (Aurora-A IC50 = 0.090 µM)). Further modifica-
tions identified analogs with greater potency and selectivity; these inhibitors
had anti-proliferative effects in the human pancreatic cell lines MiaPaCa-2
and Panc-1 and other cancer cell lines but at relatively high concentrations
(IC50 values from 125 to 300 µM). Compound 95 was selective for Aurora-
A when tested against a panel of 20 kinases (IC50 > 0.5 µM).

Structure 95

3.3.8
Oxindole

Boehringer Ingelheim reported on the novel oxindole, Hesperadin (96). Com-
pound 96 induced aneuploidy, caused defects in mitosis and cytokinesis, and
inhibited Aurora-B (IC50 ∼ 0.25 µM) [226, 227].The specificity of the com-
pound against other members of the Aurora family has not been reported;
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Structure 96

however, 96 was found to be an effective inhibitor of six different kinases
(AMPK, Lck, MKK1, MAPKAP-K2, CHK1, and PHK2) out of a panel of 25 ki-
nases. In addition, 96 was a weak inhibitor of CDK1/cyclin B (IC50 = 2.8 µM)
but did not inhibit CDK2/cyclin E and CDK4/cyclin D1 (IC50 > 10 µM). Com-
pound 96 inhibited the phosphorylation of histone H3 on Ser10 in HeLa
tumor cells (IC50 ∼ 0.250 µM), a process catalyzed by Aurora-B during mi-
tosis. A crystal structure of 96 complexed to Aurora-B/INCENP has been
reported [170]. The oxindole was situated within the ATP binding pocket with
the oxygen and nitrogen atoms forming hydrogen bonds to the main chain
carbonyl and amide NH of Glu171 and Ala173, respectively (Fig. 11). The ob-
served orientation is similar to other oxindole-based inhibitors bound in the
active sites of FGFR1 and CDK2. The piperidine was exposed to solvent while
the sulfonamide was directed into the active site. The sulfonamide oxygen
atoms made two H-bonds to Lys103 and Lys122.

3.3.9
5H-pyrimidino[5,4-d]benzazepines

The group at Millennium Pharmaceuticals has claimed MLN-8054 (97) to be
the first kinase inhibitor selective for Aurora-A over Aurora-B, which gives ro-
bust inhibition of human tumor xenografts [228–230]. Treatment of cultured
human tumor cells with 97 resulted in the accumulation of mitotic cells with
spindle abnormalities, a phenotype consistent with selective Aurora-A inhi-
bition. In a pharmacodynamic model the time-dependent accumulation of

Structure 97



Progress in the Development of Agents to Control the Cell Cycle 269

mitotic cells was detected in SW480 and HCT-116 xenografts in nude mice
4 h after the administration of a single oral dose of 97. In a study exam-
ining the effect of 97 on centrosome maturation and spindle formation in
mitotic tumor cells, 97 was found to cause a high degree of defects in spin-
dle pole formation with the majority of spindle fibers abnormally formed
and the DNA not tightly aligned to the metaphase plate. Using time-lapsed
video microscopy with fluorescent α-tubulin and histone H2B, 97-treated tu-
mor cells were shown to undergo a significantly delayed anaphase relative
to untreated cells. A dosing scheduling study in the HCT-116 human tumor
xenograft model compared continuous oral dosing over 20 days (30 mpk BID)
with 5 days on/5 days off repeated twice (30 mpk BID), 10 days on/10 days off
(30 mpk BID) and 3 days on/7 days off, repeated twice (60 mpk BID). Contin-
uous dosing was the most effective with 103% tumor growth inhibition (TGI),
while the 5/5 twice (77% TGI) and 10/10 (83% TGI) and 3/7 twice at 60 mpk
bid (73% TGI) schedules were slightly less efficacious. MLN-8054 (97) is now
in Phase I clinical trials.

4
Polo-Like Kinases

4.1
Biology of the Polo-Like Kinases

The Polo-like kinases (PLKs) are serine/threonine kinases that participate
in the control of mitotic progression. There are four family members that
possess a conserved catalytic domain and a defining Polo-box domain
(PBD) [231, 232]. The PBD, located in the non-catalytic C-terminus of the
proteins, is critical for the interaction of PLK family enzymes with their sub-
strates. Although mutations in the PBD do not affect the kinase activity of
the PLKs, these altered proteins lack biological activity in cells, highlighting
the critical contribution of the PDB for substrate recognition [233]. Active
PLKs regulate bipolar spindle formation, chromosome segregation, centro-
some maturation, and execution of cytokinesis through the phosphorylation
of substrate proteins such as cyclin B1, cdc2, myt1, BRCA2, and cdc27 (re-
viewed in [234]).

PLK-1, the most extensively studied member of this kinase family, exhibits
peak expression during late G2 and M phases. Specifically, PLK-1 drives the
transition into mitosis by phosphorylating cyclin B1, promoting its subse-
quent translocation to the nucleus [235, 236] and by phosphorylating cdc25C,
activating its phosphatase activity [237]. In addition, PLK-1 plays a critical
role in the response to DNA damage, where DNA damage inhibits the activity
of PLK-1 and therefore prevents the activation of cdc25C and the progres-
sion into M phase [238]. PLK-1 overexpression has been linked to induction
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of DNA synthesis in quiescent cells and transformation of NIH-3T3 cells and
their subsequent tumorigenesis in nude mice [239, 240]. The role of PLK-1
in driving cancer cell proliferation has been examined using siRNA, and the
reduction in PLK-1 levels concomitantly reduces the viability of cells and in-
duces apoptosis and G2/M arrest [241]. PLK-1 is overexpressed in a wide
variety of human tumors, including colorectal, ovarian, breast, prostate, and
pancreatic cancers and melanomas [242–247], and as such, may play a signifi-
cant role clinically.

The other PLK family members, PLK-2 (a.k.a. SNK, serum inducible ki-
nase), PLK-3 (a.k.a. FNK, FGF-inducible kinase) or PRK (proliferation related
kinase) and PLK-4 (SAK), exert their effects on cell cycle control due to differ-
ential expression at distinct stages in the cycle. Similarly to PLK-1, both PLK-
2 and PLK-3 play a role in the cellular responses to DNA damage. However,
in clinical samples, PLK-3 appears to be negatively regulated with disease,
as it is down-regulated in lung, and head and neck tumor tissue [248, 249].
These results correlate with the induction of apoptosis seen when PLK-3 is
overexpressed in cells. PLK-4 plays a role in centriole duplication but in ani-
mal models of haploinsufficiency, greater spontaneous tumor development is
seen in mice with lower PLK-4 gene dosage [250]. This information suggests
that small-molecule inhibitors should selectively target PLK-1 to be therapeu-
tically useful.

4.2
Structural Biology of the Polo-Like Kinases

No crystal structures are currently available of a PLK kinase domain; how-
ever, a recent structural study has been reported for the Polo-box domain of
the C-terminal non-catalytic region, which forms the basis for a hypothesis
on the autoregulation of PLK kinase activity [251]. Since there is high degree
of structural similarity between kinase catalytic domains, homology models
based on the available crystal structures offer an alternative method for iden-
tifying features in the active site that are important for activity and selectiv-
ity. Two homology models for human PLK-1 have been reported based on
a combination of homologous crystal structures: the first used PKA, CDK2,
ERK2 [232, 252] and the second, Aurora-A, Aurora-B and Akt/PKB [253]. The
second PLK-1 homology model was also used as a template to model the
PLK-2, PLK-3, and PLK-4 kinase domains.

Analysis of these homology models provided insight into the nature of the
ATP binding pocket, revealing unique features not apparent in other kinases
(Fig. 14). In PLK-1 the residue at position 67, Val in most kinases, is a Cys.
This residue offers the possibility of designing inhibitors targeting the reac-
tive thiol group of Cys67 to covalently modify the enzyme active site. The
concept of designing an irreversible inhibitor with an electrophilic group to
react with a Cys thiol in the active site has been used successfully for in-
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Fig. 14 Model of the ATP binding site of PLK-1

hibitors of erbB2 tyrosine kinase [254, 255]. Other residues found in the ATP
binding pocket of PLK-1 that might be exploited to generate selective in-
hibitors, include Leu130, corresponding to the so-called “gatekeeper residue”,
Phe183, D194, Arg135, and Arg136.

4.3
Structure–Activity Relationships of Polo-Like Kinase Inhibitors

PLK-1 is a relatively novel kinase target and a number of naturally occurring,
broadly active kinase inhibitors are being considered as starting points for
the design of more selective inhibitors of this enzyme. These compounds will
be presented first, followed by a summary of the data available for the only
clinical candidate reported up to this time, BI-2536 (103), and a survey of the
literature on the chemical series now being pursued by the pharmaceutical
industry. A recent review of this topic is also available [256].

4.3.1
Scytonemin, Staurosporine, Purvalanol A and Flavinoids

Scytonemin (98) [257–259] inhibited the phosphorylation of cdc25C by re-
combinant PLK-1 (IC50 = 1.95 µM). In ATP competition assays 98 showed the
profile of a mixed inhibitor. The compound was not selective and had simi-
lar potency against other kinases, including MYT1 (IC50 = 1.17 µM), CHK1
(IC50 = 1.42 µM), CDK1/cyclin B (IC50 = 3.02 µM), and PKC (IC50 = 2.73 µM).
Staurosporine (99) was found to be a moderately potent inhibitor of PLK-
1 (IC50 = 0.8 µM), however, it was non-selective and showed activity against
a wide range of kinases, especially CDK2 (IC50 = 0.004 µM) [253]. Purvalanol
A, (5a), a relatively selective and potent inhibitor of CDKs, cdc2/cyclin B
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Structure 98

Structure 99

(IC50 = 0.004 µM), CDK2/cyclin A (IC50 = 0.07 µM), CDK2/cyclin E (IC50 =
0.035 µM), CDK4/cyclinD1 (IC50 = 0.85 µM), and CDK5/p35 (IC50 =
0.075 µM) was found to inhibit PLK-1 with micromolar potency (IC50 =
5.0 µM) [253, 260, 261].

The flavonoids, LY294002 (100, PLK-1 IC50 = 5.25 µM) [253, 262], morin
(101a, PLK-1 IC50 = 12.6 µM), robinetin (101b, PLK-1 IC50 = 60 µM), and
quercetin (102, PLK-1 IC50 = 64 µM) were modest inhibitors of PLK-1,
whereas other flavonoid compounds, including myricetin, datescetin, lute-
olin, galangin, daidzein, fisetin, kaemperfol, and kaempferide, were found

Structure 100
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Structure 101

Structure 102

to be inactive (IC50 > 100 µM). The inactive flavonoids contain the same
chromenone scaffold, such as 101, 102, and differ only by their hydroxylation
pattern. Docking experiments using a PLK-1 homology model showed that
the 5- and 7-hydroxyls could act as hydrogen bond donors to the carbonyls of
Cys133 and Leu130 located in the “hinge” peptide of the kinase, while the cat-
echol hydroxyl group formed hydrogen bonds to Asp194 and to the backbone
N – H of Ala65 (Fig. 15) [253, 263, 264]. However, this model does not make
it clear how to distinguish an “active” hydroxylation pattern from an inactive
analog.

Fig. 15 Model of 101a in the PLK-1 active site
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4.3.2
Pyrimidinopyrazines

Boehringer Ingelheim has reported data on their clinical candidate, BI-2536
(103). Compound 103 is a potent PLK-1 inhibitor (IC50 = 0.0008 µM) and is
highly selective for PLK-1 (> 10 000-fold) against a large panel of serine and
threonine kinases. In cell culture 103 inhibits the proliferation of a range
of tumor cell lines with EC50 values of 0.002 to 0.025 µM [256, 265]. This
compound induced mitotic arrest and apoptosis in HL-460 tumors at an IV
dose of 60 mpk in mice. At 40 mpk IV once or twice weekly for 4 weeks, 103
inhibited tumor growth in a HCT-116 colon cancer xenograft model. The
compound was also active against BxPC-3 pancreas cancer and A549 non-
small cell lung cancer xenograft models [266]. In a Phase I dose escalation
trial in patients with advanced or metastatic disease, the maximum tolerated
dose for 103 has been set at 200 mg as a single 1-h IV infusion. The plasma
elimination half-life was determined to be 18 h. Dose-limiting toxicity was
neuropenic infection in two of six patients at the 250 mg dose [267].

Structure 103

4.3.3
Pyrimidines

Cyclacel described thiazolo-pyrimidine analogs, exemplified by 104 [268,
269], and a related series of 2-aminophenyl-4-phenylpyrimidines, exemplified
by 105a,b [270] with activity against PLK-1. These compounds were derived

Structure 104
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Structure 105

from a previously reported series of 2-anilino-4-heteroaryl-pyrimidine CDK
inhibitors and had IC50 values between 5–50 µM for PLK-1 and < 0.60 µM for
CDK2. All analogs had a para-hydroxy group in the aniline portion of the core
and this moiety was clearly linked to the observed PLK-1 inhibitory activity.
Docking experiments with a homology model suggested that these inhibitors
make the essential hinge region H-bonds through the aniline N – H group and
the N-1 of the pyrimidine scaffold while the para-hydroxyl group of the ani-
line interacts with Arg135 located on the solvent accessible cleft of the ATP
binding pocket (Fig. 16).

Kyowa Hakko Kogyu Pharmaceuticals reported a series of 2,4,5-trisubsti-
tuted pyrimidine compounds as PLK-1 inhibitors [271]. Two of the most
potent analogs were 106 (PLK-1 IC50 = 0.33 µM) and 107 (PLK-1 IC50 =
0.55 µM). Active compounds contained either a tetrazole or a nitrile group
at the 5-position of the pyrimidine while 2-heteroalkylamine or 2-arylalkyl-
amine substituents were required. Substituents at the 4-position appeared
to have less of an impact on PLK-1 inhibition activity. No preferred stereo-
chemistry was exemplified for the 1-phenylethylamine in 107. GlaxoSmithK-
line has also claimed a related series of 2,4,5-trisubstituted pyrimidines as
PLK-1 inhibitors [272]. The most potent compound from this series was 108
with submicromolar activity against the enzyme as well as submicromolar

Fig. 16 Compound 104 in a model of PLK-1
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Structure 106

Structure 107

Structure 108

anti-proliferative activity against a wide range of tumor cell lines. The pre-
ferred substituents at the 2-position were 3,4,5 trimethoxyaniline and N-(4-
aminophenyl)acetamide. A variety of 4-arylamine substituents were tolerated
while the presence of a 5-nitro was important for cell activity. Replacing the
5-nitro functionality with a 5-nitrile yielded 109, a compound with submi-
cromolar activity against PLK-1 enzyme but substantially lower tumor cell
anti-proliferative activity.

Structure 109
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4.3.4
Benzothiazoles

Cyclacel screened a large collection of commercially available compounds in
a homology model of the PLK-1 active site using a high-throughput dock-
ing program. The top-ranking candidates were evaluated in an assay against
the human recombinant enzyme. This approach resulted in the identifica-
tion of a novel series of benzothiazole N-oxide PLK-1 inhibitors [273]. These
compounds were reported to be highly selective for PLK-1, however, no
supporting data has been presented. The most potent compound was 110
(PLK-1 IC50 = 0.06 µM) with anti-proliferative activity against tumor cells in
the low micromolar range (A475 IC50 = 4.0 µM; HeLa IC50 = 6.0 µM; MCF-7
IC50 = 2.5 µM; U2OS IC50 = 8.2 µM).

Structure 110

4.3.5
5-(Benzimidazol-1-yl)thiophene and 2-(benzimidazol-1-yl)thiazole

GlaxoSmithKline has filed patent applications covering 5-(benzimidazol-1-
yl)thiophenes 111 and 112 and 2-(benzimidazol-1-yl)thioazoles 113 as in-
hibitors of PLK-1 [274, 275]. Many potent compounds were claimed for
5-(benzimidazol-1-yl)thiophene series, including analog 111 with submicro-
molar inhibition against PLK-1 and anti-proliferative activity in five out of the
six tumor cell lines tested. According to the data disclosed in the filing, a var-
iety of substituents were accommodated on the 5- and 6-positions of the ben-

Structure 111
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Structure 112

zimidazole ring with the 5,6-dimethoxy- (112) and 6-aminobenzimidazole
(111) most preferred. Substitution at the 2-position of the benzimidazole
was not tolerated. A series of analogs with ortho-substituted benzyl ethers
on the 3-position of the thiophene 112 were active compounds. Preferred
ortho substituents, – R in 112, were chloro-, trifluoromethyl-, methyl- and
nitro. Substitution of the benzylic methylene with a methyl group, – R1 in
112, was also tolerated. No stereochemical preference was reported for this
substitution. The thiophene-2-carboxamide in 111 and 112 was an abso-
lute requirement for activity. Substitution of the amide nitrogen with an
alkyl group or replacing the amide with an ester, acid, thioamide, nitrile,
or tetrazole resulted in the loss of enzyme and cell activity. The SAR of
the 2-(benzimidazol-1-yl)thiazoles parallels the relationships reported for the
corresponding 5-(benzimidazol-1-yl)thiophenes. Although several of the thi-
azole analogs had good activity against PLK-1, none of these compounds
exhibited comparable cellular potency. The most potent compound from this
series was 113. It had submicromolar potency against PLK-1 and tumor cell
anti-proliferative activity with IC50 values in the range 1–10 µM.

Structure 113
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4.3.6
Imidazotriazines

A GlaxoSmithKline patent reported a series of imidazo[5,1-f ] [1, 2, 4]triazines
to have activity against PLK-1 [276]. The most potent analogs, exempli-
fied by compounds 114a,b, were active against PLK-1 in the submicro-
molar range and had anti-proliferative activity with IC50 values of 1 to
10 µM. The preferred 2-substituents on the imidazotriazine core were the
3,4,5 trimethoxyaniline and N(4-amino-phenyl)acetamide, while the pre-
ferred 7-substituents were phenyl and meta-trifluoromethylphenyl.

Structure 114

4.3.7
Phenylureas

In a recently published patent application GlaxoSmithKline described a se-
ries of phenylureas as PLK-1 inhibitors [277]. The most active compound
was 115a (R = Cbz) which was reported to have an IC50 value against PLK-
1 in the range 0.1–10 µM. No cell data were supplied for these analogs. The
R-stereoisomer was the preferred one for this series while the free piperazine
analog 115b (R = H) was inactive.

Structure 115
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4.3.8
3-Ethylthiazolidinone

Schering published two patent applications describing a series of ethylthia-
zolidinones as PLK-1 inhibitors [278, 279]. The most potent compounds were
116 (PLK-1 IC50 = 0.023 µM) and 117 (PLK-1 IC50 = 0.034 µM). Compounds
116 (MaTu IC50 = 1.1 µM) and 117 (MaTu IC50 = 1.4 µM) also demonstrated
anti-proliferative effects in MaTu cells.

Structure 116

Structure 117

5
Conclusion

Flavopiridol (1), the first CDK inhibitor to enter clinical trials and the proto-
type for the general class of cell cycle therapeutics, still garners considerable
attention in the clinic with some 20 Phase I and II clinical trials currently
enrolling patients. While 1 may not be an optimal drug, this work is ex-
tremely important for defining the dosing sequence for combination studies,
the dosing schedule to manage drug exposure and toxicity, and the phar-
macodynamic markers for future studies [40]. Most importantly, although
objective clinical responses with flavopiridol have been modest, there is good
reason to believe that compounds with improved efficacy and selectivity will
be more effective clinically. Responding to this challenge, the pharmaceutical
industry has entered into early human clinical trials with improved inhibitors
of the CDK, Aurora, and PLK kinases. As of this writing there have been few
reports on the clinical studies of this “second wave” of clinical compounds but
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the data are much anticipated. These compounds will provide the ultimate
test of the hypothesis that rapidly cycling tumor cells can be selectively killed
by inhibition of cell cycle dynamics.
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Abstract This review presents a wide-ranging selection of key literature examples in the
histone deacetylase (HDAC) field. The review starts off with the biological background
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of HDACs and their link to cancer and cancer treatment. The body of the work consists
of a categorized and chronological medicinal chemistry overview. This part describes key
medicinal chemistry contributions ranging from the very early HDAC inhibitors to com-
pounds currently in the clinic. The result of all these medicinal chemistry and biology
efforts have been captured in the last section that gives an overview of the current status
of HDAC inhibitors in the clinic.

Keywords Histone deacetylase · HDAC inhibitor · Hydroxamic acid ·
Clinical development · Isoform selective
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1
Introduction

During the past decade, epigenetic phenomena have been proven to be in-
volved in the onset and promotion of carcinogenesis. Aberrations in the
complex chromatin control of gene expression result in silencing of tumor-
suppressor genes, decreased DNA repair and inactivation of apoptotic path-
ways. Chromatin plays a central role in these processes, since it represents
a key component in the compact structure of the mammalian genome to al-
low for the nucleus to accommodate the full DNA sequence. The fundamental
repeating unit of chromatin, the nucleosome, consists of an octamer of core
histones, which have long been shown to play an essential role in the assembly
of chromatin into higher-order structures of the DNA, required for effi-
cient condensation. Furthermore, it has become clear that post-translational
modifications of the histones by various chromatin-associated proteins reg-
ulate the gene-expression profile. These modifications target mainly the
N-terminal tails of highly conserved lysine residues within the histones
and include acetylation, methylation, phosphorylation, ubiquitinylation and
glycosylation.

Historically, histone deacetylases (HDACs) were considered as promising
drug targets in anticancer therapy due to their regulating role in the histone
acetylation status implicated in the epigenetic chromatin control. As a con-
sequence, the potential of HDAC inhibitors was initially attributed to their
capacity as chromatin-modulating drugs.

An increasing amount of data has recently led to better insight into the
pleiotropic effects of HDAC inhibitors, demonstrating that HDACs also act as
regulators of cellular processes such as proliferation, apoptosis and angiogen-
esis through deacetylation of other protein substrates.

The identification of the first small molecule HDAC inhibitors in the late
seventies triggered an exponential growth in medicinal chemistry activity.
Three decades and many thousand compounds later, the availability of di-
verse HDAC inhibitors such as short-chain fatty acids, hydroxamic acids,
benzamides and tetracyclic peptides, has not only enabled the elucidation
of the catalytic mechanism underlying the deacetylating capacity of HDACs,
but has also assisted in the investigation of the biological role of the various
HDAC subtypes. Furthermore, HDAC inhibitors are currently being evaluated
in the clinic and have shown therapeutic potential in the treatment of cancer.

In this work, we will discuss in detail the role of HDACs as regulators of
critical cellular processes, the implication of disregulated HDAC activity in
carcinogenesis, as well as a retrospective account of the continued medicinal
chemistry efforts in the field and an overview of HDAC inhibitors currently
undergoing clinical evaluation.
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2
Biochemistry of the Histone Deacetylases and Histone Acetyl Transferases

2.1
HDACs and their Link to Cancer

The family of HDAC enzymes has been named after their first substrate identi-
fied, i.e., the nuclear histone proteins. Histone proteins (H2A, H2B, H3 and H4)
form an octamer complex, around which the DNA helix is wrapped in order to
establish a condensed chromatin structure. The acetylation status of histones
is in a dynamic equilibrium governed by histone acetyl transferases (HATs),
which acetylate and HDACs which are responsible for the deacetylation of his-
tone tails (Fig. 1). Inhibition of the HDAC enzyme promotes the acetylation of
nucleosome histone tails, favoring a more transcriptionally competent chro-
matin structure, which in turn leads to altered expression of genes involved
in cellular processes such as cell proliferation, apoptosis and differentiation.
Inhibition of HDAC activity results in the activation of only a limited set of
pre-programmed genes; microarray experiments have shown that ∼ 2% of all
genes are activated by structurally different HDAC inhibitors [1–5]. In recent
years, a growing number of additional nonhistone HDAC substrates have been
identified, which will be discussed in more detail below.

Fig. 1 The dynamic equilibrium between acetylation and deacetylation of lysine residues
of the histones is controlled by the opposing enzymatic activities of HATs and HDACs.
The acetylation status determines whether a lysine residue is either neutral (acetylated)
or positively charged (deacetylated). The consequent changes in the internucleosomal in-
teractions and condensation status of chromosomal domains govern the transcriptional
competence of DNA (© Diane Bruyninckx)
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Disruption of HAT or histone deacetylase (HDAC) activity is associated
with the development of cancer [6]. HAT mutations or translocations are fre-
quently observed in tumors from both hematological and epithelial origin,
e.g., acute myeloid leukemia (AML), colorectal, breast and gastric tumors,
and glioblastomas. A HAT mutation also lies at the root of the Rubinstein–
Taybi syndrome, a developmental disorder associated with an increased risk
of cancer. Disregulated and constant HDAC recruitment in conjunction with
oncogenic transcription factors to the chromatin is observed in specific
forms of leukemia and lymphoma, such as acute promyelocytic leukemia
(APL), non-Hodgkin’s lymphoma and AML M2 subtype 2,3 [6, 7]. Upregu-
lation of HDAC1 at the protein level was observed in prostate cancer cells,
as the disease progresses from pre-malignant lesions and well-differentiated
androgen-responsive prostate adenocarcinoma towards the phenotypically
de-differentiated androgen-insensitive prostate cancer [8]. In addition, in-
creased HDAC2 expression is found in the majority of human colon cancer
explants which is triggered by the loss of the tumor suppressor adenomatosis
polyposis coli (APC) [9].

In agreement with the aberrant HDAC/HAT activity equilibrium in cancer,
HDAC inhibitors have been shown to induce cell-cycle arrest, terminal differ-
entiation and/or apoptosis in a broad spectrum of human tumor cell lines in
vitro, to inhibit angiogenesis and to exhibit in vivo antitumor activity in hu-
man xenograft models in nude mice [10–12]. Several HDAC inhibitors are in
advanced stages of development and antitumor activity has been observed in
hematological malignancies at doses that were well tolerated (Sect. 3).

2.2
The HDAC Family of Enzymes

The HDAC family of enzymes are commonly divided into three classes: i.e.,
classes I, II and III [13]. In this review, the focus will be on classes I and II
only, since these have been predominantly implied to mediate the effects of
HDAC inhibitors currently in clinical development.

The class-I group HDACs, which consists of HDAC family members 1–3
and 8 have been shown to be crucial for tumor cell proliferation. Knock-down
of HDAC1 and HDAC3 using siRNA techniques caused inhibition of prolif-
eration and changed the cell’s structure into a more flattened morphology
with extensive focal contacts [14]. Lagger et al. [15] showed that disruption
of HDAC1 in mouse embryonic stem cells resulted in an increase in H3 and
H4 acetylation and gene induction, thereby linking histone deacetylation and
the subsequent transcriptional modulation to the enzymatic activity of the
class-I HDACs. Recently Ropero et al. also reported a truncating mutation in
HDAC2 found in human cancers that renders them less sensitive to the HDAC
inhibitor trichostatin A (TSA), further emphasizing the key role of class-I
HDACs [16].
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Among the wide variety of transcription factors that utilize class-I HDACs
to silence specific promoters, the best known example is the class of nuclear
hormone receptors, which only bind HDAC3 in absence of their ligand, and
thus maintain a state of transcriptional silencing. This complex is dissoci-
ated in a ligand-dependent manner, e.g. by retinoids, estrogens or andro-
gens, resulting in gene expression and differentiation. Another key example
is the HDAC1-dependent silencing of the cyclin-dependent kinase inhibitor
p21waf1,cip1. The crucial role of p21waf1,cip1 induction in the antiproliferative
effects of HDAC inhibitors was demonstrated by studies showing a 6-fold in-
crease in resistance to the HDAC inhibitor TSA in p21waf1,cip1 deficient cells as
compared to the parental HCT-116 cells [17, 18]. In addition, unlike genuine
tumor suppressor genes, p21waf1,cip1 is ubiquitously present in tumor cells,
and induced by HDAC inhibitors.

It should be noted that histones are not the only substrates of the class-I
HDACs. For example, HDACs 1–3 deacetylate the tumor suppressor p53,
which as a consequence gets ubiquitinated and degraded. Since p53 is a po-
tent tumor suppressor, inducing cell cycle arrest and apoptosis, maintaining
low levels of this protein is key for allowing survival and uncontrolled prolif-
eration of tumor cells [19]. A concise overview of the acetylome has recently
been published by Minucci and Pelicci [20].

The class-II HDACs can be divided into two subclasses: class-IIa con-
taining HDACs 4, 5, 7, 9 and the HDAC9 splice variant MEF2-interacting
transcription repressor (MITR). Class IIb comprises HDAC6 and HDAC10,
which both have duplicated HDAC domains. Class-IIa HDACs do not possess
intrinsic histone deacetylase enzymatic activity [21] but regulate gene expres-
sion by functioning as bridging factors since they associate both with class-I
HDAC complexes and with transcription factor/DNA complexes.

So far, inhibition of class-IIa HDAC isotypes has not been shown to af-
fect tumor cell proliferation directly, since inhibition of expression of class-II
HDACs 4 and 7 in HeLa cells using siRNA technology did not result in de-
creased proliferation [14]. Although HDAC4 is not directly involved in cell
cycle progression, HDAC4 does interact with p53BP1 to mediate the DNA
damage response to agents causing double strand breaks. Silencing of HDAC4
abrogates DNA-damage induced G2 arrest in HeLa cells [22]. Concerning
the other class-IIa family members, HDAC5 over-expression was found to
induce tumor cell apoptosis, but a role for the endogenous level of this pro-
tein in cell cycle progression has not been shown [23]. Attar et al. [24]
reported the identification of a novel class-II HDAC9 isoform which is over
expressed in breast and prostate tumor tissue and promotes anchorage in-
dependent growth, oncogenic transformation and proliferation in NIH3T3
cells.

HDAC6, a member of class IIb, has received attention due to its identifi-
cation as a Hsp90 deacetylase. This results in degradation of Hsp-90 associ-
ated pro-survival and pro-proliferative client proteins. Key examples include
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Fig. 2 HDACs deacetylate a panel of protein substrates, resulting in the regulation of
several signaling pathways that are key in tumorigenesis. Class-I HDACs, which have
been shown to be crucial for tumor cell proliferation, are recruited to the chromatin by
transcription factors, and locally deacetylate histone proteins, thereby regulating gene
expression. Class-I HDACs also deacetylate the tumor suppressor p53, resulting in its
degradation. HDAC6, a member of class IIb, is a Hsp-90 deacetylase, and inhibition of
this protein results in degradation of Hsp-90 associated pro-survival and pro-proliferative
client proteins. Key examples include Her-2, Bcr-Abl, glucocorticoid receptor, mutant
FLT-3, c-Raf and Akt. Hsp90 has also been demonstrated to be key for the stabilization of
constitutively activated oncogenic kinases, such as for EGFR (L858R) and B-raf (V600E).
In addition to Hsp90, HDAC6 also mediates tubulin deacetylation, which results in mi-
crotubule destabilization under stressed conditions, which is key for cell motility. HDAC7
has been shown to activate Hypoxia-inducible factor (HIF)1α, which is also a client pro-
tein of Hsp90. HIF1α is activated in tumor cells, and induces the transcription of vascular
endothelial growth factor (VEGF), which is a key regulator of angiogenesis (© Diane
Bruyninckx)
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Her-2, Bcr-Abl, glucocorticoid receptor, mutant FLT-3, c-Raf and Akt [25, 26].
In addition to Hsp90, HDAC6 also mediates tubulin deacetylation, which
results in microtubule destabilization under stressed conditions [27]. The
biological role of HDAC6 was further confirmed by a recent report show-
ing that a specific small molecule inhibitor of HDAC6, tubacin, caused α-
tubulin hyperacetylation and decreased cell motility without affecting cell
cycle progression [28]. In agreement, HDAC6 was found to be key for the
estradiol-stimulated cell migration of MCF-7 breast carcinoma cells [28]. Fi-
nally, HDAC6 plays a crucial role in the cellular management of misfolded
protein-induced stress by binding poly-ubiquitinated misfolded proteins and
clearing these from the cytoplasm [29].

In summary, due to the large panel of cell cycle regulatory proteins regu-
lated by HDACs at the level of either their expression or activity, the antipro-
liferative effect of HDAC inhibitors cannot be linked to a single mechanism of
action. The relative importance of the different proteins affected by HDACs
varies between tumors. In Fig. 2, a visual overview of the role of HDACs in
various hallmark processes in the development of cancer is shown.

3
HDAC Inhibitors

In the past decade, the scientific interest in HDAC inhibitors has increased
enormously. This growing interest was accompanied by a sudden increase
of the number of publications on the subject. The extensive publishing and
patenting in the field of HDAC inhibition does not allow us to even consider
a full coverage of the literature here. Instead, in this review we will focus
on the evolution of HDAC inhibitors, significant medicinal chemistry studies
from the literature that have contributed to the understanding of HDAC inhi-
bition and a number of examples from the patent literature. This review is by
no means an attempt to cover all the literature on this subject.

3.1
Historic Overview

The impact of small molecules on the acetylation status of histones has
attracted the interest of the medicinal chemistry community for almost
a decade now. Nevertheless, the fast and reversible increase in cellular histone
acetylation in the presence of n-butyrate was already recognized in 1977 by
Riggs et al. (Fig. 3) [30]. Two years later, it was proven that n-butyrate, among
some related and less active small linear aliphatic carboxylates, was a non-
competitive inhibitor of histone deacetylating enzymes [31–34]. More than
ten years after the initial interest in n-butyrate, Yoshida et al. showed that
trichostatin A (TSA, Fig. 3), originally reported as an antifungal agent [35],
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Fig. 3 Structures of the early HDAC inhibitors—identified as HDAC inhibitors in the
time frame 1977 to 1998. (n-Butyrate: MIT, TSA: Univ. of Tokyo, TPX: Univ. of Tokyo,
FR901228/FK-228: Fujisawa Pharmaceutical Co., and Univ. of Tokyo)

also affects histone acetylation and deacetylation processes by specific and
reversible inhibition of mammalian histone deacetylase [36]. TSA displays in-
hibitory activity in the nanomolar range of concentrations in cell-free assays,
whereas the IC50 of n-butyric acid is in the micromolar range. A few years ear-
lier, TSA had already been shown to possess antitumor activity by causing cell
differentiation of Friend leukemia cells and inhibition of the cell cycle of rat
fibroblasts [37]. The observation that only the R-configuration of TSA inhibits
histone deacetylase (HDAC) activity at nanomolar concentrations suggested
a highly specific interaction of TSA with the enzyme, implying that TSA binds
the enzyme at an identifiable binding site.

In 1993, Yoshida et al. published trapoxin (TPX, Fig. 3), a fungal product,
which, in contrast to TSA, is an irreversible inhibitor of mammalian histone
deacetylase [38]. When the epoxide moiety is reduced to the corresponding
primary alcohol, HDAC inhibiting activity is completely lost. This observa-
tion emphasizes the importance of the oxirane ring, which most likely binds
irreversibly via ring opening at the activated 2-position to a nucleophilic ac-
tive site residue.

The isolation and structural elucidation of yet another natural prod-
uct with antitumoral activity, FR901228 (FK-228; Fig. 3), was published in
1994 [39–41]. This bicyclic depsipeptide was isolated from the fermentation
product of a strain of Chromobacterium violaceum and exhibited potent in
vitro antiproliferative activity against several human lung, stomach, breast
and colon cancer cell lines. FR901228 also showed promising tumor growth
inhibition in mice bearing solid tumors. Four years later it was recognized
that FR901228 acts as a HDAC inhibitor [42], although details of its molecu-
lar mechanism of action were not elucidated until 2002 when it was shown
that the disulfide bridge is reduced in cells by glutathione to release the



302 P. ten Holte et al.

thiol that subsequently interacts with the active-site zinc of primarily class-I
HDACs [43]. FR901228/FK-228 is currently in phase II clinical trials.

As outlined before, it is believed that the TPX epoxyketone chain acts as an
isosteric substrate mimic for the natural N-acetyl lysine. In 1996, Schreiber
et al. exploited the irreversible binding nature of TPX in an affinity matrix
by immobilizing modified TPX onto an activated agarose support [44]. In
this way a mammalian histone deacetylase protein (HDAC1) was isolated and
characterized for the first time.

In the same year, m-carboxycinnamic acid bishydroxamide (CBHA) and
suberoylanilide hydroxamic acid (SAHA) were identified as inducers of ter-
minal differentiation of murine erythroleukemia (MEL) cells (Fig. 4) [45]. It
was not until two years later, however, that the HDAC1 and HDAC3 inhibiting
capacities of these compounds were recognized [46]. SAHA is currently the
leading compound in the clinic, and is undergoing phase III clinical trials for
the treatment of cutaneous T cell lymphoma (CTCL).

Fig. 4 Structures of CBHA and SAHA—identified as HDAC inhibitors in 1998. (Memorial
Sloan-Kettering Cancer Center, Picower Institute for Medical Research, Univ. of California
SF, and Columbia Univ.)

The presence of metal-chelating hydroxamic acid moieties in some of the
most potent HDAC inhibitors triggered the idea that the HDAC enzyme fam-
ily might consist of metalloproteins [47]. This suggestion was confirmed by
Pavletich et al. who found that the in vitro deacetylase activity of purified
A. aeolicus HDAC homologue or HDLP (histone deacetylase-like protein) was
only present after incubation with Zn2+ or Co2+ [48]. The crystal structure
of HDLP in the presence of zinc then revealed that the zinc ion is positioned
near the bottom of the tube-like pocket at a depth of approximately 11 Å [48].
Co-crystallization of HDLP with SAHA or TSA clearly shows the similar bind-
ing mode of both compounds [48]. The hydroxamic acid moiety is located at
the bottom of the hydrophobic tube, chelating the zinc ion, while the aliphatic
chains bridge the depth of the pocket to allow the aromatic group to interact
with the pocket entrance while capping it.

The disclosure of the HDLP crystal structure in 1999 provided a clear
framework and starting point for medicinal chemists for the further devel-
opment of HDAC inhibitors as antitumor agents. It confirmed the suggested
general structural requirements of such inhibitors. These proposed require-
ments and the resemblance of the inhibitors to the acetylated ε-amino groups
of lysine residues are shown in Fig. 5.
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Fig. 5 Generally supposed structural requirements of HDAC inhibitors and some actual
examples

3.2
Recent Medicinal Chemistry Efforts—An Overview

3.2.1
The Cyclic Peptides

Since the discovery of trapoxin (TPX), a number of related cyclic peptides
have been found to also demonstrate HDAC inhibitory activity, explaining in
part the phenotypic effects previously described for these compounds. One
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example, closely related to TPX, is chlamydocin, differing from TPX in only
one amino acid residue (Fig. 6) [49, 50]. More specific, in chlamydocin one of
the two phenylalanine residues of TPX is replaced with a 2-aminoisobutyric
acid. The mode of action of both molecules is believed to be identical, and
to proceed via covalent and thus irreversible binding to the HDAC enzyme
through reaction of an active site nucleophile with the electrophilic oxirane
ring of chlamydocin or TPX.

Fig. 6 Cyclic peptides as reversible and irreversible HDAC inhibitors. (Chlamydocin: San-
doz AG; CHAP 1: Univ. of Tokyo; Apidicin: Merck & Co; reversed hydroxamic acid analogs
of Cyl-1: Kyushu Institute of Technology and Japan Science and Technology Agency)

Replacing the electrophilic epoxy ketone moiety in TPX by a reversible
zinc chelator such as a hydroxamic acid was carried out by Yoshida et al.
(Fig. 6) [51]. This modification led to a low nanomolar reversible inhibitor
of the HDAC1 enzyme. Several other cyclic tetrapeptides containing the
epoxyketone feature, such as chlamydocin, were converted into their hydrox-
amic acid counterparts as well [52]. Additionally, the introduction of reversed
hydroxamic acids (– N(OH)COR, with R=H or Me) onto the structure of
Cyl-1 was reported to give potent HDAC inhibitors as illustrated in Fig. 6 [53].
Generally, the most potent inhibitors were the examples with R=H and
m = 2. Apicidin, a cyclic peptide more remotely related to TPX, exhibits po-
tent antiprotozoal activity via HDAC inhibition in parasites [54].

The prodrug concept of FK-228, outlined in Sect. 3.1, was exploited by
Nishino et al. in the development of sulfur-containing cyclic peptide-(SCOP)-
based prodrugs [55]. A set of SCOP prodrugs, based on CHAP31, was syn-
thesized and their in vitro HDAC inhibitory activity was evaluated (Fig. 7
and Table 1). The dimer was 4-fold less potent (IC50 = 0.142 µM) on HDAC1
than reference FK228, but on HDAC4 it was almost 4-fold more active (IC50
0.145 µM) than FK228. The dimer did not show any activity on HDACs 6 and
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Fig. 7 Sulfur-containing cyclic peptides as prodrugs for HDAC inhibition. (Kyushu Insti-
tute of Technology)

Table 1 Enzymatic data on different HDAC isoforms for the structures shown in Figs. 3
and 7

Compound HDAC1 (µM) HDAC4 (µM) HDAC6 (µM) HDAC8 (µM)
No DTT DTT No DTT DTT No DTT DTT No DTT DTT

FK228 0.036 0.001 0.512 n.d. > 500 0.624 n.d. n.d.
Dimer 0.142 0.005 0.145 0.002 > 500 1.4 > 500 1.69
R = 4-pyridyl 0.007 0.0006 0.068 0.001 1.61 2.01 3.14 0.494

8. Addition of the reducing agent dithiothreitol (DTT) to the dimer, how-
ever, increased the potency dramatically to low nanomolar levels for HDACs
1 and 4 (IC50 4.6 and 2.1 nM, respectively) and to low micromolar activity
on HDACs 6 and 8 (IC50 1.4 and 1.7 µM, respectively). As summarized in
Fig. 7 and Table 1 below, the activity of these disulfide prodrugs was further
increased by introduction of the 4-pyridyl as the R group.

3.2.2
Hydroxamic Acid Replacements—the Holy Grail?

Although hydroxamic acids are excellent metal chelators and generally make
good HDAC inhibitors in vitro, they are not frequently found in the medici-
nal chemist’s wish list of property-improving functionalities. The hydroxamic
acid functionality can potentially result in unsatisfactory pharmacokinetic
profiles and toxicity issues. Poor pharmacokinetic properties of hydroxamic
acids can be the result of fast phase II metabolism to form the N,O-sulfonate
and N,O-glucuronide conjugates [56]. In turn, the sulfonate intermediates are
highly reactive and can therefore cause toxicity by covalent binding of the
parent compound to protein, RNA and DNA [56]. While these hydroxamic
acid-related liabilities can often be improved by structural modification of al-
ternative fragments of the molecule, a considerable amount of work has also
been dedicated to replacing the hydroxamic acid. The various attempts to re-
place the hydroxamic acid with alternative zinc-binding functionalities have
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seen different degrees of success. A brief overview with a number of examples
of some of the approaches pursued is given below.

Replacement of the hydroxamic acid moiety of SAHA by an alternative
chelator has been the subject of several studies. Suzuki and Miyata et al. have
shown that replacement of the hydroxamic acid of SAHA with a free thiol
moiety does not affect the enzymatic HDAC inhibition capability of the com-
pound [57]. Furthermore, replacement of the hydroxamic acid of SAHA by
a trifluoromethyl ketone was investigated by Frey et al. (Fig. 8) [58]. The ac-
tivated ketone is readily hydrated to form the vicinal diol, a structural feature
known to bind to zinc-dependent proteases [59]. The in vitro evaluation was
done on a partially purified HDAC preparation consisting largely of HDAC1
and HDAC2 [60], exhibiting an IC50 of 6.7 µM.

Fig. 8 The hydroxamic acid in SAHA replaced by a trifluoromethyl ketone – IC50s in the
micromolar range (reference data for SAHA not given). (Abbott Laboratories)

The analogous methyl ketone and trifluoromethyl alcohol were found to
be inactive, clearly showing the importance of the trifluoromethyl ketone
for HDAC inhibition. Regrettably, the trifluoromethyl ketone group demon-
strated a half-life of only ∼ 0.5 h and a low i.v. exposure in mice at 10 mg/kg.
Another obstacle faced by these molecules is their poor aqueous solubility.

From the same laboratories, a series of heterocyclic ketones were published
as HDAC inhibitors [61]. This work is a continuation and further elaboration
of the concept of the use of electrophilic ketones as hydroxamic acid replace-
ments. α-Keto oxazole derivatives appeared to act as the most potent HDAC
inhibitors in the HDAC1/HDAC2 enzyme assay [60], displaying low micromo-
lar activity (Fig. 9).

Fig. 9 Keto oxazoles as hydroxamic acid replacements. (Abbott Laboratories)
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The potency of these α-keto oxazole derivatives was influenced by both the
length of the spacer as well as the mode of connection to the capping group.
From all the mono- and bisaromatic moieties tested, the meta-substituted bis-
phenyl α-keto oxazoles 1 (Fig. 9) displayed the most potent inhibition and
were thus used to perform the initial comparison studies. A spacer length of
n = 5, in combination with the presence of an amide connector to the capping
region (X = – NHCO –) proved to be the most active combination, displaying
an IC50 of 60 nM for the HDAC enzyme assay. After further variation of the
capping moiety, while keeping the optimal spacer length and amide connec-
tor, a para-methoxyphenyl substituted thiazole capping group 2 was found to
give the most potent HDAC inhibitor (IC50 30 nM) that, in addition, showed
antiproliferative activity in MDA435 cells (IC50 2.3 µM, Fig. 9). The authors
suggest that the cellular activity, however, was compromised by the instabil-
ity of these compounds due to rapid reduction of the keto functionality to the
inactive alcohol.

A series of benzamides as replacement for the zinc-binding hydrox-
amic acid was also synthesized and investigated for HDAC inhibitory ac-
tivity [62, 63]. A clear SAR could be derived from the examples prepared
(Fig. 10).

Fig. 10 Benzamides as hydroxamic acid substitutes—discovery of MS-275. (Mitsui Phar-
maceuticals)

Thus, the 2′-amino benzamide (entry 1, MS-275) showed low micromolar
inhibition of HDAC enzyme (IC50 = 4.8 µM), whereas the activity was com-
pletely abolished by shifting the amino group to the 3′ or 4′ position (entries 2
and 3). Remarkably, when a hydroxyl group was introduced in the 2′ pos-
ition (entry 4), HDAC inhibitory activity was fully restored (IC50 = 2.2 µM)
suggesting that the hydrogen-bonding capability of the 2′ group is an im-
portant requisite for interaction with the enzyme. Taking MS-275 (entry 1)
as a starting point, methyl groups were introduced at the 3′, 4′ and 5′ pos-
itions (entries 5, 6 and 7). Only the product with the methyl at the 5′ position
showed HDAC inhibition (entry 7, IC50 = 2.8 µM). Steric hindrance seems
to be the most plausible reason for the inactivity of compounds with methyl
substitution at the 3′ and 4′ positions (entries 5 and 6).
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An additional example of a benzamide showing HDAC inhibitory activity
is N-acetyl dinaline, also known as CI-994 or tacedinaline (Fig. 11) [64–66],
which is the acetylated derivative of the earlier identified dinaline (GOE 1734,
PD 104 208) [67]. Both CI-994 and MS-275 have been in clinical develop-
ment [68, 69].

Fig. 11 Other HDAC inhibiting benzamides. (dinaline and N-acetyl dinaline (CI-994 or
tacedinaline): Erasmus Univ.; MGCD0103: MethylGene Inc.)

Although both MS-275 and CI-994 elicit the classical hallmarks of HDAC
inhibitors in tumor cell-based assays—accumulation of histone H3 acetyla-
tion, increased expression of cyclin-dependent kinase inhibitor p21WAF1/Cip1

and accumulation in the G1 phase—their molecular mechanism of action
is still poorly understood and remains somewhat controversial. As com-
pared to the hydroxamic acid-containing HDAC inhibitors (e.g., TSA, SAHA,
PXD-101, LBH-589, R306465), benzamide derivatives have been shown in nu-
merous independent studies to be relatively weak inhibitors (10- to 1000-fold
lower inhibition) of HDAC activity in classical HeLa cell nuclear extract, and
immunoprecipitated or recombinant HDAC enzymes [70–73]. Nevertheless,
extensive SAR analyses on benzamide derivatives have been carried out to
support HDAC inhibition, coupled to the claim of a high degree of flexibility
in the active site-pocket for accommodating groups with different stereoelec-
tronic properties. As outlined in detail before, a structural analogue of MS-
275—possessing a 3′-aminophenyl instead of a 2′-aminophenyl group—did
not display any inhibition of HDAC activity in biochemical cell-free assays,
and binding of the 2′-aminophenyl group to an unidentified but specific site
on HDAC enzymes has been hypothesized. The 2′-substituent of benzanilide
might act as a hydrogen-bonding site or other electrostatic interaction site
and be indispensable to the specific interaction with the enzymes. In addition,
steric hindrance may play an important role. Over the years, these consistent
observations on weak in vitro potency and the lack of a molecular mechanism
of action have supported the question of the identification of these benzamide
derivatives as “genuine” HDAC inhibitors. Furthermore, recent studies com-
paring gene expression profiling of multiple HDAC inhibitors have indicated
substantial differences in up- or down-regulation of sets of genes induced by
TSA or SAHA, as compared to MS-275 [74]. One may speculate that these
distinctly different expression profiles could be related to their differences
in potency against the HDAC enzymes, but these observations do not ex-
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clude the possibility that benzamide derivatives, or at least MS-275, may act
on HDAC-dependent downstream signalling pathways by indirect mechan-
ism(s).

MGCD0103, a compound that is structurally closely related to MS-275,
Fig. 11, is currently in clinical trials (Sect. 4.2).

3.2.3
Is the Type of Spacer Really all that Important?

The spacer region of HDAC inhibitors has been the subject of optimization
in several medicinal chemistry reports. Examples of a class of compounds
having an aromatic moiety present in the spacer region are depicted in
Fig. 12 [75–77].

Fig. 12 Hydroxamic acid and benzamide containing HDAC inhibitors with aromatic spac-
ers. (4 and 5: MethylGene Inc.; 3: MethylGene Inc. and TopoTarget UK Ltd.)

Vinyl benzene hydroxamic acid 3 with R = Ph, (IC50 = 10 nM for HDAC1)
was found after variation of the spacer length as well as modification of the
substituent on the capping sulfonyl aryl moiety. Electron-rich groups at the
para position of the arylsulfonyl provided the most active inhibitors. For the
analogous alkyl benzene hydroxamic acids 4 it was also found that the activ-
ity for HDAC could be tuned by changing the length of the spacer. Addition
or removal of only one methylene group in the alkyl benzene hydroxamic acid
series resulted in a ten-fold decrease in activity in both instances (Fig. 12). In-
terestingly, the vinyl benzene hydroxamic acids were also compared to a set of
analogs containing the 2-amino benzamide group (5) instead of the hydrox-
amic acid, also depicted in Fig. 12, which appeared to be a factor 10–100 less
potent on HDAC1 than their hydroxamate counterparts (Fig. 12).

An extensive study focusing on sulfonamide containing hydroxamic acid
derivatives as HDAC inhibitors led to the discovery of PXD101 (Fig. 13) [78–
80], which is currently in clinical trials. It was shown that for the meta sub-
stituted sulfonamides, the so-called “reverse” sulfonamides were consistently
(2- to 7-fold) more potent HDAC inhibitors than the “forward” sulfonamides.
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This trend was not observed for para substituted compounds. An inter-
esting comparison in this respect is that of vinyl benzene hydroxamic acid
3 (R = Ph) shown earlier in Fig. 12 with its “reverse” analog 6 (Fig. 13) [78].
These two compounds, having reversed sulfonamide bonds, show similar ac-
tivities.

Fig. 13 PXD101 and its reversed analog possess unsaturated spacers. (TopoTarget UK
Ltd.)

The role of aromaticity in the spacer region on the potency of hydrox-
amic acid containing inhibitors of HDAC was further investigated by Uesato
et al. [81]. The data in Fig. 14 represent HDAC inhibitory activities against
partially purified HDACs from human T cell leukemia Jurkat cells [82]. These
data suggest that aromatic hydroxamic acids exhibit a much greater affinity
for HDACs than their aliphatic counterparts. It is speculated in the paper that
the 1,4-phenylene moiety may interact with aromatic and hydrophobic amino
acid residues in the pocket, while the 2-naphthyl group would be engaged in
similar interactions with aromatic amino acid residues at the pocket entrance,
thereby capping the pocket.

Fig. 14 Saturation of the aromatic spacer deteriorates the potency of a hydroxamic acid-
based HDAC inhibitor. (Kansai Univ.)

Introduction of a heteroaromatic group in the spacer proved beneficial in
the work by Johnson & Johnson researchers Arts et al. [83] and Angibaud
et al. [84]. Optimization of the initial lead, having a 1,4-substituted phenyl
present in the spacer region (Fig. 15, entry 1), was done by replacing this R



HDAC Inhibition in Cancer Therapy 311

Fig. 15 Fine tuning of the (hetero)aromatic spacer of a hydroxamic acid-based HDAC
inhibitor—discovery of R306465. (Johnson & Johnson Pharmaceutical R&D)

group with a series of six-membered heteroaryls. It was found that pyrim-
idyl (entry 3) was the most efficient R group of the series, demonstrating
an IC50 of 6 nM for the enzyme assay consisting of a mixture of HDAC iso-
forms from a HeLa cell nuclear extract1. This increase of activity is likely
to be the result of both steric and electronic factors. Finally, introduction of
a functional group (such as dimethylamino or ethoxy) at the 4-position of
the pyridyl causes complete loss of activity. These optimization studies of the
linker led to the discovery of R306465, which is currently in Phase I clinical
trials.

3.2.4
The Capping Group under Scrutiny

The importance of the structure of the capping group of HDAC inhibitors was
underlined by a study in which Dai et al. carried out systematic modifications
in this capping region [85]. SAHA analogues with reversed amides were func-
tionalized with heteroaromatic residues as in the general structure (7) shown
in Fig. 16. The indole capping group (e.g., see compound 8) proved the most
effective, demonstrating nanomolar inhibitory activity on HDAC1/2 enzyme.

1 HeLa cell nuclear extracts were incubated at different concentrations with a radiolabeled acety-
lated Histone 4 peptide fragment as substrate. HDAC activity was assessed measuring release of free
acetyl groups.
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Fig. 16 Introduction of heteroaromatic groups in the capping region of hydroxamic acid
containing HDAC inhibitors. (Abbott Laboratories)

The indole functionality was also used as a capping group by researchers
from Novartis [86]. The initial hit from high-throughput screening (NVP-
LAK974, Table 2 and Fig. 17), bearing a phenyl propylamine capping group,
demonstrated acceptable in vitro activity but had poor efficacy in the HCT116
human colon tumor xenograft model. Replacement of this phenyl propy-
lamine moiety with a tryptamine (9) triggered an overall increase of in vitro
potency up to a factor 2 compared to the original hit. Introduction of a methyl
group at either the chain carbon α to the benzylamine (10) or the benzylic
carbon (11) provided a 2-fold increase in enzymatic HDAC inhibitory activ-
ity and an approximate 2-fold increase in cellular potency on the HCT116 cell
line while keeping the same antiproliferative activity on H1299 cells. Cellular
potency was further improved by a factor 2 via methylation of the indole N
(12). Finally, nonpolar aliphatic substituents on the benzylic amine generally
improved cellular potency as is illustrated by the introduction of an isopropyl
group (13), giving a HDAC inhibitor with IC50s of 6 and 30 nM on HCT116
and H1299 cells, respectively.

The N-hydroxyethyl analogue NVP-LAQ824 (Table 2, Fig. 17) also showed
good overall potency in vitro, but excelled in the succeeding in vivo ex-
periments. It demonstrated the highest maximum tolerated dose (MTD;

Table 2 Published enzymatic and cellular data for the structures shown in Fig. 17 [86]

Compound HDAC enzyme ∗ H1299 cells HCT116 cells
(IC50, nM) (IC50, nM) (IC50, nM)

NVP-LAK974 150 (±94) 800 50
9 63 (±10) 400 30

10 24 (±5) 410 20
11 23 (±12) 480 15
12 23 (±12) 170 10
13 23 (±6) 30 6
NVP-LAQ824 32 (±18) 150 10

∗ Mixture of HDAC isoforms from H1299 whole cell extracts
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Fig. 17 Optimization of the capping group—LBH589 and the discovery of LAQ824. (No-
vartis Institute for Biomedical Research)

> 200 mg/kg) of all compounds that were selected for the in vivo study. In
the dose-response studies, NVP-LAQ824 caused the least weight loss and was
thus best tolerated. Also, it was 2- to 3-fold more potent in tumor growth in-
hibition than the other selected compounds. NVP-LBH589 has recently joined
NVP-LAQ824 in phase I clinical trials. As compared to LAQ824, the new can-
didate LBH589 has a 2-methyl substitution on the indole and a free benzylic
NH (Fig. 17).

3.2.5
Connecting the Spacer with the Capping Group

Having covered the effect of the zinc binding moiety, the importance of the
spacer and the role of the capping group, only a limited number of func-
tionalities that connect the spacer with the capping group have so far been
described. The most common examples of such a connector are the sulfon-
amide group or the amide functionality such as in SAHA. The function of this
connection unit has been the subject of a comparison study by Dai et al. [87].
In this study, the amide connector of SAHA was replaced by a set of (het-
ero) aromatic ring systems. Introduction of a phenyl, oxazole or thiazole
moiety at the position of the amide in SAHA (entries 2 through 5, Fig. 18)
provided compounds with a 2- to 14-fold increase in HDAC inhibiting po-
tency as compared to SAHA, with the oxazole as the most potent (IC50 =
10 nM, entry 3, Fig. 18). Reversal of the amide connector in SAHA (entry 6)
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Fig. 18 Extensive variation of the amide connection unit of SAHA leads to a single digit
nanomolar HDAC inhibitor. (Abbott Laboratories)

resulted in a much weaker inhibitor that showed only micromolar HDAC in-
hibition. Replacement with an ether or methylene linkage (entries 7 and 8,
respectively) also led to deterioration of HDAC inhibition.

3.2.6
The Quest for Selective HDAC Inhibitors

Over the years, it has become evident that HDACs not only play a key role
in carcinogenesis but also in a number of nonmalignant differentiation pro-
cesses. This is most apparent for the class-IIa HDACs 4, 5, 7, 9. For example,
HDAC7 has been suggested to play a critical role in the thymic maturation of
T-cells [88], while HDAC4 has been implicated in the regulation of chondro-
cyte hypertrophy and endochondral bone formation by inhibiting the activity
of the Runx2 transcription factor [89]. Most concerns, however, have focused
around the role of the class-IIa HDACs in muscle differentiation. HDACs 4, 5,
7 and 9 all suppress the differentiation of myocytes (muscle cells) as a con-
sequence of being transcriptional co-repressors of myocyte enhancer factor 2
(MEF2) [90]. Deletion of the MEF2 binding domain of the most abundant my-
ocyte class-II HDAC, HDAC9, results in development of cardiac hypertrophy
in 9-months old mice due to hypersensitivity to hypertrophic signaling [91].

The observations above have led to speculation that HDAC inhibitors may
cause cardiac hypertrophy. Surprisingly however, it was observed that HDAC
inhibitors may actually be beneficial in treating cardiac hypertrophy. TSA has
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been shown to block the fetal gene program associated with cardiomyocyte
hypertrophy in response to hypertrophic agents. It was therefore proposed
that inhibition of other HDACs (e.g. class I) may counteract the expression of
the hypertrophic genes associated to the class-II HDACs [92].

Even though it is currently unclear whether any of the side effects observed
in the clinic with the current pan-HDAC inhibitors are linked to inhibition of
the class-II HDACs, these observations, nevertheless, triggered the quest for
HDAC isotype specific inhibitors, which will be further discussed below.

The HDAC inhibitors TSA and TPX (Fig. 2) have been utilized as struc-
tural leads in the early stages of the quest for new and more selective small
molecule inhibitors of the HDAC enzyme family. In order to investigate the
function of the individual HDAC members, Schreiber et al. synthesized a li-
brary of 7200 potential HDAC inhibitors based on the structural features
of TSA and TPX [93]. The members of this library were prepared on solid
support by means of split pool methods. The key characteristics of these com-
pounds consist of a dioxane-containing capping region and a zinc binding
motive, connected via an aliphatic chain. Three different zinc binders, i.e.,
carboxylic acid, o-aminoanilide and hydroxamic acid were used.

Assuming that equal purities were obtained for the different classes of
metal chelators, it was found in both the AcTubulin and the AcLysine cy-
toblot assays that the hydroxamic acids were the most active inhibitors
of both α-tubulin and histone deacetylation [94]. On the other hand, the
o-aminoanilides demonstrated the weakest inhibition of HDAC enzyme. An-
alysis of the compounds using principal component analysis followed by
resynthesis disclosed the structures of two examples of selective inhibitors.
The first, tubacin, is a selective inhibitor of α-tubulin deacetylation with
no effect on the histone acetylation status. The function of HDAC6 as an
α-tubulin deacetylase enzyme [95] and its role in mediating cell cycle pro-
gression, microtubule stability, and cell motility has been studied using
tubacin as the selective inhibitor [28]. The second, histacin, is a selective in-
hibitor of histone deacetylation (Fig. 19).

Mai et al. have carried out a comprehensive study of the aroyl pyrrolyl
hydroxamic acids (APHAs) as HDAC inhibitors [96–98] and succeeded in ob-
taining class-II selectivity (Fig. 20) [99].

The APHA with a fluorine atom at the 3-position of the aryl exhibits
a class-II/class-I HDAC selectivity of 176, whereas substitution at the 2-
or 4-position gives respectively much lower selectivity ranging from 34 to
a value less than 2. It is interesting to note that this “meta-effect” is much less
pronounced when the substituent is a chloro atom and the effect is completely
lost when a bromo-atom is introduced (data not shown).

A rational approach toward the design of class-I isoform selective HDAC
inhibitors was reported recently by Wiest et al. [100]. In order to understand
the difference between these class-I isoforms, three-dimensional models of
HDAC1, HDAC2, HDAC3, and HDAC8 were built using homology modeling.
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Fig. 19 Discovery of tubacin and histacin—two selective deacetylation inhibitors. (Har-
vard University)

Fig. 20 Class-II selectivity has been accomplished for some APHAs. (Università degli
Studi di Roma “La Sapienza”)

The high homology of the active site region of the different class-I HDACs as
well as the considerable similarity of their 11 Å channel do not leave enough
room for a selectivity prediction based on these parts of the enzyme. The
models show, however, that electronic and steric dissimilarity around the
opening of the active sites holds potential for differentiating between HDAC1,
HDAC3, and HDAC8. Differentiation between HDAC1 and HDAC2, though,
is predicted to be more difficult. The design of novel HDAC inhibitors using
these models is currently in progress.

It is evident that the quest for selective HDAC inhibitors has just be-
gun and that the optimal HDAC subtype selectivity profile for an anticancer
drug based on HDAC inhibition is still far from being established. Never-
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theless, the first important steps toward the rational design and synthesis of
isoform selective HDAC inhibitors have been taken. The first clinical trials
with MGCD0103 (Fig. 11), an isotype selective inhibitor of human HDACs
are ongoing [101]. Moreover, the understanding of the biological and clini-
cal consequences of different HDAC inhibitory profiles is increasing steadily
as more and more of the biology becomes known while a growing number of
compounds are being evaluated in the clinic.

4
Clinical Experience with HDAC Inhibitors

Histone deacetylases are linked to the pathogenesis of malignancy from
a mechanistic perspective. The capacity of HDAC inhibitors (HDACi) to inter-
fere with the enzyme function has led to the observed preclinical and clinical
activity in cancer therapy. Although the exact mechanism of anti-tumor ac-
tivity is not fully elucidated, various cellular pathways have been shown to
be involved. From the first clinical trials involving HDACi with short chain
fatty acids to the newer generation hydroxamic acid derivatives and cyclic
tetrapeptides, a number of structurally diverse compounds have made the
transition from the laboratory to the clinical arena. For purposes of this part
of the discussion, HDACi are arbitrarily divided into the hydroxamates and
nonhydroxamates.

Most of the studies reported are in early phase (Phase I and II) with the ex-
ception of Vorinostat (suberoylanilide hydroxamic acid [SAHA]), which has
entered Phase III. Some of these studies have only been published in abstract
form. Encouragingly, activity has been seen especially in lymphoproliferative
diseases, leukemia and some solid tumors, including prostate cancer.

Generally, the impression so far is that HDACi display a somewhat lower
toxicity profile compared to conventional cytotoxics. The most common tox-
icity seen is nausea/vomiting and fatigue, mild myelosuppression and diar-
rhea and these feature as adverse effects in many clinical trials. The toxicities
observed may be due to the individual drug or the consequence of inhibit-
ing HDAC itself (class effect). It is postulated that interference with additional
cellular pathways, not just histone acetylation, may be responsible for the dif-
ferential toxicity seen clinically, especially if these different compounds are
used at higher doses.

The relationship between toxicity and pharmacokinetic (PK) and phar-
macodynamic (PD) parameters is a difficult one and somewhat poorly char-
acterized. The key targets of HDACi are unknown and predicting which
patients will respond to HDACi therapy is difficult. Correlation between sur-
rogate markers (for example, levels of acetylated histones in peripheral blood
mononuclear cells [PBMNC] pre- and post-dosing) is not always in keeping
with measured PK profiles.
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4.1
Hydroxamates

Various agents in this class have gone on to phase I evaluation and beyond.
These include: vorinostat (SAHA), LAQ824, LBH589, PXD101 and R306465,
some of which are discussed in greater detail below and listed in Table 3.

Table 3 Selected hydroxamates continuing in clinical development in solid tumors. CR:
complete response, PR: partial response, uPR: unconfirmed PR, SCC: squamous cell car-
cinoma

Drug/Phase Schedule Tumor type Response/ Main
no. of toxicities
patients

2 hours i.v. Solid tumors n = 37 Fatigue,
days 1–5, 8–12, dehydration,
15–19 every anorexia

SAHA 4 weeks
Phase I [102]

See above for structure Various oral, Solid tumors 1CR, 3 PR, Fatigue,
SAHA 200–600 mg and hemato- 2 uPR, gastro-
Phase I [103] qd to bd logical n = 73 intestinal,

hematological
(thrombo-
cytopenia)

See above for structure Oral, bid or tid Leukemia, 3 CR, 1 PR Nausea,
SAHA d1–14 myelodys- n = 41 vomiting,
Phase I [114] every 21 days plastic syn- diarrhea,

drome fatigue

See above for structure Oral, Head & neck 1 minor Anorexia,
SAHA 400 mg qd SCC response anemia,
Phase II [115] n = 13 fatigue,

hematological

See above for structure Various oral, Cutaneous 10 PR Fatigue, rash,
SAHA 400 mg qd, T-cell n = 37 hematological
Phase II [116] 300 mg bid, lymphoma (thrombo-

200 mg bid cytopenia)

30 minutes i.v. Solid tumors n = 42 Fatigue,
days 1–15 every Accrual nausea,
21 days continues vomiting,

PXD101 diarrhea,
Phase I [117] phlebitis
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4.1.1
Vorinostat (SAHA)

SAHA is the HDACi that has advanced farthest in clinical trials. Both in-
travenous and oral Phase I trials involving 110 patients have been re-
ported [102, 103]. Briefly from these studies, the mean intravenous half life
(t1/2) is between 92 to 127 minutes, whereas the oral half life is longer. There is
demonstration of linear pharmacokinetics, oral bioavailability of more than
40%, and increased duration of acetylated histone H3 (AcH3) was seen with
increasing dose and prolonged dosing. However, acetylation effects, although
rapid, are transient and return to near baseline levels by 8 hours except at
higher dose cohorts. The maximum tolerated dose (MTD) was 200 mg twice
daily or 400 mg daily continuously or 600 mg twice daily 3 times per week.

The most common drug related Grade 3/4 toxicities are fatigue, nausea,
vomiting, diarrhea, anorexia, anemia, thrombocytopenia, hyperglycemia and
hypocalcemia. No clinically significant electrocardiograph (EKG) changes or
cardiac toxicities, including arrhythmias attributable to the drug, were seen.
In fact, SAHA is probably the only HDACi that has not resulted in EKG
changes. Toxicities including myelosuppression were rapidly reversible upon
discontinuation of drug. It has been postulated that the thrombocytopenia is
due to impairment of megakaryocyte differentiation [104].

A significant proportion (30%) of patients on SAHA remained on the drug
between 4 to > 37 months, with chronic dosing demonstrating prolonged
disease stabilization, maintained biological effect and drug tolerability. Re-
sponses were seen in lymphoma, laryngeal carcinoma, thyroid cancer and
mesothelioma.

Phase I studies have also been conducted in various hematological malig-
nancies including myeloma [105]. Other Phase I studies looking at SAHA in
combination with retinoic acid and gemcitabine, Phase II studies in tumor
specific areas of head and neck squamous cell carcinoma, T-cell lymphoma,
melanoma and glioma, and a Phase III study in mesothelioma have been
completed or are in progress.

Phase I studies of intravenous LAQ824 and LBH589 [106–109], novel cin-
namyl hydroxamates, have also been completed, with 112 patients dosed in
trials of both agents. LBH589 has also been administered orally. LAQ824
is a potent HDACi given intravenously and has been shown to also inhibit
Hsp90 [110]. In these trials cardiac toxicity, including prolonged QT inter-
val (QTc) effects, nonspecific ST segment and T wave changes on EKG and
arrhythmia were reported at high doses when administered intravenously.
Overall, both LAQ824 and LBH-589 were found to induce dose-related in-
creases in QTcF (Fridericia correction) of 20 msec or less at doses up to
200 mg/m2 and 20 mg/m2, respectively [111, 112]. Cardiac repolarization
changes were often delayed until day 3, and may not be due to a direct effect
of the agents on the hERG (human ether-a-go-go related gene) channel [113].
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Currently, orally administered LBH589 is in Phase II clinical trials and at
lower doses the electrocardiographic change can be abrogated. A Phase II
study for LBH-589 in solid and liquid tumors is ongoing.

Enrolment is ongoing for PXD101, for which another Phase I study in
hematological malignancies is in progress, exploring the possibility for oral
dosing. A Phase II study in multiple myeloma is also currently ongoing.

4.2
NonHydroxamates

Various classes of short-chain fatty acids, cyclic tetrapeptides and benza-
mides have also been in clinical trials (Table 4).

The short chain fatty acids include butyrate derivatives like phenylbu-
tyrate, AN-9 (pivaloyloxymethyl butyrate) and valproate. Unfortunately, these
compounds have poor potency and pharmacokinetic properties, including
short half-life. Numerous Phase I studies with phenylbutyrate, in various oral
and intravenous schedules [118–120] have been performed, with neurolog-
ical toxicity at higher doses being reported. AN-9 showed initial promise
in a Phase I study, where the MTD was not reached [121]. The subsequent
Phase II study in nonsmall cell lung cancer in 47 patients resulted in fatigue,
nausea and dysgeusia as common toxicities. Three partial responses (PR)

Table 4 Selected nonhydroxamates continuing in clinical development. MTD: maximum
tolerated dose, PR: partial response

Drug/Phase Schedule Tumor Response/ Main Comment
type n = no. of toxicities

patients

4 hr i.v. Solid 1 PR Nausea, MTD
days 1 and 5 tumors n = 37 vomiting, 17.8 mg/m2

every 21 days thrombo-
cytopenia,
atrial
fibrillation

Depsipeptide (FK-228)
Phase I [124]

See above for structure 4 hr i.v. Solid n = 33 Fatigue, MTD
Depsipeptide (FK-228) days 1, 8 and 15 tumors thrombo- 13.3 mg/m2

Phase I [125] every 28 days cytopenia

See above for structure 4 hr i.v. Hema- n = 20 Nausea, dosed at
Depsipeptide (FK-228) days 1, 8 and 15 tological fatigue, 13 mg/m2

Phase I [137] every 28 days anorexia
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Table 4 (continued)

Drug/Phase Schedule Tumor Response/ Main Comment
type n = no. of toxicities

patients

See above for structure 13 mg/m2 Castration 2 PR Fatigue,
Depsipeptide (FK-228) 4 hr i.v. refractory n = 16 nausea,
Phase II [129] days 1, 8 and 15 prostrate anorexia

every 28 days cancer

See above for structure 13 mg/m2 Renal 1 PR Fatigue,
Depsipeptide (FK-228) 4 hr i.v. cancer n = 30 nausea,
Phase II [128] days 1, 8 and 15 vomiting,

every 28 days anemia,
anorexia

Oral Solid n = 30 Anorexia, MTD
fortnightly tumors nausea, 10 mg/m2

vomiting,
fatigue

MS-275
Phase I [133]

See above for structure Oral Solid 1 PR Fatigue,
MS-275 various tumors n = 24 neutropenia,
Phase I [135] hypophos-

photaemia

See above for structure Oral weekly Solid n = 13 Neutropenia, Accrual
MS-275 X4 every tumors, nausea/ continues
Phase I [134] 6 weeks lymphoma vomiting

3 times/wk Solid n = 24 Fatigue, Accrual
for 2 wk tumors nausea, continues
every 3 wk vomiting,

anorexia
MGCD0103
Phase I [123]

were reported [122]. However, safety concerns regarding its combination with
cytotoxics has led to interruption of its development.

Depsipeptide is the leading compound in the cyclic peptide class, and is
currently in Phase II trials in CTCL, with a response rate (RR) of 38% in
this disease. MS-275 and tacedinaline (CI-994) have undergone Phase I trials
and are now in Phase II trials. Other drugs like MGCD0103, a class-I isotype
selective HDACi are in Phase I trials [123].
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4.2.1
Depsipeptide (FR901228 or FK-228)

Preclinical studies have shown improved tolerability and antitumor activity,
with an intermittent dosing schedule as the result of the ability to administer
higher doses, with shorter infusions found to induce less toxicity [124]. In the
initial study, dose limiting toxicities (DLTs) included nausea and vomiting,
thrombocytopenia and cardiac arrhythmia with atrial fibrillation. Because
cardiac toxicity had been predicted from preclinical studies (myocardial hem-
orrhage and ischemia) patients were treated under continuous cardiac moni-
toring. This and a further study [125] showed no clinically significant cardiac
adverse effects were observed, although subtle EKG changes were reported
(QTc interval prolongation, ST segment and T wave changes). Toxicities ob-
served included nausea/vomiting, thrombocytopenia, fatigue and hypophos-
photemia.

Studies in patients with T-cell lymphoma have used a schedule of dep-
sipeptide administered on days 1, 8, and 15 of a 28-day cycle at a dose of
14 mg/m2 [126]. This study involved intensive cardiac monitoring, cardiac
biochemistry markers and functional imaging monitoring. No definitive or
clinically significant changes have been seen so far. In the updated multiple
cohort Phase II study of cutaneous T-cell lymphoma (CTCL) and periph-
eral T-cell lymphoma (PTCL), 66 patients have been treated with responses
in 10 CTCL and 6 PTCL patients [127], which is very encouraging in this
heavily pre-treated group. A Phase II study in renal cancer [128] showed 1 re-
sponse in 30 patients. An ongoing Phase II study in castration refractory
prostate cancer showed 2 partial responses in 16 evaluable patients [129]. Fur-
ther Phase II studies involving tumor types such as myeloma, acute myeloid
leukemia (AML) and colorectal cancer have been conducted or are ongo-
ing [130–132].

4.2.2
MS-275

This synthetic benzamide was studied in two different schedules, with the
daily schedule exceeding MTD at first dose-level of 2 mg/m2, unpredicted,
possibly due to long t1/2 from possible enterohepatic recirculation. The fort-
nightly schedule was found to be feasible, and an MTD of 10 mg/m2 has been
established from 28 patients [133]. There were no clinically significant cardiac
toxicities either from a rhythm perspective or from assessment of left ven-
tricular ejection fraction. Toxicities seen include anorexia, nausea, vomiting,
diarrhea, fatigue, myelosuppression, hypoalbuminemia and hypophospho-
temia.

Clinical studies with a weekly dosing schedule are reported to be on-
going [134]. Another study exploring three different schedules of biweekly,
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twice weekly and weekly for 3 out of 4 weeks has evaluated 24 patients [135].
Fatigue, hypophosphotemia and neutropenia were some of the significant
toxicities.

4.2.3
CI-994 (Tacedinaline)

The mechanism of action of this benzamide compound is not entirely un-
derstood but it has been shown to inhibit HDAC and cellular proliferation.
It displays linear kinetics and is rapidly absorbed after oral administration.
The main dose limiting toxicity (DLT) reported was thrombocytopenia with
the MTD at 8 mg/m2/day, although other toxicities like nausea, vomiting, di-
arrhea and fatigue were seen [136]. One partial response was seen in the 53
patients evaluated.

4.3
Summary and Future Development

The early and prolonged responses reported in clinical trials with HDACi
involving patients with cutaneous T-cell lymphoma (CTCL), acute myeloid
leukemia and other solid tumors have been encouraging. A submission to
the FDA of vorinostat (SAHA) for CTCL was filed in the second quarter of
2006. The potential for HDACi therapy however probably goes beyond single
agent use. The wide ranging molecular pathways affected by HDACi’s make
it a promising candidate for the exploration of combinatorial studies in the
clinical setting.

In vitro studies have evaluated the additive and synergistic antitumor ac-
tivity of HDACi with many agents including cytotoxics, targeted molecules,
and radiation. Considerable interest has been focused on combinations with
DNA methyltransferase inhibitors like 5 aza-2′deoxycytidine (decitabine)
and retinoic acid receptor (RAR)-targeted drugs. Furthermore, enhancement
of apoptosis has been shown with traditional cytotoxics like the topoiso-
merase II agents and taxanes, TRAIL (tumor necrosis factor related apoptosis
inducing ligand), CDK (cyclin dependent kinase) inhibitors, Hsp-90 antag-
onists like 17-AAG (17-allylamino-17-demethoxygeldanamycin), proteosome
inhibitors and enhanced radio sensitivity to ionizing radiation [11, 138].
Combination clinical studies of HDACi with retinoic acid [139] and con-
ventional cytotoxics like carboplatin, paclitaxel, capecitabine and gemc-
itabine [140–143] have already been shown to be feasible in the clinic. Al-
though improved response rates have yet to be demonstrated, trial character-
istics make it difficult to draw definitive conclusions at such an early stage.

Experience so far from clinical trials has shown these agents can be well
tolerated at biologically active doses. However, cardiac toxicity, mainly QTC
prolongation, and cardiac arrhythmias, including atrial fibrillation and tor-
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sades de pointes, appears to be a recurrent theme with both the hydroxamates
and nonhydroxamates. The clinical significance of these findings, if at all, will
become more apparent with later phase studies. Dose-limiting toxicity from
the various agents generally involves constitutional symptoms, in particular
fatigue and nausea.

The improved PD effect seen with more frequent dosing in the SAHA study
favors the development of oral agents in the effort to sustain HDAC inhibition
via more continuous exposure [103]. The next generation hydroxamate agents
with prolonged PD responses have entered clinical trials.

With novel and newer generation HDACi emerging, the importance of val-
idating drug effect lies mainly in determining acetylation of histones (H3 and
H4), from surrogate tissue/cells such as from PBMNC. Validating drug ef-
fect in tumor tissue, although not always practical, is critical in establishing
“proof of concept” of biological modulation. However, robust data of correla-
tion of degree of acetylation with tumor response is not available at present.
Furthermore, it is unknown if inhibition of histone deacetylation, acetylation
of nonhistone proteins or effects on other cellular pathways is responsible for
the clinical benefits seen. As the knowledge expands rapidly on nonhistone
substrates of HDACs, development of new biomarkers, as well as quick, sim-
ple and easily reproducible methods of quantifying the degree of acetylation
of HDACi, will be crucial to the future of these drugs.

5
Perspectives and Conclusion

Chromatin has evolved into an established therapeutic target. Accumulating
evidence suggests that chromatin-modulating drugs are on the verge of be-
coming a new drug class on their own with significant medical potential.

HDAC inhibition holds particular promise in anticancer therapy, where the
concerted effects on multiple pathways involved in growth inhibition, differ-
entiation and apoptosis may prove to be advantageous in the treatment of
a heterogeneous pathology such as tumor formation and growth.

It remains to be seen whether pan-HDAC inhibition is a prerequisite for
clinical efficacy, or whether more subtype-specific HDAC inhibition offers
clinical advantages in relation to efficacy and/or toxicity. It should be un-
derstood however that the current state of the art suggests that chromatin
remodeling is not the only way in which HDACi exert their antitumor effects.
As more and more evidence indicates that HDACs not only play a central role
in the epigenetic status of chromatin, but are also involved in other levels of
enzymatic control, their ability to act on multiple molecular pathways only
adds to their multi-targeting properties.

From a chemogenomics perspective, the past and present generations of
HDAC inhibitors, while providing much insight into the molecular mechan-
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isms and resulting biology of HDAC inhibition, remain to some extent limited
in diversity.

With the exception of the benzamide class, represented by MS-275, and to
a lesser degree natural products such as depsipeptide, the majority of HDAC
inhibitors feature the hydroxamic acid functionality, attached to a cap group
via a spacer. The fact that this privileged structure appears in many of the re-
cently disclosed HDAC inhibitors may be a consequence of the very specific
topology and the resulting restrictive molecular recognition at the catalytic
site of the HDAC metallo-enzyme family. The catalytic site has all the appear-
ances of a pocket located inwards of the enzyme and containing the catalytic
Zn-cation, which is only moderately accessible to ion chelating functional-
ities. This restricted access, attributed to the presence of two hydrophobic
phenylalanine residues constituting a narrow tube-like bottleneck towards
the catalytic site, is reflected in the nature of the spacer moiety, which is
invariably of (hetero)aromatic or aliphatic nature, and not amenable to exten-
sive variation. As a result, many of the recently disclosed HDAC inhibitors can
be considered as variations on one and the same theme.

Accordingly, pharmaceutical companies are rapidly covering the intellec-
tual property space with generous patent scopes, leaving increasingly less
room for maneuvering when in search of novel enzymatic HDAC inhibitors.
In addition, all efforts to replace the hydroxamic acid moiety in an estab-
lished HDAC inhibitor bearing that same moiety have not led to a major
breakthrough. Although modifications such as electrophilic ketones, thiols,
mercaptoamides and N-formyl hydroxylamines have been reported, some of
them showing significant antiproliferative activity and HDAC isoenzyme se-
lectivity, none have improved the often poor pharmacokinetic properties of
the hydroxamic acid counterparts.

Many questions and opportunities remain to be investigated before HDAC
inhibitors can take the center stage as chromatin-modulating drugs.

Further development of this emerging class of drugs demands greater un-
derstanding of the molecular events mediating the observed biological effects
and their selectivity for cancer cells in order to design compounds with im-
proved efficacy while minimizing toxicity. Newer HDAC inhibitors are being
developed with higher specificity for different classes of HDAC, hopefully
enabling correlation of anti-tumor effects with particular patterns of HDAC
expression.

Much remains to be done to improve the physicochemical properties and
the pharmacokinetic characteristics of the established compound classes.
A critical observer cannot help but wonder about the PK/PD profiles of
many of the compounds currently undergoing clinical development: with
limited oral bioavailability, often necessitating intravenous administration,
and rather short half lives in combination with often transient acetylation ef-
fects, the need for HDAC inhibitors with a more beneficial pharmacokinetic
profile seems key.
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This leaves the medicinal chemistry community with the challenge of hav-
ing to operate in a relatively small chemistry space, while targeting not only
pharmacologically relevant HDAC inhibition but also, and perhaps more im-
portantly, improved pharmokinetic properties.
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Abstract Angiogenesis, the recruitment of new blood vessels, is a crucial mechanism re-
quired for both tumor growth and metastasis. Advances in the understanding of the
molecular mechanisms underlying the angiogenesis process have led to the discov-
ery of a variety of pharmaceutical agents with antiangiogenic activity. The potential
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application of these angiogenesis inhibitors is currently under intense clinical investi-
gation. Decades of investigation suggest that vascular endothelial growth factor (VEGF)
and its receptors, particularly VEGF receptor-2 (VEGFR-2, or kinase insert domain-
containing receptor, KDR), play a critical role in tumor-associated angiogenesis. VEGFR-
2, therefore, represents a good target for therapeutic intervention. A number of agents
designed selectively for targeting VEGFR-2 are being evaluated in various phases of
clinical trials in cancer patients. This manuscript reviews the biology of the VEGF fam-
ily of ligands and receptors and of VEGFR-2 in particular. The attempts to develop
effective VEGFR-2 antagonists, including small molecules, antibodies and others, for
therapeutic purposes are discussed comprehensively with special emphasis on tumor
angiogenesis.

Keywords Angiogenesis · Angiogenesis inhibitor · VEGF · VEGFR · KDR ·
Tyrosine kinase inhibitors · Antibody · Cancer therapy
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1
Introduction

Angiogenesis, the recruitment of new blood vessels, is a crucial mechan-
ism required for a number of physiological and pathological conditions. It
is a tightly regulated, multiple step process, that results in the formation of
blood vessels from pre-existing vasculature [1]. Under normal conditions, an-
giogenesis occurs during embryonic development, wound healing, and the
female menstruation cycle [2–5]. Uncontrolled angiogenesis is observed in
various pathological states, such as psoriasis, diabetic retinopathy, rheuma-
toid arthritis, chronic inflammation, and cancer [6–16]. Tumor cells begin
to promote angiogenesis early in tumorigenesis to allow proper nourishment
and removal of metabolic wastes from tumor site. In contrast to normal
cells, which form a single layer around capillary blood vessels, multiple layers
of tumor cells surround the microvasculature, effectively creating a capil-
lary “cuff” [17–19]. Although these in situ tumors may replicate rapidly,
their uncontrolled growth and metastatic properties are severely restricted
by the absence of adequate blood supply. Tumor cells, therefore, go through
a switch from a quiescent to an invasive phenotype. This “switch” is invari-
ably accompanied by the acquisition of angiogenic properties and is consid-
ered the hallmark of the malignant process, whereby pro-angiogenic mech-
anisms overwhelm or circumvent negative regulators of angiogenesis [20].
Indeed, increased tumor vascularization and expression of pro-angiogenic
factors has been associated with advanced tumor stage and poor progno-
sis in a variety of human cancers [18, 21–24]. Decades of investigating the
molecular basis of angiogenesis have identified a number of growth fac-
tor receptor pathways that contribute to promotion of tumor angiogenesis.
One, and probably the major pathway involved in this process, is the vas-
cular endothelial growth factor (VEGF) family [25–29]. This manuscript
reviews the biology of VEGF family of ligands and receptors and of VEGF
receptor-2 (VEGFR-2, or kinase insert domain-containing receptor, KDR), in
particular. The attempts to develop effective KDR antagonists for therapeu-
tic purposes are discussed comprehensively with special emphasis on tumor
angiogenesis.

2
Vascular Endothelial Growth Factor and Its Receptors

VEGF is the prototype of the enlarging family of angiogenic and lymphan-
giogenic growth factors. The family is comprised of six structurally homolo-
gous, secreted glycoproteins. These proteins share a great similarity in their
primary sequence [30–32]. VEGF-A (also known as VEGF) was first iden-
tified in the 1980s as a vascular permeability factor (VPF) secreted by tu-
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mor cells [33–37]. Its gene undergoes alternative splicing to yield at least
six different mature isoforms of 121, 145, 165, 183, 189, and 206 amino
acids [36, 38, 39]. These isoforms vary in their bioavailability, level of expres-
sion, affinity to heparin and heparan sulfate, mitogenic strength, and tissue
specificity. VEGF121 and VEGF165 are the most abundant forms [38, 40–42].
Placenta growth factor (PlGF) shares 46% amino acid identity with VEGF
and is predominantly expressed in the placenta [43]. VEGF-B is 43% iden-
tical to VEGF and is highly expressed in skeletal and cardiac tissue [44, 45].
VEGF-C exhibits approximately 30% identity to VEGF and is a fairly selective
growth factor for lymphatic vessels [27, 46]. VEGF-D is most closely related
to VEGF-C [47, 48] with 31% identity to VEGF [49–52]. Both VEGF-C and
VEGF-D have been shown to be endothelial cells mitogens [47, 48, 53]. Two
additional VEGF-related polypeptides were identified in the genome of the
Orf virus [54]. These polypeptides, NZ-7 VEGF (designated VEGF-E) and
ORFV2-VEGF share 25% and 43% amino acid identity with VEGF, respec-
tively [55–58]. The active forms of the VEGF family of ligands appear either
as homodimers (40–45 kDa) or as heterodimers with other VEGF family
members [32, 59].

VEGF ligands initiate their biological function upon binding to struc-
turally related cell surface receptors [32, 59, 60]. Two receptors were orig-
inally identified on endothelial cells, the 180 kDa Fms-like tyrosine ki-
nase (Flt1 or VEGFR1) [58, 61, 62] and the 200 kDa KDR (or VEGFR2), or
its murine homolog, fetal liver kinase (Flk1) [63–70]. The overall amino
acid sequence identity between Flt1 and KDR is 44%. KDR binds VEGF,
VEGF-C, VEGF-D, VEGF-E, and ORFV2-VEGF, whereas Flt1 binds VEGF,
VEGF-B, and PlGF. Both Flt1 and KDR are expressed primarily on vascu-
lar cells of endothelial lineage [58, 62–64, 71–73]. A third structurally related
tyrosine kinase receptor is the 180 kDa Flt4 (or VEGFR3) [74–79]. Flt4
binds VEGF-C and VEGF-D [49, 80]. Similarly to KDR, Flt4 is widely ex-
pressed on endothelial cells during early embryonic development. However,
Flt4 becomes largely confined to lymphatic endothelial cells in the adult
tissues [74, 76–79, 81, 82].

Two additional receptors were recently identified, 130–140 kDa isoforms
neuropilin-1 (NRP-1) and NRP-2 [83–85]. NRP-1 binds VEGF165, PlGF-2, and
ORFV2-VEGF [83, 86, 87]. NRP-2 binds VEGF165, VEGF145, PlGF, and VEGF-
C [88, 89]. NRP-1 and NPR-2 differ greatly from other VEGF receptor family
members. Their intracellular domain is short, and does not suffice for in-
dependent transduction of biological signals [90–94]. Their activity is likely
mediated as a co-receptor for VEGFR-1 and VEGFR-2 by enhancing the bind-
ing affinity of ligands to the receptors [90, 94–99].
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3
Vascular Endothelial Growth Factor Receptor-2

3.1
Structure and Function of KDR

Kinase insert domain receptor (KDR) is expressed in all adult vascular en-
dothelial cells with perhaps the exception of vascular endothelial cells in the
brain [63]. In addition, KDR is detected on circulating endothelial progen-
itor cells (CEPs) [100–102], pancreatic duct cells [103], retinal progenitor
cells [104], and megakaryocytes [105]. Significantly increased levels of KDR
are also presented on tumors derived from kidney, bladder, ovaries, and
brain [106–108]. KDR-deficient mice have impaired blood island formation
and lack mature endothelial cells [109–111]. Similar to Flt1, KDR possesses
a characteristic structure consisting of seven extracellular immunoglobulin-
like domains, a single transmembrane domain, and a tyrosine kinase domain
interrupted by an insert [58, 62–64, 112]. Recent studies have provided dir-
ect evidence that two molecules of either KDR or Flt1 bind a single VEGF
homodimer [41, 113–118]. Deletion mutant analysis demonstrates that KDR
extracellular immunoglobulin-like domains 2 and 3 are sufficient for high
affinity binding of VEGF [114, 115]. Detailed analysis of the interaction be-
tween VEGF and various KDR immunoglobulin-like domain deletion mu-
tants suggests that the domains 2–4 might be important for VEGF associa-
tion, and domains 5 and 6 are important for ligand dissociation [117]. The
presence of a split kinase domain places both KDR and Flt1 into the same
subfamily of class III receptor tyrosine kinases (RTKs), which also includes
several 5-immunoglobulin-like domain type receptors such as c-Fms, c-Kit,
and the alpha and beta chains of the PDGF receptor. VEGF binding induces
conformational changes within KDR, followed by receptor dimerization and
autophosphorylation of tyrosine residues in the intracellular kinase do-
main [119–121]. The use of recombinant KDR cytosolic domain enabled the
identification of four tyrosine residues, Tyr-951, Tyr-996, Tyr-1054, and Tyr-
1059, as the autophosphorylation sites [122]. Tyrosine phosphorylation forms
high-affinity binding sites for a variety of SH2 and PTB domain-containing
proteins, including PLCγ , VEGFR-associated protein (VRAP), Ras-GAP, FAK,
Sck, Src family of tyrosine kinases, Grb2, PI3-kinase, Akt, PKC, Raf-1, MEK,
ERK, p38MAPK, Nck, Crk, Shc, STAT3, and others [113, 119, 122–141]. These
proteins either possess an intrinsic enzymatic activity, or serve as docking
proteins to position other signaling molecules in close proximity with the
receptor, to further propagate the VEGF signal [123–126].

The role of KDR in endothelial cells has been extensively studied [111].
It is suggested that interaction with KDR is a critical requirement to induce
VEGF biological responses, which include cell proliferation, migration, differ-
entiation, tube formation, increase of vascular permeability, and maintenance
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of vascular integrity [119–121, 142–144]. However, the key molecules in-
volved in VEGF/KDR signaling pathway remain to be completely elucidated.
The identification of downstream signaling molecules may provide clues to
the biochemical mechanisms used to transmit VEGF activity during angio-
genesis and, therefore, guide the rational design of potent antiangiogenesis
inhibitors [144].

3.2
KDR as a Target for Antiangiogenesis Therapy

Various angiogenesis inhibitors have been developed to target vascular en-
dothelial cells and block tumor angiogenesis. Compelling evidence suggests
that VEGF and its receptors, Flt1 and KDR, provide excellent targets for an-
tiangiogenesis intervention. Although there are many molecules that have
been proven to be endothelial growth factors, VEGF is the one most con-
sistently found in a wide variety of conditions associated with angiogenesis.
VEGF and its receptors are overexpressed in the great majority of clinically
important human cancers. These include carcinomas of the gastrointesti-
nal tract, pancreas, breast, bladder, kidney, endometrium, and Kaposi’s sar-
coma [24, 106, 145–157]. In addition, overexpression of the VEGF receptors
was demonstrated among several intracranial tumors including glioblastoma
multiforme [155], as well as in both sporadic and Hippel–Lindau syndrome-
associated capillary hemangioblastoma [158]. The mRNA for both KDR and
Flt1 is greatly upregulated in tumor-associated endothelial cells, but not
in the vasculature surrounding normal tissues [147, 149, 155]. Furthermore,
a significant correlation between KDR expression and microvessel density
has been observed in several tumors. This increased microvessel density
appears to be associated with poor prognosis in patients with a wide spec-
trum of cancers, including carcinomas of breast, bladder, prostate, ovar-
ian, colorectal, stomach, head and neck, non-small-cell lung, and uterine
cervix, as well as melanomas, testicular germ cell, and pediatric brain tu-
mors [159–172]. A retrovirus-mediated expression of a dominant negative
Flk1 (mouse KDR analog) mutant inhibited the growth of eight of nine tu-
mor cell lines tested in nude mice, along with significant reduction of vessel
density in the tumors [173]. Furthermore, inhibition of endothelial cell mito-
genesis in vitro and tumor growth in vivo have also been achieved by using
anti-KDR/Flk1 kinase antibodies [174–179] and small molecule KDR/Flk1
inhibitors [180–187]. Additionally, accumulating evidence suggests the ex-
istence of a VEGF/KDR autocrine loop in mediating growth and metastasis
of several types of tumors [157, 188–190]. Treatment with a neutralizing
anti-KDR antibody effectively inhibited VEGF activities both in vitro and in
vivo [24, 179, 191–193]. KDR inhibitors also have greater accessibility to their
targets since tumor vessel endothelium is in direct contact with the blood.
In contrast to conventional therapies that require targeting individual tumor
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Table 1 Summary of anti-KDR antibodies and KDR-selective TKI currently in clinical
development

Drug Category Company Stage

IMC-1C11 Chimeric antibody ImClone Systems Phase I
IMC-1121b Human antibody ImClone Systems Phase I
CDP-791 Antibody fragment Cerlltech Group Phase II
Sunitinib (SU11248) TKI SUGEN Launched
Vatalanib (PTK787) TKI Novartis Phase III
Vandetanib (ZD6474) TKI AstraZeneca Phase III
Cediranib (AZD2171) TKI AstraZeneca Phase III
Neovastat (Ae941) Natural inhibitor AEterna Zentaris Inc. Phase III
Pazopanib (GW786034) TKI GlaxoSmithKline Phase III
SU6668 TKI SUGEN Phase II
XL647 (EXEL647) TKI Exelixis Phase II
XL999 (EXEL999) TKI Exelixis Phase II
Axitinib (AG13736) TKI Pfizer Phase II
AEE788 TKI Novartis Phase II
BIBF1120 TKI Boehringer Phase II
Bay57-9352 TKI Bayer Yakuhin Phase I
CHIR258 (GFKI258) TKI Chiron Phase I
CEP7055 TKI Cephalon Phase I
ZK304709 (ZK-CDK) TKI Schering Phase I
BMS582664 TKI BMS Phase I
L000021649 TKI Merck & Co Phase I

This list is complied from information obtained via a variety of sources including re-
search articles, reviews, meeting reports, conference proceedings and abstracts, company
websites, and press releases

cells, local interruption of tumor vasculature by targeting KDR expressed on
endothelial cells may detrimentally affect all tumor cells that are dependent
upon the targeted vasculature for nutriment. Taken together, it is not sur-
prising that KDR has become one of the most sought-after antiangiogenesis
targets being pursued by various pharmaceutical and biotech companies in
the recent years (Table 1).

3.3
Neutralizing Antibodies Directed Against VEGFR2

3.3.1
DC101

A rat anti-mouse VEGFR2 (Flk1) monoclonal antibody (DC101) was de-
veloped by ImClone Systems (New York, NY, www.imclone.com) using con-
ventional hybridoma technique [194] to conduct proof-of-concept studies.
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DC101 has been studied extensively in mouse models of angiogenesis, mouse
tumors, and human tumor xenografts, demonstrating potent antiangiogenic
and antitumor activity in these models [195], for review; see [196–198]. In
addition, DC101 treatment inhibited the dissemination and growth of metas-
tases in mouse and human tumor metastasis models. Histological examin-
ation of DC101-treated tumors showed evidence of decreased microvessel
density, reduced tumor cell proliferation along with increased tumor cell
apoptosis and extensive tumor necrosis. Further, DC101 showed synergis-
tic or additive antitumor activities when combined with chemotherapeutic
drugs or radiation [199–201] and in some cases, led to significant regression
of implanted tumors. No overt toxicity has been observed in long-term DC101
treatment experiments of tumor-bearing or non-tumor-bearing mice. These
findings are important, since low levels of Flk1 expression are present on the
endothelium of some normal tissues and are required for normal angiogenic
processes. Indeed, DC101 treatment did have an impact on normal angiogen-
esis associated with reproduction [202, 203] and bone formation (ImClone
Systems, unpublished data). The lack of toxicity observed during DC101 ther-
apy may be due to the limited dependence of resting endothelium for Flk1
stimulation. In contrast, tumor angiogenesis is expected to be more depen-
dent on upregulation and function of Flk1 on tumor vasculature and thus
more susceptible to anti-Flk1 blockade. The apparent lack of toxicity asso-
ciated with anti-Flk1 antibody treatment can also be attributed to the high
specificity of an antibody antagonist.

3.3.2
IMC-1C11

As DC101 does not cross-react with human VEGFR2 (KDR), a panel
of new mAb directed against the human receptor was generated, using
both the traditional hybridoma method and the antibody phage display
technique [197, 198, 204]. This effort gave rise to a lead candidate, IMC-
1C11 [205], a mouse/human chimeric IgG1 derived from a scFv isolated from
a phage display library [206, 207]. Cross-species examination revealed that
IMC-1C11 cross-reacts with VEGFR2 expressed on endothelial cells of mon-
keys and dogs, but not with those on rat and mouse. In a canine retinopathy
model, IMC-1C11 significantly inhibited retinal neovascularization in new-
born dogs induced by high concentration of oxygen [208]. Furthermore,
administration of IMC-1C11 to primate rhesus monkey demonstrated a sig-
nificant impact on the ovary follicle development during the menstrual cycles,
an angiogenesis-related event [202]. Recently, it was shown that certain hu-
man leukemia cells, including both primary and cultured cell lines, also
express functional VEGFR2 on the cell surface [157, 188, 191]. IMC-1C11
strongly inhibited VEGF-stimulated leukemia cell proliferation and migra-
tion, and significantly prolonged the survival of NOD-SCID mice inoculated
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with these cells [157, 191]. Since IMC-1C11 does not cross-react with mouse
Flk1, the in vivo anti-leukemia effect of the antibody is likely due to a direct
inhibition of cell growth via blockade of the VEGF/VEGFR2 autocrine loop
in human leukemia cells. ImClone Systems initiated a dose-escalating phase I
clinical trial in May 2000 in patients with liver metastatic colorectal cancer.
When IMC-1C11 was infused at 0.2, 0.6, 2.0, and 4.0 mg/kg for 4 weeks, no
serious toxicities were observed. Five out of a total of 14 enrolled patients
had stable disease by week 4 and continued on therapy, with one patient
maintaining SD for 6 months [177].

3.3.3
IMC-1121B

ImClone Systems is currently developing a fully human anti-VEGFR2 anti-
body for the treatment of solid tumors and certain leukemias [175, 176, 179].
This fully human anti-VEGFR2 IgG1 antibody, IMC-1121B, was generated
from a Fab fragment originally isolated from a large antibody phage display
library [175, 176]. The antibody specifically binds VEGFR2 with high affin-
ity of 50 pM and blocks VEGF/VEGFR2 interaction with an IC50 value of
approximately 1 nM. It strongly inhibited VEGF-induced migration of hu-
man leukemia cells in vitro, and when administered in vivo, significantly
prolonged survival of NOD-SCID mice inoculated with VEGFR2+ human
leukemia cells [179]. Phase I clinical trials of IMC-1121B were initiated in
January 2005 in patients with advanced malignancies. To date, a total of 14
patients have been enrolled in the study at dose levels ranging from 2 to
10 mg/kg every week. Preliminary results of the study suggest that IMC-
1121B is well tolerated. One patient experienced partial response and five
patients had disease stabilization.

3.3.4
CDP791

CDP791 is a pegylated F(ab′)2 antibody fragment directed against the KDR
under codevelopment by Celltech/UCB (Slough, UK, www.ucb-group.com),
and ImClone Systems as a potential treatment for cancer. CDP791 design
and construction were based on a pegylation technology developed by In-
hale(now Nektar Therapeutics, San Carlos, CA, www.nektar.com). Celltech
initiated phase I clinical trials of CDP791 in patients with a variety of ad-
vanced solid tumors that had failed to respond to standard therapies in
August 2003. The trial was designed to assess the safety of ascending doses of
the drug (0.3–30 mg/kg once every 3 weeks) and its pharmacological activ-
ity for rapid proof-of-concept for such a regimen. Five disease stabilizations
(two renal, one colon, one endometrial, and one melanoma) were achieved.
Major toxicities included skin hemangiomatas, hypertension, and hypocal-



342 K. Paz · Z. Zhu

cemia. In March 2006, a phase II trial of the drug in combination with stan-
dard chemotherapy was initiated in patients with non-small-cell lung cancer
(NSCLC).

3.4
Small Molecular Weight Tyrosine Kinase Inhibitors to KDR

An increasing number of small molecule tyrosine kinase inhibitors (TKI)
to signal transduction pathways of KDR kinase domain are under various
stages of development at several pharmaceutical companies [16, 29, 183, 185,
186, 196, 209–214]. This review summarizes the most advanced compounds
in the field, which are currently in different stages of clinical trails. Notice-
ably, the vast majority of the information on these drugs is not yet available in
published manuscripts. Nevertheless, due to the significance of such data for
the purpose of further investigation and therapy consideration, information
gathered from company web sites, press releases, proceeding of scientific and
clinical meetings, and other sources is presented here as unpublished data.

3.4.1
Semaxanib (SU5416), SU6668 and Sunitinib (SU11248)

Semaxanib (SU5416), an antiangiogenic agent developed by SUGEN (Own-
ership of SUGEN passed to Pfizer www.pfizer.com as part of its acquisition
of Pharmacia in April 2003), was one of the most advanced agents in clini-
cal development. Semaxanib is a KDR TK antagonist that exhibits inhibitory
activities against PDGFR, Flt1 and Flt4 as well [21, 215]. Biochemical studies
indicated that Semaxanib possesses ATP mimetic properties, and exerts its in-
hibitory effects on the signaling pathway of KDR/Flk1 in an ATP-competitive
manner by localizing in the ATP binding pocket of the RTK [21, 216]. Semax-
anib blocks VEGF-stimulated mitogenesis and migration of human endothe-
lial cells, and induces apoptosis of endothelial cells. It inhibited the growth
of a variety of xenograft tumors in mice, along with reducing tumor vascu-
lar density [21, 217–222]. Phase I studies of Semaxanib were carried out in
69 cancer patients with advanced diseases. The drug was given intravenous
twice weekly at dose level of 4.4–190 mg/kg/day. Objective responses were
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observed in three patients, seven remained on study for more than 6 months,
and two for over 18 months [222–229].

Phase II and III trials were carried out, alone and in combination
with standard chemotherapy regimens, in patients with cancers of colorec-
tal, breast and lung, malignant mesothelioma, melanoma, acute myeloid
leukemia (AML) and Kaposi’s sarcoma. Major toxicities associated with
Semaxanib have been dose-limiting toxicity (DLT) of projectile vomiting,
grade III diarrhea, nausea, fatigue, headache, and pulmonary emboli [230–
237]. In February 2002, SUGEN (owned by Pharmacia) made the decision to
discontinue the drug based on interim results from phase III trials involv-
ing colorectal cancer patients. Analysis of the data showed that the study
would not achieve the defined trial endpoints due to lack of clinical bene-
fit. The company closed its phase III trials and discontinued development of
Semaxanib for all indications [238].

SU6668 is a broader RTK inhibitor that targets KDR, PDGFR, and
FGFR [215, 239–246]. SU6668 is structurally similar to SU5416 with better
toxicity profiles and oral availability. It offers two different mechanisms of ac-
tion of both antiangiogenic and antitumor effects, by affecting several targets
simultaneously. SU6668 blocks recombinant KDR and FGFR kinase activity
with IC50 values of 2.4 and 3 nM, respectively. SU6668 induced tumor inhi-
bition or regression following oral administration to mice bearing a variety
of tumor xenografts [239, 240, 247–250]. In a metastatic colorectal cancer
model, SU6668 increased median survival of tumor-bearing mice by 58% and
led to a time-dependent endothelial cell apoptosis and decrease in tumor vol-
ume [251]. In addition, pericyte vessel coverage and tumor vascularity were
significantly decreased in SU6668-treated mice. Combination of SU6668 with
Paclitaxel affects ascites formation and tumor spread in ovarian carcinoma
xenograft growing orthotopically [252]. Furthermore, it was suggested that
SU6668 sensitizes radiation via targeting survival pathways of vascular en-
dothelium in Lewis lung carcinoma and GL261 xenografts, possibly through
reducing the survival of tumor endothelium [246, 253].

In phase I studies, SU6668 was administrated orally once daily to
68 patients with advanced malignancies at dose levels between 100 and
2400 mg/kg/day [254]. No serious drug-related toxicities have been observed
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but there were mild–moderate side effects included nausea, diarrhea and
fatigue. Median time on study was 13 weeks (range 2–86 weeks), and no
maximal tolerated dose (MTD) was reached. In a dose-escalation pharmaco-
logical study, SU6668 was administered at 100 or 200 mg/kg to 16 patients
with advanced solid tumors. No significant toxicities were observed. SU6668
was extensively bound to plasma proteins. A three-times daily dose regime
suggested an MTD of 100 mg/kg when administered with food. Half-life was
3.6 h. A dose of 300 mg/kg administered with food was well tolerated among
35 patients, with adverse effects including fatigue and joint pains. DLT was
400 and 800 mg/kg with grade III thrombocytopenia. Four patients had sta-
ble disease for more than 6 months. Phase I data were presented at the 39th
ASCO meeting, June 2003. A group of 24 patients with advanced solid tumors
were given between 200 and 500 mg/kg/day of SU6668 for 28 days. Grade I
and II toxicities were edema, nausea, vomiting, fatigue, anorexia, and ab-
dominal pain. One patient had grade IV pericardial effusion at the 400 mg
dose. Plasma concentration was lower on day 28 than day 1. Among this
group, ten patients achieved stable disease, but no objective responses were
observed [245, 254]. SUGEN (Pharmacia) initiated a US phase II trial and
a collaborative (Taiho) Japan phase I/II trial for SU6668 in February 2003 and
June 2004, respectively. Data from this trial were presented at the 42nd ASCO
meeting, in June 2006. The study involved 15 patients with hepatocellular car-
cinoma (HCC) who were dosed either 400 or 800 mg/day. The higher dose
produced toxicities of grade III abdominal pain and ascites in two patients,
while the lower dose did not induce any adverse events. One patient exhibited
a partial response and another six had stable disease.

Sunitinib (SU11248 or Sutent) [255–258] displays selectivity for members
of the split kinase domain subgroup, KDR, PDGFR-alpha, PDGFR-beta, c-
Kit, and Flt3, with in vitro IC50 values in the nanomolar range (14 nM) [185,
259–262]. In biological and cellular assays, Sunitinib competitively inhib-
ited ligand-dependent KDR and PDGFR-beta autophosphorylation with IC50
values of 10nM [262–265]. In mouse xenograft models, Sunitinib inhib-
ited the phosphorylation of PDGFR-beta, KDR and c-Kit time- and dose-
dependently. Sunitinib demonstrated broad and potent antitumor activity,
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including regression in murine models of human epidermal (A431), colon
(Colo205 and HT-29), lung (NCI-H226 and H460), breast (MDA-MB-435),
prostate (PC3-3M-luc), and renal (786-O) cancers, and suppressing or de-
laying the growth of many others, including the C6 rat and SF763T human
glioma xenografts and B16 melanoma lung cancer. Tumor inhibition ranged
from 11 to 93%, and was found to be dose-dependent between oral doses
of 20 and 40 mg/kg/day. In mice bearing established A431 tumors, admin-
istration of 80 mg/kg/day of Sunitinib for 21 days resulted in a complete
tumor regression in six of eight mice during the first round of treatment, and
in the remaining two mice upon re-treatment. The tumors did not regrow
for a duration of 110 days. In Colo205 tumors, Sunitinib treatment induced
a dose- and time-dependent, rapid decrease in tumor microvessel density
and tumor-cell proliferation, and an associated increase in tumor-cell apop-
tosis, culminating in tumor regression. In SF763T tumor models, on the other
hand, Sunitinib decreased tumor vascularization and proliferation, with no
overt tumor tissue destruction, culminating in tumor growth delay [262].
Sunitinib has also demonstrated synergy with both radiation therapy and
chemotherapeutic drugs such as Docetaxel, Cisplatin, 5-FU or Doxorubicin in
a number of in vitro and in vivo studies [256, 259, 262, 266–268].

Phase I and II clinical data confirm that orally administered Sunitinib is
well absorbed and has a half-life of 40 h. The compound was well tolerated
during preclinical studies and little toxicity was reported [266]. Sunitinib was
shown to be effective as second-line therapy for patients with metastatic renal
cell carcinoma (RCC) whose disease had progressed despite standard ther-
apy. All patients were administered repeated cycles of 50 mg/day for 4 weeks
followed by a 2-week rest period. Partial responses were observed in 33%
patients while 37% had stable disease for over 3 months. At 6 months, 14
out of 63 of the patients were still under treatment with an ongoing par-
tial response. The regimen induced mostly grade I/II toxicities, including
fatigue, asthenia, nausea, and diarrhea. Grade III and IV toxicities included
lymphopenia and elevated lipase and amylase, but no clinical signs of pan-
creatitis. Two patients were taken off the study for decreases in left ventric-
ular ejection fraction greater than 20% without clinical symptoms. Data of
a similar study were presented at the 41st ASCO meeting, May 2005 and at
the fourth International Targeted Therapies for Cancer meeting, September
2005. In a second phase II trial, 106 patients with metastatic RCC were given
50 mg/day as well. An overall response rate was 40%, with 25 to 28% stable
disease [257, 269, 270]

Data from a different phase II study in 107 metastatic RCC patients were
presented at the 42nd ASCO meeting, June 2006. Patients were randomized
to receive 37.5 mg Sunitinib once daily in the morning or the evening. Tumor
shrinkage was reported in 33 patients. The continuous dose was well toler-
ated, with similar tolerability between the morning and evening arms. In 17
patients, the dose was reduced to 25 mg/day following grade II or III adverse
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effects after an average of 6 weeks at 37.5 mg/day. Adverse effects, leading to
dose reduction, included mucositis, thrombocytopenia, and nausea. Discon-
tinuation was seen in 22 patients due to disease progression, adverse effects,
and withdrawal of consent. A phase III study evaluating Sunitinib in patients
with metastatic RCC is ongoing.

In a different trial, 18 patients with Imatinib (STI571 or Gleevec)-resistant
gastrointestinal stromal tumors (GIST) received 25–75 mg/day for a duration
of 2 weeks, followed by 2 weeks rest. This regimen resulted in two partial tu-
mor responses and ten stable diseases, the longest being 6 months. Biopsy and
imaging studies showed that 10 out of 17 evaluable patients had a reduction in
metabolic activity of their tumors. The MTD was determined to be 50 mg, as
two patients treated with 75 mg experienced transient DLT including fatigue,
nausea, and vomiting during the first cycle. In a similar study, administra-
tion of 50 mg/day of Sunitinib for 4 weeks was followed by 2 weeks of rest.
Analysis had been conducted in 48 progressing patients, 26 of whom showed
a clinical benefit. Data of a subsequent trial were presented at the 42nd ASCO
meeting, June 2006. Patients with advanced GIST received 37.5 mg Sunitinib
daily in a 4-weeks on/2-weeks off schedule for 1 year. Median cycle number
was 4.2. Preliminary efficacy data in 17 patients demonstrated a stable disease
in 13 patients and progressive disease among four, with continuous dosing
being well tolerated.

A randomized, double blind, placebo-controlled phase III study for the
treatment of Imatinib-resistant GIST and RCC patients was initiated in July
2004. Adverse events reported include an 82-year-old man with grade III
hypertension, developed the day after receiving a single 200 mg dose of Suni-
tinib. Another 68-year-old man developed a transient asymptomatic increase
in cardiac ectopy with grade I ventricular tachycardia on his ECG the day
he received a single 350 mg dose of the drug. Both patients recovered within
24 h [263, 271, 272].

AML patients were treated with repeated doses of 25 to 100 mg/day of Suni-
tinib for 2 weeks. Grade III fatigue was the DLT in two of 22 patients. In
a 50 mg escalating-dose study, 20% patients experienced grade III fatigue. DLT
of grade IV fatigue occurred in one patient at 75 mg. Other drug-related ad-
verse events included nausea and vomiting, diarrhea, headache, altered blood
counts, and lipase elevations. Most adverse events were rated grade I/II and
were considered manageable. Patients with unresectable neuroendocrine tu-
mors and metastatic breast cancer were treated with 50 mg/day Sunitinib for
4 weeks followed by a 2-week rest period. Preliminary results on the first 93 neu-
roendocrine patients demonstrated grade III/IV toxicities of diarrhea, fatigue,
glossodynia, nausea, neutropenia, thrombocytopenia, and vomiting. Nine pa-
tients had partial response and 84 patients had stable disease. Among the
breast cancer patients grade III toxicities were observed, including neutrope-
nia, thrombocytopenia, and AST increase. Out of 23 evaluable patients, two had
a partial response, five had stable disease, and 14 had progressive disease.
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In January 2006, the FDA approved Sunitinib for the treatment of GIST
and RCC, and it was launched in the USA later that month. In April 2006,
the European committee for medical products for human use (CHMP) rec-
ommended approval of Sunitinib for second-line RCC and for GIST, and
conditional approval in both indications was granted in July 2006. In May
2006, the drug was approved by Health Canada for the treatment of GIST.

3.4.2
Vatalanib (PTK787)

Vatalanib is a very potent small molecule inhibitor under development by No-
vartis, (Basel Switzerland www.novartis.com) and Schering (Berlin, Germany
www.shering.de) [182, 273–279]. Vatalanib inhibits both KDR and Flt1 with
IC50 values of 37 and 77 nM, respectively [280, 281]. It inhibits other class III
RTKs, such as PDGFR, Flt4, c-Kit, and c-Fms with a tenfold higher IC50, but
is not active against kinases from other receptor families. Vatalanib blocks
VEGF-induced KDR phosphorylation, endothelial cell migration and prolif-
eration at nanomolar concentration, but does not have any cytotoxic and
anti-proliferative effects on cells that do not express VEGF receptors [280].
Orally, once daily administration of 25 to 100 mg/kg inhibited the growth of
several human xenograft tumors, as well as an orthotopic murine syngeneic
renal carcinoma in mouse models, along with reduction in microvessel for-
mation in tumors [182, 274, 280]. The compound was rapidly absorbed with
exposure time of 1.6 h and average terminal half-life of 5.9 h.

Phase I dose-escalating and PK studies of Vatalanib were performed on
a wide spectrum of tumors including colorectal, RCC, NSCLC, AML, glioblas-
toma, and prostate cancer. Dose ranged up to 2000 mg once daily or 1000 mg
twice daily by oral administration. In most studies, results in patients with
advanced solid tumors indicated that treatment was well tolerated with no
drug-related serious adverse events. Tumor volume reduction was observed in
some patients. The MTD was not reached with doses up to 1500 mg/day. The
optimal dose was determined as 1250 mg/day. Measurable responses of tumor
volume reduction were observed in 19% and 4% of the patients with RCC and
glioblastoma, respectively. Over 50% of patients achieved stable disease [282].

Data on phase I trial in 34 patients with unresectable hepatocellular can-
cer were presented at the 41st ASCO meeting, May 2005. Patients received
750–1250 mg Vatalanib orally, once daily in a 28-day cycle. The most common
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adverse effects were minor and included nausea, vomiting, anorexia, fatigue,
diarrhea, and dizziness. Five patients had stable disease ranging from 165 to
335 days and ten patients had progressive disease. No complete or partial re-
sponses were observed. Studies on Vatalanib in combination with Paclitaxel
and Carboplatin were presented at the same meeting. In a phase Ib trial, 19
patients with stage IIC to IV epithelial ovarian cancer received 250–1250 mg
Vatalanib orally on days 3–21 of each 21-day chemotherapy cycle, while Pacli-
taxel and Carboplatin were administered on day 1 of each cycle. Grade III/IV
adverse effects were observed, including neutropenia, leukopenia, anemia,
constipation, infection, nausea, and weight increase. In June 2006, further
data from this trial were presented at the 42nd ASCO meeting. No DLT was
observed in all of the evaluated individuals. Of 42 evaluable patients, 67% had
complete or partial response.

Phase II trials of Vatalanib in combination with 5-FU/Leucovorin/Irino-
tecan (IFL) in patients with treatment-naive metastatic colorectal cancer were
presented at the 39th ASCO meeting, June 2003. A decrease in the extent
of Irinotecan bioavailability and its metabolite (SN-38) was detected follow-
ing co-administration with Vatalanib. The compound exposure decreased by
approximately 40% in four of five patients at 1000 mg/day. Of 11 patients
evaluable for tumor response, four had partial responses and four achieved
stable disease. Common adverse events included nausea, fatigue, vomiting,
epistaxis, diarrhea, and dizziness. At 500 mg/day there was one case of DLT
of grade III fatigue and at 1000 mg/day there was one case of DLT of grade III
hypertension. No other drug-related toxicities were observed. Median time to
progression for 11 evaluable patients was 6.7 months. At the median follow-
up of 9 months all 16 patients were alive. An additional study on Vatalanib
in combination with Oxaliplatin/5-FU/Leucovorin (FOLFOX4) was carried
out in patients with metastatic colorectal cancer. Orally administered Vata-
lanib was well tolerated and no PK interaction between Vatalanib and Oxali-
platin was detected. From 21 patients evaluable for tumor response, nine had
partial response. The median time to progression was 11 months. Adverse
events included grade III ataxia, grade IV neutropenia, grade III thrombocy-
topenia, and dizziness. Neurological DLTs were noted in two patients at the
2000 mg/day and grade III expressive dysphasia and intermittent dizziness
were DLT at 1500 mg/day.

In a phase II study of Vatalanib in patients with myelofibrosis with myeloid
metaplasia (MMM), the first two patients treated with 750 mg/day experi-
enced DLT of grade III dyspepsia and grade II proteinuria. Therefore, the
six subsequent patients were treated at 500 mg/day. This dose was well toler-
ated. Only one of six patients had a grade III dose-limiting thrombocytopenia.
Other grade III/IV toxicities at this dose level included elevated liver en-
zymes and neutropenia, all of which occurred beyond day 28 of therapy and
were reversible after drug interruption. Gastrointestinal or CNS toxicities
were minimal or absent. In another study, oral, once-daily administration of
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Vatalanib was tested in 55 patients with recurrent GBM and the MTD was
1500 mg/day. Median progression-free survival was 11 weeks when the dose
of Vatalanib was greater than 1200 mg/day, but only 8.4 weeks with a dose
of less than 1000 mg/day. DLTs included liver enzyme elevation, deep vein
thrombosis, insomnia, cerebral edema, fatigue, and nausea and vomiting. Of
the 47 evaluable patients, two had partial responses, 31 had stable disease
and 14 showed disease progression. The median duration of stable disease
was 12.1 weeks. Vatalanib in combination with Temozolomide demonstrated
the greatest antitumor activity, with a median progression free survival of
16.1 weeks, compared to 12.1 weeks when in combination with Lomustine.
Of the 51 patients who were evaluable for response, four had a partial re-
sponse and 17 had stable disease. The median time to progression was 15.7
and 10.4 weeks for the Temozolomide- and Lomustine-treated groups, respec-
tively. There was one grade III dizziness DLT in the 1500 mg/day group treated
with Temozolomide. The MTD was not reached. In March 2005, phase II tri-
als NSCLC patients were initiated at five sites across France and Germany. The
trial aimed at assessing the efficacy of Vatalanib as a second-line monotherapy
in patients with stage IIIb/IV disease, who had relapsed or were refractory to
first-line therapy. Data from this trial were presented at the 42nd ASCO meet-
ing, June 2006. Of 54 patients, administered a dose of 1250 mg once-daily, one
exhibited a partial response and 17 had disease stabilization. The most se-
vere grade IV adverse events were hypertension, thromboembolism, and an
increase in liver enzymes. Frequent grade III toxicities were dyspnoea and hy-
pertension. Eight patients discontinued treatment due to adverse events, but
the agent was regarded as suitable as a second-line monotherapy.

Phase III colorectal cancer trials were initiated in January 2003 in the
USA and in Western Europe. Vatalanib was orally administered at a dose of
1250 mg/day. By July 2005, phase III trials were underway in Korea, and in
January 2006, Vatalanib was listed as being in phase III for solid tumors in the
USA.

3.4.3
ZD4190, Vandetanib (ZD6474) and Cediranib (AZD2171)

A serial of small TKI under investigation by AstraZeneca (Cheshire, UK,
www.astrazeneca.com) inhibits kinase activity of both KDR and Flt1. ZD4190,
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the first compound in this serial, blocks VEGF-induced human umbili-
cal vein endothelial cells (HUVEC) proliferation with an IC50 value of
60 µM [283, 284]. Chronic treatment with ZD4190 inhibited the growth of
a variety of human tumor xenografts in animal models, including colon, lung,
breast, prostate, and ovarian origin [284–286]. However, despite its promis-
ing potential, clinical development of ZD4190 was discontinued in 2000 due
to intrinsic physiochemical and pharmacokinetic (PK) properties of the com-
pound, which were responsible for its moderate and variable bioavailability
in higher animal species and patients. Structural modification of ZD4190,
as well as new generation of compounds, aiming at improving its physio-
chemical properties led to the discovery of two new compounds, ZD6474 and
ZD2171 [287, 288].

Vandetanib (ZD6474, Zactima) is a structural modification of ZD4190
that possesses potent inhibitory characteristics on KDR TK activity [283].
The compound shows selectivity for KDR (IC50, 40 nM) versus other
RTK, such as EGFR (IC50, 500 nM), PDGFR (IC50, 1.1 µM), Flt1 (IC50,
1.6 µM), Tie2 (IC50, 2.5 µM), FGFR (IC50, 3.6 µM), IGF-1R and erbB2
(IC50, > 20 µM), and serine/threonine kinases, such as CDK2, Akt and PDK
(IC50, > 20 mM) [288–290]. Vandetanib showed a broad spectrum of dose-
dependent antitumor activity against lung, prostate, colon, breast, ovarian
and vulval cell lines in vitro [181, 291–293]. Vandetanib is approximately 500-
fold more soluble than ZD4190 in phosphate buffer at pH 7.4, which led to
a significant improvement in oral bioavailability as shown in dogs [283]. Van-
detanib has a half-life of 15 h and 8 h in rat and dog, respectively, following
intravenous injection [287]. When given orally once-daily, Vandetanib has
demonstrated an antitumor activity in a variety of human xenograft models
using several different dosing regimens (ranging from 25 to 100 mg/kg/day)
including CNS tumors and intestinal adenomas [289, 291]. Dynamic contrast-
enhanced MRI assessment indicated that acute Vandetanib treatment signifi-
cantly reduced vascular permeability in tumor tissue [285, 292]. Chronic ad-
ministration of Vandetanib was generally well tolerated. However, similar to
ZD4190 and other anti-VEGF agents, Vandetanib induced a dose-dependent
increase in the femoral epiphyseal growth plate area in young rat [284].

In phase I trials, a total of 49 patients with malignant solid tumors were
treated with a single daily oral dose of Vandetanib (50–600 mg/kg) followed
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by a seven-day washout period and continuation of daily dosing, until dis-
ease progression or dose-limiting toxicity. Drug-related toxicity has been
minimal. The MTD was reached at 600 mg in one patient who developed
grade III thrombocytopenia. Adverse events were otherwise limited to mild
diarrhea and rash increasing with dose. The estimated half-life of the orally
administered Vandetanib was 130 h (ranging from 82 to 206 h). Under these
conditions, stable disease was observed in two patients. In a follow up study,
a total of 18 patients with malignant solid tumors received single oral doses
(100 to 400 mg/kg/day) followed by 7 days of rest and then daily dosing at
the same dose for a total of 28 days. Partial responses were observed in four
of nine patients with NSCLC. MTD was 400 mg, with 100–300 mg doses rec-
ommended for phase II studies.

Phase II trials in lung cancer and multiple myeloma (MM) patients were
initiated in November 2002. Data were presented at the 40th ASCO meet-
ing, May 2004. In a two-part, open-label, randomized, phase II study, 15
patients, with NSCLC were administered once-daily with 100 and 300 mg/kg
of Vandetanib in combination with Docetaxel. Serious adverse events were
recorded in eight patients, among which toxic-induced encephalopathy, nail
infection, non-Q wave myocardial infraction and bacteremia were consid-
ered to be therapy related. Nine patients had dose reduction or interruptions
in treatment mainly due to QTc prolongation or grade III rash. Among the
four patients that received 100 mg Vandetanib, there were two cases of stable
disease for duration greater or equal to 12 weeks and two cases of disease pro-
gression. From the 11 patients who received 300 mg of Vandetanib, ten were
evaluable for response. Among these, two achieved a partial response, two
had stable disease for duration of 6 to 12 weeks and two had stable disease
for at least 12 weeks, while three patients experienced disease progression.
The median time to progression was 15.1 and 18.6 weeks, respectively, for
the 100 and 300 mg groups. Data of a subsequent study were presented at the
41st ASCO meeting, May 2005. Patients with advanced or metastatic NSCLC
received 200 or 300 mg Vandetanib daily, in combination with carboplatin
(CP) once every 21 days. The median duration of treatment was approxi-
mately 4.1 months. The most common adverse effects observed were fatigue,
diarrhea, and rash. Of 21 patients, six experienced minor asymptomatic QTc
prolongation. Two patients developed a serious adverse effect of rash with
desquamation and dehydration, considered to be treatment related. PK data
indicated that steady-state concentrations of Vandetanib alone and in combi-
nation with CP were similar. Tumor assessments demonstrated a confirmed
partial response in seven patients and an unconfirmed partial response in five
patients. Two patients had stable disease over 12 weeks while disease progres-
sion was observed in three patients. Similar data were presented at the 11th
World Conference on Lung Cancer, July 2005. Phase IIa data on Vandetanib
were presented at the 42nd ASCO meeting, May 2006. The study assessed the
drug’s overall response rate in 53 NSCLC patients who received daily Van-
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detanib doses of 100–300 mg. Overall response rate was 13%. The median
time-to-progression was 12.3 weeks in both the 200- and 300 mg arms but
only 8.3 weeks in the 100 mg arm. The adverse events were similar to previous
trials and were managed with dose interruption or reduction.

Data from a phase II trial of Vandetanib in MM patients were presented
at the 46th ASH meeting, December 2004. A cohort of relapsed MM patients
was administered 100 mg once-daily for a mean of 9.8 weeks. Vandetanib
was well tolerated. Grade I or II drug-related adverse events included nausea,
vomiting, fatigue, rash, pruritis, headache, diarrhea, dizziness, and sensory
neuropathy. No serious drug-related adverse events occurred. One patient
had grade III anemia, and there were no grade III changes in biochemistry.
Data on Vandetanib in patients with medullary thyroid carcinoma were pre-
sented at the 17th AACR-NCI-EORTC, November 2005. Fourteen patients
received 300 mg Vandetanib orally, once-daily. At 10 months, two partial re-
sponses were detected and nine patients were presented with stable disease.
Incidences of grade III diarrhea, fatigue, rash, and nausea were reported. In
October 2005, FDA had granted Orphan Drug designation to Vandetanib for
the treatment of follicular, medullary, anaplastic, and locally advanced and
metastatic papillary thyroid cancer.

Phase II trials in breast cancer and head and neck cancer were underway in
Japan by November 2005 and in brain cancer by December 2005. By July 2005,
a phase III trial in solid tumors had started. In February 2006, the company
listed the drug in phase III trials for NSCLC. AstraZeneca plans to file Vande-
tanib for marketing authorization application (MAA) in Europe and new drug
application (NDA) in the USA not earlier then 2007.

As of today, Cediranib (AZD2171) has the potential to be a “best in class”
angiogenesis therapy. It is one of a new generation series of orally available,
highly potent inhibitors of KDR kinase. The compound inhibited VEGF-
stimulated HUVEC cell proliferation with an IC50 value of 0.4 nM and was
specific for this type of proliferation.

Cediranib demonstrated selectivity greater than 2000-fold for the inhi-
bition of KDR versus EGFR phosphorylation in cells. Cediranib exhibited
PK properties in animals compatible with once-daily oral dosing. Preclinical
studies demonstrated a broad spectrum of antitumor activity that extended
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to a range of histologically distinct xenografts, including lung, colon, breast,
prostate, and ovarian cancer. In an orthotopic murine RCC model, treat-
ment with 6.3 mg/kg/day of Cediranib resulted in a significant inhibition of
primary tumor growth and microvessel density, with a notable decrease in
lung metastases. Similar treatment prevented growth plate ossification in the
long bones of growing rats and inhibited luteal development in the ovary,
physiological processes that are highly dependent on neovascularization. Ad-
ministration of 3 mg/kg/day Cediranib inhibited tumor xenografts growth
by 69–100%. When administered concomitantly with other drugs (Gefitinib,
ZD6126, or Irinotecan), Cediranib resulted in a greater tumor growth inhibi-
tion, with tumor regression induced in all cases and a 41% lower mean tumor
volume when compared to pretreatment volume at 18 days of dosing. The
drug was well tolerated in all studies.

Data of phase I clinical trial of Cediranib in patients with advanced cancer
and liver metastases presented at the 40th ASCO meeting, June 2004. Co-
horts of three to four patients received a single oral dose of the compound
(0.5–20 mg/kg) followed by a 7-day washout period. An equal daily dosing
was then administered for a total of 28 days. PK data of 16 patients indi-
cated that Cediranib is rapidly absorbed with a median time to maximal
plasma concentration of 3 h and a half-life of 20 h. The PK profile appeared
to be linear following single and multiple doses. Treatment was well toler-
ated at the dose levels and the MTD has not been established at this time.
Grade II dizziness was the only toxicity noted, in one patient from the 10 mg
cohort. In April 2005, a phase I combination, multicenter, open-label, dose-
escalating trials of Cediranib in patients with colorectal cancer and advanced
NSCLC, was initiated in Canada. Patients received standard doses of Paclitaxel
or Carboplatin, with daily doses of Cediranib escalating from 30 mg/day,
every 21 days for up to eight courses. Data from this trial were presented at
the 17th AACR-NCI-EORTC conference, November 2005. The treatment was
well tolerated, with DLTs of fatigue and febrile neutropenia and mucositis (at
45 mg/day). Of nine evaluable patients, four had partial response. Four pa-
tients showed disease stabilization and one progressed. Different phase I data
in patients with advanced prostate adenocarcinoma were presented at the 41st
ASCO meeting, May 2005. Twenty patients received 1–30 mg oral Cediranib
in a continuous 3-week cycle. Four grade III adverse events were observed
in the 20 mg cohort, including back pain, fatigue, metastases to bone, and
transient ischemic attack.

In November 2005, a phase II/III study in NSCLC patients started in
Australia and Canada. In February 2006, Cediranib was undergoing a UK
phase II/III trials in colorectal cancer. At that time, US phase II trials were
underway in patients with advanced solid tumors, mesothelioma, melanoma,
liver, ovarian, peritoneal, fallopian tube, kidney, and breast cancers. In May
2006, a US phase II trial began for neurofibromatosis type I and plexiform
neurofibroma.
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3.4.4
Neovastat (Ae941) (structure unknown)

Neovastat is a naturally occurring orally bioavailable antiangiogenic com-
pound, extracted from shark cartilage, under investigation by AEterna Zen-
taris (Quebec, Canada). Neovastat possesses multiple antiangiogenic mech-
anisms of action that provide broad therapeutic potential for a number of
diseases [294, 295]. The development of Neovastat first began due to the mis-
taken belief that sharks, whose skeletons consist mostly of cartilage, are not
affected by cancer. Despite the fact that this assumption is not correct, sev-
eral substances isolated from shark cartilage have been found to possess
antitumor activity. Fractionation of liquid shark cartilage led to the character-
ization of some active components that have been tested for direct antitumor
activity in vitro. As yet, however, no reports have identified the active com-
ponents in Neovastat. Neovastat blocks two main mechanisms of angiogen-
esis activation, VEGF and matrix metalloproteinase (MMP)-2 and MMP-9.
At the molecular level, Neovastat was shown to compete against the bind-
ing of VEGF to its receptor in endothelial cells and significantly inhibited
the VEGF-dependent tyrosine phosphorylation of KDR, whereas it had no
significant effect on Flt1 activity [296–300]. Moreover, the inhibition of re-
ceptor phosphorylation was correlated with a marked decrease in the ability
of VEGF to induce pERK activation [296]. Neovastat in a concentration of up
to 0.2 mg/mL inhibited VEGF-induced endothelial cell sprouting in a dose-
dependent fashion. It also inhibited endothelial cell migration and vessel
formation [296]. Neovastat (85 µg/mL) induced 50 and 100% cell death fol-
lowing 24 and 48 h treatment, respectively, in bovine aortic endothelial cells
(BAECs) [119, 301]. Subchronic toxicity studies in animals did not indicate
any significant toxicity associated with the administration of Neovastat. Tox-
icology studies in rats and monkeys demonstrated no DLT or target organ
damage after 1 year of chronic exposure.

A US open-label, multicenter phase I/II study suggested that Neovastat was
efficacious in the treatment of refractory metastatic lung cancer [215, 302, 303].
The study did not demonstrate any serious adverse events. Analysis of
data from a group of 48 patients with unresectable late-stage NSCLC from
phase I/II dose-tolerance trial showed that those receiving more than
2.6 mg/kg/day Neovastat were 50% less likely to die than those who received
less than 2.6 mg/kg/day [302, 304]. Neovastat has now been monitored in
over 800 patients, some of whom have taken the drug for over 4 years. Overall,
Neovastat has an excellent safety profile with few side effects. Although one
serious adverse event (hypoglycemia) was noted in type II diabetic patients,
other grade III to IV toxicities have not been observed. Phase I/II trial of Neo-
vastat (30–240 mL/day) conducted in 331 solid-tumor patients demonstrated
the most frequent adverse events of nausea (7%), vomiting (3%), dyspepsia
(2%) and anorexia (2%) [305, 306]. Phase I/II trial on patients with RCC, MM,
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and prostate cancer performed in Canada and the USA, showed no DLT, good
patient compliance, and improved conditions or disease stabilization were
noted in some of the patients. Nevertheless, development of Neovastat for in-
dications other than lung cancers were suspended or discontinued as a result
of budget issues. A recent phase III study found that 200 patients with NSCLC
given Neovastat in combination with induction chemotherapy (IC) and con-
comitant chemoradiotherapy (CRT) noted granulocytopenia as a common
toxicity in the IC phase, and one patient suffered a myocardial infarction in
the CRT phase. It appears, therefore, that Neovastat is suitable for long-term
use either alone or in combination with other anticancer agents [215, 302–
304, 307].

Identification of the active component of Neovastat may elucidate its spe-
cific mode of action and potentially limit the side effects identified at the
present time. This is particularly pertinent if, as expected, life-long adminis-
tration is required, because the effects of chronic exposure and interactions
between Neovastat and other therapies are not yet known. The positive safety
profile and the oral administration route of Neovastat, however, are advan-
tages in comparison with current therapies and some angiogenesis inhibitors.
Thus, should antiangiogenic therapy become a mainstream therapy, Neovas-
tat could play a substantial role in the treatment of cancer.

3.4.5
Pazopanib (GW786034)

Pazopanib (GW786034) is a KDR TK inhibitor under development by Glax-
oSmithKline (Brentford, UK, www.gsk.com) for the potential treatment of
solid tumors [308]. Clinical data on Pazopanib were presented at the 40th
ASCO meeting, June 2004. In a phase I, open-label, non-randomized, dose-
escalating trial, 37 patients with various solid tumors were orally admin-
istered Pazopanib as part of a three-times a week schedule (50 or 100 mg
each dose) or a daily administration schedule (50–2000 mg each dose). Four
cases of stable disease were noted for patients in the trial for more than
27 weeks. Partial response was observed in a patient who received treatment
for 46 weeks. Minimal responses of 15–18% tumor shrinkage were noted
in two patients on the study for at least 12 weeks. An unconfirmed partial
response was observed in a patient on the study for over 14 weeks. Ap-
parent correlation between increase in blood pressure and Pazopanib dose
was observed. DLT of grade III fatigue was obtained in the 200 mg dose.
For the once-daily administration schedule the half-life was approximately
35 h. A parallel phase I randomized, double-blind trial was conducted in
63 patients. All six patients with RCC who received the therapeutic dose
achieved a clinical benefit. Similar end-points were observed in a number
of other tumor types including gastrointestinal, neuroendocrine, and lung.
Common side effects included fatigue and hypertension. All together, phase I
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monotherapy trials had shown that the drug is well tolerated. Comparable re-
sults were obtained in a combination trial of Pazopanib with Lapatinib in 33
patients with solid tumors. The drug was well tolerated although it produced
a side effect of diarrhea. Fatigue caused by the two drugs individually did not
accumulate. Long-term treatment (greater than 1 year), at 300 mg twice daily
did not result in any serious side effects. Disease stabilization was achieved in
14 patients and partial remission in three patients.

Phase II clinical trials of Pazopanib were initiated in November 2004 in
patients with RCC [309]. Subsequently, GlaxoSmithKline initiated a phase II
trial in patients with NSCLC in the USA, Europe, and Israel. By April 2006,
phase III trials had started in patients with advanced/metastatic renal cancer.

3.4.6
XL647 and XL999 (structure unavailable)

XL647 (EXEL-647) and XL999 are two potent “spectrum selective” inhibitors
under development by Exelixis (South San Francisco, CA, www.exelixis.com).
These compounds aim at targeting both the tumor and its vasculature by
inhibiting different RTKs implicated in driving tumor proliferation and vas-
cularization [213, 290, 310, 311]. XL647 simultaneously inhibits the EGFR,
HER2, KDR, and EphB4 TK with high potency and demonstrates excellent
activity in target-specific cellular functional assays. Administration of XL647
resulted in a dose-dependent and sustained inhibition of KDR, EGFR, and
ErbB2 phosphorylation. XL647 has good oral bioavailability and showed po-
tent anticancer activity and sustained inhibition of target RTKs in vivo, fol-
lowing a single oral dose. XL647 induced tumor regression in established
MDA-MB-231 and PC3 xenografts models. A single oral dose treatment in
MDA-MB-231 xenograft model resulted in a complete and rapid loss of mi-
crovessels in the tumor, a decrease in cell proliferation and an increase in
necrosis and hypoxia over time. In athymic, xenograft-bearing mice, treat-
ment with 100 mg/kg of XL647 produced over 85% suppression of tumor
growth. The compound has moderate clearance and a half-life of more than
8 h [312]. Exelixis initiated a phase I trial for XL647 in June 2004.

Phase I data of XL647 in 31 patients with NSCLC were presented at the
17th AACR-NCI-EORTC conference, November 2005. Patients received oral
doses of XL647 ranging from 0.06 to 3.12 mg/kg on day 1 and days 4–8 in
a 14-day cycle. The terminal half-life value after 5 days consecutive dosing was
70 h. One partial response and seven stable disease states has been achieved
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and the drug was well tolerated [313]. In June 2006, data from an expanded
dose escalation and PK phase I trial were presented at the 42nd ASCO meet-
ing. Doses ranging from 0.06 to 7 mg/kg were tested in 37 patients. MTD was
reached at 4.69 mg/kg given at 5 days in a 14-day cycle. Drug-related diarrhea
was observed at the 7.0 mg/kg dose. Mean time Tmax was 6–9 h and elimina-
tion half-life was 50–70 h [314]. In July 2006, Exelixis started a phase II trial
of XL647 for chemotherapy-naive advanced NSCLC [315].

XL999 simultaneously inhibits the FGFR, KDR, PDGFR, and Flt3 TK with
high potency and demonstrates excellent activity in target-specific cellular
functional assays. In preclinical models of major tumor types, including hu-
man breast, lung, colon, and prostate cancer, XL999 demonstrated potent
inhibition of tumor growth and has been shown to cause tumor regression.
XL999 is suitable for both oral and intravenous dosing and shows sustained
inhibition of target RTKs in vivo following a single oral dose. An in vitro func-
tional angiogenesis assay demonstrated XL999-induced inhibition of tubule
formation and migration on endothelial cells in culture in response to VEGF
or bFGF. In nude mice, a single oral dose resulted in potent inhibition of KDR,
PDGFR-beta, FGFR1, Flt3, and c-Kit. Daily administration of XL999 to nude
mice bearing MDA-MB-231 xenograft resulted in a rapid destruction of the
tumor vasculature, with tumor and endothelial cell death evident 2–4 h post-
administration of the first dose. Longer exposure caused large decreases in
vessel density and proliferating cells and large increases in tumor necrosis.
Endothelial cells in the tumor vasculature were selectively targeted as en-
dothelial cells elsewhere were not affected. Exelixis initiated a phase I trial for
XL999 in September 2004.

In December 2005, phase II trials in RCC, colon, ovarian, and NSCLC were
initiated. The monotherapy trials aimed at evaluating the drug in patients
who have failed prior therapies or could not be treated with conventional
therapies.

3.4.7
Axitinib (AG13736)

Pfizer (New York, NY, www.pfizer.com), in collaboration with its wholly-
owned subsidiary Agouron Pharmaceuticals, is developing Axitinib (AG-
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13736), a potent inhibitor of the VEGF/PDGF receptor TK, as an antian-
giogenic agent for the potential treatment of cancer [316]. Axitinib is ac-
tive against Flt1, KDR, Flt4, PDGFR-beta, and c-Kit with IC50 values of
1.2 nM, 0.25 nM, 0.25 nM, 2.5 nM, and 2.0 nM, respectively. The compound
showed potent activity and specificity for the recombinant KDR kinase at
subnanomolar concentrations. It was shown to inhibit proliferation and sur-
vival of VEGF-stimulated HUVEC cells. In a human colon carcinoma mouse
model, oral administration of Axitinib twice-daily inhibited tumor growth
associated with a significant decrease in microvessel density and increased
necrosis. Axitinib significantly inhibited metastasis to the lung and lymph
nodes in an orthotopically implanted human melanoma tumor in SCID mice
with half-life of 2 h. Co-administration of Axitinib with Docetaxel resulted in
a higher antitumor efficacy compared to that achieved by either agent alone.
Quantitative MRI analysis revealed that Axitinib treatment produced changes
in vascular permeability and antiangiogenic effects [317].

Phase I trails were initiated in April 2002 and data were presented at the
40th ASCO meeting, June 2004. Axitinib was orally administered at escalat-
ing doses to patients with various solid tumors including breast, thyroid,
renal cell, lung, and other for cycles of 28 days. The MTD was found to be
5 mg/kg among fasted patients. DLTs at doses higher than the MTD were
hypertension, seizures, elevated liver functions, mesenteric vain thrombo-
sis, and pancreatitis and stomatitis. One patient with a cavitating lung lesion
died from hemoptysis while on the treatment. At doses less than or equal
to the MTD, the only DLTs observed were one case of stomatitis and six
cases of dose-limiting hypertension. Durable responses were achieved with
two patients and seven patients had stable disease for more than 4 months.
PK studies showed that peak plasma concentrations occurred between 2
and 4 h and the terminal half-life was between 3 and 5 h. The dose of
5 mg/kg to fasted patients was recommended for phase II trials. By Novem-
ber 2004, Axitinib entered phase II studies in breast cancer and RCC. Data
on a multicenter phase II study in 52 RCC patients were presented at the
41st ASCO meeting, May 2005. Patients received 5 mg Axitinib twice daily
and demonstrated a partial response. After a 1-year follow-up, 36 patients re-
mained on study with response or stable disease. Drug-related hypertension
was experienced by 17 patients. Decreased tumor perfusion was observed
in patients that responded to Axitinib treatment. The compound was well
tolerated [318].

In July 2005, a phase II, randomized, open-label, active control, parallel-
assignment trial of Axitinib in combination with Gemcitabine was initiated.
The trial was designed to evaluate the efficacy of the combination in compar-
ison with Gemcitabine alone. Data on a multicenter phase II trial in patients
with advanced thyroid cancer were presented at the 42nd ASCO meeting, June
2006. In this study 32 patients with either refractory thyroid cancer or pa-
tients unsuitable for iodine treatment, were administered with 5 mg Axitinib
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twice daily until disease progression or unacceptable toxicity occurred. Par-
tial response was achieved in 22% of patients, tumor regression ranged from
36 to 67%, and sustained disease stability was achieved in 46% of patients,
ranging from 4 to 13 months. Discontinuation was seen in 14 patients, citing
adverse effects or disease progression. Common adverse effects were fatigue,
proteinuria, diarrhea, and nausea.

3.4.8
AEE788

AEE788 is a potent multitarget inhibitor of both EGF and VEGF RTK family
members under development by Novartis (Basle, Switzerland, www.novartis.
com) [187, 319]. At the enzymatic level, AEE788 inhibited EGFR, ErbB2, KDR,
and Flt1 TK activity with IC50 values of 2 nM, 6 nM, 77 nM, and 59 nM, re-
spectively [187]. AEE788 demonstrated an anti-proliferative activity against
a range of EGFR and ErbB2-overexpressing cell lines and inhibited the pro-
liferation of EGF- and VEGF-stimulated HUVEC cells [187]. Oral adminis-
tration of AEE788 to tumor-bearing mice resulted in high and persistent
compound levels within the tumor tissues. AEE788 also inhibited VEGF-
induced angiogenesis in a murine implant model. Antiangiogenic activity was
also apparent by measurement of tumor vascular permeability and interstitial
leakage space using dynamic contrast enhanced magnetic resonance imag-
ing methodology [187, 319]. In an in vitro study using the cell line JMAR
SCCHN, AEE788 inhibited cell growth with an IC50 value of 7 µM at 72 h
and induced 50% cell death after treatment with 14 µM at 48 h. Treatment of
KAT-4 anaplastic thyroid cancer cells with AEE788 for a duration of 1 h in-
hibited autophosphorylation of EGFR and KDR, phosphorylation of ERK and
AKT, and cell proliferation in a dose-dependent manner with an IC50 value
of 7 µM [319]. Administration of AEE788 to nude mice implanted with JMAR
tumors resulted in significant reduction in tumor growth [319]. A combi-
natorial treatment of AEE788 and Everolimus increased the antiproliferative
effects of the drugs in comparison to that of single agents alone. Cell death,
confirmed to occur via apoptosis, was dramatic at optimal concentrations of
the combination.
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Phase I clinical trials were initiated in April 2003 in patients who had not
previously received treatment directed against EGFR, ErbB2, and VEGFR.
Results were presented at the 16th EORTC-NCI-AACR meeting, September
2004. A group of 50 adult patients with advanced solid tumors received con-
tinuous, oral, daily administration of AEE788 at doses of 25–550 mg/day.
A total of 41 patients were assessed. The mean exposure increased with dose
duration, as did the exposure of the metabolite of AEE788, AQM-674. Expo-
sure of the parent compound and active metabolite increased with dose until
day 15 when steady state was achieved. The metabolite, AQM-674, was rapidly
formed and eliminated in comparison to AEE788. At a dose of 300–400 mg,
a predicted 80% inhibition of KDR phosphorylation occurred. The drug was
widely distributed within the tissues and extensively metabolized. The once-
daily regimen of up to 400 mg/day was found to be safe and well tolerated,
achieving a therapeutic exposure profile. The half-life of the compound was
noted to be above 24 h. DLTs were observed at the 550 mg dose. The most fre-
quent adverse effects were diarrhea, fatigue, anemia, and nausea, which were
experienced by 66, 50, and 42% of patients, respectively. A total of 14 out of
41 (34%) patients achieved stable disease and remained on the study for more
than two cycles.

Data of a parallel phase I trial were presented at the 41st ASCO meet-
ing, May 2005. A group of 37 patients with recurrent GBM were given
50–800 mg/day of AEE788 orally. Most frequently occurring adverse effects at
all dose levels were primarily grade I/II and included diarrhea, fatigue, nau-
sea, rash, vomiting, and decreased appetite. DLTs included grade II seizures
(400 mg), grade IV stomatitis (550 mg), grade III fatigue with grade II pro-
teinuria (550 mg) and grade III diarrhea. Stable disease was the overall
best response, seen in six out of 36 patients (17%). Four patients treated
with AEE788 (50–200 mg/day) had stable disease for 6–10 months. Most
common adverse effects observed during all cycles at all dose levels were
grade I/II and included diarrhea, fatigue, nausea, rash, anorexia, vomit-
ing, stomatitis, and abdominal pain. Exposure of AEE788 appeared to in-
crease over-proportionally with increased dose, while the metabolite AQM-
674 appeared to increase proportionally with increased dose. Steady-state
plasma concentrations of AEE788 were achieved by day 15 with once-daily
dosing.

3.4.9
BIBF1120 (structure unavailable)

BIBF1120 is an orally available inhibitor for VEGFR, FGFR, and PDGFR ki-
nases, under development by Boehringer Ingelheim (Ingelheim, Germany,
www.boehringer-ingelheim.com) as an antiangiogenic agent for the poten-
tial treatment of cancer. BIBF1120 inhibits VEGFR2, FGFR1 and FGFR2 and
PDGF alpha and beta with IC50 values of 13, 69, 137, 59, and 60 nM, respec-
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tively. It also inhibits the growth of HUVEC cells with IC50 value of 9 nM.
In nude mice with FaDu head and neck carcinoma xenografts, subcutaneous
administration of the compound over more than 20 days led to a reduc-
tion in the tumor volume at the 100 mg/kg/day dose. MRI data showed
that tumor blood supply and vessel permeability were reduced in nude mice
bearing FaDu or HT29 colon carcinoma xenografts treated with 100 mg/kg
oral BIBF1120 for three consecutive days. In Caki tumor model, treated with
a dose of 100 mg/kg/day over 5 days, there was 80% inhibition of CD31-
positive cells, an indicator of tumor vessel density. BIBF1120 and Docetaxel
showed additive effects in a xenograft NCI-H460 model in nude mice. Tumor
blood vessel density was reduced and apoptosis increased in tumors treated
with the combination compared to either drug alone.

Data of phase I trials with the compound were presented at the 16th
EORTC-NCI-AACR meeting, September 2004. The open-label, multiple-dose,
PK study enrolled 25 patients with advanced cancer who were adminis-
tered a single, oral dose of BIBF1120 on the first day, followed by a 1-day
washout period and then 28 days of continuous administration of fixed oral
doses ranging from 50 to 450 mg/day. The predominant drug-related adverse
events were nausea, vomiting, diarrhea, abdominal pain, and reversible ele-
vated liver enzymes. The gastrointestinal effects were mild-to-moderate and
did not lead to discontinuation of treatment. The liver enzyme elevations
were dose-limiting at 200, 300, and 450 mg/kg in some patients. A total of
13 patients were treated for more than two cycles. Stable disease was ob-
served for two to 7 months among 11 patients. Three additional patients
with stable disease continued to have treatment at 13, 15, and 21 months.
One patient with RCC treated on 200 mg/kg showed a complete regression
of pulmonary metastases. Subsequent results of this trial were presented at
the 41st ASCO meeting, May 2005. DLTs were observed in six of 25 patients
at 200–300 mg.

Data from different phase I study were presented at the 17th AACR-NCI-
EORTC conference, September 2005. A group of 30 patients with advanced
colorectal cancer were administered oral doses of BIBF1120 of between 50
and 500 mg/day. There were seven grade III or IV adverse events, including
elevated liver enzymes, reduced CD4 count, and gastrointestrinal symptoms.
MRI data showed that tumor blood flow or permeability was reduced by over
40% in 72% of patients. There was one partial response, in a patient treated
with 250 mg/day. In June 2006, further data from this study were presented at
the 42nd ASCO meeting. To that end, a total of 51 patients had been enrolled.
The MTD was 400 mg/day. The main DLT was elevated liver enzyme levels.
No grade IV adverse events were observed.
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3.4.10
BAY57-9352

BAY57-9352 is a KDR inhibitor under development by Bayer Yakuhin (Os-
aka, Japan, www.bayer.co.jp) for the potential treatment of cancer [180]. It
potently and selectively inhibited KDR, Flt4, c-Kit, and mouse PDGFR TK
in vitro with IC50 values of 6, 4, 1, and 15 nM, respectively. BAY57-9352
blocked VEGF-dependent receptor autophosphorylation in mouse fibroblasts
expressing human KDR, with an IC50 value of 19 nM. Its affect on KDR phos-
phorylation was detected in endothelial and smooth muscle cells as well.
BAY57-9352 inhibited the proliferation of HUVEC cells and human aortic
smooth muscle cells with IC50 values of 26 nM and 249 nM, respectively,
with no effect on proliferation of MDA-MB-231 breast carcinoma, LS17T
colorectal carcinoma, HCT-116 colorectal carcinoma, or PC-3 prostate car-
cinoma cells. Nevertheless, administration of 20 mg/kg BAY57-9352 reduced
MDA-MB-231, Colo-205, DU-145, and H460 xenografts tumor growth in NCr
nu/nu mice by 91, 79, 61, and 78%, respectively. Moreover, microvascular
density and endothelial cell content around the MDA-MB-231 and Colo-
205 tumor xenografts were significantly reduced within 24 h of the first
administration.

In June 2006, phase I data were presented at the 42nd ASCO meeting.
A group of 130 patients with advanced solid tumors received escalating doses
of BAY-57-9352 in schedules of 14 days on followed by 7 days off in 28-day
cycles. Doses ranged from 20 to 1500 mg twice daily. The drug was well tol-
erated and the MTD was not reached at the highest dose given. Preliminary
data suggested that the drug induced disease stabilization.
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3.4.11
CHIR258

CHIR258 (GFKI258 or TKI258) is a potent VEGF, FGF, and PDGF receptor ki-
nase inhibitor for the potential treatment of cancer, under development by
Novartis (formally Chiron) [320, 321]. CHIR258 has shown potent activity
against several growth factor-related kinases, with IC50 values of 27, 2, 0.1, 10,
and 8 nM against PDGFR-beta, c-Kit, Flt3, VEGFR1/2/3, and FGFR1/3, respec-
tively. It showed minimal activity against 25 other kinases. The compound
had a significant antitumor activity in more than ten models, including the
KM12L4A human colon cancer [320]. It was also reported to induce regres-
sion in large tumors, and had potent antiangiogenic activity in vitro and
in vivo. The absolute oral bioavailability of CHIR258 was greater than 70%
in mice, rats, and monkeys; and 34% in dogs. Maximum plasma and tis-
sue concentrations occurred approximately 4 h after an oral dose in mice
and rats. The elimination half-life ranged from 2.7 to 3.6 h in plasma fol-
lowing an intravenous administration. CHIR258 inhibited the proliferation of
a subset of cancer cell lines, with IC50 values of less than 25 nM. In in vivo
studies, human colon tumor (KM12L4a) xenografts treated with CHIR258,
demonstrated significant tumor regression and inhibition. Tumor regression
and/or disease stabilization was observed in 90–100% of animals. In a mouse
model of murine breast cancer (4T1), CHIR258 inhibited primary tumor
growth in a dose-dependent manner (2–82%) and liver metastases were in-
hibited by more than 75% at all doses greater than 10 mg/kg/day. In further
studies, CHIR258 was shown to potentiate the antitumor activity of the stan-
dard cytotoxic therapeutics Irinotecan, Trastuzumab and Gefitinib. Analysis
of KM12L4a tumors after CHIR258 treatment indicated that phosphorylation
of Flt1, KDR, PDGFR-beta, and FGFR were inhibited in a time- and dose-
dependent manner.

UK phase I studies in solid tumor and AML patients were initiated by Jan-
uary and October 2004, respectively. Patients received single oral doses of
CHIR258, ranging between 50 and 400 mg for 7 days, followed by a 7-day
rest period. The drug was well tolerated. Adverse events were generally mild
to moderate, but there was one incidence of grade IV fatigue. All patients
exhibited reductions or stabilization of peripheral blasts, and reduction or
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stabilization in bone marrow blasts was seen in all but one of the nine evalu-
able patients.

A reduction in phosphorylated ERK was observed in patient peripheral
blood lymphocytes 4–24 h following the first dose. Pharmacodynamic (PD)
studies showed dose-dependent plasma concentration and supported once-
daily dosing. By September 2004, the third cohort had completed treatment
with 75 mg/day of CHIR258 and a 100 mg/day dose level had been initiated.
No clinically significant toxicities had been detected at this point.

In June 2005, Chiron began US and UK phase I trials in MM. Data from
this trial were presented at the 42nd ASCO meeting, June 2006. A total of
35 patients were treated in four intermittent dosing cohorts (25, 50, 75, and
100 mg/day) and three continuous dosing cohorts (100, 125, and 175 mg/day)
all once daily. Treatment was 7 days on, 7 days off with a subsequent proto-
col amendment to daily dosing. The plasma PK values were linear between
25 and 175 mg doses with respect to Cmax and AUC. DLTs occurred at 175 mg
and the MTD was 125 mg. Treatment was associated with stable disease.

3.4.12
CEP7055

CEP7055 is the lead compound in a series of KDR TKI for the poten-
tial treatment of prostate and pancreatic cancers, under development by
Cephalon (Frazer, PA, www.cephalon.com) and Sanofi-Aventis (Paris, France,
www.sanofi-aventis.us) [184, 211, 322, 323]. It is a fully synthetic orally ac-
tive ester of CEP5214, a very potent KDR inhibitor with poor water solu-
bility [184, 211, 322]. CEP7055 demonstrated antitumor efficacy, as well as
antiangiogenic and antimetastatic activity in animal models. It is 20% orally
bioavailable in rats, and has a half-life of 4–5 h in monkeys. Chronic oral ad-
ministration of CEP7055 at doses of 10–20 mg/kg/day resulted in significant
inhibition of a variety of established murine and human subcutaneous tumor
xenografts in nude mice. No DLT was noted following 10 or 28 days admin-
istration in monkeys. No adverse neurological, cardiac, or respiratory effects
were observed. Treatment of human pancreatic ductal carcinoma-bearing
mice with CEP7055 was well tolerated, and resulted in a significant reduc-
tion in primary pancreatic tumor mass, incidence of ascites, and the magni-
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tude and extent of hepatic and peritoneal lymph node metastases relative to
vehicle-treated mice. Oral administration of CEP7055 at 3 and 20 mg/kg/day
to Balb/c mice inoculated with renal cancer cells (RENCA) tumors was also
well tolerated and resulted in a decrease in metastatic score. Administration
of CEP7055 in combination with Temozolomide led to an improvement in
median survival of human GBM-bearing mice versus mice receiving Temo-
zolomide monotherapy. In a dose-response study in the same model, chronic
oral administration of CEP7055 alone at 24–95 mg/kg/day demonstrated
a dose-related reduction in brain edema and hemorrhagic lesions. Signifi-
cant reductions in neurological dysfunction were observed in GBM-bearing
mice receiving CEP7055 alone and to a greater extent, in combination with
Temozolomide.

Phase I data were presented at the 39th ASCO meeting, June 2003. A group
of 19 patients with various solid tumors were given 10–120 mg/kg/day
CEP7055 continuously for duration of 28 days followed by a 14-day washout
period. Adverse events were generally mild; hypertension occurred in one
patient on the 120 mg dose towards the end of the washout period.

3.4.13
ZK304709 (structure unavailable)

ZK304709 (ZK-CDK) is an orally available dual specific CDK and VEGFR
kinase inhibitor, under development by Schering (Berlin, Germany,
www.schering.de) for the potential treatment of cancer [324]. ZK304709 in-
hibited CDK2 and KDR kinase activity with IC50 values of 4 and 30 nM,
respectively. In xenograft mouse models ZK304709 reduced tumor blood sup-
ply and strongly induced apoptosis. Its dual kinase activity enables blocking
of the cell cycle followed by preferential tumor cell apoptosis through CDK1
and 2 and blocking neoangiogenesis through VEGFR1/2/3 and PDGFR-beta.
IC50 values for CDK2, CDK1, VEGFR1/2/3, and PDGFR-beta were 5 nM,
60 nM, 20 nM, and 55 nM, respectively [324].

Phase I trials were initiated on June 2004 and presented at the 42nd ASCO
meeting in June 2006. Of the 40 patients enrolled on the dose-escalation trial,
preliminary data were available for 38. Patients had eight daily dose levels of
ZK304709, ranging from 15 to 360 mg, and completed a median of two treat-
ment cycles. The drug was well tolerated when administered for 7 days in
a 21-day cycle. Common adverse effects included nausea and vomiting. DLT
were 180 mg/day, due to vomiting, and 360 mg/day, due to diarrhea. Dose
escalation was terminated at 360 mg/day, due to a lack of dose-proportional
exposure, without defining the maximum tolerated dose. In addition, data
were presented from a similar phase I dose-escalation study where ZK304709
was administered for 14 days of a 28-day cycle. Patients received dose lev-
els ranging from 15 to 285 mg/day with a median of two cycles completed.
Disease stabilization was achieved in seven of 35 patients for four or more cy-
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cles. Common adverse effects were vomiting, nausea and fatigue, with DLT
being identified as grade III dizziness, hypertension, and fatigue. The drug
was rapidly absorbed under non-fasting condition, with a Tmax value of ap-
proximately 2 h.

3.4.14
BMS582664

BMS582664 is a dual inhibitor of VEGFR family and FGFR family kinases
under development by Bristol-Myers Squibb (New York, NY, www.bms.com)
as an orally-active compound for the potential treatment of cancer. Preclin-
ical data on BMS582664 were presented at the 96th AACR meeting, April
2005. BMS582664 inhibited the growth of a human lung carcinoma xenograft,
L2987, by 85% when administered 80 mg/kg. The drug had excellent pharma-
ceutical properties, including solubility, and good oral bioavailability.

Clinical data on BMS582664 were presented at the 42nd ASCO meeting, June
2006. In an open-label dose-escalation phase I study, 26 patients with advanced
or metastatic cancer received doses ranging between 180 and 1000 mg. Dose
levels up to 800 mg were well tolerated with adverse events being hypertension,
fatigue, and dizziness. The agent produced partial responses in two patients,
while three patients were presented with stable disease of over 6 months.

3.4.15
L21649

Merck & Co (West Point, PA, www.merck.com) is developing L21649, a small
molecular weight KDR and KDR/Flt3 kinase inhibitor for the potential treat-
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ment of cancer and other angiogenic disorders. Preclinical data on two
classes of KDR TK inhibitors showing that the lead compound, L21649
demonstrated good inhibition of VEGF stimulated HUVEC cells mitogen-
esis with an IC50 value of 18 nM and in vivo inhibition of KDR with an
IC50 value of 130 nM [325, 326]. The compound had an IC50 value of 4 nM
in an in vitro KDR kinase assay and a half-life of 5.1 h. Treatment of hu-
man HT1080 fibrosarcoma nude mouse xenograft model with L21649 (IC50
values of 19.5 nM in vitro, and 21 nM in vivo) was associated with partial or
nearly complete inhibition of KDR phosphorylation and inhibition of tumor
growth [325, 326]. Histology characterization revealed that treatment led to
inhibition of tumor angiogenesis and cell proliferation, with an enhancement
in tumor cell death [325, 326]. The inhibitors significantly blocked unstaged
and staged growth of mammary and glioma tumor growth in vivo. Antitumor
efficacy was associated with decreased levels of phosphorylated KDR in lungs
and tumors, reduced microvessel density and vessel maturity and decreased
endothelial cell proliferation. Treatments were tolerated with no significant
changes in body weight.

Phase I data were presented at the 95th AACR meeting, March 2004. Nor-
mal healthy male volunteers were subjected to bone marrow aspirations prior
to and 4 h following a single 25 mg oral dose of the compound or placebo.
L21649 achieved plasma concentrations of 103.4 nM at 4 h post-dose. In July
2004, similar clinical data were presented at the 29th National Medicinal
Chemistry symposium. The PK/PD correlated well, and at that time, it was
believed that the plasma levels should be closer to the EC90 levels for maximal
efficacy.

3.5
Additional Approaches

An escalating number of novel therapeutic compounds is still under dis-
covery or preclinical studies, including RWJ-417975, a KDR TKI of Cell-
tech Group and Johnson & Johnson (New Brunswick, NJ, www.jnj.com),
RO4383596, a triple KDR/FGFR/PDGFR TKI of Hoffman La-Roche (Nutly,
NJ www.rocheusa.com), IDDBCP167468, a KDR TKI by Abbott Laboratories
(Abbott Park, IL, www.abbotte.com), DX-1235, a peptide inhibitor of KDR,
by Dyax (Cambridge, MA, www.dyax.com), CX3543, a DNA G-quadruplex-
interactive by Cylene Pharmaceuticals (San Diego, CA, www.cylenpharma.
com), currently in phase I trial in patients with solid tumors or lymphomas,
and others. In addition, a wide spectrum of compounds and antibodies tar-
geting VEGF ligands exist under different developmental and clinical stages.
Avastin (Bevacizumab), an anti-VEGF monoclonal antibody has developed
and launched by Genentech (South San Francisco, CA, www.gene.com) in
February 2004, as an antiangiogenesis therapy for the treatment of colorec-
tal cancer and is currently at late stages of clinical trials for breast, prostate,



368 K. Paz · Z. Zhu

ovary, and fallopian tube cancers as well as NSCLC and RCC [327–330]. VEGF
trap (AVE-0005), a soluble decoy receptor comprising portions of VEGFR-1
and 2, by Regeneron Pharmaceuticals (Tarrytown, NY, www.regeneron.com)
together with Sanofi-Aventis, currently in phase I trail in patients with
solid tumors and non-Hodgkin’s lymphoma [331–333]. Veglin, an antisense
oligonucleotide that inhibits VEGF signaling, by VasGene Therapeutics (Los
Angeles, CA, www.vasgene.com) currently in phase I trial in patients with re-
lapsed or refractory malignancies [334–336]. Trinam, a VEGF gene therapy
utilizing an adenoviral vector under development by Ark Therapeutics Group
(London, UK, www.arktherapeutics.com)

4
Future Perspective

Targeting cells that support tumor growth, for example the neovasculature of
tumors, rather than cancer cells themselves, is a relatively new approach to
cancer therapy. The control of angiogenesis in general and targeting VEGFR-
2 in particular offers hope in the treatment of many disorders and may have
wide spectrum applicability. Our knowledge of tumor angiogenesis and its
impact on conventional cancer therapies has improved tremendously dur-
ing the course of the last few years [337, 338]. The elucidation of structural
abnormalities associated with tumor neovasculature, and of the underlying
molecular mechanisms, has led to the identification of potential targets for
therapeutic intervention by antiangiogenesis approaches. Antiangiogenesis
therapies may offer a number of theoretical advantages over the conven-
tional cytotoxic regimens. In principle, conventional therapy is hindered by
the development of drug-resistant cancer cells. In contrast, endothelial cells
possess a normal complement of chromosomes and are genetically stable,
and are therefore less likely to accumulate mutations that allow them to de-
velop drug resistance in a rapid manner [339–342]. In addition, endothelial
cells are more sensitive than tumor cells to most cytotoxic agents. Thus,
a low-dose chronic chemotherapy (or the so-called “metronomic approach”),
designed for preferential antiangiogenic activity rather than tumoricidal ac-
tivity, could be more efficacious and less toxic than conventional high-dose
therapy [343, 344]. It should be taken into consideration, however, that tu-
mor cells might reduce their sensitivity or become “resistant” to individual
antiangiogenic therapy by increasing production of, or switching to other an-
giogenic factors [345]. Combinational use of multiple antiangiogenic agents
should prove to be more effective in this scenario [346]. Finally, complete
eradication of cancer cells is often unfeasible, partially due to an aberrant
tumor vasculature that prevents uniform delivery of therapeutic doses of an-
ticancer agents to the tumor tissues. By disrupting local blood supply, the
antiangiogenic agents might detrimentally affect all tumor cells that are de-
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pendent upon the vessels, thus minimizing the chance of residual tumor cells
escaping [347].

Antiangiogenic agents may be predominantly effective in the context of
combination therapy as they may enhance the delivery and therapeutic effi-
cacy of other treatment modalities that directly target cancer cells. Despite
the concern that a reduction of tumor blood supply would interfere with the
delivery of chemotherapeutic agents and oxygen to the tumor tissues, it was
suggested that that antiangiogenic therapies, when used properly, could “nor-
malize” the tumor vasculature, thereby improving the efficiency of delivery
of concurrently administered cytotoxic agents [348–350]. To this end, an-
tiangiogenic therapies have been shown to potentate the antitumor effects of
several conventional cytotoxic therapies (including both chemotherapies and
radiation) in various animal models [199, 200, 351, 352].

The majority of drugs directed against VEGFR-2 currently in clinical inves-
tigation are small molecular weight TKIs. These molecules are orally available
and therefore maybe more convenient for patients to handle. However, in con-
trast to antibodies, which are characterized by their high specificity to their
targets and their minimal systemic toxicities to patients, small TKI molecules
are less specific and often affect more than one kinase simultaneously, thus
often leading to increased toxicity and lack of tolerance in clinical settings.
Beneficially, antibodies and small TKI molecules are, however, not mutually
exclusive. For example, combinations of growth factor receptor-specific an-
tibody with receptor kinase-selective small molecule inhibitor have recently
been shown to be more efficacious than each individual agent [353, 354].

Antiangiogenesis therapy is clearly an exciting area of research with poten-
tial for improving the care of patients with numerous cancers. The variety of
antiangiogenic compounds ranks predominantly amongst novel and promis-
ing strategies for fighting cancer as well as other pathologies. With the recent
approval of the anti-VEGF antibody, Avastin, the clinical antiangiogenesis ap-
proaches now look an increasingly realistic prospect. In particular, a number
of carefully designed clinical trials are underway and it is hoped that answers
to some of the open questions raised in this review will soon be forthcoming.
Interestingly, there are currently more antiangiogenic agents in clinical trials
than any other mechanistic category of anticancer drug. The next few years
are clearly going to be an exciting test of the concept.
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Abstract Drug discovery for cancer therapy is making extraordinary progress within the
realm of advancing novel oncogenic protein kinase inhibitor lead compounds of vary-
ing chemical structure and biological mechanism. About 30 years ago, the first oncogenic
protein kinase, pp60src (Src), was discovered and provided a prototype of the now-
existing superfamily of Tyr, Ser/Thr and dual-specificity protein kinases. This review
highlights Src kinase with respect to its known genetic and signal transduction pathways.
Furthermore, several key Src kinase inhibitors are highlighted with respect to structural
biology, drug design, chemical diversity, and biological properties. Noteworthy are a few
novel small molecules that have enabled preclinical proof-of-concept studies as well as
providing promising clinical candidates for cancer therapy.
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Abbreviations
ATP Adenosine triphosphate
B-ALL B-cell acute lymphoblastic leukemia
CML Chronic myelogenous leukemia
EGFR Epidermal growth factor receptor
FAK Focal adhesion kinase
FDA Food and Drug Administration
IL6-R Interleukin-6 receptor
KO Knockout
SCF Stem cell factor
SFK Src family kinase
STAT-3 Signal transducer and activator of transcription-3
VEGFR Vascular endothelial growth factor receptor

1
Introduction

Cancer drug discovery is evolving with respect to the identification of key
therapeutic targets for strategies focused on the ultimate objective to ad-
vance effective and safe-acting medicines. In this regard, oncogenic pro-
tein kinases are well-recognized as promising therapeutic targets, and their
functional roles in cell growth, survival, differentiation, motility, cell–cell
interactions, and/or cell–matrix interactions have provided a basis for mech-
anism-based strategies to create novel small-molecule inhibitors. Signifi-
cant progress over the past decade has established small-molecule inhibitors
of oncogenic protein kinase inhibitors of varying chemical and biological
scope [1–20]. Noteworthy have been the development of novel proof-of-
concept lead compounds, clinical candidates and, in a few cases, break-
through medicines [21–25].

Of the nearly 300 cancer genes that have been reported to date, protein
kinases represent the largest group (nearly 10%) having structural homol-
ogy. Over the last 25 years, dating back to the identification of the non-
receptor tyrosine kinase, pp60src (Src) [26], the protein kinase complement
of the human genome sequence has been elucidated [27]. Many cancers
have been correlated to somatic mutations of protein kinases, of which
both receptor and non-receptor tyrosine kinases have emerged as partic-
ularly significant therapeutic targets for cancer drug discovery. Oncogenic
transformation of protein kinases in humans may arise from fusion prod-
ucts of genomic re-arrangements (e.g., chromosomal translocations), muta-
tions (e.g., gain-of-function), deletions, and overexpression resulting from
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Table 1 Some known protein tyrosine, serine/threonine and dual specificity kinases

Receptor tyrosine kinases Receptor serine/threonine kinase
Epidermal growth factor receptor (EGFR) Transforming growth factor receptor-β
Fibroblast growth factor receptor (FGFR) (TGFR-β)
Vascular endothelial growth factor receptor
(VEGFR) Non-receptor serine/threonine kinases
Platelet-derived growth factor receptor and dual specificity kinases
(PDGFR) cAMP-dependent protein kinase (PKA)
Stem cell reeptor (KIT) Phosphoinositol-3-kinase (PI-3K)
Hematopoietic class III receptor (Flt) Cyclin-dependent kinase (CDK)
Insulin receptor (IRK) Mitogen-activated protein kinase (MAPK)
Insulin-like growth factor receptor (IGFR) MAPKK (ERK)
Colony-stimulating factor receptor (CSFR) MAPKKK (MEK)
Nerve growth factor receptor (NGFR) Raf kinase
Hepatocyte growth factor receptor (Met) Aurora kinases
Glial-derived neurotrophic factor receptor Protein kinase-C (PKC)
(RET) Protein kinase-B (PKB/Akt)

mTor (FRAP)
Non-receptor tyrosine kinases Polo-like kinases (Plk)
Src and Src-family kinase (SFK) Integrin-linked kinase (ILK)
Abl Glycogen synthase kinase-3 (GSK-3)
FAK, Pyk2
Janus kinase (JAK) family

gene amplification (Table 1) [10]. Such transformations typically result in en-
hanced or constitutive kinase activity, which then effects subsequent altered
downstream signal transduction. Gene knockout (KO) and related functional
genomic and cellular biology studies have further characterized a number
of protein kinases in terms of signal transduction pathways and in vivo
phenotypes as related to cancer or other diseases (e.g., Src gene KO and
osteopetrosis).

As summarized in Table 2, some examples of oncogenic protein tyrosine
kinases include EGFR, HER-2, HER-3, VEGFR-1 (Flt-1), VEGFR-2 (Flk-1/
KDR), Flt-3, Flt-4, PDGFR-α, PDGFR-β, KIT, RET, MET, IGF-1R, Abl, Src, and
Src family kinases (SFKs), FAK, Pyk2, and JAK family. Furthermore, a few
examples of protein serine/threonine and dual-specificity kinases that have
been identified as key therapeutic targets with respect to oncogenic signaling
include TGFβR, CDK family, Raf, MEK, PKC, PI-3K, Akt, mTOR, and aurora
kinases.
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Table 2 Some functional genomic relationships of protein kinases to cancer phenotypes
(adapted from [10])

Therapeutic Gene modification Cancer (or other disease)
target
protein kinase

EGFR/ErbB1 Overexpression, point mutations Breast, NSCL, ovarian,
glioblastoma

ErbB2/HER2/Neu Overexpression, point mutations Breast, ovarian, gastric, NSCL,
colon

ErbB3/HER3 Overexpression Breast
IGF-1R Overexpression Cervical, sarcomas
PDGFR-α Overexpression Glioma, glioblastoma, ovarian,

GIST
PDGFR-β Fusions (Tel-PDGFR-β) Leukemias

Overexpression Glioma
Flt3, Flt4 Point mutation Leukemias, angiosarcoma
KIT Point mutations, overexpression GIST, AML, myelodysplastic

syndromes
MET Point mutations, overexpression Renal, hepatocellular
RET Point mutations, fusions Thyroid, parathyroid, adrenal
VEGFR1/Flt1 Expression Tumor angiogenesis
VEGFR2/Flk1 Expression Tumor angiogenesis
Src C-terminal truncation, Colon, breast, pancreatic;

point mutations, overexpression metastasis
Deletion (KO) Osteopetrosis

Yes Overexpression Colon, melanoma
FAK Overexpression Metastases, adhesion, invasion
Pyk2 Overexpression Metastases, adhesion, invasion
Abl Fusions (Bcr-Abl), pont mutations CML, ALL
JAK1, JAK3 Overexpression Leukemias
JAK2 Translocation Leukemias

2
Src Kinase Genetics and Signal Transduction

Src is the prototype of the superfamily of protein tyrosine kinases and was
one of the first protein kinases to be characterized by various genetic, cellular,
and structure–function studies to help understand its role in signal transduc-
tion pathways as well as in disease processes, including cancer, osteoporosis,
and both tumor- and inflammation-mediated bone loss [28–38]. In fact, stud-
ies on Src provided some of the first evidence correlating protein kinase
activity and substrate protein phosphorylation in the regulation of signal
transduction pathways relative to normal cellular activity as well as malignant
transformations. Src family kinases include Fyn, Yes, Yrk, Blk, Fgr, Hck, Lyn,
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and Frk subfamily members Frk/Rak and Iyk/Bsk. A broad spectrum of func-
tional properties exists for these SFKs, including cell growth, differentiation,
survival, cytoskeletal alterations, adhesion, and migration. Gene expression
profiling (using loss-of-function screening via RNA-mediated interference or
small-molecule Src kinase inhibition) has been utilized to study the relation-
ship between Src activity and cancer invasive phenotype in a panel of human
colon cancer cell lines as well as to identify and validate numerous members
of a “transcriptional cascade” pathway for metastatic activity.

The signal transduction pathways of Src-dependent activities in cancer
cells (e.g., cell growth, differentiation, survival, cytoskeletal alterations, cell–
cell and cell–matrix adhesion, and cell migration) have been determined
(Fig. 1) as a result of a plethora of pioneering investigations [39–57]. Ele-
vated Src expression and/or activity has been correlated with tumor growth
in specific cancers having HER-2 or c-Met receptors by studies using Src-
specific antisense DNA. Activation of HER-2 and downstream signaling path-
ways have been determined to lead to increased Src protein synthesis and
decreased Src protein degradation, resulting in Src up-regulation and acti-
vation in HER-2-driven breast cancer invasion and metastasis. Elevated Src
expression and/or activity has been found in breast cancer cell lines and ma-
lignant breast tumors. Src has been implicated in metastatic colon cancer,
head and neck cancers, and pancreatic cancer. Activating Src mutations in
advanced human colon cancer have also been identified. Src has been impli-
cated in malignant transformations for certain cancers, such as breast cancer
and multiple myeloma, via the epidermal growth factor receptor (EGFR) or
interleukin-6 receptor (IL6-R) signaling pathways, respectively, which com-
monly activate the transcription factor known as the signal transducer and
activator of transcription-3 (STAT-3). Aberrant activation of STAT signaling

Fig. 1 Some Src-dependent signal transduction pathways related to cancer cell growth,
survival and migrations (adapted from Sawyer et al. [32])
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pathways has been linked to oncogenesis with respect to the prevention of
apoptosis. Src cooperates with EGFR to modulate colon cancer adhesion and
invasion properties, and increased Src activity has been correlated with the
progression of colon cancer (i.e., metastasis). Relative to integrin receptors,
Src and focal adhesion kinase (FAK) are critical to modulate the dynamic re-
lationship between cell–cell and cell–matrix interactions. Src-induced dereg-
ulation of E-cadherin in colon cancer cells has been determined to require in-
tegrin signaling.Further, Src tyrosine kinase activity is required for adhesion
turnover associated with cancer cell migration. Collectively, such findings
are consistent with the correlation of Src kinase activity (via overexpres-
sion of CSK and/or dominant-negative mutants of Src) with cellular and in
vivo metastasis. With respect to vascular endothelial growth factor receptor
(VEGFR), Src is intimately involved in VEGF-mediated angiogenesis and vas-
cular permeability. In particular, the ability of VEGF to disrupt endothelial
barrier function, which has been correlated to tumor cell extravasation and
metastasis, is mediated through Src tyrosine kinase.

3
Src Kinase Inhibitor: Structural Biology and Drug Design

Src and SFKs possess both catalytic and non-catalytic regulatory motifs (i.e.,
the SH3 and SH2 domains) which are functionally important in signal tran-

Fig. 2 X-ray structure of Src SH3-SH2-tyrosine kinase complexed with AMP-PNP in
a down-regulated, inactive conformation of the protein (adapted from Xu et al. [60])
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duction processes. The molecular basis of Src activation has been further
revealed by structural biology studies, including X-ray structures of near full-
length Src (i.e., SH3-SH2-tyrosine kinase) [58–60]. These studies have shown
that Src exists in an assembled, inactive conformation by virtue of its SH3
and SH2 domains (Fig. 2). Specifically, the inactive conformation involves
intramolecular binding of the SH2 domain with the C-terminal tail (phospho-
rylated at Tyr-527) as well as intramolecular binding of the SH3 domain with
a linker sequence between the SH2 domain and the N-terminal lobe of the
tyrosine kinase. The process of Src activation is believed to involve displace-
ment of the imperfect intramolecular SH3 and SH2 interactions within the
inactive conformation by intermolecular binding with SH3 and/or SH2 cog-

Fig. 3 X-ray structure of Src tyrosine kinase complexed with ATP-mimetic inhibitors
AP23464 and AP23451 in active conformations of the protein (adapted from Dalgarno
et al. [61])
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nate proteins, and subsequent phosphorylation at Tyr-416 (kinase domain)
and dephosphorylation at Tyr-527.

Recently, several X-ray structures of the Src kinase have been determined
with respect to a number of small-molecule complexes, including AP23464
and AP23451 [61] (Fig. 3), purvalanol and CPG77675 [62], and a des-methyl
analog of STI-571 (imatinib) [63].

Also related to Src kinase structural biology have been studies on two
SFKs, namely Lck and Fyn. Importantly, the X-ray structure of Lck kinase was
the first SFK determined [64] as complexes with AMP-PNP, staurosporine and
PP2. Furthermore, a Fyn kinase–staurosporine complex has been recently
described [65]. Extrapolating from the above Src kinase inhibitor crystal
structures with respect to the hydrophobic specificity pocket and the active
conformation of the protein to bind ATP-competitive inhibitors of varying
templates and functional group elaboration, a working hypothesis of known
Src kinase inhibitors (vide infra) can be suggested (Fig. 4).

Finally, a strategy to exploit protein engineering to mutate the ATP-binding
pockets of protein kinases with the objective of enhancing selectivity for
synthetic ATP analogs or inhibitors has been developed [66–68] using Src
tyrosine kinase as a prototype model. In brief, mutation of a conserved
amino acid in the ATP binding pocket was made to create a unique new site

Fig. 4 Schematic models of Src kinase binding (active conformation) with known small-
molecule inhibitors in terms of the hydrophobic specificity pocket relative to AP23464
and AP23451 [61]
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that would accommodate a synthetic ATP substrate analog, namely, [γ -32P]-
N6-(benzyl)-ATP. This then provided a matched set of enzyme–substrate to
explore signal transduction pathways with respect to the identification of cel-
lular substrates under varying experimental conditions.

4
Src Kinase Inhibitor: Chemical Diversity and Biological Properties

The design of Src kinase inhibitors has focused on a number of strategies [7,
24, 31–33, 37, 38, 69, 70], including ATP template-related mimetics, peptide
substrate analogs, natural products, and other unique small molecules (e.g.,
lead compounds from biological screening of corporate chemical collections
and/or combinatorial libraries as well as lead compounds from structure-
based de novo design and virtual screening). A schematic model of the Src ki-
nase active site (Fig. 5) illustrates ATP and peptide substrate binding relative
to predicted conserved H-bonding interactions and the proximate hydropho-
bic specificity pocket.

First- and second-generation Src (and SFK) tyrosine kinase inhibitors
BMS-354825 (1), AZM-475271 (2), AZD-0530 (3), SKI-606 (4), PD180970 (5),
PD173955 (6), PD166326 (7), PP1 (8), PP2 (9), CGP-76030 (10), CGP-77675
(11), SU-6656 (12), AP23464 (13), AP23848 (14) AP23846 (15), AP23994 (16),
AP23451 (17), and AP23588 (18) are particularly noteworthy small molecules
based on a variety of different templates (Fig. 6), which yet exemplify ATP-

Fig. 5 Schematic model of Src tyrosine kinase complexed with ATP and peptide substrate
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Fig. 6 Some known Src kinase inhibitor lead compounds (see text for discussion)
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Fig. 6 (continued)

competitive binding ligands. BMS-354825, SKI-606, and AZD-0530 are in
clinical trials for Src-dependent (as well as Abl-dependent) cancers. Details
of the chemistry, biology and, in some cases, in vivo efficacy of the above
small-molecule inhibitors of Src kinase are described below.

4.1
Pyrimidinylaminothiazole Template-Based Inhibitor BMS-354825
(Dasatinib, Sprycel™)

BMS-354825 (1) is a highly potent inhibitor of Src kinase (IC50 = 0.5 nM), Bcr-
Abl kinase (IC50 < 1 nM), and KIT (IC50 = 5 nM), and it is also a relatively
potent inhibitor of both PDGFR-β (IC50 = 28 nM) and EGFR (IC50 = 180 nM).
Furthermore, it has been tested in vitro and in vivo against both Src- and
Abl-dependent cancers [71–76]. Although an X-ray structure of BMS-35825
complexed with Src kinase has not yet been described, it has been suc-
cessfully determined with Abl kinase. The Abl kinase X-ray structures show
BMS-354825 binding to the ATP pocket relative to a number of H-bonding
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interactions between the inhibitor and protein, and the disubstituted benza-
mide moiety fitting well into the hydrophobic specificity pocket. BMS-354825
is a very effective inhibitor of a number of Bcr-Abl mutants (except for T315I)
that are otherwise resistant to the FDA approved Brc-Abl kinase inhibitor
imatinib (Gleevec™). Relative to in vivo Bcr-Abl-driven disease models of
chronic myelogenous leukemia (CML), BMS-354825 was first shown to be
effective and such work provided impetus to clinical testing. Recently, BMS-
354825 has received FDA approval for the treatment of CML. BMS-354825 is
a highly potent inhibitor of Src and the SFK Lyn in human prostate cancer
cells in terms of kinase activity, downstream signaling via FAK and Crk-
associated substrate (p130CAS), and related cellular functions (including cell
adhesion, migration, and invasion). Therefore, BMS-354825 has potential for
the treatment of metastatic prostate cancers. BMS-354825 is also a potent in-
hibitor on pancreatic tumor cells with respect to reducing Src expression and
production of VEGF and IL-8. Furthermore, in an orthotopic in vivo model
of pancreatic cancer it was determined that BMS-354825 significantly reduced
tumor size and incidence of metastasis.

4.2
Quinazoline Template-Based Inhibitors AZM475271 (M475271)
and AZD0530

AZM475271 (2) and AZD0530 (3) [77–81], quinazoline template-based mol-
ecules, are potent inhibitors of Src tyrosine kinase and have been deter-
mined to be effective inhibitors of tumor growth in Src-transformed 3T3
tumor xenograft mice at doses as low as 6 mg/kg po once daily. In an ortho-
topic model of implanted pancreatic cancer cells in nude mice, AZM475271
provided further in vivo proof-of-concept with respect to the use of a Src
kinase inhibitor for cancer invasion and metastasis. The combination of
AZM475271 with gemcitabine demonstrated significant antitiumor and an-
timetastic activity in this model. In studies involving lung adenocarcinoma
cells, AZM475271 reduced growth, invasion, and VEGF-mediated neovascu-
larization, resulting in growth inhibition of subcutaneous tumors and lung
metastasis. AZD0530 [82, 83] is a highly potent, selective and orally-effective
inhibitor of Src kinase with very good pharmacokinetic properties. It ef-
fects potent inhibition of tumor growth in Src-transformed 3T3-fibroblast
xenograft models, and further increases survival in a highly aggressive, or-
thotopic model of pancreatic cancer. AZD0530 is in phase I clinical trials.

4.3
Quinoline Template-Based Inhibitor SKI-606 (Bosutinib)

SKI-606 (4) [84–88] is a highly potent inhibitor of Src kinase (IC50 = 1.1 nM)
and Abl kinase (IC50 = 1 nM). The compound is also a potent inhibitor
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of Src-dependent cell proliferation (IC50 = 100 nM) and is selective for Src
over non-SFKs. SKI-606 has been found to be orally active in s.c. colon tu-
mor xenograft models, effecting reduced Src autophosphorylation (Tyr418) in
HT29 and Colo205 tumors. Interestingly, SKI-606 was shown to inhibit HT29
tumor growth upon once-daily administration, whereas twice-daily adminis-
tration was necessary to inhibit Colo205, HCT116, and DLD1 tumor growth.
Collectively, such results implicated the potential development of SKI-606 for
the treatment of colorectal cancer. Finally, with respect to its Abl kinase in-
hibitory properties, SKI-606 effects potent antiproliferative activity against
CML cells in vitro, and in vivo studies further showed that SKI-606, at high
dose, causes complete regression of CML xenografts in nude mice. SKI-606 is
in phase II clinical trials.

4.4
Pyridopyrimidinone Template-Based Inhibitors PD180970, PD173955
and PD166326

PD180970 (5), PD173955 (6), and PD166326 (7) [89–98] have been deter-
mined to be potent inhibitors of Src and Abl kinase with varying selectivities
to PDGFR, FGFR, EGFR, and Kit kinases. PD173955 effects potent antipro-
liferative activity in cancer cell lines (e.g., MDA-MB-468 breast cancer cells),
and it exemplifies a novel class of antimotic inhibitors involving Src and Yes
kinases, which have roles in cellular progression through the initial phase of
mitosis. PD180970 is a highly potent inhibitor of Abl (IC50 = 2.2 nM), and in-
duces apoptosis in CML cells in vitro. PD180970 was also shown to block Stat5
signaling and induce apoptosis in a Bcr-Abl high-expressing cell line that is
resistant toimatinib. Furthermore, PD180970 is an effective inhibitor of sev-
eral imatinib-resistant Bcr-Abl mutants in vitro, with the exception of T315I.
Finally, PD166326, has been shown to be highly potent against Bcr-Abl tyro-
sine kinase and several Bcr-Abl mutants in vitro. In mice with the CML-like
disease, PD166326 inhibited Bcr/Abl kinase activity after a single oral dose as
well as effecting marked antileukemic activity in vivo. Finally, PD166326 was
determined to prolong the survival of mice with imatinib-resistant CML (i.e.,
H396P and M351T mutants of Bcr-Abl).

4.5
Pyrazolopyrimidine Template-Based Inhibitors PP1 and PP2

PP1 (8) and its pyrazolopyrimidine analog PP2 (9) [99–108] were first de-
scribed as potent inhibitors of SFKs with marked selectivity versus ZAP-70,
JAK2, EGF-R, and PKA kinases. PP1 provided an early key inhibitor of Src
kinase to enable determination of its roles in VEGF-mediated angiogenesis
and vascular permeability, Src-driven human breast cancer cell lines with re-
spect to both heregulin-dependent or independent growth, and Src-related,
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collagen type-I-induced E-cadherin down-regulation and consequent effects
on cell proliferation and metastatic properties. PP1 and its chemically similar
analog, PP2, are both also effective inhibitors of Bcr-Abl kinase in vitro. PP2
studies on Bcr-Abl signaling pathways related to proliferation and survival in
K-562 cells (Bcr-Abl-driven) implicated the roles of SFKs in growth and apop-
tosis, including blocking both Stat5 and Erk activation. Furthermore, both
PP1 and PP2 have been determined to be effective kinase inhibitors of the
stem cell factor (SCF) receptor c-Kit. Also, PP1 inhibited mutant constitu-
tively active forms of c-Kit kinase (D814V and D814Y) that are known to exist
in mast cell disorders.

4.6
Pyrrolopyrimidine Template-Based Inhibitors CGP-76030 and CGP-76775

CGP-76030 (10) and CGP-76775 (11) [109–112] were first described as po-
tent and selective inhibitors of Src tyrosine kinase in vitro and in vivo relative
to animal models of osteoporosis, and subsequently in cancer cell lines (e.g.,
pancreatic and leukemia). In osteoclasts, CGP-77675 was selective for Src ver-
sus Cdc2, EGFR, Abl, and FAK, and it was an effective inhibitor of bone
resorption in vitro and in vivo. Specifically, CGP-77675 inhibited osteoclasts
(i.e., parathyroid hormone-induced bone resorption in rat fetal long bone
cultures). It also dose-dependently reduced the hypercalcemia induced in
mice by interleukin-1 as well as effected partial prevention of bone loss and
micro-architectural changes in young ovariectomized rats. In PC3 prostate
cancer cells, CGP-76030 has been determined to reduce growth, adhesion,
motility, and invasion. In Bcr-Abl-driven chronic myelogenous leukemia cell
lines, CGP-76030 has been shown to be an effective inhibitor of Bcr-Abl tyro-
sine kinase and several imatinib-resistant Bcr-Abl mutants (except for T315I)
in vitro. Interestingly, in Bcr-Abl-driven B-cell acute lymphoblastic leukemia
(B-ALL), CGP-76030 blocked proliferation in vitro and prolonged survival of
B-ALL mice, not through Bcr-Abl inhibition, but rather through SFKs (i.e.,
Lyn, Hck and Fgr).

4.7
Indolinone Template-Based Inhibitor SU-6656

SU-6656 (12) [113–115] is a potent inhibitor of Src kinase (as well as Lck,
Fyn, and Yes kinases) and is an effective inhibitor of PDGF-stimulated DNA
synthesis and Myc induction in a fibroblast cell line. SU-6656 has also been
a useful tool for investigating the role of Src and Ras-ERK signal transduc-
tion in Src-transformed cells with respect to Rac1, as well as implicating Vav2
and Tiam1 as downstream effectors of Src to modulate Rac1-dependent path-
ways. In endothelial cells, SU-6656 is effective in increasing radiation-induced
apoptosis and vascular endothelium destruction, and in vivo studies have
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found that SU-6656 (administered before fractionated irradiation) increased
radiation-induced destruction of blood vessels within tumor windows as well
as tumor growth delay.

4.8
Purine Template-Based Inhibitors AP23464, AP23848, AP23846, AP23994,
AP23451, and AP23588

AP23464 (13), AP23848 (14), AP23846 (15), AP23994 (16), AP23451 (17), and
AP23588 (18) [7, 24, 32, 37, 38, 69, 116–129] are highly potent inhibitors of Src
kinase (IC50 or Ki range ∼ 1–10 nM). AP23464 has been utilized to examine
the functional relationship of Src and FAK in adhesion turnover associated
with migration of colon cancer cells and to provide mechanistic proof-of-
concept correlating Src tyrosine kinase as a key therapeutic target. Specif-
ically, Src kinase-dependent phosphorylation of FAK (at Tyr-925) in colon
cancer cells was determined to correlate with cell–matrix adhesion turnover
associated with cell migration. AP23846 has been investigated in ovarian
cancer cells relative to tumor growth inhibition and Src-dependent inhibi-
tion correlation to enhanced cytotoxicity of docetaxel in both chemosensi-
tive and chemoresistant ovarian cancer cell lines. Furthermore, AP23994, an
orally bioavailable analog of AP23846, was effective in vivo to significantly
decreased tumor burden in ovarian cancer models (SKOV3ip1 and HeyA8-
MDR), relative to the untreated controls. Consistent with in vitro studies,
the greatest effect on tumor reduction in vivo was observed in combination
therapy with docetaxel. Furthermore, Src inhibition alone by AP23994 and in
combination with docetaxel significantly down-regulated tumoral production
of vascular endothelial growth factor and interleukin 8, and effected antian-
giogenic activities, including decreased microvessel density, and significantly
affected vascular permeability. Other studies have shown AP23846 to effec-
tively reduce cellular migration in pancreatic adenocarcinoma cells in vitro as
well as angiogenesis for implanted tumor cells in vivo.

AP23451 is a novel bone-targeted (by virtue of diphosphonate functional-
ization) inhibitor of Src kinase (Ki = 8 nM) and it effects significant reduction
of osteoclast activity in vitro and in vivo with respect to osteoclast formation
and osteoclast-dependent bone resorption. Specifically, AP23451 inhibits os-
teoclast formation and induced osteoclast apoptosis in vitro in the 0.1–1 µM
range. Neither a non-bone-targeted analog of AP23451 nor a bone-targeted
aniline (substructural moiety of AP23451) are biologically active in vitro or
in vivo, hence implicating the bone-targeting drug design of this lead com-
pound. Furthermore, additional mechanistic studies have shown that the ef-
fects of AP23451 to induce osteoclast apoptosis are not prevented by addition
of geranylgeraniol, which otherwise prevents alendronate-induced apoptosis.
In vivo, AP23451 dose-dependently prevents parathyroid hormone-induced
bone resorption hypercalcemia and ovariectomy-induced bone loss. Finally,
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AP23451 administration to mice inoculated with MDA-231 breast cancer cells
effectively prevents metastasis-induced osteolysis similar to bisphosphonate
zoledronic (Zometa™). However, it also significantly reduces the volume of
tumor cells inside the bone marrow cavities of the mice as opposed to a lack
of inhibitory effect on tumor cell volume in mice treated with zoledronic acid.
AP23588 is also a bone-targeted Src kinase inhibitor which has been deter-
mined to possess both anti-resorptive and anabolic properties in vitro with
respect to reducing osteoclast activity and stimulating osteoblast activity, re-
spectively.

Beyond Src kinase inhibition, it is noteworthy to discuss the above series
of purine template-based inhibitors in the context of their potent inhibitory
properties against Abl and Kit kinases. AP23464 is markedly potent in vitro
against Abl kinase (IC50 = 1 nM), including imatinib-resistant Bcr-Abl kinase
mutants (e.g., nucleotide binding P-loop mutants Q252H, Y253F, and E255K;
the C-terminal loop mutant M351T; and the activation loop mutant H396P),
except for the so-called “gatekeeper” mutant T315I. Mechanistic studies on
AP23464 have shown it to effectively ablate Bcr-Abl tyrosine phosphorylation,
block cell cycle progression, and promote apoptosis in Bcr-Abl-expressing
cells. Interestingly, AP23846 was determined to inhibit mutant T315I Bcr-Abl
with submicromolar potency and provided a prototype lead compound for
this particularly challenging mutant Bcr-Abl. Finally, AP23464 and its analog
AP23848 are potent inhibitors of Kit kinase, including selectivity to inhibit
mutant D816V versus wild-type. Both compounds inhibit phosphorylation of
Kit as well as downstream targets Akt and signal transducer and activator of
transcription 3 (STAT3) to effect cell-cycle arrest and apoptosis. AP23848 was
shown to inhibit mutant Kit phosphorylation and tumor growth in a mouse
model.

4.9
Other Template-Based Inhibitors

Other Src kinase inhibitors have also been advanced [63, 130–135], including
novel phenylaminopyrimidines (19 and 20), natural products (21–23), a com-
binatorial library-based molecule (24), and a substrate-based analog (25). The
phenylaminopyrimidines (19 and 20) exemplify small-molecule inhibitors
that bind to an inactive conformation of Src kinase, as based on a X-ray crys-
tal structure of compound (19) complexed with Src kinase. Although both
compounds are not highly potent (i.e., Src kinase IC50 = ∼ 1 µM), it is likely
that optimization of molecular recognition may be achieved using structure-
based drug design. The natural product inhibitors of Src kinase (compounds
21–23) illustrate novel templates and, in the case of staurosporine (21), an
X-ray crystal structure in complex with Lck kinase has been determined.
Staurosporine as well as herbimycin A (22) and halistanol trisulfate (23) pro-
vide novel templates relative to the chemical diversity of inhibitors of Src
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kinase, albeit their potencies are relatively low compared to many of the
aforementioned ATP-mimetics, which generally have Src kinase IC50 values
in the 1–10 nM range. Noteworthy, nevertheless, is Herbimycin A with re-
spect to its effective in vitro and in vivo anti-resorptive activities in rodent
osteoclast and bone resorption models. The combinatorial chemistry-derived
Src kinase inhibitor 24 exemplifies a particularly unique small-molecule lead
compound in terms of its potency (Src IC50 = 64 nM) and selectivity (75-fold
selectivity for Src kinase over both Lyn and Fyn kinases, and > 1000-fold se-
lectivity over Lck kinase). Finally, the peptide substrate-based inhibitor 25
illustrates the use of combinatorial chemistry with drug design focused on the
integration of both conformational and topographical constraints to achieve
relatively potent (IC50 ∼ 100 nM range) and moderately SFK-selective Src ki-
nase inhibitors.

5
Src Kinase Inhibitor: Drug Development for Cancer Therapy

Following the milestone discovery of Src kinase about 30 years ago, there
has been extraordinary progress in advancing structural, biochemical, cel-
lular, and in vivo studies of Src kinase towards delineating its role(s) in
both normal physiology and pathophysiological states, including cancer and
bone disease. Src kinase has been established to be functionally involved in
cellular proliferation, survival, and migration. Such activities provide an op-
portunity to leverage strategies for drug development, especially for cancer
therapy. Particularly noteworthy has been recent achievements in clinical tri-
als involving several Src kinase inhibitors, including BMS-354825, AZD-0530,
and SKI-606, of which the successful FDA approval for BMS-354825 (Dasa-
tinib, Sprycel™) is especially noteworthy. Nevertheless, it is important to
note that these small-molecule ligands are dual Src/Abl kinase inhibitors and
their drug development has been highly focused on exploiting their highly
effective Abl kinase inhibitory properties for the treatment of chronic myel-
ogenous leukemia and imatinib-resistance. Such work provides precedence
for further drug development of Src kinase inhibitors, including for can-
cer therapy and related bone disease (e.g., osteoporosis and osteolytic bone
metastasis).

6
Concluding Remarks

The legacy of Src kinase reflects a multidisciplinary campaign involving
a plethora of scientists throughout the world, from academia to industry, and
with many milestone contributions to both basic research and drug discov-
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ery. This chapter highlights some aspects of such progress within the scope of
snapshots along the 30 years that have transpired since the discovery of Src ki-
nase. Without question, this will not be the proverbial last chapter in the story
of Src kinase as there is much yet to understand about its complex biochemi-
cal, cellular, and in vivo roles. From a chemistry perspective, the opportunity
for structure-based drug design to further create novel small-molecule in-
hibitors of Src kinase has been enabled by recent X-ray crystal structures
of a number of novel ligands. Hopefully, the good works of so many scien-
tists from both past and recent efforts will continue to advance Src kinase
inhibitors as part of a molecular armamentarium of chemical and biological
medicines for the war against disease.

Acknowledgements I wish to especially acknowledge my former colleagues at ARIAD
Pharmaceuticals as well as key collaborators who have contributed in great ways to Src
kinase inhibitor drug discovery, as included in this chapter. My colleagues include David
Dalgarno, William Shakespeare, Chester Metcalf III, Yihan Wang, Raji Sundaramoorthi,
Dong Zou, Mathew Thomas, Wei-Sheng Huang, Jan Romero, Xiaotian Zhu, Tim Clackson,
and Manfred Weigele of ARIAD Pharmaceuticals. My collaborators include Valerie Brun-
ton and Margaret Frame (Beatson Cancer Research Institute, University of Glasgow), Gary
Gallick, Justin Summy, Anil Sood, and Liz Han (MD Anderson Cancer Center, University
of Texas), Brian Druker, Thomas O’Hare, Amy Corbin and Michael Deininger (Oregon
Health and Sciences University), George Daley and Azam Mohammed (Children’s Hos-
pital, Harvard Medical School), and Brendan Boyce and Xianping Ping (University of
Rochester Medical Center). I have been privileged and blessed to have such outstand-
ing colleagues and collaborators to work with and as friends to share what has been an
intriguing drug discovery sojourn.

References

1. Vieth M, Higgs RE, Robertson DH, Shapiro M, Gragg EA, Hemmerle H (2004)
Biochim Biophys Acta 1697:243–257

2. Cherry M, Williams DH (2004) Curr Med Chem 11:663–673
3. Muegge I, Enyedy IJ (2004) Curr Med Chem 11:693–707
4. Dancey J, Sausville EA (2003) Nat Rev Drug Discov 2:296–313
5. Drevs J, Medinger M, Schmidt–Gersbach C, Weber R, Unger C (2003) Curr Drug Tar-

gets 4:113–121
6. Diller DJ, Li R (2003) J Med Chem 46:4638–4647
7. Sawyer TK, Shakespeare WC, Wang Y, Sundaramoorthi R, Huang WS, Metcalf CA III,

Thomas M, Lawrence BM, Rozamus L, Noehre J, Zhu X, Narula S, Bohacek RS,
Weigele M, Dalgarno DC (2005) Med Chem 1:293–319

8. Laird AD, Cherrington JM (2003) Exp Opin Inv Drug 12:51–64
9. Nam N-H, Paranga K (2003) Curr Drug Targets 4:159–179

10. Blume-Jensen P, Hunter T (2002) Nature 411:355–365
11. Cohen P (2002) Nat Rev Drug Disc 1:309–315
12. Fabbro D, Ruetz S, Buchdunger E, Cowan-Jacob SW, Fendrich G, Liebetanz J, Mes-

tan J, O’Reilly T, Traxler P, Chaudhuri B, Fretz H, Zimmermann J, Meyer T, Cara-
vatti G, Furet P, Manley PW (2002) Pharmacol Ther 93:79–98



Novel Small-Molecule Inhibitors of Src Kinase for Cancer Therapy 401

13. Brunelleschi S, Penego L, Santoro MM, Gaudino G (2002) Curr Pharm Des 8:1959–
1972

14. Scapin G (2002) Drug Disc Today 11:601–611
15. Huse M, Kuriyan J (2002) Cell 109:275–282
16. Naumann T, Matter H (2002) J Med Chem 45:2366–2378
17. Woolfrey JR, Weston GS (2002) Curr Pharm Des 8:1527–1545
18. Bridges AJ (2001) Chem Rev 101:2541–2572
19. Dumas J (2001) Exp Opin Ther Pat 11:405–429
20. Tsatsanis C, Spandidos DA (2000) Int J Mol Med 5:583–590
21. De Jong MJ, Verweij J (2006) Eur J Cancer 42:1351–1356
22. Mikalsen T, Gerits N, Moens U (2006) Biotechnol Annu Rev 12:153–223
23. Ventura JJ, Nebreda AR (2006) Clin Transl Oncol 8:153–160
24. Sawyer TK (2004) Curr Med Chem Anticancer Agents 4:449–455
25. Becker J (2004) Nat Biotechnol 22:15–18
26. Thomas SM, Brugge JS (1997) Annu Rev Cell Dev Biol 13:513–609
27. Manning G, Whyte DB, Marrtinez R, Hunter T, Sudarasanam S (2002) Science

298:1912–1934
28. Yeatman TJ (2004) Nat Rev Cancer 4:470–480
29. Roskoski R (2004) Biochem Biophys Res Commun 324:1155–1164
30. Summy JM, Gallick GE (2003) Cancer Metastasis Rev 22:337–358
31. Warmuth M, Damoiseaux R, Liu Y, Fabbro D, Gray N (2004) Curr Pharm Des 9:2043–

2059
32. Sawyer T, Boyce B, Dalgarno D, Iuliucci J (2001) Exp Opin Inv Drug 10:1327–1344
33. Susa M, Missbach M, Green J (2000) Trends Pharmacol Sci 21:489–495
34. Parsons SJ, Parsons JT (2004) Oncogene 18:7906–7909
35. Biscardi JS, Tice DA, Parsons SJ (1999) Adv Cancer Res 76:61–119
36. Thomas SM, Brugge JB (1997) Ann Rev Cell Dev Biol 13:513–609
37. Sawyer TK, Wang Y, Shakespeare WC, Metcalf CA III, Sundaramoorthi R, Narula S,

Dalgarno DC (2005) In: Waksman G (ed) Proteomics and protein–protein interac-
tions: biology chemistry bioinformatics and drug design series: protein reviews, vol
3. Springer, Berlin Heidelberg New York, pp 219–253

38. Metcalf CA III, van Schravendijk MR, Dalgarno DC, Sawyer TK (2002) Curr Pharm
Design 8:2049–2075

39. Maa M-C, Leu TH, McCarley DJ, Schatzman RC, Parsons SJ (1995) Proc Natl Acad Sci
USA 92:6981–6985

40. Mao W, Irby R, Coppola D, Fu L, Wloch M, Turner J, Yu H, Garcia R, Jove R, Yeat-
man TJ (1997) Oncogene 15:3083–3090

41. Staley CA, Parikh NU, Gallick GE (1997) Cell Growth Differ 8:269–274
42. Ellis LM, Staley CA, Liu W, Fleming RY, Parikh NU, Bucana CD, Gallick GE (1998)

J Biol Chem 273:1052–1057
43. Irby RB, Mao W, Coppola D, Kang J, Loubeau JM, Trudeau W, Karl R, Fujita DJ,

Jove R, Yeatman TJ (1998) Nat Genet 21:187–190
44. Egan C, Pang A, Durda D, Cheng HC, Wang JH, Fujita DJ (1999) Oncogene 18:1227–

1237
45. Verbeek BS, Vroom TM, Adriaansen-Slot SS, Ottenhoff-Kalff AE, Geertzema JG, Hen-

nipman A, Rijksen G (1996) J Pathol 180:383–388
46. Talamonti MS, Roh MS, Curley SA, Gallick GE (1993) J Clin Invest 91:3–60
47. Van Oijen MG, Rijkseng G, Ten Broek FW, Slootweg PJ (1998) J Oral Pathol Med

27:147–152



402 T.K. Sawyer

48. Lutz MP, Esser IB, Flossmann-Kast BB, Vogelmann R, Luhrs H, Friess H, Buch-
ler MW, Adler G (1998) Biochem Biophys Res Commun 243:503–508

49. Karni R, Jove R, Levitzki A (1999) Oncogene 18:4654–462
50. Tsai YT, Su YH, Fang SS, Huang TN, Qiu Y, Jou YS, Shih HM, Kung HJ, Chen RH

(2000) Mol Cell Biol 20:2043–2054
51. Turkson J, Bowman T, Garcia R, Caldenhoven E, De Groot RP, Jove R (1998) Mol Cell

Biol 18:2545–2552
52. Avizienyte E, Wyke AW, Jones RJ, Mclean GW, Westhoff MA, Brunton VG, Frame MC

(2002) Nat Cell Biol 8:632–638
53. Nakagawa T, Tanaka S, Suzuki H, Takayanagi H, Miyazaki T, Nakamura K, Tsuruo T

(2000) Int J Cancer 88:384–391
54. Sakamoto M, Takamuri M, Ino Y, Miuru A, Genda T, Hirohasi S (2001) Jpn J Cancer

Res 92:941–946
55. Boyer B, Bourgeois Y, Poupon M-R (2002) Oncogene 21:2347–2356
56. Weis S, Cui J, Barnes L, Cheresh D (2004) J Cell Biol 167:223–229
57. Eliceiri BP, Paul R, Schwartzbert PI, Hood JD, Leng J, Cheresch DA (1999) J Mol Cell

4:915–924
58. Xu W, Harrison SC, Eck MJ (1997) Nature 285:595–602
59. Williams JC, Weijland A, Gonfloni S, Thomson A, Courtneidge SA, Superti-Furga G,

Wierenga RK (1997) J Mol Biol 274:757–775
60. Xu W, Doshi A, Lei M, Eck M, Harrison SC (1999) Mol Cell 3:629–636
61. Dalgarno D, Stehle T, Narula S, Schelling P, van Schravendijk MR, Adams S, An-

drade L, Keats J, Ram M, Jin L, Grossman T, MacNeil I, Metcalf C III, Shakespeare W,
Wang Y, Keenan T, Sundaramoorthi R, Bohacek R, Weigele M, Sawyer T (2006) Chem
Biol Drug Des 67:46–57

62. Breitenlechner CB, Kairies NA, Honold K, Scheiblich S, Koll H, Greiter E, Koch S,
Schafer W, Huber R, Engh RA (2005) J Mol Biol 353:222–231

63. Cowan-Jacob SW, Fendrich G, Manley PW, Jahnke W, Fabbro D, Liebetanz J, Meyer T
(2005) Structure 13:861–871

64. Zhu X, Kim JL, Newcomb JR, Rose PE, Stover DR, Toledo LM, Zhao H, Morgen-
stern KA (1999) Structure 7:651–661

65. Kinoshita T, Matsubara M, Ishiguro H, Okita K, Tada T (2006) Biochem Biophys Res
Commun 346:840–844

66. Kraybill BC, Elkin LL, Blethrow JD, Morgan DO, Shokat KM (2002) J Am Chem Soc
124:12118–12128

67. Bishop AC, Kung C-Y, Shah K, Witucki L, Shokat KM, Liu Y (1999) J Am Chem Soc
121:627–631

68. Liu Y, Shah K, Yang F, Witucki L, Shokat KM (1998) Chem Biol 5:91–101
69. Shakespeare WC, Metcalf CA III, Wang Y, Sundaramoorthi R, Keenan T, Weigele M,

Bohacek RS, Dalgarno DC, Sawyer TK (2003) Curr Opin Drug Disc Dev 6:729–741
70. Trevino JG, Summy JM, Gallick GE (2006) Mini Rev Med Chem 6:681–687
71. Shah NP, Tran C, Lee FY, Chen P, Norris D, Sawyers CL (2004) Science 305:399–401
72. Lombardo LJ, Lee FY, Chen P, Norris D, Barrish JC, Behnia K, Castaneda S, Cor-

nelius LAM, Das J, Doweyko AM, Fairchild C, Hunt JT, Inigo I, Johnston K, Ka-
math A, Kan D, Klei H, Marathe P, Pang S, Peterson R, Pitt S, Schieven GL, Schmidt RJ,
Tokarski J, Wen M-L, Wityak J, Borzilleri RM (2004) J Med Chem 47:6658–6661

73. Burgess MR, Skaggs BJ, Shah NP, Lee FY, Sawyers CL (2005) Proc Natl Acad Sci USA
102:3395–3400

74. Trevino JG, Summy JM, Lesslie DP, Parikh NU, Hong DS, Lee FY, Donato NJ, Ab-
bruzzese JL, Baker CH, Gallick GE (2006) Am J Pathol 168:962–972



Novel Small-Molecule Inhibitors of Src Kinase for Cancer Therapy 403

75. Johnson FM, Saigal B, Talpaz M, Donato NJ (2005) Clin Cancer Res 11:6924–6932
76. Nam S, Kim D, Cheng JQ, Zhang S, Lee JH, Buettner R, Mirosevich J, Lee FY, Jove R

(2005) Cancer Res 65:9185–9189
77. Ple PA, Green TP, Hennequin LF, Curwen J, Fennell M, Allen J, Lambert-Van Der

Brempt C, Costello G (2004) J Med Chem 47:871–887
78. Barlaam B, Fennell M, Germain H, Green T, Hennequin L, Morgentin R, Olivier A,

Ple P, Vautier M, Costello G (2005) Bioorg Med Chem Lett 15:5446–5449
79. Ali N, Yoshizumi M, Fujita Y, Izawa Y, Kanematsu Y, Ishizawa K, Tsuchiya K, Yano S,

Sone S, Tamaki T (2005) J Pharmacol Sci 98:130–141
80. Zheng R, Yano S, Matsumori Y, Nakataki E, Muguruma H, Yoshizumi M, Sone S

(2005) Clin Exp Metastasis 22:195–204
81. Yezhelyev MV, Koehl G, Guba M, Brabletz T, Jauch KW, Ryan A, Barge A, Green T,

Fennell M, Bruns CJ (2004) Clin Cancer Res 10:8028–8036
82. Hennequin LF, Allen J, Breed J, Curwen J, Fennell M, Green TP, Lambert-van der

Brempt C, Morgentin R, Norman RA, Olivier A, Otterbein L, Ple PA, Warin N,
Costello G (2006) J Med Chem 49:6465–6488

83. Hiscox S, Morgan L, Green TP, Barrow D, Gee J, Nicholson RI (2006) Breast Cancer
Res Treat 97:263–274

84. Boschelli DH, Ye F, Wang YD, Dutia M, Johnson SL, Wu B, Miller K, Powell DW,
Yaczko D, Young M, Tischler M, Arndt K, Discafani C, Etienne C, Gibbons J, Grod J,
Lucas J, Weber JM, Boschelli F (2001) J Med Chem 44:3965–3977

85. Golas JM, Lucas J, Etienne C, Golas J, Discafani C, Sridharan L, Boghaert E, Arndt K,
Ye F, Boschelli DH, Li F, Titsch C, Huselton C, Chaudhary I, Boschelli F (2005) Cancer
Res 65:5358–5364

86. Boschelli DH, Wang YD, Johnson S, Wu B, Ye F, Barrios Sosa AC, Golas JM, Boschel-
li F (2004) J Med Chem 47:599–601

87. Boschelli DH, Wang YD, Ye F, Wu B, Zhang N, Dutia M, Powell DW, Wissner A,
Arndt K, Weber JM, Boschelli F (2001) J Med Chem 44:822–833

88. Wang YD, Miller K, Boschelli DH, Ye F, Wu B, Floyd MB, Powell DW, Wissner A, We-
ber JM, Boschelli F (2000) Bioorg Med Chem Lett 10:2477–2480

89. Dorsey JF, Jove R, Kraker AJ, Wu J (2000) Cancer Res 60:3127–3131
90. Huang M, Dorsey JF, Epling-Burnette PK, Nimmanapalli R, Landowski TH, Mora LB,

Niu G, Sinibaldi D, Bai F, Kraker A, Yu H, Moscinski L, Wei S, Djeu J, Dalton WS,
Bhalla K, Loughran TP, Wu J, Jove R (2002) Oncogene 21:8804–8816

91. La Rosee P, Corbin AS, Stoffregen EP, Deininger MW, Druker BJ (2002) Cancer Res
62:7149–7173

92. Hamby JM, Connolly CJ, Schroeder MC, Winters RT, Showalter HD, Panek RL, Ma-
jor TC, Olsewski B, Ryan MJ, Dahring T, Lu GH, Keiser J, Amar A, Shen C, Kraker AJ,
Slintak V, Nelson JM, Fry DW, Bradford L, Hallak H, Doherty AM (1997) J Med Chem
40:2296–2303

93. Klutchko SR, Hamby JM, Boschelli DH, Wu Z, Kraker AJ, Amar AM, Hartl BG,
Shen C, Klohs WD, Steinkampf RW, Driscoll DL, Nelson JM, Elliott WL, Roberts BJ,
Stoner CL, Vincent PW, Dykes DJ, Panek RL, Lu GH, Major TC, Dahring TK, Hal-
lak H, Bradford LA, Showalter HD, Doherty AM (1998) J Med Chem 41:3276–3292

94. Kraker AJ, Hartl BG, Amar AM, Barvian MR, Showalter HD, Moore CW (2000)
Biochem Pharmacol 60:885–898

95. Wisniewski D, Lambek CL, Liu C, Strife A, Veach DR, Nagar B, Young MA, Schind-
ler T, Bornmann WG, Bertino JR, Kuriyan J, Clarkson B (2002) Cancer Res 62:4244–
4255



404 T.K. Sawyer

96. Nimmanapalli R, O’Bryan E, Huang M, Bali P, Burnette PK, Loughran T, Tepper-
berg J, Jove R, Bhalla K (2002) Cancer Res 62:5761–5769

97. Wolff NC, Veach DR, Tong WP, Bornmann WG, Clarkson B, Ilaria RL Jr (2005) Blood
105:3995–4003

98. Moasser MM, Srethapakdi M, Sachar KS, Kraker AJ, Rosen N (1999) Cancer Res
59:6145–6152

99. Hanke JH, Gardner JP, Dow RL, Changelian PS, Brissette WH, Weringer EJ, Pol-
lok BA, Connelly PA (1996) J Biol Chem 271:695–701

100. Eliceiri BP, Paul R, Schwartzbert PI, Hood JD, Leng J, Cheresch DA (1999) J Mol Cell
4:915–924

101. Paul R, Zhang ZG, Eliceiri BP, Jiang Q, Boccia AD, Zhang RL, Chopp M, Cheresh DA
(2001) Nat Med 7:222–227

102. Belsches-Jablonski AP, Biscardi JS, Peavy DR, Tice DA, Romney DA, Parsons SJ (2000)
Oncogene 20:1464–1475

103. Menke A, Philipp C, Vogelmann R, Seidel B, Lutz MP, Adler G, Wedlich D (2001) Can-
cer Res 61:3508–3517

104. Tatton L, Morley GM, Chopras R, Khwaja A (2003) J Biol Chem 278:4847–4853
105. Warmuth M, Simon N, Mitina O, Mathes R, Fabbro D, Manley PW, Buchdunger E,

Forster K, Moarefi I, Hallek M (2003) Blood 101:664–672
106. Wilson MB, Schreiner SJ, Choi H-J, Kamens J, Smithgall TS (2002) Oncogene

21:8075–8088
107. Tatton L, Morley GM, Chopra R, Khwaja A (2003) J Biol Chem 278:4847–4853
108. Warmuth M, Simon N, Mitina O, Mathes R, Fabbro D, Manley PW, Buchdunger E,

Forster K, Moarefi I, Hallek M (2003) Blood 101:664–672
109. Missbach M, Jeschke M, Feyen J, Muller K, Glatt M, Green J, Susa M (1999) Bone

24:437–449
110. Recchia I, Rucci N, Funari A, Migliaccio S, Taranta A, Longo M, Kneissel M, Susa M,

Fabbro D, Teti A (2004) Bone 34:65–79
111. Recchia I, Rucci N, Festuccia C, Bologna M, MacKay AR, Migliaccio S, Longo M,

Susa M, Fabbro D, Teti A (2003) Eur J Cancer 39:1927–1935
112. Hu Y, Liu Y, Pelletier S, Buchdunger E, Warmuth M, Fabbro D, Hallek M, Van Et-

ten RA, Li S (2004) Nat Genet 36:453–461
113. Blake RA, Broome MA, Liu X, Wu J, Gishizky M, Sun L, Courtneidge SA (2000) J Mol

Cell Biol 20:9018–9027
114. Servitja JM, Marinissen MJ, Sodhi A, Bustelo XR, Gutkind JS (2003) J Biol Chem

278:34339–34346
115. Cuneo KC, Geng L, Tan J, Brousal J, Shinohara ET, Osusky K, Fu A, Shyr Y, Wu H,

Hallahan DE (2006) Int J Radiat Oncol Biol Phys 64:1197–1203
116. Brunton VG, Avizienyte E, Fincham VJ, Serrels B, Metcalf CA III, Sawyer TK, Fra-

me MC (2005) Cancer Res 65:1335–1342
117. Boyce BF, Xing L, Shakespeare W, Wang Y, Dalgarno D, Iuliucci J, Sawyer T (2003)

Kidney Intern 85:52–55
118. Wang Y, Metcalf CA III, Shakespeare WC, Sundaramoorthi R, Keenan TP, Boha-

cek RS, van Schravendijk MR, Violette SM, Narula SS, Dalgarno DC, Haraldson C,
Keats J, Liou S, Mani U, Pradeepan S, Ram M, Adams S, Weigele M, Sawyer TK (2003)
Bioorg Med Chem Lett 13:3067–3070

119. Boyce BF, Xing L, Yao Z, Yamashita T, Shakespeare WC, Wang Y, Metcalf CA III,
Sundaramoorthi R, Dalgarno DC, Iuliucci JD, Sawyer TK (2006) Clin Cancer Res
12:6291s–6295s



Novel Small-Molecule Inhibitors of Src Kinase for Cancer Therapy 405

120. Han LY, Landen CN, Trevino JG, Halder J, Lin YG, Kamat AA, Kim TJ, Merritt WM,
Coleman RL, Gershenson DM, Shakespeare WC, Wang Y, Sundaramoorth R, Met-
calf CA III, Dalgarno DC, Sawyer TK, Gallick GE, Sood AK (2006) Cancer Res
66:8633–8639

121. Trevino JG, Gray MJ, Nawrocki ST, Summy JM, Lesslie DP, Evans DB, Sawyer TK,
Shakespeare WC, Watowich SS, Chiao PJ, McConkey DJ, Gallick GE (2006) Angiogen-
esis 9:101–110

122. Boyce BF, Xing L, Yao Z, Shakespeare WC, Wang Y, Metcalf CA III, Sundaramoor-
thi R, Dalgarno DC, Iuliucci JD, Sawyer TK (2006) Ann NY Acad Sci 1068:447–457

123. Lesslie DP, Summy JM, Parikh NU, Fan F, Trevino JG, Sawyer TK, Metcalf CA III,
Shakespeare WC, Hicklin DJ, Ellis LM, Gallick GE (2006) Br J Cancer 94:1710–1717

124. Carragher NO, Walker SM, Scott Carragher LA, Harris F, Sawyer TK, Brunton VG,
Ozanne BW, Frame MC (2006) Oncogene 25:5726–5740

125. Summy JM, Trevino JG, Lesslie DP, Baker CH, Shakespeare WC, Wang Y, Sun-
daramoorthi R, Metcalf CA III, Keats JA, Sawyer TK, Gallick GE (2005) Mol Cancer
Ther 4:1900–1911

126. Brunton VG, Avizienyte E, Fincham VJ, Serrels B, Metcalf CA III, Sawyer TK, Fra-
me MC (2005) Cancer Res 65:1335–1342

127. O’Hare T, Pollock R, Stoffregen EP, Keats JA, Abdullah OM, Moseson EM, Rivera VM,
Tang H, Metcalf CA III, Bohacek RS, Wang Y, Sundaramoorthi R, Shakespeare WC,
Dalgarno D, Clackson T, Sawyer TK, Deininger MW, Druker BJ (2004) Blood 104:
2532–2539

128. Azam M, Nardi V, Shakespeare WC, Metcalf CA III, Bohacek RS, Wang Y, Sunda-
ramoorthi R, Sliz P, Veach DR, Bornmann WG, Clarkson B, Dalgarno DC, Sawyer TK,
Daley GQ (2006) Proc Natl Acad Sci USA 103:9244–9249

129. Corbin AS, Demehri S, Griswold IJ, Wang Y, Metcalf CA III, Sundaramoorthi R,
Shakespeare WC, Snodgrass J, Wardwell S, Dalgarno D, Iuliucci J, Sawyer TK, Hein-
rich MC, Druker BJ, Deininger MW (2005) Blood 106:227–234

130. Zimmerman J, Buchdunger E, Mett H, Meyer T, Lydon NB (1997) Bioorg Med Chem
Lett 7:187–192

131. Nakano H, Kobayashi E, Takahashi I, Tamaoki T, Kuzuu Y, Iba H (1987) J Antibiot
(Tokyo) 40:706–708

132. Yoneda T, Lowe C, Lee C-H, Gutierrez G, Niewolna M, Williams PJ, Izbicka E, Ue-
hara Y, Mundy GR (1993) J Clin Invest 91:2791–2795

133. Slate DL, Lee RH, Rodriguez J, Crews P (1994) Biochem Biophys Res Comm 203:260–
264

134. Maly DJ, Choong IC, Ellman JA (2000) Proc Natl Acad Sci USA 97:2419–2424
135. Alfaro-Lopez J, Yuan W, Phan BC, Kamath J, Lou Q, Lam KS, Hruby VJ (1998) J Med

Chem 41:2252–2260



Top Med Chem (2007) 1: 407–444
DOI 10.1007/7355_2006_008
© Springer-Verlag Berlin Heidelberg 2006
Published online: 11 November 2006

Bcr-Abl Kinase Inhibitors

Diane H. Boschelli

Chemical and Screening Sciences, Wyeth Research, 401 N. Middletown Road,
Pearl River, NY 10965-1215, USA
bosched@wyeth.com

1 Bcr-Abl: The Hallmark of Chronic Myelogenous Leukemia (CML) . . . . . 408

2 Imatinib, a Bcr-Abl Kinase Inhibitor Effective in Treating CML . . . . . . 409

3 New Bcr-Abl Kinase Inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . 411
3.1 Second Generation 2-Phenylaminopyrimidines . . . . . . . . . . . . . . . . 411
3.1.1 AMN107 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 411
3.1.2 NS-187 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 415
3.2 Additional Bcr-Abl Inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . 416
3.2.1 ON012380 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 416
3.2.2 Adaphostin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 417
3.2.3 AG1024 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 418

4 Dual Inhibitors of Bcr-Abl and Src Kinases . . . . . . . . . . . . . . . . . . 418
4.1 PD166326 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419
4.2 CGP76030 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 422
4.3 AP23464 and AP23848 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423
4.4 SKI-606 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425
4.5 BMS-354825 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427
4.6 AZD0530 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431

5 Key Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 432
5.1 Direct Comparison of AMN107 and BMS-354825 . . . . . . . . . . . . . . . 432
5.2 Combinations of Imatinib and New Bcr-Abl Inhibitors . . . . . . . . . . . . 433
5.3 Overcoming the T315I Mutation . . . . . . . . . . . . . . . . . . . . . . . . 434

6 Present Status and Future Outlook . . . . . . . . . . . . . . . . . . . . . . 435

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437

Abstract The hallmark of chronic myelogenous leukemia (CML) is the expression of Bcr-
Abl, a constitutively active form of the Abl tyrosine kinase. Imatinib, a 2-phenylamino-
pyrimidine Bcr-Abl inhibitor developed by Novartis and marketed under the tradename
of Gleevec (Glivec), is highly effective in treating CML patients with early stage disease.
However, patients with advanced disease often become resistant to imatinib. The pre-
dominant form of this resistance is the development of mutations in the Bcr-Abl protein.
These point mutations can be amino acid residues that make direct contact with imatinib
or residues that do not allow Bcr-Abl to adopt the inactive conformation. Since imatinib
can only bind to the inactive conformation of the protein, both types of mutations prevent
this inhibitor from binding. Several approaches have been taken to identify additional
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Bcr-Abl inhibitors including: (1) more potent analogs of imatinib; (2) non-ATP compet-
itive inhibitors of Bcr-Abl; and (3) dual inhibitors of both Bcr-Abl and members of the
Src family of kinases (SFKs) that bind to the active form of Bcr-Abl. The progress made
on the development of these new agents, including compounds with activity against the
highly resistant T315I mutation of Bcr-Abl, will be discussed.

Keywords Bcr-Abl · Abl · CML · Imatinib · T315I

Abbreviations
CML chronic myelogenous leukemia
ALL acute lymphoblastic leukemia
SFK Src family kinase
GST gastrointestinal stromal tumors
ASH American Society of Hematology
AACR American Association for Cancer Research
ASCO American Society of Clinical Oncology

1
Bcr-Abl: The Hallmark of Chronic Myelogenous Leukemia (CML)

Chronic myelogenous leukemia (CML) is a hematopoietic stem cell disease
that results in white blood cell hyperproliferation [1–6]. CML is associated
with the presence of a genetic abnormality known as the Philadelphia chro-
mosome. Fusion of a piece of chromosome 9 that contains a portion of the
ABL gene with a piece of chromosome 22 that contains part of the BCR gene
generates BCR-ABL, an oncogene that leads to the expression of Bcr-Abl. Bcr-
Abl is the constitutively active form of the Ableson (Abl) kinase and drives
the uncontrolled growth of the white blood cells. Although this genetic ab-
normality was first observed in CML there is also a Philadelphia chromosome
positive form of acute lymphoblastic leukemia (ALL) [7–10].

The incidence of CML is rather low, with only 1 to 2 cases per 100 000 peo-
ple being diagnosed each year [6]. The disease proceeds through three phases:
the initial or chronic phase followed by an accelerated phase that leads to blast
crisis. While some CML patients in chronic phase can be cured by bone mar-
row transplant, survival rates are lower for those with later stage disease and
many CML patients are not eligible for transplantation due to their age or
lack of an available donor match. Chemotherapy with IFN-α can prolong life
span but severe side effects are often observed, highlighting the need for an
improved treatment for CML. Since this disease is characterized by a single
oncogene, CML is the perfect candidate for targeted therapy: the inhibition of
Bcr-Abl activity.
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2
Imatinib, a Bcr-Abl Kinase Inhibitor Effective in Treating CML

Ten years ago, Novartis reported that the 2-phenylaminopyrimidine (1) was
a potent Bcr-Abl kinase inhibitor [11] (Scheme 1). This compound was ini-
tially referred to as CGP 57148, or STI-571, and was later given the generic
name of imatinib. Imatinib had an IC50 of 38 nM in an Abl kinase assay, and
also inhibited platelet-derived growth factor receptor (PDGFR) tyrosine ki-
nase [12] and another tyrosine kinase, c-Kit [13]. However, an IC50 of greater
than 100 µM was observed for the inhibition of Src kinase activity [12]. Src
is a member of a family of highly homologous non-receptor tyrosine kinases
(SFKs) that includes Lck, Hck, Fyn and Yes [14]. Since there is a strong struc-
tural similarity between Abl and the SFKs, the lack of activity against Src was
rather surprising [15].

Imatinib inhibited the growth of several cell lines transformed by wild-
type Bcr-Abl and also inhibited Bcr-Abl autophosphorylation in these
cells [11, 16–19]. The lines used included PB-3c mast cells, BALB/c-3T3 fi-
broblasts and MO7e myeloid cells. Imatinib also blocked the proliferation
of several Bcr-Abl-dependent human CML lines, including KU812, K562 and
MC3. Imatinib was shown to be efficacious in an animal model of CML [20].
Treatment of nude mice implanted with KU812 cells with a 160 mg/kg oral
dose of imatinib every eight hours resulted in no tumor growth when the ani-
mals were observed for 240 days. Activity of imatinib in this and other animal
studies led to the initiation of clinical trials in 1998 [21, 22].

Shortly thereafter, in 2001, imatinib was approved by the FDA for the treat-
ment of CML and is marketed in the United States under the trade name
of Gleevec. The drug is also used in several other countries under the trade
name of Glivec. It is currently the first-line of treatment for CML patients and
revolutionized the treatment of this disease. The remarkable story of the dis-

Scheme 1
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covery of imatinib and its rapid progression to clinical use has been outlined
in many review articles [23–27] and is also the subject of a book by Daniel
Vasella, the chairman and CEO of Novartis during this exciting time [28].
As mentioned earlier imatinib is also an inhibitor of c-Kit [13]. This kinase
is constitutively activated in gastrointestinal stromal tumors (GIST) [29] and
treatment of GIST patients with imatinib resulted in high response rates [30].
Imatinib was approved by the FDA in 2002 for the treatment of GIST and it is
currently the first line of therapy for this disease [31].

While imatinib is highly effective in treating early-stage CML, it was not
long before it was observed that those patients with late-stage disease, either
accelerated or blast phase, often developed resistance to the drug. The ini-
tial report of resistance appeared in 2001 and it was noted that while in some
cases the decreased patient response was due to amplification of the BCR-
ABL gene, a more common reason was mutation of the Thr 315 residue in the
catalytic domain of Abl kinase to an Ile residue (T315I) [32]. Since then sev-
eral alternative mechanisms of imatinib resistance were observed including
binding of the drug to acid glycoproteins, overexpression of the multiple drug
resistance gene, and upregulation of alternate pathways including SFKs [33].
However, the most common source of imatinib resistance remained muta-
tions of Abl kinase. In addition to T315I, other mutations were soon identified
including E255K/V, Y253F/H and M351T [34, 35]. The E255K/V and Y253F/H
mutations are in the ATP phosphate-binding loop (P-loop) while the M351T
mutation is proximal to the activation loop. It was shown that this activation
loop can also contain mutations, including H396P.

Crystallography studies showed that imatinib binds to an inactive form of
Abl [36, 37]. In this bound conformation the activation loop of the Abl kinase
domain is distinct from that of both the inactive and active forms of the SFKs,
explaining why imatinib does not inhibit these kinases. The crystal structure
also revealed that the Thr 315 residue was involved in a key hydrogen bonding
interaction with the C-2 amino group of imatinib.

The remainder of this work will focus on the approaches to designing
and identifying new inhibitors of Bcr-Abl including: (1) more potent analogs
of imatinib; (2) non-ATP competitive inhibitors of Bcr-Abl; and (3) dual in-
hibitors of both Bcr-Abl and members of the Src family of kinases (SFKs) that
bind to the active form of Bcr-Abl. The status of the new Bcr-Abl inhibitors
currently in the clinic will be summarized.
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3
New Bcr-Abl Kinase Inhibitors

3.1
Second Generation 2-Phenylaminopyrimidines

3.1.1
AMN107

Subsequent to the discovery of imatinib, Novartis continued to pursue ad-
ditional compounds as Abl inhibitors. A new Abl inhibitor with increased
potency that bound more tightly to the enzyme might overcome some of
the resistance associated with imatinib. It was postulated that replacement
of the amide functionality of imatinib with a urea group should retain the
key hydrogen-bonding interactions with Abl [38]. The 4-(3-pyridinyl)-2-(2-
methylphenyl)aminopyrimdine portion of the molecule was held constant
and parallel synthesis was used to prepare a library of ureas via reaction of
a carbamate with a variety of amines. Some of these urea derivatives were
potent inhibitors in a recombinant Abl kinase assay but they did not re-
tain this activity in a cellular Bcr-Abl autophosphorylation assay. Analog 2
had an IC50 of 48 nM in the cell free assay but an IC50 of 570 nM in the
cell assay (Scheme 2). Replacement of the dimethylamino group of 2 with
the (4-methylpiperazin-1-yl)methyl group present in imatinib resulted in de-
creased activity, with a 10 µM concentration of this analog providing only
45% inhibition in the kinase assay.

The search for additional new Abl inhibitors continued and at the 2004
meeting of the American Society of Hematology (ASH), Novartis disclosed an
Abl kinase inhibitor with improved activity over imatinib [39]. The first lit-
erature report on AMN107 (3) appeared in early 2005 [40] (Scheme 2). The
structure of AMN107 diverges from that of imatinib in two areas. First, the

Scheme 2
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position of the amide is reversed so that the carbonyl group is now linked
to the phenyl group of the 2-(phenylamino)pyrimidine and second, there is
a different substitution pattern on the pendant phenyl ring. AMN107 contains
a 3-(4-methyl-1H-imidazole)-5-trifluoromethyl phenyl group as opposed to
the 4-(4-methylpiperazinyl)methyl phenyl group present in imatinib. A crys-
tal structure with AMN107 showed that it binds to the inactive form of Abl,
with a similar binding mode to that observed for imatinib. As expected,
reversal of the amide bond allowed AMN107 to retain the key hydrogen bond-
ing interactions to Abl present in imatinib, including the hydrogen bond
to Thr315. One major difference was that while the terminal nitrogen of
the 4-(4-methylpiperazin-1-yl)methyl group of imatinib makes contact with
His361 and Ile360 in the C-terminal lobe, these contacts are not made with
the imidazole group of AMN107. The crystal structure also showed that a flu-
orine atom of the trifluoromethyl group interacted with the carbonyl group
of Asp381 [41]. The analog of AMN107 where the trifluoromethyl group was
replaced by a methyl group had decreased activity in a Bcr-Abl autophospho-
rylation assay. No additional SAR was reported for this compound.

In assays with BaF3 cells expressing wild-type Bcr-Abl, AMN107 had im-
proved activity over imatinib. The IC50 values for AMN107 and imatinib in
a Bcr-Abl autophosphorylation assay were 21 and 220 nM, respectively, while
in a proliferation assay IC50s of 25 and 650 nM were observed. A similar
effect was seen in 32D cells expressing wild-type Bcr-Abl, with AMN107 hav-
ing IC50s of 20 and 9.2 nM for the inhibition of autophosphorylation and
cell proliferation, respectively. Increased potency was also seen with AMN107
in assays with BaF3 cells expressing some of the imatinib resistant mutated
forms of Bcr-Abl. In cells harboring the E255V mutation, one of the most
clinically relevant mutations, the IC50s in the autophosphorylation assay for
AMN107 and imatinib were 250 and 6500 nM, respectively. In proliferation
assays with these cells, the IC50s for AMN107 and imatinib were 680 and
6400 nM, respectively. AMN107 had even greater activity in cell assays with
the M351T mutant, having IC50s of 31 and 33 nM for autophosphorylation
and proliferation, respectively, compared with IC50s of 595 and 1290 for ima-
tinib. Most of the mutants examined were about 10–30 fold more sensitive to
AMN107 than to imatinib. However, AMN107 was not active against cells har-
boring the T315I mutation when tested at 10 µM. AMN107 inhibited PDGFR
and c-Kit with roughly the same potency as that of imatinib, making AMN107
a more selective Abl inhibitor than imatinib. As was seen with imatinib,
a 3 µM concentration of AMN107 did not inhibit several kinases including
Her-1, IGFR-1, Flt-3, VEGFR-2, FGFR-1, CDK-1, and c-Src.

AMN107 was profiled in additional imatinib resistant cells [42]. Imatinib
resistant variants of KBM5 and KBM7 CML lines were selected that either
had the T315I Abl mutation, KBM5 STI571R1.0 , or an amplification of the Bcr-
Abl fusion gene, KBM7 STI571R1.0. These lines were chosen to evaluate the
activity of AMN107 against two of the most common forms of imatinib re-
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sistance. In proliferation assays imatinib had IC50s of 480 and 259 nM against
the KBM5 and KBM7 lines, respectively. AMN107 was about 50-fold more po-
tent than imatinib having IC50s of 11 and 4.0 nM for the proliferation of the
KBM5 and KBM7 lines. As anticipated from the earlier studies, neither ima-
tinib or AMN107 had much effect on the proliferation of the KBM5 STI571R1.0

line, having IC50s of 6.4 and 2.4 µM, respectively. When tested in the KBM7
STI571R1.0 line, imatinib had an IC50 of only 2.5 µM while that of AMN107
was 97 nM, making AMN107 27-fold more potent. Similar results were seen
in Bcr-Abl autophosphorylation assays with these cells.

The effect of both AMN107 and imatinib on the cell cycle of K562 cells
was examined [43, 44]. After a 24-hour incubation, a 10 nM dose of AMN107
caused a G1 arrest, with a 200 nM dose of imatinib required to produce the
same result. After a 48-hour incubation, these same doses resulted in apop-
tosis, making AMN107 20-fold more potent than imatinib. A 5 µM dose of
AMN107 led to increased apoptosis in cells isolated from imatinib resis-
tant patients. Treatment of K562 cells with a 50 nM dose of AMN107 caused
a decrease in the phosphorylation of the Tyr177 residue of Bcr-Abl. Phospho-
rylation at this site allows Bcr-Abl to bind the adapter protein Grb2 [45, 46].
It was also shown that treatment of K562 cells with AMN107 resulted in
reduction of the phosphorylation of several downstream targets of Bcr-Abl
including STAT5 and CrkL.

While imatinib is efficacious in treating Philadelphia chromosome positive
CML, it is not as effective a treatment for patients with Philadelphia chromo-
some positive ALL [47]. As a prelude to clinical investigation, AMN107 was
studied for its effect on Bcr-Abl positive ALL cell lines [48]. In proliferation
and Bcr-Abl phosphorylation assays with two patient-derived ALL cell lines,
namely Z-119 and Z-181, AMN107 was 30–40-fold more potent than imatinib.

AMN107 was tested in vivo in a severe combined immunodeficient (SCID)
mouse model of CML using 32D cells harboring wild-type Bcr-Abl that also
expressed the luciferase gene [40]. These cells permitted the use of biolu-
minescence imaging to non-invasively evaluate the response to drug treat-
ment. Dosing of AMN107 at 75 mg/kg orally once a day for 16 days resulted
in increased survival of the treated animals, over an observation period of
105 days. In addition, AMN107 was effectively transported into tissues such as
the spleen. In a similar model employing 32D cells transformed by the E255V
mutant, AMN107 again increased survival time, while imatinib did not. In
a corresponding in vivo study with the M351T mutant, there was a further ex-
tension in the survival time compared to that seen with the E255V mutant,
correlating with the increased activity seen with AMN107 in the autophos-
phorylation and proliferation cell assays with this mutant.

The in vivo activity of AMN107 was assessed in a second SCID mouse
model of blast-phase CML [42]. In this model, mice were implanted with
KBM5 cells and the tumors allowed to grow for 20 days. AMN107 was then ad-
ministered ip for 20 days at doses of 10, 20 and 30 mg/kg. A dose response was
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observed, with the 30 mg/kg treatment resulting in increased median survival
time to 49 days from 27 days for the control animals.

AMN107 entered clinical trials in 2004. There was a preliminary report at
the 2004 ASH meeting [49], and more details of the clinical findings were
presented at the 2005 meetings of the American Society of Clinical Oncol-
ogy (ASCO) [50, 51], American Association for Cancer Research (AACR) [52]
and ASH [53]. The Phase I trial included patients with imatinib-resistant CML
in blast crisis, accelerated and chronic phase, along with a smaller number
of patients with Philadelphia chromosome positive ALL. As of June 15, 2005
119 patients had been treated with AMN107 [53]. It was noted that the Cmax
and AUC showed a dose-dependent increase from 50 to 400 mg, but did not in-
crease at the higher doses. The peak concentration was seen after three hours
and the half-life of AMN107 was 15 hours. The maximum tolerated dose of
AMN107 was 600 mg twice a day with this dose causing increased levels of neu-
tropenia and hyperbilirubinemia. A twice daily dose of 400 mg was selected
for the Phase II trial. CML patients with no known Abl mutations prior to
treatment with AMN107 had a hematological response rate of 72% and a cyto-
genetic response rate of 59%. For those patients having a known Abl mutation,
the hematological and cytogenetic response rates were 60% and 41%, respec-
tively. The response rate correlated with levels of the phosphorylation of CrkL,
a Bcr-Abl substrate, seen in the patient peripheral blood or bone marrow sam-
ples [54]. A dose of 200 mg of AMN107 caused a significant reduction in the
amount of CrkL phosphorylation as measured by Western blot.

In the initial report from the Phase I trial, the most prevalent Bcr-Abl mu-
tations seen in patients treated with AMN107 were M351T and G250E [51].
Since AMN107 and imatinib do not make the same contacts with Abl, these
two compounds would be expected to have different resistance profiles.
A cell-based method that produced a mutation pattern for imatinib similar to
that seen in the clinic [55] was applied to AMN107 [56]. Cells were grown in
the presence of increasing compound concentrations and the resultant resis-
tant colonies were picked and analyzed. A smaller number of mutations were
observed with AMN107 compared to imatinib. Only seven amino acids were
affected, and some of these mutations were not seen with imatinib either in
the mutagenesis study or in the clinic. Increasing concentrations of AMN107
suppressed all but the T315I mutation. Another mutagenesis study also found
a different mutation pattern for AMN107 compared to that of imatinib [57].
Exposure to AMN107 resulted in 20 colonies with single point mutations, five
of which were unique to AMN107. Once again the most resistant mutation
was the T315I.

These impressive results led to AMN107 being dubbed both Super Gleevec
and Son of Gleevec. Phase II trials have been initiated and these continuing
studies will determine if AMN107 will enter the market for not only the treat-
ment of imatinib-resistant CML but perhaps replace imatinib as the first line
agent.
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3.1.2
NS-187

In addition to Novartis, other companies have studied 2-phenylaminopyr-
imidines as kinase inhibitors. In 2005, Nippon Shinyaku identified a new
Abl kinase inhibitor from this class of compounds [58]. NS-187 (4) differs
from imatinib in that it has a pyrimidine ring at C-4 of the pyrimidine,
as opposed to a pyridine ring, and different substituents on the pendant
phenyl ring (Scheme 3). In an isolated Abl kinase assay NS-187 had an IC50
of 5.8 nM, while imatinib had an IC50 of 106 nM. When NS-187 was tested
against a panel of kinases at 10 µM, activity was seen against Arg, Blk, Flt3,
Lyn, PDGFRα, PDGFRβ and p70S6K. The most potent activity was seen for
the inhibition of Arg, Fyn and Lyn, with the IC50 for Lyn being 19 nM. Inter-
estingly, NS-187 had an IC50 of 1.7 µM for Src. The selectivity for Lyn over
Src was attributed to the presence of a Cys residue in Src at the position that
corresponds to a Gln residue in Abl and Lyn. It was postulated that the Gln
in Abl and Lyn can form a hydrogen bond to NS-187, that can not be formed
between the Cys of Src and NS-187.

In autophosphorylation assays in K562 cells and in BaF3 cells expressing
wild-type Bcr-Abl, NS-187 had IC50s of 11 and 63 nM, respectively. NS-187
also suppressed the growth of K562 cells and inhibited the phosphorylation of
Abl downstream targets, including CrkL. In autophosphorylation assays with
BaF3 cells transfected with the E255K and T315I Abl mutants, NS-187 had
IC50s of 340 nM and greater than 10 µM, respectively. The inactivity against
the T315I mutation was confirmed by an in vitro kinase assay. When NS-187
was profiled against 13 Abl mutants, activity was seen against all but the T315I
mutant.

Pharmacokinetic studies with NS-187 provided an oral bioavailability of
32% and the maximum daily tolerated dose in mice was 200 mg/kg. NS-187

Scheme 3
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was tested in a xenograft model using KU812 cells. When dosed orally at 0.2
and 20 mg/kg twice a day for 10 days the 0.2 mg/kg dose resulted in signifi-
cant inhibition of tumor growth while the 20 mg/kg dose completely inhibited
tumor growth with no adverse effects. In a study in a xenograft model using
BaF3 cells transformed with wild-type Bcr-Abl, NS-187 prolonged the life
span of the animals in a dose-dependent manner. In a xenograft model using
BaF3 cells transfected with the E255K Abl mutant, treatment with NS-187
also led to prolonged survival. The xenograft studies were expanded to BaF3
cells with additional Abl mutations including M244V, G250E, Q252H, Y253F,
M351T, H396P and T315I [59]. With the exception of those animals with the
T315I mutant, treatment with NS-187 resulted in an increased life span.

A SAR study of NS-187 appeared subsequent to these initial reports. Com-
pounds were assayed for their ability to inhibit the proliferation of K562 cells
with no information provided as to their activity in an Abl kinase assay [60].
Imatinib was used as a starting point and addition of a halogen at C-3 of
the pendant phenyl ring led to increased activity in the cell assay. Further
increased activity was observed with a C-3 trifluoromethyl group with 5 hav-
ing an IC50 of 5 nM, compared to an IC50 of 180 nM for imatinib (Scheme 3).
Replacement of the pyridine ring of 5 with a pyrimidine ring did not alter
the activity, with 6 having an IC50 of 4 nM (Scheme 3). Replacement of the
N-methylpiperazine ring of 6 with five additional cyclic amines gave com-
pounds with IC50s of 4–17 nM. NS-187 had an IC50 of 11 nM and it was
selected for further study on the basis of its preferable pharmacokinetics and
toxicity, although these data were not provided. The enantiomer of NS-187
was slightly more active in the cell proliferation assay having an IC50 of 4 nM.
The authors concluded their manuscript with the statement that they expect
NS-187 will advance to clinical trials.

3.2
Additional Bcr-Abl Inhibitors

3.2.1
ON012380

While the previously discussed 2-phenylaminopyrimidines bound in the ATP
site of Bcr-Abl, another tactic has been to target a different area of the ki-
nase. One advantage of this approach is that such a compound would be
predicted to retain activity against the imatinib resistant mutations in the
kinase domain, including the T315I mutation. By screening a library of non-
ATP competitive kinase inhibitors, a group at the Fels Institute identified
ON012380 (7) as a potent inhibitor of Bcr-Abl kinase activity having an IC50
of 9.0 nM [61] (Scheme 4). Kinetic assays confirmed that this compound was
a non-ATP competitive inhibitor. The IC50 for imatinib in the Bcr-Abl kinase
assay was 98 nM, and combination of ON012380 and 10 nM imatinib low-



Bcr-Abl Kinase Inhibitors 417

Scheme 4

ered the IC50 to 0.83 nM, consistent with the different binding properties of
ON012380 and imatinib.

When tested against a panel of kinases, ON012380 had activity against Fyn,
IGFR, Lyn and PDGFR, with IC50s of 86, 91, 85 and 80 nM, respectively. Inter-
estingly, the IC50 for Src was greater than 10 µM. In a kinase assay using T315I
mutated Abl, the IC50 for ON012580 decreased from 9.0 to 1.5 nM. This same
effect was seen in a proliferation assay with 32Dcl3 cells containing the T315I
and 15 additional Abl mutations, all of which were slightly more sensitive to
ON012380 than the wild-type cells.

ON012380 was tested in an in vivo model where nude mice were injected iv
with the 32Dc13 cells containing the T315I Abl mutation. After one day, the an-
imals were dosed with both ON012380 and imatinib at 100 mg/kg ip in a saline
vehicle for 14 days. Blood samples were examined on days 7 and 14. The blood
of the ON012380 treated animals had a reduced number of T315I cells com-
pared to the blood of both the control and the imatinib treated animals. No
toxicity was observed in the animals treated with ON012380. ON012380 is
being further evaluated for use in CML by Onconova Therapeutics [62].

A structurally related compound, ON01910 (8), was reported to be a 10 nM
non-ATP competitive inhibitor of polo-like kinase 1 (Plk1) [63] (Scheme 4).
Interestingly, the activity of ON012380 against Plk1 has not been reported.
ON01910 is a 32 nM inhibitor of Bcr-Abl, and also inhibits Fyn and PDGFR,
with IC50s of 182 and 18 nM, but it has IC50s of greater than 10 µM for
both IGFR and Lyn. Since the structures of the two compounds only differ
by the presence of a methyl group on ON012380, the differences in activity
against IGFR and Lyn are rather striking. Onconova is currently investigating
ON01910 (8) in Phase I clinical trials as an anti-cancer agent but at this time
no results have been disclosed [62].

3.2.2
Adaphostin

In 1994, the tyrphostin AG957 (9) was identified as an inhibitor of Bcr-Abl
that blocked the proliferation of K562 cells [64] (Scheme 4). Solubility and
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pharmacokinetic issues with this compound led to a series of structural mod-
ifications that resulted in an adamantyl ester derivative NSC 680410, also
known as adaphostin (10) [65]. Although adaphostin had reduced activity
compared to AG957 in an in vitro kinase assay with IC50s of 13.6 and 2.90 µM,
respectively, it was slightly more potent in inhibiting the proliferation of K562
cells with IC50s of 9.75 and 16.6 µM, respectively. It was also reported that
the adamantyl group improved the pharmacokinetic properties including an
extended half-life (36 min vs. 3 min for AG957). While adaphostin has been
extensively studied in cell assays, it has not been tested in vivo in CML models
or for activity against the imatinib resistant mutations [66–68].

3.2.3
AG1024

Another tyrphostin, AG1024 (11), has also been examined for potential use
in the treatment of CML [69] (Scheme 4). AG1024 inhibited the proliferation
of both K562 cells and BaF3 cells transformed by Bcr-Abl. The IC50 values
for AG1024 in these cell assays was about 5 µM. In a xenograft model em-
ploying wild-type Bcr-Abl transformed BaF3 cells, AG1024 reduced tumor
growth when dosed ip for 10 days without any notable toxicity. All of these as-
says were indirect measurements of Abl activity with no data reported for the
activity of AG1024 in an isolated Abl kinase assay or in a Bcr-Abl autophos-
phorylation assay.

AG1024 has been extensively studied as an IGFR inhibitor [70] and is
a substrate competitive inhibitor of this kinase [71]. AG1024 also inhibits
other kinases including c-Kit [72]. Additional studies will be needed, includ-
ing a direct measurement of Abl activity and possible subsequent testing
against the imatinib resistant Abl point mutations, to ascertain the possible
therapeutic utility of AG1024.

4
Dual Inhibitors of Bcr-Abl and Src Kinases

Several of the new Bcr-Abl kinase inhibitors reported subsequent to ima-
tinib also inhibit Src, a non-receptor tyrosine kinase. In 2000, it was re-
ported that the known Src inhibitor PD180970 (12) also inhibited Abl ki-
nase [73] (Scheme 5). This property was soon found to be shared by several
other pyrido[2,3-d]pyrimidine Src inhibitors including PD173955 (13) [74]
(Scheme 5). A crystal structure of PD173955 demonstrated that this com-
pound could bind to both the active and inactive form of Abl [37]. While the
conformation of active Src kinase is similar to that of active Abl, the confor-
mations of the inactive kinases are quite different. Unlike PD173955, imatinib
only binds the inactive form of Abl. The inability of imatinib to inhibit Src is
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Scheme 5

likely a consequence of this conformational selectivity. So what is the benefit
of a compound that inhibits both Abl and Src?

Over the years Src inhibitors have been widely studied as potential ther-
apeutic agents for the treatment of several diseases including cancer [75].
Increased levels of Src activity often lead to increased tumor progression and
metastasis [76–78]. Information on the current status of several Src inhibitors
can be found in the work by Tomi Sawyer in this volume. More recently it was
found that SFKs play a role in Bcr-Abl signaling and activation of two SFKs,
namely Hck and Lyn, may lead to a more rapid progression of CML into blast
phase [79–83]. One K562 cell line resistant to imatinib expresses high levels of
activated Lyn [83]. Lyn was also over-expressed in cell lystates from some pa-
tients resistant to imatinib. Therefore, by inhibiting a second pathway, a dual
Abl/ Src inhibitor may be more effective than a selective Abl inhibitor. In add-
ition, since a major obstacle to the long-term effectiveness of imatinib is the
acquired resistant Abl mutations, other compounds, perhaps especially those
that bind to a different confirmation of Abl, may result in a lower number
and/or a different pattern of resistant mutations.

4.1
PD166326

Parke Davis first published on the SFK activity of a series of pyrido[2,3-
d]pyrimidines in 1998 [84]. A more extensive evaluation of the SFK activity
of some of these analogs, including PD173955 and PD180970, appeared in
2000 [85] and later that year the Abl kinase activity of PD180970 was dis-
closed [73]. PD180970 had an IC50 of 5 nM for the inhibition of Bcr-Abl
autophosphorylation, and an IC50 of 2.2 nM in an isolated Abl kinase assay.
This Abl inhibitory activity was confirmed by an independent group who
obtained an IC50 of 1–2 nM in an Abl autophosphorylation assay [74]. A simi-
lar IC50 was obtained for PD 173955, and both these compounds were about
25–50-fold more potent than imatinib. However, other investigators observed
comparable IC50s for the inhibition of Abl autophosphorylation by PD180970
and imatinib of 45 and 25 nM, respectively [86]. This study also looked at the
activity of PD180970 against some of the clinically relevant imatinib muta-
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tions. While imatinib had IC50s of greater than 1 µM for the inhibition of the
autophosphorylation of the Y253F, E255K and T315I Abl mutants, PD180970
had IC50s of 48 and 33 nM for Y253F and E255K but an IC50 of only 3.2 µM for
the T315I mutation. Additional pyrido[2,3-d]pyrimidines were examined for
both Abl kinase activity and activity in Bcr-Abl-dependent cell assays. All of
these analogs had a 2,4-dichlorophenyl substituent at C-6, and a methyl group
at C-8, so the effect of varying substituents at C-6 and C-8 on Abl activity is
not known. One of these analogs, PD166326 (14) was found to be a more po-
tent Abl inhibitor than the two earlier analogs [74] (Scheme 6). PD166326 had
an IC50 of 0.1–0.2 nM in the Bcr-Abl autophosphorylation assay, where the
IC50 of PD180970 was 1–2 nM. PD166326 also had the greatest potency for the
inhibition of Bcr-Abl-dependent cell growth.

A second study of several pyrido[2,3-d]pyrimidines confirmed that
PD166326 was the most potent Abl kinase inhibitor, having an IC50 of
8 nM [87]. These investigators reported an IC50 of 50 nM for imatinib in this
assay. PD166326 potently inhibited the proliferation of K562 cells with an IC50
of 0.3 nM. In a K562 Bcr-Abl autophosphorylation assay, PD166326 had an
IC50 of 1 nM and was also active in a similar assay with the E255K mutation.
Autophosphorylation of the T315I mutant was not inhibited by PD166326,
which was not surprising based on the previous results with the closely re-
lated PD180970. A study was also done to look at the activity of PD166326 in
Bcr-Abl autophosphorylation assays with BaF3 cells transfected with several
of the imatinib-resistant Abl mutants [88]. PD166326 inhibited the autophos-
phorylation of the H396P mutant with similar activity to that seen against
the wild-type Bcr-Abl. Slightly reduced activity was seen against the Y253H,
E255K and E255V mutants. Confirming what was observed earlier, the T315I
mutant was resistant to PD166326.

Additional pyrido[2,3-d]pyrimidines were prepared at Memorial Sloan-
Kettering Cancer Center, including SKI DV 1–10 (15), SKI DV-MO17 (16)
and SKI DV 2–47 (17) [89] (Scheme 6). In proliferation assays with Bcr-Abl
expressing MO7e cells, PD166326 had an IC50 of 0.4 nM and roughly compa-
rable activity was seen with the other three analogs which had IC50s of 0.6 to
1.5 nM. Once again the only structural changes with these analogs were the

Scheme 6
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groups on the 2-phenylamino ring, so it remains to be determined how vary-
ing the substituents at other positions would influence the Abl activity of this
series of compounds.

PD166326 and the three additional analogs were also examined in prolifer-
ation assays with BaF3 cells expressing Bcr-Abl [90]. PD166326 had an IC50 of
19 nM for the inhibition of proliferation of the wild-type line, while the other
compounds were less potent having IC50s from 46 to 120 nM, with the weak-
est activity observed with SKI DV-MO17. In a corresponding assay with the
T315I mutated line, the compounds all showed greatly reduced activity, hav-
ing IC50s greater than 5 µM. However, these compounds did show activity in
a proliferation assay with BaF3 cells that were resistant to imatinib due to over
expression of Bcr-Abl. PD166326 had an IC50 of 140 nM in this assay and the
IC50s for the other three analogs ranged from 200 to 460 nM.

Since PD166326 does not make the same contacts with Abl as does ima-
tinib, the two compounds may not select for the same Abl point mutations
when administered to patients. Exposure of wild-type Bcr-Abl transformed
BaF3 cells to imatinib produced a mutation pattern similar to that seen in the
clinic [55]. Applying this technique to PD166326 led to a different mutation
pattern than that seen with imatinib. While the most prevalent mutation was
the T315I, the mutations in the P-loop were decreased with PD166326.

Although PD166326 had been extensively profiled in cell assays, the first
report of activity in an animal model did not appear until 2005 [91]. In a pre-
liminary pharmacokinetic study, PD166326 was orally administered to mice
in a vehicle of 10% aqueous DMSO. The compound had a half-life of 8.4 h
and the maximum tolerated dose of PD166326 was 50 mg/kg given twice
a day. PD166326 was tested in a model where a CML-like disease was in-
duced in mice, via a replication-defective Bcr-Abl retrovirus that targets bone
marrow cells. The syngenic mice infected with this retrovirus were admin-
istered a twice daily dose of 50 mg/kg of PD166326. All the control animals
died by day 26 and the treated animals were euthanized at days 33–37 and
the spleens were harvested. Administration of PD166326 resulted in reduced
spleen weight compared to the controls and the treated mice also had a 10
fold lower white blood cell count. Similar in vivo studies were done with
mutated forms of Abl. Administration of PD166326 to H396P and M351T syn-
genic mice increased the life span of these animals but had no effect on T315I
syngenic mice.

The initial pyrido[2,3-d]pyrimidines were first reported as Src inhibitors
by Parke-Davis, now Pfizer, and the first disclosures of Abl activity were
done in collaboration with academic researchers. Although the recent stud-
ies with these analogs were reported by academic groups, it has been stated
that Sloan-Kettering is working with a pharmaceutical company to develop
a compound from this class [92].
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4.2
CGP76030

Several years ago, Novartis reported that a pyrrolo[2,3-d]pyridimine, CGP77
675 (18), was a potent Src kinase inhibitor with activity in murine osteoporo-
sis models [93] (Scheme 7). CGP77675 had an IC50 of 20 nM in a Src enzyme
assay and was a weaker inhibitor of Abl, having an IC50 of 150 nM. For this
program Novartis was interested in a selective Src inhibitor and optimized
their SAR against this kinase. Interestingly, while Src knock-out mice have
osteopetrosis, or greatly increased bone density, Abl knock-out mice have
severe osteoporosis [94]. Additional analogs of CGP77675 were studied and
most retained some degree of selectivity for Src over Abl [95–97]. One com-
pound, CGP76030 (19), had IC50s of 27 and 180 nM for the inhibition of Src
and Abl, respectively, and also inhibited Lck (IC50 = 360 nM) [98] (Scheme 7).

CGP76030 was studied in assays with cell lines harboring wild-type
Bcr-Abl and several of the clinically relevant imatinib-resistant Abl muta-
tions [99]. CGP76030 was effective in inhibiting the autophosphorylation of
wild-type Bcr-Abl but was ineffective against the T315I mutation. Some other
additional Thr315 mutated lines were also resistant, but CGP76030 blocked
autophosphorylation in the T315V line where the Thr residue was replaced by
a comparably sized Val residue. CGP76030 also effectively blocked autophos-
phorylation and proliferation in cells harboring the A380C, A380T, A276S
and G279S mutations. Interestingly, CGP76030 blocked the growth of cells ex-
pressing the additional T315 mutations, including T315I. Because of its lack of
activity in the Abl autophosphorylation assays with these mutants, CGP76030
inhibited the proliferation of these cells by a mechanism independent of Abl
inhibition, possibly a SFK-dependent pathway. Similar results were obtained
in cell assays with an imatinib-resistant K562R line that expresses high levels
of Lyn [83]. CGP76030 effectively inhibited SFKs in these cells at concentra-
tions that had little effect on Bcr-Abl activity.

Scheme 7
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Although imatinib is efficacious in treating chronic phase CML it is less
effective in treating Bcr-Abl positive B-cell acute lymphoblastic leukemia
(B-ALL). A recent study showed this discrepancy results from the important
role of SFKs in B-ALL [100]. It was determined that three SFKs, Lyn, Fgr and
Hck, were activated to a greater extent in mouse B-ALL cells than in cells from
control mice. Treatment of these B-ALL cells with CGP76030 led to a decrease
in cell growth and survival as a result of inhibition of SFK activity. In an in
vivo model of B-ALL, a combination of CGP76030, dosed orally twice daily
at 50 mg/kg, and imatinib, dosed orally twice daily at 100 mg/kg, increased
survival compared to either agent alone.

Novartis has not reported on the advancement of CGP76030 to clinical
trials.

4.3
AP23464 and AP23848

ARIAD has published extensively on non-ATP competitive Src kinase in-
hibitors as potential agents for the treatment of osteoporosis [101]. These
efforts were later expanded to ATP competitive Src kinase inhibitors that
were based on a purine template. These compounds were designed to tar-
get bone via the incorporation of a bisphosphonate group [102]. AP23464
(20), which contains a dimethylphosphine oxide substituent, inhibited Src
with an IC50 of 0.45 nM and inhibited Abl with an IC50 of 0.67 nM [103, 104]
(Scheme 8). Although no SAR for Abl was reported for AP23464, removal of
the dimethylphosphine oxide group decreased the Src inhibitory activity by
about 80 fold [105]. While AP23464 inhibited c-Kit and PDGFR it was less
potent against these two kinases than against Src and Abl [106]. Molecular
modeling of AP23464 with the Abl kinase domain suggested that the com-
pound bound to the active form of the kinase and that the Thr315 residue of
Abl formed a key hydrogen bond with AP23464 [106].

BaF3 cell assays were used to study the effect of AP23464 against the most
relevant Abl mutations. In a cell proliferation assay with BaF3 cells expressing

Scheme 8
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wild-type Bcr-Abl, AP23464 had an IC50 of 14 nM while imatinib had an IC50
of 350 nM. AP23464 inhibited the proliferation of BaF3 cells harboring two
P-loop mutations Q252H and Y253F, a C-terminal loop mutant M351T and an
activation loop mutant H396P with IC50s in the range of 8–26 nM. Decreased
activity was seen with the P-loop mutation, E255K, where AP23464 had an
IC50 of 94 nM. As expected based on the Abl binding model, the proliferation
of BaF3 cells harboring the T315I mutation was not inhibited by AP23464.

In a cell free autophosphorylation assay, AP23464 had IC50s of 31–61 nM
against the four mutants (Q252H, Y253F, M351T and H396P) that were the
most sensitive in the cell proliferation assays. Again in correlation with
the cell proliferation assay, AP23464 was less effective in inhibiting the au-
tophosphorylation of the E255K mutant, IC50 = 110 nM, and was not effective
against the T315I mutant having an IC50 of greater than 5 µM. AP23464 also
blocked cell cycle progression and caused apoptosis in K562 cells. Treatment
of these cells with AP23464 reduced the phosphorylation of STAT5 and CrkL,
two Bcr-Abl substrates.

A similar analog, AP23848, (21) was also reported to be an inhibitor of Bcr-
Abl [107] (Scheme 8). In a proliferation assay with wild-type Bcr-Abl BaF3
cells, AP23848 had an IC50 of 18 nM. Activity was also seen against the M351I,
Y253F and E255K mutations with IC50s of 21–72 nM, while the T315I mutant
did not respond (IC50 greater than 8 µM). These results were expected due to
the structural similarity of AP23848 and AP23464.

Although no studies in animal models of CML have been reported for these
compounds, AP23848 was tested in a mouse model of c-Kit induced tumor
growth. Both compounds are potent inhibitors of this kinase and are also
active against the D816V mutant, the most commonly observed c-Kit muta-
tion in the clinic after imatinib administration [108]. For the xenograft study
AP23848 was selected over AP23464 due to its improved pharmacokinetics
and metabolism profile although this comparative data was not reported. Oral
administration of 100 mg/kg of AP23848 three times a day for three days in-
hibited c-Kit D816V mutant driven tumor growth. However, no decrease in
tumor size was observed and it was not possible to extend the dosing time
since weight loss was observed after three days of dosing. AP23464 may have
sub-optimal solubility properties since the vehicle used was 15% dimethylac-
etamide, 14% vitamin E, 5% Tween-80, 26% PEG-400 and 40% water.

ARIAD recently disclosed the results of an in vitro mutagenesis study with
AP23464 [109]. While AP23464 suppressed the formation of the P-loop muta-
tions no effect was seen on the emergence of the T315I mutation even when
AP23464 was combined with both PD166326 and imatinib. In this report it was
stated that additional analogs of AP23464 were being characterized and it was
predicted that some of these would be active against the T315I mutation. In an
August 2004 press release, ARIAD announced that it had discontinued devel-
opment of AP23464 but was investigating two classes of related compounds in
order to identify a candidate with an improved metabolic profile [110].



Bcr-Abl Kinase Inhibitors 425

4.4
SKI-606

SKI-606 (22), a potent Src inhibitor, was identified by Wyeth via optimization
of a 4-anilino-3-quinolinecarbonitrile screening lead [111, 112] (Scheme 9).
When tested against a panel of tumor cell lines it was observed that SKI-
606 inhibited the proliferation of K562 and KU812 cells, with IC50s of 5 and
20 nM, respectively [113]. SKI-606 reduced the phosphorylation of Bcr-Abl in
these cells along with the phosphorylation of the SFKs Lyn and Hck. In both
the K562 and KU812 lines, SKI-606 caused G1/S cell cycle arrest and increased
apoptosis. SKI-606 inhibited the proliferation of v-Abl transformed rat fibrob-
lasts with an IC50 of 90 nM and had an IC50 of 1 nM in an isolated Abl kinase
assay. In assays for Src kinase activity and for the inhibition of the prolifer-
ation of Src-transformed fibroblasts, IC50s of 1.2 and 100 nM were observed,
making SKI-606 a potent dual inhibitor of Src and Abl.

To evaluate the in vivo efficacy of SKI-606, K562 tumors were implanted
into nude mice and staged to 200–300 mgs. The animals were treated with
a 75 mg/kg oral dose of SKI-606 twice a day for 10 days, resulting in tumor

Scheme 9
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regression for two months. Once a day oral dosing at 100 and 150 mg/kg for
five days resulted in animals that were tumor free for six weeks. When the tu-
mors were staged to 800–900 mgs, oral dosing of SKI-606 at 100 mg/kg once
a day for five days resulted in tumor free animals at the end of 40 days.

SKI-606 prevented both Bcr-Abl and Lyn phosphorylation in an imatinib-
resistant K562 line that expresses high levels of Lyn [114]. SKI-606 also inhib-
ited the proliferation of these cells and this activity correlated with decreased
levels of SFK activation. In additional studies, SKI-606 inhibited phosphory-
lation of Bcr-Abl, Lyn and Hck in cells from blast-phase CML patients [115].
Furthermore, G1/S arrest and an increase in apoptosis was seen in cells from
patients with the E255V, E255K, F359V and Y253H imatinib-resistant Abl mu-
tations [116]. In an isolated kinase assay with T315I mutated Abl, SKI-606 had
an IC50 of 344 nM [117]. The decrease in activity against this mutant was pre-
dicted based on the key role of the gate keeper Thr315 of Abl in the binding of
the dual Src/Abl inhibitors.

To identify genes whose expression was affected by SKI-606, a transcrip-
tional profiling study was done in K562 cells [118]. Oligonucleotide microar-
ray analysis was used to compare cells treated with 10 nM SKI-606 to control
cells. SKI-606 modified the expression of 121 genes, some of which are in-
volved in transcriptional regulation, signal transduction and cell cycle regu-
lation, including the down regulation of key apoptotic suppressor genes.

In a study of SKI-606 analogs, it was established that variation of the group
at C-7 from a (1-methylpiperazin-4-yl)propoxy to a (1-methylpiperidine-
4-yl)methoxy group retained much of the activity of the parent com-
pound [119]. In a Lance format Src kinase assay, as opposed to the ELISA
format used initially, SKI-606 and 23 had IC50s of 3.8 and 7.0 nM, respec-
tively. The IC50s for Abl inhibition by SKI-606 and 23 were 1.1 and 2.9 nM,
respectively (Scheme 9). While lengthening the alkoxy chain to two or three
methylene groups also provided potent dual inhibitors, 24 and 25, removing
the methylene group was highly detrimental, with 26 having IC50s of only 230
and 89 nM for the inhibition of Src and Abl kinases, respectively. Substituents
on the 4-anilino group that resulted in decreased Src activity also resulted in
decreased Abl activity. For example, removal of the 5-methoxy group of 23
led to 27 which had IC50s for the inhibition of Src and Abl of 21 and 18 nM
(Scheme 9). The most dramatic effect was seen with the 2,4-dichloro-5-ethoxy
analog 28 which had IC50s of only 1.4 and 1.5 µM for the inhibition of Src and
Abl, respectively (Scheme 9).

Some related thieno[3,2-b]pyridines were also reported to be potent Src
and Abl inhibitors [120, 121]. The C-2 phenyl analog 29, had an IC50 of
13 nM for the inhibition of Src and was more potent against Abl, having
an IC50 of 2.3 nM (Scheme 9). Very similar activity was seen with the C-2
pyridine analog 30 which had IC50s of 13 and 1.3 nM for the inhibition
of Src and Abl, respectively. While no information on the activity of 23–
30 against the imatinib-resistant mutations or efficacy in an in vivo model
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of CML was reported, these activities were recently disclosed for another
3-quinolinecarbonitrile derivative 31, which contains a furan ring at C-7 of
the quinoline core [117] (Scheme 9). In Src and Abl kinase assays, 31 had
IC50s of 0.78 and 0.35 nM, respectively, making it about a four-fold more
potent inhibitor than SKI-606. In a kinase assay with the T315I Abl muta-
tion, 31 was less active than against wild-type Abl, having an IC50 of 68 nM.
A corresponding increase in activity compared to SKI-606 was observed in
proliferation assays with K562 and KU812 cells, where 31 had IC50s of 5.7 and
1.4 nM, respectively. Inhibition of STAT5 phosphorylation in both the K562
and KU812 cells was inhibited by 31 with IC50s of 5.5 and less than 3 nM,
respectively.

In a nude mouse xenograft model with K562 tumors staged to 300–400 mg,
a daily oral dose of 50 mg/kg of 31 for five days resulted in survival of all
25 animals for 100 days. When 31 was dosed in this model at 5 mg/kg for five
days, about half of the animals survived for 100 days. A second in vivo model
was also used where the K562 tumors were staged to a much larger size, ap-
proximately 1.6 g. Treatment of these animals with a 50 mg/kg oral dose of 31
for five days resulted in complete tumor regression with no recurrence of the
tumor observed over the next two months.

Of all the 4-anilino-3-quinolinecarbonitrile dual Src/Abl inhibitors, the
most extensively profiled analog is SKI-606. Pharmacokinetics showed SKI-
606 to have an oral bioavailability in nude mice of 18% and a half-life of 8.6
hours with a large volume of distribution [122]. SKI-606 was active in several
colon tumor xenograft models when dosed orally at 25–150 mg/kg daily for
21 days with no weight loss or overt toxicity noted in the animals. On the ba-
sis of its pre-clinical properties, SKI-606 entered clinical trials in 2004 for the
treatment of solid tumors and will soon be entering trials for the treatment of
CML.

4.5
BMS-354825

Late in 2003 there were reports in CML patient newsletters about a new
Src/Abl inhibitor from Bristol Myers Squibb (BMS) that was in clinical tri-
als for the treatment of imatinib-resistant CML [123, 124]. At the 2004 AACR
meeting, there were three presentations on this new compound, BMS-354825
(32), although the structure was not disclosed at this time [125–127]. It was
reported that BMS-354825 was 500-fold more potent than imatinib at inhibit-
ing Abl kinase activity and that it was also effective against 14 out of 15 of the
imatinib-resistant Abl mutations, with the exception being the T315I mutant.

The first peer-reviewed report on BMS-354825 was published in Science
soon after the meeting presentations [128]. BMS-354825 has a 2-amino-
thiazole core and is related to a series of Lck inhibitors from BMS based
on this template [129] (Scheme 10). BMS-354825 potently inhibited the pro-
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Scheme 10

liferation of BaF3 cells harboring wild-type Bcr-Abl with a low nanomolar
IC50. Similar efficacy was seen for the proliferation of BaF3 cells contain-
ing 14 imatinib-resistant mutations, including E255K/V, Y253F/H and M351T,
three of the most clinically common mutations. Once again little inhibition
was observed for cells with the T315I mutation. Parallel results were seen in
autophosphorylation assays with these cells.

To test the in vivo effectiveness of BMS-354825, a SCID mouse model
was employed. This model was similar to that used to assess the activity of
AMN107 in that cells expressing both Bcr-Abl and luciferase were implanted
into mice to allow for a non-invasive measure of efficacy. Three days after in-
jection of these cells, the mice were treated for two weeks with a twice a day
oral dose of 10 mg/kg of BMS-354825. The mice that received BMS-354825
had greatly decreased levels of bioluminescence, appeared healthy and had
increased long-term survival. A similar result was seen in this model with
BaF3 cells harboring the M351T mutation, while mice harboring the T315I
mutation did not respond.

Shortly after this initial publication, there was a report describing the ef-
fect of varying the substituents on the pyrimidine ring of BMS-354825 [130].
The lead compound where R1 and R2 are methyl (33) was initially identified as
a Lck inhibitor, and later found to have an IC50 of 96 pM for Src and an IC50
of less than 1 nM for Abl (Scheme 10). In an antiproliferation assay with K562
cells, 33 had an IC50 of about 2 nM. This cell assay was used to rank compounds
as Abl inhibitors, not a kinase assay. Compounds were also tested in additional
cell proliferation assays using prostate (PC3), breast (MDA-MB-231) and colon
(WiDr) lines. Since 33 had poor pharmacokinetic properties after oral dos-
ing in the mouse, analogs were prepared with solubilizing amine groups on
the pyrimidine ring. Addition of a 2-morpholinoethylamino group provided
34, which had excellent oral pharmacokinetics but showed reduced activity
against the K562 and solid tumor lines (Scheme 10). Addition of a methyl
group at C-2 of the pyrimidine ring of 34, to provide 35, decreased the phar-
macokinetic properties but increased the activity in the proliferation assays
(Scheme 10). The two compounds with the most favorable combination of
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both cell activity and oral pharmacokinetic properties were BMS-354825 and
36 and it is not clear why 36 was not examined further (Scheme 10).

When evaluated in isolated kinase assays, BMS-354825 was a 500 pM in-
hibitor of Src and had an IC50 of less than 1 nM for Bcr-Abl. Similar activity
was seen against the SFKs Lck and Yes, where BMS-354825 had IC50s of
400 and 500 pM, respectively. Moderate activity was seen against c-Kit and
PDGFRβ (IC50s of 5 and 28 nM) while IC50s of 100 nM or greater were ob-
served against the other 13 kinases tested. Kinetic analysis confirmed that
BMS-354825 was an ATP competitive inhibitor with Kis for Src and Bcr-Abl
of 16 and 30 pM, respectively.

A crystal structure of BMS-354825 with Abl kinase revealed that the acti-
vation loop of the protein was in the active conformation. Two key hydrogen
bonds were formed between the back-bone carbonyl and amide group of
Met318 to the 2-amino hydrogen and the nitrogen of the thiazole ring of
BMS-354825, respectively. As expected based on the activity profile observed
with the imatinib-resistant Abl mutations, the crystal structure showed the
presence of a hydrogen bond between Thr315 and the amide nitrogen of BMS-
354825. On the basis of the crystal structure it was proposed that BMS-354825
could also bind the inactive conformation of Abl and this ability to bind both
conformations could be the reason for the greater binding affinity of BMS-
354825 compared to imatinib [131].

It was postulated that since BMS-354825 can bind both conformations of
Abl, and since it makes less direct contacts with the protein, there may be
fewer resistant mutations seen in the clinic. As a first step, a saturation muta-
genesis study was done similar to that performed earlier with imatinib [132].
It was determined that only six amino acid residues were mutated and that
four of these made contact with BMS-354825, namely Leu248, Val299, Thr315
and Phe317 [133]. These four residues accounted for 97.5% of the observed
mutations and only Val299 had not been identified as a site of imatinib-
resistant mutation. Some amino acids were mutated to more than one residue.
For example, in addition to T315I, a T315A mutation was observed. In pro-
liferation assays with BaF3 cells harboring the T315A mutation, the activity
of BMS-354825 decreased 90 fold, while imatinib was only two-fold less ac-
tive, highlighting that the Thr315 interaction is more critical for BMS-354825
than for imatinib. Mutations with the greatest resistance to BMS-354825, after
T315I, were V299L, F317V and F317L. Interestingly, imatinib had less than
a three-fold decrease in activity against these three mutations, raising the
possibility that use of a combination of BMS-354825 and imatinib in the clinic
could reduce the development of resistance.

In addition to the original report on the activity of BMS-354825 in a SCID
mouse model using a Bcr-Abl transformed cell line, other in vivo studies were
also carried out. In a K562 xenograft model of CML, tumors were allowed to
grow to about 300 mg [130]. BMS-354825 was then dosed orally once a day at
5 and 50 mg/kg, for two weeks with a dosing regime of five days on and two
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days off. Both doses resulted in elimination of the tumor with no observed
toxicity. When BMS-354825 was administered twice daily, a 1.25 mg/kg dose
was effective [134]. This K562 model was used to develop biomarkers for
BMS-354825 [134]. In these tumors, the phosphorylation levels of Bcr-Abl and
those of CrkL, a substrate protein for Bcr-Abl, correlated with the plasma
levels of the compound.

BMS-354825 was also tested in vivo in a xenograft model with K562R cells
that are resistant to imatinib due to the overexpression of SFKs [135]. Al-
though imatinib was not effective in this model even at 150 mg/kg, doses of
greater than 5 mg/kg of BMS-354825 were effective. These results reflect those
seen in proliferation assays with these cells, where BMS-354825 was more
than 1000-fold more potent than imatinib. BMS-354825 was also 29 fold more
potent than AMN107, which, like imatinib, does not inhibit SFKs. While ima-
tinib is not effective in a model of intracranial CML, most likely as a result of
its lack of brain penetration [136], activity was seen with BMS-354825 [137].
K562 tumors were implanted intracranially into SCID mice and BMS-354825
was dosed orally twice a day for 40 days. Doses of both 5 and 15 mg/kg greatly
increased the survival of these animals.

The activity of BMS-354825 in these preclinical studies led to its advance-
ment to clinical trials in late 2003. The first reports of the Phase I dose
escalation studies were presented at the 2004 ASH meeting [138, 139] and the
2005 ASCO meeting [140, 141] with additional details presented at the 2005
ASH meeting [142]. The enrolled patients were either imatinib-resistant or in-
tolerant, with the majority being in the chronic phase. The trial also included
patients in accelerated phase, myeloid or lymphoid blast crisis and those with
Philadelphia chromosome positive ALL. For 40 patients with chronic-phase
disease, who were treated for an average of 13 months, 88% showed a com-
plete hematological response, 40% had a major cytogenetic response and 88%
had a complete cytogenetic response [142]. For ten patients with advanced
disease who were treated for an average of six to seven months, the major
hematological response rates for those in accelerated phase and myeloid blast
crisis were 50% and 18%, respectively. Patients in this study received doses as
high as 240 mg twice a day. Since BMS-354825 is known to inhibit other SFKs
such as Lyn and Lck, there is the possibility that the compound could have
immunosuppressive properties. In studies of blood samples of 14 chronic-
phase patients, treatment with BMS-354825 had no effect on T cell cytokine
production, including IL-1, TNF-α and INF-γ [143].

BMS-354825, which has the generic name of dasatinib, entered Phase II
clinical trials in December 2004 under the START (Src/Abl Tyrosine kinase
inhibition Activity: Research Trial) program [144–147]. Dosing was initiated
at 70 mg twice daily with the option of increasing the dose to 90 or 100 mg
or reducing the dose to 40 or 50 mg, depending on low response or toxicity.
As part of the Phase I and II trials, patients were assessed for the presence of
Bcr-Abl mutations prior to treatment with BMS-354825. In a study at UCLA,
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five patients with a pre-existing T315I mutation did not respond [148]. This
mutation was also identified in samples from seven out of nine patients who
developed resistance to BMS-354825. The other two patients were found to
have T315A and F317I mutations, both of which were observed in the earlier
mutagenesis study done to predict mutations that might arise in the clinic.
Most interestingly, these two mutations were sensitive to imatinib [133]. As
part of the clinical trials at M.D. Anderson, it was observed that of 12 patients
who had P-loop mutations, 11 responded to BMS-354825 [149]. However,
once again no response was seen with patients with a pre-existing T315I mu-
tation, emphasizing the importance of identifying a compound with activity
against this mutant.

The effect of BMS-354825 on cells from patients resistant to imatinib by
mechanisms other than the presence of point mutations was also exam-
ined [150]. Treatment of these cells with concentrations of 1 µM imatinib
had no effect on the regulation of SFK activity, while a 0.5 µM dose of BMS-
354825 completely inhibited activation of two SFKs, namely Hck and Lyn, as
measured by autophosphorylation. Both imatinib and BMS-354825 inhibited
Bcr-Abl activity in these cells, as measured by the inhibition of CrkL phos-
phorylation. Therefore since BMS-354285 inhibits SFKs in addition to Abl, it
may overcome clinical resistance to imatinib in those cases where resistance
is due to the loss of Bcr-Abl mediated regulation of SFKs.

In addition to in vivo studies in models of CML, BMS-354825 has also
been studied in models of solid tumors. BMS-354825 was efficacious in head
and neck squamous cell carcinoma and non-small cell lung cancer animal
models [151]. Based on this activity, BMS-354825 has been advanced into
clinical trials for the treatment of solid tumors.

Note added in proof: On June 29, 2006 the Food and Drug Administration
(FDA) granted approval for dasatinib (Sprycel) [152].

4.6
AZD0530

In 2004 Astra Zeneca published on a series of 4-anilinoquinazolines as po-
tent Src inhibitors [153]. One analog, AZM475271 (37), inhibited Src kinase
activity with an IC50 of 10 nM, and had in vivo efficacy in a mouse model of
pancreatic cancer [154] (Scheme 11).

While there was no information reported on the activity of AZM475271
against Abl kinase, it was disclosed at the 2005 AACR meeting that a related
4-anilinoquinazoline, AZD0530 (38), was a potent inhibitor of Src having an
IC50 of 2.7 nM and also inhibited Abl with an IC50 of 30 nM [155] (Scheme 11).
AZD0530 inhibited Yes and Fyn with IC50s similar to that for Src. Modest ac-
tivity was seen against c-Kit (IC50 = 200 nM) with all the other kinases tested
having IC50s of greater than 800 nM. No information was presented on the
activity of AZD0530 against the imatinib-resistant Abl mutations.
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Scheme 11

While no in vivo activity has been reported in an Abl-dependent CML
model, AZD0530 was active in a xenograft model using Src-transformed NIH
3T3 cells and in an orthotopic model of pancreatic cancer, two Src-dependent
models. The results of a Phase I trial in normal volunteers have been dis-
closed and AZD0530 was tolerated when administered at doses of up to
250 mg [156, 157]. While it appears that the initial efficacy trial for AZD0530
will be as an anti-invasive agent for the treatment of metastatic bone disease,
this compound probably also has potential for use in CML.

5
Key Issues

5.1
Direct Comparison of AMN107 and BMS-354825

In a key study, the two new Bcr-Abl inhibitors currently in the clinic, AMN107
and BMS-354825, were tested side-by-side to directly compare their activity
against some of the imatinib resistant Abl mutations [158]. In a kinase assay
with wild-type Bcr-Abl, imatinib had an IC50 of 280 nM, while the IC50s for
AMN107 and BMS-354825 were 15 and 0.6 nM, respectively. BMS-354825 also
had IC50s of 0.8 and 2.8 nM for Src and Lyn while imatinib and AMN107 were
not active against these SFKs. In a cell-free Abl autophosphorylation assay the
IC50s for imatinib, AMN107 and BMS-354825 were 300, 7.0 and 0.8 nM, re-
spectively, in good correlation with the enzyme IC50s. In Bcr-Abl transformed
BaF3 cell proliferation assays the IC50s for imatinib, AMN107 and BMS were
260, 13 and 0.8 nM respectively, while in BaF3 cell autophosphorylation as-
says the IC50s for these three compounds were 280, 10 and less than 10 nM,
respectively. All three compounds were ineffective in assays with the T315I
mutant, corresponding to what was reported previously. Of the 15 additional
imatinib-resistant mutations, those least affected by AMN107 were Y253H,
E255V and F359V, with a larger effect seen in the cell assays. In prolifera-
tion assays with the Y253H and E255V mutant, AMN107 had IC50s of only
450 and 430 nM compared to 13 nM against wild-type Bcr-Abl. The activ-
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ity of BMS-354825 against the Y253H and E255V mutants did not change as
dramatically with this compound having IC50s of 1.3 and 11 nM. Similar re-
sults were seen in the autophosphorylation assay where AMN107 had IC50s
of 160 and 250 nM against the Y253H and E255V mutants, and the IC50s for
BMS-354825 were less than 10 nM.

AMN107 and BMS-354825 were also tested side-by-side with imatinib in
an in-vitro mutagenesis study [159]. BaF3 cells expressing wild-type Bcr-Abl
were exposed to a minimal cytotoxic dose of N-ethyl-N-nitrosourea to ac-
celerate mutagenesis. Cells were then treated with the three Abl inhibitors at
doses that were twice that of the IC90 for the inhibition of cell proliferation.
A 2 µM dose of imatinib produced 18 mutations, a 50 nM dose of AMN107
produced eight mutations and a 5 nM dose of BMS-354825 produced four mu-
tations. At higher doses of AMN107 (2 µM) and BMS-354825 (25 nM) only the
T315I mutant was observed. Once again, this study showed the importance of
identifying a compound with activity against the T315I mutation.

5.2
Combinations of Imatinib and New Bcr-Abl Inhibitors

One area of interest is the potential use of imatinib in combination with
another Bcr-Abl inhibitor, including the dual Src/Abl inhibitors, since all
of the imatinib-resistant Abl mutants, with the exception of the T315I mu-
tant, are sensitive to these agents. In addition, in cell mutagenesis studies
these compounds all generated a different mutation pattern from that of ima-
tinib [56, 57, 109, 141, 159]. In the case of BMS-354825 some of these mutants
were sensitive to imatinib [133]. Co-administration of imatinib and a sec-
ond Bcr-Abl inhibitor might reduce the number of resistant mutations. The
success of a combinatory approach depends on imatinib not preventing the
additional inhibitor from binding to the same region of the kinase.

To test the viability of this strategy, cell assays were performed wherein
BMS-354825 and AP23848 were tested in combination with imatinib [107].
Both wild-type Bcr-Abl BaF3 cells and BaF3 cells transformed by four of the
most clinically relevant Abl mutations were employed. In proliferation as-
says with the wild-type cells, BMS-354825 and AP23848 had IC50s of 1.5 and
18 nM, respectively. Adding increasing concentrations of imatinib did not de-
crease the activity of either AP23848 or BMS-354825, with the IC50s actually
being about two-fold lower in the presence of a 150 nM concentration of ima-
tinib. A similar effect was seen in the M351T line that is moderately resistant
to imatinib where higher concentrations of imatinib were used. For the Y253F
and E255K mutations in the P-loop, which have a greater level of resistance
to imatinib than the M351T mutant, even higher concentrations of imatinib
were used. A concentration of 3 µM imatinib did not prevent either com-
pound from binding to the Y253F mutant line as shown by the IC50s of 0.85
and 4.0 nM for BMS-354825 and AP23848, respectively.
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There is also a preliminary report on combination studies with imatinib
and AMN107 [160]. Additive or synergistic effects were seen in assays with
several Bcr-Abl-dependent cell lines. In a bioluminescent in vivo murine
model employing 32D cells transformed by Bcr-Abl that also express lu-
ciferase, treatment with both AMN107 at 15 mg/kg and imatinib at 75 mg/kg
improved efficacy compared to either compound alone.

5.3
Overcoming the T315I Mutation

The major issue with the new Bcr-Abl kinase inhibitors that bind in the ATP
pocket is that none of them can overcome the T315I mutation. A study of 20
known kinase inhibitors measured their binding affinity for 119 kinases, in-
cluding wild-type Abl and some of the clinically relevant imatinib-resistant
mutated forms of Abl [161]. BIRB-796 (39), a p38 inhibitor, was found to
have a 40 nM binding constant for the T315I Abl mutant (Scheme 12). Inter-
estingly, reduced activity was seen against wild-type Abl (binding constant
of 1.5 µM) and also against three other imatinib-resistant mutations, M351T,
Q252H and Y253F (binding constants of 2.2, 4.2 and 2.3 µM, respectively).
Imatinib had binding constants of 2.2 nM and 6.2 µM for wild-type Abl and
the T315I mutant in these assays. Some other kinase inhibitors were found to
bind to wild-type Abl and the mutant variants with similar affinity.

A follow-up publication reported that BIRB-796 had weak binding affinity
for two additional Abl mutations, F359V and T315N, further demonstrating
the specificity of this compound for the T315I mutation [162]. However, when
tested in an isolated kinase assay BIRB-796 inhibited the T315I mutant with
an IC50 of only 4 µM, much lower than what was expected based on the bind-
ing constant of 40 nM. A similar result was seen in proliferation assays in
BaF3 cells transformed with either wild-type Bcr-Abl or the T315I mutant.
BIRB-796 had an IC50 of greater than 10 µM for the wild-type cells and an
IC50 of only 2–3 µM for inhibition of the growth of the T315I mutated line.
A separate group confirmed the poor activity of BIRB-796 in a kinase assay
with the T315I Abl mutant, obtaining an IC50 of 5.3 µM, which was identi-

Scheme 12
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cal to the IC50 they obtained with wild-type Abl [163]. In proliferation assays
with BaF3 cells with both wild-type Abl or with four Abl mutants, treatment
with up to 5 µM BIRB-796 did not inhibit the growth of the cells, includ-
ing those with the T315I mutation. These results point out the importance
of follow-up assays due to possible discrepancies between binding studies
and inhibition assays. This finding was a major disappointment to those who
hoped that it might be possible to use BIRB-796 in combination with Abl
inhibitors that are not effective against the T315I mutation.

Additional kinase inhibitors were also profiled for their affinity to wild
type and eight mutated forms of Abl. VX-680 (40), an Aurora kinase inhibitor,
was found to have a binding constant of 20 nM for wild-type Abl and of 5 nM
for the T315I mutant [162] (Scheme 12). The binding affinities for the other
Abl mutants were in the range of 7–50 nM, with the exception being the
T315N mutant for which VX-680 had an affinity of 100 nM. In enzyme assays,
VX-680 had IC50s of 10 and 30 nM for wild-type Abl and the T315I mutant,
respectively. It should be noted that this potent activity for VX-680 was ob-
served in the same report where BIRB-796 had an IC50 of only 4 µM. In an Abl
autophosphorylation assay in BaF3 cells harboring the T315I mutant, VX-680
was only weakly active having an IC50 of about 5 µM. Additional studies will
be needed to understand this discrepancy between the isolated kinase and cell
assays.

VX-680 is being developed by Vertex in collaboration with Merck. In June
2005 it was announced that a Phase I trial of VX-680 in hematological cancers
had started [164]. This trial will include CML patients in blast crisis. These
trials are in addition to the initial clinical trials in solid tumors.

The search for compounds with activity against the T315I mutation con-
tinues. At the 2005 ASH meeting there was a report of a new Abl inhibitor,
SGX-70430, that also inhibited the activity of the T315I mutant [165]. In pro-
liferation assays with BaF3 cells harboring wild-type Bcr-Abl and the T315I
mutant, SGX-70430 had EC50s of 11 and 21 nM, respectively. The EC50s for
imatinib, AMN107 and BMS-354825 in the wild-type Bcr-Abl-dependent pro-
liferation assay were 790, 33 and 12 nM with all three compounds having
EC50s of greater than 10 µM against the T315I mutant. While the structure of
SGX-70430 was not revealed, SGX Pharmaceuticals has stated on their corpo-
rate website that they plan to file an IND in late 2006 for a compound from
this series for the treatment of imatinib-resistant CML [166].

6
Present Status and Future Outlook

This account has presented an overview of the new Bcr-Abl inhibitors in both
preclinical and clinical development. While AMN107 and BMS-354825 have
advanced to Phase II trials for the treatment of CML, it is frustrating from
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a medicinal chemistry perspective that only limited SAR was reported for
these compounds. Novartis has not yet published on the SAR of AMN107
analogs for Abl inhibition, except to state that replacement of the trifluo-
romethyl group by a methyl group decreased the Abl activity. The SAR data
available on the BMS-354825 analogs only covers one portion of the molecule.
In addition, this SAR is in tumor cell proliferation assays, not isolated Src and
Abl assays. Interestingly, when BMS-354825 was screened against a panel of
148 kinases at a dose of 10 µM, affinity constants of less than 200 nM were re-
ported for 47 kinases [162]. This pan kinase activity could explain the potent
anti-proliferative activity of BMS-354825 in the solid tumor lines.

As noted previously, the first public mention of BMS-354825 was in
newsletters that are available to anyone with Internet access. These websites
contain a large amount of information concerning the new therapies for CML
including the “UnOfficial Gleevec (STI-571) Site” started by Jerry Mayfield,
a CML patient who began imatinib treatment in 2000 and switched to BMS-
354825 in 2003 [167]. The site contains a section entitled “Jerry’s Diary”
which details his personal experiences on these therapies. The site also has
areas for the discussion of CML related topics. One of these topics is the re-
sistance of the T315I mutation, illustrating the increasing knowledge of CML
patients and their growing involvement in decisions concerning the manage-
ment of their disease.

While the rapid approval of imatinib made it appear to be an overnight
success story, many years of prior research were needed to sort out the fun-
damental biology of CML and Bcr-Abl. It now appears that many additional
years of research will be needed to overcome the “Achilles heel” of imatinib:
the resistance of the T315I mutation. It was initially thought that a compound
such as AMN107 that was a more potent Bcr-Abl inhibitor than imatinib, or
a compound such as BMS-354825 that was not only more potent but also
bound to the active conformation of the kinase, could overcome the appear-
ance of this mutation, but unfortunately, the clinical trials with these two new
agents showed this not to be the case. Since the T315I mutant is resistant to
Bcr-Abl kinase inhibitors that bind in the kinase domain, it may be necessary
to use these inhibitors in combination with agents that have an alternative
mechanism of action. Preliminary clinical studies on overcoming imatinib re-
sistance using combinations of imatinib with farnesyl transferase inhibitors
have been reported [168, 169].

The development of resistant mutations is not unique to imatinib. A muta-
tion in the kinase domain of EGFR was observed upon treatment of patients
with the EGFR inhibitors gefitinib and erlotinib [170, 171]. This T790M muta-
tion is that of the gatekeeper Thr residue of EGFR that corresponds to Thr 315
of Abl. Interestingly, it was reported that some irreversible inhibitors of EGFR
and ErbB2, that inactivate the enzyme by binding to a Cys residue in the ac-
tive site, could overcome resistance to the T790M mutation in vitro [162, 172].
It is not yet known if this finding will translate into the clinic.
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The link between CML and Bcr-Abl allowed for the development of ima-
tinib, the first successful small molecule kinase targeted therapy. Unfortu-
nately, the clinical success of imatinib was diminished by the development
of resistance. While progress has been made and new Bcr-Abl inhibitors are
showing clinical efficacy, the problem of the T315I mutation still exists. Hope-
fully, this issue will soon be resolved and a new drug will be approved that will
result in the same excitement that was experienced just a few years ago with
the launch of imatinib. Furthermore, the insights gained in the treatment of
CML with imatinib will undoubtedly provide a useful roadmap to drive the
development of similar treatment paradigms with other signal transduction
agents in patients with solid tumors.
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