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Series Preface

One approach to the development of drugs as medicines, which has gained consi-
derable success over the past two decades, involves inhibition of the activity of a
target enzyme in the body or invading parasite by a small molecule inhibitor, leading
to a useful clinical effect.

The CRC Enzyme Inhibitor Series consists of an expanding series of monographs
on this aspect of drug development, providing timely and in-depth accounts of
developing and future targets that collectively embrace the contributions of medicinal
chemistry (synthesis, design), pharmacology and toxicology, biochemisty, physiol-
ogy, and biopharmaceutics necessary in the development of novel pharmaceutics.

H. John Smith
Claire Simons



Preface

The mechanisms for controlling when and how a eukaryotic cell divides are funda-
mental to the biology of multicellular organisms. Abnormal regulation can provide a
driver for disease processes, not the least, cancer. The aim of this volume is to provide
an overview of the key regulator molecules — the cyclin-dependent kinases (CDKs)
— as molecular and functional entities, together with both their involvement in dif-
ferent disease processes and their potential for pharmacological modulation.

The cell cycle is at the heart of the rationale for this area of intensive endeavor in
basic research and drug development. The cell cycle comprises the transitions that a cell
undergoes to achieve proliferation. The central importance of the cell cycle regulation
machinery was recognized in the awarding of the Nobel Prize in Physiology or Medicine
for 2001 to Leland Hartwell, Paul Nurse, and Timothy Hunt for their discoveries in the
fields of cell cycle genes, checkpoint controls, the CDKs, and the cyclins. In the mid-
1970s, Paul Nurse discovered the archetypal CDK gene (CDC?2) in the Schizosaccharo-
miyces pombe yeast, later isolating the corresponding gene in humans (CDK1), the
function of this CDK being highly conserved during evolution. The chapters in this
volume touch upon the cell cycle regulatory genes and their physiological inhibitors, the
cyclin-dependent kinase inhibitors or CDKIs, distinct from the small molecule inhibitors
that by chance or design have been found to impact upon CDK function. This volume
was prompted by the realization that we are at a critical point in time for our understand-
ing of the availability, advantages, and drawbacks of the CDKs as therapeutic targets for
small molecules. Accordingly, the volume offers a current perspective on where we stand
in terms of the success of the agents developed so far, the possibility of new routes to
more selective inhibitors and our growing appreciation of the critical issues for therapy.

This book partitions its chapters into four sections, addressing in sequence the
integration of cell cycle control pathways and the opportunities for targeting, the
targets of inhibitors and their evaluation, the chemistry of the pharmacological CDK
inhibitors, and finally a therapeutic perspective and horizon scan.

The first seven chapters, covering two sections, set the scene for the chemistry
focus. The opening chapter by Paul Smith, Emeline Furon, and Rachel Errington
provides an overview of cell cycle dynamics and the challenges for CDK targeting,
highlighting issues raised in more detail in other chapters with a critical discussion
on the problem of metastatic disease control. Functional regulation of the physio-
logical CIP/KIP CDK inhibitors is reviewed by Mong-Hong Lee and Ruiying Zhao,
revealing the recently discovered molecular regulation of the CKI family members.
The use of mouse models to study the in vivo function of CDKs in normal homeo-
stasis and tumor development is described by Marcos Malumbres, Pierre Dubus,
and Sagrario Ortega. The elegant studies overviewed reveal how the absence of what
are often regarded as key regulators can still be compatible with cellular survival,
underlining the functional buffering that is programmed into mammalian cells. This
redundancy has clear implications for therapeutic intervention in cancer.



Moving the focus away from cancer, Martin Crook and Manfred Boehm make
the case for understanding the molecular mechanisms of growth control in cardio-
vascular cells and how this can lead to the development of exciting new molecular
therapies for heart and vascular diseases. Stéphane Bach, Marc Blondel, and Laurent
Meijer contribute a chapter on the evaluation of CDK inhibitor selectivity, with an
insightful review of methodologies from affinity chromatography to yeast genetics.
Sachin Mahale and Bhabatosh Chaudhuri bring a focus to bear on cyclin-dependent
kinase 4, exploring its selective inhibition in vivo and in vitro by designed small
molecules. Ursula Schulze-Gahman and Sung-Hou Kim provide an excellent over-
view of the structural biology of the CDKs. The structures of CDKs are covered
from their apoenzymes to activated CDK/cyclin complexes to CDK/inhibitor com-
plexes. Their analysis of the structural basis for CDK specificity provides an impor-
tant foundation for the chemistry section.

The focus of the third section is the design, development, and chemistry of small
molecule CDK inhibitors. The chapters in this section range from overviews of late-
stage compounds that are already in clinical development to the early-stage discovery
of new chemical entities with a capacity to inhibit the CDKs. At the beginning of
this section, Adrian Senderowicz reviews two of the better known CDK inhibitors,
flavopiridol (a flavonoid) and UCN-01 (a staurosporine analog), with an emphasis
on their mechanism of action and results in clinical trials. The following two chapters
also focus on well-known inhibitors of CDKSs. Laurent Meijer and co-authors
provide a comprehensive review of roscovitine, a purine that was discovered using
a classical medicinal chemistry approach, whereas Conrad Kunick and co-authors
describe the discovery of the novel paullones found through the Antitumor Drug
Screening Program at the National Cancer Institute. In the first of several reviews
by groups in the pharmaceutical industry, John Hunt addresses the discovery and
development of BMS-387032, a potent and novel aminothiazole CDK inhibitor
currently in clinical study. The next chapter focuses on the oxindole class of CDK
inhibitors reviewed by Philip Harris who notes the existence of this pharmacophore
has been studied by a number of research groups in both pharmaceutical companies
and academia. The indenopyrazoles, reviewed by David Carini, Catherine Burton,
and Steven Seitz, is another potent and novel class of CDK inhibitors discovered
from high-throughput screening and optimized to compounds with a good biological
profile.

The remaining chapters in the chemistry section illustrate the extensive SAR
knowledge that is generated from groups in the pharmaceutical industry intent on
discovering inhibitors of CDKs with the right balance of activity, selectivity, and
pharmacological properties. Guoxin Zhu describes the development of indolocarba-
zoles which are in the same structural class as UCN-01 and staurosporine. Paolo
Pevarello and Anna Vulpetti review the use of pyrazoles as potent and selective
inhibitors of CDKs. Jay Markwalder and Steven Seitz end this section with a review
of the pyrazolopyrimidines, another unique class of inhibitors also discovered from
high-throughput screening. The diversity of the compounds and pharmacophores
explored in this section highlights the opportunities for discovery of novel inhibitors.

As a number of CDK inhibitors have now entered clinical trials, a report on
their current status is provided by Lloyd Kelland, with an evaluation of their potential



use in combination with various anticancer cytotoxic agents. Chapter 17 reveals the
challenges faced by the therapeutic deployment of small molecule inhibitors, reso-
nating with the issues raised in other chapters. Finally, in Chapter 18, Richard Pestell
and co-authors provide a perspective on the future of developing CDK inhibitors as
anticancer agents. The design and discovery of small molecule inhibitors of CDK
has focused on targeting the ATP-binding site and finding compounds that compete
with ATP. The authors point to the use of detailed structural information of
CDK/cyclin complexes as one way to develop better inhibitors. The book affirms
the importance of selectivity with respect to inhibitor design, a matter made more
critical by the increasing number of functions ascribed to CDK/cyclin complexes.
An intriguing outlook is the potential for CDK inhibitors to regulate the local tumor
microenvironment, diverting therapeutic attention away from direct targeting of the
cancer cell, with the prospect of reducing microenvironmental signals that promote
tumor progression. New concepts promise solutions to the therapeutic challenges
and conflicts considered in the opening chapter of the volume.

Our primary aim as editors was to provide readers — from research chemists
to clinicians — with a contemporary position to view the importance of rational
drug design and knowledge-based therapeutics in relation to these exceptional kinase
targets. The extensively referenced chapters draw upon perspectives and insights
from expert groups in academia, government institutions, and the pharmaceutical
industry to meet this brief.

Paul J. Smith
Cardiff, Wales, United Kingdom

Eddy W. Yue
Wilmington, Delaware
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1.1 INTRODUCTION

The cell cycle comprises the temporal sequence of structural and functional transitions
that a cell undergoes during processes of cell growth, replication of the genetic material,
nuclear division, and cytoplasmic separation. It can be perceived at the level of observable
landmarks (e.g., metaphase plate formation) or as complex shifts in the status of the cell
cycle engine — an integrated network of cell cycle proteins showing evidence of
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considerable conservation from yeast to man. The cell cycle regulatory machinery is
vital in controlling the balance between proliferation, growth and, indeed, cell death.
The universal regulators comprise a set of unstable regulatory subunits called cyclins
and a set of inactive catalytic subunits called cyclin-dependent kinases (CDKs). The
regulators function to permit the cell to maintain the timing of both the onset and the
fidelity of DNA replication and mitosis (Georgi et al., 2002). These key players determine
the cell cycle transitions in concert with the influence of external and internal control
signals. CDKs as targets for small molecules can be viewed from multiple standpoints
providing pharmaceutical, therapeutic, and mechanistic perspectives (Shah and Schwartz,
2005; Blagden and de Bono, 2005; Eisenbrand et al., 2004; Huwe et al., 2003; Hirai
et al., 2005; Pei and Xiong, 2005; Fischer 2004). The aim of this chapter is to provide
an overview from those different perspectives, particularly with respect to the challenges
faced in oncotherapeutics such as dealing with the problem of metastatic disease.

1.2 THE TARGET AND THE CHALLENGE

The concept of exploiting the pharmacological sensitivity of the cell cycle regulation
machinery via the CDK components, as a means of controlling cellular proliferation
or behavior, is highly attractive — particularly within an anticancer strategy. However,
this concept is immediately challenged by our lack of understanding of how complex
systems respond to perturbation and our relative inability to predict the likely impact of
proliferation-controlling measures at different stages of the neoplastic process. The prob-
lem is further compounded by the inevitable need to combine CDK targeting therapies
with other regimens. However, CDKs remain both important and novel targets despite the
emerging complexities of their cellular physiology and their sometimes surprising redun-
dancy as revealed in knockout studies (Dai and Grant, 2003). Although we may consider
CDK:s as legitimate targets in terms of proposed mechanisms of action in neoplasia, the
reality is that the usefulness of pharmacological inhibitors as selective therapeutic agents
will be determined by factors that confront many anticancer agents. These include:

1. The relative inability to monitor critical higher-order behavioral responses
of targeted cell populations, e.g., intratumoral mobility, induction of
angiogenesis, intravasation, extravasation, tissue-homing, and so on

2. The influence of macro- and micropharmacokinetic barriers

The treatment-limiting responses of collaterally exposed tissue systems

4. The disrupting influence of both phenotypic plasticity and genomic instability

in maximizing Darwinian fitness and the development of acquired resistance

The effect of inherent heterogeneity giving rise to innate resistance

The formidable problem of quiescent micrometastases

7. The eradication of metastatic disease at disparate organ locations

hed

AN

1.3 THE CELL CYCLE IN PERSPECTIVE

We are aware that in multicellular organisms, as development proceeds, cell popu-
lations and lineages impose both spatial organization and temporal control over
growth and proliferation. Here, the regulation of the cell cycle is increasingly subjected
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to signaling via intercellular communication rather than that arising from cell-
autonomous mechanisms. There is strong evidence for cell size checkpoints in single-
cell organisms (Polymenis and Schmidt, 1999) although it is likely that mammalian
cells do not need, and probably do not have, such cell size checkpoints to coordinate
their growth and division (Conlon and Raff, 2003) — reflecting the impact of signals
from other cells in tissues. Internal signals arising from the imposition of genomic
stress, for example through DNA damage, can still act to rapidly override the normal
cell cycle program (Vogelstein et al., 2000). This override provides checkpoint-
mediated opportunities for repair, recovery, and event completion without the need
for an irreversible commitment to programmed cell death (apoptosis). The emergence
of neoplasia with the loss of spatial control of growth and the temporal control of
proliferation invariably reflects a dysregulation of the cell cycle.

1.3.1 Key CeLL CycLe COMPONENTS

The cyclin family of proteins, structurally identified by their conserved “cyclin box”
regions, are the regulatory subunits of the holoenzyme CDK complexes — responsible
for guiding cell cycle traverse. In general schemes, holoenzyme function and longevity
is modulated by kinases, phosphatases, and cyclin dynamics. Thus, CDK activity
per se is controlled by: (1) the expression levels balanced by directed destruction via
ubiquitination pathways and the subcellular location of cyclins, (2) the association
with members of two families of cyclin-dependent kinase inhibitors (CDKIs), including
p16 (INK4a), p15 (INK4b), p21 (CIP1), p27 (KIP1), and p57 (KIP2), (3) the addition
of inhibitory phosphates, and (4) the dephosphorylation of a conserved threonine
residue in the T-loop (Lee and Yang, 2001). Understanding the interplay of phospho-
rylation will continue to be enhanced by the introduction of approaches such as
phosphoproteomic fingerprinting (Lim et al., 2003) and system-level approaches for
the quantification of protein phosphorylation stoichiometry (Steen et al., 2005).

The broad-acting CDK inhibitor p21(WAF1) is an example of a naturally occur-
ring braking system for the cell cycle, playing a physiological role in cell cycle
regulation for self-renewing tissues such as oral mucosa and skin (Weinberg and
Denning, 2002). p21(WAF1) also occupies a central position in regulating the cell
cycle under stress, integrating genotoxic insults into competing growth arrest and
apoptotic signals and providing a means of determining cell fate within cell popu-
lations (Perkins, 2002). Significant advances are being made at a systems level, in
understanding how stress signals are integrated with the proliferation regulation, by
the use of microarray approaches to track the genomewide responses to DNA-
damaging agents in bacteria, yeast, and mammalian systems (Fry et al., 2005).
Importantly, not all CDK family members are obligate direct regulators of the cell
cycle; rather, they may act by influencing transcription (e.g., CDK7, CDKS, and
CDKD9) and their roles are not yet fully understood, for example, in neuronal and
secretory cell function (CDKS5) (Sausville, 2002).

Deregulation of CDK activity is linked to changes in cell proliferation and
the emergence of cancer. Overexpression of positive regulators (e.g., cyclins) or
the underexpression of negative regulators (e.g., CKIs) can subvert the cell cycle.
It is clear that cell cycle regulatory proteins can act as oncogenes or tumor
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suppressor genes, or are closely associated with the transformation process. Func-
tional defects in cell cycle transitions, as highlighted by the G,/S abnormalities in
breast cancer (Landberg, 2002), are readily demonstrable in cancer cell lines in vitro.
A recent census of the complete human gene set, as revealed by the human genome
sequence, indicates that mutations in more than 1% of genes contribute to human
cancer (Futreal et al., 2004). Of the 291 cancer genes reported in that census, about
90% show somatic mutations in cancer, 20% show germline mutations, and 10%
show both (Futreal et al., 2004). The identified cancer genes were often found to
encode protein kinase, DNA binding, or transcriptional regulation domains. As new
relationships are established between cancer genes, opportunities for cancer-targeting
agents increase while the difficulty in understanding their logical application becomes
compounded.

1.3.2 CDKs aAND CDK-LINKED TARGETS

Many human cancers sustain mutations that alter the function of the retinoblastoma
tumor suppressor protein (Rb) or the p53 transcription factor by direct mutation of gene
sequences or by targeting genes that act epistatically to prevent their normal function
(Nabel, 2002). A central role for a compromised Rb pathway in many human cancers
has underpinned the concept of CDK hyperactivation (Senderowicz, 2005) and has
driven the search for novel direct and indirect CDK inhibitors, with the first two direct
CDK inhibitors tested in clinical trials being flavopiridol and UCN-01 (Senderowicz,
2002). X-ray crystal structures of the catalytically active and inactive forms of cdk2 and
the crystal structures of a number of key inhibitors bound to their CDK targets have
been used to inform structure—activity relationships and to further guide the design of
more potent and selective inhibitors (Hardcastle et al., 2002; Furet, 2003).

Currently, there is an expanding therapeutic horizon for small molecule inhibitors
of CDKSs beyond that readily envisaged for neoplasia (see review, see Knockaert
et al., 2002). For example, degenerative, nonneoplastic disease processes may also call
upon the dysregulated CDK function. In Alzheimer’s disease (AD) brain, the micro-
tubule-associated protein tau is hyperphosphorylated at specific epitopes and abnor-
mally aggregates into filamentous structures. A CDK inhibitor was found to reduce
cell death induced by the topoisomerase I inhibitor camptothecin in a differentiated cell
system, with evidence that increased tau phosphorylation is a generalized outcome
of the apoptotic processes in neuron-related cells, and that CDKs probably play a
role in this process (Mookherjee and Johnson, 2001). A specific role for cyclin-
dependent kinase-5 (CDKSY) in tau phosphorylation has also been suggested as a con-
tributing factor to the pathogenesis of AD. In AD brains CDKS and the activator p25
are colocalized with neurofibrillary tangles, driving a search for brain-permeable CDKS5
inhibitors as therapeutic agents (Tsai et al., 2004).

At the physiological level the process of tissue remodeling is essential to the
survival of adult organs. The treatment of “remodeling” dysfunctions may also offer
opportunities for molecules that target CDKSs or their normal endogenous inhibitors
(CKIs) (Nabel, 2002). Furthermore, because CDKSs are required for replication of
viruses that do so only in dividing cells, such as adeno- and papillomaviruses, they
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are legitimate targets for antiviral drugs that have activity in vivo at nontoxic doses
(Schlang, 2002). Accordingly, agents are currently being evaluated not only in the
management of cancer but also for alopecia, neurodegenerative disorders (e.g.,
amyotrophic lateral sclerosis, stroke, and AD), cardiovascular disorders (e.g., athero-
sclerosis and restenosis), glomerulonephritis, viral infections (e.g., HCMV, HIV, and
HSV), and diseases caused by parasitic protozoa (Plasmodium sp. and Leishmania sp.)
(Knockaert et al., 2002).

Many biological pathways demand the controlled destruction of members as
part of regulatory loops and the ubiquitin ligases serve a vital role in this process.
The ligases target specific proteins for timely destruction and are tightly regulated
by extracellular stimuli (Gao and Karin, 2005), as seen in MHC Class I antigen
processing. Cell cycle transitions are driven by waves of ubiquitin-dependent degra-
dation of the key cell cycle regulators. A number of oncoproteins and tumor sup-
pressor proteins, including MDM2, Skp2, pVHL, APC, and Cdc4, are components
of ubiquitin ligase complexes (Harris and Levine, 2005). Polyubiquitinated target
proteins are recognized and processed by the 26S proteosome organelle, resulting
in protein turnover and ubiquitin recycling (Mani and Gelmann, 2005). Recognition
involves diverse ubiquitin receptors (Elsasser and Finley, 2005). Histone ubiquitination
promotes chromatin relaxation and transcription complex assembly (Dhananjayan
et al., 2005) and therefore impacts chromatin remodeling (Kinyamu et al., 2005). The
profile of the ubiquitin—proteasome system in cancer is increasing (Devoy et al.,
2005), and its role in cell cycle control is central to this mounting interest (Hershko,
2005; Ciechanover, 2005).

Two major classes of ubiquitin ligases are the metaphase/anaphase cell-cycle-
transition-linked anaphase-promoting complexes (APCs) and the G1/S-transition-
linked SCF (Skp1—Cullin—F-box protein) complexes (Vanoosthuyse and Hardwick,
2005; Fung and Poon, 2005; Ang and Wade Harper, 2005; Nakayama and Nakayama,
2005). The principal targets for the APC are involved in chromatid separation
(securin) and exit from mitosis (cyclin B). Although this role of the APC in mitosis
is relatively clear, there is mounting evidence that APCs containing Cdhl
(APC(CDH1)) may also have a function in the G1 phase of the cell cycle (Wei et al.,
2004). The major target of the Skp1/Cull/Skp2 (SCF(SKP2)) complex is thought
to be the CKI p27 during S phase. Importantly, proteosome inhibitors have therapeutic
potential (Zavrski et al., 2005; Mitsiades et al., 2005; Chauhan et al., 2005). A recently
developed agent, bortezomib (Velcade; Millennium Pharmaceuticals Inc.), has been
found to interfere with ubiquitin—proteasome complex dynamics, causing breakdown
of cell cycle regulators and cell cycle arrest (Dubey and Schiller, 2005).

1.3.3 CycLe ARResT AND CELL DEATH

In terms of tumor growth arrest and ablation, the ability of a CDK inhibitor to induce
cycle arrest or cell death is critical. The discrete mechanisms by which these effects
are engaged are still not clear and depend on the tumor cell type under study.
Conceptually, direct CDK inhibitors target the ATP-binding site of the kinase,
whereas indirect inhibitors interfere with the upstream pathways required for CDK



8 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

activation (Senderowicz, 2003). The direct acting agent flavopiridol has a wide
spectrum of activity against CDKs and is capable of inducing cell cycle arrest and
apoptosis in various tumor cells in vitro and in vivo (Schrump et al., 1998; Shapiro
et al., 1999). Flavopiridol’s capacity to halt transcriptional elongation and cause
more subtle shifts in cellular behavior, such as new blood vessel generation and
differentiation induction, complicates its inclusion in coherent strategies for CDK
modulation (Senderowicz, 2003).

The linkage between the cell-cycle-arresting properties of flavopiridol and its
capacity to induce cell death is not obligatory (Schwartz, 2002; Mayer et al., 2005).
For example, there is evidence that flavopiridol induction of cell death in small cell
lung cancer appears to target S phase without a requirement for a severe arrest of
cell cycle traverse (Litz et al., 2003). The cell cycle effects of flavopiridol may have
an impact on responses to other agents. The S phase depletion in concert with an
accumulation of cells in G, and G, for treated ovarian carcinoma cells (24 h exposure
to 300 nM flavopiridol) has been proposed as a contributing mechanism in flavopiridol-
induced cell radiosensitivity (Raju et al., 2003). As new agents are developed, there
will be a constant need to explore the cycle-modulating activities of a candidate agent
in relationship with the triggering of cell death pathways. CYC202 (R-roscovitine)
is an example of a more recently investigated CDK inhibitor, showing a potent
inhibition of recombinant CDK?2/cyclin E kinase activity (IC5, = 0.10 uM) (McClue
et al., 2002). Against a panel of human tumor cell lines, CYC202 shows an average
cytotoxicity of 15.2 uM (ICs;) (McClue et al., 2002). CYC202 causes a substantial
increase in p53 levels in competent cells, with a reciprocal effect of an endogenous
caspase inhibitor (Mohapatra et al., 2005). The agent induces apoptosis in tumor
cells (Hahntow et al., 2004) and normal cells in a proliferation-dependent manner
(Atanasova et al., 2005). However, the pan-cell cycle capacity of CYC202 to
induce cell death does not correspond with a predictive targeting of one part of the
cycle (McClue et al., 2002), reenforcing ambivalence in the relationship between
cycle arrest and the triggering of cell death (Schwartz, 2002).

1.4 CHALLENGES FOR TRACKING CELL CYCLE PROGRESSION
AND KEY COMPONENT ACTIVITY

Accurate, noninvasive dynamic monitoring of cell cycle position of individual live
cells is very valuable in the exploration of novel and potentially multiple pharmaco-
dynamic actions of CDK inhibitors for in vitro drug-screening programs. The ability
to dynamically monitor single-cell responses addresses the confounding effects of
asynchronous populations and heterogeneity in response pathways. These responses
may be invisible to methods that report population “snapshots” of the very limited
number of informative cells exhibiting transient expression at any one time. Kinetic cell
cycle tracking provides a method of connecting cellular events, in which a checkpoint
history can be linked with delayed downstream outcomes. This type of analysis
also helps the identification of the operation, abrogation, or bypass of a checkpoint.
The retention of live cell function optimizes the potential for multiplexing with
other biochemical assays to determine the effect of cell cycle status on putatively
disparate cellular processes. In the following text we describe a conventional
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approach, as well as new ones, to the tracking of CDK-related events in live cells
in vitro and in vivo.

1.4.1 S PHASE TRACKING IN VITRO AND IN VIVO

Functional analyses for cell cycle progression, such as bromodeoxyuridine incorpo-
ration, provide important tools in the study of CDK inhibitors (Senderowicz, 2004).
Bromodeoxyuridine incorporation for S phase tracking is a standard experimental
approach permitting the retrospective analysis of cells labeled in vitro for cell cycle
distribution and checkpoint function (Heinrich et al., 2006). The effects of the CDK
inhibitors olomoucine and roscovitine on cell kinetics have been analyzed using
pulse/chase labeling with bromodeoxyuridine, revealing dose-dependent inhibitions
of G1/S phase progression and the exit from G, (Schutte et al., 1997). The ability
to in vivo label cellular subpopulations with bromodeoxyuridine has been used to
investigate tumor cell kinetics (for example, Zackrisson et al., 2002) and more
recently stem cell behavior (Pang et al., 2003).

1.4.2 Live CeLL IN viTRO CELL CYCLE TRACKING

The proliferative status of cells can be tracked by observing cyclin profiles (Widrow
etal., 1997). It is generally viewed that cyclin B1 levels accumulate as cells progress
through S phase and reach their maximal levels at mitosis but are effectively absent
in G1 phase cells. Overexpression of cyclin B1 in tumor cells may be an indicator
of risk of locoregional recurrence and metastasis (Hassan et al., 2002), and unsche-
duled expression has been noted in the G1 phase in breast cancer cells from patient
tissues and in lymphocytes from patients with leukemia (Shen et al., 2004).
Figure 1.1 shows the visualization of cellular progression through the cell cycle
as tracked by the expression of a fluorescently tagged cyclin reporter. This nontoxic
molecular probe changes its expression in specific temporal windows, because it
comprises a green fluorescent protein (GFP) (Tsien, 1998; Steff et al., 2001) under
the control of a key cell cycle regulator (Thomas and Goodyer, 2003). The reporter
system depends on the control of the expression levels and location of GFP as a cell
progresses to the later cell cycle stages and negotiates mitotic entry and exit. This
is achieved by using the functional components from cyclin B1 (Clute and Pines,
1999; Hagting et al., 1998, 1999) that regulate reporter expression (promoter region),
removal via the destruction box (D-box), and translocation from the cytoplasm to
the nucleus compartment via the cytoplasmic retention signal (CRS). Cyclin B1
expression is tightly regulated and acts as a major control switch suitable for following
the transition from S phase through the G, phase into mitosis (Takizawa and Morgan,
2000). During interphase, cyclin B1 shuttles in between the nucleus and the cyto-
plasm because constitutive nuclear import is counteracted by rapid nuclear export.
During prophase, five serine residues (predominantly S126 in late G2/M) within the
CRS are phosphorylated. Phosphorylation of regions within the CRS decreases
nuclear export and increases the rate of nuclear import, leading to accumulation of cyclin
B1 in the nucleus (Hagting et al., 1999). The accumulation of cyclin B1 in the nucleus
occurs approximately 10 min before breakdown of the nuclear envelope. The D-box
represents the N-terminal domain of mitotic cyclins containing a conserved 9 amino
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FIGURE 1.1 Diagrammatic representation of the mammalian mitotic cell cycle indicating the
relative expression of a GFP/cyclin B1 fluorescent reporter stably transfected and expressed into
the human osteosarcoma cell line U-2 OS. GFP/cyclin B1 expression increases during cell cycle
traverse from G1 phase (0.0 h) to mitosis (23.0 h); upon commitment to mitosis the cyclin B1
reporter translocates to the nucleus (at 22.67 h). The cyclin expression is tracked for the outlined
cell and measured at a given time point from the start of the cell cycle (Oh). The inset trace shows
the mean fluorescence intensity of the GFP/cyclin B1 reporter for a complete cell cycle traverse.

acid motif (RTALGDIGN) and is necessary for cyclin ubiquitination and subsequent
degradation. Although the deletion of the N-terminal region does not interfere with
the capacity of mitotic cyclins to activate CDC2 and drive the cells into mitosis,
these mutations dominantly arrest cell division in telophase. Grafting of the cyclin
B D-box onto otherwise stable proteins results in fused proteins becoming
unstable in mitosis (i.e., the D-box is portable). However, Yamano et al. (1998)
have demonstrated that insertion of the D-box itself was not sufficient for degradation
of cyclin B and that inclusion of lysines flanking the D-box is necessary for efficient
degradation. Importantly, because the cyclin B1/CDKI1 binding site is absent, this
reporter does not interfere with or perturb cell cycle progress; thus, it is thought that
this is a nonperturbing cell cycle sensor (Thomas et al., 2005).

The reporter can be stably expressed through many generations and obviates the
need for cell synchronization, which was previously mandatory for analysis of
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heterogeneous responses within a complex population. Earlier (Marin and Bender,
1966; Hurwitz and Tolmach, 1969a, 1969b; Thompson and Suit, 1969; Thompson
and Suit, 1967; Hopwood and Tolmach, 1971) and more recent (Forrester et al.,
1999; Forrester et al., 2000; Chu et al., 2002; Chu et al., 2004) studies have revealed
the value of individual cell tracking by the use of video time lapse to reveal the
complex time course of cell cycle delay, arrest, mitotic catastrophe, apoptosis, and
clonogenic potential. Premitotic cell cycle events can now be tracked in parallel with
morphologically recognizable changes associated with mitosis in live cells using
transmission and fluorescence time-lapse microscopy of cells stably transfected with
the cyclin B1/GFP reporter construct (Thomas and Goodyer, 2003; Thomas, 2003;
Thomas et al., 2005). Global time-lapse analyses can be performed on U-2 OS cells
ex to candidate agents to track lineages of up to five generations, permitting early
event linkage with conventional clonogenic assay results.

Figure 1.1 shows the changes in expression levels of cyclin B1-GFP stably
expressed in human osteosarcoma cells (U-2 OS cell line) as an untreated control
cell negotiates cell cycle traverse. Unlike most human carcinoma cell lines, U-2 OS
expresses wild-type pS3 (Landers et al., 1997). The U-20S cancer cell line is aberrant
for p16 (INK4A) but is wild type for the retinoblastoma gene product (pRb), in keeping
with MCF-7 breast cancer cells (Craig et al., 1998). Similar to MCF-7 cells, U-2
OS osteosarcoma cells are known to be functional for DNA-damage-induced tran-
scriptional activation of p53 through phosphorylation at Ser15 (Florenes et al., 1994).
Previous work has also shown that U-2 OS cells express the expected mitotic arrest
responses and coordinated changes in cyclin B1/CDC2 kinase activity when exposed
to a mitotic spindle checkpoint (MSC) activator (Raj et al., 2001). The MSC is
therefore functional in U-2 OS cells (Seong et al., 2002), suggesting that rate of
mitotic traverse could also report checkpoint activation. Recent work has however
underlined the potential delay in the engagement of apoptosis after cells exit from
a compromised mitosis (Allman et al., 2003), indicating the need to track outcome
of mitotic events over extended periods (Marquez et al., 2003).

1.4.3 IN vivo CeLL-CYCLE-TRACKING TECHNOLOGIES

Combining the GFP reporting technology with simultaneous live cell DNA content
analysis or nuclear discrimination provides a flexible, extended map for cell cycle
characterization. This includes the marking of the nuclear compartment, which is
useful in the identification of cyclin B1 translocation as an indicator of mitotic
commitment. The characteristics of GFP demand the application of a red-shifted
fluorescent cell-permeable DNA/nuclear reporter to minimize spectral overlap. We
have developed a solution using a novel far-red DNA dye DRAQS (Smith et al,,
2000). The dye can rapidly report cellular DNA content of live cells at a resolution
adequate for cell cycle analysis. The cell cycle can be segmented into G1, S phase,
and G2 or their subcompartments according to relative GFP expression using the
correlated DRAQS signal as analyzed by multiparameter flow cytometry (Figure 1.2).
Combining GFP reporting technology and flow cytometry with an in vivo hollow fiber
containment of defined tumor and tumor/stroma populations (Shnyder et al., 2005)
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FIGURE 1.2 A multiparameter FACS analysis of DNA content (DRAQS fluorescent dye
labeling) versus the expression of the GFP/cyclin B1 reporter, revealing the pattern of increase
in reporter expression as DNA content, and hence cell cycle position, increases.

would provide a route for the rapid ex vivo analysis of cell cycle perturbation for
cells treated with CDK inhibitors in vivo.

Understanding the complex dynamics of inhibitor targeting in vivo requires new
solutions. Recently a p27Luciferase fusion protein has been used to monitor CDK2
activity both in vitro and in vivo (Zhang et al., 2004) with options for reporter
validation in cell culture using siRNA against CDK2 (or its partner cyclin A). A
significant advance is the ability to image cells producing p27-Luc grown in trans-
parent hollow fibers in nude mice after treatment with CDK2 inhibitory drugs in
vivo (Zhang and Kaelin, 2005). However, although the tracking of the hollow fiber/in
vivo action of a candidate agent is an important step, the response at critical tumor
cell “homing” sites remains a significant challenge. The assessment of the chemosen-
sitivity of micrometastases represents an important hurdle for the development of
new therapeutic approaches. Protocols have been described for the use of GFP-
tagged micrometastasis tumor models combined with noninvasive detection devices
(Nakanishi et al., 2005). Xenograft mouse models of human breast cancer based on
luciferase-expressing MDA-MB-231 tumor cells that show metastasis to clinically
relevant tissues, have been used to provide in vivo monitoring of both primary and
secondary tumor sites using bioluminescence imaging (Jenkins et al., 2005), over-
coming the considerable problems of excitation-dependent fluorescence methods.

1.5 METASTASIS

As primary and secondary tumor sites become more accessible to detection and
analysis, it will become increasingly important to understand the contribution of
CDK inhibitors in the control of early phase and ongoing spread of neoplastic
disease, that is, metastasis. We continue to be disadvantaged in this because the
underlying processes governing the various patterns of metastasis observed in dif-
ferent tumor types remain unclear.
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1.5.1 METAsTAsis: A MuULTISTEP CASCADE

Metastasis can be considered as a multistep cascade. Early changes in specific
integrin signals appear to enable cancer cells to detach from neighboring cells,
facilitate matrix remodeling, and reorient their polarity during migration (Guo and
Giancotti, 2004). As the metastatic process continues, integrin-mediated formation
of microemboli — composed of tumor cells, platelets, and leukocytes — enable the
docking of tumor cells to the endothelium and extravasation at a metastatic site (Guo
and Giancotti, 2004). Studies on disseminated tumor cells found in the bone marrow
of patients with various types of solid tumors, including lung tumors, suggest that
the cells seem to first disseminate from the early primary lesions and then acquire
additional genetic defects (Pantel and Brakenhoff, 2004). The amalgamation of
intravital imaging and gene expression profiling methods has started to place into
context behavioral processes occurring at early invasion stages (Wang et al., 2005).
Such approaches have highlighted the role of enhanced motility for successful tumor
cell invasion of the microenvironment (Condeelis and Segall, 2003).

Cytoplasmic localization of p21 (CIP1) and p27 (KIP1) is associated with high
tumor grade, tumor cell invasiveness, and metastasis; the function of CKIs of the
CIP/KIP family, for example, is potentially modulated by cytoplasmic relocation
rather than gene mutation per se. At this location they may act to regulate cytoskeletal
functions rather than the cell cycle per se (see review: Besson et al., 2004). These
alternative CKI functions, acting in the cytoplasm to regulate small GTPase (e.g.,
Rho) signaling, provide a new therapeutic target for the modulation of changes in
cytoskeletal organization and the accompanying changes of cell migration (Besson
et al., 2004). Recent work has revealed that a kinase-independent function of Raf-1
may be to act as a spatial regulator of Rho downstream signaling during migration
(Ehrenreiter et al., 2005).

The opportunities for the rational development of antimetastasis drugs essentially
began with the description of a metastasis suppressor gene nm23 (Steeg et al., 1988).
Confirmed metastasis suppressors (see Steeg et al., 2003; Steeg, 2004) include:
Nm23, differentiation-related gene (Drg-1), Src-suppressed C Kinase substrate
(SSeCKs), Vitamin D, upregulated protein 1 (VDUP), the CRSP3 transcriptional
coactivator, mitogen-activated protein kinase kinase 4, Raf kinase inhibitor Rkip,
RhoGDI2, Brmsl1, Kiss-1 (metastin), Claudin-4, and Kail. Most of these metastasis
suppressor genes encode cell signaling products and are expressed during embryonic
development, yet appear to have noimpact on in vitro proliferation or primary tumor
size. Novel mechanisms by which suppressors may act include transcriptional repres-
sion through an impact on chromatin remodeling. For example, the breast cancer
metastasis suppressor 1 (BRMS1) suppresses metastasis of multiple human and
murine cancer cells without inhibiting tumorigenicity, potentially operating through
histone deacetylase complexes (Meehan et al., 2004).

1.5.2 METASTASIS AND PHENOTYPIC PLASTICITY

The importance of genetic changes in neoplastic progression is well recognized and
has been highlighted by the drive for the development of animal models for the
reiteration of critical steps. For example, the inactivation of both Rb1 and p53 were



14 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

found to be prerequisites for the pathogenesis and high incidence of aggressive lung
tumors with striking morphologic and immunophenotypic similarities to SCLC
(small cell lung cancer): diffuse spread through the lung and propensity for extra-
pulmonary metastasis (Meuwissen et al., 2003; Meuwissen and Berns, 2005). The
proposal has been made that gain of cytoplasmic CKI function might also be involved
in the process of tumor invasion and metastasis (Besson et al., 2004).

Ramaswamy et al. (2003; see also Pan et al., 2005) have suggested that metastatic
potential of human tumors appears to be encoded in the bulk of the primary tumor,
challenging the concept that metastases arise from rare cells at a primary site. Despite
the consensus that malignant tumor progression represents a ratchet of genetic
alterations, it is often found that metastases of carcinomas recapitulate the organi-
zation of their primary tumors, exhibiting a degree of plasticity. This has led to the
suggestion that human tumor progression and metastasis may be underpinned by
the behavior of migrating and phenotypically plastic cancer stem cells (Brabletz et al.,
2005). Epithelial mesenchymal transitions occur during embryo development,
although restrictive mechanisms that prevent such cellular transitions are thought to
operate in adult tissues (Prindull and Zipori, 2004). It has been suggested that
reversible transitions may not only enable the development of embryonic stem (ES)
cells to adult stem cells (hematopoietic stem cells) but also, through the fundamental
property of plasticity, facilitate metastatic spread and the progression of microme-
tastases when restrictive mechanisms fail (Prindull, 2005).

Behavioral transformations of cells, reflecting phenotypic plasticity, characterize
embryogenesis, wound healing, physiological adaptation, and neoplasia (Eyden,
2004; Jechlinger et al., 2003; Griinert et al., 2003). Limiting the plasticity envelope,
and thereby the potential for variant generation, using containment therapies is
intuitively a route for controlling neoplastic progression but demands favorable cell
population dynamics and in any case would need to be integrated with surgical,
cytotoxic, or novel tumor eradication regimens. However, for effective therapeutic
intervention, attention is also being drawn to the later stages of the metastatic cascade
in which the location of micrometastases is not merely determined by blood flow
patterns, but also by the active participation of the tissues to which cancer cells
appear to be drawn. This view has been strengthened by the assignment of new
biological roles for chemokine receptors in assisting the spread of primary tumors
to distant secondary sites.

The dynamic relationship between the G-protein-coupled seven-span transmem-
brane receptor CXCR4 and the alpha-chemokine stromal-derived factor (SDF-
1/CXCL12) is thought to be an important regulator of trafficking of both normal and
cancer stem cells (Kucia et al., 2005). For example, there is growing evidence that the
CXCR4 extravasation response to CXCL12 regulates migration and homing of detached
cells in a variety of cancers including SCLC-stimulating cell motility, invasion, survival,
and proliferation at metastatic sites (Marchesi et al., 2004). Using in vivo biolumines-
cence imaging of metastasis in a mouse lung model, inhibition of CXCR4 has revealed
arole for the chemokine receptor in regulating the growth of both primary and metastatic
breast cancer (Smith et al., 2004). Interestingly, the chemokine receptors CCRS and
CXCR4 serve as coreceptors for the human immunodeficiency virus 1 (HIV-1) and
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FIGURE 1.3 Scanning electron microscopy images of small cell lung carcinoma NCI-H69
cells demonstrating the adherent and nonadherent (prometastatic) in vitro phenotypes.

thus are also important cellular components during HIV-1 cell entry (Bachmann and
Gamper, 2005); they have therefore become foci for antiviral therapies.

1.5.3 METastasis AND CeLL CyciLe RecutaTioN: SCLC

The balance between drivers for proliferation and metastasis are critical for the potential
effectiveness of CDK targeting. For example, SCLCs show early spread but rarely have
ras mutations, suggesting that ras activation may not confer a growth advantage. SCLC
cell matrix interactions play an important role in defining potential responsiveness to
therapy through integrin-driven effects on cell cycle regulators (Hodkinson et al., 2006).
The in vitro selection of anchorage-independent growth of tumor cells has been used
previously to enhance the invasive potential of SCLC as well as the metastatic potential
of the NCI-H69 cell line (Onn et al., 2003). Adhesion-variant phenotypes can be generated
in culture (Figure 1.3), where the loss of anchorage to a substrate gives rise to prometa-
static behavior. Here we briefly explore the SCLC cell system to profile the impact
selectable phenotypic shifts in cell behaviour on cell cycle targets. Comparing the adherent
and nonadherent phenotypes under conditions of optimal in vitro cell proliferation for
gene expression provides an insight into the potential compensation by the cell cycle
regulatory machinery, including CDK expression, as cells explore prometastatic behavior.

Microarray analysis (Figure 1.4) reveals that there is a significant modulation of only
a small fraction of cell-cycle-related genes, cyclin Al gene expression being reduced in
adherent cells (Figure 1.4). However, there is a relatively unperturbed expression of the
partner CDK2 expression and unchanged expression of other G1/S transition CDK2
partners, including: cyclin A2 (Nigg, 1995), cyclin E1 (Sgambato et al., 2003), and cyclin
E2 (Zariwala et al., 1998). Similarly, no significant changes were found in the gene
expression for the G1/S transition-related CDK4 and partner cyclin D3 (Bartkova et al.,
1998), or CDK7/cyclin H, a regulator of transcription and CDK-activating kinase (CAK)
(Fisher and Morgan, 1994). CDK9 and its binding partner cyclin T1, comprising the
positive elongation factor b (P-TEFb) (Peng et al., 1998), were unchanged, this complex
being highly regulated during differentiation (Napolitano et al., 2003).
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FIGURE 1.4 Relative expression profiles for cell cycle genes comparing adherent and non-
adherent (prometastatic) phenotypes of the small cell lung carcinoma cell line NCI-H69 grown
in vitro. RNA was prepared from exponentially growing culture and gene expression analyzed
using HGU133A2 Affymetrix microarrays. Data were normalized using Agilent Genespring
software. The lines indicate the twofold change threshold. Annotated genes are the signifi-
cantly up- or downregulated genes in adherent cells, as determined by a two-way ANOVA
(p-value .05) and a fold change > 2.

Active cyclin A/CDK2 complexes are thought to be a critical factor for cell
proliferation in human primary lung carcinomas (Shimizu et al., 1997; Dobashi et al.,
1998), with cyclin A and CDK2 being frequently expressed in SCLC with a link
between cyclin A/CDK2 complex expression and higher CDK2 kinase activity
(Dobashi et al., 1998). The activity of CDK4 and CDK?2 is reduced in SCLC cells
undergoing cycle arrest (Ravi et al., 1999). Cultures of both SCLC phenotypes
showed similar cell cycle distributions and proliferation rates, and therefore the
changes in cyclin Al expression do not appear to limit proliferation. A fall in
expression of IL8 was detected, interleukin-8/CXCLS8 being a growth factor for
human lung cancer cells (Figure 1.4; Zhu et al., 2004), suggesting that the adherent
cells may be under reduced, but not limiting, drivers for proliferation. A recent study
has indicated that cyclin-A1-deficient murine cells accumulate in G, and G,/M phase
and that siRNA-mediated silencing of cyclin A1l in highly expressing leukemic cells
significantly slowed S phase entry (Ji et al., 2005). Ji et al. (2005) have suggested
that cyclin A1 might be a therapeutic target because its silencing inhibited leukemia
cell growth. Small molecule targeting of CDK?2 could act to reduce proliferative
potential and may provide a means of reducing proliferation in cells with critical
levels of partner cyclin.
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1.5.4 THERAPEUTIC INTENT AND THE COMPLEXITY
OF DRUG RESISTANCE

The potential for monotherapy or combinations of CDK-targeting agents with other
anticancer agents is clear (Fischer and Gianella-Borradori, 2003) but raises issues
of the recruitment of collateral targets (Kelland, 2000) and drug resistance inter-
actions. A potential for nonspecific action of inhibitors is suggested by the discovery
of the direct binding of flavopiridol to DNA (Bible et al., 2000). Reverse-phase
high-performance liquid chromatography has demonstrated that flavopiridol binds
to genomic DNA to a similar extent as the intercalator ethidium bromide and the
minor groove binding ligand Hoechst 33258 (Bible et al., 2000). Resistance to
flavopiridol has also been noted (Incles et al., 2003). The Goldie—Coldman model
(Goldie and Coldman, 1979) predicts the presence of drug-resistant mutants even
within the 10° neoplastic cells nominally present at diagnosis for treatment-naive
primary tumor sites. This has informed a chemotherapeutic approach of rapidly
alternating the administration of equally effective drugs to prevent clonal resistance
(Goldie et al., 1982; Panetta, 1998). Clonal resistance can occur within a back-
ground of plasticity, enhancing the probability of development of the metastatic
phenotype.

Disappointingly, it is general experience that tumors that respond rapidly to
cytotoxic drugs also relapse rapidly (Epstein, 2005; Sierocki et al., 1979). It is likely
that optimal adjuvant drug therapy will include both induction (“cytotoxic”) and
maintenance components (Epstein, 2005), the latter comprising metastasis-suppressive
maintenance drugs such as histone deacetylase inhibitors (Chiba et al., 2004). One
of the early models that attempted to describe effective adjuvant chemotherapy is
that of Norton and Simon (Norton and Simon, 1986, 1977). They assumed that all
tumor growth, tumor regression, and tumor regrowth is Gompertzian. The Gompertz
model, originally a demographic description of age-dependent mortality rate, has
been the conceptual basis for models of solid tumors (Norton, 1988; Speer et al.,
1984; Norton and Simon, 1977, 1986; Spratt et al., 1993).

According to Gompertzian kinetics, as the tumor becomes smaller its growth
fraction increases and it regrows at a faster rate. Accordingly there is a role for
modified CDK dynamics during the regrowth phase. The Norton—Simon hypothesis,
at variance with the earlier log-cell kill hypothesis (Skipper et al., 1964), suggested
that tumors given less time to regrow between treatments are more likely to be destroyed
if therapeutic intent is to effect cell kill or depopulation. Chemoresistance due to
dormancy or transient cell cycle arrest may be reduced by increasing the frequency
of cytotoxic drug treatment (Norton and Simon, 1977). Thus, a cure will never be
effected if regrowth rate is not matched or exceeded by the rate of cell kill. The
implication for treatment is that the only way to overcome this “kinetic resistance”
barrier is the absolute eradication of every viable micrometastatic cell. Thus, the
intervals between chemotherapy treatment are critical (Clare et al., 2000). Reducing
any ongoing supply of micrometastatic cells would be advantageous while adjuvant
therapies that induced dormancy would act to spare sources of chemoresistance.
A critical question for the use of CDK inhibitors is, therefore, therapeutic intent.
It is likely that CDK inhibitors used in the adjuvant setting could address the



18 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

attainment of induced and maintained dormancy as a positive therapeutic endpoint
(Epstein, 2005).

1.5.5 MATHEMATICAL MODELS

It is likely that intervention is never without unseen and unforeseen consequences.
Indeed, relapse in breast cancer has been attributed to the possible postsurgical stimu-
lation, via angiogenesis, of distant dormant micrometastases (Retsky et al.,1997; Retsky
et al., 2004). Here the hypothesis is that a burst of angiogenesis of distant dormant
micrometastases after surgery provides for increased aggressiveness of the tumor and,
paradoxically, a recruitment into a more chemosensitive state (Retsky et al., 2004).
Epstein (2005) has recently highlighted the experience (Braud et al., 1999) that “... the
relationship between nonresponse to chemotherapy and adverse outcome is far stronger
than that between response and favorable outcome.” One implication is that the metrics
for detection of response, usually favoring the more “active” cytotoxic induction modes
of therapy, may be missing potentially important anticancer effects achieved by non-
cytotoxic maintenance modes of action (Epstein, 2005). How to evolve that view into
coherent strategies for drug screening and development is a current challenge. Under-
standing in this area, in terms of prediction of the dynamics of complex systems, is
being advanced using systems biology approaches to the perturbation of the mammalian
cell cycle and the dynamic responses of targeted populations.

The potential for successful therapeutic intervention in cancer by using CDK
inhibitors — whether acting as antiproliferative agents, engaging novel pathways
for limiting the generation of highly metastatic cells or the maintenance of dormancy —
is likely to depend on our understanding of the initiation time and how candidate
metastatic cells accrue at primary tumor sites and/or continue to evolve their meta-
static potential following intravasation and extravasation. Developing a better under-
standing of the natural history of cancer via mathematical models can suggest more
effective methods of screening and treatment. Although the use of mathematical
models to determine relapse and to predict response to chemotherapy cannot replace
experimental and clinical results, they can both eliminate and suggest strategies
(review: Clare et al., 2000). There have been attempts to model the dynamics of
metastatic cell population expansion and inform a rationale for screening to capture
patients with premetastatic lesions (Koscielny et al., 1985). Modified Gompertzian
models allow for stepwise growth patterns with the possibility of dormant phases
associated with limiting processes such as the development of a tumor microvascu-
lature. However, model selection can have a significant effect on the estimation of
the preclinical growth phase (Norton, 1988). Different CDK inhibitor treatment
strategies would be pertinent if a model outcome indicated that there was a high
probability that metastasis has already occurred by primary diagnosis, rather than
if the metastasis were unlikely to have been initiated (Clare et al., 2000).

1.6 CONCLUSIONS

There are new opportunities for combining CDK inhibitors with metastasis-limiting
therapies that do not compromise cell proliferation signals per se. Here, therapeutic
intent is critical in the application of CDK inhibitors, with the likely rise of
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dormancy-inducing strategies for tumors not susceptible to outright eradication
regimens (Uhr et al., 1997; Hedley et al., 2004; Epstein, 2005). A refined model of
primary tumor and metastases growth dynamics, rejecting an exponential growth
assumption, has revealed that metastatic initiation could occur at a tumor volume
of the primary lesion that was only slightly smaller than that at the time of tumor
diagnosis (Koscielny et al., 1985). One implication is that metastasis treatment and
containment therapies will become increasingly important as screening program
evolve and attempt to inform early intervention. New in vivo tracking technologies
for monitoring the action of CDK targeting agents offer solutions in the drug
discovery and development process. It will be exciting to see the application of such
tracking methods to in vivo models of tumors in early phases of progression. CDK
inhibitors offer therapeutic promise at multiple levels as notions of intent and target
are translated into medicines designed for purpose.

ACKNOWLEDGMENTS

The authors acknowledge grant support from the Research Councils U.K. Basic
Technology Research Programme (GR/S23483) and the Biotechnology and Biological
Sciences Research Council (75/E19292). We thank the Medical Microscopy Unit
for the electron microscopy study.

REFERENCES

Allman, R., Errington, R.J., and Smith, P.J. (2003). Delayed expression of apoptosis in human
lymphoma cells undergoing low-dose taxol-induced mitotic stress. Br. J. Cancer 88,
1649-1658.

Ang, X.L. and Wade Harper, J. (2005), SCF-mediated protein degradation and cell cycle
control, Oncogene 24, 2860-2870.

Atanasova, G., Jans, R., Zhelev, N., Mitev, V., and Poumay, Y. (2005). Effects of the cyclin-
dependent kinase inhibitor CYC202 (R-roscovitine) on the physiology of cultured
human keratinocytes. Biochem. Pharmacol. 70, 824-836.

Bachmann, A.S. and Gamper, 1. (2005), Killing two birds with one drug: a new application
for HIV-1 cell entry inhibitors in the treatment of metastatic cancer. Hawaii Med. J.
64, 220-223.

Bartkova, J., Lukas, J., Strauss, M., and Bartek, J. (1998). Cyclin D3: requirement for G1/S
transition and high abundance in quiescent tissues suggest a dual role in proliferation
and differentiation. Oncogene 17, 1027-1037.

Besson, A., Assoian, R.K., and Roberts, J.M. (2004). Regulation of the cytoskeleton: an
oncogenic function for CDK inhibitors? Nat. Rev. Cancer 4, 948-955.

Bible, K.C., Bible, R.H., Jr., Kottke, T.J., Svingen, P.A., Xu, K., Pang, Y.P., Hajdu, E., and
Kaufmann, S.H. (2000). Flavopiridol binds to duplex DNA. Cancer Res. 60,
2419-2428.

Blagden, S. and de Bono, J. (2005). Drugging cell cycle kinases in cancer therapy. Curr. Drug
Targets 6, 325-335.

Brabletz, T., Jung, A., Spaderna, S., Hlubek, F., and Kirchner, T. (2005). Opinion: migrating
cancer stem cells — an integrated concept of malignant tumour progression. Nat.
Rev. Cancer 5, 744-749.



20 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

Braud, A.C., Asselain, B., Scholl, S., De La Rochefordiere, A., Palangie, T., Dieras, V., Pierga,
J.Y., Dorval, T., Jouve, M., Beuzeboc, P., and Pouillart, P. (1999). Neoadjuvant
chemotherapy in young breast cancer patients: correlation between response and
relapse? Eur J. Cancer 35, 392-397.

Chauhan, D., Hideshima, T., and Anderson, K.C. (2005). Proteasome inhibition in multiple
myeloma: therapeutic implication. Annu. Rev. Pharmacol. Toxicol. 45, 465-476.

Chiba, T., Yokosuka, O., Fukai, K., Kojima, H., Tada, M., Arai, M., Imazeki, F., and Saisho,
H. (2004). Cell growth inhibition and gene expression induced by the histone deacety-
lase inhibitor trichostatin A on human hepatoma cells. Oncology 66, 481-491.

Chu, K., Leonhardt, E.A., Trinh, M., Prieur-Carrillo, G., Lindqvist, J., Albright, N., Ling,
C.C., and Dewey, W.C. (2002). Computerized video time-lapse (CVTL) analysis of
cell death kinetics in human bladder carcinoma cells (EJ30) X-irradiated in different
phases of the cell cycle. Radiat. Res. 158, 667-677.

Chu, K., Teele, N., Dewey, M.W., Albright, N., and Dewey, W.C. (2004). Computerized video
time lapse study of cell cycle delay and arrest, mitotic catastrophe, apoptosis and
clonogenic survival in irradiated 14-3-3sigma and CDKN1A (p21) knockout cell
lines. Radiat. Res. 162, 270-286.

Ciechanover, A. (2005). Intracellular protein degradation: from a vague idea thru the lysosome
and the ubiquitin-proteasome system and onto human diseases and drug targeting.
Cell Death Differ. 12, 1178—1190.

Clare, S.E., Nakhlis, F., and Panetta JC. (2000). Molecular biology of breast cancer metastasis:
the use of mathematical models to determine relapse and to predict response to
chemotherapy in breast cancer. Breast Cancer Res. 2, 430—435.

Clute, P. and Pines, J., (1999). Temporal and spatial control of cyclin B1 destruction in
metaphase, Nat. Cell Biol. 1, 82-87.

Condeelis, J. and Segall, J.E. (2003). Intravital imaging of cell movement in tumours. Nat.
Rev. Cancer 3, 921-930.

Conlon, 1. and Raff, M. (2003). Differences in the way a mammalian cell and yeast cells
coordinate cell growth and cell-cycle progression. J. Biol. (published online) 2(1), 7.

Craig, C., Kim, M., Ohri, E., Wersto, R., Katayose, D., Li, Z., Choi, Y.H., Mudahar, B.,
Srivastava, S., Seth, P, and Cowan, K. (1998). Effects of adenovirus-mediated
p16INK4A expression on cell cycle arrest are determined by endogenous p16 and
Rb status in human cancer cells. Oncogene 16, 265-272.

Dai, Y. and Grant, S. (2003). Cyclin-dependent kinase inhibitors. Curr. Opin. Pharmacol. 3,
362-370.

Devoy, A., Soane, T., Welchman, R., and Mayer, R.J. (2005). The ubiquitin-proteasome system
and cancer. Essays Biochem. 41,187-203.

Dhananjayan, S.C., Ismail, A., and Nawaz, Z. (2005). Ubiquitin and control of transcription.
Essays Biochem. 41, 69-80.

Dobashi, Y., Shoji, M., Jiang, S.X., Kobayashi, M., Kawakubo, Y., and Kameya, T. (1998).
Active cyclin A-CDK2 complex, a possible critical factor for cell proliferation in
human primary lung carcinomas. Am. J. Pathol. 153, 963-72.

Dubey, S. and Schiller, J.H. (2005). Three emerging new drugs for NSCLC: pemetrexed,
bortezomib, and cetuximab. Oncologist 10, 282-291.

Ehrenreiter, K., Piazzolla, D., Velamoor, V., Sobczak, I., Small, J.V., Takeda, J., Leung, T.,
and Baccarini, M. (2005). Raf-1 regulates Rho signaling and cell migration. J. Cell
Biol. 168, 955-964.

Eisenbrand, G., Hippe, F., Jakobs, S., and Muehlbeyer, S. (2004). Molecular mechanisms of
indirubin and its derivatives: novel anticancer molecules with their origin in traditional
Chinese phytomedicine. J. Cancer Res. Clin. Oncol. 130, 627-635.



Challenges for CDK Targeting 21

Elsasser, S. and Finley, D. (2005). Delivery of ubiquitinated substrates to protein-unfolding
machines. Nat. Cell Biol. 7, 742-749.

Epstein, R.J. (2005). Maintenance therapy to suppress micrometastasis: the new challenge
for adjuvant cancer treatment. Clin. Cancer Res. 11, 5337-5341.

Eyden, B. (2004). Fibroblast phenotype plasticity: relevance for understanding heterogeneity
in “fibroblastic” tumors. Ultrastruct. Pathol. 28, 307-319.

Fischer, PM. (2004). The use of CDK inhibitors in oncology: a pharmaceutical perspective.
Cell Cycle 3, 742-746.

Fischer, PM. and Gianella-Borradori, A. (2003). CDK inhibitors in clinical development for
the treatment of cancer. Expert Opinion Invest. Drugs 12, 955-970.

Fisher, R.P. and Morgan, D.O. (1994). A novel cyclin associates with MO15/CDK?7 to form
the CDK-activating kinase. Cell 78, 713-724.

Florenes, V.A., Maelandsmo, G.M., Forus, A., Andreassen, A., Myklebost, O., and Fodstad,
0. (1994). MDM2 gene amplification and transcript levels in human sarcomas:
relationship to TP53 gene status. J. Natl. Cancer Inst. 86, 1297-1302.

Forrester, H.B., Albright, N., Ling, C.C., and Dewey, W.C. (2000). Computerized video time-
lapse analysis of apoptosis of REC:Myc cells X-irradiated in different phases of the
cell cycle. Radiat. Res. 154, 625-639.

Forrester, H.B., Vidair, C.A., Albright, N., Ling, C.C., and Dewey, W.C. (1999). Using
computerized video time lapse for quantifying cell death of X-irradiated rat embryo
cells transfected with c-myc or c-Ha-ras. Cancer Res. 59, 931-939.

Fry, R.C., Begley, T.J., and Leona D. Samson. (2005). Genome-wide responses to DNA-
damaging agents. Annu. Rev. Microbiol. 59, 357-377

Fung, T.K. and Poon, R.Y. (2005). A roller coaster ride with the mitotic cyclins. Semin. Cell
Dev. Biol. 16, 335-342.

Furet P. (2003). X-ray crystallographic studies of CDK2, a basis for cyclin-dependent kinase
inhibitor design in anti-cancer drug research. Curr. Med. Chem. — Anti-Cancer
Agents. 3, 15-23.

Futreal, P.A., Coin, L., Marshall, M., Down, T., Hubbard, T., Wooster, R., Rahman, N., and
Stratton, M.R. (2004). A census of human cancer genes. Nat. Rev. Cancer, 4, 177-183.

Gao, M. and Karin, M. (2005). Regulating the regulators: control of protein ubiquitination
and ubiquitin-like modifications by extracellular stimuli. Mol. Cell. 19, 581-593.

Georgi, A.B., Stukenberg, P. T., and Kirschner, M.W. (2002). Timing of events in mitosis.
Current Biology 12, 105-114.

Goldie, J.H., Coldman, A.J., and Gudauskas, G.A. (1982). Rationale for the use of alternating
non-cross-resistant chemotherapy. Cancer Treat. Rep. 66, 439-449.

Goldie, J.H. and Coldman, A.J. (1979). A mathematic model for relating the drug sensitivity
of tumors to their spontaneous mutation rate. Cancer Treat. Rep. 63, 1727-1733.

Griinert, S., Jechlinger, M., and Beug, H. (2003). Diverse cellular and molecular mechanisms
contribute to epithelial plasticity and metastasis. Nat. Rev. Mol. Cell Biol. 4, 657-665.

Guo, W. and Giancotti, FE.G. (2004). Integrin signalling during tumour progression. Nat. Rev.
Mol. Cell Biol. 5, 816-826.

Hagting, A., Jackman, M., Simpson, K., and Pines, J., (1999). Translocation of cyclin B1 to
the nucleus at prophase requires a phosphorylation-dependent nuclear import signal.
Curr. Biol. 9, 680-689.

Hagting, A., Karlsson, C., Clute, P., Jackman, M., and Pines, J., (1998). MPF localization is
controlled by nuclear export, EMBO J., 17, 4127-4138.

Hahntow, L.N., Schneller, F., Oelsner, M., Weick, K., Ringshausen, 1., Fend, F., Peschel, C.,
and Decker, T. (2004). Cyclin-dependent kinase inhibitor Roscovitine induces apop-
tosis in chronic lymphocytic leukemia cells. Leukemia 18, 747-755.



22 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

Hardcastle, I.R., Golding, B.T., and Griffin, R.J. (2002). Designing inhibitors of cyclin-
dependent kinases. Annu. Rev. Pharmacol. Toxicol. 42, 325-348.

Harris, S.L. and Levine, A.J. (2005). The p53 pathway: positive and negative feedback loops.
Oncogene 24, 2899-2908.

Hassan, K.A., Ang, K.K., El-Naggar, A.K., Story, M.D., Lee, J.I., Liu, D., Hong, W.K., and
Mao, L. (2002). Cyclin B1 overexpression and resistance to radiotherapy in head and
neck squamous cell carcinoma. Cancer Res. 62, 6414-6417.

Hedley, B.D., Winquist, E., and Chambers, A.F. (2004). Therapeutic targets for antimetastatic
therapy. Expert Opin. Ther. Targets 8, 527-536.

Heinrich, T., Prowald, C., Friedl, R., Gottwald, B., Kalb, R., Neveling, K., Herterich,
S., Hoehn, H., and Schindler, D. (2006). Exclusion/confirmation of Ataxia-telangiectasia
via cell-cycle testing. Eur. J. Pediatr [Epub ahead of print].

Hershko, A. (2005). The ubiquitin system for protein degradation and some of its roles in the
control of the cell division cycle. Cell Death Differ. 12, 1191-1197.

Hirai, H., Kawanishi, N., and Iwasawa, Y. (2005). Recent advances in the development of
selective small molecule inhibitors for cyclin-dependent kinases. Curr. Top. Med.
Chem. 5, 167-179.

Hodkinson, P.S., Elliott, T., Wong, W.S., Rintoul, R.C., Mackinnon, A.C., Haslett, C., and
Sethi, T. (2006). ECM overrides DNA damage-induced cell cycle arrest and apoptosis
in small-cell lung cancer cells through betal integrin-dependent activation of PI3-
kinase. Cell Death Differ [Epub ahead of print].

Hopwood, L.E. and Tolmach, L.J. (1971). Deficient DNA synthesis and mitotic death in
x-irradiated Hela cells. Radiat. Res. 46, 70-84.

Hurwitz, C. and Tolmach, L.J. (1969a). Time lapse cinemicrographic studies of X-irradiated
HeLa S3 cells I. Cell progression and cell disintegration. Biophys. J. 9, 607-633.

Hurwitz, C. and Tolmach L.J. (1969b). Time-lapse cinemicrograhic studies of X-irradiated
HeLa S3 cells. II. Cell fusion. Biophys. J. 9, 1131-1143.

Huwe, A., Mazitschek, R., and Giannis, A. (2003). Small molecules as inhibitors of cyclin-
dependent kinases. Angew. Chem. Int. Ed. English 42, 2122-2138,

Incles, C.M., Schultes, C.M., Kelland, L.R., and Neidle, S. (2003). Acquired cellular resis-
tance to flavopiridol in a human colon carcinoma cell line involves up-regulation
of the telomerase catalytic subunit and telomere elongation: sensitivity of resistant
cells to combination treatment with a telomerase inhibitor. Mol. Pharmacol. 64,
1101-1108.

Jechlinger, M., Grunert, S., Tamir, .H., Janda, E., Ludemann, S., Waerner, T., Seither, P.,
Weith, A., Beug, H., and Kraut, N. (2003). Expression profiling of epithelial plasticity
in tumor progression. Oncogene 22, 7155-7169.

Jenkins, D.E., Hornig, Y.S., Oei, Y., Dusich, J., and Purchio, T. (2005). Bioluminescent human
breast cancer cell lines that permit rapid and sensitive in vivo detection of mammary
tumors and multiple metastases in immune deficient mice. Breast Cancer Res.
7, R444-R454.

Ji, P., Agrawal, S., Diederichs, S., Baumer, N., Becker, A., Cauvet, T., Kowski, S., Beger,
C., Welte, K., Berdel, WE., Serve, H., and Muller-Tidow, C. (2005). Cyclin A1, the
alternative A-type cyclin, contributes to G1/S cell cycle progression in somatic cells.
Oncogene 24, 2739-2744.

Kelland, L.R. (2000). Flavopiridol, the first cyclin-dependent kinase inhibitor to enter the
clinic: current status. Expert Opin. Invest. Drugs 9, 2903-2911.

Kinyamu, H.K., Chen, J., and Archer, T.K. (2005). Linking the ubiquitin-proteasome pathway
to chromatin remodeling/modification by nuclear receptors. J. Mol. Endocrinol. 34,
281-297.



Challenges for CDK Targeting 23

Knockaert, M., Greengard, P., and Meijer, L. (2002). Pharmacological inhibitors of cyclin-
dependent kinases. Trends Pharmacol. Sci. 23, 417425,

Koscielny, S., Tubiana, M., and Valleron, A.J. (1985). A simulation model of the natural
history of human breast cancer. Br. J. Cancer 52, 515-524.

Kucia, M., Reca, R., Miekus, K., Wanzeck, J., Wojakowski, W., Janowska-Wieczorek, A.,
Ratajczak, J., and Ratajczak, M.Z. (2005). Trafficking of normal stem cells and
metastasis of cancer stem cells involve similar mechanisms: pivotal role of the SDF-
1-CXCR4 axis. Stem Cells 23, 879-894.

Landberg, G. (2002). Multiparameter analyses of cell cycle regulatory proteins in human
breast cancer: a key to definition of separate pathways in tumorigenesis. Adv. Cancer
Res. 84, 35-56.

Landers, J.E., Cassel, S.L., and George, D.L. (1997). Translational enhancement of mdm2
oncogene expression in human tumor cells containing a stabilized wild-type p53
protein. Cancer Res. 57, 3562-3568.

Lau, L.F.,, Seymour, P.A., Sanner, M.A., and Schachter, J.B. (2002). CdkS as a drug target
for the treatment of Alzheimer’s disease. J. Mol. Neurosci. 19, 267-273.

Lee, M.H. and Yang, H.Y. (2001). Negative regulators of cyclin-dependent kinases and their
roles in cancers. Cell. Mol. Life Sci. 58, 1907-1922.

Lim, Y.P, Diong, L.S., Qi, R., Druker, B.J., and Epstein, R.J. (2003). Phosphoproteomic
fingerprinting of EGF signaling and anticancer drug action in human tumor cells.
Mol. Cancer Ther. 2, 1369-1377.

Litz, J., Carlson, P., Warshamana-Greene, G.S., Grant, S., and Krystal, G.W. (2003). Flavopir-
idol potently induces small cell lung cancer apoptosis during S phase in a manner
that involves early mitochondrial dysfunction. Clin. Cancer Res. 9, 4586-4594.

Mani, A. and Gelmann, E.P. (2005). The ubiquitin-proteasome pathway and its role in cancer.
J Clin Oncol. 23, 4776-4789.

Marchesi, F., Monti, P., Leone, B.E., Zerbi, A., Vecchi, A., Piemonti, L., Mantovani, A. and
Allavena, P. (2004). Increased survival, proliferation, and migration in metastatic human
pancreatic tumor cells expressing functional CXCR4. Cancer Res. 64, 8420-8427.

Marin, G. and Bender, M.A. (1966). Radiation-induced mammalian cell death: lapse-time
cinemicrographic observations. Exp. Cell Res. 43, 413-423.

Marquez, N., Chappell, S.C., Sansom, O.J., Clarke, A.R., Court, J., Errington, R.J., and Smith,
P.J. (2003). Single cell tracking reveals that Msh2 is a key component of an early-
acting DNA damage-activated G2 checkpoint. Oncogene 22, 7642—7648.

Mayer, FE., Mueller, S., Malenke, E., Kuczyk, M., Hartmann, J.T., and Bokemeyer, C. (2005).
Induction of apoptosis by flavopiridol unrelated to cell cycle arrest in germ cell tumour
derived cell lines. Invest. New Drugs. 23, 205-211.

McClue, S.J., Blake, D., Clarke, R., Cowan, A., Cummings, L., Fischer, PM., MacKenzie,
M., Melville, J., Stewart, K., Wang, S., Zhelev, N., Zheleva, D., Lane, D.P. (2002).
In vitro and in vivo antitumor properties of the cyclin dependent kinase inhibitor
CYC202 (R-roscovitine). Int. J. Cancer. 102, 463-468.

Meehan, W.J., Samant, R.S., Hopper, J.E., Carrozza, M.J., Shevde, L.A., Workman, J.L., Eckert,
K.A., Verderame, M.F,, Welch, D,R. (2004). Breast cancer metastasis suppressor 1
(BRMS1) forms complexes with retinoblastoma-binding protein 1 (RBP1) and the mSin3
histone deacetylase complex and represses transcription. J. Biol Chem. 279, 1562—15609.

Meuwissen, R. and Berns, A. (2005). Mouse models for human lung cancer. Genes Dev. 19,
643-664.

Meuwissen, R., Linn, S.C., Linnoila, R.I., Zevenhoven, J., Mooi, W.J., and Berns, A. (2003).
Induction of small cell lung cancer by somatic inactivation of both Trp53 and Rbl
in a conditional mouse model. Cancer Cell 4, 181-189.



24 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

Mitsiades, C.S., Mitsiades, N., Hideshima, T., Richardson, P.G., and Anderson, K.C. (2005).
Proteasome inhibitors as therapeutics. Essays Biochem. 41, 205-218.

Mohapatra, S., Chu, B., Zhao, X., and Pledger, W.J. (2005). Accumulation of p53 and
reductions in XIAP abundance promote the apoptosis of prostate cancer cells. Cancer
Res. 65, 7717-7723.

Mookherjee, P. and Johnson, G.V. (2001). Tau phosphorylation during apoptosis of human
SH-SYS5Y neuroblastoma cells. Brain Res. 921, 31-43.

Nabel, E.G. (2002). CDKs and CKIs: molecular targets for tissue remodelling. Nat. Rev. Drug
Discovery. 1, 587-598.

Nakanishi, H., Ito, S., Mochizuki, Y., and Tatematsu, M. (2005). Evaluation of chemosensi-
tivity of micrometastases with green fluorescent protein gene-tagged tumor models
in mice. Methods Mol. Med. 111, 351-362.

Nakayama, K.I. and Nakayama, K. (2005). Regulation of the cell cycle by SCF-type ubiquitin
ligases. Semin. Cell. Dev. Biol. 16, 323-333.

Napolitano, G., Majello, B., and Lania, L. (2003). Catalytic activity of Cdk9 is required for nuclear
co-localization of the Cdk9/cyclin T1 (P-TEFb) complex. J. Cell. Physiol. 197, 1-7.

Nigg, E.A. (1995). Cyclin-dependent protein kinases: key regulators of the eukaryotic cell
cycle. Bioessays 17, 471-480.

Norton, L. and Simon, R. (1986). The Norton-Simon hypothesis revisited. Cancer Treat. Rep.
70, 163-169.

Norton, L. and Simon, R. (1977). Tumor size, sensitivity to therapy, and design of treatment
schedules. Cancer Treat. Rep. 61, 1307-1317.

Norton, L.A. (1988). Gompertzian model of human breast cancer growth. Cancer Res. 48,
7067-7071.

Onn, A., Isobe, T., Itasaka, S., Wu, W., O’Reilly, M.S., Ki Hong, W., Fidler, 1.J., and Herbst,
R.S. (2003). Development of an orthotopic model to study the biology and therapy
of primary human lung cancer in nude mice. Clin Cancer Res. 9, 5532-5539.

Panetta, J.C. (1998). A mathematical model of drug resisitance: heterogeneous tumors. Math.
Biosci. 147, 41-61.

Pang, L., Reddy, P.V., McAulifte, C.I., Colvin, G., and Quesenberry, P.J. (2003). Studies on BrdU
labeling of hematopoietic cells: stem cells and cell lines. J. Cell. Physiol. 197, 251-260.

Pantel, K. and Brakenhoff, R.H. (2004). Dissecting the metastatic cascade. Nat. Rev. Cancer
4, 448-456.

Pei, X.H. and Xiong, Y. (2005). Biochemical and cellular mechanisms of mammalian CDK
inhibitors: a few unresolved issues. Oncogene 24, 2787-2795.

Peng, J., Marshall, N.F,, and Price, D.H. (1998). Identification of a cyclin subunit required
for the function of Drosophila P-TEFb. J Biol Chem. 273, 13855-13860.

Perkins, N.D. (2002). Not just a CDK inhibitor: regulation of transcription by
p21(WAF1/CIP1/SDI1). Cell Cycle 1, 39-41.

Polymenis, M. and Schmidt, E.V. (1999). Coordination of cell growth with cell division. Curr.
Opin. Genet. Dev. 9, 76-80.

Prindull, G. and Zipori, D. (2004). Environmental guidance of normal and tumor cell plas-
ticity: epithelial mesenchymal transitions as a paradigm. Blood 103, 2892-2899.

Prindull, G. (2005). Hypothesis: cell plasticity, linking embryonal stem cells to adult stem
cell reservoirs and metastatic cancer cells? Exp. Hematol. 33, 738-746.

Raj, K., Ogston, P., and Beard, P. (2001). Virus-mediated killing of cells that lack p53 activity.
Nature 412, 914-917.

Raju, U., Nakata, E., Mason, KA., Ang, KK., and Milas, L. (2003). Flavopiridol, a cyclin-
dependent kinase inhibitor, enhances radiosensitivity of ovarian carcinoma cells.
Cancer Res. 63, 3263-3267.



Challenges for CDK Targeting 25

Ramaswamy, S., Ross, K.N., Lander, E.S. and Golub, T.R. (2003). A molecular signature of
metastasis in primary solid tumors. Nat Genet. 33, 49-54.

Ravi, R.K., Thiagalingam, A., Weber, E., McMahon, M., Nelkin, B.D., and Mabry, M. (1999).
Raf-1 causes growth suppression and alteration of neuroendocrine markers in DMS53
human small-cell lung cancer cells. Am J Respir Cell Mol Biol. 20, 543-549.

Retsky, M., Bonadonna, G., Demicheli, R., Folkman, J., Hrushesky, W., and Valagussa, P.
(2004) Hypothesis: induced angiogenesis after surgery in premenopausal node-positive
breast cancer patients is a major underlying reason why adjuvant chemotherapy works
particularly well for those patients. Breast Cancer Res. 6, R372-R374.

Retsky, M.W., Demicheli, R., Swartzendruber, D.E., Bame, P.D., Wardwell, R.H., Bonadonna,
G., Speer, J.F., and Valagussa, P. (1997). Computer simulation of a breast cancer
metastasis model. Breast Cancer Res. Treat. 45, 193-202.

Sausville, E.A. (2002). Complexities in the development of cyclin-dependent kinase inhibitor
drugs. Trends Mol. Med. 8, S32-S37.

Schang, L.M. (2002). Cyclin-dependent kinases as cellular targets for antiviral drugs. J.
Antimicrob. Chemother. 50, 779-792.

Schrump, D.S., Matthews, W., Chen, G.A., Mixon, A., and Altorki, N.K. (1998). Flavopiridol
mediates cell cycle arrest and apoptosis in esophageal cancer cells. Clin. Cancer Res.
4, 2885-2890.

Schutte, B., Nieland, L., van Engeland, M., Henfling, M.E., Meijer, L., and Ramaekers, F.C.
(1997). The effect of the cyclin-dependent kinase inhibitor olomoucine on cell cycle
kinetics. Exp. Cell Res. 236, 4-15.

Schwartz, G.K. (2002). CDK inhibitors: cell cycle arrest vs. apoptosis. Cell Cycle. 1, 122—-123.

Senderowicz, A.M. (2002). The cell cycle as a target for cancer therapy: basic and clinical
findings with the small molecule inhibitors flavopiridol and UCN-01. Oncologist 7,
Suppl 3, 12-9.

Senderowicz, A.M. (2003). Novel small molecule cyclin-dependent kinases modulators in
human clinical trials. Cancer Biol. Ther. 2, S084-S095.

Senderowicz, A.M. (2004). Assays for cyclin-dependent kinase inhibitors. Methods Mol. Biol.
285, 69-78.

Senderowicz, A.M. (2005). Inhibitors of cyclin-dependent kinase modulators for cancer therapy,
Prog Drug Res. 63, 183-206.

Seong, Y.S., Kamijo, K., Lee, J.S., Fernandez, E., Kuriyama, R., Miki, T., and Lee, K.S.
(2002). A spindle checkpoint arrest and a cytokinesis failure by the dominant-negative
polo-box domain of Plkl in U-2 OS cells. J. Biol. Chem. 277, 32282-32293.

Sgambato, A., Camerini, A., Pani, G., Cangiano, R., Faraglia, B., Bianchino, G., De Bari, B.,
Galeotti, T., and Cittadini, A. (2003). Increased expression of cyclin E is associated with
an increased resistance to doxorubicin in rat fibroblasts. Bz J. Cancer 88, 1956—-1962.

Shah, M.A. and Schwartz, G.K. (2005). Cyclin-dependent kinases as targets for cancer
therapy. Cancer Chemother. Biol. Response Modifiers 22, 135-162.

Shapiro, G.I., Koestner, D.A., Matranga, C.B., and Rollins, B.J. (1999) Flavopiridol induces
cell cycle arrest and p53-independent apoptosis in non-small cell lung cancer cell
lines. Clin. Cancer Res. 5, 2925-2938.

Shen, M., Feng, Y., Gao, C., Tao, D., Hu, J., Reed, E., Li, Q.Q., and Gong, J. (2004). Detection
of cyclin B1 expression in G(1)-phase cancer cell lines and cancer tissues by post-
sorting Western blot analysis. Cancer Res. 64, 1607-1610.

Shimizu, E., Zhao, M., Shinohara, A., Namikawa, O., Ogura, T., Masuda, N., Takada, M.,
Fukuoka, M., and Sone, S. (1997). Differential expressions of cyclin A and the
retinoblastoma gene product in histological subtypes of lung cancer cell lines. J.
Cancer Res. Clin. Oncol. 123, 533-538.



26 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

Shnyder, S.D., Hasan, J., Cooper, P.A., Pilarinou, E., Jubb, E., Jayson, G.C., and Bibby, M.C.
(2005). Development of a modified hollow fibre assay for studying agents targeting
the tumour neovasculature. Anticancer Res. 25, 1889—-1894.

Sierocki, J.S., Hilaris, B.S., Hopfan, S., Martini, N., Barton, D., Golbey, R.B., and Wittes,
R.E. (1979). cis-Dichlorodiammineplatinum and VP-16-213: an active induction reg-
imen for small cell carcinoma of the lung. Cancer Treat. Rep. 63, 1593-1597.

Skipper, H.E., Schabel, EM. Jr., and Wilcox, W.S. (1964). Experimental evaluation of potential
anticancer agents: XIII. On the criteria and kinetics associated with ‘curability’ of
experimental leukemia. Cancer Chemother. Rep. 35, 1-111.

Smith, M.C., Luker, K.E., Garbow, J.R., Prior, J.L., Jackson, E., Piwnica-Worms, D., and
Luker, G.D. (2004). CXCR4 regulates growth of both primary and metastatic breast
cancer. Cancer Res. 64, 8604—8612.

Smith, P.J., Blunt, N., Wiltshire, M., Hoy, T., Teesdale-Spittle, P., Craven, M.R., Watson, J.V.
Amos, W.B., Errington, R.J., and Patterson, L.H. (2000). Characteristics of a novel
deep red/infrared fluorescent cell-permeant DNA probe, DRAQS5TM, in intact human
cells analyzed by flow cytometry, confocal and multiphoton microscopy. Cytometry
40, 280-291.

Speer, J.E,, Petrosky, V.E., Retsky, M.W., and Wardwell, R.H. (1984). A stochastic numerical
model of breast cancer growth that simulates clinical data. Cancer Res. 44,
4124-4130.

Spratt, J.A., von Fournier, D., Spratt, J.S., and Weber, E.E. (1993). Decelerating growth and
human breast cancer. Cancer 71, 2013-2019.

Steeg, P.S., Bevilacqua, G., Kopper, L., Thorgeirsson, U.P., Talmadge, J.E., Liotta, L.A., and
Sobel, M.E. (1988). Evidence for a novel gene associated with low tumor metastatic
potential. J. Natl. Cancer Inst. 80, 200-204.

Steeg, P.S., Ouatas, T., Halverson, D., Palmieri, D., and Salerno, M. (2003). Metastasis
suppressor genes: basic biology and potential clinical use. Clin. Breast Cancer 4,
51-62.

Steeg, P.S. (2004). Perspectives on classic article: metastasis suppressor genes. J. Natl. Cancer
Inst. 96, E4.

Steen, H., Jebanathirajah, J.A., Springer, M., and Kirschner, M.W. (2005). Stable isotope-free
relative and absolute quantitation of protein phosphorylation stoichiometry by MS.
Proc. Natl. Acad. Sci. U. S. A. 102, 3948-3953.

Steff, A.M., Fortin, M., Arguin, C., and Hugo, P. (2001). Detection of a decrease in green
fluorescent protein fluorescence for the monitoring of cell death: an assay amenable
to high-throughput screening technologies. Cytometry 45, 237-243.

Takizawa, C.G. and Morgan, D.O. (2000). Control of mitosis by changes in the sub-cellular
location of cyclin-B1-Cdk1 and Cdc25c. Curr. Opin. Cell Biol. 12, 658-665.

Thomas, N. and Goodyer, I.D. (2003). Stealth sensors: real-time monitoring of the cell cycle.
Targets 2, 26-33.

Thomas, N., Kenrick, M., Giesler, T., Kiser, G., Tinkler, H., and Stubbs, S. (2005). Character-
ization and gene expression profiling of a stable cell line expressing a cell cycle GFP
sensor. Cell Cycle 4, 191-195.

Thomas, N. (2003). Lighting the circle of life: fluorescent sensors for covert surveillance of
the cell cycle. Cell Cycle 2, 545-549.

Thompson, L.H. and Suit H.D. (1969). Proliferation kinetics of X-irradiated mouse L cells
studied with time-lapse photography II. Int. J. Radiat. Biol. 15, 347-362.

Thompson, L.H. and Suit, H.D. (1967). Proliferation kinetics of X-irradiated mouse L cells
studied with time-lapse photography: I. Experimental methods and data analysis. Int.
J. Radiat. Biol. 13, 391-397.



Challenges for CDK Targeting 27

Tsai, L.H.. Lee, M.S., and Cruz, J. (2004). CdkS5, a therapeutic target for Alzheimer’s disease?
Biochim. Biophys. Acta. 1697, 137-142.

Tsien, R.Y. (1998). The green fluorescent protein. Annu Rev Biochem. 67, 509-544.

Uhr, J.W., Scheuermann, R.H., Street, N.E., and Vitetta ES. (1997). Cancer dormancy: oppor-
tunities for new therapeutic approaches. Nat. Med. 3, 505-509.

Vanoosthuyse, V. and Hardwick, K.G. (2005). Bub1 and the multilayered inhibition of Cdc20-
APC/C in mitosis. Trends Cell Biol. 15, 231-233.

Vogelstein, B., Lane, D., and Levine, A.J. (2000). Surfing the p53 network. Nature 408,
307-310.

Wang, W., Goswami, S., Sahai, E., Wyckoff, J.B., Segall, J.E., and Condeelis, J.S. (2005).
Tumor cells caught in the act of invading: their strategy for enhanced cell motility.
Trends Cell Biol. 15, 138-145.

Wei, W., Ayad, N.G., Wan, Y., Zhang, G.J., Kirschner, M.W., and Kaelin, W.G. Jr. (2004).
Degradation of the SCF component Skp2 in cell-cycle phase G1 by the anaphase-
promoting complex. Nature 428, 194—198.

Weinberg, W.C. and Denning, M.F. (2002). P21Wafl control of epithelial cell cycle and cell
fate. Crit. Rev. Oral Biol. Med. 13, 453-464.

Widrow, R.J., Rabinovitch, P.S., Cho, K., and Laird, C.D. (1997). Separation of cells at
different times within G2 and mitosis by cyclin B1 flow cytometry. Cytometry 217,
250-254.

Yamano, H., Tsurumi, C., Gannon, J., and Hunt, T., (1998). The role of the destruction box
and its neighbouring lysine residues in cyclin B for anaphase ubiquitin-dependent
proteolysis in fission yeast: defining the D-box receptor. EMBO J. 17, 5670-5678.

Zackrisson, B., Flygare, P., Gustafsson, H., Sjostrom, B., and Wilson, G.D. (2002). Cell kinetic
changes in human squamous cell carcinomas during radiotherapy studied using the
in vivo administration of two halogenated pyrimidines. Eur. J. Cancer. 38, 1100-1106.

Zariwala, M., Liu, J., and Xiong, Y. (1998). Cyclin E2, a novel human G1 cyclin and activating
partner of CDK2 and CDK3, is induced by viral oncoproteins. Oncogene 17,
2787-2798.

Zavrski, 1., Jakob, C., Schmid, P., Krebbel, H., Kaiser, M., Fleissner, C., Rosche, M., and
Possinger, K. (2005). Proteasome: an emerging target for cancer therapy. Anticancer
Drugs 16, 475-481.

Zhang, G.-J. and Kaelin, W.G., Jr. (2005) Bioluminescent imaging of ubiquitin ligase activity:
measuring Cdk2 activity in vivo through changes in p27 turnover. Methods Enzymol.
399, 530-549.

Zhang, G.-J., Safran, M., Wei, W., Sorensen, E., Lassota, P., Zhelev, N., Neuberg, D.S.,
Shapiro, G., and Kaelin, W.G., Jr. (2004). Bioluminescent imaging of Cdk2 inhibition
in vivo. Nat. Med. 10, 643-648.

Zhu, Y.M., Webster, S.J., Flower, D., and Woll, P.J. (2004). Interleukin-8/CXCLS is a growth
factor for human lung cancer cells. Br. J. Cancer 91, 1970-1976.






9 Functional Regulation of
CIP/KIP CDK Inhibitors

Mong-Hong Lee and Ruiying Zhao

CONTENTS
2.1 OVEIVIEW .ttt sttt et 29
2.2 INOAUCTION ettt sttt ettt be b st be s 30
2.3 p2ICIPVWAFT REGUIALOLS ..c.ecveveuirieniienieteieteteteseet et see ettt sttt ebe e 30
2.3.1  Signal MEdiators ...c..covecueieeeuiriririieienienienteseseeseetereeeeeeee v 30
2.3.2 Transcriptional Regulators ........cc.coceeverereninenenienienieieeereeeeeeeeeee 33
2.4 p27 KIPI RegUIALOrS ....c..eoiiiiiiiiiiiieice et 35
241 Signal MEdiators ...c..cocecveieeeuiriririieienienieeteseseeneeteteeeeeeee e 35
2.4.2  Transcriptional RegUIAtoOrs ........ccceceeviririniinienenienieieeeeeeeeeeeeeee 40
2.5 P57 KIP2 ReGUIALOLS ..ottt 41
2.5.1  Signal MEdiators ......ccecveeeeeeriririinienienenteneneeteteteeeeeeee e 42
2.5.2 Transcriptional RegUIAtOrs ........ccceceeereriniinenenieieieeeeeeeeeeeeieeee 44
2.6 CONCIUSIONS ..uviuviniiutenienteiieiteiteeeiteie ettt sttt sttt et et ebe bt eaesae b nes 45
ACKNOWIEAGMENLS ..ottt ettt 45
RETEIEIICES ... vttt ettt ettt 46

2.1 OVERVIEW

Cell cycle deregulation is one of the most frequent sources of tumor development
and stems from either the overexpression of positive regulators or underexpression
of negative regulators. Positive regulators consist of cyclins and cyclin-dependent
kinases (CDKs), and negative regulators consist of CDK inhibitors (CDKIs). There
are two families of CDKIs: the INK4 family (consisting of p16 INK4a, p15 INK4b,
p18INK4c, and p19INK4d) and the CIP/KIP family (consisting of p21CP! p27KIP1
and p57XF2), CDKIs are a particular focus of cancer research because they can
control cell proliferation, and hence serve as rational cancer therapies. In this chapter
we discuss the recently discovered molecular regulation of the CIP/KIP family
members. We hope that these insights will be useful for developing strategies to
eliminate cancer.

29



30 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

2.2 INTRODUCTION

It is clear that the cell cycle machinery is brought into play during cell proliferation,
differentiation, and apoptosis. Its deregulation is also what drives cancer formation.
Many researchers have determined how different signals regulate the important
CIP/KIP proteins that control the cell cycle and hence control important biological
functions. Given that the CIP/KIP proteins are negative regulators of cell cycle
progression, an understanding of their regulation is particularly important to the
development of treatments for cancer. In this chapter, we discuss the many molecular
mediators that control the expression or activity of CIP/KIP proteins and describe
their specific roles in regulating the cell cycle or important cell functions.

2.3 p21CP/WART REGULATORS

P21 CIPUWAFUSDL g transcriptional target of pS3, is a critical determinant of the G,
arrest that occurs in response to DNA damage (el-Deiry et al., 1993) and also plays
an important role in the G,/M phase transition. To further understand p21’s role in
cancer, it is important to know something about several different signals that regulate
p21 activity (Table 2.1), especially the recently identified signal mediators or tran-
scriptional regulators that regulate p21 activity.

2.3.1 SIGNAL MEDIATORS

Many signal mediators involved in cell growth regulate the activity of p21. These
include Akt, Rho, SCF, SET, Pim-1, and PP5. Akt is an important kinase involved
in regulating cell growth and apoptosis (Burgering and Kops, 2002). Akt can phos-
phorylate p21 at threonine 145, resulting in cytoplasmic localization of p21Cipl and
subsequent antagonizing of the function of p21 in the nucleus (Zhou et al., 2001).
Importantly, in the presence of activated HER2/neu and/or Akt, cytoplasmic p21 and
overexpression of phospho-p21 (T145) are observed (Zhou et al., 2001), suggesting
that one of the important functions of HER2/neu or Akt oncogene is to target and
block p21 activity for growth advantage. Furthermore, the Akt can mediate phos-
phorylation of Mdm?2 and promote the nuclear localization of Mdm?2 to antagonize
p53’s function (Zhou et al., 2001), thereby decreasing p53 stability in inducing p21.
This finding suggests that Akt can also regulate the Mdm?2-p53 pathway and subse-
quently decrease the expression of p21.

Interestingly, another kinase, Pim-1, which is upregulated in prostate cancer, can
also phosphorylate p21 on Thr(145), which causes the cytoplasmic localization of
p21 (Wang et al., 2002). This points up the importance of the phosphorylation on
Thr(145) in determining the cytoplasmic location of p21. In addition, Pim-1 can
phosphorylate and increase the levels of the HDM2 protein (Ionov et al., 2003),
which may in turn prevent p53-mediated p21 activation. Thus, Pim1 may deregulate
p21 to exert its oncogenic signaling. Cytoplasmic location of p21 seems to inhibit
apoptosis (Schepers et al., 2003). It was shown that cytoplasmic p21 can interact
with the apoptosis signal-regulating kinase 1 (ASK1) and inhibits stress-activated
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TABLE 2.1

Selected Signal Mediators/Transcriptional Activators That Regulate p21

Protein

Akt

Pim-1

Rho/Racl/
Cdc42

Skp2

WISp39

SET

TOK-1

PP5

p53/14-3-
30

Hdaxx

MUC1

TGF-B,
Smad
FOXO

Mitf

Function/Characteristics

Akt phosphorylates p21Cipl/WAF1 at Thr(145), resulting in
cytoplasmic localization

Pim-1, protein kinase upregulated in prostate cancer, can
phosphorylate p21 on Thr(145) and cause the cytoplasmic
localization of p21

p21 interacts with Rho and inhibits its activity. Conversely,
integrin-induced Cdc42/Racl signaling activates
proteasomal degradation of p21 and may lead to anchorage-
dependent cell cycle control

Skp2 containing Skp1-Cullin1-F-box protein ubiquitin ligase
facilitates the proteasome-mediated degradation of p21

A tetratricopeptide repeat protein that binds to p21 and
prevents its proteasomal degradation

SET, a positive regulator of CDK2, is an oncoprotein and
binds to p21 at the carboxyl-terminal region to reduce the
inhibitory effect of p21 on cyclin E-CDK2

TOK-1 (twenty-one and CDK-associated protein-1), also a
carboxyl-terminal p21-associated protein, binds to CDK2
via p21 TOK-1 enhances the inhibitory effect of p21 on the
kinase activity of CDK2

PPS5 regulates the phosphorylation of p53, which in turn
affects the ability of p53 to induce p21

14-3-30, a p53 gene induced in response to DNA damage,
interacts with p53 and potentiates p53-dependent
transcription of the p21 gene

Hdaxx, a cytoplasmic mediator of Fas signaling and a
transcriptional repressor, interacts with p53 at the
oligomerization domain and represses pS3-dependent
transcription of the p21 gene

Carboxyl-terminal MUCI1 interacts with p53 in response to
DNA damage. The cytoplasmic domain of MUCI1 binds
directly to p53 and coactivates p21 gene transcription

TGF-P signaling pathway leads to formation of a
Smad3-Smad4 complex in the nucleus for target gene
expression. FOXO, Forkhead transcription factor, can
associate with the Smad complex to activate the expression
of the p21Cipl gene

Microphthalmia-associated transcription factor (Mitf)-
mediates activation of p21Cipl expression and consequent
hypophosphorylation of Rbl

References

Zhou et al., 2001

Wang et al., 2002

Bao et al., 2002;
Tanaka et al., 2002

Bornsteinetal.,2003;
Yu et al., 1998
Jascur et al., 2005

Estanyol et al., 1999

Ono et al., 2000

Zuo et al., 1998

Hermeking et al.,
1997; Yang et al.,
2003

Gostissa et al., 2004

Wei et al., 2005

Seoane et al., 2002

Carreira et al., 2005
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TABLE 2.1 (CONTINUED)
Selected Signal Mediators/Transcriptional Activators That Regulate p21

Protein Function/Characteristics References
INF-y/ p202, an IFN-inducible phosphoprotein (52-kDa), can Gutterman and
P202 upregulate p21 and subsequently inhibit transformation. Choubey, 1999

p202 regulates the expression of p21 protein independently
of p53 protein

HNF4 HNF-4q is a transcription factor of the nuclear hormone Chiba et al., 2005
receptor family that upregulates expression of p21 in a p53-
independent manner

c-Myc Overexpression of c-Myc reduces the endogenous p21 Claassen and Hann,
mRNA levels and represses a p21-promoter of a luciferase- 2000
reporter gene

MAP kinase cascade and apoptosis (Asada et al., 1999). Thus, Akt-mediated cyto-
plasmic location of p21 may contribute to Akt’s antiapoptotic signal.

p21 also interacts with Rho, which inhibits Rho’s activity (Tanaka et al., 2002).
Members of the Rho family of small GTP-binding proteins, including Rho, Rac,
and Cdc42, regulate a wide variety of cell responses, such as cell proliferation,
apoptosis, the formation of the cytoarchitecture, cell polarity, cell adhesion, and
membrane trafficking. When activated, Cdc42 and Racl can downregulate p21 (Bao
et al., 2002). In particular, integrin-induced Cdc42/Racl signaling activates the
proteasomal degradation of p21 (Bao et al., 2002), which may lead to anchorage-
dependent cell cycle control. It is not clear how Cdc42 and Racl cause the proteasomal
degradation pathway to degrade p21. It is important to determine this, however, given
that Rho overexpression is involved in tumor initiation, progression, and metastasis.

p21 is posttranslationally controlled by the proteasome, and the Skp2-containing
Skp1-Cullin1-F-box protein (SCF) ubiquitin ligase facilitates the proteasome-mediated
degradation of p21 (Bornstein et al., 2003; Yu et al., 1998). A recent study indicated
that WAF1/CIP1 stabilizing protein (WISp39), a tetratricopeptide repeat protein, can
bind to p21 and block its proteasomal degradation (Jascur et al., 2005). WISp39
recruits Hsp90, a molecular chaperone, to form a trimeric complex with p21. This
interaction is important in regulating p21 stability, as preventing the interaction
between WISp39 and Hsp90 leads to WISp39’s failure in stabilizing p21. The
downregulation of WISp39 has also been observed to prevent the accumulation of
p21 and cell cycle arrest in response to ionizing radiation. Importantly, hsp90 is also
involved in positively modulating p5S3 DNA binding (Walerych et al., 2004). It was
further shown that geldanamycin, a specific inhibitor of hsp90, abolished p53 binding
to the p21 promoter sequence. Consequently, Hsp90 regulates p21 transcriptionally
and posttranscriptionally. Interestingly, MDM2, a p53 ubiquitin ligase, binds to p21,
which promotes its binding to the proteasomal C8 subunit (Zhang et al., 2004b).
This physical interaction facilitates p21 degradation independent of the E3 ubiquitin
ligase function of MDM?2.
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SET, a positive regulator of CDK2, is an oncoprotein that binds to p21 at the
carboxyl-terminal region, which reduces p21’s ability to inhibit cyclin E/CDK2
(Estanyol et al., 1999). Interestingly, SET does not bind to p27 to block its activity,
suggesting that p21 is a specific target. Whether SET is involved in tumorigenesis
warrants further investigation. Interestingly, the p21- and CDK-associated protein-
1 (TOK-1), which is also a carboxyl-terminal p21-associated protein, binds to CDK2
via p21 (Ono et al., 2000). This enhances the inhibitory effect of p21 on the kinase
activity of CDK2. The signals that regulate TOK-1 activity are not clear. Because,
as described earlier, SET blocks the inhibitory effect of p21 on cyclin E/CDK2, it
will be interesting to see whether these two p21-associated molecules functionally
interact and whether this has an antagonistic effect. Finally, serine/threonine protein
phosphatase type 5 (PP5), which regulates the phosphorylation of p53, in turn affects
the ability of p53 to induce p21. The inhibition of PP5 gene expression induces p21
(WAF1/Cipl) in a p53-dependent manner (Zuo et al., 1998), which is followed by
the arrest of cell growth.

2.3.2 TRANSCRIPTIONAL REGULATORS

pS53 is an important transcriptional activator that was first identified as a regulator
of p21 expression (el-Deiry et al., 1993). However, p21 also responds to p53-
independent signals. Several such transcriptional regulators of p21 expression that
have recently been identified include Hdaxx, MUCI, p202, HNF40.,, STAT, FOXO,
14-3-3c6, and Myc.

14-3-30, a gene induced by p53 in response to DNA damage, works by inter-
acting with p53, which potentiates p53-dependent transcription of the p21 gene
(Yang et al., 2003; Hermeking et al., 1997). In particular, 14-3-3G interacts with
p53 in response to the DNA-damaging agent Adriamycin (doxorubicin). Importantly,
14-3-3¢ expression leads to stabilized expression of p53 (Yang et al., 2003). 14-3-
36 can also antagonize the biological functions of Mdm2 by blocking Mdm?2-
mediated p53 ubiquitination and nuclear export (Yang et al., 2003). In addition, 14-
3-3c facilitates the oligomerization of p53 and enhances p53’s transcriptional activity
(Yang et al., 2003). As a target gene of p53, 14-3-36 has a positive feedback effect
on p53 activity. On the other hand, Hdaxx, which is a cytoplasmic mediator of Fas
signaling and a transcriptional repressor, interacts with p53 at the oligomerization
domain and represses pS3-dependent transcription of the p21 gene (Gostissa et al.,
2004). In fact, Hdaxx can repress the transcriptional activity of various p53 family
members, including p53, p63, and p73 (Kim et al., 2003b).

The MUCI oncoprotein, a transmembrane mucin glycoprotein, is overexpressed
in most human carcinomas, and this overexpression of MUCI leads to cell trans-
formation (Ren et al., 2004). It has also been demonstrated that p53 binds to the
carboxyl-terminal of MUCI in response to DNA damage (Wei et al., 2005). This
binding in turn leads to binding of the p53 to the p53-responsive elements of the
p21 gene promoter, which activates p21 gene transcription (Wei et al., 2005). It is
possible that this MUC1-mediated induction of p21 is involved in preventing apo-
ptosis. Indeed, this is indicated by the fact that MUCT attenuates pS3-mediated Bax
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transcriptional activation (Wei et al., 2005). Thus, human tumors overexpressing
MUCI1 may have a survival advantage when exposed to genotoxic stress.

The transforming growth factor-f (TGF-P) signaling pathway leads to the for-
mation of a Smad3-Smad4 complex in the nucleus for target gene expression. For
example, the Forkhead transcription factor FOXO can associate with this Smad
complex to activate the expression of the p21°! gene (Pardali et al., 2000; Seoane
et al., 2002). Importantly, FOXO is antagonized by Akt kinase (Burgering and Kops,
2002). Specifically, Akt phosphorylates FOXO, which inhibits FOXO’s localization
to the nucleus and thereby blocks FOXO transcriptional activity on the p21 promoter
(Seoane et al., 2002). In this way, Akt signaling antagonizes TGF--mediated p21
transcriptional activation.

The microphthalmia-associated transcription factor (Mitf) plays a fundamental
role in melanocyte development. Mitf can induce the expression of p21 and cause
cell cycle arrest (Carreira et al., 2005). Interestingly, however, a high percentage of
melanomas show an increased Mitf1 turnover rate. It has also been shown that p21
expression is inversely correlated with melanoma progression (Du et al., 2004),
suggesting that Mitf’s impact on p21 expression is important during melanoma
tumorigenesis.

p202, an interferon-inducible phosphoprotein (52 kDa) that regulates the
expression of the p21 protein independent of the p53 protein, can upregulate
p21 and subsequently inhibit transformation (Gutterman and Choubey, 1999).
STATs, a family of latent cytoplasmic proteins that are activated to enter the
nucleus, work with other transcription factors to transcriptionally activate down-
stream genes in cells treated with various cytokines and growth factors (Chen
et al., 2000). STAT1 can bind to the promoter region of p21, which is an essential
step in mediating cell growth suppression of the interferon- signal transduction
pathway. Hepatocyte nuclear factor (HNF)-4o, a transcription factor of the
nuclear hormone receptor family, is expressed in the hepatic diverticulum and
involved in liver development. HNF-4o can upregulate the expression of p21 in
a p53-independent manner (Chiba et al., 2005), which may play an important
role in liver cell differentiation.

Finally, p21 is an important target of c-Myc (Claassen and Hann, 2000). In
particular, the overexpression of c-Myc reduces the levels of endogenous p21 mRNA
and represses p21-promoter luciferase-reporter gene expression (Claassen and Hann,
2000). In addition, c-Myc, which is induced by estrogen and suppresses the expres-
sion of p21, is critical for estrogen-stimulated breast cancer cell proliferation
(Mukherjee and Conrad, 2005). Collectively these studies have shown p21WAFI/CIPI
to be an important target of c-Myc in breast cancer cells, providing a link between
estrogen, c-Myec, and the cell cycle machinery. It is further possible that aberrant c-
Myc expression, which is frequently observed in human breast cancers, contributes
to resistance to antiestrogen therapy by altering p21WAFICIPL regulation. It should
also be noted that c-Myc negatively regulates the activity of CDKIs, including p15
(INK4b) (Seoane et al., 2001; Staller et al., 2001) and p27 (Yang et al., 2001). These
findings indicate that c-Myc has profound negative effects on CDKIs, which pro-
motes tumorigenesis. Future research will need to determine how these events are
coordinated.
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2.4 p27 KIP1 REGULATORS

The p27 protein is a CDKI that causes G, phase arrest by inhibiting G, cyclin/CDK
activities (Polyak et al., 1994; Toyoshima and Hunter, 1994). As a negative regulator
of the cell cycle, p27 is a member of new class of haplo-insufficient tumor suppres-
sors (Fero et al., 1998). Because of its important role in inhibiting cancer cell growth,
p27 is regulated by many oncogenic signal mediators (Table 2.2).

2.4.1 SIGNAL MEDIATORS

Akt also has an impact on p27 expression or its subcellular localization. For example,
in breast cancer cells, Akt-mediated p27 phosphorylation at Thr(157) (within the
nuclear localization signal sequence of p27, amino acids 153-166) impairs the
nuclear import of p27 (Liang et al., 2002; Shin et al., 2002). In addition, Akt
phosphorylates p27 at Thr(198) (Fujita et al., 2002), which results in the nuclear
export and degradation of p27. It has been shown that the 14-3-30, 1, and € proteins
bind to p27 through Thr198 to facilitate the nuclear export of p27 when this residue
is phosphorylated by Akt. Interestingly, ribosomal protein S6 kinase, a downstream
target of Akt/mTOR signaling, was shown to bind to and phosphorylate p27KIP1
at Thr198 (Fujita et al., 2003), which in turn promotes the binding of p27 and
14-3-3 and subsequent cytoplasmic localization of p27. Together, Akt and the ribosomal
protein S6 kinases can phosphorylate p27 at Thr198, which causes p27 to be local-
ized to the cytoplasm, suggesting that Akt signaling can affect p27 activity directly
or indirectly through its downstream mediator.

The human kinase interacting stathmin (hKIS) has been found to be capable of
Ser10 phosphorylation of p27, and this appears to regulate cell cycle progression
(Boehm et al., 2002). hKIS phosphorylates p27 following mitogen stimulation and
induces the export of p27 from the nucleus (Boehm et al., 2002). It is noteworthy
that p27 can bind to and impair the function of stathmin, a microtubule-destabilizing
protein, thereby increasing tubulin polymerization (Baldassarre et al., 2005). Accord-
ingly, there appears to be evidence that the upregulation of p27 can affect cell
migration. In keeping with this concept, high stathmin expression and low p27
expression correlate with the metastatic potential of human sarcomas (Baldassarre
et al., 2005). Furthermore, p27 can bind to and inhibit RhoA activation by preventing
the interaction of RhoA and the guanine-nucleotide exchange factors (Besson et al.,
2004), which are RhoA activators. This observation also suggests that, by inhibiting
the Rho pathway, p27 has an extra role in regulating cell migration. Extending this
link between p27 and cell migration, focal adhesion kinase (FAK), a regulator of
cell motility, can posttranscriptionally affect the expression of Skp2, an F-box
protein involved in p27 degradation (Bond et al., 2004). It has also been shown
that a dominant-negative FAK mutant (Y397F) can inhibit the expression of Skp2.
Conversely, the proteasome inhibitor MG-132 can reverse the downregulation of
Skp2 mediated by the dominant-negative FAK (Bond et al., 2004). It remains to be
determined how FAK affects the expression of Skp2 by affecting the proteasome-
mediated pathway. It is possible that FAK downregulates p27 expression, which
promotes cell growth.
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TABLE 2.2

Selected Signal Mediators/Transcriptional Activators That Regulate p27

Protein

AKkt/S6 kinase

KIS

RhoA

FAK

Mirk/Dyrk1B

Skp2, Cdc34

KPC

CSN

Bcer-abl

FRS2

Function/Characteristics

Akt-mediated p27 phosphorylation at Thr(157) (within
the NLS sequence of p27, aal53-166) impairs the
nuclear import of p27. Akt and ribosomal protein S6
kinases can phosphorylate p27 at Thr(198) and mediate
p27 cytoplasmic localization

KIS, the kinase interacting with stathmin, can
phosphorylate p27 on Ser(10) following mitogen
stimulation and induce p27 export from the nucleus

p27 can bind to and inhibit RhoA activation by
interfering with the interaction between RhoA and the
guanine-nucleotide exchange factors, which are RhoA
activators

Focal adhesion kinase (FAK) promotes cell proliferation
by reducing the expression of p27. FAK can
posttranscriptionally affect the expression of Skp2, a
protein involved in p27 degradation

Mirk/dyrk1B, arginine-directed kinase, can
phosphorylate p27 at Ser(10), which in turn leads to
p27 stabilization

Skp2 binds to phosphorylated p27, which is
phosphorylated on Thr(187) by Cdk2, which facilitates
the ubiquitination of p27. Downregulation of the
ubiquitin-conjugating enzyme Cdc34 increases p27
expression

Kipl ubiquitination-promoting complex (KPC) can
mediate the degradation of p27 in G,, which depends
on the export of p27 to the cytoplasm

COP9 signalsome (CSN) regulates the ubiquitination
and degradation of p27. However, the detailed
mechanism is not defined. CSN5/JAB1, the fifth
subunit of CSN complex and a c-Jun coactivator
protein, is a p27 nuclear exporter and involved in p27
ubiquitination

Bcer-Abl, a tyrosine kinase, can facilitate the degradation
of p27 by regulating the complex formation of
CSNS5/JABI through the MAP kinase and PI3 kinase
signaling pathways

Fibroblast growth-factor-dependent activation of FGFR
tyrosine kinases leads to FRS2 phosphorylation, which
in turn causes release of Cks1 from FRS?2 and facilitates
the degradation of p27

References

Liang et al., 2002;
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Fujita et al., 2002;
Fujita et al., 2003

Boehm et al., 2002

Besson et al., 2004

Bond et al., 2004

Deng et al., 2004

Carrano et al., 1999;
Butz et al., 2005

Kamura et al., 2004,
Kotoshiba et al., 2005

Tomoda et al., 1999;
Yang et al., 2002

Gesbert, 2000;
Tomoda et al., 2005

Zhang et al., 2004a
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TABLE 2.2 (CONTINUED)
Selected Signal Mediators/Transcriptional Activators That Regulate p27

Protein

Grb2

GR

Spyl

Cx32

PTEN

RET/PTC

BRCA1

CBP

E2F1

MEN1

PTB

FOXO

c-Myc

Function/Characteristics

P27 binds to and inhibits Grb2 function by blocking Grb2’s
association with the guanine-nucleotide exchange factor
SOS. Reciprocally, overexpression of Grb2 accelerates
CSN5/JAB1-mediated degradation of p27

Glucocorticoids, acting through the glucocorticoid
receptor, can activate the expression of p27

P27 and Spyl, and CDK form a complex. Also Spy1
antagonizes p27-mediated inhibition of CDK2 activity

Connexin 32 (Cx32), a gap junction protein, is involved
in regulating p27. Tumors from Cx32-deficient mice
show increased activation of MAP kinase, which may
accelerate the turnover of p27

PTEN pathway upregulates p27 protein stability through
the reduction of Skp2

RET/PTC, an oncogene rearranged in
transformation/papillary thyroid carcinomas, mediates
MAP kinase activation and subsequent p27Kipl
deregulation

BRCALI, which functions as a tumor suppressor in
human breast cancer cells, is able to transactivate the
expression of p27

The transcriptional coactivator CREB-binding protein
(CBP), a tumor suppressor, is important for p27 expression.
Levels of p27Kipl are reduced in CBP~~ tumors.

E2F1 can bind to the promoter of p27 gene and activate
p27 gene expression

Menin, a tumor suppressor of multiple endocrine
neoplasia type-1, can transactivate the expression of p27

Polypyrimidine tract-binding protein (PTB) can enhance
the internal ribosomal entry site (IRES) activity of p27
(KIP1) mRNA

The Forkhead FOXO transcription factor family is
involved in regulating cell cycle progression. FOXO
blocks G, cell cycle progression by transcriptionally
activating p27 by binding to multiple FOXO4 binding
sites present in the p27 promoter

c-Myc can transcriptionally repress expression of the
p27 gene. The c-Myc repression region is located at the
bp 20 to +20 region of the p27 gene

References

Moeller et al., 2003;
Sugiyama et al., 2001

Wang and Garabedian,
2003
Porter et al., 2003

King and Lampe, 2004b

Mamillapalli et al., 2001

Vitagliano et al., 2004

Williamson et al., 2002

Kang-Decker et al.,

2004

Wang et al., 2005

Milne et al., 2005

Cho et al., 2005

Medema et al., 2000

Yang et al., 2001
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Mirk/dyrk1B, an arginine-directed kinase, can also phosphorylate p27 at Ser10
(Deng et al., 2004), which stabilizes p27. However, a recent p27 S10A knock-in
study showed that Ser10 is a dispensable component of the nuclear export process
because the nuclear export of p27 occurred normally in the embryonic fibroblasts
of p27S10A knock-in mice (Kotake et al., 2005). It remains to be shown in detail
how these different kinases regulate the Ser10 of p27 and subsequent protein stability.

It is clear that p27 is regulated posttranscriptionally. Recently, more factors
involved in regulating p27 protein stability have been recognized. For example,
Skp2, a subunit of SCF protein ubiquitin ligase complexes involved in p27 degra-
dation, was found to be required for the ubiquitination and consequent degradation
of p27 (Carrano et al., 1999). It was further noted that Skp2 binds to phosphorylated
p27, which is phosphorylated on Thr(187) by CDK2, and this facilitates the ubig-
uitination of p27. In animal studies, Skp2 knockout mice were found to grow more
slowly and have smaller organs than control (Nakayama et al., 2000). Also, high
levels of p27 were found in Skp2-deficient cells, which demonstrated polyploidy
and centrosome overduplication. Thus, loss of Skp2 in the mouse leads to changes
in cell proliferation. It was further shown that the loss of p27 almost completely
rescued the defects observed in Skp2~~ mice, suggesting that p27 is the principal
target of the SCF (Skp2) ubiquitin ligase (Nakayama et al., 2000). In addition,
downregulation of the ubiquitin-conjugating enzyme Cdc34 causes an increase in
p27 but not other targets, suggesting that p27 is the major target of Cdc34
(Butz et al., 2005).

Recently, the KIP1 ubiquitination-promoting complex (KPC) was found to medi-
ate the degradation of p27 as well (Kamura et al., 2004; Kotoshiba et al., 2005).
KPC is composed of of KPC1 and KPC2. KPC1 is a RING-finger protein, whereas
KPC2 contains a ubiquitin-like domain and two ubiquitin-associated domains. KPC
is located in the cytoplasm, where it interacts with and ubiquitinates p27. Such KPC-
mediated p27 degradation requires the export of p27 to the cytoplasm in the G,
phase, but this process is phosphorylation independent. In contrast, SCF (Skp2)
mediates p27 degradation in the nucleus during the S phase, a process that depends
on the phosphorylation of p27 on Thr187.

Although it is known that the COP9 signalsome (CSN) is involved in the
ubiquitination process of p27 (Tomoda et al., 1999; Yang et al., 2002), the detailed
mechanism has not been defined. CSN5/JAB1, the fifth subunit of the CSN complex
and a c-Jun co-activator protein, is a p27 nuclear exporter and involved in p27
ubiquitination. CSN5 is overexpressed in a high percentage of invasive breast cancers
(Esteva et al., 2003; Kouvaraki et al., 2003). CSNS5 overexpression is also associated
with a poor prognosis for ovarian cancer patients (Sui et al., 2001). These data
therefore indicate a link between CSNS5 overexpression and p27 downregulation in
cancers. Interestingly, the downregulation of p27 also correlates with HER2 over-
expression in primary breast carcinomas (Newman et al., 2001). There is evidence
that these reduced p27 levels are caused by enhanced ubiquitin-mediated degrada-
tion and that the HER-2/Grb2/MAPK pathway is involved in the decrease in p27
stability (Yang et al., 2000). In such a process, HER2 activity causes p27 and
CSNS5/JAB1 to be mislocated into the cytoplasm, thereby facilitating p27 degrada-
tion (Yang et al., 2000).
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Bcer-Abl, a tyrosine kinase, can facilitate the degradation of p27 by regulating
the formation of the CSN5/JAB1 complex through the MAP kinase and phosphati-
dylinositol 3 (PI3) kinase signaling pathways (Gesbert et al., 2000; Tomoda et al.,
2005). The expression of Ber-Abl leads to the formation of the small Jabl complex,
which is responsible for p27 degradation. Conversely, the inhibition of Bcr-Abl
kinase by STI571 results in reduced formation of the small Jabl complex and
subsequent recovery of the p27 level (Tomoda et al., 2005), which are also caused
by blockade of the MAP kinase and PI3 kinase with specific inhibitors. It remains
to be determined how the MAP kinase and PI3 kinase pathways regulate the for-
mation of the small Jabl complex.

The unphosphorylated form of the fibroblast growth factor receptor (FGFR)
substrate 2 (FRS2), an adaptor protein phosphorylated by FGFR kinases, has been
shown to interact with Cks1, which is involved in the ubiquitination and degradation
of p27 (Zhang et al., 2004a). Further, the fibroblast growth-factor-dependent activa-
tion of FGFR tyrosine kinases leads to FRS2 phosphorylation, which in turn causes
the release of Cks1 from FRS2 and facilitates the degradation of p27. p27 also binds
to and inhibits Grb2 function by blocking Grb2’s association with the guanine-
nucleotide exchange factor SOS (Moeller et al., 2003; Sugiyama et al., 2001).
Reciprocally, the overexpression of Grb2 accelerates the CSN5/JAB 1-mediated deg-
radation of p27 (Moeller et al., 2003). Importantly, Grb2 is required for the down-
regulation of p27, as the downregulation of Grb2 leads to the upregulation of p27.
Glucocorticoids, acting through the glucocorticoid receptor, can activate the expres-
sion of p27 (Wang and Garabedian, 2003). Because glucocorticoids have a growth
inhibitory effect, they are used to treat certain malignancies. Because p27~~ MEFs
are resistant to the growth inhibitory effects of glucocorticoids, p27 is likely critical
for the growth inhibitory effect of glucocorticoids.

Speedy (Spyl), a cell cycle regulator involved in activating CDK (Porter et al.,
2002), associates with p27 and blocks p27-mediated cell cycle arrest (Porter et al.,
2003), which promotes cell cycle progression through the G,/S phase transition. p27,
Spy1, and CDK form a complex. Also, Spy1 antagonizes the p27-mediated inhibition
of CDK2. It remains to be determined, however, whether Spy1 is involved in cancer
formation.

There is wider evidence of p27 involvment in tumor suppressor and oncogene
action. Connexin 32, a gap junction protein, is a lung tumor suppressor (King and
Lampe, 2004a). This was validated by the finding that connexin 32 knockout mice
(Cx32-KO) exposed to chemical carcinogens and radiation showed a greater ten-
dency to form tumors (King and Lampe, 2004b). Importantly, these tumors exhibit
decreased levels of p27, suggesting that connexin 32 is involved in regulating the
p27 (King and Lampe, 2004b). In addition, tumors from connexin-32-deficient mice
show increased activation of MAP kinase, which may accelerate the turnover of p27
(King and Lampe, 2004b). The tumor suppressor gene phosphatase and tensin
homologue (PTEN) (Simpson and Parsons, 2001), one of the most commonly inac-
tivated genes in human cancer, is associated with the increased expression of p27
(Gottschalk et al., 2001; Li and Sun, 1998). PTEN can reduce CDK2 activity, causing
cell cycle arrest. Actually, the PTEN pathway upregulates p27 protein stability by
reducing the expression of Skp2, an important component of p27 ubiquitinase
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(Mamillapalli et al., 2001). Further, antisense p27 oligonucleotides can abrogate the
growth arrest mediated by PTEN, suggesting that p27 is a critical mediator of PTEN-
induced G, arrest and that p27 plays a role in the PTEN regulatory cascade. Mutations
in the PTEN gene are seen in brain, breast, prostate, endometrial, and skin cancers
(Simpson and Parsons, 2001). It will be interesting to determine whether p27 is dereg-
ulated in these tumors. RET/PTC, an oncogene that is rearranged in transformation/
papillary thyroid carcinomas—indeed, it shows the most frequent genetic alterations
in papillary thyroid carcinoma—mediates MAP kinase activation and subsequent
p27XP! deregulation (Vitagliano et al., 2004). RET/PTC can also induce the phospho-
rylation of PDK1 at the Y9 residue and thereby increase the activity of PDK1 (Kim
et al., 2003a), a kinase involved in activating Akt. It is possible that RET/PTC helps
destabilize p27 through either the PDK1-Akt or MAP kinase pathways.

2.4.2 TRANSCRIPTIONAL REGULATORS

BRCAL, which functions as a tumor suppressor in human breast cancer cells, is able
to transactivate the expression of p27 (Williamson et al., 2002), but this depends on
BRCALI having a functional carboxyl-terminal transactivation domain. Promoter
analysis has shown that position -615 to -511 of the p27 promoter contains a putative
BRCA1-responsive element (Williamson et al., 2002). Consistent with this, p27 is
downregulated in cells expressing mutated BRCA1. It is noteworthy that BRCAL1
is also involved in regulating p21 expression (Somasundaram et al., 1997). The
transcriptional coactivator CREB-binding protein (CBP), a tumor suppressor, can
acetylate p53 and thereby enhance p53 DNA-binding activity. CBP is also important
for p27 expression, as indicated by the finding that the levels of p27 are reduced in
CBP-null tumors (Kang-Decker et al., 2004). It appears that Skp2 is involved in
degrading p27 because the Skp2 level is upregulated in CBP~~ tumors. It is not clear
how CBP regulates the expression of Skp2.

The E2F1 transcription factor is a critical cell cycle regulator promoting S phase
entry. E2F1 activates p27 gene expression by binding to the promoter of p27 gene
(Wang et al., 2005). On the other hand, the inhibition of p27 expression by small
interfering RNA leads to E2F1 transcription and subsequent E2F1-regulated cell
cycle progression. This observation indicates that p27 acts as a negative feedback
regulator of E2F1 activity.

Menin, a tumor suppressor of multiple endocrine neoplasia type-1, can recruit
the mixed-lineage leukemia (MLL) protein, which suppresses the growth of a variety
of cell types, to transactivate the expression of p27 and p18 (Ink4c) (Milne et al., 2005).
Indeed, menin is a component of the 1-MDa MLL complex. The induction of p27
and p18 could account for menin’s tumor-suppressive effect. A recent study has
indicated that polypyrimidine tract binding protein (PTB) can enhance the activ-
ity of the internal ribosomal entry site (IRES) of p27KIP1 mRNA (Cho et al.,
2005). The IRES, a specialized RNA structure, can recruit ribosomes to an
mRNA in a cap-independent manner. In particular, the IRES site allows for efficient
p27 translation when cap-dependent translation is reduced. IRES-dependent trans-
lation of the p27 mRNA is inhibited when PTB expression is reduced. On the other
hand, the neuronal ELAV protein HuD is a specific binding factor of the p27
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5’UTR IRES site. The increased expression of HuD inhibits p27 translation and
p27 IRES activity (Kullmann et al., 2002).

The Forkhead FOXO transcription factors, which are involved in regulating
longevity in Caenorhabditis elegans, are regulated by the PI3K-Akt pathway. These
transcription factors play important roles in cell cycle progression (Alvarez et al.,
2001; Kops et al., 2002; Medema et al., 2000), apoptosis (Brunet et al., 1999),
oxidative stress (Kops et al., 2002), and DNA repair (Tran et al., 2003). Mammalian
cells contain three FOXOs, FOXO1 (FKHR), FOX03a (FKHRL1), and FOX0O4
(AFX). Importantly, when Akt is activated by particular extracellular signals, it can
directly phosphorylate all three FOXOs at three conserved serine/threonine residues
(Burgering and Kops, 2002). Phosphorylation of a FOXO leads to its release from
its DNA and subsequent retention in the cytoplasm, where it binds to the 14-3-3
protein, which silences its transcriptional activity and suppresses the expression of
cell cycle and apoptotic genes, such as the gene that encodes the p27 or the Fas
ligand (reviewed in Burgering and Kops, 2002; Tran et al., 2003). FOXO4 blocks
G, cell cycle progression by binding to multiple FOXO4 binding sites present in the
p27 promoter, which transcriptionally activates p27 (Medema et al., 2000). p27 then
inhibits CDK, blocking cell cycle progression. Because of the positive impact of
FOXOs on p27 transcription, they are potential anticancer agents. Indeed, a consti-
tutively active FOXO4 (which has three Akt phosphorylation sites — Thr32, Ser187,
and Ser252 — mutated to alanine, FOXO4A3) can increase p27 expression and
suppress HER2 oncogene-mediated cell growth, transformation, and tumorigenicity
(Yang et al., 2005). In the study showing this, FOXO4A3’s impact on p27 upregu-
lation was attributed, at least in part, to posttranscriptional regulation, as demon-
strated by the blocking of the HER2-mediated cytoplasmic mislocation of p27 and
by the inhibition of CSN5-mediated p27 ubiquitination (Yang et al., 2005). Inter-
estingly, a recent observation that FOXO1laA 256, a dominant-negative version of
FOXOla, can inhibit the nuclear localization of p27 constitutes additional evidence
that the modified FOXO protein can affect the location of p27 (Cunningham et al.,
2004). On the other hand, PAX3-FKHR, which results from a t(2,13) chromosomal
translocation and is a genetic marker of alveolar rhabdomyosarcoma, can reduce the
expression of p27. The PAX3-FKHR fusion protein, a truncated form of FKHR, has
been found to destabilize the p27 protein but has no effect in transactivating the
expression of p27 total mRNA (Zhang and Wang, 2003). PAX3-FKHR causes the
destabilization of p27(Kipl) through an uncharacterized mechanism.

Finally, Myc can antagonize the expression of p27. For example, c-Myc can
transcriptionally repress the gene expression of p27 (Yang et al., 2001). The c-Myc
repression region is located at bp 20 to +20 region of the p27 gene. Taken together,
these findings show that p27 is a tumor suppressor protein and an important target
of different signals.

2.5 p57 KIP2 REGULATORS

The p57 protein is a maternally expressed, paternally imprinted CDKI located on
chromosome 11p15.5 (Lee et al., 1995; Matsuoka et al., 1995). p57 is a candidate
tumor suppressor gene because of its location, biochemical activities, and imprinting
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expression. This has been pointed up in animal studies demonstrating that p57
knockout mice have altered cell proliferation and differentiation and a variety of
other abnormalities (Yan et al., 1997; Zhang et al., 1997). Many of these defective
phenotypes are also seen in patients with Beckwith—Wiedemann syndrome, a child-
hood overgrowth syndrome, suggesting that the loss of p57 plays a role in it (Yan
et al., 1997; Zhang et al., 1997). Recently, more regulatory signals of p57 have been
characterized, which has furthered our understanding of its functional roles in cancers
(Table 2.3).

2.5.1 SIGNAL MEDIATORS

The myogenic factor MyoD can induce the expression of p57, which produces cell
cycle withdrawal in differentiating myoblasts. Interestingly, MyoD is also able to
induce p21. However, MyoD’s ability to induce p57 is restricted to cells lacking p21
(Figliola and Maione, 2004), indicating that the two CDKIs function differently in
muscle cells of different lineages. Reciprocally, pS7 can stabilize MyoD to transac-
tivate muscle-specific genes, including myosin heavy chain, creatine kinase, and
myosin light chain 1. It has been shown that p57 stabilizes the MyoD protein by
inhibiting cyclin E/CDK2 kinase activity in myoblasts (Reynaud et al., 1999). Such
CDK?2-dependent phosphorylation of MyoD is involved in regulating the turnover
of the MyoD protein. Interestingly, the phosphorylation of mutant MyoD at Ser200
can still be stabilized by p57, suggesting that p57 can stabilize MyoD without
inhibiting CDK’s phosphorylation on MyoD (Reynaud et al., 2000). It has been
shown that p57 physically interacts with MyoD through the N-terminal domain.
However, major gaps exist in our understanding of how p57 stabilizes MyoD by not
inhibiting CDK.

An accumulation of p57 in Skp2~~ cells indicates that p57 is ubiquitinated
and regulated by Skp2. The SCF-type E3 ubiquitin ligase complex SCFSkp2 is
involved in ubiquitinating p57 and targeting it for proteasome-mediated degrada-
tion (Kamura et al., 2003). The phosphorylation of p57 at Thr310 is required for
SCFSkp2-mediated ubiquitination to occur (Kamura et al., 2003), as shown by
the fact that mutation of this site prevents the effect of Skp2 on p57 ubiquitination.
Skp2 is overexpressed in many cancers, but it is not known whether these tumors
have low levels of p57 and whether p57 expression is correlated with clinical
outcome.

pS7 interacts with c-Jun NH2-terminal kinase/stress-activated protein kinase
(JNK/SAPK) through the carboxyl-terminal QT domain. Importantly, p57 can inhibit
JNK in order to regulate stress-activated signaling (Chang et al., 2003). In addition,
p57 can regulate the activity of LIM-kinase 1 (LIMK-1), a downstream effector of
the Rho family of GTPases (Yokoo et al., 2003). In this setting, p57 binds to and
translocates LIMK-1 from the cytoplasm into the nucleus (Yokoo et al., 2003).
Because LIMK1 can phosphorylate and inactivate cofilin, an actin depolymerization
factor, p57 in effect reorganizes the actin fiber by affecting the location of LIMKI1.

The pituitary adenylate cyclase activating polypeptide (PACAP) can increase
pS7Kip2 activity in the embryonic cortex, thereby negatively regulating the cell
cycle (Carey et al., 2002). Interestingly, a PACAP-treated precursor cell culture
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TABLE 2.3

Selected Signal Mediators/Transcriptional Activators That Regulate p57

Protein

MyoD

Skp2

JNK

LIMK1

PACAP

PThrP

Nurrl

GR

TGF-B

Mizl

B-Myb

p73

Function/Characteristics

The myogenic factor MyoD can induce the expression
of p57 to promote cell cycle withdrawal in
differentiating myoblasts. On the other hand, p57 can
stabilize MyoD without inhibiting CDK’s
phosphorylation on MyoD

57 is ubiquitinated and regulated by Skp2 because p57
is accumulated in Skp2~/~ cells. Phosphorylation of p57
at Thr310 is required for SCFSkp2-mediated
ubiquitination

p57 interacts with JNK through the carboxyl-terminal
QT domain. Importantly, p57 can inhibit JNK to
regulate stress-activated signaling

LIMKI1 can phosphorylate and inactivate cofilin, an actin
depolymerization factor. p57 binds to and translocates
LIMK-1 from the cytoplasm into the nucleus

Pituitary adenylate cyclase activating polypeptide
(PACAP) can increase p57X"? activity in embryonic
cortex. p57 is involved in PACAP’s antimitogenic effects

Parathyroid hormone-related peptide (PTHrP), a positive
regulator of chondrocyte proliferation, can have an
opposing effect on p57 expression. p57 mRNA and
protein are upregulated in proliferative chondrocytes in
the absence of PTHrP

Nurrl, an orphan nuclear receptor expressed in the
embryonic ventral midbrain, can induce p57 expression
and is important for the development of dopamine neurons

pS57XIP2 protein is regulated in the glucocorticoid-induced
antiproliferative effect

p57 promoter contains a known glucocorticoid response
element for glucocorticoid receptor (GR) binding

p57 promoter extending from 165 to 77 is important for
p57 transactivation through TGF -Smad3 signaling

Mizl is a member of the POZ domain/zinc finger
transcription factor family. Importantly, pS7KIP2 is not
expressed in Miz1~~ embryos, suggesting that p57 is a
target gene of Miz1 and is required for early embryonic
development

In addition to its function as a transcription factor, B-Myb
can prevent p57 from binding to cyclin A and promoting
cell proliferation by a nontranscriptional mechanism

p73 can induce cell cycle arrest and apoptosis.
Importantly, p73f, but not p53 or 73-0,, can activate
the expression of p57. p57 is involved in p73f-
mediated apoptosis
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showed a dramatic decrease in DNA synthesis and CDK2 kinase activity. The
decreased CDK2 kinase activity was caused by a twofold increase in levels of
pS7Kip2 protein. The levels of p21 and p27 were not affected. These data suggest
that p57 is involved in the antimitogenic effects of PACAP. Future research will
need to determine which signals regulate PACAP activity and how PACAP enhances
the expression of p57 but not p21 and p27.

p57 is genomic imprinted, and it is silenced in a variety of human malignancies
(Lee and Yang, 2001). In most cases, p57-associated mutations are not found, but
pS57 mRNA levels are significantly diminished in cancer cells compared to levels in
normal cells. This transcriptional repression is a result of DNA methylation of the
promoter because p57 gene expression is activated after treatment with a methylation
inhibitor. Recently, the p57X¥P> promoter was found to be methylated in a high
percentage of patients with acute lymphocytic leukemia and was associated with
a poor prognosis in these patients (Kikuchi et al., 2002).

Parathyroid-hormone-related peptide (PTHrP), a positive regulator of chondrocyte
proliferation, may have an opposing effect on p57 expression (MacLean et al., 2004).
This is indicated by the fact that p57 mRNA and protein are upregulated in proli-
ferative chondrocytes in the absence of PTHrP. Importantly, pS7-~ mice have bone
defects resulting from a defect in chondrocyte proliferation (Yan et al., 1997). It
remains to be determined how PTHrP causes the downregulation of p57.

2.5.2 TRANSCRIPTIONAL REGULATORS

Nurrl, an orphan nuclear receptor expressed in the embryonic ventral midbrain, can
induce p57 expression and is important for the development of dopamine neurons
(Joseph et al., 2003). Consistent with this observation, p57¥*? has been found to be
critical for the maturation of midbrain dopamine neuronal cells in pS7KIP2 knockout
mice. Interestingly, p5S7 can interact with the amino-terminal domain of Nurr1, which
enhances dopamine neuron differentiation. Glucocorticoids exert an antiproliferative
effect, and the p57X1*? protein is regulated as part of this effect (Samuelsson et al.,
1999). Because no de novo protein synthesis is required, this indicates that the
glucocorticoid-mediated induction of p57 is regulated at the transcriptional level. In
addition, glucocorticoids must stimulate the expression of p57 because the p57
promoter contains a known glucocorticoid response element for glucocorticoid
receptor binding (Alheim et al., 2003).

In human hematopoietic cells, p57 is induced by TGF-f, which is essential for
TGF-B-induced cell cycle arrest in these cells. The p57 promoter region, which extends
from -165 to -77, is important for p57 transactivation through TGF-B-Smad3 signaling
(Scandura et al., 2004). A reduction in the basal expression of p57 produced by RNA
interference allows hematopoietic cells to proliferate more readily in the absence of
TGF-B. TGF-f can also destabilize Skp2 (Wang et al., 2004), which otherwise desta-
bilizes p57. Therefore, TGF-B’s effect on Skp2 stability may stabilize p57. It is thus
possible that TGF-P regulates p57 both transcriptionally and post-transcriptionally.

Mizl, a member of the POZ domain/zinc finger transcription factor family, can
form a complex with the Myc oncoprotein, which represses Mizl-mediated tran-
scriptional activation. A recent study showed that the Miz1~~ genotype in mice is
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embryonically lethal. Importantly, pS7KIP2 is not expressed in Mizl”~ mice
embryos (Adhikary et al., 2003), suggesting that p57 is a target gene of Mizl and
is required for early embryonic development. B-Myb, a transcription factor thought
to be involved in regulating cell growth and differentiation, is a member of the Myb
family of oncogenes that either activate or repress gene transcription. The cyclinA-
mediated phosphorylation of B-Myb enhances Myb’s transactivation ability. Because
B-Myb can interact with p57 at the cyclin-binding domain, B-Myb competes
with cyclin A for binding to p57 (Joaquin and Watson, 2003), which releases active
cyclinA/CDK2 kinase from p57. Thus, in addition to its function as a transcription
factor, B-Myb can prevent p57 from binding to cyclin A and promoting cell
proliferation by a nontranscriptional mechanism. It is noteworthy that cyclin A release
may result in the phosphorylation and subsequent activation of Myb.

p73, a member of the p53 family of proteins that can induce cell cycle arrest
and apoptosis, functions as a transcriptional factor and is upregulated in response
to DNA damage. Importantly, p73-, but not p53 or 73-0., can activate the expression
of p57 (Blint et al., 2002). It stands to reason that p57 is involved in p73-B-mediated
apoptosis because apoptosis is dramatically reduced when p57 is downregulated by
small interfering RNA. Consistent with this, p73-f-mediated apoptosis is consider-
ably reduced in p57~~ embryo fibroblasts (Gonzalez et al., 2005). It remains unclear
how p57 is involved in apoptosis, but it may relate to p57 increasing the activity of
the proapoptotic enzyme caspase-3 (Samuelsson et al., 2002).

2.6 CONCLUSIONS

In this chapter, we have discussed many modes of regulating CDKIs. We expect
greater characterization of the functional regulation of CDKIs in the future. For
example, we know that p57 can inhibit kinases other than CDK, such as JNK and
LIMKI, but it is important to determine whether these kinases have a feedback
effect on p57. Also, as more transcription factors, such as FOXO and p73, have been
found to be involved in the expression of CDKI, it is becoming apparent that
transcriptional regulation also plays an important role in CDKI expression, in addi-
tion to the posttranscriptional regulation mainly regulated by ubiquitination. Because
CDKIs have been shown to be capable of acting as tumor suppressors, it is important
to learn how these transcriptional regulators affect the expression of CDKI during
tumorigenesis. Most importantly, the multiple layers of controls and different modes
of regulation discussed in this chapter may help identify new targets for agents that
prevent deregulated CIP/KIP activities.
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3.1 INTRODUCTION

The control of cell proliferation by the extracellular environment takes place mostly
at the G,/S transition of the cell cycle. The importance of this control is underscored
by the finding that this process is frequently altered in cancer cells. From yeast to
humans, cell cycle entrance from quiescence (G,), as well as progression through
the different stages of the cell cycle (G,-S-G, and M phases), is controlled by the
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sequential activation of a family of serine-threonine kinases called cyclin-dependent
kinases (CDKs).!? These kinases are heterodimeric enzymes, formed by a catalytic
subunit, the CDK, and a regulatory subunit, the cyclin. Oscillatory levels of the
cyclin subunits lead to the assembly of different CDK—cyclin complexes along the
cell cycle. In mammals, the CDK protein family includes about 20 members, 11 of
which are structurally related to the first discovered CDK — Cdc2 in S. pombe or
Cdc28 in S. cerevisiae.* The functions of many of these CDKs have not yet been
studied in detail.> At least three CDKs (CDK4, CDK6, and CDK2), and their
corresponding regulatory subunits, the D-type- and E-type-cyclins, are involved in
the control of the G,/S transition in mammalian cells and have long been considered
essential regulators of cell proliferation as well as potential targets for cancer therapy.
Recently, it has been possible to inactivate specifically each one of these genes in
the mouse, by gene targeting in embryonic stem cells. Conclusions from the phe-
notypic characterization of genetically modified mice lacking cyclins and CDKs
have challenged many previous assumptions related to cell cycle control in mammals.
Most of the G, cyclins and CDKs previously thought to be essential for the control
of cell proliferation have turned out to be dispensable in most cell types. This is
probably due to functional redundancy, activation of compensatory mechanisms,
and/or promiscuous protein—protein interactions. These mouse models have also
revealed unexpected new functions for the cyclins and CDKs, as well as a high level
of cell-type-dependent specificity in cell cycle regulation and the control of proliferation.
The lessons learned from these models and their implications for therapeutic inter-
vention in cancer will be discussed in this chapter.

3.2 G, CDKs AND THE CONTROL OF CELL
PROLIFERATION

During the G, phase of the cell cycle, cells can either stay quiescent or enter S phase
and replicate their genomes. Progression throughout the G, phase is regulated by a
complex mechanism that involves at least three CDKs, CDK4, CDK6, and CDK257
(Figure 3.1). An additional kinase, CDK3, can also function at this stage by binding
cyclin C and phosphorylating pRb at the entrance into the G, phase from the previous
mitosis (M).® However, its physiological role is not clear, because most laboratory
mice are deficient in this kinase owing to a spontaneous mutation that introduces
a premature stop codon in the CDK3 open reading frame.’

Whether cells proliferate or not depends on the balance of mitogenic and anti-
mitogenic signals that they receive from their environment and evaluate during the
G, phase. Proliferation signals, such as those mediated by growth factors, frequently
result in the induction of several signal transduction pathways such as the Ras- or
PI3K-dependent cascades. Activation of these mitogenic pathways and the corre-
sponding mitogen-activated protein kinases (MAPKSs) result in increased levels and
nuclear localization of D-type cyclins (cyclin D1, D2, or D3), which bind and activate
CDK4 and CDKG®6, thereby acting as sensors of extracellular mitogenic factors. In
fact, these D-type cyclins display some mitogen-response elements in their promoters
that control their induction under the appropriate stimulation.'” Turnover of the D-cyclins
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L Endoreplication )

FIGURE 3.1 Mammalian CDKs and their role in cell cycle progression. In mammals, at least
four CDKs (CDK4, CDK6, CDK2, and CDK1) are involved in promoting progression of the
cell cycle through its different stages. At least four cyclin families (cyclins D, E, A, and B)
activate CDK4/6, CDK2 and CDK1, respectively. A-cyclins bind to and activate both CDK2,
and CDK1, at different points in the cell cycle. CDKs are negatively controlled by the INK4
and CIP/KIP families of cell cycle inhibitors. Discontinuous arrows indicate recently found
CDK activities whose physiological role is still unknown, such as the promiscuous cyclin
D/CDK?2 or cyclin E/CDK1 (Cdc2) complex formation and the function of the CDK3/cyclin
C complex in G, progression. Cyclin E is also involved in promoting endoreplication (con-
secutive rounds of DNA synthesis without intervening mitosis) independently of its catalytic
partner CDK2. Whether the role of cyclin E in endoreplication involves activation of a kinase
other than CDK2 remains to be determined.

is also inhibited by growth factors, as proteasome-mediated degradation of the
D-cyclins depends on the phosphorylation of specific residues by the glycogen
synthase kinase 3 beta, a process that is repressed by the PI3K/Akt signaling pathway.!!
Cyclin-D-bound CDK4 and CDK®6, once fully activated, are then able to partially
phosphorylate the retinoblastoma family members pRb, p107, and p130 (called the
pocket proteins), the major substrates of these kinases. The pRb proteins function
to repress transcription through several mechanisms. First, through the binding and
inactivation of transcription factors, such as E2F family members (E2F1-E2F5), but
also through the binding to histone deacetylases (HDACs) and chromatin remodeling
complexes.!>'* The importance of the pRb pathway in the control of G, phase has
been underscored by the recent identification, after a long search, of the pRb ortholog
in 8. cerevisiae — the Whi5 protein.!>!6

Phosphorylation of pRb by CDK4 and CDKG6 is thought to partially alleviate
pRb-mediated transcriptional repression, allowing the expression of some target genes.
Among these genes are the E-type cyclins (E1 and E2), which in turn bind and activate
CDK?2 (Figure 3.1). CDK2/cyclin E complexes are able to further phosphorylate the
pRb protein, canceling the pRb-mediated repression of many genes whose activities
are necessary for S phase entry. Further activity of CDK2 bound to cyclin A is required
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to progress through S phase and to prepare cells for mitosis. Another member of the
CDK family, CDK1 (Cdc2), is mostly responsible for the control of the G, and M
phases, mainly through binding to cyclin A2 and B1 (Figure 3.1).

The activity of these cell cycle CDKs is tightly controlled at different levels,
including interaction with their activating partners (the cyclins), binding to negative
regulators (CDK inhibitors), phosphorylation of specific residues, and subcellular
localization.®!'” Two families of CDK inhibitors have been described: the INK4
family (p16™NK4a p]5INKab p]8INK4e and p19™K4d) and the CIP/KIP family (p21¢™®1,
p27XIP1 "and p57XIP2). INK4 proteins specifically bind to and inhibit CDK4 and CDK6
by allosteric competition with D-cyclins for binding to the CDK subunit. CIP/KIP
proteins, on the other hand, are able to bind all CDKs. Whereas their interaction
with CDK2 complexes clearly blocks kinase activity, their role in CDK4/6 inhibition
is unclear. Indeed, CDK4/6 and cyclin D heterodimers can bind CIP/KIP inhibitors
at stoichiometric concentrations without losing their kinase activity.®!® It has been
proposed that this interaction titrates these inhibitors away from CDK2/cyclin
E complexes, facilitating the activation of the CDK2 kinase. The physiological
relevance of this function, however, remains controversial.®!?

To understand how cyclins and CDKs control cell cycle progression, it is instruc-
tive to analyze their substrates. Immunoprecipitation and in vitro kinase studies in
the early 1990s soon identified the pRb protein as a substrate of CDK1 and
CDK?2.202! Later it was found that pRb, and the other members of the pocket family,
pl07 and p130, are substrates of most CDKs, including CDK4 and CDK®6. In fact,
pRb proteins are thought to be the major substrates of these D-type CDKs. In addition
to these pocket proteins, only Smad3 has been very recently reported to be
phosphorylated and inactivated by CDK4.22 Although the physiological relevance of
this interaction in cell cycle progression still remains unclear, it seems to be a method
of antagonizing the antiproliferative activity of TGF-8. Unlike for CDK4 and CDKG®,
many targets for CDK2 kinase activity have been identified by using different
approaches. Apart from pRb and E2F5 (both involved in gene transcription), CDK2
as CDK4 is able to phosphorylate Smad3, another transcriptional repressor. More-
over, NPAT/p220 and CBP/p300 (both involved in histone function), Cdtl (involved
in DNA replication), centrosome proteins (CP110, Mpsl1, nucleophosmin/B23),
Rad6/Ubc2 and Cdhl (involved in ubiquitin-mediated proteolysis), and p27XP!,
a CDK inhibitor, among others, have also been shown to be phosphorylated by
CDK?2.2324 Recently, proteins involved in double-strand break repair such as Ku70
and BRCA2 have been shown to be potential targets of CDK2 as well.>>2?¢ CDKI1
activity appears to be more ubiquitous, at least in yeast, because around 11% of the
yeast proteome might serve as a substrate for this kinase.?’

Most data described earlier have been obtained from experiments in which
exogenous proteins, either wild type or some mutated forms such as kinase-dead
(dominant-negative) proteins, have been overexpressed in cells in culture, or their
activities have been interrupted by antibodies, interfering RNAs, or antisense
oligonucleotides. However, these experimental approaches have intrinsic limitations.
Given the high level of structural and functional redundancy among cyclins and
CDKs, it is practically impossible to interfere specifically with the expression or
activity of one of these proteins without disturbing the normal function or regulation
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of other family members. In the last 10 years we have experienced a tremendous
breakthrough in technology for the controlled manipulation of the mouse genome.
Gene-targeting techniques in mouse embryonic stem cells make it possible to modify
specifically any given gene in the mouse genome to create loss-of-function mouse
models (knockouts), or introduce any subtle modification of a particular gene
(knockin models). These genetic tools have been applied by us and others to study
the function of mammalian cyclins and CDKs by generating knockout or knockin
mouse strains in which the genes encoding each one of these proteins have been
specifically ablated or modified. In many cases, the phenotypic characterization of
these gene-targeted mice have challenged the currently accepted canonical model
of cell cycle regulation, providing new insights into how cell proliferation and cell
cycle are regulated in mammals.

3.3 LOSS-OF-FUNCTION MOUSE MODELS OF G,
CYCLINS AND CDKS

3.3.1 Mice LAckiNG D-Type CycLins: How MANY ARe Too FEw?

D-cyclins bind to and activate CDK4 and CDKG6, acting as sensors that couple the
mitogenic signals from the extracellular environment to the progression of the cell cycle.
Throughout most embryonic development and in the adult, the three D-type cyclins,
D1, D2, and D3, are expressed in a tissue-specific but highly overlapping pattern.?8
Therefore, it is not surprising that ablation of each one of the D-type cyclins in the
mouse does not result in major developmental alterations. The three single-knockout
strains are viable and show only defects in specific cell types (Table 3.1). Thus,
cyclin-D1-null mice are viable, and although smaller than wild-type siblings, exhibit
only focal developmental abnormalities in the retina and breast tissue as well as
mild neurological disorders.?*3° Similarly, cyclin-D2-deficient mice exhibit compro-
mised fertility and postnatal cerebellar and B-cell development.3! Cyclin-D3-null mice,
on the other hand, display specific deficiencies in the maturation of T-cell lymphocytes.*

Functional redundancy among the different D-type cyclins in vivo has been
further explored using mouse models. A knockin strain in which the cyclin DI gene
is replaced by the gene encoding cyclin D2 has been generated by gene targeting.*?
In this strain, the defective proliferation of the breast epithelium of pregnant
cyclin-D1-null females is fully rescued, whereas the other phenotypes are rescued
only partially. This result suggests that subtle functional differences exist among the
different D-type cyclins in vivo that are consistent with the complex control of cell
proliferation in so many diverse cell types that coexist temporally and spatially in
a mammalian organism.

Another level of complexity in cell cycle regulation that has been highlighted by
the cyclin D knockout models is embryonic plasticity or developmental compensation,
a term used to describe the ability to activate potentially compensatory pathways
when an essential function is missing during embryonic development. This phenomenon
has been unambiguously demonstrated by the generation of double-knockout mice
lacking two of the three D-type cyclins (single-cyclin mice; Table 3.1).34 In these
strains, the tissue-specific pattern of expression of the remaining cyclin gene is
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TABLE 3.1

Major Phenotypes of the Different Knockout and Knockin Models of Cell
Cycle Cyclins, CDKs, and Their Inhibitors

Genotype

cyclin D17~

cyclin D1 replaced by
cyclin E (knockin)

cyclin DI replaced
by cyclin D2
(knockin)

cyclin D27~

cyclin D37~

cyclin DI
cyclin D2+

cyclin DI7-;
cyclin D37~

cyclin D27
cyclin D37~

cyclin D17
cyclin D27
cyclin D37~

Life Span

Reduced viability

Normal

Normal

Normal

Normal

Reduced viability
(die within
3 weeks)
Neonatal lethality
A fraction survive
up to 2 months

Late embryonic
lethality
(E17,5-18,5)

Embryonic
lethality
(E15,5-E16,5)

Main Phenotype

Reduced size. Hypoplastic retina.
Pregnancy-insensitive mammary
gland. Neurological disorders.

Malformation of the jaw.
Impaired proliferation of
Schwann cells after injury.
Rescues most of the cyclin D17~
phenotype except for some
defects in the breast epithelium.

Rescues the cyclin D17~
phenotypes to a different extent.
Only the phenotype in the
mammary gland is fully rescued.

Female sterility, defective
proliferation of ovarian granulosa
and Sertoli cells in response to
hormones. Small testis.

Impaired proliferation of
B-lymphocytes.

Impaired proliferation of pancreatic
beta-cells.

Developmental abnormalities in
the cerebellum.

Thymic atrophy with reduced
expansion of immature T
lymphoid cells.

Retarded growth.

Hypoplasia of the cerebellum.

Reduced size. Hypoplastic retina.
Neurological disorders.

Reduced embryo size.
Decreased erythropoiesis and
megaloblastic anemia.

Decreased size of the embryo.

Severe megaloblastic anemia and
multilineage hematopoietic
failure.

Developmental heart defects (in a
fraction of the embryos).

Reference

29,30,92,93

92,94

33

31,41,42,95-98

32

34

34

34

35
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TABLE 3.1 (CONTINUED)
Major Phenotypes of the Different Knockout and Knockin Models of Cell
Cycle Cyclins, CDKs, and Their Inhibitors

Genotype

CDK4-

CDK67-

CDK47"
CDK67-

cyclin EI7-

cyclin E27-

cyclin E17;
cyclin E27-

cyclin E17-;
cyclin E2--, after

tetrapoid rescue

CDK2--

CDK27;
CDK67-

cyclin Al7-

cyclin A27-

cyclin BI7-

cyclin B27-

Life Span

Decreased viability

Normal

Late embryonic
lethality
(E14.5-E18.5)

Normal

Normal

Embryonic
lethality
(E10.5-E11.5)

Perinatal lethality

Normal

Normal

Normal

Embryonic
lethality (ES5.5)

Embryonic lethality
(earlier than E10.5)

Normal

Main Phenotype

Reduced body size.
Pituitary atrophy. Female sterility

and decreased fertility in males.

Insulin-dependant diabetes due to
a reduced number of beta cells.

Decreased female fertility.

Decrease in the splenic
hematopoiesis with megaloblastic
erythrocytes.

Partial thymic atrophy and
delayed T-cell response to
stimulation.

Severe megaloblastic anemia.

Multilineage hematopoietic failure
in the liver.

No defect.

Testicular atrophy, reduced male
fertility with abnormal meiotic
features.

Placental defect, failure of the
trophoblast giant cells to

undergo normal endoreplication.

Frequent cardiovascular
abnormalities.

Reduced endoreplication of
megakaryocytes.

Sterility with atrophy of the gonads.

Defective spermatogenesis and
oogenesis due to a block in the
first meiotic division.

Sum of the single-knockout
phenotypes.

Testicular atrophy and male
sterility due to a block in
spermatogenesis.

Death shortly after implantation

Death shortly after implantation

No abnormalities

Reference

36,37,38-40,114

45

45

47,48
47,48

47,48

47

52,53

45

54

99

100

100

(continued)
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TABLE 3.1 (CONTINUED)
Major Phenotypes of the Different Knockout and Knockin Models of Cell

Cycle Cyclins, CDKs, and Their Inhibitors

Genotype Life Span Main Phenotype Reference
cyclin F- Embryonic Abnormal development of 101
lethality extraembryonic tissues.
(E10.5) Delayed embryonic
development.
pl6/NKda-i= Viable. Thymic hyperplasia. 69,70
Some spontaneous ~ Tumors: soft tissue sarcoma,
tumors with lymphoma, and melanoma.
ageing Increased sensitivity to
carcinogen-induced cancers.
p 15N Viable. Increased extramedullary 71
Some spontaneous hematopoiesis and
tumors with aging lymphoproliferative disorders.
Tumors: angiosarcoma and
lymphoma.
p18INKel- Viable. Increased body size, multiple 71,72,102,104
Some spontaneous cysts in the kidney and
tumors with aging mammary glands. Leydig cell
hyperplasia.
Tumors: mainly pituitary
adenoma and some other
malignancies (adrenal medulla
tumors, thyroid tumors).
Haplo-insufficiency for
carcinogen-induced tumor
suppression.
p19INKsd-- Normal Testicular atrophy but conserved 103
fertility.
15K Viable. Similar to the addition of single- 71
18Nk~ Some spontaneous knockout phenotypes.
tumors with aging ~ Multiple cysts in pancreas and
testis.
p1 8Nk Viable. Added phenotypes of the 102
p19INK#d-I- Some spontaneous individual knockout strains.
tumors with aging
pl6!NKdat= Viable. Tumors: lymphoma and sarcoma. 105
pI9ARF-- High level of

spontaneous
tumors
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TABLE 3.1 (CONTINUED)
Major Phenotypes of the Different Knockout and Knockin Models of Cell
Cycle Cyclins, CDKs, and Their Inhibitors

Genotype

CDK4R24CR24C

(knockin)

pZICIl’lflf

p27KIPlf/f

p57KIP27/7
or p. 5 7KIP2m-/+

m~(imprinted)

p2] CIP]—/—;
p2 7KIPI-I-

p2 ]CIPlf/f;
p § 7KIP2m—/+

p2 7KIP]—/—;
p57 KIP2m-/+

Life Span

Viable.
Spontaneous
tumors with aging

Viable.
Some spontaneous
tumors with aging

Viable.
Some spontaneous
tumors with aging

Neonatal lethality

Viable

Late embryonic
lethality
(E16.5-E18.5)

Embryonic
lethality
(E12-E16.5)

Main Phenotype

Beta islet cell hyperplasia in the
pancreas. Hyperplasia of the
Leydig cells and pituitary gland.
Variety of tumors with long
latency (angiosarcomas, other
sarcomas, pancreatic endocrine
tumors, testicular Leydig cell
tumors, pituitary tumors,
adenomas, and carcinomas).

Increased sensitivity to
carcinogen-induced tumors.

Normal development.

Tumors: histiocytic sarcoma,
hemangioma, B-cell lymphoma,
lung carcinoma.

Increased body size and
organomegaly. Female sterility.
Retinal dysplasia.

Pituitary hyperplasia and adenomas
of the intermediate lobe.

Intestinal adenocarcinomas.

Haplo-insufficiency for tumor
suppression.

Several developmental defects in
the gastrointestinal tract and
cleft palate. Abnormal cell
proliferation in placenta,
cartilage, and lens.

Similar phenotype to that of
Pp2TKIPI-I-,

More pronounced hyperplasia of
the ovaries (granulosa cells).

Abnormal skeletal musculature
(failure to form myotubes).

Abnormal development of the
lung alveoli. Abnormal skeletal
development.

Abnormal placental and lens
development due to increased
cell proliferation.

Reference

36,43,73,106

81,107,108

77,78,79,80,109

110,111,112,113

115

113

112

(continued)
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TABLE 3.1 (CONTINUED)
Major Phenotypes of the Different Knockout and Knockin Models of Cell

Cycle Cyclins, CDKs, and Their Inhibitors

Genotype Life Span Main Phenotype Reference
CDK4RAHCR2AC, Reduced viability Decreased size. 116
p27KIPI-[- (up to 3 months) Curved spinal cords,
lordokyphosis.
Undifferentiated pituitary tumors.
CDK4 RACR2C, Viable. Added phenotypes of each single- 116
p18INKe- |- Spontaneous mutant strain.

tumors with

aging
p18INKde—— Viable Accelerated development of 117
p21¢Pi-- pituitary tumors. Multifocal
gastric neuroendocrine
hyperplasia.
Bronchioloalveolar adenomas.
p1 8Nk Viable Accelerated development of 72,117
p27KIPI== pituitary tumors.
Other hyperplasias or tumors in
the thyroid, parathyroid, adrenal
gland, endocrine pancreas,
testis, and duodenum.
18Nk Viable Similar to the CDK4--phenotype. 118
CDK47-
p 19Nk Postnatal lethality Neurological disorders. 119
p27KIPI-= (3 weeks) Abnormal proliferation of
neuronal populations in the
central nervous system.
p27KIPI== Viable Increased body weight (but 118
CDK4- smaller than p27X/PI=- alone).
p27KIPI= Viable Rescue of the cyclin D17~ 120,121
cyclin D17~ phenotypes but not of those of

the p275PI--mice.

Note: When several references are cited for one strain, the original description of that particular strain
appears in bold type.

altered, and it becomes almost ubiquitously expressed in most tissues in the embryo
and in the adult. The molecular mechanisms underlying the ectopic expression of
the single-cyclin gene varies in different tissues but relies mostly on transcriptional
or posttranslational processes. As a consequence of this developmental compensa-
tion, cyclin D1-only mice die at late gestation, whereas cyclin-D2-only or cyclin-
D3-only mice are viable and survive for several weeks, demonstrating that in most
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cells the D-type cyclins are functionally interchangeable. The inability to efficiently
upregulate the remaining cyclin in a particular tissue or cell type appears to be the
main cause of the tissue-specific phenotypes observed in the various single-cyclin
mice. However, it is also possible that subtle functional differences, as described
earlier may contribute to the incomplete rescue of the phenotype in certain tissues.
Nevertheless, the major conclusion from the single-cyclin D models is that prolif-
eration of most cells relies on the net D-type cyclin activity present at a given time.
The question is, to what extent can cells still proliferate in the total absence of
D-type cyclins? To address this issue, Sicinski and coworkers intercrossed the three
individual D-cyclin knockout strains to generate embryos lacking the three D-type
cyclins. As D-cyclins had long been considered essential mediators of extracellular
mitogenic signaling, the observation that embryos could develop extensively without
D-cyclin activity was a surprise.® In fact, embryos lacking D-type cyclins develop
to mid gestation, and start to die at embryonic day E14.5 when most organs are well
developed. Some of them progress to E17.5. Death is caused in the embryos by
multilineage hematopoietic abnormalities. The proliferation of hematopoietic stem
cells in the fetal liver is drastically diminished, resulting in severe anemia in the
embryo. Fetal hematopoietic cells are therefore dependent on cyclin-D-mediated sig-
naling for proliferation, whereas most other cell types in the embryo are not. Addi-
tionally, heart malformations are observed, but only in a fraction of these embryos.

3.3.2 Mick Lacking CDK4 aNnp CDK6: FETAL HEMATOPOIETIC
FAILURE

In parallel to the generation of D-cyclin knockout mice, their catalytic partners CDK4
and CDKG6 have been also ablated in mice by gene targeting. As in the case of the
D-cyclins, neither CDK4 nor CDKG6 is essential for cell proliferation, but the lack
of either causes tissue-specific phenotypes (Figure 3.2 and Table 3.1). Mice lacking
CDK4 are viable, although they show reduced numbers of certain endocrine cell
types such as prolactin-producing cells in the anterior lobe of the adenohypophysis
and Leydig cells in the testis.’*¥” Low numbers of lactotroph cells and prolactin
deficiency lead to female infertility in the absence of CDK4.3840 Male fertility is
also reduced, probably due to the decrease in the number of testosterone-producing
Leydig cell and hormonal defects, although this has not yet been unequivocally
proved in males. However, the most striking phenotype of the CDK4-null mice is
a severe defect in another endocrine cell type, the insulin-producing beta cells of
the pancreas. CDK4 is required for the postnatal proliferation of beta cells,
although it is dispensable for their neogenesis from precursor cells during embryonic
development.*® As a consequence, CDK4-null mice show a dramatic reduction in
the number of beta cells (Figure 3.2) that results in early onset of insulin-dependent
diabetes and reduced lifespan. This strong dependency of beta cells on CDK4 for
proliferation may be a consequence of the absence of CDK®6 in this cell type.*
A similar, although less severe, phenotype in beta cells is produced by the absence
of cyclin D2,*! indicating that cyclin D2/CDK4 is the main complex involved in the
postnatal control of beta cell proliferation. However, the phenotype of beta cells is
more severe in double-knockout mice lacking both cyclin D1 and D2,*? showing
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FIGURE 3.2 Tissue-specific phenotypes of G, CDK knockout mice. The appearance of
tissues and organs where a phenotype is evident in each individual G, CDK knockout mouse
strain is shown. Lack of CDK4 results in a dramatic reduction of the number of beta cells in
the pancreatic islets, as it is shown by insulin immunostaining of pancreas sections (A), as
well as in the size of the hypophysis, particularly in the anterior lobe (B). Lack of CDK6
results in thymus (C) and spleen (D) hypoplasia, whereas absence of CDK2 leads to a testis
(E)- and ovary (F)-specific phenotype consisting in the absence of mature germ cells. The
three individual knockout mice are viable but show a reduction in size with different pene-
trance, being more severe in the case of CDK4 knockout mice. Double-knockout mice lacking
both CDK4 and CDKG6 develop up to mid gestation, at which stage they die of hematopoietic
failure and severe anemia (G). Double-knockoutsfor CDK2 and CDKG6 are viable and show
the sum of phenotypes of the single-knockout mice.

that cyclin D1, also expressed in beta cells albeit at lower levels than cyclin D2,
may partially compensate for the lack of cyclin D2.

Why endocrine cells are more dependent than other cell types on CDK4 for
proliferation remains to be established, but this observation is further supported by the
phenotype of a knockin mouse strain expressing endogenous levels of a form of CDK4
that is insensitive to INK4 inhibitors (CDK4R24C).3¢ These mice develop hyperplasias
and multiple tumors that are mostly of endocrine cell origin, such as pituitary and
Leydig cell tumors and insulinomas with almost complete penetrance.*> Moreover,
hyperproliferation of beta cells is detected from the early postnatal period with complete
penetrance in these mice.*° The phenotype of this strain is discussed later in this article.

Similar to cyclin D1 knockout mice, mice lacking CDK4 are smaller than wild-
type mice (Figure 3.2). A similar phenotype is observed in Drosophila, where
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ablation of CDK4 (there is no CDK®6 in flies) leads to normal but smaller individuals
at birth.** This phenotype in flies and mice is not the consequence of cell size
reduction but of reduced cell numbers. Moreover, in mice the smaller size is not
caused by endocrine dysfunction, as reexpression of CDK4 in pituitary and beta
cells rescues the diabetes and the female sterility but not the reduced size.* There-
fore, it seems that mammalian homeostatic cell number and body size are regulated
by CDK4/cyclin D1 complexes in a cell-autonomous fashion.

Mice lacking CDKG6 also show cell-type-specific phenotypes. They exhibit hypo-
plastic thymus and spleen (Figure 3.2), which indicates a specific dependence of
lymphoid cells on CDK6 for proliferation and/or development. In general, CDK6
knockout mice are overtly normal, fertile, and have normal lifespan.*> A small reduction
in body size is observed in females, but the cause of this phenotype remains to be
established. As both CDKs are coexpressed in most normal tissues, the mild phenotypes
observed in the single-knockout mice could in principle be explained by functional
redundancy. However, the generation of mice lacking both CDK4 and CDKG6 has
shown that, rather unexpectedly, most cells are independent of CDK4 and CDK6
for proliferation, at least during embryonic development.* In fact, double-null mice
for CDK4 and CDKG6 exhibit a phenotype that mirrors that of mice lacking the three
D-type cyclins. They die at mid/late gestation from defects in the hematopoietic tissues
and severe anemia. However, most of the fetal organs exhibit normal morphological
development at the time of death (Figure 3.2). As in mice lacking D-cyclins, the
liver hematopoietic stem cells of the double-knockout mice show impaired proli-
feration both in vivo and in vitro. The fact that the absence of D-cylins or of CDK4
and CDKG6 leads to virtually identical phenotypes provides genetic evidence that the
only function of the D-cyclins during embryonic development is to activate CDK4
and CDKG6. The strong dependence of the fetal hematopoietic cells on CDK4 or CDK6
activation for proliferation suggests that highly proliferative tissues with a rapid cellular
turnover, such as the hematopoietic system, require cyclin-D-mediated kinase
activation for proliferation, probably to reach a threshold of kinase activity higher
than the one needed by other, less active proliferating cells. Yet, it remains to be established
whether other cell types in the embryo have compensatory mechanisms that either do
not exist or cannot be activated in hematopoietic cells, to overcome the lack of cyclin-
D-mediated signaling. The generation of double-knockout mice lacking CDK4 and
CDK?2 as well as the triple knockouts lacking the three G; CDKs has not been reported
yet, although work is in progress (M. Barbacid, personal communication).

3.3.3 Mice LAckING E-CycLINS: ENDOREPLICATION DEFECTS

Cyclin E1 and E2 are coexpressed in virtually all proliferating cells in embryos and
adult.*® The only known function of these cyclins up to now is to bind and activate
their catalytic partner, CDK2. No other CDK has so far been described to be activated
by binding cyclin E, at least under physiological conditions. Ablation of each
individual E-type cyclin in the mouse has no phenotypic consequences except for
an approximately 50% reduction in fertility in males lacking cyclin E2.4748 A similar,
although more severe, phenotype is observed in mice carrying a single cyclin E1
allele and null for cyclin E2, suggesting that either cyclin E1 is haplosufficient for
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normal cell proliferation or most cells can proliferate in the absence of E-type
cyclins. Ablation of both cyclin E1 and E2 in the mouse showed that, unexpectedly,
this seems to be the case. Embryos lacking both E-type cyclins die in utero at mid
gestation (E11.5). At this stage mutant embryos look normal, albeit smaller than
wild-type littermates, display normal organogenesis, and show normal cell prolifer-
ation rates.*’*® However the mutant placentas showed severe defects, caused by the
absence of trophoblast giant cells, that resulted in reduced vascularization in the yolk
sac and in the embryos. This phenotype can be rescued by a tetraploid embryo com-
plementation assay.*’ In this assay embryonic stem cells obtained from cyclin E1 and
E2 double-knockout mice are microinjected into wild-type blastocysts in which cells
have been made tetraploid by electrofusion of the two-cells at the two cell stage of the
embryo.* After tetraploid rescue, embryos develop to term, demonstrating in a very
elegant way that in fact E-type cyclins are dispensable for development of the embryo
proper, but are essential for placental function.*’” The rescued double-knockout mice die
early after birth owing to multiple cardiovascular defects. However, this cannot be
attributed unequivocally to the lack of E-cyclins in the newborns, as mice born from
tetraploid rescue very rarely survive to adulthood. Whether the E-type cyclins indeed
play a role in cardiovascular development during embryogenesis remains to be estab-
lished. Nevertheless, the most important conclusion of these mouse models is that most
cells can proliferate and develop properly in the absence of E-type cyclins.

The phenotype observed in the placentas of double-null mice deserves further
attention. The lack of trophoblast giant cells in the placenta indicates a failure in
the capacity of the cells to go through endoreplication cycles that lead to an increase
in DNA content of up to 1000N. This increase in DNA content is not observed in
the cells of the mutant placentas, suggesting that cyclin E is essential for endorep-
lication.*’*8 Moreover, in the tetraploid rescued embryos, megakaryocytes, another
cell type known to undergo endoreplication cyles, do not exhibit this increase in DNA
content and are reduced in numbers, which further supports a function of E-type
cyclins in endoreplication in mammals (Figure 3.1). Interestingly, this function of
cyclin E has been previously described in Drosophila, where it has been implicated
in the control of the endoreplication cycles of the salivary gland cells.”®

3.3.4 Mice Lacking CDK2: CDK2 EssentiAL No MORE

Early experiments had shown that ablation of CDK2 in normal and tumor cell lines
by different approaches interfered with cell proliferation. These experiments,
together with the identification of CDK2 kinase activity targets that are involved in
critical processes at the G,/S transition of the cell cycle, DNA synthesis, and acti-
vation of histone gene transcription, have led to the conclusion that CDK2 is essential
for cell cycle progression from G, to S phase. More recently, unlike what had been
previously described, it was shown that CDK?2 was not required for the proliferation
of colon cancer cell lines.’! However, these experiments could not be taken as
evidence of the dispensability of CDK2 for cell cycle progression, as other pathways
may be deregulated in tumor cells that may compensate for the lack of CDK2.
The issue was resolved when the viability of mice in which CDK2 had been specifically
inactivated by gene targeting was reported.’>>3 Rather unexpectedly, mice lacking
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CDK?2 are fully viable and overtly normal, with the exception of a dramatic failure
in the meiotic cycle that results in the absence of mature germ cells in both males
and females, gonad hypoplasia (Figure 3.2), and therefore complete sterility in both
genders.>? Although ablation of cell cycle regulatory genes often leads to alterations
in germ cell development and partial or complete sterility, this is the first case in
which a cell cycle gene is shown to be essential for meiosis in both sexes. It is
important to mention that cyclin A1 knockout males are also 100% sterile,>* although
females are fully fertile. Because cyclin Al is a catalytic partner of CDK2 and
specifically expressed in the male germ line, it could be assumed that the phenotype
of mice lacking either cyclin A1 or CDK2 during spermatogenesis would be the
same. However, this is not the case. In the absence of cyclin Al, spermatocytes
progress to the transition from prophase to metaphase I, where they stop owing to
the inability to activate CDK1-cyclin B complexes in the absence of cyclin A1,%
whereas spermatocytes lacking CDK?2 stop earlier, at the pachytene stage of prophase
I where they show aberrant synaptonemal complex formation and unpaired fibers.
Therefore, CDK2 must have another cyclin-Al-independent function earlier in
prophase I of the meiotic cycle in spermatocytes.

The lack of phenotypes other than the meiotic failure in CDK2-null mice can be
interpreted in two ways: either CDK2 is dispensable for somatic cell proliferation, or
compensatory mechanisms and embryonic plasticity account for the lack of phenotype
in the majority of the cells lacking CDK2. However, although the latter explanation
cannot be completely ruled out, overexpression of other CDKs that could assume the
function of CDK2, such as CDK4, CDK6, or CDK1, has not been detected in CDK?2
knockout mice. Up to now the regulatory subunits, the E- or A- type cyclins, have not
been found to be upregulated. Moreover, Ortega et al. designed a conditional knockout
allele of CDK2 (CDK2") with the purpose of inactivating CDK?2 selectively in adult
tissues and in a cell-type-specific manner.”> Cre-mediated inactivation of the CDK21
allele in primary cultures of mouse embryonic fibroblasts (MEFs) from CDK2%" mice
had no effect on cell proliferation. Because these cells are established from embryos
with normal levels of active CDK2 and CDK2 is ablated once the cells are in culture,
the lack of phenotype cannot be attributed in this case to compensatory mechanisms
activated during embryonic development. Rather, they provide evidence that CDK2 is
in fact dispensable for normal cell proliferation.

No endoreplication defects have been observed in CDK2 knockout mice, in contrast
with what has been described in mice lacking E-type cyclins. This is a very important
and intriguing finding as no other functions have so far been described for E-cyclins
other than CDK2 activation. The contrast between cyclin E and CDK2 knockout mouse
phenotypes unambiguously indicates that cyclin E has CDK2-independent functions in
endoreplication. Whether cyclin E acts in this process by activating a kinase other than
CDK?2 or has CDK-independent functions remains to be established. A recent report
shows that cyclin E can form complexes with CDKI1 in vivo. The physiological
relevance of these complexes and whether or not they can phosphorylate the same
targets as CDK2—cyclin E complexes is not known, but this finding suggests that CDK1
may act as a catalytic partner of cyclin E in the absence of CDK2.

On the other hand, it is tempting to speculate that other G, CDK could also
play CDK2 functions. For instance, CDK4 can phosphorylate pRb in residues that
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are considered “CDK2 specific” in cells lacking CDK?2 activity.>! The opposite is
also true because pRb is phosphorylated, although to a lesser extent in the absence
of cyclin-D-dependent signaling.’># Moreover, in the absence of CDK4 and CDKG6,
proliferation becomes dependent on CDK?2, as expression of CDK2-interfering
RNA in mouse embryonic fibroblasts (MEFs) lacking CDK4 and CDKG6 reduces
the proliferation capacity of these cells.* Interestingly, in these cells CDK2 has
been found forming complexes with cyclin D,* indicating that, as in the case of
CDKl1-cyclin E complexes, promiscuity in terms of partner choice may actually be
a way by which cell cycle cyclins and CDKs may compensate for the lack of each
other, adding one more level of complexity to the established model of cell cycle
regulation. Finally, CDKs other than the “canonical” cell cycle CDKs may come into
play when these are absent. For instance, CDKO9 is able to bind to and phosphorylate
pRb,%” and CDK3 has been shown recently to play a role in promoting G, exit.®?
The possibility that other kinases that show structural homology with the CDKs
could be responsible for such compensation needs to be further explored.>*®

3.4 CDKs AND TUMOR DEVELOPMENT
3.4.1 AvteraTiON OF G,/S ReGULATION IN HUMAN CANCER

Most of the proteins involved in G,-CDKs regulation and some of their substrates
have been linked with human tumor development, underscoring the importance of
these cell cycle regulators in maintaining appropriate proliferation rates.!” Thus,
D- and E-type cyclins are frequently overexpressed in human tumors, whereas
CDK inhibitors (such as pl6™K4a p]SINKb 52 [CIPL - or p27KP1) or CDK substrates
(such as pRb) are frequently inactivated by different mechanisms.>° Genetic alter-
ations of CDKs themselves are far more rare in tumors, although the CDK4 gene
is amplified and overexpressed in a wide variety of tumors and tumor cell lines.
A point mutation in CDK4 has also been described in spontaneous and familiar
melanomas.®!%2 This mutation, substitution of Arg24 by Cys (R24C), leads to
misregulation of the kinase activity by preventing its binding to the INK4 family
of cell cycle inhibitors without affecting its affinity for cyclin D1. Similarly, CDK6
is frequently overexpressed in hematopoietic malignancies, in some cases as a
consequence of a translocation that places the CDK6 gene under the control of strong
promoters in these cells.%3%* Although CDK2 is not frequently altered in human
cancer, two of their regulators, cyclin E and p27X™®!, have specific prognostic value
in many different tumor types.?*%3

3.4.2 Lessons FROM CDKs GAIN-OF-FuNCTION MOUSE MODELS

In addition to the molecular analysis of human tumors, animal models have been
used to demonstrate the causal involvement of CDK dysregulation in tumor devel-
opment (Table 3.1 and Table 3.2). Classical transgenic mouse models have been
generated to overexpress cyclins and CDKs in specific tissues and study the conse-
quences of this overexpression in tumor development. Table 3.2 summarizes the
more relevant phenotypes of some of these transgenic models of cyclins and CDKs.
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TABLE 3.2

Phenotype of Transgenic Mouse Models of Cyclins and CDKs

Transgene Promoter/Tissue Phenotype Reference
K5-cyclin D1 Keratin 5/basal layer Basal cell hyperplasia, increased 122,123

K5-cyclin D2

K5-cyclin D3

K5-CDK4

K5-cyclin DI and K5-
CDK4 double
transgenic

MMTV-cyclin D1

Eu-cyclin D1

Eu-cyclin DI and Eu-
myc double
transgenic

MHC-cyclin DI

AlphaA-crystallin
-cyclin D1
AlphaA-crystallin
-cyclin DI and
alphaA-crystallin-
CDK4
MMTV-cyclin D2

of the skin

Keratin 5/basal layer
of the skin

Keratin 5/basal layer
of the skin

Keratin 5/basal layer
of the skin

Keratin 5/basal layer

of the skin

MMTV LTR/breast

Ew/lymphocytes

Ew/lymphocytes

Alpha-cardiac myosin
heavy chain/
differentiated
cardyomyocytes

AlphaA-crystallin/eye
lens fiber cells

AlphaA-crystallin/eye
lens fiber cells

MMTYV LTR/breast

epidermal proliferation.
Severe thymic hyperplasia

Basal cell hyperplasia, increased
epidermal proliferation.

Mild thymic hyperplasia

Basal cell hyperplasia, increased
epidermal proliferation

Epidermal hyperplasia and
dermal fibrosis.

Increased sensitivity to
carcinogen-induced skin tumors

Similar phenotype to that of the
keratin 5-CDK4 transgenic line

Constitutive mammary
hyperplasia. Multifocal
carcinoma and metastasis with
age albeit with low incidence

Impaired lymphocyte
maturation. No lymphocyte
hyperproliferation

Accelerated development of
lymphoma induced by
overexpression of c-myc

Polyploidy and multinucleation,
but not proliferation of
cardyomyocites. The
expression of myocardial
markers is not affected

Does not promote S phase
entrance

Promotes entrance in S phase

Mammary hyperplasia and
carcinomas with age.

Inhibition of normal
alveologenesis and nursing in
pregnant females

88

88

68,124

124

66

67

67

125

126

126

127

(continued)
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TABLE 3.2 (CONTINUED)
Phenotype of Transgenic Mouse Models of Cyclins and CDKs

Transgene Promoter/Tissue Phenotype Reference
AlphaA-crystallin AlphaA-crystallin/eye  Does not promote S phase 126
-cyclin D2 lens fiber cells entrance
AlphaA-crystallin AlphaA-crystallin/eye  Promotes entrance in S phase 126
-cyclin D2 and lens fiber cells
alphaA-crystallin-
CDK4
AlphaA-crystallin AlphaA-crystallin/eye ~ Promotes entrance in S phase 126
-cyclin D3 lens fiber cells
Beta-lactoglobulin- Beta- Epithelial cell hyperplasia after 74
-cyclin E lactoglobulin/mamm the first lactation.
ary epithelium after Mammary gland carcinomas
pregnancy with low penetrance
CD2-cyclin E CD2/Tcells Does not develop lymphoid 75
neoplasia.
More susceptible to tumors
induced by carcinogenic
treatment
CD2-cyclin E; CD2/Tcells Monoclonal T-cell lymphoma 76
p27KIP]7/7
Beta-lactoglobulin- Beta- Multinucleation and 128
cyclin Al lactoglobulin/mamm karyomegaly
ary epithelium after
pregnancy
Beta-lactoglobulin- Beta- More severe phenotype than 128
cyclin Al and Beta- lactoglobulin/mamm single cyclin Al transgenic

lactoglobulin-CDK?2
double transgenic

ary epithelium after
pregnancy

For instance, transgenic mice overexpressing cyclin D1 in breast tissue, under the
control of the MMTV promoter, display mammary hyperplasia and succumb to
breast cancer,’® demonstrating that overexpression of cyclin D1 in breast predisposes
to tumor development, although other genetic alterations are also required. However,
not all tissues are equally sensitive to the overexpression of cyclin D1. Transgenic
mice that express cyclin D1 in lymphocytes under the control of the Ey promoter
do not develop lymphocyte hyperplasia. However, overexpression of cyclin D1 in
Ep-c-myc transgenic mice accelerates lymphoma development.6’

Similarly, overexpression of CDK4 in the skin of transgenic mice under the
control of the keratin 5 promoter does not lead to tumor development, but makes
mice more sensitive to tumors induced by classical skin-carcinogenic protocols that
result in oncogenic H-ras activation,®® demonstrating that overexpression of CDK4
cooperates with oncogenic ras to induce cell transformation in the skin.
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Inactivating mutations in single INK4 inhibitors in the mouse, including p16/Vk4a 6970
p15™K# 71 and p18NK4e 71,72 3lso result in different levels of tumor susceptibility (Table 3.1).
Indeed, knockin mice expressing the CDK4R24C mutant develop a wide spectrum of
spontaneous tumors, confirming the central role of CDK4 in the entry into the cell cycle.”

Two animal models of cyclin-E-associated cancer have been reported. Mice
carrying a lactoglobulin-cyclin E transgene develop mammary gland hyperplasia and
carcinomas.’ Similarly, mice engineered to express cyclin E under the T-cell-specific
CD2 promoter are susceptible to developing clonal lymphomas after specific carcinogenic
or genetic stress.”>’¢ Finally, p21¢®!- and p27%™®!-deficient mice display diverse suscep-
tibility to tumor development. Targeted disruption of the murine p27%™! gene in mice
caused a gene dose-dependent increase in animal size and sterility in females without
other gross morphological abnormalities.””-® In addition, p27X®! deletion caused
neoplastic growth of the pituitary pars intermedia. Similarly, p21¢™®!-deficient mice
are more susceptible to spontaneous tumor development.?!

3.4.3 LessoNs FRoM MIcE AND CELLs LACKING CycLINs AND CDKSs

The dispensability of the G, cyclins and CDKs for normal proliferation of most cells
during embryogenesis in vivo is also confirmed by cell culture assays in MEFs
isolated from the knockout mouse strains (Table 3.3). Thus, individual loss of any
of the D- or E-type cyclins or of CDK4, CDK6, or CDK2 results in either no
phenotype or minor delays in cell proliferation in tissue-cultured MEFs.29:30:35:45.47.48,52
Furthermore, D-type cyclin-null or CDK4/6-null cells not only do proliferate but
are also able to reenter S phase from quiescence, albeit with decreased kinetics,
demonstrating that CDK4/6 signaling is not required to restart the cell cycle in response
to mitogenic stimulation.>>* Similarly, E-type cyclin-deficient or CDK2-deficient
MEFs proliferate normally in vitro.#74852 Intriguingly, double cyclin E1-E2-deficient
MEFs, unlike CDK2-null MEFs, are not able to respond to serum stimulation and
reenter S phase from G,. This is not due to defective pRb phosphorylation, as pRb
is phosphorylated normally in these cells, but to impaired loading of MCM
complexes to the chromatin during the G,/G, transition.*’ Loading of the MCM
complex is required for the proper assembly of the prereplication complexes at the
origins of replication. Therefore, these results demonstrate that E-cyclins play an
essential role in promoting DNA synthesis that is independent of CDK2. Whether
cyclin E acts in complex with another CDK or has another noncatalytic function in
this process remains to be determined.

Wild-type MEFs can be transformed by the combination of ras and other
oncogenes such as myc, EIA, or dominant negative (DN) p53. A widely used and
relatively simple assay to study the implication of cell cycle regulatory genes in
cellular transformation is to test the sensitivity of MEFs obtained from these cell
cycle gene knockout mouse strains to transformation mediated by any of these
oncogene combinations. Thus, MEFs lacking all three D-cyclins are resistant to
transformation by any oncogene combination whereas MEFs lacking only cyclin D1
are not, probably because of functional redundancy with cyclin D2 and D3. Similarly,
MEFs lacking CDK4, but expressing CDK6, become resistant to transformation by
ras and DN p53.32 This result indicates that cyclin-D-dependent signaling through
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TABLE 3.3

Properties of the Mouse Embryonic Fibroblasts (MEFs) Derived
from Knockout and Knockin Mouse Strains of Cyclins, CDKs,
and CDK Inhibitors

Genotype Properties of MEFs Reference
cyclin D17~ Similar to wild-type MEFs. 29

cyclin DI~ Reduced fraction of cells in S phase. 35

cyclin D27~ Slight decrease in the overall proliferating rate.

cyclin D37~ Delay in S phase reentry from G, when stimulated

with low serum concentration.
Resistance to oncogenic transformation by H-ras +
c-myc, H-ras+DNp53, or H-ras+EIA.

CDK4"- Normal proliferation rate. 36,37
Delay in S phase reentry from G,

CDK4 - Rescued the delay in S phase reentry of the CDK4~- 37,118
p27KIPI-- phenotype.

CDK4 - Accelerated S phase reentry from G, similar to the 118
p]8INK4(‘7/7 p]8INK4(‘7/7 phenotype.

CDK6™" Similar to wild-type control. 45

CDK47 Normal proliferation at early passages. Delayed 45
CDK67- proliferation at later passages and premature

replicative senescence.
Delayed proliferation in low serum conditions.
Delay in S phase reentry from G,

cyclin EI7- Similar to wild-type control. 47,48
cyclin E27- Similar to wild-type control. 47,48
cyclin E17-, Slight decrease in the overall proliferation rate. 47
cyclin E27- (tetrapoid Premature replicative senescence.

rescued) Impaired S phase reentry from G,,.

Resistance to oncogenic transformation by c-myc,
H-ras + c-myc, H-ras+DNp53, H-ras+EIA.
CDK27- Normal proliferation at early passages but premature 52,53
replicative senescence.
Slight delay in S phase reentry from G,.
Mild resistance to oncogenic transformation by
H-ras + EIA and to genotoxic insults.

pl6NKda-'l- Normal proliferation and senescence. 69,70
Increased number of immortalized clones.

p15INK#b-I= Higher proliferation rate and plating efficiency. 71
More efficient S phase reentry from G,.
Increased susceptibility to transformation by H-ras
or H-ras + c-myc.
p18INKde—= Normal proliferation, spontaneous senescence. 71,118
More efficient S phase entry after serum deprivation.
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TABLE 3.3 (CONTINUED)

Properties of the Mouse Embryonic Fibroblasts (MEFs) Derived
from Knockout and Knockin Mouse Strains of Cyclins, CDKs,
and CDK Inhibitors

Genotype Properties of MEFs Reference

p15INKdb-— Similar to p15™Nk#--MEFs. 71
p18INK4c—/—

CDKA4RAMCIR2AC Higher proliferation rate and plating efficiency. 43,106

Higher cell density at confluency.
More efficient S phase reentry from G,
Do not enter replicative senescence.
Increase susceptibility to transformation by H-ras,
H-ras + c-myc, or H-ras + EIA.
p21CPi-- Higher cell density at confluency. 89,107,108
Increased plating efficiency when plated at low density.
More efficient S phase reentry from G,
Impaired arrest after gamma-irradiation or etoposide
treatment.
p27KIPI-= Proliferate slightly faster than control and reach 80,89
higher cell density at confluency.
Increased plating efficiency when plated at low density.
More efficient S phase reentry from G,.

p2 7K1 Normal S phase reentry from G, 129
p21CPi-- Impaired assembly of CDK4—cyclin D complexes.
Impaired nuclear localization of cyclin D1.
p21CIPI- Similar to p21¢PI--, 89
CDK2+
p27MTri=-; Similar to p27KPI--, 89
CDK2+

CDK4, but not CDKG6, is important for cells to respond efficiently to strong consti-
tutive mitogenic stimulation at least in MEFs.

MEFs lacking E-cyclins are also resistant to transformation induced by combi-
nations of ras and another oncogene.*” However, this result is in sharp contrast to
the mild resistance of CDK2 knockout MEFs to the same transforming protocols,>?
indicating that cyclin E plays additional roles mediating oncogenic transformation
other than activation of CDK2. In fact, previous results already pointed in this
direction, as a mutant form of cyclin E unable to form active complexes with CDK2
is still able to transform rat embryo fibroblast in the presence of activated H-ras.®

In vivo, ablation of each of the D-type cyclins makes mice resistant to tumors
driven by certain oncogenes but not by others. For instance, mice lacking cyclin D1
are resistant to breast tumors driven by neu or ras activation but not to breast tumors
driven by c-myc or Wnt-1,%* indicating that in the mammary epithelium cyclin D1
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is the downstream target of the neu-ras pathway for promotion of cell cycle entrance
and cell proliferation. Cyclin D1 knockout mice are also resistant to intestinal tumors
driven by apc loss or beta catenin activation® or to skin papillomas induced by H-ras
activation.3% Similarly, cyclin D2 ablation confers resistance to gonadal tumors,*” and
mice lacking cyclin D3 are more resistant to leukemias driven by notch and thymomas
induced by p5S6LCK.*? In general, the tissue specificity of the phenotypes of each of
the individual cyclin D knockout strains is mirrored by the tissue specificity of resistance
to tumors conferred by the loss of each of them. CDK4 ablation also confers resistance
to tumors, for instance, those induced by ras or c-myc activation in the skin.$

The tumor susceptibility of CDK2-null mice has been assayed by crossing these
animals with mice deficient in the CIP/KIP inhibitors. CDK2 deficiency is not able
to rescue the tumor phenotype induced by p27XI*! deficiency.’®%° Because it was thought
that these inhibitors act by inhibiting CDK?2 activity, these data suggest that CIP/KIP
inhibitors might have CDK2-independent ways to efficiently inhibit the cell cycle
and suppress tumor growth. CDK4/6 complexes seem not to be the target of CIP/KIP
inhibitors, because CDK4 activity is not dramatically inhibited after p21¢P!/p27KIP!
overexpression and these inhibitors are also active in CDK4/6 double-knockout
cells.* CDKI1, on the other hand, is efficiently inhibited by p21¢"! and p27%™®! in
both wild-type and CDK2-null cells, and its inhibition might be sufficient to arrest
the cell cycle. This is also supported by the fact that CDKI, at least under specific
circumstances, may form active complexes with E-type cyclins.®® However, the
unavailability of CDK1-null cells and the fact that CIP/KIP inhibitors retain the
ability to arrest cells in G,* raise some questions regarding the mechanism that these
inhibitors use for cell cycle inhibition (Figure 3.1).

As most of the knockout strains generated are constitutive, where the gene is
ablated from developmental day 1, embryonic lethality in some strains such as double
cyclin E1 and E2 or CDK4 and CDKG6 or triple cyclin D1, D2, and D3 knockout
strains prevents the study of the effect of these genotypes in tumor development.
These important studies require the future generation of conditional knockout mouse
strains for these genes.

3.5 IMPLICATIONS FOR CANCER THERAPY

The phenotypes resulting from genetic manipulation of CDKs and their regulators
in the mouse have important implications for cancer therapy. As described earlier,
in gain-of-function mouse models, activation of the CDK4/6 pathway dramatically
decreases the requirements for cells to enter the cell cycle and form tumors in
response to oncogenic stimuli. Similarly, activation of CDK2, by overexpression of
cyclin E or by inactivation of p27XP!/p21¢™1 might force the cells to enter into S
phase and commit to progress through the mitotic cell cycle. These data, together
with the finding of CDK activation in human tumors, have stimulated the design
and development of small molecules that inhibit CDKs as new drugs for cancer
therapy, and in the last few years, a plethora of CDK inhibitors have been analyzed
in vitro, in mouse models or even in clinical trials.'”?° However, the fact that the
absence of each of the G, CDKs (CDK4, CDK6, or CDK?2) in loss-of-function
mouse models has no major effects on cell cycle progression in vivo (see earlier
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text) has underscored the need for caution with respect to the efficacy of specific
CDK inhibition as an anticancer therapy. For instance, specific inhibitors might have
little effect on G, progression given the fact that all the G, CDKs can phosphorylate
the retinoblastoma protein and individual defects might be compensated by other
CDKs. Although it has been long accepted that CDK4/6 and CDK2 phosphorylate
different specific residues in pRb, the absence of one of these kinases could alter
the affinities of other CDKs for certain sites in the protein. In fact, CDK4 is quite
efficient at phosphorylating CDK2-specific sites in CDK2-depleted cells.’! More-
over, not only the canonical G, CDKs, but also CDK1,°! CDK3,® and CDK9%7 are
also able to phosphorylate pRb.

Alternatively, the control of pRb function might be modulated by the overall
phosphorylation state rather than by phosphorylation of specific sites, and a single
CDK could achieve the appropriate levels of phosphorylation in most cell types.
However, it is more difficult to explain these types of “compensatory roles” among
CDKs for those substrates that seem to be specific for each of the G, kinases,
particularly CDK2. Although the finding that cells can proliferate without these
kinases, whatever the compensatory molecular mechanisms, could in principle make
G, CDK inhibitors less attractive for cancer therapy, several considerations have to
be taken into account. First, the molecular effects resulting from the enzymatic
inhibition of one protein might differ from those caused by its absence. Thus, lack
of CDK4 and CDKG6 favor the presence of complexes between CDK?2 and D-type
cyclins, and these complexes could function to promote G, progression.*> Small ATP
analogs should elicit different results because they would allow the formation of
inactive CDK4/6 and cyclin D complexes without inducing redistribution of the
cyclins to other kinase-active complexes. Moreover, even when normal cells do not
require these proteins for proliferation, tumor cells may need a higher threshold of
kinase activation to keep up with constitutive mitogenic stimulation. In fact, in tissue
culture assays, some tumor cell types are insensitive to the lack of CDK2 but require
CDK4,%! and lack of D-cyclins impairs oncogenic transformation of MEFs.*

The results from in vivo loss-of-function mouse models also suggest that future
design of small molecule CDK inhibitors could benefit if specificity toward a particular
CDK is reduced. In general, one could assume that drugs inhibiting all cell cycle CDKs
could be more effective than specific ones. In fact, most of the CDK inhibitors that
have shown some activity in clinical trials have reduced specificity.”® Obviously,
concomitant inhibition of multiple CDKs might produce undesired results that are
difficult to predict until a detailed characterization of the function of these proteins in
vivo becomes available. The combination of biochemical approaches, analysis of
human tumors, and genetic analysis in mouse models will continue to improve our
knowledge about CDK function and hopefully benefit cancer patients in the near future.

3.6 SUMMARY AND PERSPECTIVES

Since the early molecular characterization of yeast cell division mutants, our under-
standing of the cell cycle has been overloaded by the existence of multiple and
complex levels of regulation. In mammals, this complexity is increased by the
presence of multiple members of the different protein families involved in cell cycle
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regulation. Although some of these members have similar functions in vitro, it has
become clear from genetic analysis in the mouse that we need to characterize their
possible compensatory or cell-type-specific roles to understand how the cell cycle
is regulated and how we can use that information to design appropriate therapeutic
strategies for cancer therapy. The use of mouse models has allowed us to demonstrate
that deregulation of cell cycle proteins does indeed promote tumor development and
that inhibition of some of these proteins might be beneficial for therapy of specific
tumor types. Yet, these studies have challenged some important aspects of the current
model of cell cycle regulation. The design of more accurate mouse models in which,
for instance, one or more cell cycle regulators could be specifically ablated or induced
in tumor cells at a given stage of tumor development, along with further biochemical
and tissue culture analysis, will improve our understanding of cell cycle regulation
in mammalian cells and how to modulate it for cancer therapy.
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4.1 INTRODUCTION

As with other tissues and organs, cellular proliferation in the cardiovascular system
is a tightly regulated process that is coordinated on the molecular level by the cyclins,
cyclin-dependent kinases (CDKs), and the cyclin-dependent kinase inhibitors (CDKIs).
In normal healthy arteries and veins, the vast majority of vascular smooth muscle
cells (VSMCs) in the medial layer are quiescent and proliferate at very low indices
(less than 2% of medial cells). Likewise, in the adult myocardium there are few
proliferating cells as cardiomyocytes are usually in a postmitotic terminally differ-
entiated state, and are unable to proliferate. Following chronic or acute injury to the
vasculature, a reparative process ensues, which results in VSMC proliferation. In
contrast, myocardial injury following myocardial infarction or infection does not
result in cardiomyocyte proliferation. Instead a process called ventricular remodeling
occurs that is characterized by progressive fibrosis, myocyte hypertrophy, and apoptosis.
However, cell cycle proteins also regulate the myocardial repair process through
mechanisms that are distinct from repair processes in the vasculature.

In this chapter, we present the major cardiovascular diseases in which manipulation
of cell division can have beneficial or pathological consequences on cardiovascular
function. We focus on two major topics in cardiovascular medicine, the excessive cellular
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growth in vascular proliferative diseases and the inability of adult cardiomyocytes to
proliferate and regenerate. The causal role of the cyclins, CDKs and CKIs, in the
pathophysiology of these diseases will be discussed. Finally, understanding the molec-
ular mechanisms of growth control in cardiovascular cells has led to the development
of exciting new molecular therapies for cardiovascular diseases.

4.2 CELL CYCLE REGULATION OF VASCULAR INJURY

The CIP/KIP CKIs are important regulators of the tissue-remodeling process in the
vasculature. Normally, endothelial cells lining the lumen of the vessel wall and
VSMCs in the medial layer of arteries are quiescent or in the G,/G, phase of the cell
cycle. The reparative process that ensues after vascular injury comprises several
important events that replace damaged cells. After vascular injury, damage to both
the endothelium and underlying VSMCs leads to increased expression and release of
inflammatory cytokines and chemokines. The vessel wall is infiltrated by inflammatory
cells that by autocrine and paracrine mechanisms lead to an increase in tissue levels
of several additional cytokines, mitogens, and proteolytic enzymes. Active proteases
in the vessel wall degrade the extracellular matrix, including the collagen basement
membrane that surrounds VSMCs, thus relieving the cell of its inhibitory effects on
proliferation. Subsequently, VSMCs dedifferentiate and migrate from the medial layer
into the intimal layer, where they are exposed to several mitogens, which in combi-
nation with the lack of antiproliferative signals from the extracellular matrix, stimulate
VSMCs to enter the cell cycle and divide. After several rounds of cell divisions,
proliferation ceases and the inflammation resolves, leading to completion of arterial
wound repair. The molecular basis underlying these events has been under intense
scrutiny to help identify and develop novel drug targets for treating chronic diseases
of vascular injury such as atherosclerosis or more acute vascular pathologies such
as restenosis and in-stent restenosis. Interestingly, the CKI p27¥"! — an endogenous
inhibitor of cyclin E/CDK2 — plays an important role in the molecular mechanisms
that regulate several of the processes just described.

4.2.1 CKI EXPRESSION AND VASCULAR DISEASE

The CKIs have distinct temporal and spatial patterns of expression in normal, injured,
and diseased arteries in vivo (Figure 4.1). p27%®! is constitutively expressed in
endothelial cells and VSMCs of normal arteries and contributes to their quiescent
state by inhibiting cyclin E/CDK2. However, p27X™! levels are rapidly reduced after
vascular injury with a concomitant increase in VSMC proliferation.! In contrast,
p21€™®1 protein is not observed in VSMCs of normal arteries, but is upregulated along
with p27%®! in the later phases of arterial wound repair. p1 6™+ expression is low in
normal and injured arteries. These patterns of CKI protein expression are observed
in several animal models of vascular disease, including mice, rats, and pigs.>?

In human coronary arteries p27¥®! is expressed within medial and intimal VSMCs
of normal and atherosclerotic arteries, including the VSMCs of new blood vessels
within the atherosclerotic plaque.* In contrast, p21¢™! is present only in advanced
atherosclerotic lesions. These distinct temporal and spatial patterns of expression
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FIGURE 4.1 CKIs and vascular wound repair. Protein levels of various CKIs at different
stages of vascular wound repair program in pig artery. p27¥P! levels are high in normal
arteries, and are rapidly downregulated after vascular injury. p21¢®! is barely detectable in
uninjured arteries. The protein levels of p27XP! and p21¢"*! are upregulated in the later phases
of vascular wound repair, leading to successful vessel remodeling. Proliferation of intimal and
medial cells is indicated by BrdU incorporation. Vascular smooth muscle cells secrete collagen,
TGF-, and other molecules that signal back to the vascular smooth muscle cell to complete
arterial wound repair. (Adapted from Tanner, F.C. et al. Expression of cyclin-dependent kinase
inhibitors in vascular disease. Circ Res 82, 396403, 1998. With permission.)

suggest that the CIP/KIP CKIs regulate G, to S phase progression in vascular cells
and promote favorable vascular remodeling.

4.2.2 p27KIPT AND VASCULAR REPAIR

One of the initial phases of the vascular repair process includes the recruitment of
inflammatory cells to the site of injury. This is mediated by the activation of the
endothelium, the induction of adhesion molecules, and chemokine expression. Previ-
ous work in our laboratory has shown that arterial tissue levels of chemokines and
cytokines that activate adhesion molecule expression are elevated in p27X™!-deficient
arteries that were subjected to vascular injury compared to wild-type controls.> We
also observed a significant increase in the recruitment of bone-marrow-derived cells
to vascular lesions of p27X®!-deficient mice (Figure 4.2). Furthermore, in agreement
with previously published reports, we observed an increased accumulation of mac-
rophages in p27-deficient models of atherosclerosis.® It is not clear whether p27¥P!
protects against the inflammatory response by inhibition of cyclin E/CDK2 or by
some other molecular mechanism, although it is widely known p27X®! is important
in regulating the proliferation of inflammatory cells such as T lymphocytes and
monocytes/macrophages.’ !

Many of the inflammatory genes that mediate the recruitment of leukocytes to the
vascular wall are regulated by the transcriptional activity of NFkappaB. It is interesting
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FIGURE 4.2 (See color insert following page 142.) p27X®®! modulates the contribution of bone-
marrow-derived cells to vascular lesions. Cross sections of recipient p27++female arteries
following transplantation of male p27+* or p27~- donor marrow: Y chromosome* (Yellow),
alpha-actin* (smooth muscle specific) cells (red), and nuclei (DAPI stain, blue). Arrows
indicate the margins of the intima as determined by the internal and external elastic lamina.
(Adapted from Boehm, M. et al. J Clin Invest 114, 419-426, 2004. With permission.)

to note that the transcription factor E2F-1, which is regulated by cyclin E/CDK2 activity,
also has diverse effects on NFkappaB signaling in vascular cells.!'-'> However, it is as
yet unclear whether there are any changes in NFkappaB signaling in p27%!-deficient
cells and if this contributes to the excessive inflammation seen after vascular injury in
p27¥Pl_deficient mice.

The CKI proteins also regulate VSMC migration through p27¥®!, VSMC migration
in vitro is inhibited by treatment of cells with rapamycin.'® Rapamycin, a macrolide
antibiotic, prevents growth-factor-dependent downregulation of p27X®! through inhi-
bition of mTOR and the serine/threonine kinase p705K.!* Although rapamycin inhibits
VSMC migration in wild-type mice, it also reduces VSMC migration to a certain
degree in cells derived from p27-~ mice, suggesting both a p27¥®l-independent and
-dependent mechanism.!> More recently, a study suggests that p27¥! directly modu-
lates cell migration through regulation of RhoA activation.'¢ Interestingly, a human
organ culture model of arterial in-stent restenosis showed that neointima development
was accompanied by a decrease in p27¥™! protein levels.!” Furthermore, the reduction
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in p27X™®! protein levels paralleled an increase in RhoA activity, and this could be
inhibited by treatment with rapamycin.

Although VSMCs of normal healthy arteries express high levels of p27%®!, these
levels rapidly fall upon vascular injury.! Furthermore, the overexpression of p27X®!
in injured arteries significantly reduces both the degree of VSMC proliferation and
lesion size.! Additionally, mice that are deficient in p27X®! have larger lesions after
vascular injury than their wild-type controls, and this is due in part to a greater degree
of VSMC proliferation (Figure 4.3).> These studies highlight the important role p27X®!
plays in suppressing VSMC proliferation.

This inflammatory phase is followed by a synthetic phase in which stimuli such
as TGF-beta activate VSMCs synthesis of extracellular matrix proteins, including
collagen. Polymerized type 1 collagen fibrils, a mature form of collagen, increase
p27X™®! protein levels and may serve as a mechanism that suppresses the VSMC
proliferative response.

As mentioned earlier, VSMCs in normal healthy arteries are maintained in
a quiescent state by their native extracellular matrix. There is some evidence that
suggests that even in the presence of mitogens, VSMCs surrounded by their native
basement membrane do not undergo proliferation.!$!° Tt is believed that these anti-
proliferative signals are mediated by fibrillar type I collagen and alpha2 integrin
outside-in signaling pathways that result in rapamycin-sensitive changes in p705°K
activity.’ The p705°% protein regulates the translation of several cycle genes and has
been suggested to regulate p27X™®! protein levels.?!->

Additional molecular mechanisms may also exist that contribute to the decrease
in p27%®! Jevels observed after extracellular matrix degradation. Interestingly, the
extracellular matrix regulates Skp2 protein levels in VSMCs via a Focal Adhesion
Kinase-dependent mechanism.?? Furthermore, as discussed in more detail later, Skp2
directly regulates p27%™®! and p21°™! protein levels by targeting them for ubiquitina-
tion and degradation via the proteasome.?*?3 Collectively, these signaling pathways
regulate protein levels of the CKI’s p27X™! and p21°™!in vascular cells.

p277

FIGURE 4.3 (See color insert.) p27%¥"! modulates neointima formation during vascular wound
repair. Increased vascular lesions in p27~~ arteries compared to p27++ arteries in H&E cross
sections of murine arteries 2 weeks after mechanical injury.
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4.3 THE ROLE OF CKIs AND BONE-MARROWED STEM
CELLS NICHE

Traditionally, postnatal neovascularization was believed to occur through the prolif-
eration and migration of local endothelial cells that would rapidly recover an
injured/denuded area of a vessel or sprout into new vessels.?® There is now increasing
evidence that stem and progenitor cells may participate in the repair processes of
blood vessels. These stem/progenitor cells may be derived from local cells residing
within the vessel itself or may be circulating in the blood. Circulating endothelial
progenitor cells (EPCs) were first described by Asahara et al. in 1997 and are a fraction
of circulating hematopoietic progenitor cells, which express the hematopoietic stem
cell markers CD133/CD34 and various endothelial markers (Ve-Cadehrin,?$-2° CD31,
VWE, VEGFR2, Tie2, and CD146).2® These cells can incorporate themselves into
sites of neoangiogenesis, where they adopt an endothelial-like phenotype. There is
also evidence that endothelial-like cells may originate from circulating myelo-monocytic
cells, too but these cells may have a reduced angiogenic potential and not be true
EPCs.2® Numerous studies have shown that these bone marrow/ blood-derived cells
can participate in neoangiogensis at sites of vascular injury or ischemia, not only in
animal models but also in clinical studies.?” For example, patients implanted with
left-ventricular assist devices were found to have CD34+ VEGFR2+ bone-marrow-
derived cells lining the artificial surface of these devices.*°

Although there have been fewer studies on smooth muscle progenitor cells, it
appears that there are progenitor cells circulating in the blood and also locally in
some blood vessels. Mouse hematopoietic stem cells can differentiate into SMCs
and under certain circumstances can contribute to postangioplasty restenosis, graft
vasculopathy, and atherosclerosis.?' Although human data at present are limited, it
appears that cells with a VSMC phenotype can be cultured from blood.?? In patients
who have received BM transplants, donor-derived neointimal cells were found within
vascular lesions at necroscopy.*?

The frequency of circulating EPCs within the blood is extremely low, although
levels rise after mobilization from the bone marrow under appropriate stimuli. Mobi-
lization of stem cells from their niche within the bone marrow is determined by the
local environment, which includes fibroblasts, osteoblasts, endothelial cells, and local
and systemic cytokines. Mobilization of EPCs has been found to be increased by
a number of cytokines such as VEGF, EPO, G-CSF, SDF-1, and also by the use of
statins as well as by exercise, trauma, and surgery.? Physiologically, ischemia is
believed to be the predominant signal to induce EPC mobilization from the bone
marrow. It is speculated that stem cells reside in a nonproliferative state. EPCs are
mobilized by appropriate stimuli such as VEGF or PIGF. VEGF induces the production
of MMP-9 within the BM, which causes an increase in soluble Kit ligand (stem cell
factor). Soluble Kit ligand results in increased cycling of quiescent stem and progen-
itor cells and enhanced translocation to a vascular niche that is conducive to stem-
cell proliferation, differentiation, and mobilization to the peripheral circulation.3*
Angiogenic cytokine-mediated MMP-9 activation is a crucial checkpoint in control-
ling the cell turnover and, hence, mobilization of EPCs.
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The cell cycle inhibitors p21°™! and p27X™! are important regulators of the bone
marrow stem cell compartment and are therefore important in controlling the prolif-
eration and mobilization of EPC- and BM-derived smooth muscle cells. Interestingly,
these two structurally similar CKIs have very distinct functions in modulating the
bone marrow stem cell compartment. In the absence of p21¢™!, hematopoietic stem
cell number and proliferation activity are increased.’> However, the self-renewal
potential of hematopoietic stem cells is impaired, leading to hematopoietic failure in
serially transplanted bone marrow from p21-- mice. p21°™®! appears to be a molecular
switch governing the entry of hematopoietic stem cells into the cell cycle. In the same
model p21€™! does not regulate the progenitor cell’s pool size within the bone marrow
as well as in the circulation. A different regulatory mechanism was postulated to
control progenitor pool size and shortly afterward was identified by the same group.3¢
They reported that p27%™! does not affect stem cell number, cell cycling, or self-
renewal but markedly modulates progenitor cell proliferation and pool size. Modu-
lation of p27X™P! expression in stem cells may lead to increased production of transient
amplifying cells and, as a consequence, vast numbers of maturing cells are released
into the circulation. Modulation of p27¥™! and p21¢™! expression and function thereby
provides a promising strategy in stem cell therapy.

4.4 MOLECULAR REGULATION OF p27KiP1 FUNCTION

Understanding the signaling pathways that regulate CKI function has led to new
candidate molecular targets for vascular and cardiac diseases. The CKI p27X! is
regulated by both transcriptional and posttranscriptional mechanisms. TGF-beta,
which is expressed in the vessel wall during the later stages of the wound-healing
process, has been shown to lead to an increase in p27¥®! gene expression.’” Posttran-
scriptional mechanisms of p27¥®! function include the translation of p27X¥" mRNA,
serine/threonine phosphorylation of p27X™! protein, and p27%™®! subcellular localiza-
tion and its ubiquination and degradation by the proteasome.3%40
Growth-factor-dependent downregulation of p27X™®! levels results from proteaso-
mal degradation (Figure 4.4).38 There are at least two phosphorylation sites on p27X!
that regulate p27%™! turnover. Threonine187 is phosphorylated by cyclinE/CDK?2 and
mediates Skp2-dependent degradation of p27XP1.40-42 Serine 10 phosphorylation medi-
ates the growth-factor-dependent translocation of p27¥™®! from the nucleus to the
cytoplasm. A Skp2-independent mechanism of p27¥! proteasomal degradation has
been identified, although it is not yet clear whether serinel0 phosphorylation is
required.®? KIS (kinase-interacting stathmin) is a recently identified serine/threonine
protein kinase that phosphorylates p27X®! at serine10.% It is interesting to note that
following growth factor stimulation, the Ets transcription factor GABPalpha upreg-
ulates both KIS and Skp2 gene expression (Crook, M.F. et al., unpublished data
2005).4 KIS promotes cell cycle progression in VSMCs and other cell types through
phosphorylation of serinel0 on p27X! and nuclear export of the protein, where it
can no longer inhibit nuclear cyclin/E:cdk2. This kinase is a promising molecular
target for manipulating p27¥™®! expression and function.* Additionally, studies have
reported threoninel57 phosphorylation of human p27X®! by Akt and it’s role in



92 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

Alpha2
Integrins

TS

Collagen

FIGURE 4.4 Growth factor stimulation and extracellular matrices regulate p27%*! levels and
cellular proliferation. Fibrillar collagen maintains p27X®! levels and cellular quiescence
through an outside-in signaling pathway involving alpha 2 integrin and p705¢K pathways.
Growth factor stimulation leads to an increase in serine10 phosphorylation of p27X*! on KIS,
leading to its nuclear-to-cytoplasmic redistribution, thereby promoting CDK2/cyclinE activity
and E2F activation.

nuclear import.*> However, it should be mentioned that the threoninel57 residue of
p27XP!l is not conserved in other mammalian species and is therefore difficult to
investigate experimentally in vivo.

There is some evidence that suggests nuclear export of p27¥®! is followed by pro-
teasomal degradation, although it still remains possible that other cellular events may
recycle p27¥®! and lead to its reimport into the nucleus. Understanding the precise
spatial and temporal events that regulate p27¥®! function remains technically chal-
lenging. Sophisticated cellular imaging of wild-type and mutant p27%®! will assist
our understanding of the complex molecular and subcellular dynamics that regulate
p27XP! function.

4.5 MOLECULAR TARGETS FOR VASCULAR THERAPIES

Recent therapies for vascular proliferative diseases have focused on cell cycle
targets. Restenosis and in-stent restenosis have been treated in animal models by
the overexpression of the CKIs p27%¥P! and p21¢™! using adenoviral gene transfer.
These studies, which demonstrate proof-of-principle for the rationale of cell cycle
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inhibition, coupled with advances in stent technology have provided the platform
for a new class of therapeutic devices and agents. Recent attention has focused on
stents coated with drugs that inhibit VSMC proliferation and migration. Two drugs
are worthy of discussion: rapamycin and paclitaxel.

4.6 PHARMACOLOGICAL AGENTS USED TO INHIBIT
VSMC PROLIFERATION

Rapamycin is a natural fermentation product of Streptomyces hygroscopicus.
Although it has antifungal properties, it was not developed as an antibiotic because
of its potent immunosuppressive effects. Subsequent molecular and cellular studies
have elucidated its properties. Rapamycin binds the cytosolic receptor FKBP12,
leading to inhibition of the protein kinase TOR (target of rapamycin), elevation of
p27%®1 and G, arrest.*#” Rapamycin blocks G,-S phase transition in T-cell lympho-
cytes, and more recently these observations have been extended to VSMCs.*® In
addition to its antiproliferative properties, rapamycin inhibits VSMC migration.'3 The
FDA approved rapamycin in 1999 for treatment of acute rejection in renal transplan-
tation. Rapamycin-coated stents have been approved for use in Europe and are still
under investigation in the U.S. Phase I/Il studies of patients undergoing de novo
angioplasty treated with a rapamycin-coated stent indicate that the formulation is safe
and well tolerated.*® Phase III studies in Europe report a reduction in in-stent rest-
enosis in the rapamycin-coated stent group compared to the noncoated stent group.*®

Paclitaxel is an equally promising approach that is also undergoing clinical
testing. This agent is a derivatized diterpenoid that was isolated from the bark of
a yew, Taxus brevifolia.>' Paclitaxel induces tubulin polymerization, which results in
unstable microtubules. Microtubules are an essential component of the mitotic spindle
and are required for cell division and maintaining cell shape, along with other cellular
functions including motility, anchorage, and intracellular signal transduction. Taxol
and other antimicrotubule drugs have a principal role in the treatment of certain
malignancies, and more recently this agent has been shown to inhibit VSMC migration
and proliferation. The drug inhibits intimal hyperplasia in an animal model of rest-
enosis,’ and the results of a Phase II/III clinical trial in Europe indicate comparable
efficacy in in-stent restenosis in patients to rapamycin.>?

Synthetic inhibitors of cdk activity have been developed, including flavopiri-
dol.>*>5 Treatment of human VSMCs with flavopiridol leads to potent inhibition of
cellular proliferation and migration.> Furthermore, Flavopiridol-coated stents implanted
in rat carotid arteries lead to a significant decrease in in-stent restenosis.

Another approach used in the treatment of vascular graft hyperplasia is oligo-
nucleotides (ODNSs) that act as a decoy and scavenge specific transcription factors,
thereby selectively modulating gene transcription. For example, ODNs have been
designed with sequence specificity to bind transcription factors, such as E2F, in order
to prevent S phase entry. In contrast, ODNs that bind NFkappaB have been developed
as an anti-inflammatory treatment. In animal models of vascular disease in which
vein grafts are placed around arterial lesions, introduction of E2F decoy ODNs
prevents the development of intimal hyperplasia within the vein graft.’® This therapy
has been evaluated in a Phase I human study of peripheral bypass surgery in which
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a vein graft is placed around a lesion in the femoral artery. The ODNs are safe and
well tolerated in patients, and the results of efficacy studies are pending.”’

Local radiation therapy with - and §-particle-emitting stents is being offered to
patients with severe restenosis who have failed other forms of therapy. Radiotherapy
induces DNA damage and p53-mediated G, arrest and induction of apoptosis.
Clinical studies have demonstrated initial success in reducing the hyperproliferative
lesion, but lesion recurrence still occurs, often with a delayed onset compared to
stenting in the absence of radiation.

Other RNA approaches are under development. The rapid advances in siRNA
and shRNA technology might also increase the spectrum of effective useful agents
delivered locally at the treated artery.>® Identification and characterization of signaling
pathways regulating VSMC proliferation using transcription profiling and proteomics
will identify new targets for the treatment of vascular proliferative disease.

Acute myocardial infarction (AMI) results from occlusion of one of the major
coronary arteries, leading to ischemia of the underlying myocardium. Cardiac
ischemia that is transient, defined as lasting no longer than 30 min after the inciting
event, is potentially reversible. Progressive loss of myocardial viability due to
myocardial necrosis is complete by 6 to 12 h.®° Depending on the location and extent
of the infarction, myocardial necrosis results in a loss of functional myocardium.
A long-held concept is that adult myocytes are terminally differentiated cells and do
not undergo proliferation and repopulation of the infracted myocardium. Recent
studies are challenging this concept. Restoration of myocytes or other cell types
within the infracted tissue may favorably impact ventricular remodeling and improve
the morbidity and mortality following AMI.

During cardiac differentiation and early heart development, cardiomyocytes are
characterized by a high DNA synthesis and proliferative rate.'6> In the mouse embryo
at stage E8, the precardiac mesoderm has a labeling index of up to 70%, as determined
by thymidine incorporation. At later stages proliferation of cardiomyocytes gradually
decreases.® Interestingly, proliferation activity varies greatly depending on the loca-
tion of cells, providing insights into the interplay of cell cycle and morphogenic
changes in the heart. The transcriptional programs regulating cell cycle progression
in cardiomyocytes at different locations within the heart are not known. A dramatic
change in cardiomyocyte cell cycle regulation occurs in the transition from prenatal
to postnatal period. During this time, myocardial growth shifts from a hyperplastic to
a hypertrophic phenotype.®® The changes in terminally differentiated cardiomyocytes
are characterized by an increase in myofibril density, the appearance of mature
intercalated discs, and the formation of binucleated cells. The gradual decrease in
DNA synthesis is inversely related to the appearance of binucleated cardiomyocytes.*
This suggests that DNA replication and karyokinesis occur in the absence of cytok-
inesis. Terminally differentiated adult cardiomyocytes do not have significant prolif-
erative activity, with >80% of cells arrested in G/G, phase and >15% of cells arrested
in G,/M phase. The inability of cardiomyocytes to proliferate and regenerate following
injury results in an impairment of cardiac function associated with physical impedi-
ment and may lead to death. The genetic program in the cardiomyocytes that leads
to their inability to proliferate and regenerate is not understood, but if identified could
lead to therapies aimed at reinitiating cell cycle and proliferation in cardiomyocytes.
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In addition, an understanding of myocyte growth regulation would also lead to
an appreciation of the underlying mechanisms of myocardial hypertrophy. It appears
that cellular stimuli mediating cardiomyocyte proliferation during fetal cardiac devel-
opment induce hypertrophic growth in the adult heart.

Several theories speculate on the causes of cell cycle exit in cardiomyocytes
shortly after birth. One hypothesis is that the presence and density of highly organized
myofibers permit karyokinesis but not cytokinesis. Alternatively, an intrinsic timer
may limit the number of cell divisions.®> However, rounds of cell division in several
genetically altered mice are not compatible with this hypothesis.®® A very intriguing
concept is that cardiomyocytes cease proliferation because one or more cell cycle
checkpoints are triggered by the absence or presence of as yet unidentified molecules.
Expression studies of cell cycle regulatory proteins during cardiac development focus
on the transition from a hyperplastic to hypertrophic phenotype. Cell cycle regulatory
proteins, including cyclins, CDKs, and transcription factors such as Rb, p107, and
p130, are present during embryonic heart development but are absent in the adult
heart.’-%° Interestingly, p21°™! and p27%™®!, as well as TSC2, a regulator of p27X/P!,
were increasingly expressed during the transition period and continuously expressed
in the adult heart.”%”! The CIP/KIP CKIs may be required to keep cardiomyocytes
quiescent, but the role of CKIs in a cell type that does not express their inhibitory
targets, the CDKs, is not known.

Primary cultures of cardiomyocytes from adult, neonatal, and fetal heart have
been established to study cell cycle regulation. Growth factors such as FGF, IGF, and
EGF, induce DNA synthesis and proliferation in embryonic and neonatal cardiomy-
ocytes, but they only induce DNA synthesis and hypertrophy in adult cardiomyo-
cytes.”73 Forced expression of cell cycle regulators, such as the D-cyclins, E2F1, or
c-myc, drives DNA replication, genomic replication, and karyokinesis but not cell
proliferation in adult cardiomyocytes.”7¢ It appears that DNA replication and kary-
okinesis are not sufficient to force adult cardiomyocytes through the cell cycle. Addi-
tional checkpoints at G,/M may be triggered that block cellular propagation. Several
transgenic mouse models have been established to test this theory. Overexpression of
cyclin D, calmodulin, and myc ER results in developmental hyperplasia, but not in
stimulation of myocyte proliferation in the adult heart.”” However, it is possible to
bypass cell cycle checkpoints in adult cardiomyocytes. Transgenic mice expressing
the SV40 large T antigen under a heart-specific promoter develop tumors in the heart.”
Mice with deletion of the p27%™! loci exhibit enhanced growth and enlargement of
multiple organs, including the heart.” Interestingly, loss of p27X®! in the mouse heart
results in two to three more rounds of myocyte proliferation during transition from
the fetal to the adult heart.®® These data suggest that p27¥®! may regulate terminal
differentiation in cardiomyocytes.

A loss of myocardium is associated with functional impairment of cardiac con-
tractility. It has been a long-standing concept that the loss of functional cardiac tissue
is irreversible because of the inability of cardiomyocytes to regenerate. Regeneration
of cardiac tissue and recovery of cardiac contractility are desirable therapeutic goals.
These goals have been elusive because the complex biological program that regulates
the terminal differentiation of cardiomyocytes is poorly understood. Considerable
research must be conducted on cell cycle regulation in the heart to understand the
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mechanisms leading to the transition from a proliferative hyperplasic phenotype
to a nondividing hypertrophic cardiac phenotype. The recent identification of multipotent
adult stem cells from the bone marrow raises the possibility of myogenesis in the
adult heart.3%8! Bone-marrow-derived precursor cells have been shown to repopulate
infarcted mouse heart.3>-% These early studies need to be duplicated in other animal
species. Yet, they raise the possibility and promise of tissue regeneration in the heart,
an organ once thought to undergo irreversible injury.
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5.1 OVERVIEW

Abnormal phosphorylation of cellular proteins is frequently observed in human
disease. For this reason, there has been a growing interest in the discovery and
optimization of protein kinase inhibitors (review in Cohen, 2002). Indeed, after
G-protein-coupled receptors, protein kinases constitute the second class of drug
discovery screening targets. Fifty-five kinase inhibitors are currently undergoing
clinical evaluation against various human diseases. Some, such as imatinib (Gleevec)
or gefitinib (Iressa), have actually achieved real market success and have provided
proof-of-principle that small molecule kinase inhibitors can be effective drugs.
Among the human 518+ kinases, cyclin-dependent kinases (CDKs) regulate the cell
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division cycle, apoptosis, transcription, differentiation, and many functions in the
nervous system. CDKs are low-molecular-weight serine or threonine kinases
(34-40 kDa) that are inactive in a monomeric state. To be active, they require an
association with one of the cyclins, their regulatory subunits. Frequent deregulation
of CDKs in cancers, neurodegenerative diseases, and other pathologies justify the
active search for chemical inhibitors able to reversibly and selectively inhibit this class
of enzymes. Intensive screening of collections of natural and synthetic compounds has
led to the identification of several families of CDK inhibitors, most of which act by
competition with ATP for binding at the catalytic site. Although the therapeutic poten-
tial of the most promising compounds is currently being evaluated in preclinical and
clinical trials, their exact mechanism of action and the real spectrum of their intra-
cellular targets remain largely unknown. Determination of the in vivo selectivity of the
compounds and identification of their intracellular targets constitute a prerequisite to
understand their cellular effects and to improve their efficiency on a rational basis.

5.2 INTRODUCTION

Efforts to identify chemical CDK inhibitors of pharmacological interest tend to
identify molecules with high efficiency and selectivity to meet the two criteria
required for clinical development of a drug: efficiency and harmlessness. Drug
candidates are expected to inhibit efficiently the target they have been optimized
against (CDKs), but also to not interfere (or interfere as little as possible) with the
activity of other cellular enzymes and proteins, to limit undesirable side effects.
Determination of the selectivity of the compounds and identification of their intra-
cellular targets thus constitute a crucial step in understanding their cellular effects.
The classical method for determining a compound’s selectivity involves testing
the compound against a panel of kinases (Davies et al., 2000; Bain et al., 2003).
Notably, using various academic or commercially available kinase panels (ProQinase
selectivity panel [85 kinases], Invitrogen SelectScreen™ Kinase Profiling panel
[70 kinases], the Cerep kinase panel [50 kinases], (R)-roscovitine (CYC202, Seliciclib,
Cyclacel Ltd., Dundee, U.K.)), a member of the 2,6,9-trisubstituted purines family
(Meijer et al., 1997) has been tested against 151 different purified kinases (Bach
et al., 2005). ICs, values were below 1 uM only for CDK1, CDK2, CDK3, CDKS5,
CDK7, and CDKO9. Only a few kinases were sensitive to roscovitine in the 1 to 40 uM
range (CaM Kinase 2, CSNK1A1, CSNK1D, DYRK1A, EPHB2, ERK1, ERK?2, FAK,
and IRAK4). Most other kinases were insensitive to roscovitine. Based on this analysis,
(R)-roscovitine appears to be relatively selective for CDKs (Bach et al., 2005). How-
ever, this panel only reflects 29.2% of the reported 518+ kinases that constitute the
human kinome. In addition, the chemical compound might interact with some of the
other ~1500 ATP-utilizing enzymes and numerous other nucleotide-binding proteins
present in the human proteome. Consequently, many potential targets are not evaluated
using this method which, in addition, requires time- and budget-consuming expression,
purification, and assay set up for each individual kinase (Davies et al., 2000).
Alternative methods to tackle the selectivity problem have been described in the
literature. They take advantage of the recent progress in genomic and mass spectrometry
detection and allow mapping of drug targets on a genomewide or proteomewide scale.
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Here, we review several biochemical and yeast genetics-based approaches developed
or applicable to investigate the range of true targets of CDK inhibitors. In this chapter,
we will not present other methods such as computational approaches that have
already been discussed elsewhere (Rockey and Elcock, 2005).

5.3 BIOCHEMICAL METHODS
5.3.1 AFrFNITY CHROMATOGRAPHY

This first alternative method to investigate the selectivity of an inhibitor is based on
the affinity chromatography purification of targets on immobilized CDK inhibitors
(review in Knockaert and Meijer, 2002). Compared to testing compounds against
a panel of purified kinases, this approach should, in principle, allow a more
comprehensive analysis of the targets of a given inhibitor. In particular, this method
has been applied successfully to purvalanol (Knockaert et al., 2002a), paullones
(Knockaert et al., 2002b), indirubins (Meijer et al., 2003), hymenialdisine (Wan
et al., 2004), Iressa (Brehmer et al., 2005), and more recently to roscovitine (Bach
et al., 2005).

The affinity purification method is summarized in Figure 5.1 using different
purine compounds ((R)-roscovitine and purvalanol) as an example. Briefly, a poly-
ethylene glycol linker is covalently attached to an appropriate position on the inhib-
itor, and the other extremity of the linker is then covalently bound to an agarose
matrix. The choice of the appropriate position on the compound for attachment of
the linker can largely benefit from 3-D structure determination of CDK cocrystallized
with the inhibitor. For example, the crystal structures of roscovitine in complex with
CDK?2 (De Azevedo et al., 1997) and CDKS (Mapelli et al., 2005) show that the
benzyl ring substitution faces the outside of the ATP-binding pocket of the kinases.
This is where a polyethylene glycol extension is attached (Figure 5.1). Indeed,
addition of a linker on this site does not significantly modify the protein kinase
inhibition properties, as is expected (Bach et al., 2005). The linker allows the covalent
binding of roscovitine to agarose (Figure 5.1). Extracts from various cell types and
tissues are batch-loaded on the inhibitor matrix. After extensive washing of the resin,
the bound proteins are eluted with an electrophoresis sample buffer, separated by
polyacrylamide gel electrophoresis, and can be identified by various approaches
(Western blotting, peptide microsequencing, or MALDI-TOF peptide mapping).
An example of the porcine brain proteins that bind to roscovitine and purvalanol
matrices is shown in Figure 5.1. As expected, CDKs, but also p42/p44 MAPKs, are
found to interact to the same extent with both matrices in most models tested (starfish
oocytes, sea urchin eggs, porcine brain, and mammalian cell lines) (Knockaert et al.,
2000; Knockaert et al., 2002a; Bach et al., 2005). The binding of p42/p44 MAPKs
seems quite intriguing at first, given the significant difference between the ICs, values
obtained for purvalanol on CDKs and MAPKSs in vitro: 6 nM for CDK1/cyclin
B and 1000 nM for p44 MAPK, respectively. This result probably partly reflects the
relative abundance of the two types of kinases. In other words, purvalanol interacts
in the cell with targets for which it has a strong affinity but that are not very abundant
(CDKs), and also with targets for which it has a moderate affinity but that are much
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FIGURE 5.1 Affinity chromatography purification of the targets of CDK inhibitors (Adapted
from Knockaert, M. and Meijer, L. (2002). Biochem Pharmacol. 64, 819-825.) The inhibitors,
(R)-roscovitine and purvalanol in this example, were covalently linked to agarose beads
through a polyethylene glycol linker. A control resin for roscovitine was also prepared using
Nb-methyl-(R)-roscovitine, a protein-kinase-inactive compound designed on the basis of
PDXK/(R)-roscovitine and CDK/(R)-roscovitine crystal structures. Cell and tissue extracts
were then incubated with these matrices. After extensive washing, the affinity matrix-bound
proteins were resolved by SDS-PAGE. In this experiment, the identification of the proteins
detected after silver staining was realized by Western blotting with specific antibodies. Alter-
natively, the proteins excised from the gel can also be identified by microsequencing of internal
tryptic peptides or by MALDI-TOF peptide mapping. In this example, using a porcine brain
extract, the targets of (R)-roscovitine were identified as pA4MAPK/Erk1, pA2MAPK/Erk2,
pyridoxal kinase (PDXK), and CDKS5. All the different protein kinases were absent from
control beads (N°-methyl-(R)-roscovitine). Note that, with the exception of PDXK, the targets
of purvalanol are the same as those of roscovitine.

more abundant (MAPKSs). Taken together, these results suggest that the cellular
effects of purvalanol are probably more complex than were initially anticipated.
Indeed, it has been shown that inhibition of p42/p44/MAPKSs by purvalanol contributes
to its observed cellular effects (Knockaert et al., 2002a).

Roscovitine has been found to interact with an unexpected nonprotein kinase,
off-target, pyridoxal kinase (PDXK) (Figure 5.1) (Bach et al., 2005; Tang et al.,
2005). PDXK is responsible for the phosphorylation and activation of vitamin B,. In
addition, structural analysis reveals that there are notable differences between the
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interactions of roscovitine with PDXK, CDK2, and CDKS5. Comparison of these
structures is very helpful in the design of different roscovitine derivatives (Tang
et al., 2005). As shown in Figure 5.1, N-methyl-(R)-roscovitine (control beads)
specifically targets PDXK while not interacting with protein kinases. Compared to
(R)-roscovitine, N-methyl-(R)-roscovitine displays only a weak antiproliferative
activity, but additional experiments are needed to completely understand the contri-
bution of the PDXK inhibition to the antiproliferative effects of (R)-roscovitine
(Bach et al., 2005). Nevertheless, one can imagine that PDXK may be able to titrate
out roscovitine, thereby reducing its effects on proliferation-relevant targets such as
CDKs. To eliminate the interaction with PDXK and thus increase roscovitine’s
intracellular availability for inhibition of CDKs, different roscovitine analogs spe-
cifically targeting the protein kinases are currently being synthesized. After analysis
of their cellular effects, the same affinity chromatography approach will be per-
formed to confirm their specificity toward CDKs and possibly toward other kinases.

Using the same strategy, the selectivity of different protein kinase inhibitors has
been analyzed by the group of Henrik Daub at Axxima Pharmaceuticals AG. These
include the following: SB203580, a p38 kinase inhibitor (Godl et al., 2003); PP58,
a member of the pyrido[2,3-d]pyrimidine class of compounds used as alternative
inhibitor of cellular Ber-Abl tyrosine kinase activity (Wissing et al., 2004) and
gefitinib (Iressa, ZD1839), an inhibitor of the EGFR tyrosine kinase (Brehmer
et al., 2005). The ATP-competitive kinase inhibitor gefitinib was the first EGFR-
directed small molecule that received approval for the treatment of non-small-cell
lung cancer. The affinity chromatography approach has led to the identification of
more than 20 other kinase targets, notably RICK and GAK serine and threonine
kinases with ICs, values of about 50 and 90 nM, respectively. These results provide
new insight into the potential cellular mode of action of gefitinib and will be used
for the optimization of gefitinib-derived drugs (Brehmer et al., 2005).

5.3.2 PHAGE-BASED METHODS

Phage display, a well-described technique used to elucidate protein—protein interac-
tions (Scott and Smith, 1990), is an in vitro technique that allows the expression,
selection, and subsequent amplification of proteins on the surface of bacteriophage
viral particles (Crameri et al., 1994). New phage-based techniques have been
described recently that allow small molecule or target protein analysis: (i) phage display
and (ii) competition-binding assay. These methods are summarized in Figure 5.2.
All these assays are based on the use of small chemical compound (“bait”) used in
combination with (i) cDNA phage display library (Sche et al., 1999) or with (ii)
particular protein kinases expressed as fusions to the T7 bacteriophage capsid protein
(Fabian et al., 2005).

Display cloning is a method for the concomitant isolation and identification of
protein cellular targets using a T7 cDNA phage display library and a biotinylated
chemical compound as an affinity probe (Figure 5.2, panel a). Sche et al. (1999)
have used an immunosuppressive drug, FK506, to validate this screening method.
After several rounds of selection, they were able, in particular, to isolate a cDNA
clone that encodes for the FKBP12 protein, the known and expected cellular target
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FIGURE 5.2 Schematic overview of phage-based methods used for the analysis of small
chemical compounds’ cellular targets. As shown in the upper panel, these two methods used
a “prey” (a phage-tagged protein) and a “bait” (a biotinylated chemical compound immobilized
on avidin- or streptavidin-coated beads). The SB202190 compound, known to interact through
the ATP-binding site of the p38 MAP kinase, is used as an example. (a) Phages that display
proteins with specific affinity for the “prey” compound remain on the column after extensive
washing and are then selectively eluted with excess biotin. After phage amplification into E.
coli, the target protein is identified by sequencing the phage DNA. (b) In the competition-
binding assay, the affinity of different chemical compounds (or “free test compounds”) for
one protein kinase is tested. In this case, the amount of phage bound on the affinity column
after competition indicates the affinity of the free test compound for the ATP site of the prey
kinase.

of FK506. The display-cloning method can thus be used to select proteins directly
from cDNA phage display libraries using small molecule probes (Sche et al., 1999).
The second phage-based approach, developed by Ambit Biosciences, is a quantitative
biochemical assay. It is an ATP site-dependent competition-binding assay and is
designed for the study of small molecule—kinase interactions (Figure 5.2, panel b).
After validation of this method using SB202190 as chemical bait, Fabian et al. (2005)
have tested the affinity of 20 well-characterized clinical ATP-competitive inhibitors
(e.g., staurosporine and roscovitine) in a panel of 113 different kinases. The results
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obtained show that molecular specificity varies widely among these inhibitors. Stau-
rosporine is known to be a highly promiscuous inhibitor of many different kinases,
it efficiently binds 104 of the 113 kinases. Other inhibitors (such as roscovitine or
vatalanib) bind very few kinases, in addition to their known primary targets (Fabian
et al., 2005). This assay is performed without any addition of ATP or substrate and
measures binding rather than activity. The results therefore, depend neither on ATP
concentration nor on the specific choice of substrate. In addition, there is a good
correlation between the measured binding constants and published IC,, values for
the inhibitor tested. This phage-based binding assay is thus a good alternative method
to the traditional in vitro kinase selectivity panel assays to investigate selectivity. In
conclusion, for genome screening of compound targets, phage display has a lot of
advantages but is limited by the quality of the cDNA library.

5.4 YEAST-BASED METHODS
5.4.1 CHemicAL-GENOMIC

The budding yeast Saccharomyces cerevisiae is a unicellular organism with a com-
pact genome of approximately 6000 genes and is widely used as a model organism
for investigating many aspects of eukaryotic cell biology. Indeed, a high level of
conservation between its cellular processes (e.g., cell division cycle and basic cellular
metabolism) and those of higher organisms can be observed. In addition, yeast
displays very simple growth requirements, rapid cell division (90 min in rich
medium), ease of genetic manipulation, and a wealth of experimental tools for
genomewide analysis of biological functions (Simon and Bedalov, 2004). Recently,
different yeast-based systems have been described for the discovery of new thera-
peutic drugs (Mager and Winderickx, 2005). For instance, 6-aminophenanthridine
has been isolated using a yeast prion-based screening method and has then been
shown to be active against mammalian prions (Bach et al., 2003). Concerning drug
target identification, a number of genetic approaches based on the use of S. cerevisiae
have been developed (Parsons et al., 2003).

5.4.1.1 Cell-Based High-Throughput Screening Methods

These cell-based high-throughput screening methods are: (1) haploinsufficiency
profiling (HIP), (2) synthetic lethal screen (SLS), and (3) genomewide overexpres-
sion screen (OES). All these different approaches are presented in Figure 5.3.

In the HIP approach (Figure 5.3, part 1), a library of diploid yeast strains with
heterozygous deletions of each single gene is screened for drug sensitivity either in
a single culture with a competitive growth assay or by screening the 6000+ strains
in parallel. This assay is based on the observation that reducing the copy number of
a gene encoding a drug target from two copies (in diploid yeast strain) to one copy
(in a heterozygous deletion strain) results in a strain that could be sensitized to the
drug of interest (Giaever et al., 2004). To obtain bona fide proof of concept for this
approach, two different groups, Lum et al. (2004) and Giaever et al. (2004), have
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assessed the cellular effect of 78 and 10 different chemical compounds (e.g., stau-
rosporine), respectively. They used a mixture of isogenic yeast mutants generated
by pooling 3503 (representing over half the genome) and ~6000 heterozygous
deletion strains, respectively. Taking advantage of “molecular bar” codes, they were
able to quantify the relative abundance of each strain. As reported in the two studies,
some of the most sensitive heterozygous strains often carry a deletion in the gene
whose product is known to interact directly with the test molecule (e.g., methotrexate
with dihydrofolate reductase, DHFR) (Giaever et al., 2004). A likely explanation for
this observation is that the compound inhibits cellular proliferation by reducing the
activity of the remaining gene product of the heterozygous locus, thereby mimicking
a complete deletion. In addition, they have discovered many potentially new drug
targets: for example, the implication of different tricyclic antidepressants (e.g.,
chlorpromazine) in integral membrane ATPase activity (Lum et al., 2004). In the
case of staurosporine, the failure to detect its precise protein target (protein kinase Cl1,
Pkcl) can be attributed to the fact that the diploid strain deleted for one of the two
copies of the PKCI gene was not present in the pool of screened strains (Lum et al.,
2004). Indeed, in this study, screened heterozygotes represented only about half the
yeast genome. It is important to note that a putative limitation for this method is the
existence of genes that, although homologues of genes clearly important for cell
viability in higher eukaryotes, could be neither essential, nor their inactivation
detrimental in budding yeast, thus preventing their isolation despite the fact they
could be actual targets of the studied drugs.

In the SLS approach (Figure 5.3, part 2), a drug is screened at a concentration
that is normally sublethal against a library of haploid yeast strains with individual
gene deletions. Genes whose deletion results in increased drug sensitivity might be
potential direct drug targets or genes that are involved in the same cellular pathways
as the drug target. Charles Boone’s team has integrated data obtained using this
chemical-genetic approach and genetic data from synthetic lethal interaction screens.
Using this large-scale analysis, they were able to link 12 diverse and well-characterized
growth-inhibitory compounds to their target pathways and proteins (e.g., calcineurin
for FK506 compound) (Parsons et al., 2004).

The OES (Figure 5.3, part 3) is a complementary approach to the screens
described earlier. It corresponds to the identification of genes, the overexpression of
which (because of expression from a high copy number plasmid) confers resistance
to an inhibitor. This screen is based on the principle that cells that express increased
levels of a target should tolerate higher levels of the drug that interacts with it. Using
this approach, Gray and coworkers have analyzed the yeast cellular targets of
a kinase inhibitor of the phenylaminopyrimidine (PAP) structural family. They showed
that specific resistance to PAP compounds is associated with the overexpression of
Pkcl and a subset of downstream protein kinases. The binding to Pkcl was then
checked using a biochemical approach based on affinity chromatography (described
in Subsection 5.3.1), and the utility of this approach in the analysis of small molecule
targets was demonstrated (Luesch et al., 2005).

The main limitations of using these yeast-based screening methods to identify
drug targets is that only a subset of potentially interesting compounds has a growth-
inhibitory phenotype in yeast (Luesch et al., 2005). Failure of a compound to affect
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the growth rate of a cell may indicate that (1) the drug target is not encoded by the
yeast genome, (2) the drug’s effects are masked by other proteins with redundant
activities but that are not sensitive to its action, (3) the drug is metabolized, or (4)
the drug is unable to enter the cells (Lum et al., 2004). Concerning this last point,
yeast cell permeability (which is naturally relatively poor, probably because in
addition to a plasma membrane, yeast cells have a cell wall) can be artificially
increased by inactivating various genes involved either in the plasma membrane,
cell wall metabolism, or in multidrug resistance (MDR). For instance, the erg6
mutation is known to increase permeability across the yeast cell wall. In several
cases, drugs that are inactive in WT cells exhibit clear activity in erg6 mutant cells.
For example, this mutation was successfully used in a yeast-based antiprion drugs
screening assay (Bach et al., 2003). Despite these various limitations, approaches
based on the use of budding yeast represent a powerful tool for drug target
identification.

5.4.1.2 Transcriptional “Signature” Analysis

The cell-based high-throughput screening technologies described earlier (HIP, SLS,
and OES) provide information about cellular pathways responsible for drug sensi-
tivity; but because not all kinases are essential, they do not necessarily identify all
targets in a cell. Recently, Kevan Shokat and colleagues have described a chemical
genomic strategy that uses direct comparison between microarray transcriptional
signatures elicited by highly specific pharmacological inhibition-engineered candi-
date kinase targets to identify the kinase targeted by protein kinase inhibitors (Kung
et al., 2005). To summarize this screening method, a space-creating mutation was
inserted in the ATP-binding pocket of each protein kinase. This mutation renders
protein kinases susceptible to ATP-competitive inhibitors, such as 1-NA-PP1 and
1-NM-PP1, which have been designed to be poor inhibitors for nonengineered kinases.
Importantly, it appears that most protein kinases are amenable to inhibitor sensiti-
zation at this site and still allow for sufficient kinase catalytic activity to retain normal
cellular function (Kung and Shokat, 2005). Shokat and coworkers used a library of
126 different yeast strains in which the genes for all individual kinases were replaced
with their inhibitor analog-sensitive counterparts. Profiling the transcriptional effect
arising from inhibition of each kinase would identify specific sets of transcripts that
could serve as a diagnostic transcriptional “signature.” The study of the selectivity of
a new kinase inhibitor of incompletely characterized specificity is then realized by
comparison of the signature obtained by treatment of the yeast cells with this new
inhibitor to “the reference profiles” elicited by specific inhibition of candidate analog-
sensitive kinases (Kung and Shokat, 2005).

Using this strategy, the selectivity of GW400426, a CDK inhibitor, was analyzed
in yeast. Cdk1 (yeast CDK2 homologue) and Pho85 were characterized as the targets
of this inhibitor in yeast. Interestingly, this study also shows that the simultaneous
inhibition by GW400426 of both CDKI1 and Pho85 together, and not the mere
inhibition of only one of these two kinases, controls the expression of specific
transcripts involved in polarized cell growth, thus revealing a cellular process that is
uniquely sensitive to the multiplex inhibition of these two kinases (Kung et al., 2005).
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An exhaustive application of this technology would thus result in the identification
of phenotypic changes elicited by inhibition of both individual or multiple kinases
(Kung and Shokat, 2005). A drawback of this method is that it is probably efficient
for highly selective compounds as poorly selective molecules would lead to very
complicated overlapping signatures.

5.4.2 THRee-HYBRID SYSTEM

The yeast three-hybrid system (Y3H) is based on the yeast two-hybrid system (Y2H),
which has proved to be a powerful tool for detecting protein—protein interactions
(Fields and Song, 1989). In the Y2H system, protein—protein interactions lead to
reconstitution of a transcriptional activator. Indeed, due to a close positioning in
space of its DNA binding (DBD) and activation domain (AD) expressed separately
as fusion with the two potentially interacting proteins, an active transcription factor
can be reconstituted (Fields and Song, 1989). In 1996, Licitra and Liu extended this
method to small molecule target identification by dimerization of two receptor
proteins via a heterodimeric ligand (Licitra and Liu, 1996). As described in Figure 5.4,
one ligand-receptor pair (e.g., DHFR-methotrexate) serves as an anchor, but the
other ligand-receptor pair (e.g., (R)-roscovitine-target) is the small molecule—protein
interaction of interest. In 2004, GPC Biotech reported the first application of this
promising assay in a selectivity analysis of different ATP-competitive CDK inhibitors
(Becker et al., 2004). As a new proof-of-principle, (R)-roscovitine scored positively
with its known target CDK2. Interestingly, it also scored positively with other protein
kinases: the casein kinase 1 CSNK1D and the CDK-like protein PCTK1; and com-
paratively weakened interactions with CSNK1E, CLK1, PAK4, PCTK3, PKWA, and
GSK3a (Becker et al., 2004). However, given the variable parameters associated
with expression, folding, and translocation of fusion proteins in yeast, it is too early
to draw conclusions regarding potential differences in relative binding affinities of
a given compound for different targets. Nevertheless, Becker et al. (2004) have
confirmed many of the interactions involving putative novel kinase targets by sec-
ondary in vitro binding or enzyme inhibition assays; thus, Y3H can be considered
another efficient way of scanning the proteome to identify the targets of kinase
inhibitors (Becker et al., 2004).

5.5 CONCLUSIONS

Drug discovery progresses not through the use of a single technique, but by bringing
together a host of tools. Efforts to identify CDK inhibitors first start with in vitro
studies using purified native or recombinant enzymes. Following these in vitro
studies, the properties of the most promising compounds are then generally evaluated
in a cellular context. From a therapeutic perspective, performing thorough evaluation
of CDK inhibitors’ cellular mode of action is crucial as several factors are likely to
interfere with the effects of a given compound: cell permeability, intracellular metab-
olism of the compound, intracellular distribution, competition with high intracellular
concentration of ATP, and interaction with other kinase and nonkinase targets.
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TABLE 5.1
Selectivity Analysis of (R)-Roscovitine Using Different Methods

Method Used

(Range of Putative Targets) Targets Identified References

Enzyme inhibition assay 1C5<1uM: CDK1, CDK2, Bach et al., 2005

(151 protein kinases) CDKS5, CDK7, and CDK9 Bain et al., 2003
1<IC4<40 uM: CaMK2, Meijer et al., 1997

CSNKI1A1, CSNKI1D,

DYRKIA, EPHB2, p42/p44

MAPKs, FAK, and IRAK4
Phage-based competition binding assay CSNKI1E, CLK2, PCTK1, Fabian et al., 2005
(113 protein kinases) CSNK1G2,CDK5,CLK1, TTK,

CDK2, CSNK1G1, RPS6KA2

(Kin. Dom. 1), CLK4
Affinity chromatography CDKs (notably, CDK2 and Bach et al., 2005
(Proteome) CDKS), p42/p44 MAPKs,

CaMK?2 (isoforms o, B, 8, and

v), CSNK1A1, PDXK#
Yeast three-hybrid (Y3H) CDK?2, CSNKI1D, PCTKI1, and Becker et al., 2004
(Proteome) comparatively weaker with

CSNKIE, CLK1, PAK4,

PCTK3, PKWA, and GSK3a

In this particular case (pyridoxal kinase, -PDXK-), roscovitine uses the substrate-binding site to inhibit
PDXK activity.

After this validation, the use of different selectivity analysis methods presented here
is crucial for a comprehensive exploration of the mode of action of the drug.

An example is given in Table 5.1 with the well-researched CDK inhibitor that is
currently in phase 2 clinical trials, (R)-roscovitine (CYC-202, Seliciclib) (this book,
Chapter 9). By using more techniques, a better understanding of the drug’s cellular
effects can be achieved. Indeed, the characterization of the 29 potential protein targets
of (R)-roscovitine, shown in Table 5.1, was the result of four different approaches.
By quantification of these potential interactions and inhibition, the main protein kinase
targets of a drug can be defined. Here, in the case of (R)-roscovitine, the four studies
have confirmed interaction with the anticipated targets: CDKs. In addition, several
off-target proteins (protein kinases or nonprotein kinases, e.g., PDXK) have been
identified. These other targets cannot be neglected as they may significantly contribute
to the cellular response to (R)-roscovitine. For instance, high levels of PDXK in some
tissues may reduce the availability of (R)-roscovitine for CDKs. Inhibition of these
unexpected targets may also either contribute toward the desired pharmacological
effect or cause undesirable side effects. All the data obtained should contribute to the
development of second-generation compounds with improved pharmacological pro-
perties. Large-scale analysis, similar to the RNAi approach recently used to identify
human kinases that regulate cell survival (MacKeigan et al., 2005), will probably
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help to determine positive or negative effects of multiplex inhibition on cellular
growth inhibition.

Regarding the different available affinity-based methods (affinity chromatogra-
phy, phage display-based methods, and Y3H), one limitation is that it is necessary
to find ways to modify the structure of the tested compound to introduce the PEG-
spacer or linker without interfering with the biological activity of the original “free”
compound. Saccharomyces cerevisiae-based genetics approaches can be used to
circumvent the chemical linker problem. Indeed, yeast research performed in the
recent past has demonstrated the tremendous potential of this organism as a model
system for medical and medicinal purposes. For instance, in 2000, Snyder and coworkers
developed a protein chip technology that allows high-throughput biochemical anal-
ysis and used this approach to analyze nearly all protein kinases from Saccharomyces
cerevisiae (119 out of the 122 known or predicted yeast protein kinases) (Zhu et al.,
2000). With regard to drug selectivity analysis, at least four different elegant genom-
ewide screening strategies have been designed using the yeast Saccharomyces
cerevisiae. We anticipate that recent applications of this model organism in the
characterization of the cellular role of key proteins involved, for instance, in complex
neurodegenerative diseases (e.g., Huntingtin in Huntington’s disease) (Giorgini et al.,
2005) should lead to the elaboration of new, powerful yeast-derived screening methods
in the near future.
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6.1 INTRODUCTION

Pharmacological inhibition of cyclin-dependent kinases (CDKs) is possibly becoming
one of the most productive strategies for the design and discovery of novel anticancer
agents that specifically target the cell cycle. It is even more encouraging that the number
of CDK inhibitors entering clinical trials has been increasing with time (Senderowicz
and Sausville, 2000; Knockaert et al., 2002; Sausville, 2003; Senderowicz, 2003a;
Fischer and Gianella-Borradori, 2005). Large numbers of potential CDK inhibitors
have been identified, and currently there is an intense interest in developing selective
inhibitors of the various CDK targets for prospective use in cancer therapeutics (Garrett
and Fattaey, 1999; Sausville, 2003; Senderowicz, 2003b; Dai and Grant, 2004; East-
man, 2004; Liu et al., 2004; Swanton, 2004; Hirai et al., 2005; Benson et al., 2005;
Senderowicz, 2005; Schwartz, 2005; Welburn and Endicott, 2005). Extensive biolog-
ical studies on CDK inhibitors in the past decade have demonstrated their role in
controlling the cell cycle, inhibiting cancer cell growth, inducing apoptosis or terminal
differentiation (senescence), and other hyperproliferative disorders. CDK inhibitors
may also have a profound role in abrogating apoptosis that is aberrantly induced in
postmitotic neuronal cells and cardiomyocytes (Monaco and Vallano, 2003; O’Hare
et al., 2002; Boehm and Nabel, 2003; Greene et al., 2004; Regula et al., 2004; Herrup
et al., 2004; Sarkar et al., 2004; Johnson et al., 2005; Neve and McPhie, 2005;
Verdaguer et al., 2005). It has also been reported that pharmacological inhibition of
CDKs has a profound effect on viral replication and transcription (Schang, 2004).

6.1.1 INTRODUCTION TO THE CDKs AND THE CEeLL CYCLE

The normal mitotic cell division cycle, which is a clocklike mechanism, consists of
four distinct phases: the gap phases G, and G,, the DNA synthesis phase (S), and
mitosis (M). A dormant, quiescent cell at G, must be reawakened with the help of
growth-promoting factors and ushered into the G, phase of the cell cycle. During the
G, phase, the cell first commits itself to completing a cell division cycle and then
prepares for the synthesis of genomic DNA. The synthesis of genomic DNA takes
place during the S phase, and once this is complete the cell enters the second gap
phase, which is known as G,. During the early G, phase, the cell repairs errors that
may occur during DNA duplication and also prepares for cell division (i.e., mitosis,
designated as M). At the M phase, the cell physically divides into two daughter cells,
each containing one complete copy of genetic information that embodies the DNA of
the parent cell (Figure 6.1; reviewed in Oshima and Campisi, 1991; Stewart et al.,
2003; McGowan, 2003; Kastan and Bartek, 2004; Massague, 2004; Murray, 2004).
Immediately after completion of mitosis, the daughter cell can reenter the G, phase
or permanently exit the cell cycle to undergo either senescence (a G, state from which
the cell cannot be normally reawakened) or a form of programmed cell death (often
referred to as apoptosis). Aberrations at different stages of this normal cell cycle
progression are responsible for most human malignancies.

All the major transitions in the cell division cycle, such as commitment to enter
the cell cycle, initiation of DNA synthesis phase, and progression from G, into
mitosis, are tightly controlled by the activity of specific CDKs along with their
regulatory subunits, cyclins (Morgan, 1997; Grana and Reddy, 1995; Kastan and
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FIGURE 6.1 Systematic representation of the cell division cycle. It shows various cyclin-
dependent kinases and their respective cyclin partners, their position at different phases of
the cell division cycle, where they function, and where their activity is required for the
controlled progression of the cell cycle.

Bartek, 2004; Massague, 2004; Murray, 2004). CDKs belong to a family of
serine/threonine kinases, and the name is derived from the required association with
cyclins for their enzymatic activity. At least 11 CDKs (CDK1-CDK11) and 15
cyclins (cyclin A—cyclin T) are known. Most of them are clearly involved in cell
cycle regulation (Pines, 1999; Peng et al., 1998; Sherr, 1996; Trembley et al., 2003;
Guo and Stiller, 2004; Sanchez and Dynlacht, 2005; Figure 6.1).

The transition of G, cells into the S phase is regulated by CDK4/CDK6-cyclin
D activity. CDK®6 is thought to be a functional homologue of CDK4, although recent
reports indicate that CDK6 may also actively participate in differentiation (Grossel
and Hinds, 2006). The most extensively studied substrate for CDK4/CDKG®6 is
a product of the tumor suppressor gene retinoblastoma (pRb), which acts as repressor
for a number of genes required for the G,/S transition, initiation, and completion of
DNA synthesis. The phosphorylation of pRb protein, which leads to its functional
inactivation by cyclin-D-bound CDK4 (i.e., CDK4/cyclin D), is required to initiate
a cascade of events that include further phosphorylation of pRb by CDK2/cyclin
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E and CDK2/cyclin A. CDK4-mediated phosphorylation of pRb compels the cell to
commit itself to completing one full cell division cycle (Bartek et al., 1996; Lundberg
and Weinberg, 1998). Besides CDK4/CDK6 and CDK2, the other CDK that is
involved directly in cell cycle control is CDK1, which is also known as the Cdc2
kinase. CDK1 binds to B-type cyclins, and its activity is required during mitosis
(Sherr, 1996; Preisinger et al., 2005). Cyclin-bound CDK4/CDK6, CDK2, and CDK1
need activation by CDK7-cyclin H (also known as CDK-activating kinase, CAK)
(Kastan and Bartek, 2004; Massague, 2004; Murray, 2004).

6.1.2 Errorts TO TARGET CDK AcTiviTIES: PROMISING APPROACH
TO CANCER CHEMOTHERAPEUTICS

The CDKs that play an integral part in controlling cell proliferation are of intrinsic
interest as potential targets for drug design to fight diseases such as cancer, which
are characterized by aberrant cell growth (Garrett and Fattaey, 1999; Cohen, 2002;
Sausville, 2003; Senderowicz, 2003b; Dai and Grant, 2004; Eastman, 2004; Liu
et al., 2004; Swanton, 2004; Hirai et al., 2005; Welburn and Endicott, 2005). There
have been numerous scientific reports discussing the chemical syntheses and
biological activities of CDK inhibitors. Most of the intense ongoing research is focused
on finding ATP competitive compounds (using structure-based chemical design
methods) that can selectively modulate ATP-binding activity of the CDKs (Hirai
et al., 2005; Soni et al., 2000; Carini et al., 2001; Toogood, 2002; Beattie et al.,
2003; Welburn and Endicott, 2005). The pharmacological inhibitors of CDKs exhibit
great diversity in their chemical structures, and they also exhibit different specificity
and potency toward different CDKs.

The initial attempts to obtain inhibitors that have structural similarities with
adenosine 5-triphosphate (ATP) resulted in compounds, such as olomoucine, rosco-
vitine, purvalanol A, purvalanol B, and CVT-313, that show remarkable inhibitory
effects on the activity of CDKs 1, 2, 5, 7, and 9 but manifest very low potency
toward CDK4 (Knockaert et al., 2002; De Azevedo et al., 1997; Schulze-Gahmen
etal., 1995). Staurosporine and UCN-01 are alkaloids that were discovered as general
protein kinase inhibitors that also inhibit CDKs 1, 2, and 5 with ICs, values in the
nanomolar (nM) range (Lawrie et al., 1997; Wang et al., 1995).

The flavonoid class of compounds is also a relatively potent structural class of
CDK inhibitors (Senderowicz, 2005). Flavopiridol is a semisynthetic flavonoid that
has been extensively studied because of its inhibitory activity against CDKs and
protein kinases in general. It potently blocks growth of a variety of cancer cell lines,
and studies on its clinical efficacy are in progress (Carlson et al., 1996; Senderowicz
and Sausville, 2000; Shapiro, 2004; Fischer and Gianella-Borradori, 2005). However,
flavopiridol is not specific for any particular CDK and inhibits all CDKs tested so
far, including CDK7-cyclin H (Schang, 2004). It even acts as a global transcription
inhibitor by inhibiting CDK9-cyclin T1 (Dai and Grant, 2004).

Other classes of compounds have been reported to be selective for CDK4/CDK®6,
and these include fascaplysin (Soni et al., 2000), CINK4 (Soni et al., 2001), Com-
pound 66 (Inayat-Hussain and Thomas, 2004), and Compound 26a (Knockaert et al.,
2002). Fascaplysin, isolated from a marine sponge (Segraves et al., 2004), inhibits
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CDK4 specifically, causing G/G, arrest of cancer cells. However, fascaplysin is
highly toxic, and the potential for its planar structure to intercalate double-stranded
DNA has been suggested as a possible explanation of its toxicity (Hormann et al.,
2001). We have explored the possibility of separating the DNA-intercalating ability
of fascaplysin from its potent CDK4-specific inhibitory activity (Aubry et al., 2004;
Aubry et al., 2005; Aubry et al., 2006; Mahale et al., 2006).

Similar to fascaplysin, indirubin is also a natural product that is an active
ingredient of a traditional Chinese herbal recipe used for the treatment of cancer.
Unlike fascaplysin, it is not specific and is found to be a potent inhibitor of CDKI1,
CDK?2, CDK4, and CDKS5. Derivatives of indirubin such as indirubin-3-monoxime
or indirubin-5-sulfonic acid have shown improved activity toward inhibition of a broad
spectrum of CDKSs with ICs, values for CDK inhibition in the nM range (Eisenbrand
et al., 2004; Moon et al., 2006).

6.1.3 ENzymaTiC INHIBITION OF CDKSs ResuLts IN THE BLock
ofF CeLL GROWTH: GENOTYPIC AND PHENOTYPIC
ANTIPROLIFERATIVE CONSEQUENCES

The biological action of CDK inhibitors on cultured cells (tumor cells as well as
normal cells) is well documented and suggests their strong antiproliferative nature.
Growth inhibition and cell cycle arrest are the main consequences of inhibition of
CDKs at the cellular level. A number of small molecular CDK inhibitors arrest
cycling cells at the G/G, and/or G,/S and/or G,/M phase boundaries, depending on
their concentrations and the cell type used for the experiments, which clearly indicate
their ability to inhibit more than one CDK.

Both the selective CDK4 inhibitors fascaplysin and CINK4 arrest cycling cells
specifically at the G/G, boundary. The G,/G, arrest correlates with the accumulation
of hypophosphorylated pRb. CINK4 and fascaplysin prevent the initiation of pRb
hyperphosphorylation that is specifically triggered by CDK4 activity (Paull et al.,
1989; Meijer et al., 1997; Alessi et al., 1998; Carlson et al., 1996; Soni et al., 2000;
Soni et al., 2001).

Amongst the phenotypic consequences, induction of apoptotic cell death, driving
cells toward hypermitogenic arrest (which can lead to senescence), and induction
of senescence are the reported results from CDK inhibition in cells (references in
Soni, 2000; 2001). Interestingly, a number of compounds that are particularly potent
CDK?2 inhibitors have also been reported to induce apoptosis selectively in trans-
formed cells (reviewed in Blagosklonny, 2003; Parker et al., 1998; Chen et al., 1999),
although it has been recently suggested that CDK2 may not play any role in onco-
genesis (Tetsu and McCormick, 2003; Martin et al., 2005).

6.1.4 CDK INHIBITORS AND IN VivOo TUMOR GROWTH

The use of CDK inhibitors in animal models in which human tumor cells were
grown in nude or SCID mice and then administered with sublethal concentrations
of compounds demonstrated significant anti-tumor activity and underlines the impor-
tance of these molecules for cancer chemotherapeutic applications (Table 6.1).
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TABLE 6.1

A Summary of the Anti-Tumor Activity of Reported CDK Inhibitors
in Animal Models to Underscore Their Potential Application
in Clinical Studies

In Vitro Tumor Model Used
Activity for the Effect on the
Inhibitor Against Investigation Tumor Growth Reference
Flavopiridol CDKs Human tumor Anti-tumor activity Zhai et al.,
xenograft 2002; Drees
et al., 1997
JNJ-7706621 CDKs Human tumor Anti-tumor activity Emanuel et al.,
xenograft 2005
PHA-533533, 13  CDK2-cyclinA  Mouse xenograft Tumor growth Pevarellao
(A2780) inhibition by 70% et al., 2005

Compound 20 CDKs Mouse xenograft Significant increase Kuo et al., 2005
(A375) in survival
Roscovitine CDK1, CDK2, Mouse xenograft Reduced tumor Tirado et al.,
and CDK5 (ESFT) growth 2005
CINK4 CDK4/6- Mouse xenograft Reduced tumor Soni et al., 2001
cyclin D1 (HCT116) volume
UCN-01 CDKs Human tumor In vivo Anti-tumor Akinaga et al.,
xenografts A431, activity 1991
HT1080 and HL-60
PD 0332991 CDK4 and Human tumor Tumor regression Fry et al., 2004
CDK6 xenograft Colo-205 and net reduction

in some tumors

It has also been observed that CDK inhibitors, when used in combination with
conventional cytotoxic drugs, potentiate cell death in a number of tumor models
(Tenzer and Pruschy, 2003; Robson et al., 2005).

6.2 DEVELOPMENT OF NONTOXIC ANALOGS
OF FASCAPLYSIN

Of all the CDKs, CDK4 is crucially important enzyme for a number of reasons.
A cell’s initial commitment to complete a cell division cycle depends on CDK4 activity.
Therefore, activation of CDK4 at G/G, is also essential for the later G,/S transition
in the cell cycle, at least in cells that contain a functional copy of pRb. Moreover,
many human cancers are characterized by either overexpression of its activating partner,
cyclin DI, or loss of pl6™K4A (often referred to as just pl6), which is a natural
CDK4 inhibitory protein (Bartek et al., 1996; Weinberg, 1995). Recent studies have
demonstrated that mice lacking cyclin D1 are either refractory or resistant to tumor
development induced by certain oncogenes, and it has also been confirmed that the
tumorogenic activity of cyclin D1 during the development or maintenance of breast
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carcinoma is associated with the CDK4 kinase, confirming CDK4-cyclin D1 as
a crucially important target for cancer therapy (Yu et al., 2006; Landis et al., 2006;
Malumbres and Barbacid, 2006) Therefore, a small molecule that specifically inhibits
the CDK4 enzyme activity in vitro and prevents cell growth and tumor volume in vivo
could be of immense therapeutic value for the treatment of cancer.

Fascaplysin, a marine natural product, was identified in a large screening
program as a small molecule that specifically inhibits the in vitro phosphorylation
of the retinoblastoma protein pRb, a CDK4 substrate (Soni et al., 2000). Fascaplysin
demonstrates pRb-dependent arrest of cancer and normal cells at the G/G, phase
of the cell cycle. Recently, 1-deoxysecofascaplysin A, an analog of fascaplysin, has
also been reported to inhibit cell growth of MCF-7 (human breast cancer) and
OVCAR-3 (human ovarian cancer) cell lines (Charan et al., 2004).

However, fascaplysin cannot be therapeutically used as an anticancer agent
because it is a highly toxic molecule. The potential for its planar structure to
intercalate with double-stranded DNA has been suggested as a possible explanation
for some of its unusual biological activity and toxicity. The DNA-binding property
of fascaplysin is similar to structurally related DNA intercalating agents such as
cryptolepine and ellipticine (Hormann et al., 2001).

The aim of our ongoing research is to develop nonplanar and less toxic com-
pounds based on the structure of fascaplysin. We seek to identify compounds that
inhibit specifically CDK4 enzyme activity in vitro (i.e., compounds that are at least
tenfold more potent in inhibiting CDK4 than CDK2/CDK1), prevent cancer cell
growth in vitro, and tumor growth in vivo and yet do not intercalate or damage DNA
as fascaplysin does. Here, we review the biological activities of the newly synthe-
sized structural analogs of fascaplysin, and show that fascaplysin’s ability to inhibit
CDK4 specifically can be separated from its deleterious DNA-intercalating charac-
teristic. Some of these analogs manifest the expected CDK4-specific inhibition by
blocking at the G,/G, phase of the cell cycle, but surprisingly also inhibit the G,/M
phase in a CDK-independent manner (Aubry et al., 2004; Aubry et al., 2005; Aubry
et al., 2006; Mahale et al., 2006).

6.2.1 MOLECULAR MODELING AND RATIONALE FOR CHEMICAL SYNTHESES

The CDK4 protein is highly prone to aggregation, and hence x-ray crystal coordi-
nates, which are essential for rational design of inhibitors, are unavailable. Therefore,
a homology model of CDK4 was produced using Modeller (Sali, 1993) with the 3-D
structure of CDK?2 (which shares 40% sequence identity with CDK4; PDB accession
code 1HCK, containing ATP-Mg?*: Berman et al., 2000; Schulze-Gahmen et al.,
1996) and CDKG6 (sharing 70% sequence identity with CDK4; 1BLX: Brotherton
et al.,, 1998) as templates. Docking studies were performed on the basis of the
homology-model-derived structure for CDK4 bound to fascaplysin (Figure 6.2).
Solutions for each of the compounds 7a-7¢, 9a-9q, 12a-12q, and 15 (Figure 6.3 and
Figure 6.4) were generated using GOLD v3.0 (Jones et al., 1997) with the Chemscore
fitness function, to predict their putative ability to inhibit CDK4 (Aubry et al., 2006;
Verdonk et al., 2003). The putative binding of fascaplysin analogs 9q and 12q to
the CDK4 molecular homology model are depicted in Figure 6.2.
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FIGURE 6.2 (See color insert following page 142.) The active site of the CDK4 homology
model. (a) Cartoon representation of overall structure of the CDK4, with the positions of
ATP/Mg?* (C in grey, N in slate, O in salmon, P in yellow, Mg in black) and fascaplysin (C
in magenta, N in cyan, O in red), is shown. (b) Predicted binding mode of fascaplysin. (c)
Predicted binding mode of the most potent compound, 9q, in the series 9a-q; note the ©-1t
interactions of the benzoid ring with Phe93 and Phe159 of CDK4. (d) Predicted binding mode
of 12q — this weaker inhibitor is structurally similar to, but more conformationally con-
strained, than 9q. Hydrogen bonds are shown as dashed lines. Figures were produced using
Pymol. (From Aubry, C. et al. (2006). Org. Biomol. Chem., DOIL: 10.1039/b518019h.)

The general chemical strategy that was adopted for removing toxicity (Aubry
et al., 2004; Aubry et al., 2005; Aubry et al., 2006), consisted of releasing bonds
a, b and changing double bond ¢ into a single bond in fascaplysin 1 (Figure 6.3),
leading to the derivatives 7a-7¢, 9a-9q, 12a-12q, and 15 (Figure 6.3 and Figure 6.4).
The first-generation compounds that are nonplanar but still contain the basic struc-
tural components of fascaplysin are 7a-7c¢. They have a great deal of flexibility owing
to rotation around six bonds. The second-generation compounds 9a-9q (Figure 6.3
and Figure 6.4) have a shorter chain between the indole and benzene ring, and an
amide bond that results in less degrees of rotational freedom in the molecules. In
the third-generation compounds, 12a-q and 15 (Figure 6.3 and Figure 6.4), the
rotational freedom of the structures was further reduced by incorporating the
B-carboline structure.

Compounds 7a-7¢, 9a-9q, 12a-12q, and 15 are nonplanar, yet are predicted to
be CDK4-specific inhibitors from the CDK4 homology model. Because of their
nonplanar structures, it is very unlikely that they would intercalate with DNA.
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FIGURE 6.3 Strategy used to produce nonplanar fascaplysin derivatives. The basic structures
7a, 9, 12a, and 15 derived from fascaplysin 1 are depicted. (From Aubry et al., 2004; Aubry
et al., 2005; Aubry, C. et al. (2006). Org. Biomol. Chem., DOI: 10.1039/b51801%h.)
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FIGURE 6.4 Chemical structures of the nonplanar derivatives of fascaplysin. Structures
7a-7c, 9a-9q, 12a-12q, and 15 are represented with the help of a table (Aubry, C. et al. (2004).
Chem. Commun. 15, 1696-1697; Aubry, C. (2005). Tetrahedron Lett. 46, 1423-1425; Aubry
et al., 2006). Analogs of 15 are poorly active, and hence representative results are not shown.
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Consequently, the biological activities of these nonplanar derivatives of fascaplysin,
predicted by molecular modeling to be CDK4-specific inhibitors, were explored
further.

6.2.2 BioLocicAL METHODS

6.2.2.1 Expression and Purification of CDK4/GST-Cyclin D1,
CDK2/GST-Cyclin A, CDK2/GST-Cyclin E,
CDK1/GST-Cyclin B1, GST-pRb152, and GST-CTD

Fusion proteins of human cyclins A, B1, D1, and E, covalently linked to glutathione
S-transferase (GST), were coexpressed with the catalytic subunits CDK2, CDKI1,
CDK4, and CDK2, respectively, in Sf-9 insect cells using protocols similar to those
described previously (Phelps and Xiong, 1996; Sarcevic et al., 1997; Soni et al.,
2000; Soni et al., 2001). Active enzyme complexes containing a catalytic subunit
bound to GST-cyclin were loaded onto glutathione-agarose columns and eluted with
reduced glutathione. The eluted proteins were further subjected to dialysis.

The plasmid encoding the GST-pRb152 fusion gene (that codes for the pRb
amino acids 773-924 and contains the majority of CDK phosphorylation sites) was
transformed into the Escherichia coli strain BL21 (DE3) pLysS. For expression of
GST-pRb152, the cells were induced with isopropyl-B-thiogalactopyranoside, and
further purification of the GST-pRb152 protein was carried out as described previ-
ously (Sarcevic et al., 1997). The active enzyme CDK9-cyclin T1, which participates
in global transcription, was obtained by protocols similar to the ones used for the
other CDKs. GST-CTD (i.e., a CDK9 substrate) was expressed in insect cells by
single infection with a recombinant baculovirus that carries the GST-CTD gene.

6.2.2.2 Kinase Assays

The screening of fascaplysin analogs was carried out using kinase assays that do
not use radioactive isotopes but are based on luminescence detection. The assays
measure the depletion in ATP concentration as a result of phosphorylation by CDKs
of different substrates, i.e., GST-pRb152 (substrate for CDK4/cyclin DI,
CDK2/cyclin A, CDK2/cyclin E, and CDK1/cyclin B1), histone H1 (substrate for
CDK2/cyclin A, CDK2/cyclin E, and CDK1/cyclin B1), and GST-CTD (substrate
for CDK9-cyclin T1). The kinase assays were carried out in a 96-well format, and
all steps using a particular enzyme were performed in a single white polystyrene
plate. The compounds were dissolved in DMSO and preserved as 10 mM stock
solutions. Compounds were further diluted in kinase buffer (40 mM Tris pH 7.5,
20 mM MgCl,, and 0.1 mg/ml BSA) to obtain the desired serial dilutions (usually
10-fold) for determination of ICs, values. The kinase assay was performed in 50 pl
of kinase buffer containing 2 pg of purified GST-pRb152 (for CDK4/cyclin D1 and
CDK2/cyclin E), 3 ug of histone H1 (for CDK2/cyclin A), 10 pg of histone HI
(for CDKl1/cyclin B1), 2 pug of GST-CTD (for CDK9/cyclin T1), and 6 uM ATP.
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The phosphatase and protease inhibitor cocktail containing [-glycerophophate,
sodium fluoride, and sodium orthovanadate in the presence of reducing agent dithio-
threitol was added at a final concentration of 10 mM, 0.1 mM, 0.1 mM, and 1 mM,
respectively. The assays were initiated by adding 200 ng of active enzyme complexes
and the plates were incubated for 30 min at 30°C in a humidified incubator. The
reaction was stopped by addition of an equal volume of Kinase Glo™ reagent
(Promega). Luminescence was measured using a Packard Luminometer (Fusion
3.50). The rate of ATP depletion (i.e., the rate of reaction) in the control reactions
with respect to the blank (without substrate or enzyme) reactions was calculated and
used to determine the ICy, concentrations of compounds. Several CDK inhibitory
compounds reported in the literature, i.e., fascaplysin, flavopiridol, roscovitine
CINK4, and indirubin-5-sulfonic acid-sodium salt were used to validate the novel
chemiluminescent assays.

6.2.2.3 Ethidium Bromide Displacement Assay

The DNA-binding affinities of fascaplysin and its nonplanar analogs were measured
using an ethidium bromide fluorescence-quenching assay. This assay is based on
the displacement of DNA-intercalating agent ethidium bromide from purified pBlue-
Script plasmid DNA in the presence of compound (Geall et al., 1999; Brotz-Oesterhelt
et al., 2003). The assays were performed in 96-well black plates and involve addition
of 10 ul of 10X concentrated stock solution of compounds (dissolved in DMSO) to
90 pl of reaction mixture containing 6 pg of purified pBlueScript DNA and
1.3 uM ethidium bromide in a buffer (20 mM NaCl, 2 mM Hepes and 10 uM
EDTA) with final pH 7.4. Equivalent amounts of DMSO were added to the vehicle
controls. The reduction in relative fluorescence counts was monitored (A,,;, = 260 nM,
Aemiss = 600 nM) and recorded after 1 min equilibration time. Fascaplysin and
actinomycin D, which are known to intercalate double-stranded DNA molecules,
were used as standard compounds in the assay (Hormann et al., 2001).

6.2.2.4 Topoisomerase | DNA Unwinding Assay

The ability of fascaplysin and its analogs to intercalate into plasmid DNA was
determined by a topoisomerase I unwinding assay (Fortune and Osheroff, 1998).
Reactions contained 5 nM relaxed or negatively supercoiled pBlueScript plasmid
DNA and 10 units of topoisomerase I (Invitrogen). DNA relaxation assays were
performed in the presence or absence of compounds in 40 pl of DNA unwinding
buffer (50 mM Tris-HCI pH 7.5, 50 mM KCl, 10 mM MgCl,, 0.5 mM dithiothreitol,
0.1 mM EDTA, and 30 pg/ml bovine serum albumin). After 30 min incubation at
37°C, reaction mixtures were treated with 3 pl of 250 mM EDTA and extracted
with phenol/chloroform. The DNA was disolved in Tris-EDTA buffer, pH 8. The
samples (20 ul) were treated with 2 pl of 2.5% SDS, mixed with 2.5 pul agarose
gel-loading buffer (10X) and subjected to electrophoresis on a 0.8% agarose gel.
DNA bands were stained with 1 pg/ml ethidium bromide and visualized using
a UV illuminator.
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6.2.2.5 Cell Growth Inhibition In Vitro

All eight cell lines were maintained at 37°C in 5% CO, in RPMI-1640 medium,
supplemented with 10% fetal calf serum and 100 pg/ml Normocin™. The eight
cancer cell lines used for screening were the non-small-cell lung carcinoma
(NSCLC; a form of cancer that is resistant to chemotherapy) lines NCI-H460 (pRb*,
p53%), A549 (pRb*, p53*), Calu-1 (pRb*, p5S3-null), NCI-H1299 (pRb*, p53-null),
NCI-H358 (pRb-null, p53-null); and the following chemotherapy-resistant lines:
the colon carcinoma line LS174T (pRb*, p53*), the prostate carcinoma line PC3
(pRb*, p53-null), and the pancreatic cancer line MiaPaCa (pRb*, pS3-mutant). The
genotypes within brackets indicate the status of the tumor suppressor proteins pRb
and p53.

Exponentially growing cells representing an asynchronous population were
seeded in 96-well plates, at densities of 5000 to 10,000 cells per well (depending
on the doubling time of the individual cell line) in 180 pl of complete growth
medium. The wells at the extreme four corners were omitted to avoid the edge
effect and variations in the assay. The plated cells were allowed to stabilize by
incubating for 24 h. The compounds were dissolved in DMSO, and 10 mM stock
solutions were prepared. After 24 h of stabilization, the stock solutions of
compounds were diluted in medium without serum. 20 pl of 10X concentrated
compounds were added into the wells in triplicates, while an equivalent amount
of DMSO was added to the control wells. The plates were mixed gently and
incubated further for 48 h. After drug exposure, 50 Ul of 2 mg/ml MTT reagent
was added and the plates were incubated for 2—3 h at 37°C in the dark. The medium
containing MTT was removed. The blue-colored formazan formed was dissolved
in 150 pl of DMSO per well. The absorbance was measured at 540 nm. The IC,
concentration of compound was calculated as the concentration at which 50% of
cell growth was inhibited as compared to the control wells, which did not contain
any drug.

6.2.2.6 FACS Analysis

The control and treated cultures were harvested by trypsinization, washed once with
PBS, and then fixed in 70% chilled ethanol for a minimum time period of 1 h. After
fixation, cells were centrifuged for 5 min at 3000X g at room temperature, and then
the pellet was suspended in PBS containing 50 pg/ml propidium iodide and
0.5 mg/ml DNase free ribonuclease. The cells were stained for 1 h in the dark at
4°C. Cell cycle analyses were performed on a Beckman-Coulter (Epics® Altra™)
fluorescence-activated cell sorter. To gate all the events that represent single cells,
and not doublets or cell clumps, the following analyses were performed on the
samples. Cytogram of propidium iodide fluorescence peak signal vs. integrated
fluorescence or the linear signal were plotted. All data points on the straight line
were isolated in a single gate, and the gated data further used for plotting a histogram
that represents a complete cell cycle. The total number of events was not allowed
to exceed 200 events/sec. Data acquisition was stopped after a minimum of 10,000
events had been collected.
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6.2.2.7 Western Blot Analysis

A549 and Calu-1 cells were seeded in 25 cm? tissue culture flasks in complete
medium. When the culture flasks reached 40-50% confluency, the cells were treated
with the compound for 24 h. After treatment, the cells were harvested by trypsiniza-
tion, washed in ice-cold PBS, and then lysed in a buffer containing a cocktail of
protease inhibitors. The lysates were centrifuged at 14,000X g for 10 min at 4°C,
and the amounts of proteins in the clear supernatant were estimated using the
Bradford method. 50 pg of protein from each sample were subjected to SDS-PAGE
separation. The proteins were transferred to a PVDF membrane and blocked with
5% milk. Membranes were probed with polyclonal antibodies raised against the full-
length pRb protein, and the phospho-specific pRb epitopes, pRb (Ser780-P), pRb
(Ser795-P), and pRb (Ser807/811-P). After overnight incubation at 4°C, membranes
were exposed to appropriate HRP-conjugated secondary antibody at room temperature
for 1 h. Immunoreactivity was visualized with the enhanced chemiluminescence Western
Blot detection reagents.

6.2.2.8 Tubulin Polymerization In Vitro

The purified tubulin was obtained commercially (Cytoskeleton Inc., Denver, CO),
and the polymerization assays were carried out according to the method previously
described (Jordan et al., 2002). Tubulin polymerization assay is based on the adap-
tation of the original methods of Lee and Timasheff (1977), which demonstrated
that light is scattered (which can be quantitated by measuring the absorbance) by
tubulin protein to an extent that is proportional to the concentration of the polymer
mass of the tubulin. The resulting polymerization curves (Figure 6.6H) is represen-
tative of three phases of tubulin polymerization, namely, nucleation, growth, and
steady state equilibrium. Paclitaxel and nocodazole were used in the assay as a known
enhancer and inhibitor of tubulin polymerization, respectively.

6.2.3 BioLocicAL AcTIviTIES AND RESULTS

We have identified three distinct nonplanar, structurally unique classes of fascaplysin
analogs, 7a-7¢, 9a-9q, and 12a-12q. Unlike fascaplysin, these analogs do not
intercalate DNA (Figure 6.5B and Figure 6.5C), yet inhibit CDK4 relatively
potently and quite specifically (Figure 6.5A). The best compound of each class has
a CDK4 ICy, = 50, 6, 20 uM, respectively; IC;, for CDK2/CDK1/CDKO9 is greater
than 500 uM. Interestingly, the average ICs, for cell growth inhibition in a diverse
panel of cancer lines averages 3.5 uM for 9q, 7 uM for 12m, and 50 uM for 7a
(Figure 6.5D)

The compound 7a (of the 7a-7c¢ series) blocks growth of cancer cells at the
G,/G, phase of cell cycle (Figure 6.6E), and Western blot analysis indicates that the
G,/G, block is pRb dependent (Figure 6.6F) (manuscript in preparation).

The compounds 9q (representative of the 9a-9q series) and 12m (representative
of the 12a-12q series) not only block growth at Gy/G, phase of the cell division
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A Compounds7a-c, 9a-q and 12a-q were screened in B Compounds that inhibit Cdk4 enzyme specifically
in vitro enzyme assays were screened for their abili?r to displace ethidium
bromide from minor groove of double-stranded DNA
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FIGURE 6.5 The biological results obtained after screening of nonplanar fascaplysin analogs
in various biochemical and cellular assays. (A) The in vitro potencies (ICs, values) of com-
pounds 7a-7¢, 9a-9q, and 12a-12q in different CDK assays, expressed in micromolar con-
centrations. It shows 10- to 100-fold specificity toward inhibition of CDK4/cyclinD1
compared to their inhibition of CDK2/cyclin A, CDK2/cyclin E, CDKl/cyclin B1, and
CDKO9/cyclin T1. (B) The ability of fascaplysin and its analogs to interact with the minor
groove of double-stranded DNA was tested using the ethidium bromide displacement assay
(Geall et al., 1999; Brotz-Oesterhelt et al., 2003). The graph shows that none of the analogs
7b (cross), 9q (triangle), and 12m (unfilled squares) interact with the minor groove of DNA
up to concentrations of 150 uM. This is in contrast to fascaplysin (filled circles) and actino-
mycin D (filled squares), which displace the bound ethidium bromide at relatively lower
concentrations. (C) Representative picture shows that, unlike fascaplysin, the nonplanar ana-
logs do not intercalate with double-stranded DNA. Lane 1: control plasmid DNA; lane 2:
control plasmid DNA + toposiomerase 1. The lanes 3-8 represent the products of the topoi-
somerase I reaction carried out in the presence of camtothecin (50 uM; lane 3), fascaplysin
analogs 7a, 9q, and 12 m (all at 150 uM; lanes 4-6) and fascaplysin at 1 and 10 uM (lanes
7-8). (D) The table shows average ICs, values of compounds 7a-7¢, 9a-9q, and 10a-10q for
cancer cell growth inhibition in vitro.

cycle (Figure 6.6E) in a pRb-dependent manner (Figure 6.6G) but surprisingly also
exhibit a profound block at G,/M only in cancer cell lines in which the mitotic
spindle checkpoint is unimpaired (Figure 6.6E), indicating that CDK4 inhibition
may not be the only target for these compounds. Compounds 9q and 12m are found
to inhibit tubulin polymerization in vitro and also in cancer cell lines. Their ability
to affect tubulin polymerization seems to reflect the observed G,/M arrest in the cell
cycle analyses (Figure 6.6H) (manuscripts submitted for publication).
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FIGURE 6.6 (E) Flow cytometric analyses show that the compounds 7a-c arrest the growth of
all cancer cell lines tested at the G/G, phase of cell cycle, whereas compounds 9a-9q and
12a-12q exhibit only G/G, block in the cell lines with impaired mitotic spindle checkpoint but
show profound G,/M block in cell lines containing normal mitotic spindle checkpoint. (F) Western
blot analyses show that the G,/G, block induced by compound 7a is pRb dependent and that
treatment with compound inhibit the CDK4-specific pRb phosphorylations at serine residues.
(G) Western blotting confirms that the G/G, arrest induced by compounds 9q and 12m in the
cell lines with impaired mitotic spindle checkpoint normal is pRb dependent, and treatment
with compounds result again in the inhibition of CDK4-specific pRb phosphorylation at serine
residues. (H) The compounds 9q and 12m inhibit the in vitro polymerization of purified tubulin
at relatively low concentrations (i.e., at concentrations that are lower than the ICs, values obtained
for CDK4/cyclin D1 inhibition in the in vitro enzyme assay). This is the likely explanation for
the G,/M arrest of those cancer cells in which the mitotic spindle checkpoint is intact.

6.3 CONCLUSIONS

9q, 12m, and 7a are novel compounds that show anticancer effects. We have identified
these molecules on the basis of an in vitro screen for CDK4 enzyme and found that
they not only inhibit CDK4 specifically (i.e., do not inhibit CDK2, CDK1, and CDKD9),
but also the following characteristics:

1. None of the compounds intercalate with DNA.
2. Compound 7a blocks the growth of cells at G/G, irrespective of the cells’
mitotic spindle checkpoint status (manuscript in preparation).
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3. Compounds 9q and 12m block cells at Gy/G, in cell lines in which the
mitotic spindle checkpoint is impaired.

4. Compounds 9q and 12m profoundly block cells at G,/M at comparatively
low concentrations in cells with an intact mitotic spindle checkpoint.

5. Compounds 9q and 12m induce massive apoptosis in cancer cells (manu-
scripts submitted for publication).

6. Compounds 9q and 12m selectively induce apoptosis in SV40 large
T-antigen-transformed cells and not perceptibly in untransformed cells
(manuscripts submitted for publication).

We conclude that compounds 9q, 12m, and 7a are rather unusual molecules
with profiles that are uniquely distinct from what has been reported in the literature.
Therefore, the unique 9q, 12m, and 7a chemical scaffolds could be further exploited
to rationally improve the therapeutic indices of these molecules for the prospective
treatment of cancer. We have recently identified a close analog of 9q that is much
more potent in cellular assays, offering the hope that with our two-pronged chemical
biological approach we shall be able to find molecules that are far superior in potency
to 9q and 12m.
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7.1 INTRODUCTION

Cyclin-dependent kinases (CDKs) are eukaryotic serine or threonine protein kinases
that are closely related to the prototypical Cdc2 protein (Forsburg and Nurse, 1991)
and are known to associate with cyclin-related regulatory subunits. In yeast, a single
CDK (Cdc28 in the budding yeast Saccharomyces cerevisiae and Cdc2 in the fission
yeast Schizosaccharomyces pombe) regulates all cell cycle transitions by forming
complexes with various cyclin proteins (Forsburg and Nurse, 1991). In higher
eukaryotes, at least ten CDKs have been identified. However, only a few of them,
CDC2 (CDK1) and CDK2, are involved in central cell cycle functions. Other func-
tions include coupling of the cell cycle to extracellular signals (CDK4 and CDK®6),
phosphorylation of other CDKs (CAK, CDK7) and transcription (CDK7, CDKS,
CDKD9), and neural differentiation (CDKS5) (Morgan, 1997; Sausville, 2002).
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Extensive biochemical and structural studies of several of the CDKs have estab-
lished a clear picture of the activation and regulatory mechanisms that determine
the kinase activity in correlation with the cell cycle phases. As the emphasis of this
review is on the structural aspects of CDKs and their inhibitor complexes, we will
only summarize the common activation and inhibition mechanisms of CDKs to
provide a biological background for discussion and comparison of the different
activation states of CDKs. These regulatory mechanisms have been previously sum-
marized in excellent reviews (e.g., Jeffrey et al., 2000; Mapelli and Musacchio, 2003;
Morgan, 1997; Pavletich, 1999).

7.2 OVERVIEW AND COMPARISON OF CDK
STRUCTURES

Four major mechanisms appear to govern the enzymatic activity of CDKs. It seems,
however, that not every mechanism is used by all CDKs. All CDK apoenzymes are
inactive and require complex formation with cyclins or cyclin-like regulatory sub-
units as a first step of activation. The CDKS5 complexes with p25 and p35 and CDK6
complex with Vcyclin appear to become fully activated by this one-step mechanism
(Schulze-Gahmen and Kim, 2002; Tarricone et al., 2001). However, complete acti-
vation of other CDKs involved in cell cycle control requires phosphorylation of
a conserved threonine in the activation loop (Connell-Crowley et al., 1993; Desai
et al., 1992; Solomon et al., 1992). The fully active complexes can be turned off by
two mechanisms: CDK inhibitory proteins can bind and inactivate the CDK/cyclin
complexes (Brotherton et al., 1998; Russo et al., 1996a; Russo et al., 1998), or
regulatory kinases can phosphorylate CDKs on residues in the glycine-rich loop near
the N-terminus (McGowan and Russell, 1993; Norbury et al., 1991; Parker et al.,
1992). A substantial number of crystal structures of different CDKs in different
activation states have been solved over the last 12 years. They revealed an enormous
flexibility of the CDK structures and provided a structural basis for the observed
activation and inhibition mechanisms. This wealth of structural information is also
extremely valuable when designing small molecule inhibitors of CDKs for the
development of anti-tumor drugs. For example, if the inhibitors should be CDK
specific or specifically directed against the inactive or activated forms of CDKs, the
available structural information can define precise structural features for inhibitor
design. We compare the structures of different CDK apoenzymes, activated CDK
complexes, and CDK-inhibitor complexes here to highlight CDK-specific features
and structural changes that are correlated with CDK activation and inhibition. Where
specific CDK residues are mentioned in the discussion, residue numbering will be
based on the CDK2 sequence (Figure 7.1) unless specifically indicated otherwise.

7.2.1 APOENZYMES

The crystal structures of two apoenzymes, CDK?2 and CDK7, have been determined
to 1.8 A and 3.0 A, respectively (De Bondt et al., 1993; Lolli et al., 2004; Schulze-
Gahmen et al., 1996). The kinases provide adjacent binding sites for ATP and protein
substrate that orient the reaction partners in such a way that the y—phosphate of ATP
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FIGURE 7.1 Sequence alignment of human CDK1 to CDK7. The secondary structures for
inactive CDK2 (De Bondt et al., 1993; Schulze-Gahmen et al., 1996) are indicated above the
sequences. Residues in the hinge region between the N-terminal and C-terminal domain are
highlighted with a gray background.
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faces the hydroxylated side chain of the target residue on the protein surface.
Catalytic residues then promote the transfer of the phosphate group to the oxygen
of the hydroxyl. CDK2 and CDK?7 have 44% sequence identity and show the typical
protein kinase fold. A smaller N-terminal domain is composed of a beta sheet and
the large C-helix (Taylor et al., 1992). It is connected by a linker to the larger, mostly
helical C-terminal domain. ATP is bound in the cleft between the two domains so
that the hydrophobic purine ring binds in a pocket close to the linker region and the
phosphates are oriented outward toward the mouth of the cleft.

The CDK apoenzymes are incapable of catalyzing the phosphotransfer reaction.
Their activity is blocked in two ways. First, the activation loop (residues D145 to
E172 in CDK?2) is folded upward from the C-terminal domain and blocks protein
substrate binding. Although the activation loop is flexible in the apoenzymes and
adopts somewhat different conformations in CDK2 and CDK7, it prevents substrate
peptide binding in both cases (Figure 7.2). Second, essential catalytic residues are
located in the catalytic loop (residues 126-132 in CDK?2) (Figure 7.2), in $3 and in the
0/C-helix. The conformation of the activation loop in inactive CDK2 and CDK?7 forces
arotation of the oiC-helix which leads to the incorrect positioning of several key catalytic
residues and the incorrect alignment of B and y—phosphates in ATP for an efficient
in-line phosphotransfer reaction. The structures of CDK2 and CDK?7 are similar with a
root-mean-square (rms) deviation in Cot positions of 0.9 A for 134 residues in the
C-terminal domain and 1.2 A for 66 residues in the N-terminal domain. The major

FIGURE 7.2 (See color insert following page 142.) CDK2 and CDK?7 apoenzymes super-
imposed on the C-terminal domain. CDK?2 is shown in yellow, CDK7 in blue. The catalytic
loop and activation loop in CDK2 are drawn in red and salmon, respectively.
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differences between CDK2 and CDK?7 occur in three regions: (1) the activation loop;
(2) aregion where three protein segments pack together comprising oD and the following
loop (residues 92-98), the 7/B8 loop (residues 136—139), and the C-terminal region
(residues 287-298); and (3) the region of the L14 loop (residues 236-240) which is part
of the kinase associated phosphatase (KAP) recognition site (Song et al., 2001) and Cks1
regulatory protein binding site in CDK2 (Bourne et al., 1996). The structural differences
in regions 2 and 3 may cause differences in specific interactions of CDKs with substrates
or regulatory proteins. For example, members of the MAP kinase family interact with
docking site sequences in their protein substrates that are spatially separate from the
substrate phosphorylation sites. The structure of p38 in complex with docking peptides
from two such interacting proteins show these peptides interacting at a site that is
equivalent to the C-terminal region, B7/B8 loop, and aD/0oE loop in CDKs (Chang
et al., 2002). A similar mechanism might exist for substrate binding to CDK7, or another
protein might interact with CDK7 in this region. Structural and sequence differences in
region 3 were shown to be important for the regulation of KAP activity, which is active
on CDK2 but not on CDK?7 (Lolli et al., 2004; Song et al., 2001).

7.2.2 Acmivatep CDK/CycLiIN COMPLEXES

Cyclin binding to CDKs activates CDKs partially or completely, depending on the
CDK. The CDK2/cyclinA complex requires an additional phosphorylation on T160
for full activation. This activation is correlated with characteristic structural changes that
have been observed in the crystal structures of three activated CDKs: CDK2/cyclin
A (Jeffrey et al., 1995; Russo et al., 1996b), CDK5/p25 (Tarricone et al., 2001), and
CDK6/Vceyclin (Schulze-Gahmen and Kim, 2002). The activation loop that was
obstructing the substrate binding cleft in the apoenzyme is moved toward the C-terminal
domain where it forms a binding area for the substrate protein (Figure 7.3).
Phosphorylation of T160 in CDK2 leads to further conformational changes in the
substrate binding site causing an unusual left-handed conformation (® = 72.5°,
Y = 130.8°) for residue V164. The valine conformation results in the carbonyl oxygen
atom being directed away from the substrate, causing the binding of any residue
other than proline at the P+1 site to be unfavorable because of an uncompensated
hydrogen bond from the substrate’s main-chain nitrogen (Brotherton et al., 1998).
The phosphorylation-induced change in the substrate binding pocket in CDK2 is
induced in CDK5/p25 and CDK6/Vcyclin by cyclin binding alone.
Simultaneously with the movement of the activation loop, the tC-helix is moved
into the binding cleft and rotated so that the side chain of E51 in the oC-helix
becomes rotated into the ATP-binding pocket, where it forms ionic interactions with
K33. The role of K33 is to bind to the o- and B-phosphates of ATP and align them
to enable the transfer of the y-phosphate to substrate proteins (Taylor et al., 1992).
p25 and Vcyclin induce very similar structural changes in CDKS5 and CDKG6,
respectively, leading to activation of these kinases without requiring additional
phosphorylation of the threonine in the activation loop. Figure 7.4 shows the super-
position of activated CDKS5 and CDKG6 on the C-terminal domain of activated CDK2.
The structural elements of the C-terminal domain and the aC-helix overlap very
well. Structural differences are found in the relative orientation of the N-terminal
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-sheet, the tip of the activation loop, the L14-loop, and the oD/0E loop. These
structural differences may indicate higher flexibility in these regions or may be the
reason for differential interactions with other CDK-interacting proteins, such as KAP
or protein substrates. The critical structural changes for enzymatic activation of
CDKs are, however, the same for all three structures.

7.2.3 CDK/PROTEIN INHIBITOR COMPLEXES

The active CDKs can be counteracted by two families of cell cycle—inhibitory
proteins. Members of the CIP family, which include p27X®! p2]CPLWARI" and
pS57%2, bind and inhibit the active CDK/cyclin complexes (Sherr and Roberts, 1995).
Members of the INK4 family, which include pl15, p16, p18, and p19, are specific
for CDK4 and CDK®6, and can bind to either the isolated CDK subunit or its complex
with cyclin D (Serrano, 1997). The INK4 inhibitors are specific for the G1 phase
CDKs, whereas the CIP inhibitors have a broader CDK preference. Crystal structures
of a 69-amino-acid peptide from p27¥™! bound to CDK2/CyclinA (Russo et al., 1996a)
and p16™K+ and p19™&4in complex with CDK6 (Brotherton et al., 1998; Russo et al.,
1998) revealed that both types of inhibitors induce large changes in the shape of the
ATP and substrate binding sites of CDKs. The p27 peptide binds with its N-terminal
part to cyclin A, and with its C-terminal part to the N-terminal domain of CDK2.
The conserved “LFG” motif in p27 is inserted in a pocket on the face of cyclin A
without changing the conformation of cyclin A (Figure 7.5A). The same “LLFG” sequence
motif is found in tight binding substrates of CDK2-CyclinA (Zhu et al., 1995).
The p27-peptide then stretches over to the N-terminal domain of CDK2, where its
binding induces large structural changes in the kinase. First, the B-turn segment of
p27 flattens the B-sheet of the kinase. Second, the B-strand segment of p27 replaces
the first B-strand of the CDK2 sheet, which becomes disordered. Third, the carboxyl-
terminal segment of the p27 peptide, the 3,,-helix, binds deep within the active
site—cleft and prevents ATP binding by mimicking the ATP substrate in its position
and the contacts it makes to active site groups (Figure 7.5A).

The pl6™K+ and p19™X4 inhibitors also take advantage of the kinase flexibility
to distort the catalytic cleft and prevent the necessary activating structural changes.
pl6 and p19 consist of four and five ankyrin repeats, respectively. Each ankyrin
repeat has a structure that resembles the letter L (Gorina and Pavletich, 1996), with
a pair of antiparallel helices forming the stem and a B-hairpin forming the base. The
L-shaped repeats stack to give an extended concave surface (Figure 7.5B). CDK6-bound
pl6 and p19 have very similar structures (Brotherton et al., 1998; Russo et al., 1998)
with p19 having an extra repeat added at the part of the structure furthest away from
CDKG6. p19 binds to one side of the catalytic cleft opposite to the cyclin binding
site. The concave site of the p19 molecule binds to the (3-sheet in the N-terminal
domain of CDKG®6, and the ends of the helices of ankyrin repeats 1 to 3 bind to the
C-terminal domain where they interact with the activation loop and with structural
elements of the catalytic cleft. Like the inactive CDK2 apoenzyme, p19-bound
CDKG6 does not have any of the activating changes. However, p19 binding induces
structural distortions in CDK6 that move it further away from the active structure.
The N-terminal and C-terminal domains are twisted away from each other, distorting
the cyclin binding site and preventing the translocation of the oC-helix into the
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binding cleft. The ATP-binding site is distorted because of p19 contacts with CDK6
residues in the linker region between the N-terminal and C-terminal domain and in
the catalytic cleft, and because of the relative domain movements. The p19/CDK6
structures indicate that the inhibitor-kinase interactions result in extensive move-
ments of the N-terminal domain of the kinase relative to the C-terminal domain,
inhibiting productive binding with ATP and movement of the oC-helix to its active
conformation. The distortions of the cyclin binding site are consistent with the
observation that p16 binding weakens the affinity of Cyclin D for CDK4 and CDK6
(Parry et al., 1995; Ragione et al., 1996).

7.2.4 THe ATP-BINDING PoOcKeT IN AcTIVE AND INACTIVE CDKs

All of the known chemical inhibitors of CDKs bind in the ATP-binding pocket
located between the two kinase domains. Hence, a detailed structural characterization
of the ATP-binding pocket is very valuable for rational drug design efforts. Because
residues lining the ATP-binding pocket in different CDKs are quite conserved, we
will describe here the ATP-binding pocket in the high-resolution structures of acti-
vated CDK2 (Brown et al., 1999b) and the CDK2 apoenzyme (De Bondt et al.,
1993; Schulze-Gahmen et al., 1996) (Figure 7.6 and Figure 7.7). In the ternary
complex of CDK2 with ATP and a substrate peptide, the purine ring of ATP is
binding close to the hinge region connecting the N-terminal and C-terminal domain
(residues 81 to 84). The N1 and N6 nitrogens of the adenine base form hydrogen
bonds with the peptide bond nitrogen of L83 and oxygen of E81, respectively.
Hydrogen bonds with the same hinge residue atoms are conserved for most mole-
cules binding in the kinase-active site, but they can be formed from a diverse range
of heterocyclic frameworks. In fact, satisfying the hydrogen bond—donating capacity
of the backbone nitrogen of L83 is the only conserved feature of all CDK2/inhibitor
complex structures determined to date (Davies et al., 2002b). The adenine ring is
also sandwiched between a number of hydrophobic residues, including 110, A31,
F82, and L134. The back wall of the ATP-binding cleft is formed by the side chain
of F80, the “gatekeeper” residue (Liu et al., 1999; Schindler et al., 1999). Although
the adenine ring of ATP does not come close to the F80 side chain, other bound
inhibitors pack hydrophobic groups into this site and take advantage of hydrophobic
interactions with the phenyl ring. Members of other kinase families have a much
larger hydrophobic pocket in this area due to a smaller “gatekeeper” residue. The
difference in size of the hydrophobic pocket has been successfully used to create
kinase-specific inhibitors (Cohen et al., 2005; Liu et al., 1999; Schindler et al., 1999;
Tong et al., 1997). The ribose and phosphate moiety of ATP bind in an open cleft
formed in part by the flexible glycine loop (residues 11 to 18), residues from the
catalytic loop (residues 126 to 132), K33, and D145 (Figure 7.7). The ribose and
phosphate atoms form a network of hydrogen bonds with side-chain and main-chain
atoms lining the cleft, as well as with water molecules in the binding pocket. A single
Mg ion is coordinated to oxygens from ATP o- and y-phosphates, N132, and D145
(Figure 7.6). The ATP-binding pockets of the activated CDK2 enzyme and inactive
CDK2 apoenzyme are structurally similar. After superposition of the molecules on
the C-terminal domain, relatively small shifts are observed in the position of residues
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FIGURE 7.7 (See color insert.) Surface representation of the ATP-binding pocket in CDK2
(Brown, N.R. et al. (1999a) Nat Cell Biol 1, 438—443). The surface is colored by pocket
regions (Davies, T.G. et al. (2002b) Pharmacol Ther 93, 125-133). The hinge region is shown
in cyan, with the backbone of residues 81 to 83 drawn as a stick model. Conserved hydrogen
bonds with the hinge region are shown as broken lines. The F80 pocket is colored blue, the
ribose and phosphate binding cleft is yellow, and the specificity region is purple. Bound ATP
with one Mg ion is drawn as a stick model.

in the N-terminal domain adjacent to the adenine ring. These shifts originate from
the rotation of the N-terminal domain relative to the C-terminal domain after acti-
vation of the CDK2 apoenzyme. Much larger shifts are observed for residues 11 to
18 in the glycine loop, which contact the ribose and phosphates of the bound ATP.
Larger structural differences are also seen in the position of K33 and E51. E51 is
located in the oC-helix which is rotated and moved into the binding pocket after
cyclin binding to CDK2 (Jeffrey et al., 1995). Before CDK?2 activation, E51 points
away from the ATP-binding pocket, but moves into the vicinity of the pocket to
form ionic interactions with K33 after CDK2 activation. K33 interacts directly with
the ATP phosphates and also with some inhibitor molecules (Davies et al., 2001;
Lu et al., 2005; Meijer et al., 2000). E51 does not interact with ATP directly, but it
was shown to interact with a bound inhibitor to CDK6 (Lu et al., 2005). Structural
differences in the ATP-binding pocket between inactive and activated CDKs may
need to be taken into account for drug design studies, especially if the inhibitor
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molecule extends beyond the adenine binding region of the ATP-binding pocket
(Davies et al., 2001). Inhibitor interactions with residues that show structural differences
between the two kinase states, such as K33 and E51, can be used to design inhibitors
with preference for different kinase states.

7.3 COMPARISON OF INHIBITOR COMPLEX
STRUCTURES

The central role that CDKs play in cell cycle control and the high incidence of genetic
alterations of CDKs or their regulators in a number of cancers make the CDK family
an important target for therapeutic intervention in various proliferative diseases, includ-
ing cancer (Sielecki et al., 2000). Hence, considerable efforts have been made to screen
and design CDK-specific inhibitors. A large number of chemically diverse inhibitors
with high affinities for CDK1, CDK2, and CDKS5 are available today and several of
them have entered clinical trials to treat cancer (Blagden and de Bono, 2005; Meijer
et al., 1999; Senderowicz and Sausville, 2000). Drug design of CDK2-specific inhib-
itors was greatly aided by the high-resolution x-ray structures of CDK2 and its inhibitor
complexes. In the following sections, we will highlight the structural features of several
CDK/inhibitor complexes and suggest a structural basis for the lower binding affinities
of some of these inhibitors for CDK4 and CDK®6.

7.3.1 INTERACTIONS OF CDK2-SPECIFIC INHIBITORS
IN THE ATP-BINDING SITE

Over the last ten years, a large number of heterocyclic CDK inhibitors with a variety
of chemical scaffolds have been identified (Table 7.1). The compounds can be
grouped into those that nonspecifically inhibit all CDKs and often other protein
kinases, those that are specific for the group including CDK1, CDK2, and CDKS,
and those that are specific for CDK4 and CDK6. CDK4 and CDK6 form a subgroup
within the CDKs based on sequence similarities. For simplicity, we will call the
inhibitors of the second group CDK2-specific inhibitors because most of the struc-
tural work was performed on CDK2 complexes. The structures of the first CDK2
complexes with CDK2-specific purine-based inhibitors, such as olomoucine
(Schulze-Gahmen et al., 1995), roscovitine (De Azevedo et al., 1997), and purvalanol
(Gray et al., 1998), showed that the aromatic ring system is bound in a different
orientation than in the natural ligand ATP to make room for the larger substituent
groups on the purine ring. The hydrogen bonds from the backbone atoms of L83 and
E81 in CDK2 to the adenine base in ATP are conserved (Figure 7.7 and Figure 7.8),
although with different partner atoms in the substituted purine rings of the inhibitors.
Subsequently, other compounds with a variety of scaffolds were identified as more or
less specific inhibitors of CDK2. The binding mode for many of these inhibitors was
determined by crystallographic studies of their complexes with the CDK2 apoenzyme.
Table 7.1 shows a list of selected CDK inhibitors with structures that were deter-
mined in complex with one of the CDKs. Comparative analysis of the binding modes
of many of these inhibitors revealed some common features: (1) The hydrophobic
core of the inhibitor molecule is sandwiched between the two kinase domains,
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TABLE 7.1

IC;, Values (1M) for Selected CDK Inhibitors with Three-Dimensional

Structures of CDK-Inhibitor Complexes

CDKeé/
Inhibitor CDK1/B  CDK2/A CDK2/E CDK4/D  Vcyclin
0.4 0.4 0.4 0.8
0.007 3-10

OH
O | 0.79 — — — 0.85
HO’

OH
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NH
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JL)I\> 7 7 7 >10,000  >10,000
HO\/\N N/ N\
H

Olomoucine
R
O\I NIJj: "\> 0.004 0.070 0.035 0.850 —
H N)\"/ ;\ 0.006 0.006 0.009 >10 —

Purvalanol A (R = H)
Purvalanol B (R = CO,H)

CDK5/
p25

0.57

0.075
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TABLE 7.1 (CONTINUED)
IC;, Values (uM) for Selected CDK Inhibitors with Three-Dimensional
Structures of CDK-Inhibitor Complexes

CDK6/  CDK5/
Inhibitor CDK1/B  CDK2/A CDK2/E CDK4/D  Vcyclin p25

O
N

)NI\)\/E \> 0.009 0.006 — 1.6 — —
HN N N

SO,NH,

NU6102

0.022 0.07 0.04 0.6 0.7 0.028

HO_

N O
O —_ NH 0.18 0.44 0.25 3.33 0.46 0.1

N O
Indirubin-3'-monoxime
N
[\ A\ oH 0.15 0.12 0.40 >100 0.55 0.20
NZ N

H

Aloisine A

forming contacts with hydrophobic residues such as 110, A31, F82, and L134;
(2) High-affinity inhibitors form two or three conserved hydrogen bonds with backbone
atoms in the hinge region of CDK2 (Davies et al., 2002b); (3) Many inhibitors fill
out the hydrophobic pocket in front of the gate keeper residue F80 with hydrophobic
groups; (4) The specificity of CDK-inhibitor interactions is most likely based on
inhibitor interactions with the less conserved hinge region and specificity area
(residues 84 to 89) that borders the ATP-binding site from the outside of the cleft
(Figure 7.7). The amino acid sequence for different CDKs is less conserved in these
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FIGURE 7.8 (See color insert.) Structure of the binding pocket of three CDK2/inhibitor
complexes. The top shows the complex with the nonspecific inhibitor des-chloro-flavopiridol.
There are few contacts of the inhibitor with residues in the specificity region of the binding
pocket. The middle panel shows the interactions of CDK2 with the highly specific inhibitor
purvalanol B. There are many interactions with the specificity region. However, the inhibitor
fills very little space in the area of the binding pocket that binds the ribose and phosphates
of ATP. The bottom panel shows the interactions with NU6102, another CDK2-specific
inhibitor. There are several interactions with the specificity region. The inhibitor also fills the
ribose-binding pocket with the cyclohexylmethyl group of the inhibitor. Hydrogen bonds
between inhibitors and CDK2 are shown in black broken lines.
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UCN-01, it is of utmost importance to demonstrate whether the anti-tumor effects
of UCN-01 are mediated by this action. Moreover, demonstration that these effects
also occur in in vivo settings is crucial.

As previously mentioned, synergistic effects of UCN-01 have been observed
with many signal transduction and chemotherapeutic agents, including mitomycin
C, 5-fluorouracil, carmustine, and camptothecin.?®9%!11-119 Therefore, it is possible
that combining UCN-01 with these or other agents could improve its therapeutic
index. Moreover, UCN-01 has demonstrated synergistic effects with gamma-irradi-
ation.®>!?° Clinical trials exploring these possibilities are currently being developed.

8.5.2.2 Clinical Trials of UCN-01

In the first Phase I trial UCN-01 was initially administered as a 72-h continuous
infusion every 2 weeks based on data from in vitro and xenograft preclinical
models.!?!122 However, it became apparent in the first few patients that the drug had
an unexpectedly long half-life (~30 days). This half-life was 100 times longer than
the half-life observed in preclinical models, most likely due to the avid binding of
UCN-01 to alphal-acid glycoprotein.'?*!2#Thus, the protocol was modified to admin-
ister UCN-01 every 4 weeks (one half-life) and, in subsequent courses, the duration
of infusion was decreased by half (total 36 h). Thus, it was possible to reach similar
peak plasma concentrations in subsequent courses with no evidence of drug accu-
mulation. There was no evidence of myelotoxicity or gastrointestinal toxicity (prominent
side effects observed in animal models), despite very high plasma concentrations
achieved (35 to 50 uM).'2!-124 Major toxicities were nausea and vomiting (amenable
to standard antiemetic treatments), symptomatic hyperglycemia associated with an
insulin-resistance state (increase in insulin and c-peptide levels while receiving
UCN-01), and pulmonary toxicity characterized by substantial hypoxemia without
obvious radiologic changes. The recommended Phase II dose of UCN-01 given on
a 72 h continuous infusion schedule was 42.5 mg/m?/d.!?> One patient with refractory
metastatic melanoma developed a partial response that lasted 8 months. Another
patient with refractory anaplastic large-cell lymphoma that had failed multiple chemo-
therapeutic regimens including high-dose chemotherapy has no evidence of disease
more than 4 years after the initiation of UCN-01. Moreover, a few patients with
leiomyosarcoma, non-Hodgkin’s lymphoma, and lung cancer demonstrated stable
disease for 6 months.!?%125

In order to estimate “free UCN-01 concentrations” in body fluids, several efforts
were considered. Plasma ultracentrifugation and salivary determination of UCN-01
revealed similar results. At the recommended Phase II dose (37.5 mg/m?/d over 72 h),
concentrations of “free-salivary” UCN-01 (~100 nM) that may cause G, checkpoint
abrogation can be achieved. As mentioned earlier, UCN-01 is a potent PKC inhibitor.
In order to determine the putative signaling effects of UCN-01 in tissues, bone
marrow aspirates and tumor cells were obtained from patients before and during
the first cycle of UCN-01 administration. Western blot studies were performed in
those samples against phosphorylated adducin, a cytoskeletal membrane protein, a
specific substrate phosphorylated by PKC. A clear loss in phospho-adducin content
in the post-treatment samples was observed in all tumor and bone marrow samples
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tested, concluding that UCN-01 can modulate PKC activity in tissues from patients
in this trial.'21122

Several groups have conducted shorter duration (3 h) infusional trials of UCN-
01.126127 A recently published report by Dees et al.!?’ presented the experience with
1 h (and then 3 h) infusional experience with UCN-01. A total of 24 patients
participated in this trial. The study started as a 1 h infusion; however, it appeared
too toxic. MTD for the 3 h infusion was 95 mg/m? over 3 h for the first course and
47.5 mg/m? over 3 h for the second and subsequent courses. Dose-limiting toxicity
was hypotension. Other toxicities observed were similar to the 72-h infusion trial.
However, in the 3 h infusion UCN-01 trial, CNS toxicities including seizures and
changes in mental status occurred. No objective responses were observed. Mean
(SD) pharmacokinetic variable values in nine patients treated at 95 mg/m? over 3 h
were volume of distribution at steady state, 14 (5.4) L; B half-life, 406 (151) h;
systemic clearance, 0.028 (0.017) L/h; C,,,., 51(16) uM; and area under the curve,
19,732(12,195) uM/L h. When compared with the 72-h infusional trial, the 3 h
infusional trial has some similarities and differences. Unfortunately, based on the
accelerated dose escalation design,'?® they were not able to have “robust” PK param-
eters. Despite these limitations, PK parameters are similar; it appears that, at MTD,
the 3-h trials demonstrated a predictable slightly higher peak plasma concentration
than the 72 h. However, AUC in the former was slightly lower. In the 72 h infusion,
anti-tumor activity was demonstrated in a patient with metastatic melanoma and in a
patient with anaplastic non-Hodgkin’s lymphoma whereas the 3 h infusion had no
evidence of anti-tumor effects. Finally, evidence of “free” UCN-01 concentrations
were demonstrated in the 72 h infusion trial by salivary UCN-01 concentration, by
plasma centrifugation, by plasma G, checkpoint ex vivo assay and by downmodula-
tion of phospho-adducin, a known substrate of PKC. In contrast, the 3 h infusion
showed salivary data in some patients at the MTD dose. In summary, the best schedule
to administer UCN-01 is still unknown.

Recently, a Phase I combination study of 72 h infusion UCN-01 and 24 h weekly
flourouracil (FU) was reported.'? The protocol schedule consisted of increasing
doses of weekly 24 h infusion of FU and were followed by a UCN-01 dose of
135 mg/m? over 72 h in cycle 1 and 67.5 mg/m? over 36 h in subsequent cycles,
based on the initial Phase I trial.!?!:122 The authors were able to escalate FU up to
2,600 mg/m? in combination with monthly UCN-01. Dose-limiting toxicity
included arrhythmia and syncope. Other toxicities included hyperglycemia, head-
ache, and nausea and vomiting. The highest mean peak plasma concentration of
UCN-01 was obtained in cohort 5 (1.265 mg/m? FU) of 48.5 uM. Of note, the
lowest mean peak plasma UCN-01 concentration was observed in the highest FU
dose administered (cohort 8, 2.600 mg/m?) of 17.6 uM. The investigators proposed
cohort 8 as the recommended Phase II dose. Unfortunately, there were no objective
responses.

A Phase II trial of 3 h infusional UCN-01 in patients with progressive, metastatic
RCC was recently reported'*® A total of 21 patients received 90 mg/m? over 3 h
based on prior Phase I trials using this schedule.!?5!27 Accrual was halted after failure
to reach a predetermined efficacy requirement with 7 patients remaining disease-
progression free after 4 months. The median TTP for all patients was 2.67 months
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(range, 0.4 to 7.6 months). There were no objective responses and UCN-01 using
this schedule was well tolerated.!*

8.6 OUTSTANDING ISSUES RELATED
TO THE MODULATION OF CELL CYCLE
FOR CANCER THERAPY

The role of CDKs as targets for cancer therapy, especially with respect to CDK2,
has been recently challenged.!3-'37 Briefly, loss of CDK2 function in some colon
carcinoma cell lines failed to arrest at the G,/S entry.'** Moreover, ablation of CDK2
and cyclin E in mice demonstrated normal development with significant meiotic
perturbations.!31133-137 The lack of significant somatic effects in these models may
be explained by the redundancy of CDKs.!3¢ In order to have significant anti-tumor
activity, small molecule CDK modulators may need to target more than one CDK
to avoid its rescue by other redundant CDKs.

8.7 SUMMARY

Most human malignancies have an aberration in the Rb pathway due to “CDK
hyperactivation.” Several small molecule CDK modulators are being discovered and
tested in the clinic. The first ATP competitive CDK inhibitors tested in clinical trials,
flavopiridol and UCN-01, showed promising results with evidence of anti-tumor
activity and plasma concentrations sufficient to inhibit CDK-related functions. The
best schedule to be administered, combination with standard chemotherapeutic
agents, best tumor types to be targeted, and demonstration of CDK modulation in
tumor samples from patients in these trials are important issues that need to be
answered in order to advance these agents to the clinical arena.
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188 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

9.1 INTRODUCTION

Phosphorylation of serine, threonine, and tyrosine residues represents one of the most
common post-translational mechanisms used by cells to regulate their enzymatic and
structural proteins. Phosphorylation is catalyzed by protein kinases, whereas dephos-
phorylation is carried out by protein phosphatases. Among the 518 human protein
kinases, cyclin-dependent kinases (CDKs) (Malumbres and Barbacid, 2005) have
aroused considerable interest because of their essential involvement in cell cycle control
(Malumbres and Barbacid, 2001; Meijer, 2003), neuronal cell physiology (Cruz and
Tsai, 2004), pain signaling (Pareek et al., 2006), apoptosis (Borgne and Golsteyn, 2003),
transcription, and RNA splicing (Garriga and Grana, 2004; Loyer et al., 2005). CDKs
are regulated in four different ways: (1) transient association with a regulatory partner
(cyclin), (2) various post-translational modifications (phosphorylation, ubiquitin-
dependent degradation), (3) transient association with a natural inhibitory protein (CIP1,
KIP1/2, or INK4A-D), and (4) intracellular localization. Although the human genome
sequencing program has resulted in the detection of about 20 CDKSs and 25 cyclins, a
more limited number of active CDK/cyclin complexes have been identified (Figure 9.1).

Alterations in the phosphorylation of proteins represent a frequent feature associated
with human disease. This is the reason for an exponentially growing investment in
the discovery, optimization, and therapeutic evaluation of small molecular weight,
pharmacological inhibitors of protein kinases (reviews in Cohen, 2002; Fischer, 2004;
Weinmann and Metternich, 2005). It is estimated that 30 to 35% of drug discovery
programs in the pharmaceutical industry currently target a protein kinase. Presently,
55 kinase inhibitors are undergoing clinical evaluation against diseases such as cancer,
inflammation, diabetes, and neurodegeneration.

Abnormalities in CDK activity and regulation in cancers (Vermeulen et al.,
2003), viral infections (Schang, 2004), proliferative renal diseases (Nelson and
Shankland, 2005), and neurodegenerative disorders such as Alzheimer’s (Tsai et al.,
2004), Parkinson’s (Smith et al., 2003, 2004), and Nieman—Pick’s diseases (Zhang
et al., 2004a), ischemia (Wang et al., 2003; Rashidian et al., 2005), or traumatic brain
injury (Di Giovanni et al., 2005) have encouraged an intensive search for potent and
selective pharmacological inhibitors of these kinases (reviews in Knockaert et al., 2002a;
Fischer et al., 2003; Benson et al., 2005; Fischer and Gianella-Borradori, 2005;
Shapiro, 2006). Over 100 small-molecular-weight inhibitors of CDKs have been
characterized, most of which appear to act by direct competition with ATP for
binding to the catalytic site of the kinase. Over 30 of these compounds have been
cocrystallized with CDK2 (Noble et al., 2004) or CDK5 (Mapelli et al., 2005),
demonstrating their binding in the ATP-binding pocket of CDKs.

The family of 2,6,9-trisubstituted purines encompasses some of the first CDK
inhibitors that have been described (review in Haesslein et al., 2002; Meijer and
Raymond, 2003). Among these purines, the (R)-stereoisomer of roscovitine is one of
the most frequently studied and used CDK inhibitors (Figure 9.2). Also referred to as
CYC202 or Seliciclib, (R)-roscovitine is developed by Cyclacel Pharmaceuticals
(http: www.cyclacel.com) (Guzi, 2004). It has now reached Phase 2 clinical trials for
B-cell malignancies, lung and breast cancer, Phase 1 trials for glomerulonephritis, and
Phase 2 trials in IgA nephropathy. The properties and development of roscovitine
constitute the object of this review chapter.
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FIGURE 9.1 Cyclin-dependent kinases. CDKs (catalytic subunit) associate with regulatory
subunits (cyclins and other) to constitute active protein kinase complexes (A). Different CDKs
are involved in various physiological processes (B), including the cell division cycle (C), many
regulators of which are altered in human cancer.
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FIGURE 9.2 Structure and atom numbering of the purine ring. Structure of 6-aminopurine
(adenine), and the two isomers of 2-(1-ethyl-2-hydroxyethylamino)-6-benzylamino-9-
isopropylpurine (roscovitine).

9.2 DISCOVERY OF ROSCOVITINE AND OTHER
2,6,9-TRISUBSTITUTED PURINES

Roscovitine belongs to the family of purines (Figure 9.2), one of the most widely
distributed heterocycles in nature, and has the basic ring structure of biologically impor-
tant molecules such as ATP, cyclic AMP, NAD, FAD, acetyl-coenzyme A, caffeine, and
theophylline, to name a few (reviews in Rosemeyer, 2004; Legraverend and Grierson,
2006). Among purines, adenine (6-aminopurine) and guanine constitute two of the four
nucleotide building blocks of DNA. The history of the discovery of roscovitine has been
reviewed in detail previously (Meijer and Raymond, 2003). Briefly, its development
stems from initial studies performed by Lionel Rebhun, who identified 6-dimethylami-
nopurine (6-DMAP) (Figure 9.3) as an analog of puromycin that was able to prevent
cell division of sea urchin embryos, although it had lost puromycin’s ability to block
protein synthesis (Rebhun et al., 1973). 6-DMAP was later found to inhibit the activity
of the so-called “M-phase-specific histone H1 kinase” (Meijer and Pondaven, 1988;
Néant and Guerrier, 1988), later to be identified as an equimolar complex between CDK 1
(Arion et al., 1988) and cyclin B (Meijer et al., 1989). Following this finding, a small
screening assay was established to search for other inhibitors of CDK1/cyclin B (Rialet
and Meijer, 1991). Isopentenyladenine (Figure 9.3) was one of the first inhibitors to be
identified. However, both 6-DMAP and isopentenyladenine were rather unselective and
weakly active. A more extensive screen carried out with Jaroslav Vesely led to the
discovery of olomoucine (Figure 9.3), a 2,6,9-trisubstituted purine that displayed
promising selectivity toward some of the CDKs, among a panel of over 35 kinases
(Vesely et al., 1994). In fact, olomoucine had been initially synthesized by David Letham
as an antagonist of plant cytokinin 7-glucosyltransferase. A classical medicinal chemistry
and structure—activity relationship study led to the synthesis and extensive characterization
of roscovitine (Azevedo et al., 1997; Meijer et al., 1997). Combinatorial chemistry from
this lead structure allowed the identification of purvalanols (Gray et al., 1998; Chang
et al., 1999). Since then, the family of 2,6,9-trisubstituted purines has been the subject
of numerous studies (reviews in Haesslein et al., 2002; Meijer and Raymond, 2003).
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FIGURE 9.3 Structure of 6-dimethylaminopurine, isopentenyladenine, olomoucine, (R)-
roscovitine, and purvalanol A, with molecular weight and, in parentheses, ICs, values for in
vitro inhibition of CDK1/cyclin B.

9.3 SYNTHESIS OF (R)-ROSCOVITINE

(R)-Roscovitine is prepared by a simple and inexpensive three-step procedure, start-
ing from commercially available 2,6-dichloropurine (Figure 9.4) (Havlicek et al.,
1997; Wang et al., 2001b). The overall yield is 50%. The reactive 6-chloro is first
substituted by benzylamine upon heating in butanol. Alkylation with 2-bromo or 2-
iodopropane, using K,COj; as a base, is then achieved at 20°C in DMSO. Finally,
the less reactive 2-chloro is displaced upon heating with (R)-2-amino-butan-1-ol.
This last step is improved when DMSO is used as a solvent. The first two steps of
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FIGURE 9.4 Chemical synthesis of (R)-roscovitine.
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TABLE 9.1

Nomenclature and Physicochemical Properties of (R)-Roscovitine

Chemical names

Other names

CAS registry number
NCI number

Atomic composition

Molecular weight
Rotation values

Melting point

pKa

Absorption
Chromatographic analysis

Crystal structure

2-(1-ethyl-2-hydroxyethylamino)-6-benzylamino-
9-isopropylpurine

1-butanol, 2-[[9-(1-methylethyl)-6-[(phenylmethyl)amino]-9H-
purin-2ylJamino], (2R)-(R)-2-(6-benzylamino-9-isopropyl-9H-
purin-2-ylamino)-butan-1-ol

(R)-roscovitine, CYC202, Seliciclib

186692-46-6

NSC-701554

CioHy6NGO

C, 64.38%; H, 7.39%; N, 23.71%; O, 4.51%

354.45

(R)-roscovitine: [a]° + 56.3 (Wang et al., 2001b)

(S)-roscovitine: [ot]?° — 56.3

106-108°C (Wang et al., 2001b)

4.4 (Vita et al., 2005a)

A max: 230 nm and 292 nm

HPLC/UV detection (Vita et al., 2004)

LC-MS/MS (Vita et al., 2005¢; Raynaud et al., 2005)

Orthorhombic, space group P2,2,2, (Wang et al., 2001b)

Coordinates available at Cambridge Crystallographic Data Centre
(deposit@ccdc.cam.ac.uk)
CDC 157779, 157780

the synthesis can be switched (route B). However, alkylation of 2,6-dichloropurine
leads to the formation of a mixture (82/18) of the 9/7 regioisomers which need to
be separated by column chromatography.

9.4 CHEMICAL PROPERTIES OF (R)-ROSCOVITINE

(R)-Roscovitine is a white powder that is soluble in DMSO (up to 50 mM) and in
50 mM HCI with the pH adjusted to 2.5. Its nomenclature and physicochemical
properties are summarized in Table 9.1.

9.5 SELECTIVITY AND BIOCHEMICAL PROPERTIES
OF (R)-ROSCOVITINE

9.5.1 SELECTIVITY

(R)-Roscovitine has been optimized from the related purine olomoucine using an in
vitro CDK1/cyclin B kinase assay (Meijer et al., 1997). During this initial work, it was
realized that (R)-roscovitine displayed rather good selectivity toward CDK1, CDK2,
and CDKS5 compared to other kinases among a panel of 24 kinases (Meijer et al., 1997).
Since then, the selectivity has been extensively investigated by various methods.
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First, (R)-roscovitine has been run on other kinase selectivity panels such as Sir
Philip Cohen’s laboratory kinase selectivity panel (28 kinases) (Bain et al., 2003),
ProQinase’s selectivity panel (85 kinases), Invitrogen’s SelectScreen™ Kinase Pro-
filing panel (70 kinases), and Cerep’s kinase selectivity panel (50 kinases) (see Bach
et al., 2005 (supplementary material) for a compilation of all available data). A total
of 151 protein kinases have been tested for their sensitivity to roscovitine. IC,, values
are below 1 uM for CDK1, CDK2, CDK5, CDK7, and CDK9 only, whereas CDK4,
CDKG6, and CDKS are poorly, if at all, sensitive to roscovitine (Table 9.2). Only a
few kinases are sensitive to roscovitine in the 1 to 40 uM range (CaM Kinase 2,
CKla, CK16, DYRKI1A, EPHB2, ERK1, ERK2, FAK, and IRAK4), but most other
kinases are insensitive to roscovitine. Based on these data, roscovitine appears to be

TABLE 9.2
Selectivity of (R)-Roscovitine Toward CDKs

Protein Kinase

CDKl/cyclin B

CDK2/cyclin A
CDK2/cyclin E

CDK3/cyclin E
CDK4/cyclin D1
CDKS5/p25
CDK6/cyclin D1
CDKé/cyclin D3
CDK7/cyclin H
CDKS8/cyclin C
CDKOY/cyclin T1

IC50 (M)

0.65%, 2.69°, 23¢, 0.45/0.95 (R/S)4, >80%¢ and 98%" inhibition
at 10 uM, 14.1¢, 1.9, 0.67™

0.72, 0.25", 0.71°, 1.2/1.8¢,>80% inhibition at 10 uM ¢, 2.2¢, 2.1m

0.72, 0.95/1.4¢, 0.10/0.24 (R/S)*, 98% inhibition at 10 uM f,
0.13¢, 0.05', 0.19™

1.4/1.5¢

>100%, 14.2% 75¢, 14.7¢, 14.6', 10™

0.16% >80% inhibition at 10 uM ¢

51¢

>100%, 50¢

0.5-0.64, 0.49°, <5k, 0.46¢, 0.51™

>100%, >50%

0.64, <5k, 0.78¢

Note: The purified protein kinases were assayed in the presence of an increasing concentration
of (R)-roscovitine. ICs, values are presented in uM.

* From Meijer L. et al. Eur. J. Biochem., 243, 527, 1997.
b From McClue, S.J. et al. Int. J. Cancer., 102, 463, 2002.

¢ Courtesy of ProQinase.

d From Azevedo, W.F. et al. Eur. J. Biochem., 243, 518, 1997.

¢ Courtesy of Invitrogen SelectScreen™ Kinase Profiling Service.
f Courtesy of Cerep Kinase Selectivity profiling service.

¢ From Raynaud, FI. et al. Clin. Cancer Res., 11, 4875, 2005.

" From Bain, J. et al. Biochem. J., 371, 199, 2003.

i From Schang, L.M. et al. J. Virol., 76, 7874, 2002.

i From Wang, D. et al. J. Virol., 75, 7266, 2001a.

k From Pinhero, R. et al. Biol. Procedures Online, 6, 163, 2004.

! From Nutley, B.P. et al. Mol. Cancer Ther., 4, 125, 2005.

™ From Byth, K.F. et al. Mol. Cancer Ther., 5, 655, 2006.
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a reasonably selective kinase inhibitor. However, this panel only reflects 29.2% of
the reported 518+ kinases of the human kinome.

The second method used to address the selectivity of (R)-roscovitine is based on
the identification by mass spectrometry of the roscovitine-binding proteins that can be
purified by affinity chromatography on sepharose-immobilized roscovitine from various
tissue and cell extracts (Bach et al., 2005). This method has been successfully applied
to purvalanol (Knockaert et al., 2000) and other kinase inhibitors (review in Knockaert
and Meijer, 2002; Valsasina et al., 2004). Roscovitine beads allowed the identification
of expected targets such as CDKs, but also various CaM Kinase 2 isoforms, ERK1,
ERK2, and CK1a. Surprisingly, pyridoxal kinase (PDXK), the enzyme responsible for
the phosphorylation and activation of vitamin By, a cofactor of many enzymes, was
identified as a roscovitine-binding protein in all biological materials tested. This inter-
action was investigated in detail and further confirmed by the cocrystallization of (R)-
roscovitine with sheep brain PDXK (Bach et al., 2005; Tang et al., 2005).

The third method that has been used is a yeast three-hybrid screen (Becker et al.,
2005) based on the reconstitution of an active transcription factor from the close
association of a DNA-binding domain (DBD) and the activation domain (AD) of a
transcriptional activator (GAL4) expressed separately. The DBD is fused to dihydro-
folate reductase (DHFR), and the AD is fused to a library of potential kinase targets.
The kinase inhibitor is attached to methotrexate through a polyethylene-glycol linker.
The binding of methotrexate to DHFR, on one hand, and the inhibitor to its target,
on the other hand, reconstitutes a functional DBD/AD transcription factor, allowing
the detection of the inhibitor’s targets and their identification (Becker et al., 2004).
This elegant method was used with purvalanol and roscovitine as proofs of principle.
The results showed that (R)-roscovitine interacts with its known target CDK2, but
also with CK19, CKlg, and the CDK-like kinase PCTK1, and more weakly with
CLK1, PAK4, PCTK3, PKWA, and GSK3a (Becker et al., 2004).

A fourth approach that has been used to investigate the selectivity of (R)-roscovitine
is a quantitative competition assay carried out in the absence of ATP or protein substrate
in contrast to the classical kinase inhibition assays. It is based on the interaction of a
given inhibitor immobilized to biotin with a library of protein kinases expressed as
T7 bacteriophage capsid protein fusion proteins (Fabian et al., 2005). This method
has been applied to 20 known, ATP-competitive, clinical kinase inhibitors and to 113
kinases. It confirmed the rather good selectivity of (R)-roscovitine, which was found
to bind to CDK2, CDKS5, PCTK1, CKl1yl, CK1y2, CKle, CLK1, CLK2, CLK4,
TTK, and RPS6KA2 (Kinase Domain 1).

These and other methods used to identify the targets of inhibitors of CDKs (Bach
et al., 2006) and other kinases (Daub et al., 2004) have been extensively reviewed.

9.5.2 BiocHEMIcAL PROPERTIES: (R)-RoscoviITINE/ TARGET
CO-CRYSTAL STRUCTURES

Classical enzymology has shown that (R)-roscovitine acts by competing with
ATP for binding at the ATP-binding site of CDK1/cyclin B (Azevedo et al., 1997).
This binding at the catalytic site was confirmed by direct cocrystallization of
(R)-roscovitine with CDK2 (coordinates available from Dr. S.H. Kim, <shkim@1bl.gov>)
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(Azevedo et al., 1997; Dobes et al., 2006; Otyepka et al., 2002), and later with
CDKS5/p25 (1UNL) (Mapelli et al., 2005) and CDK2/cyclin A (Echallier, Endicott,
and Meijer, unpublished). A CDKl1/roscovitine model has also been described
(Canduri et al., 2004). These crystal structures reveal the interaction between (R)-
roscovitine and the amino acids that line up the ATP-binding pocket of the CDK
catalytic subunit (Figure 9.5). Briefly, the interaction involves mostly hydrophobic
and van der Waals contacts and two hydrogen bonds (involving N7 and N° of the
purine) with backbone atoms of Leu83 (CDK2). In addition, a weak hydrogen
bond is formed between O' and a water molecule. A similar binding mode is
observed with CDKS (involving Cys83) (Mapelli et al., 2005). The binding mode
suggested that N°-methyl-(R)-roscovitine or O%-benzyl-(R)-roscovitine (Figure 9.6)
would be unable to interact at the ATP site, and would therefore constitute useful
kinase-inactive controls. This was confirmed experimentally by kinase assays and
also by affinity chromatography on immobilized N°-methyl-(R)-roscovitine (Tang
et al., 2005).

The cocrystal structures also reveal that the benzyl ring is facing the outside of
the ATP-binding pocket. This property has been used to select the place where a
linker can be tethered to roscovitine to immobilize it on sepharose beads while still
maintaining the potential interaction with its protein kinase targets. A control
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FIGURE 9.5 Interactions of (R)-roscovitine with its targets. Left, crystal structure of CDK2
in complex with (R)-roscovitine, illustrating the position of (R)-roscovitine in the ATP-binding
pocket and how its benzyl ring is facing the outside of the kinase. Right, roscovitine and its
atoms involved in H-bonds with either CDKs or PDXK (hydrogen acceptors are shown by
solid arrows and hydrogen donors by empty arrows).
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)-roscovitine N6-methyl-(R)-roscovitine 06-benzyl-(R)-roscovitine
(CDK1 0.45 pM) (CDK1: 45 uM) (CDK1:100 uM)
(CDK2: 0.40 pM) (CDK2: 250 uM) (CDK2: 250 uM)

FIGURE 9.6 (R)-roscovitine and its control, protein kinase inactive analogs, R-2-[6-(benzyl-
methyl-amino)-9-isopropyl-9H-purin-2-ylamino]-butan-1-ol) (N°-methyl-(R)-roscovitine), and
R-2-(6-benzyloxy-9-isopropyl-9H-purin-2-ylamino)-butan-1-o0l (O6- benzyl-(R)-roscovitine).
Arrows point to the chemical changes introduced in the roscovitine analogs. The ICs, values
for in vitro inhibition of CDK1/cyclin B and CDK2/cyclin E are shown in parentheses.

matrix is obtained when N°-methyl-(R)-roscovitine is immobilized to sepharose
beads (Figure 9.7).

Affinity chromatography with sepharose-immobilized roscovitine revealed that
roscovitine interacts with PDXK from all species and tissues that have been tested
(Bach et al., 2005). (R)-Roscovitine has been cocrystallized with sheep brain PDXK
(coordinates: 1YGK) (Tang et al., 2005) and the interaction investigated in detail.
Surprisingly, (R)-roscovitine is located in the pyridoxal-binding site, rather than at
the ATP-binding site. Furthermore, the atoms of roscovitine involved in the binding
to PDXK are not the same as those implicated in the binding to CDKs (Figure 9.5).
This has allowed us to synthesize two compounds (Figure 9.6) that interact with
PDXK — they were actually cocrystallized with PDXK (coordinates: 1YGJ and
1YHJ) (Tang et al., 2005) — but that do not bind to CDKs. We are currently
synthesizing roscovitine analogs that should bind CDKs without interacting with
PDXK. The two sets of molecules should allow us to distinguish the cellular effects

OH OH

(R)-roscovitine-agarose N6-methyl-(R)-roscovitine-agarose

FIGURE 9.7 (R)-Roscovitine affinity chromatography matrices. (R)-Roscovitine and its con-
trol, protein kinase inactive analog, N°-methyl-(R)-roscovitine, are covalently immobilized on
sepharose beads through a polyethylene-glycol linker attached to the benzyl ring of the ligand.
These matrices can be used for affinity purification of the biological targets of (R)-roscovitine.
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of roscovitine due to interaction with protein kinases from those due to interaction
with PDXK.

These examples illustrate the extraordinary diversity of information that can be
drawn from the structure of kinase/inhibitor complexes (Noble et al., 2004).

9.6 CELLULAR EFFECTS OF (R)-ROSCOVITINE

(R)-Roscovitine has been evaluated for its effects on a wide variety of cultured cells.
Table 9.3 summarizes most of the available data published using mammalian (mostly
human) cells. Broadly speaking, two major events have been described: an arrest in
cell cycle progression and an induction of cell death.

9.6.1 ANTIMITOTIC EFFECTS

(R)-Roscovitine arrests the cell division cycle in most, if not all, cell lines. Many
methods have been used to monitor the effects of the drug on cell proliferation from
direct enumeration to FACS analysis, estimation of the number of viable cells, and
direct assay of DNA synthesis. The average ICs, value for inhibition of proliferation
from all available cell line data is about 17 uM (Table 9.3). This comprises the NCI
60 cell line panel (Meijer et al., 1997) (average IC5, = 16 uM), the McClue et al.
(2002) panel (19 cell lines; average IC5, = 15.2 uM), and the Raynaud et al. (2005)
panel (24 cell lines; average IC5, = 14.6 uM).

(R)-Roscovitine blocks cell proliferation in G,, G;, S, G,/M, or a combination
of these, depending on the cell line studied, the duration of treatment, and the dose
of (R)-roscovitine. These cell cycle stage arrests can presumably be attributed to a
direct inhibition of CDKs (Figure 9.8A): CDK3/cyclin C (inhibition of exit from
G0), CDK2/cyclin E (inhibition of G,/S transition), CDK2/cyclin A (inhibition of
S phase progression), CDKl1/cyclin A (inhibition of G, phase), CDKl1/cyclin B
(inhibition of the prophase-to-metaphase transition in M phase), and, under some
conditions, CDK1/cyclin E (inhibition of G,/S transition), as recently suggested by
Aleem et al. (2005).

In addition there are two indirect mechanisms by which (R)-roscovitine can
block the cell division cycle (Figure 9.8B). First, by inhibiting the CDK7/cyclin
H/MAT1 complex, (R)-roscovitine prevents phosphorylation of the T-loop threonine
of various CDKs, a step that is essential for activity of the kinases. Consequently,
CDKI1, CDK2, and CDK4 catalytic activities are expected to decrease. Second, the
CDK2/CDK4 natural peptidic inhibitor p27X®! is phosphorylated by CDK2/cyclin
E (Vlachetal., 1997; Bloom and Pagano, 2003). This phosphorylation targets p27X®!
for rapid, ubiquitin-dependent degradation by the proteasome. The presence of (R)-
roscovitine prevents p27X®! phosphorylation, leads to its stabilization, accumulation
(Zhang et al., 2004b), and enhanced inhibition of its CDK targets and, consequently,
to an arrest in G, (Figure 9.8B). A p27X®! luciferase fusion protein has been
constructed that provides a convenient and elegant in vivo and in vitro reporter
system for the induction of p27X®! by CDK inhibitors, including (R)-roscovitine
(Zhang et al., 2004b).
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TABLE 9.3
Cellular Effects of (R)-Roscovitine in Mammalian Cells
1C;, Cell Proliferation
Cell Line (Cancer Type) uM) Cell Cycle Effect and Death Assay Reference
501mel (melanoma) 29 15 Du et al., 2004
2008 (ovary) (+ FTT) 9 Edamatsu et al., 2000
A172 (glioma) (+ TRAIL) 3 Kim et al., 2004
A375 (melanoma) 17.5 15 Du et al., 2004
A375 (melanoma) 19.9 0 DNA synthesis Payton et al., 2006
A431 (epidermoid) 10 6 DNA synthesis 3 Atanasova et al., 2005
A4573 (Ewing’s sarcoma) 16 Tirado et al., 2005
A498 (renal) 13.2 3 McClue et al., 2002
A549 (lung) 15.9 3 McClue et al., 2002
A549 (lung) 9.3 2 Raynaud et al., 2005
A2780 (ovarian) 49 2 Raynaud et al., 2005
A2780CisR (ovarian) 8.4 2 Raynaud et al., 2005
ACHN (renal) 11.9 3 McClue et al., 2002
AN3CA (endometrial) 14.1 3 McClue et al., 2002
BE (colon) 17.5 2 Raynaud et al., 2005
Bon-1 (carcinoid cell line) 60 3 Goke et al., 2004
CHI1 (ovarian) 7.7 2 Raynaud et al., 2005
CHICisR (ovarian) 9.3 2 Raynaud et al., 2005
CHI1DoxR (ovarian) 7.4 2 Raynaud et al., 2005
CHAGO-K1 (lung) 30.2 3 McClue et al., 2002
CHP212 (neuroblastoma) 11 van Engeland et al.,
1997
Chronic lymphocytic Hahntow et al., 2004
leukemia cells
Chronic lymphocytic Alvi et al., 2005
leukemia cells
COLO-205 (colon) 8.5 2 Raynaud et al., 2005
COLO-205 (colon) 18.6 0 DNA synthesis Payton et al., 2006
COLO-320 (colon) 15.9 0 DNA synthesis Payton et al., 2006
Colon 26 (murine colon)  42.5 2 Raynaud et al., 2005
CORL23 (lung) 10.5 2 Raynaud et al., 2005
Daudi (Burkitt’s 19.2 0 DNA synthesis Payton et al., 2006
lymphoma)
Dox40 (multiple 15 14 Raje et al., 2005
myeloma)
DU145 (prostate) 18.8 3 McClue et al., 2002
Fibroblasts (human fetal G,, 0 S, 6 Rb-P Alessi et al., 1998
lung)
GCT27 (testicular) 5.2 2 Raynaud et al., 2005
Granta-519 (mantle cell 25 G,/M 3,4 Lacrima et al., 2005
lymphoma)
H929 (multiple myeloma)  8.84 12 MacCallum et al., 2005

HS27 (foreskin fibroblast) 22.2 2 McClue et al., 2002
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TABLE 9.3 (CONTINUED)

Cellular Effects of (R)-Roscovitine in Mammalian Cells

Cell Line (Cancer Type)

HCT15 (colon)
HCT116 (colon)
HCT116 (colon)
HCT116 (colon)
HCT116 p53+ (colon)
HCT116 p53- (colon)
HEK293 (embryonic
kidney)
HepG2 (hepatic)
HL-60 (leukemia)

HL-60 (leukemia) (+ FTI)

HNSCC cell lines

HS294 (melanoma)

HT?29 (colon)

HT29 (colon)

HT?29 (colon)

HT29 (colon)

HT?29 (colon) (+ FTI)

HT1376 (bladder)

HX147 (lung)

IMR-90 (fetal lung
fibroblast)

INR1-G9 (glucagonoma)

INS-1 (insulinoma)

JeKo-1 (mantle cell
lymphoma)

Jurkat (acute T-cell
leukemia)

K562 (chronic
myelogenous leukemia)

K562 (chronic
myelogenous leukemia)

K562 (leukemia) (+ FTI)

KM12 (colon)
KM12 (colon)

Keratinocytes (confluent)

Keratinocytes
(subconfluent)
L1210 (mouse leukemia)

L1210 (mouse leukemia)

IC,,
(uM)

18.3
10.7

6.9
13.7
23.7
48.9

11.3
20.5

9.8 —
25.0
16.6
14.6

20.3

18.4
>100
80
90

25

27.8

35

NCC
0 Rb S608-P
G,/M

0 DNA synthesis
0 DNA synthesis

6 DNA synthesis
G,/M
6 DNA synthesis

6 Rb S608-P

G,/M
6 DNA synthesis
G,/M, 6 S

6 DNA synthesis

G,/M
G,/M

Cell Proliferation
Cell Cycle Effect and Death Assay

3,4

3

N D WO NN

S W W

W W NN o

Reference

McClue et al., 2002
McClue et al., 2002
Barrie et al., 2003
Raynaud et al., 2005
Payton et al., 2006
Payton et al., 2006
Bettayeb and Meijer,
unpubl.
McClue et al., 2002
Payton et al., 2006
Edamatsu et al., 2000
Mihara et al., 2002

Payton et al., 2006
McClue et al., 2002
Barrie et al., 2003
Raynaud et al., 2005
Whittaker et al., 2004
Edamatsu et al., 2000
McClue et al., 2002
Raynaud et al., 2005
McClue et al., 2002

Goke et al., 2004
Goke et al., 2004
Lacrima et al., 2005

Payton et al., 2006

Penuelas et al., 1998

Payton et al., 2006

Edamatsu et al., 2000
Whittaker et al., 2004
Raynaud et al., 2005

Atanasova et al., 2005
Atanasova et al., 2005

Meijer et al., 1997
Somerville and Cory,
2000

(continued)
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TABLE 9.3 (CONTINUED)
Cellular Effects of (R)-Roscovitine in Mammalian Cells

1C;, Cell Proliferation

Cell Line (Cancer Type) uM) Cell Cycle Effect and Death Assay Reference

L1210 (Y8) (mouse 52 G,/M 8 Somerville and Cory,
leukemia) 2000
LNcaP (pancreas) 17 Mohapatra et al., 2005
LNcaP (pancreas) (+ FTI) 9 Edamatsu et al., 2000
LP-1 (multiple myeloma) 12.68 12 McCallum et al., 2005
LoVo (colon) 9.3 3 McClue et al., 2002
LoVo (colon) 20 2 Raynaud et al., 2005
LRS5 (multiple myeloma) 25 14 Raje et al., 2005
M14 (melanoma) 17 15 Du et al., 2004
MALME-3M (melanoma) 30 15 Du et al., 2004
Mawi (colon) 18 2 Raynaud et al., 2005
MCEF-7 (breast) 10.9 3 McClue et al., 2002
MCEF-7 (breast) 5 Mgbonyebi et al., 1998
MCEF-7 (breast) 14.7 G,/M, 6 DNA 7 Wojciechowski et al.,
synthesis 2003
MCEF-7 (breast) 14 G,/M 7 Wesierska-Gadek et al.,
2003
MCEF-7 (breast) 7.8 2 Raynaud et al., 2005
MCF-10F (breast) 5 Mgbonyebi et al., 1998
MDA-MB-231 (breast) 0 DNA synthesis 5 Mgbonyebi et al.,
1998, 1999
MDA-MB-231 (breast) G,/M Maggiorella et al., 2003
(+ irradiation)
MDA-MB-231 (breast) 20.8 0 DNA synthesis Payton et al., 2006
MDA-MB-231 (breast) 15 2 Raynaud et al., 2005
MDA-MB-435S (breast) 17.5 3 McClue et al., 2002
MES-SA (uterine) 11.9 3 McClue et al., 2002
MES-SA/Dx5 (MDR+) 7.9 3 McClue et al., 2002
(uterine)
MES-SA (uterine) 25 0 DNA synthesis Payton et al., 2006
MES-SA/Dx5 (MDR+) 12.5 0 DNA synthesis Payton et al., 2006
(uterine)
MiaPaCa2 (pancreatic) 13.9 3 McClue et al., 2002
MiaPaCa2 (pancreatic) 12.6 0 DNA synthesis Payton et al., 2006
MKN45 (stomach) (+ FTI) 9 Edamatsu et al., 2000
MM.1r (multiple 25 14 Raje et al., 2005
myeloma)
MM.1s (multiple 23 14 Raje et al., 2005
myeloma)
MOR (lung) 12.5 2 Raynaud et al., 2005
MR65 (NSC-lung) 11 van Engeland et al.,

1997
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TABLE 9.3 (CONTINUED)
Cellular Effects of (R)-Roscovitine in Mammalian Cells

1Cs, Cell Proliferation
Cell Line (Cancer Type) (UM) Cell Cycle Effect and Death Assay Reference
MT-2 (leukemia) 8 Mohapatra et al., 2003
NCI 60 cell line panel Mean: 16 2 Meijer et al., 1997
NCI-H69 (lung) 26.0 3 McClue et al., 2002
NCI-H460 (lung) 13.1 3 McClue et al., 2002
NCEB-1 (mantle cell 50 G,/M 3,4 Lacrima et al., 2005
lymphoma)
OPM2 (multiple 18.46 12 MacCallum et al., 2005
myeloma)
OPM2 (multiple 15 14 Raje et al., 2005
myeloma)
PC-3 (prostate) (+ FTI) 9 Edamatsu et al., 2000
PC-3 (prostate) 12 0 DNA synthesis Payton et al., 2006
REC (mantle cell 25 G,/M 3,4 Lacrima et al., 2005
lymphoma)
RPMI (multiple myeloma) 23 14 Raje et al., 2005
RPMI 8226 (multiple 19.5 12 MacCallum et al., 2005
myeloma)
Sa-SO2 (osteosarcoma) 16.5 2 Raynaud et al., 2005
Sa-SO2 (osteosarcoma) 17.1 0 DNA synthesis Payton et al., 2006
SH-SY5Y 25 13 Ribas and Boix, 2004
(neuroblastoma)
SH-SY5Y 16.1 13 Bettayeb and Meijer,
(neuroblastoma) unpubl.
SKMEL?2 (melanoma) 21 15 Du et al., 2004
SKMELS5 (melanoma) 23 15 Du et al., 2004
SKMEL28 (melanoma) 25 15 Du et al., 2004
SKOV-3 (ovarian) 31 2 Raynaud et al., 2005
SW480 (colon carcinoma) 30 15 Du et al., 2004
SW620 (colon) 23 2 Raynaud et al., 2005
TC-71 (Ewing’s sarcoma) 16 Tirado et al., 2005
T98 (glioma) (+ TRAIL) 3 Kim et al., 2004
U2-0S (osteosarcoma) 15 2 Raynaud et al., 2005
U2-0S (osteosarcoma) G,/ M 15 Maude and Enders,
2005
U-2 OS (osteosarcoma) 28.3 0 DNA synthesis Payton et al., 2006
WI38 (fetal lung) 24.0 2 McClue et al., 2002
U87MG (glioma) (+ 3 Kim et al., 2004
TRAIL)
U266 (multiple myeloma) 17.93 12 MacCallum et al., 2005
U266 (multiple myeloma) 25 14 Raje et al., 2005
U251 (glioma) (+ TRAIL) 3 Kim et al., 2004

(continued)
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TABLE 9.3 (CONTINUED)
Cellular Effects of (R)-Roscovitine in Mammalian Cells

1C;, Cell Proliferation
Cell Line (Cancer Type) uM) Cell Cycle Effect and Death Assay Reference
U937 (leukemia) 11 Rosato et al., 2006
UACC62 (melanoma) 12 15 Du et al., 2004
UACC257 (melanoma) 25 15 Du et al., 2004

Note: The ICy, values for inhibition of proliferation are provided in pM. Cell cycle effects are monitored by
FACS analysis, [*H]-thymidine uptake, or BrdU incorporation. Cell proliferation and cell death are monitored
by various methods.

Abbreviations: LDH = lactate dehydrogenase; MTS = 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy meth-
oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt; MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny] tet-
razolium bromide; NCC = no apparent increase in a specific cell cycle phase; 6 Rb S608-P = inhibition
of retinoblastoma protein phosphorylation on Serine 608; 8 DNA synthesis = inhibition of BrdUrd or
[*H]-thymidine incorporation; 8 S = reduction in S phase cells.

Cell proliferation and cell death assays: 1 = microculture tetrazolium assay; 2 = sulforhodamine B assay;
3 = MTT assay; 4 = sub-G, + TUNEL assay; 5 = Cell proliferation reagent WST-1 (Boehringer); 6
=DNA fragmentation, PARP cleavage; 7 = CellTiter-Glo Luminescent Viability assay (Promega); Trypan
blue dye exclusion; TUNEL assay; PARP cleavage; 8 = annexin V, caspase-3, PARP cleavage; 9 =
caspase-3 activation; 10 = sub-G,, cytochrome C release; 11 = annexin-V/PI; 12 = Alamar blue, TUNEL,
PARP cleavage; 13 = MTS assay; DNA fragmentation, caspase activation, TUNEL assay, LDH release;
14 = MTT assay, [*H]-thymidine incorporation, sub-G,, caspase-3, PARP cleavage; 15 = WST-1 cell
proliferation assay (Roche); 16 = Trypan blue dye exclusion, TUNEL, caspase-3 activation; 17 = DNA
fragmentation, PARP and keratin 18 cleavage.

A decrease in the phosphorylation of substrates at sites that are specifically
phosphorylated by CDKs is a clear demonstration of the direct or indirect inhibition
of the CDK catalytic activity by (R)-roscovitine (Table 9.4). Furthermore, these
molecular events constitute tools that can be used as surrogate markers to monitor
the efficacy of (R)-roscovitine in animal models and during human clinical trials.

Besides these direct targets, there are many biochemical and morphological
events that rely on CDK activity, and are, therefore, sensitive to (R)-roscovitine.
Among those, DNA replication initiation depends on CDK2. In vitro initiation of
DNA replication is inhibited by (R)-roscovitine (Krude, 2000) as monitored in cell
cultures by inhibition of [*H] thymidine uptake and incorporation in DNA. Nucleolus
formation and functions rely on active CDKs and are inhibited by (R)-roscovitine
(Sirri et al., 2002). Centrosome duplication depends on CDK2 and is also prevented
by (R)-roscovitine (Matsumoto et al., 1999). Golgi fragmentation is inhibited by
(R)-roscovitine through dephosphorylation of GM130 on Ser25 (Lowe et al., 1998).
Nuclear envelope breakdown at the end of prophase is a consequence of lamins
phosphorylation by CDK1/cyclin B, and is consequently inhibited by (R)-roscovitine
treatment. (R)-Roscovitine treatment induces Erk1/2 activation in HT29 and KM12
colon carcinoma cell lines (Whittaker et al., 2004).
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FIGURE 9.8 Multiple mechanisms of action of (R)-roscovitine and their cellular conse-
quences. (A) Direct stoichiometric interaction with CDKs leads to inhibition of the catalytic
activity of various CDK/cyclin complexes with a direct effect on various cell cycle phases
(indicated by a “STOP” sign). (B) Indirect inhibition of cell cycle progression: (i) interaction
with CDK7/cyclin H/MAT1 prevents the phosphorylation of a key activating threonine residue
located on the T-loop of the substrate CDKs. Consequently, the activity of various CDK/cyclin
complexes are reduced; (ii) inhibition of CDK2/cyclin E prevents phosphorylation and sub-
sequent proteolytic degradation of p27X¥*!| a natural CDK2/CDK4 inhibitor. p27%*! Accu-

mulation thus contributes to an arrest in G,.
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FIGURE 9.8 (CONTINUED) (C) Direct interaction with CDK7/cyclin H and CDK9/cyclin
T leads to inhibition of RNA polymerase II (by lack of serine 2 and 5 phosphorylation).
Consequently, transcription is reduced and short-lived proteins are rapidly downregulated. In
particular, the reduction of survival factors such as Mcl-1, survivin, and XIAP contributes to
cell death, the reduction of MDM2 level upregulates p53 level, reduced CDK4 and cyclin D
contribute to a G, arrest, and downregulation of Chk1 leads to activation of a DNA damage
response. Furthermore, CDK7/CDK9 inhibition by (R)-roscovitine leads to a downregulation
of RNA polymerase II expression. (D) Other possible mechanisms of action. Inhibition of
CDK2/cyclin E prevents phosphorylation and subsequent proteolytic degradation of Cdx2, a
transcription factor involved in intestinal cell differentiation. (R)-Roscovitine also inhibits the
MAP-kinases Erk1 and Erk2, and members of the casein kinase 1 (CK1) family, contributing
to its antiproliferative effects. Finally, (R)-roscovitine binds to pyridoxal kinase (PDXK).
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TABLE 9.4

Phosphorylation Sites That Are Sensitive to (R)-Roscovitine in Mammalian Cells

Phosphorylated
Substrate

Vimentin

Nucleolin

GM130 Golgi protein
Survivin
Retinoblastoma protein

Retinoblastoma protein

p27KIP1

PP-1 phosphatase

Inhibitor-2
(at centrosomes)
Peroxiredoxin I

CDK-Specific
Site

Ser55 (CDK1)

Ser25 (CDK1)
Thr34 (CDK1)

Ser608
Ser249/Thr252

Thr187 (CDK2)

Thr320 (CDK1)

Thr72 (CDK1)

Thr90 (CDK1)

P-Specific
Antibody

4A4 antibody
TG3 antibody

51B7 antibody

Antibody 44-584
(Biosource)

P-Thr320
antibody
(Cell Signaling
Technology)
P-Thr72
antibody
P-Thr90 PrxI
antibody

Reference

Meijer et al., 1997

Knockaert et al., 2002b

Lowe et al., 1998

O’Connor et al., 2000, 2002; Wall
et al., 2003

Barrie et al., 2003

Raynaud et al., 2005

MacCallum et al., 2005

Vlach et al., 1997
Bloom and Pagano, 2003
Gherardi et al., 2004
Zhang et al., 2004b
Kwon et al., 1997
Payton et al., 2006

Leach et al., 2000

Chang et al., 2002

9.6.2 CeLL DeaTH Errects

(R)-Roscovitine induces cell death in many cell lines (Table 9.3). Roscovitine-
induced cell death can occur at all phases of the cell cycle (McClue et al., 2002). It
displays all the characteristics of apoptosis: chromatin condensation, nuclear DNA
fragmentation, accumulation in the sub-G, compartment as detected by FACS analysis,
DNA laddering, release of cytochrome C, activation of caspases, PARP cleavage,
positive TUNEL staining, and LDH release (see, for example, Ribas and Boix, 2004).

Functional p53 does not appear to be necessary for cell death induction, but
roscovitine has a slightly greater potency in p53 wild-type cells compared to cells
bearing mutant pS3 (Meijer et al., 1997; McClue et al., 2002; Raynaud et al., 2005).
Little (Payton et al., 2006) or no (Raynaud et al., 2005) difference in sensitivity to
roscovitine was observed between HCT-116 (wild-type p53) and an HCT-116
isogenic pS3~ variant. Nevertheless, roscovitine induces an increased expression
(David-Pfeuty, 1999; Blaydes et al., 2000; Kotala et al., 2001; Lu et al., 2001;
Wojciechowski et al., 2003; Wesierska-Gadek et al., 2003; Mohapatra et al., 2005),
Ser46 phosphorylation (in MCF-7 cells) (Wesierska-Gadek et al., 2005), and nuclear
accumulation (Ljungman and Paulsen, 2001; David-Pfeuty, 1999; David-Pfeuty et al.,
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2001) of wild-type p53. An increase of p53-dependent transcription is therefore
observed, leading, for example, to the accumulation of p21¢®! (MCF-7 cells)
(Kotala et al., 2001; Lu et al., 2001) or pS3AIP1 (Wesierska-Gadek et al., 2005).
The effect may be due to downregulation of MDM?2, which would contribute to
stabilize p53 and induce p53-dependent transcription as monitored in a p53-
responsive BP100-luciferase reporter (Lu et al., 2001). This effect is not observed
with expression of pl16, p21, p27, p57, or dominant negative mutants of CDK1,
CDK?2, CDK3, CDK4, and CDK®6, suggesting that another target of roscovitine is
involved. Interestingly, the removal of roscovitine results in superactivation of p53
(Lu et al., 2001).

Although roscovitine-induced cell death was initially thought to result directly
from cell cycle arrest, it is increasingly considered to be the consequence of an
inhibition of CDK7/CDK9-dependent transcription (Figure 9.8C). Indeed, transcrip-
tion largely rests on the activity of RNA polymerase II, the activity of which relies
on phosphorylation of its C-terminal domain by CDK7/cyclin H, CDKS8/cyclin C,
and CDK9/cyclin T. Both CDK7 and CDK9 are potently inhibited by roscovitine
(Table 9.2). (R)-Roscovitine inhibits the phosphorylation of the C-terminal domain
of RNA polymerase II (by CDK?7), reducing mRNA synthesis in both human fibro-
blasts and HCT-116 colon cancer cells (Ljungman and Paulsen, 2001). In multiple
myeloma cells, (R)-roscovitine induces the dephosphorylation of RNA polymerase
IT (Ser2, Ser5) and consequently decreases transcription (MacCallum et al., 2005).
In contrast to flavopiridol, which inhibits gene expression globally, the effects of
(R)-roscovitine on transcription are rather limited (Lam et al., 2001). The expression
of only a small number of proteins is found to be severely reduced. One would
predict the greatest effect to be observed on gene products with mRNA and protein
short half-lives. This would result in a rapid decline in the level of these proteins.
This appears to be true for important survival factors such as Mcl-1, a member of
the antiapoptotic Bcl-2 family, XIAP, and survivin. Induction of cell death by rosco-
vitine thus seems to correlate rather well with inhibition of transcription of essential
cell survival factors (Figure 9.8C). Furthermore, among the genes that are downreg-
ulated by treatment of cells with (R)-Roscovitine is RNA polymerase II, as well as
cyclin DI and CDK4 in HCT-116 (Raynaud et al., 2005), and cyclin D1 in some
mantle cell lymphoma cell lines (Lacrima et al., 2005). Treatment with (R)-roscovitine
also leads to the downregulation of Chk1 and activation of a DNA damage response
marked by an activation of ATM and Chk2 (Maude and Enders, 2005).

Mcl-1 expression is strongly reduced in mantle cell lymphoma cell lines exposed
to (R)-roscovitine (Lacrima et al., 2005). Mcl-1 downregulation is sufficient by itself
to induce apoptosis in multiple myeloma cells, as demonstrated by the use of siRNA
(McCallum et al., 2005). Mcl-1 downregulation is also observed in multiple myeloma
cells (Raje et al., 2005) and in U937 leukemia cells (Rosato et al., 2005).

(R)-Roscovitine reduces the level of the antiapoptotic protein XIAP by down-
regulating XIAP mRNA expression (Mohapatra et al., 2003, 2005). It also decreases
the tyrosine phosphorylation and consequent activation of STATSa, an upstream
regulator of XIAP. (R)-Roscovitine downregulates survivin and XIAP, which con-
tributes to the activation of caspase cascades, overcoming glioma cell resistance to
TRAIL-mediated apoptosis (Kim et al., 2004). Combined treatment of glioma cells
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with TRAIL and (R)-roscovitine leads to a decrease in expression of XIAP and
survivin, and activation of caspases and cell apoptosis (Kim et al., 2004).

Chronic lymphocytic leukemia (CLL) B-lymphocytes are noncycling, G-
arrested cells in which CDK?2 is expressed but inactive. Nevertheless, (R)-roscovitine
induces caspase-dependent cell death in these CCL cells to a significantly much
higher level than in peripheral blood mononuclear cells, purified normal B-lymphocytes
(Hahntow et al., 2004; Alvi et al., 2005), or normal T-lymphocytes (Alvi et al.,
2005). Again, this effect is associated with downregulation of Mcl-1 and XIAP
proteins (Hahntow et al., 2004; Alvi et al., 2005) and other proteins such as RNA
polymerase II (Alvi et al., 2005). In CCL cells, roscovitine does not trigger an
increase in p53 or its nuclear translocation, and roscovitine-induced cell death is
independent of the p53 and ATM status (Alvi et al., 2005).

Other mechanisms may be involved in the effects of (R)-roscovitine on cell
proliferation and cell death (Figure 9.8D). Inhibition of the MAP-kinases Erk1 and
Erk2 (Meijer et al., 1997), and of several members of the casein kinase 1 (CK1)
family (Ferandin et al., unpublished), certainly contributes to the antiproliferative
effects of (R)-roscovitine. As discussed previously, (R)-roscovitine binds to pyridoxal
kinase (PDXK) (Bach et al., 2005; Tang et al., 2005) with undetermined effects on
the cell cycle. Finally, inhibition of CDK2/cyclin E prevents Ser281 phosphorylation
and subsequent proteolytic degradation of Cdx2, a transcription factor involved in
the balance between proliferation and differentiation of intestinal cells (Boulanger
et al., 2005; Gross et al., 2005; Gespach, 2005).

9.6.3 ANTI-TUMOR ErrecTs: CONVERGENCE OF DIFFERENT
MECHANISMS OF ACTION

We have seen how (R)-roscovitine acts in different ways, all of which converge
towards cell cycle arrest and cell death, thereby providing the observed anti-tumor
effects. Induction of cell cycle arrest originates from both a direct inhibition of cell-
cycle-regulating CDKs (Figure 9.8A) and an indirect effect by inhibition of the
upstream CDXK-activating CDK7 and an increased level of the CDK inhibitory
p27X™®! (Figure 9.8B). Induction of cell death originates from a transient reduction
in transcription due to direct inhibition of CDK7 and CDKO9, leading to the down-
regulation of essential, short-lived survival factors that are typically expressed in
cancer cells (such as Mcl-1, XIAP, survivin) (Figure 9.8C). Furthermore, we believe
that the short half-life of (R)-roscovitine and the lack of activity of its metabolites
together prevent a long-term and massive inhibition of transcription, which is likely
to be deleterious to normal cells. We hypothesize that a brief inhibition of transcrip-
tion selectively affects tumor cells that are highly dependent on short-lived survival
factors. The transient downregulation of these survival factors then triggers an
irreversible activation of apoptosis that can proceed even after roscovitine has been
metabolized away. In contrast, normal cells, which do not rely on these survival
factors, are only transiently and reversibly arrested in their cell cycle progression.
In addition to these direct anti-tumor effects, roscovitine appears to display syner-
gistic properties with a number of anti-tumor treatments (Table 9.5). More examples
are available in the patent literature and should be published soon. These effects are
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TABLE 9.5
Additive and Synergistic Effects of Various Treatments with (R)-Roscovitine
in Mammalian Cells

Treatment Target Cells Reference
Irradiation DNA Breast carcinoma Maggiorella et al., 2003
SCH56582 Farnesyltransferase Leukemic and prostate cancer ~ Edamatsu et al., 2000
Camptothecin ~ Topoisomerase I MCEF-7 breast tumor Lu et al., 2001
Irinotecan Topoisomerase I p53-mutated colon cancer Abal et al., 2004
Doxorubicin Topoisomerase 1T A549 and HEC1B Crescenzi et al., 2005
adenocarcinoma
HCT116 and H1299
Etoposide Topoisomerase 11 U2-0S osteosarcoma Maude and Enders, 2005
LY294002 Phophatidylinositol U937 monocytic leukemia Yu et al., 2003
3-kinase
TRAIL? U8TMG, T98, A172, U251 Kim et al., 2004
glioma cells
LAQS824 Histone deacetylase ~ U937, Jurkat and HL-60 Rosato et al., 2005
leukemia
nutlin-3 MDM2/p53binding ~ SH-SYS5Y neuroblastoma Ribas et al., 2006

2 Tumor-necrosis-factor-related apoptosis-inducing ligand.

highly dependent on the sequence of drug treatment. These additive or synergistic
effects have strong implications for the use of (R)-roscovitine in chemotherapy.

In contrast with the cell-death-inducing properties described earlier, (R)-roscovitine,
similar to other CDK inhibitors, has well-established antiapoptotic properties, mostly
but not exclusively (Borgne et al., 2006), in nondividing cells such as neural cells
(review in Borgne and Golsteyn, 2003). These properties are being extensively inves-
tigated for their applications in the neurodegeneration diseases field (Knockaert et al.,
2002a). It is still largely unknown how CDK inhibitors are able to protect cells from
apoptosis induced by various factors. Depending on the model, CDK1 (Konishi et al.,
2002; Park et al., 2005; Borgne et al., 2006), CDK2 (Gil-Gomez et al., 1998; Hakem
et al., 1999), or CDKS5 (Sandal et al., 2002) is involved. The contribution of CDKs
varies according to cell type, conditions, and the nature and concentration of the
apoptosis-inducing drug. The antiapoptotic properties of CDK inhibitors may reduce
the use of these compounds as anti-tumor drugs. Nevertheless, CDK inhibitors might
diminish their own side effects and even be used to counteract damaging effects of
other anti-tumor drugs. For example, roscovitine could be used as therapy for cisplatin-
induced nephrotoxicity (Price et al., 2004). In addition, these antiapoptotic properties
of roscovitine might provide some protection to normal cells. Understanding the
paradoxical apoptosis-inducing and apoptosis-preventing properties of roscovitine
and other CDK inhibitors is a major challenge for current research.

CDK2 has been closely linked with melanoma growth (Du et al., 2004). The
CDK?2 gene overlaps with the melanocyte-specific gene SILVER/PMEL17, which
encodes an antigen commonly used for melanoma diagnosis and immune therapy.
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Both genes are regulated by the melanocyte lineage transcription factor MITE. CDK?2
appears to be an essential target gene for MITF, which is important for survival of
melanocytes and melanoma. Mutations in MITF lead to melanocyte defects. Expression
of MITF and CDK2 are tightly correlated in human melanoma samples and melanoma
cell lines, and their levels predict sensitivity to (R)-roscovitine (Du et al., 2004).

Finally, interesting studies have shown that cyclin E is expressed as low
molecular weight (LMW) forms in breast and melanoma cancers (review in Akli
and Keyomarsi, 2004; Hunt and Keyomarsi, 2005). Expression of LMW cyclin E
strongly correlates with poor prognosis. CDK2 associated with these LMW forms
is quite active and resistant to inhibition by protein inhibitors such as p27¥™®! and,
therefore, constitutes an attractive target in these clinical settings.

9.7 PHARMACOLOGY OF (R)-ROSCOVITINE

A correlation has been established between some chemical parameters of a molecule
and its absorption or permeation properties (Lipinski et al., 1997). (R)-roscovitine
appears to meet all required parameters for favorable absorption (Table 9.6).

9.7.1 QUANTIFICATION OF (R)-ROSCOVITINE

Two methods have been developed to quantify (R)-roscovitine. The first is high-
performance liquid chromatography, associated with detection at 292 nm, and provides
a working linear range of detection between 100 ng/ml to 5000 ng/ml (i.e., 0.28 to
14 uM) (Vita et al., 2004). The second is liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS) and allows the detection and quantification of
(R)-roscovitine over a range of 0.5 to 2000 ng/ml (i.e., 0.0014 to 5.6 uM) (Vita et al.,
2005¢; Raynaud et al., 2004, 2005).

9.7.2 PHARMACOKINETICS

Pharmacokinetic studies of (R)-roscovitine injected in rat (25 mg/kg body weight)
show a rapid, biphasic elimination of the drug with a 5 min and a <30 min half-life,
in accordance with a two-compartment open model (Vita et al., 2004, 2005b).

TABLE 9.6
(R)-Roscovitine and the Lipinski Rule of 5

Favorable Parameters According

to the Lipinski Rule of 5 (R)-Roscovitine
Molecular mass: < 500 354.45

Log P: <5 3.244
Number of H-bond donors (OH and NH): < 5 3
Number of H-bond acceptors (O and N): < 10 4

@ P is the octanol-water partition coefficient.
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In mouse, the plasma level of roscovitine also rapidly drops within 30 min to
<1% of the I.V. injected dose (40 nmol/g, i.e., about 15 mg/kg) (Chmela et al., 2003).
Detailed pharmacokinetic studies performed in BALB/c mice (Nutley et al., 2005;
Raynaud et al., 2004, 2005) and Tg26 mice (Gherardi et al., 2004) have been recently
published. They show rapid, biexponential clearance of (R)-roscovitine from plasma
following I.V., I.P,, or oral administration (Nutley et al., 2005; Raynaud et al., 2004,
2005; Gherardi et al., 2004). (R)-Roscovitine uptake into the general circulation was
fast and its plasma half-life was 1.19 h. Plasma concentrations could be maintained
above 15 uM (the average IC,, values obtained with various tumor cell lines) for 4,
12, and 24 h following oral administration at 50, 500, and 2000 mg/kg, respectively
(Raynaud et al., 2005).

The pharmacokinetics of (R)-roscovitine were recently studied in humans (de
la Motte and Gianella-Borradori, 2004). Following oral administration of a single
dose (50, 100, 200, 400, and 800 mg) in healthy men, (R)-roscovitine and its
carboxylated metabolite were measured in plasma and urine. (R)-Roscovitine under-
goes rapid passage into the blood, distribution in tissues, and metabolism.

9.7.3 METABOLITES

When (R)-roscovitine was injected 1.V. at 100 mg/kg in mouse (Nutley et al.,
2005) or at 25 mg/kg in rat (Vita et al., 2005b), several metabolites were identified
in the plasma (Figure 9.9). (R)-Roscovitine undergoes a rapid loss of the isopropyl
group (M1), several oxidations (M2-M?7), or conjugation of a glucose residue (M8).
M3 is the most abundantly produced metabolite, which is then excreted in urine
(Chmela et al., 2003; Nutley et al., 2005; Vita et al., 2005b).

When (R)-roscovitine was incubated in microsomal preparations, M1 to M6
metabolites were generated, the COOH-(R)-roscovitine M3 being the most abundant.
Sensitivity to the absence of NADPH and to SKF-525A demonstrates that this main
metabolite is produced through an NADPH- and cytochrome-P450-dependent process.
Glycosidation is also a major pathway observed in rodent and primate microsomes
(Cervenkova et al., 2003).

Both M3 and M6 were synthesized and found to be much less potent than the
parent (R)-roscovitine at inhibiting CDK2 (Nutley et al., 2005).

In humans, the carboxylated derivative was also the main metabolite formed fol-
lowing oral administration of (R)-roscovitine (de 1a Motte and Gianella-Borradori, 2004).

9.8 ANTI-TUMOR EFFECTS OF (R)-ROSCOVITINE
9.8.1 Toxicity

(R)-Roscovitine appears to be well tolerated. The maximum tolerated dose (MTD) in
mice could not be reached when (R)-roscovitine was delivered intravenously, owing
to poor solubility (maximal achievable dose was 20 mg/kg) (McClue et al., 2002).
Nor could MTD be reached when (R)-roscovitine was given orally (maximal achiev-
able dose was 2000 mg/kg) (McClue et al., 2002). When administered intraperitoneally,
three doses of 100 mg/kg were well tolerated (McClue et al., 2002). In BALB/c mice,
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FIGURE 9.9 (R)-Roscovitine and its metabolites. Small arrows point to the chemical changes
introduced in the initial roscovitine structure.

the MTD was 100 mg/kg for intravenous injection. For intraperitoneal injections,
150 mg/kg was well tolerated. Finally, (R)-roscovitine was well tolerated up to
2000 mg/kg when administered as a single oral dose (Raynaud et al., 2005).

9.8.2 ANIMAL MODELS

The anti-tumor activity of (R)-roscovitine has been investigated in various human
tumor xenografts (summarized in Table 9.7) (review in Meijer and Raymond, 2003;
Guzi, 2004). An interesting additivity of irradiation and (R)-roscovitine treatments
of breast carcinoma in vitro and in vivo was reported (Maggiorella et al., 2003).
Irinotecan and (R)-roscovitine treatments also showed some additivity in a colon
cancer xenograft model (Abal et al., 2004). Other results were reported in meeting
abstracts and have not been published in detail at the time of writing this chapter
(Guzi, 2004; Fischer and Gianella-Borradori, 2005).
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TABLE 9.7

In Vivo Anti-Tumor Activity of (R)-Roscovitine in Nude Mice Models

Tumor Cells

LoVo

(colon
carcinoma)

MES-SA/
Dx5

(uterine
carcinoma)

MDA-MB
231

(breast
cancer)

HT29
(colon
cancer)
HCT116
(colon
cancer)
PC-3

A4573
(Ewing’s
sarcoma)

Delivery
Mode

Intraperitoneal

Oral

Intraperitoneal

Oral

Oral

Subcutaneous
infusion
with osmotic
minipump

Intraperitoneal

Concentration

100 mg/kg

200 mg/kg

500 mg/kg

100 mg/kg
(x 7.5 Gy
irradiation)

200 mgrkg

(£ irinotecan)

500 mg/kg

10 mg/ml

50 mg/kg

Frequency

3x/d/5 d

3x/d/10 d

3x/d/4 d

Single
dose

2x/d/3-4 d

2x/d/5 d

2 mg/week
for 3
weeks

5 dor two
5-dseries
with a 2-
d break

Results

44.8% reduction in
tumor size

T/C: 58.3%

62% reduction in
tumor size

T/C: 47.3%

35% reduction in
tumor size

T/C: 85.7%

549% (irradiation)

or 73% (irradiation
+ roscovitine)

reduction in tumor
size

Additivity

T/C: 65%

35% tumor growth
inhibition

11.5-fold
difference in
tumor volume of
treated vs. control
animals 1 d after
5-d treatment

Overall 5-fold
reduction in
tumor growth

Reference

McClue et
al., 2002

McClue et
al., 2002

Maggiorella
et al., 2003

Abal et al.,
2004

Raynaud et
al., 2005

Payton et
al., 2006

Tirado et al.,
2005

9.8.3 HumaN CANCERs

(R)-Roscovitine has been evaluated in several Phase I clinical trials. A total of 70
patients have been evaluated for anti-tumor activity. One partial response (hepato-
cellular carcinoma) and 10 stable diseases lasting for more than 4 months were
reported. Two of these patients had non-small-cell lung cancers that remained stable
for more than a year.
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(R)-Roscovitine is currently under investigation in several Phase 2 clinical trials
in four different clinical situations as a monotherapy against B-cell malignancies
(chronic lymphocytic leukemia, mantle cell lymphoma, and multiple myeloma) and
in combination trials against non-small-cell lung cancer (+ gemcitabine/cisplatin or
docetaxel) and metastatic breast cancer (+ capecitabine).

Unfortunately, the results of the Phase 1 and 2 clinical trials of (R)-roscovitine
in human patients are only available as meeting abstracts and have not been published
in detail at the time of writing this chapter. Overviews of the clinical data are available
in recent reviews (Guzi, 2004; Fischer and Gianella-Borradori, 2005).

9.9 USING ROSCOVITINE

9.9.1 STORAGE, DILUTION, CONCENTRATIONS, AND AFFINITY
CHROMATOGRAPHY

Roscovitine is a rather stable compound as raw material or in nonaqueous solutions.
For long-term storage, we recommend storage as a dry powder at —20°C. Roscovitine
is usually dissolved in dimethylsulfoxide (DMSO) as a stock solution of 10 to 50 mM.
It can be aliquoted and stored at —20°C. However, some precipitation is sometimes
observed, probably because of the absorption of water by DMSO.

When tested in in vitro enzymatic assays, we suggest the following range of
roscovitine concentrations for initial testing: 0-0.01-0.025-0.05-0.1-0.25-0.5—
1-2.5-5-10-25-50-100 uM (a final ATP concentration of 15 pM ATP has been
routinely used in our kinase assays). In initial cellular tests, we recommend the
following range of concentration: 0-0.1-0.25-0.5-1-2.5-5-10-25-50-100 uM.

For in vivo testing, several routes have been used to deliver roscovitine. These
methods are summarized in Table 9.8. Experimental data show that roscovitine
displays high bioavailability when delivered intraperitoneally or orally.

For affinity chromatography on immobilized roscovitine (Bach et al., 2005), extracts
are first prepared in a homogenization buffer and centrifuged for 10 min at 14,000 g at
4°C. The supernatant is assayed for protein content and immediately loaded batchwise
on the affinity matrix. Just before use, packed roscovitine beads are washed with bead
buffer and resuspended in this buffer. The cell or tissue extract supernatant (up to 3 mg
total protein) or purified protein is then added. The tubes are rotated at 4°C for 30 min.
After a brief spin and removal of the supernatant, the beads are washed four times with
bead buffer before addition of 2X Laemmli sample buffer. Following heat denaturation,
the bound proteins are analyzed by SDS-PAGE and Western blotting or silver staining.
Protein bands can then be excised and digested in gel with trypsin. The resulting peptides
are purified and concentrated prior to mass spectrometry analysis.

9.9.2 UsING RoscoviTINE: A “RoscoviTINE User’s Kit”

With an assumed selectivity for CDKs, (R)-roscovitine is frequently used to evaluate
the contribution of CDKs to cellular processes. Although this assumption of selec-
tivity is partially confirmed, the use of (R)-roscovitine and the interpretation of its
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TABLE 9.8
Methods Used to Deliver Roscovitine to Animals and Humans
Delivery
Animal Mode Concentration  Frequency Vehicle Reference
Mouse Intravenous 20 mg/kg PEG400:10% McClue et al.,
Kollidon 17PF 2002
(7:13)
Mouse Oral 500 mg/kg 3x/d/4 d 50 mM HC1 McClue et al.,
200 mg/kg 3x/d/10 d 2002
Mouse Intraperitoneal 100 mg/kg 3x/d/5 d 50 mM HCl pH 2.5  McClue et al.,
2002
Mouse Intraperitoneal 100 mg/kg 0.25% Tween 20 in Maggiorella
0.9% NaCl et al., 2003
Mouse Intraperitoneal ~ 20-75 mg/kg 2x/d/20 d DMSO:PBS (4:6) Gherardi et al.,
2004
Mouse Oral 500 mg/kg 2x/d/5 d DMSO: Tween Raynaud et al.,
20:50 mM 2005
HCl/saline
(10:5:85)
Mouse Intravenous 100 mg/kg — — Nutley et al.,
2005
Mouse Intraperitoneal 2.8 mg/kg 1x/d/5 or DMSO:PBS (2:8) Griffin et al.,
14d 2005
Mouse Intraperitoneal 50 mg/kg 1x/d/5 d, Dissolve in ethanol Tirado et al.,
2-d or DMSO. Dilute 2005
interval, in Tween 80, N,N-
then dimethylacetamide,
Ix/d/5 d polyethylene
glycol 400 (Fisher
Scientific) (1:2:7)
Rat Intraperitoneal 2.8 mg/kg 1x/d/3-10d  DMSO Pippin et al.,
1997
Rat Oral 100 mg/kg 1x/d/10 d 30 mM HCl, Milovanceva-
then daily then DMSO Popovskaetal.,
LP. 2002
Human  Oral 50-800 mg 1 dose 50 mg capsules de la Motte and
Gianella-

Borradori, 2004

cellular effects has limitations. First, (R)-roscovitine inhibits CDK1, CDK2, CDKS5,
CDK?7, and CDK9 almost equally. Second, the effects on Erk1/2, CK1, and CaM
kinase 2 cannot be neglected as they may significantly contribute to the cellular
response to (R)-roscovitine. Third, interference with PDXK might, under some
circumstances, lead to a significant reduction in intracellular vitamin B, level, and
this is expected to alter a large number of metabolic enzymes, with numerous cellular
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consequences. In addition, high levels of PDXK in some tissues may reduce the
availability of CDKs to roscovitine.

Nevertheless, (R)-roscovitine can provide valuable and convincing information
if used in conjunction with a “kit” of other molecules:

1. (S)-Roscovitine, apparently much less active on PDXK than (R)-roscovitine,
in most models (except primates); in addition, (S)-roscovitine is slightly
less efficient on CDKs than (R)-roscovitine, and this difference should be
observed in CDK-dependent cellular events (Bach et al., 2005).

2. 05%-Benzyl-(R)-roscovitine or N°-methyl-(R)-roscovitine, two compounds
closely related to (R)-roscovitine, which are essentially inactive on CDKs
but still interact with PDXK (Tang et al., 2005).

3. Olomoucine (Vesely et al., 1994) and aminopurvalanol (Chang et al.,
1999), which are less and more active on CDKs, respectively.

4. U0126, PD184352, or PD98059, three MEK1 inhibitors that prevent the
activation of Erk1/2 and thus mimic the Erk1/2 inhibiting properties of
(R)-roscovitine, but do not inhibit CDKs.

5. IC261, D4476, and SB203580, three CK1 inhibitors that mimic the CK1-
inhibiting properties of (R)-roscovitine, but do not inhibit CDKs.

6. At least another structurally unrelated CDK inhibitor. For example, the
combined use of both kenpaullone and roscovitine has been recommended
to help identify substrates and physiological roles of CDKs, whereas the
combined use of kenpaullone and lithium could be useful for identifying
substrates and physiological roles of glycogen synthase kinase-3 (GSK-3)
(Bain et al., 2003).

In addition, it is highly recommended to complement the use of (R)-roscovitine
with molecular biology methods that prevent or reduce the expression and activity of
specific CDKs or cyclins such as siRNAs, antisense oligonucleotides, peptidic nucleic
acids, expression of dominant negative mutants, and CDK or cyclin knockouts.

Finally, the use of specific antibodies that cross-react with sites that are specif-
ically phosphorylated by CDKs (Table 9.4) provides further support for specific
inhibition of CDKs.

9.10 FUTURE PROSPECTS

Considerable work has been carried out since the early discovery of roscovitine
starting from the isopentenyladenine and olomoucine structures and using native
CDKl/cyclin B kinase purified from the highly synchronous starfish M phase
oocytes. But how can roscovitine be improved?

(R)-Roscovitine appears to be a rather selective inhibitor of a few CDKs, but it
interacts with a few other protein kinases and pyridoxal kinase. The antimitotic and
proapoptotic properties of (R)-roscovitine are to be accounted for by a favorable
combination of effects converging both to multiple cell cycle arrest points and to
induction of cell death by several parallel mechanisms. This multitarget effect of
(R)-roscovitine constitutes a weakness when the drug is used as a pharmacological
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tool in cell biology studies, and results should be interpreted with care (see Sub-
section 9.9.2). In contrast, this diversity of molecular actions becomes an advantage
when (R)-roscovitine is investigated as a potential drug for the treatment of cancer.
Indeed, with such complexity of cellular targets, we do not expect rapid resistance
to develop following (R)-roscovitine treatment. This is supported by the fact that,
despite several serious efforts, no (R)-roscovitine-resistant cell lines have been
reported. Also, despite the genetic demonstration that CDK2 is dispensable for
mitotic division (Ortega et al., 2003), the sensitivity of CDK2-~ cells to (R)-roscovitine
is only slightly lower than that of CDK2** wild-type cells (Bach et al., 2005).
The artificial absence of CDK2 appears to be compensated by CDK1 (Aleem et al.,
2005), another target of (R)-roscovitine. The contribution of the interaction between
(R)-roscovitine and PDXK to its anti-tumor effects remains an open question. To
address this issue, we are currently designing roscovitine derivatives deprived of
interaction with PDXK but still inhibiting CDKs. Protein kinase-inactive but PDXK-
binding (R)-roscovitine derivatives (Figure 9.6) are not completely devoid of anti-
proliferative effects, but these effects may be unspecific as they require very high
doses (Meijer et al., unpublished).

The pharmacological parameters of (R)-roscovitine certainly could be improved
by slight modifications of the parent structure. Whether the relatively short half-life
of (R)-roscovitine constitutes an advantage or a disadvantage is still to be determined.
One way to address this issue would be to generate more metabolically stable (R)-
roscovitine derivatives with identical biochemical properties. The oral bioavailability
of (R)-roscovitine certainly constitutes a great advantage. Dosing, frequency of
administration, and circadian optimization of drug delivery need to be investigated
further to obtain the most suitable drug exposure. Furthermore, the combination of
(R)-roscovitine with currently used cancer treatments represents a promising field
of investigation. Finally, the identification of the cancer subtypes that are most
sensitive to (R)-roscovitine remains an open field. Currently, B-cell malignancies,
lung cancer, breast cancer, and melanoma seem to be promising clinical targets.
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10.1 INTRODUCTION

Among the manifold chemotypes described as cyclin-dependent kinase (CDK) inhib-
itors, the paullones are an exceptional compound family for at least two reasons.
First, the series was discovered by systematic data mining in the National Cancer
Institute’s (NCI’s) database of selectivity patterns from the Antitumor Drug Screening
program. Therefore, the discovery of paullones is an example of a successful drug
discovery program based on bioinformatics beyond virtual screening. Second, sev-
eral groups have used the commercially available paullones as biochemical tools;
consequently, a variety of interesting results from diverse research fields have been
reported. As with the many other CDK inhibitor families, a number of qualitative
and quantitative structure—activity relationship (QSAR) investigations and structure
optimization programs were carried out on the paullone series, which will be sum-
marized in this chapter. Short survey articles concentrating on special aspects of the
paullone kinase inhibitor family have already been published elsewhere (Kunick and
Lemcke, 2002; Meijer et al., 2005).

10.2 DISCOVERY OF KENPAULLONE, THE PARENT STRUCTURE
OF THE PAULLONES

In many human cancers, hyperactivity of CDKs has been associated with the patholog-
ical mechanisms underlying hyperproliferation (Malumbres and Barbacid, 2001). Con-
sequently, the inhibition of CDKs has been suggested as a therapeutic option for cancer
patients (Buolamwini, 2000; Knockaert et al., 2002a; Grant and Roberts, 2003;
Sausville, 2003). The NCI has participated in the development of flavopiridol and
UCN-01, two anticancer drugs exhibiting CDK-inhibitory activity that are currently
undergoing clinical trials (Monks et al., 1997). In the mid-1990s, scientists at the NCI
were interested in additional CDK inhibitors structurally unrelated to both flavopiridol
and UCN-01. A project was therefore initiated at the NCI to extract such a novel CDK
inhibitor chemotype from the database containing the selectivity patterns of compounds
tested in the NCI’s Antitumor Drug Screen (Sausville et al., 1999). In this screening
system, test compounds are evaluated in vitro for growth inhibitory activity on a panel
of 60 human tumor cell lines from nine different tumor entities (melanoma, leukemia,
breast, prostate, lung, colon, ovary, kidney, and central nervous system origin) (Monks
et al., 1991). This disease-oriented screening strategy was originally based on the
hypothesis that selective activity against tumor cells from a particular organ could
predict selective activity against corresponding tumors in humans. After several years
of application, it became obvious that antiproliferative compounds with organ selectivity
are rare. However, the selectivity pattern generated with an antiproliferative agent over
the 60 cell lines has turned out to be characteristic of the biochemical mechanism
underlying growth inhibition (Weinstein et al., 1997). Therefore, chemically different
structures with similar biological targets in tumor cells can be identified by a comparison
of the described selectivity patterns or “fingerprints.” The COMPARE algorithm has
been developed as a useful computerized tool for the discovery of chemotypes that act
with a cellular mechanism similar to that of a reference or “seed compound” (Paull
et al., 1989). Employing this strategy, novel chemotypes of agents interacting with
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FIGURE 10.1 Structures of the CDK inhibitors flavopiridol (10.1), olomoucine (10.2), and
kenpaullone (NSC-664704, 10.3).

topoisomerase I (Kohlhagen et al., 1998), dihydroorotate dehydrogenase (Cleaveland
et al., 1995), tubulin (Paull et al., 1992), and inosine monophosphate dehydrogenase
(Gharehbaghi et al., 1994) have been discovered. Using the selectivity pattern of fla-
vopiridol 10.1 (Figure 10.1) as a seed, the COMPARE analysis carried out on a database
comprising the selectivity patterns of approximately 35,000 nonproprietary compounds
revealed 11 structures with Pearson correlation coefficients >0.6. Highest ranked among
these structures was the established CDK inhibitor olomoucine 10.2 (NSC-666069,
Pearson correlation coefficient = 0.67). One of the remaining ten compounds was the
7,12-dihydroindolo[3,2-d][ 1]benzazepin-6(5H)-one NSC-664704 10.3. Although struc-
turally unrelated to both flavopiridol and olomoucine, NSC-664704 turned out to be
a moderately potent inhibitor of CDK1/cyclin B (IC5,=0.4 uM @ 15 uM ATP, apparent
K; =2.5 uM). Kinetic studies at different ATP concentrations showed that NSC-664704
inhibits CDK1/cyclin B by competition with ATP (Zaharevitz et al., 1999). Despite the
high similarity of the selectivity patterns, the absolute averaged antiproliferative activity
of NSC-664704 in the cell line screening (Gly, ~ 42 uM) is clearly inferior compared
to flavopiridol, which exhibits growth inhibition in the nanomolar concentration range
(Gl5, ~ 75 nM) (Sausville et al., 1999).

NSC-664704 was later named kenpaullone to honor the memory of the late Dr.
Ken Paull, the scientist at the National Cancer Institute who invented the COMPARE
algorithm (Paull et al., 1989). Eventually, the unsubstituted derivative 10.13 was named
“paullone,” and the whole family of structures based on the dihydroindolo[3,2-d]
[1]benzazepine scaffold was designated paullones (Zaharevitz et al., 1999). At the
time of their discovery, CDK inhibitors with structural features resembling the
paullone scaffold were not known. Several projects were initiated at that point aimed
at the development of optimized compounds and the characterization of the effect of
the paullones in biological and biochemical models.

10.3 SYNTHESIS OF PAULLONES

For the synthesis of the paullone scaffold, two general strategies have been realized. The
majority of the compounds published so far have been prepared by a sequence employing
a Fischer indole ring closure as the key step, which is outlined in Figure 10.2.
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FIGURE 10.2 Synthesis of paullone derivatives. Reagents and conditions: (a) iodoethane,
DMEF, K,CO;; (b) ethyl succinyl chloride, toluene, pyridine, reflux; (c) KH, toluene, DMF,
70°C; (d) DMSO, H,0, 150°C; (e) 1. 4-R,-Ph-NH-NH,, AcOH, 70°C; 2. H,SO,, AcOH, 70°C
or diphenyl ether, reflux. (From Schultz, C. et al. (1999) Journal of Medicinal Chemistry 42,
2909-2919; Kunick, C. et al. (2000) Bioorganic and Medicinal Chemistry Letters 10, 567-569;
Kunick, C. et al. (2004b) Journal of Medicinal Chemistry 47, 22-36.)

The sequence starts with an anthranilic acid derivative 10.4, which is esterified
in the first step to yield the ester 10.5. Acylation at the nitrogen with ethyl succinyl
chloride furnishes the diester 10.6, which is subsequently cyclized by treatment
with potassium hydride in a Dieckmann ring closure reaction. The resulting enolized
B-oxocarboxylic ester 10.7 is dealkoxycarbonylated by heating in wet DMSO. Even-
tually, the cyclic ketone 10.8 undergoes a Fischer indole reaction with a suitable
phenyl hydrazine in the presence of sulfuric acid (Kunick, 1992; Schultz et al., 1999).
The Fischer indole ring closure fails or gives only poor yields with electron-deficient

H O
N
CN NH, _CN O
NH, Br = a O = b -
+ —> — > HN
HN HN
I
10.10 10.11 10.12 10.13

FIGURE 10.3 Synthesis of unsubstituted paullone 10.13 based on borylation/Suzuki coupling
(BSC) reaction as key step. Reagents and conditions: (a) 10.10, Et;N, Pd(OAc),, PCy,(o-biph),
pinacolborane, dioxane, 80°C, then H,O, 10.11, Ba(OH), ¢ 8 H,0O, 100°C (62%); (b) NaOH,
MeOH, H,0, reflux (51%). (From Baudoin, O. et al. Journal of Organic Chemistry 67,
1199-1207.)
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FIGURE 10.4 Structures of heterocyclic paullone analogs.

phenyl hydrazine derivatives. In these cases, a thermal indole ring closure can be induced
by heating the isolated phenylhydrazone precursor in diphenyl ether (Kunick, et al.,
2004b). In addition to the dealkoxycarbonylation of precursor 10.7, several different
methods have been reported for the preparation of intermediates 10.8 from other starting
materials (Rees, 1959; Jones, 1967; Moriconi and Maniscalco, 1972; Witte and
Boekelheide, 1972; Rivett and Stewart, 1978; Chen and Gilman, 1983; Wieking et al.,
2002). An alternative route leading to the paullone scaffold via a palladium-catalyzed
borylation/Suzuki coupling (BSC) reaction as outlined in Figure 10.3 has been carried out,
yielding the unsubstituted paullone 10.13 (Baudoin et al., 2002). The method out-
lined in Figure 10.2 is also useful for the preparation of paullone analogs with
modified heterocyclic scaffolds starting either from heterocyclic aminocarboxylic
acids instead of the anthranilic acids 10.4, or by applying heterocyclic hydrazides
in the final indole ring closure step. Employing such procedures, heterocyclic
paullone analogs represented by general structures 10.14-10.17 (Figure 10.4) have
been synthesized (Kunick, 1992; Kunick et al., 2004a, 2004b). The nitrogen
atoms of the lactam and the indole substructure of paullones can be alkylated
regioselectively. While reaction of a paullone with alkyl halide in the presence
of sodium hydride in DMF leads to substitution at the lactam nitrogen, the use
of potassium hydroxide in acetone leads to alkylation at the indole nitrogen (Schultz
et al., 1999).

10.4 BIOLOGICAL PROPERTIES OF PAULLONES
10.4.1 INHBITION OF CDKs
10.4.1.1 Structure-Activity Relationships for CDK1 Inhibition

Soon after the discovery of the paullone scaffold as a kinase inhibitor, a variety of
derivatives were prepared following the synthetic strategies outlined earlier and tested
for CDK1/cyclin B inhibitory activity. The corresponding data for representative
paullones are summarized in Table 10.1 (Schultz et al., 1999; Zaharevitz et al., 1999;
Leost et al., 2000; Wieking et al., 2002; Kunick et al., 2004b).
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TABLE 10.1
CDK1/Cyclin B Inhibition? and In Vitro Growth Inhibition of Cancer Cell
Lines® by Paullones

1C; Log Gl;, Log Gl;,
CDK1/Cyclin  HCT 116 ¢ MG MID ¢

Entry R B [UM]? [M] [M]
10.3 9-Br (Kenpaullone) 0.4 -5.7 —4.3
10.13 R =H (unsubstituted Paullone) 7 —4.8 -4.5
10.19 9-Cl 0.6 =5.5 —4.1
10.20 9-F 1.6 =5.1 -4.6
10.21  9-OCH,4 0.9 —4.6 —4.6
10.22  9-CH, 2.0 —4.0 —4.0
10.23  9-CF; 0.4 5.4 —4.1
10.24  9-NH, 20 —4.1¢ —4.1¢
10.25  9-NH-Ac 1.3 >—4.0¢ —4.0°
10.26  9-CN 0.024 —4.7 —4.1
10.27  9-NO, (Alsterpaullone) 0.035 —6.7 —6.4
10.28  2,3-di-OCHj; 9-Br 0.2 -5.6 =5.1
10.29  2,3-di-OH; 9-Br 3.0 >-4.0 -4.0
10.30  2,3-di-OCH;; 9-CN 0.044 —6.3 —5.3¢
10.31  2,3-di-OCHj; 9-NO, 0.024 —6.3 =5.7¢
10.32  2-OCHj; 9-Br 0.4 -5.4 -4.5
10.33  2-OCHj;; 9-NO, 0.08 n.a. n.a.
10.34  2-OCHj;; 9-SCH,4 0.34 >—4.0 —4.1¢
10.35  2-OCHj;; 9-SOCH;, 0.08 -5.0 —4.6°
10.36  2-OCH;; 9-SO,NH, 0.18 —4.6 —4.2¢
10.37  2-OCHj; 9-SO,CH, 0.009 >—4.0 —4.1¢
10.38  10-Br 13 =5.5 -4.8
10.39  11-Br 0.9 n.a. —43
10.40  4-OCH;, 9-Br 250 -5.0 —4.7
1041  5-CH;, 9-Br 20 —4.7 —4.6
1042  9-Br, 12-CH;, 6.2 5.1 —4.6
1043  8,10-di-Cl 2.5 >—4.0 —4.0
10.44  Thiolactam analog of kenpaullone 2.3 n.a. n.a.

(see Figure 10.5)
10.45  Hydroxyamidine analog of kenpaullone 1.0 =52 -5.0

(see Figure 10.5)
10.46  Methylthioimidate analog of 43 -5.8 5.6

kenpaullone (see Figure 10.5)
10.47  Nonlactam analog of kenpaullone 51 n.a. n.a.

(see Figure 10.5)
10.48  2-Substituted paullone (see Figure 10.6) 0.3 -5.5 —4.8
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TABLE 10.1 (CONTINUED)
CDK1/Cyclin B Inhibition? and In Vitro Growth Inhibition of Cancer Cell
Lines® by Paullones

1C;, Log Gl;, Log Gl
CDK1/Cyclin  HCT 116 < MG MID ¢
Entry R B [UM]? [M] [M]
10.49  2-Substituted paullone (see Figure 10.6) 0.32 —5.8 54
10.50  2-Substituted paullone (see Figure 10.6) 0.047 -5.9 -5.6
10.51  4-Azakenpaullone (see Figure 10.6) 8.4 n.a. n.a.
10.52  1-Azakenpaullone (see Figure 10.6) 2.0 n.a. n.a.
10.53  Thiophene analog of kenpaullone 0.6 >—4.0¢ —4.0°

(see Figure 10.6)

Note: n.a. = not available.

2 Kinase assays were carried out in the presence of 15 uM ATP. (From Schultz, C. et al. (1999) Journal
of Medicinal Chemistry 42, 2909-2919 and Leost, M. et al. (2000) European Journal of Biochemistry
267, 5983-5994; Kunick, C. et al. (2000). Bioorganic and Medicinal Chemistry Letters 10, 567-569
and Wieking, K. et al. (2002) Archiv der Pharmazie — Pharmaceutical and Medicinal Chemistry 335,
311-317; Pies, T. et al. (2004) Archiv der Pharmazie — Pharmaceutical and Medicinal Chemistry 337,
486-492; Kunick, C. et al. (2004a) Bioorganic and Medicinal Chemistry Letters 14, 413-416 and
Kunick, C. et al. (2004b) Journal of Medicinal Chemistry 47, 22-36).

b Data obtained from the NClIs in vitro Antitumor Drug Screen (ADS). Indicated are log,, values of
molar concentrations. (From Schultz, C. et al. (1999) Journal of Medicinal Chemistry 42, 2909-2919;
Kunick, C. et al. (2000) Bioorganic and Medicinal Chemistry Letters 10, 567-569 and Wieking,
K.et al. (2002). Archiv der Pharmazie — Pharmaceutical and Medicinal Chemistry 335, 311-317;
Pies, T. et al. (2004). Archiv der Pharmazie — Pharmaceutical and Medicinal Chemistry 337,
486-492).

¢ Colon cancer cell line.

¢ MG MID = Mean graph Midpoint = mean value for all tested cancer cell lines. If the indicated
effect was not attainable for distinct cell lines within the used concentration interval, the highest
tested concentration (= 100 uM) was used for the calculation.

¢ Previously unpublished results.

Evaluation of the CDK1/cyclin B kinase inhibition assay results showed that
a substitution at the 9-position with an electron-withdrawing group leads to relatively
strong kinase inhibition; namely, the 9-cyano derivative 10.26, the 9-nitro derivative
10.27 (alsterpaullone), and the 9-sulfonyl derivative 10.37 are considerably more
potent compared to the lead structure kenpaullone. In contrast, electron-donating
groups at position 9 are detrimental to kinase inhibition as exemplified by the
methoxy, methyl, and amino derivatives 10.21, 10.22, and 10.24. The bromo sub-
stituent can be replaced by a trifluoromethyl group without loss of activity as shown
by 10.23. The position of the electron-withdrawing group seems to be optimal
in the 9-position because a shift of the bromo substituent of kenpaullone to the
10- (cf. 10.38) or the 11-position causes decreased activity. A similar decrease is
observed after exchange of the 9-bromo-substituent for a 8,10-dichlorosubstitution
(cf. 10.43). Substitutions at the 4-position, or at either the lactam or the indole nitrogens,
are clearly detrimental as is demonstrated by the reduced kinase inhibition exhibited
by 10.40, 10.41, and 10.42, respectively. In contrast, a substitution with methoxy
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10.44 10.45 10.46 10.47

FIGURE 10.5 Kenpaullone derivatives modified at the lactam moiety.

groups in positions 2 and 3 is tolerated (cf. 10.28 and 10.30-10.37). However, the
2,3-dihydroxy derivative 10.29 of kenpaullone is clearly inferior to the parent struc-
ture. The importance of the unchanged secondary lactam group is demonstrated by
a comparison of kenpaullone with its derivatives depicted in Figure 10.5. Neither
a thiolactam (cf. 10.44), a methylthioimidate (cf. 10.46), nor an ethylene bridge, as
in 10.47, can replace the lactam without considerable loss of activity. The only group
that might be similar to the secondary lactam is the hydroxyamidine structure
displayed by compound 10.45.

On the basis of preliminary docking studies (Zaharevitz et al., 1999) with the
paullones in a homology model of CDK1, it was postulated that even larger substit-
uents than methoxy would be tolerated in the 2-position because the 2,3-edge of the
paullone molecules is directed toward the entrance of the ATP-binding pocket. This
assumption was verified by the results of kinase inhibition tests with the derivatives
10.48-10.50 (Figure 10.6), which proved to be equipotent or superior to the parent
structure 9-trifluoromethylpaullone 10.23.

Although the modification of the basic paullone scaffold by introduction of
pyridine nitrogen atoms in the 1- or 4-position (10.52 and 10.51, respectively) leads
to a decrease in CDK-inhibitory activity of roughly one order of magnitude, the
thiophene analog 10.53 of kenpaullone is basically equipotent with regard to the
lead structure (cf. Figure 10.7).

Besides qualitative structure—activity considerations, QSAR evaluations have also
been reported for CDK1 inhibition by the paullones. In a classical approach, a multiple
linear regression analysis was applied on a small series of 17 9-substituted paullones
(Pies et al., 2004). While the electronic properties of the 9-substituents proved to
be of high relevance for CDK1 inhibition, both lipophilic and steric parameters could

10.48 10.49 10.50

FIGURE 10.6 2-Substituted paullones.
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10.51 10.52 10.53

FIGURE 10.7 Heterocyclic analogs of kenpaullone.

not be included in a statistically significant manner for the calculation of biological
properties. Equation 10.1, which is based exclusively on the electronic parameter
G, of the 9-substituent, demonstrated satisfactory predictive power when it was chal-
lenged by a small test set of novel paullone derivatives that were synthesized and
tested for this purpose.

pICs, (CDKI/cyclin B) = 5.35(+ 0.26) + 3.06(+ 0.64)0,,

n=17; t(c,) = 10.21; r = 0.935; s = 0.314; F = 104.28; q> = 0.838 (10.1)

A 3D-QSAR model has been reported in which the CDK1/cyclin B inhibition
data of 26 paullones substituted on different positions were included (Gussio et al.,
2000). To realize this approach, a CDK1/cyclin B homology model was constructed
based on the crystal structure of CDK2/cyclin A (McGrath et al., 2005). After docking
the paullones into the ATP-binding pocket, hydropathic analyses of the complex
were performed based on the electronic properties of the paullones calculated by
quantum mechanics. The hydropathic descriptors thus obtained served as predictors
in a multiple regression analysis with the CDK1/cyclin B ICs, data serving as
outcome measure. The striking result of this effort was the accuracy in predicting
the high inhibitory activity of the 9-nitro and 9-cyano paullones.

In another 3D-QSAR approach, the CDK1/cyclin B kinase inhibition data of
52 paullone entities were included (Kunick et al., 2004b). Docking the paullone
structures into the ATP-binding cleft of McGrath’s CDK1/cyclin B homology model
(McGrath et al., 2005) nicely reproduced the three hydrogen bonds (azepine
NH-Leu83 backbone carbonyl, azepine carbonyl-Leu83 backbone NH, indole
NH-Asp86 side-chain carbonyl) of the model reported by Gussio (Gussio et al.,
2000). The resulting relative conformations of the docked paullones were used as
the alignment for subsequent COMSIA calculations. Grid spacing (2 A) and column
filtering (0.5) resulted in a five component model with a ¢? value of 0.699 and an
r? value of 0.929. The performance of the resulting model was demonstrated by the
prediction of an independent set of test compounds that also comprised heterocyclic
paullone analogs of the general structures 10.14, 10.16, and 10.17. The analysis of
the field distribution of the five CoMSIA fields showed a relatively low influence
of the steric field, whereas the electrostatic field added high contributions to the
component composition for CDK1, an observation that is in agreement with the
results of the two other QSAR reports mentioned previously.
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10.4.1.2 Antiproliferative Activity on Cancer Cells

The majority of compounds from the paullone series have been tested for antiprolif-
erative activity in the Antitumor Drug Screen of the NCI (Schultz et al., 1999; Kunick
et al., 2000; Wieking et al., 2002; Pies et al., 2004). The evaluation of the selected
data presented in Table 10.1 shows that the CDK1/cyclin B inhibitory activity does
not necessarily parallel the antiproliferative activity on cancer cells. However, a charac-
teristic feature found in this class of antiproliferative agents is the high sensitivity of
the colon cancer cell line HCT-116, which is often inhibited by lower drug concen-
trations than the average cell line as expressed by the mean graph midpoint. Exceptions
to this rule are usually derivatives with lower CDK inhibitory activity, e.g., 10.21,
10.22, and 10.29. Interestingly, some paullones that are very potent CDK1 inhibitors
(cf. 9-cyanopaullone 10.26: ICs, CDKl/cyclin B = 24 nM and 2-methoxy-9-
methylsulfonylpaullone 10.37: IC5, CDK1/cyclin B = 9 nM) are practically devoid of
cancer cell growth inhibitory activity, a phenomenon that might be due to poor cell
uptake. On the other hand, the 9-nitropaullone (alsterpaullone, 10.27) exhibits out-
standing tumor cell line inhibition within the series (Schultz et al., 1999). Because a
correlation between cancer cell growth inhibition and inhibition of CDKs is not
apparent, a question regarding the identity of the other mechanisms contributing to
the anti-tumor activity of the paullones arises. It has been reported that alsterpaullone
10.27 induces apoptosis in Jurkat cell lines (Lahusen et al., 2003). Apoptosis by
alsterpaullone was accompanied by activation of caspase-8 and caspase-9, which
resulted in cleavage of poly(ADP-ribose)polymerase (PARP) and caspase-3. The
involvement of caspases was shown by the application of the general caspase inhibitor
ZVAD, which prevented alsterpaullone-induced apoptosis. On the other hand, it was
demonstrated that neither a modulation of pro- or antiapoptotic proteins nor an acti-
vation of the extrinsic pathway by production of the extracellular CD-95 ligand are
pivotal for alsterpaullone-induced apoptosis. In fact, it was shown that a disruption of the
inner mitochondrial membrane potential by alsterpaullone results in subsequent activation
of caspase 9 and apoptosis induction, a mechanism independent of the cell cycle effects
of alsterpaullone (Lahusen et al., 2003). According to their CDK inhibitory activity,
paullones lead to a delay in cell cycle progression, as was shown for alsterpaullone 10.27
in Jurkat cells (Lahusen et al., 2003) and for kenpaullone 10.3 in serum-starved MCF-10
A cells (Zaharevitz et al., 1999). In a panel of eight colon cancer cell lines, alsterpaullone
exhibited growth inhibition in the submicromolar concentration range. The activity was
similar in all cell lines with no evident relationship to p53, cyclin, or CDK expression
(Price et al., 2000). Using DNA microarrays, it has been shown that, in contrast to
flavopiridol, alsterpaullone 10.27 is not a global gene expression inhibitor (Lam et al.,
2001). In lung cancer cells, alsterpaullone 10.27 concomitantly decreased the antiapop-
totic factor survivin and enhanced the cytotoxicity induced by sodium nitroprusside (Chao
et al., 2004). A recent study on thiophene analogs of kenpaullone showed that high
concentrations of 10.53 (100 uM) increased both the p53 and the p21 mRNA level in
MCEF7 breast cancer cells. In terminal deoxynucleotidyl-transferase-mediated dUTP nick
end-labeling (TUNEL) experiments, a 24 h treatment of MCF-7 cells with 50 uM 10.53
revealed a significant induction of apoptosis. Introduction of aryl or alkyl substituents at
the thiophene ring diminished the antiproliferative activity of 10.53 for breast cancer
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cells (Brault et al., 2005). In contrast, the attachment of epoxide-bearing side chains
into the 2-position of either kenpaullone 10.3 or 9-trifluoromethylpaullone 10.23 led
to increased in vitro antitumor activity in a panel of cancer cell lines (Xie et al., 2005).

10.4.2 KINASE SELECTIVITY DispLAYED BY PAULLONES

Similar to most other known small synthetic kinase inhibitors, the paullones occupy
the ATP binding pocket of the target kinase (Zaharevitz et al., 1999). In this regard,
the question of selectivity against the various kinases present in living organisms is
of major interest. The comparison of the kinase selectivity profile of kenpaullone
10.3, 10-bromopaullone 10.38, and alsterpaullone 10.27 is summarized in Table 10.2.

TABLE 10.2
Kinase Selectivity of Kenpaullone 10.3, 10-Bromopaullone 10.38, and

Alsterpaullone 10.272

Kenpaullone 10-Bromopaullone Alsterpaullone
Kinase 10.3 I1C;, [uM] 10.38 IC;, [uM] 10.27 IC;, [uM]
CDKl/cyclin B 0.4 1.3 0.035
CDK2/cyclin A 0.68 3.0 0.015
CDK2/cyclin E 7.5 4.0 0.20
CDK4/cyclin D1 >100 n.a. >10
CDK35/p25 0.85 2.7 0.04
GSK-3a n.a. n.a. 0.004
GSK-38 0.023 0.14 0.004
erkl 20 88 22
erk2 9 100 45
c-raf 38 >100 >10
MAPKK >100 n.a. >100
c-jun N-terminal kinase >100 n.a. >10
Protein kinase Cou >100 >100 >100
Protein kinase CB1 >100 >100 >100
Protein kinase C[2 >100 0.8 >100
Protein kinase Cy >100 44 >100
Protein kinase C8 >100 >100 >100
Protein kinase Ce >100 0.75 >100
Protein kinase Cn >100 >100 >100
Protein kinase C{ >100 >100 >100
cAMP-dependent protein kinase >1000 >100 7.0
c¢GMP-dependent protein kinase >1000 >100 >100
Casein kinase 1 >100 >100 >100
Casein kinase 2 20 0.8 >100
Insulin receptor tyrosine kinase >1000 >100 >100

Note: n.a. = not available.

2ATP concentration 15 uM. (From Zaharevitz, D.W. et al. (1999). Cancer Research 59, 2566-2569;
Leost, M. et al. (2000). European Journal of Biochemistry 267, 5983-5994.)
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Both kenpaullone and alsterpaullone display a high degree of selectivity, inhibiting
only CDK1, CDK2, and CDK35 within the CDK family and also the o and B isoforms
of GSK-3 in submicromolar concentrations. In contrast to the pan-CDK inhibitor
flavopiridol, the paullones do not inhibit CDK4. The position of the substituent at the
indole substructure of the heterocyclic scaffold is apparently of major importance for
kinase selectivity. The shift of the 9-bromo substituent to the 10-position leads to a
significant decrease in selectivity, as is illustrated by 10-bromopaullone 10.38. This
isomer of kenpaullone is rather an inhibitor of the protein kinase C isoforms 3 and €,
as well as of casein kinase 2, than of the tested CDKs. Besides the CDKs, glycogen
synthase kinase-33 was found to be another protein kinase inhibited by paullones
(Leost et al., 2000). This observation was not surprising, because GSK-3 is phyloge-
netically closely related to the CDKs (Frame and Cohen, 2001). Similar to the
paullones, at least three other kinase inhibitor classes have been characterized to act
on both GSK-3 and distinct CDKs, namely, the indirubins (Hoessel et al., 1999;
Damiens et al., 2001; Leclerc et al., 2001; Marko et al., 2001), hymenialdisine (Meijer
et al., 2000), and the aloisines (Mettey et al., 2003).

A comparative investigation of 15 commercially available kinase inhibitors from
a panel of 28 kinases showed that kenpaullone and alsterpaullone exhibited selec-
tivity toward CDK2/cyclinA, GSK-3, and the lymphocyte kinase Lck, a nonreceptor
protein tyrosine kinase of the src family. As a result of their study, the authors
suggested the combined use of roscovitine and kenpaullone for biochemical investi-
gations regarding the physiological role of CDKs. The combination of kenpaullone
and lithium chloride was recommended to study the relevance of GSK-3 dependent
processes (Bain et al., 2003). GSK-3 is a serine/threonine kinase ubiquitous in
mammalian tissues. Occurring in two isoforms (GSK-3o. and GSK-3p), it is involved
in several physiological processes, e.g., Wnt signaling, dorsoventral patterning dur-
ing development, glucose metabolism, and cell cycle regulation (Ali et al., 2001;
Frame and Cohen, 2001; Doble and Woodgett, 2003). GSK-3 inhibition might be a
rewarding strategy to develop novel treatments for many diseases such as diabetes,
muscle hypertrophy, cancer, bipolar mood disorder, schizophrenia, and Alzheimer’s
disease (AD) (Jope and Johnson, 2004; Meijer et al., 2004). Particularly, with regard
to AD, GSK-3 has recently attracted interest as a potential drug target (Bhat et al.,
2004). In AD, two characteristic neuropathological features are observed: intracel-
lular neurofibrillary tangles (NFT) and extracellular deposited senile plaques. Together
with CDK-5, GSK-3 is responsible for hyperphosphorylation of the microtubule-
associated tau-protein, which is the main constituent of the neurofibrillary tangles.
The senile plaques are aggregates of the AP peptide, which itself is an activator of
GSK-3. The neurotoxicity induced by AP can be diminished by GSK-3 inhibition
(Grimes and Jope, 2001). In light of these findings, GSK-3[ inhibitors such as the
paullones might attenuate the formation of both the neurofibrillary tangles and the
senile plaques. A systematic study on the GSK-3f inhibition in the paullone series
revealed that the majority of paullones are roughly twofold to tenfold selective for
GSK-3p versus CDKI(Leost et al., 2000; Kunick et al., 2004b). Inspection of the
representative results summarized in Table 10.3 reveals two prominent exceptions.
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TABLE 10.3
GSK-3 Inhibition by Paullones?

I1C;, GSK-3 1C;, CDK1/

Entry R [uM] Cyclin B [uM]
10.3 9-Br (Kenpaullone) 0.023 04
10.24 9-NH, 12 20
10.26 9-CN 0.010 0.024
10.27 9-NO, (Alsterpaullone) 0.004 0.035
10.37 2-OCHj;; 9-SO,CH,4 2.0 0.009
10.52 1-Azakenpaullone (see Figure 10.7) 0.018 2.0

2 Kinase assays were carried out in the presence of 15 pM ATP. (From Leost, M. et al. (2000) European
Journal of Biochemistry 267, 5983-5994; Kunick, C. et al. (2004a) Bioorganic and Medicinal Chem-
istry Letters 14, 413-416; Kunick, C. et al. (2004b) Journal of Medicinal Chemistry 47, 22-36; Pies,
T. et al. (2004). Archiv der Pharmazie — Pharmaceutical and Medicinal Chemistry 337, 486-492.)

b Previously unpublished result.

While the 2-methoxy-9-methylsulfonylpaullone 10.37 is a very potent inhibitor of
CDKIl, it shows only weak inhibition for GSK-3p and vice versa, and the 1-
azakenpaullone 10.52 exhibits a 100-fold selectivity for GSK-3B (Kunick et al.,
2004a).

Recently, a crystal structure analysis has been reported that revealed details
of the alsterpaullone binding to the ATP-binding pocket of GSK-3p. As illustrated
in Figure 10.8, the lactam group of alsterpaullone makes a pair of hydrogen bonds
with the carbonyl oxygen and the nitrogen of Vall35 of the hinge area. An
additional hydrogen bond is observed between the nitro group and the side-chain
amino group of Lys85. The indole nitrogen of alsterpaullone is hydrogen-bonded
to a water molecule that is part of a hydrogen bond network bridging the backbone
carbonyl oxygen of GInl85 and the side-chain oxygen of Thr138 (Bertrand et al.,
2003).
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FIGURE 10.8 Alsterpaullone bound to the ATP-binding pocket of GSK-3. For clarity, the
hinge-region amino acids side chains (Leul32-Glu137) have been omitted. The illustration
was constructed based on data deposited in pdb-file 1Q3W. (From Bertrand, J.A. et al. (2003)
Journal of Molecular Biology 333, 393-407.)

10.4.3 NON-KINASE TARGETS OF PAULLONES

Based on the lack of a correlation between antiproliferative activity and CDK-
inhibitory activity in the paullone series, it was speculated that the inhibition of other
targets might contribute to their growth-inhibitory activity. To identify such additional
targets, paullone moieties were immobilized on the surface of agarose beads. Extracts
from various tissues were then incubated with the matrices and proteins having affinity
toward the paullone moiety, were purified by washing procedures, and isolated by gel
electrophoresis. This affinity approach verified the GSK-3 isoforms as major intracel-
lular targets and also revealed mitochondrial malate dehydrogenase (mMDH) as a
protein with paullone affinity. Cytosolic and mitochondrial malate dehydrogenases
(MDHs) catalyze the interconversion of malate and oxaloacetate using NAD/NADH
as a cofactor system. The enzymes play a role in several important metabolic events,
comprising gluconeogenesis, the tricarboxylic acid cycle, amino acid synthesis, and
the malate-aspartate shuttle. Interestingly, MDH has recently been addressed as a
putative biological target of the anticancer drug E7070 (Oda et al., 2003). It was shown
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that mMDH is indeed inhibited by micromolar concentrations of paullones and that
the paullones compete directly with NAD/NADH (Knockaert et al., 2002b). However,
it is yet to be investigated whether the inhibition of mMDH by paullones is relevant
to their growth inhibitory activity toward cancer cells and whether structure—activity
relationships can be established for this additional paullone target.

10.4.4 PAULLONES AS POTENTIAL DRUGS AGAINST NEURODEGENERATIVE
DISORDERS

Paullones inhibit GSK-3 and CDKS, both of which are relevant for neurodegenerative
disorders. In this regard, some studies have been published in which paullones were
used as tools in experiments aimed either at the elucidation of neurological patho-
biochemistry or at the development of novel therapeutic approaches. Among other
substrates in the brain, CDKS5 phosphorylates the DARPP-32 protein at Thr75, which
then acts as an inhibitor of protein kinase A (PKA) (Bibb et al., 1999). Being a part
of the intracellular signaling cascade downstream, the D, receptor DARPP-32 plays
a central role in regulating the efficacy of dopaminergic neurotransmission. Drugs
acting on DARPP-32 have been suggested as agents for the treatment of neuropsy-
chiatric disorders (Greengard, 2001). To assess the effect of CDKS inhibition on
DARPP-32, slices of mouse striatum (the brain area producing DARPP-32) were
treated with alsterpaullone. Using an antibody that interacts selectively with DARPP-
32 phosphorylated at Thr75, it was shown that 10 uM alsterpaullone inhibits the
phosphorylation at this site by 50% (Leost et al., 2000). Regarding potential use for
a treatment of Parkinson’s disease, it was reported that kenpaullone stimulated
neuronal differentiation in ventral mesancephalon precursor cultures and increased the
size of the dopamine neuron population. These effects were interpreted as being due
to the GSK-3p inhibition by kenpaullone, resulting in a modified Wnt signaling pathway.
The use of GSK-3 inhibitors is suggested as an approach to improve stem cell or
precursor cell therapy approaches in Parkinson’s disease (Castelo-Branco et al., 2004).

GSK-3 and CDKS are the main kinases responsible for hyperphosphorylation of
the microtubule-associated tau-protein that is the cardinal constituent of the neurofibril-
lary tangles found in the brain cells of patients suffering from Alzheimer’s disease.
Consequently, both kinases are suggested as targets for potential anti-Alzheimer’s
drugs (Michaelis, 2003). Alsterpaullone has been used as a dual CDK5/GSK-3 inhibitor
to study the effects of reduced tau phosphorylation in differentiating P12 cells. In this
situation, alsterpaullone led to an inhibition of anterograde mitochondria transport and
clustering of mitochondria around the cell nuclei (Tatebayashi et al., 2004). It was
shown that alsterpaullone inhibits the GSK-3-dependent phosphorylation of bacterially
expressed recombinant human tau in vitro with an ICs;, of 33 nM (Leost et al., 2000).
Moreover, 20 uM alsterpaullone inhibited the tau-phosphorylation in cultured tau-
expressing Sf9-cells at epitopes characteristic of Alzheimer’s disease (Leost et al.,
2000). Recently, it was reported that in AD GSK-3 is also relevant for the production
of the AB-peptide, the monomer forming the senile plaques, from its precursor, the
carboxyterminal fragment of the amyloid precursor protein (APP). Although the
detailed mechanism of the interaction between GSK-3 and AP production is still
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a matter of debate, it was demonstrated that kenpaullone inhibits Ap formation in
a model of Chinese hamster ovary cells stably expressing APP (CHO-APP; cells).
It was concluded that this was due to GSK-3 inhibition, because lithium, another
GSK-3 inhibitor, similarly inhibited AP formation in the cellular model. GSK-3 inhib-
itors, like the paullones might consequently bear the potential to address both the
neurofibrillary tangles and the amyloid plaques, the two pathological hallmarks of
Alzheimer’s disease (Phiel et al., 2003).

10.4.5 PAULLONES AS PUTATIVE ANTI-INFECTIOUS AGENTS

The metabolism of pathogenic microorganisms involves enzymes that show homology
to mammalian kinases. These enzymes might be suitable targets for treatment of
infectious diseases by paullones. In the protozoan parasite Leishmania, the kinase
CRK3 is the most likely homologue to the mammalian CDK1, playing an important
role in cell division. During the course of a systematic search for CRK3 inhibitors, 9-
cyanopaullone 10.26 was identified as an in vitro inhibitor of CRK3 (ICs, = 2.9 uM).
On testing against Leishmania donovani-infected mouse peritoneal macrophages,
10.26 exhibited an EDy, of 5.77 uM. However, the paullone showed toxicity against
the macrophages at 10 uM (Grant et al., 2004). The inhibition of nonkinase targets,
namely, mitochondrial malate dehydrogenase (mMDH), might contribute to the anti-
parasitic activity by paullones. When a Leishmania mexicana extract was incubated
with agarose beads bearing immobilized paullone moieties, nMDH was identified as
a major paullone-binding protein. In agreement with the mMDH inhibitory properties
of paullones, 3 uM alsterpaullone suppressed the growth of Leishmania mexicana
promastigotes (Knockaert et al., 2002b). The malaria-causing parasite Plasmodium
falciparum possesses the kinase PfGSK-3, a homologue of the mammalian GSK-3.
The search for selective PFGSK-3 inhibitors revealed that paullones are roughly two
orders of magnitude less potent in the parasite enzyme compared to the mammalian
GSK-3B (Droucheau et al., 2004). Pfmrk, a CDK of Plasmodium falciparum, was
inhibited by high concentrations of alsterpaullone (IC5, = 51 uM) and kenpaullone
(IC5, = 15 uM) (Bhattacharjee et al., 2004).

10.4.6 INTERACTION WITH INVERTEBRATE DEVELOPMENT

Alsterpaullone has been used to study the role of GSK-3 homologues in the Wnt
signaling pathway during the development of invertebrates, namely, sea- and
freshwater polyps. In Hydractinia, a colonial marine hydroid, alsterpaullone accelerates
the formation of ectopic head structures and the budding of new polyps. In this
regard, alsterpaullone acts antagonistically to the natural endogenous stolon-
inducing factor SIF (Miiller et al., 2004). Treatment of female individuals of the
freshwater polyp Hydra with either 2.5 uM alsterpaullone or 1 mM lithium chloride
prevented the differentiation of nurse cells and subsequent oocyte formation. This
observation was interpreted as a hint that GSK-3 is necessary for the induction of
apoptosis in germline cells, a step previous to the gametogenesis in Hydra (Rentzsch
et al., 2005).
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10.5 STRUCTURE OPTIMIZATION OF PAULLONES
10.5.1 DEevELOPMENT OF WATER-SOLUBLE PAULLONES

In spite of the promising anticancer activity exhibited by alsterpaullone toward
cultured cancer cell lines, in vivo tests with the compounds in animal models for
anticancer activity were compromised by the poor water solubility of the compound.
To overcome this problem, alsterpaullone derivatives with ionizable side chains in
the 2-position were prepared, among which the water-soluble hydrochlorides of the
2-aminoalkylalsterpaullones 10.54 and 10.55 (Figure 10.9) exhibited CDK1/cyclin
B inhibitory activity in the range of alsterpaullone (IC, values 80 nM and 27 nM,
respectively) (Kunick et al., 2005). Scientists of Enzon Pharmaceuticals have
designed and synthesized water-soluble prodrugs of alsterpaullone (e.g., 10.56) with
polyethylene glycol side chains attached to the indole nitrogen. The prodrug 10.56
(Mr~21012) proved to be stable in saline for 24 h but was cleaved in rat plasma to
release alsterpaullone with at,, of 1 h. Both I.P. and I. V. application of 10.56 resulted
in favorable pharmacokinetic parameters, namely, high relative bioavailability and
extended half-life of the released alsterpaullone (Greenwald et al., 2004). Pharma-
cological results from animal studies with regard to the anti-tumor efficacy of
paullones have not yet been published.

10.5.2 STRUCTURE-BASED APPROACHES FOR ACTIVITY IMPROVEMENT

For a structure-based approach to enhance the CDKI-inhibitory activity of
alsterpaullone, the molecule was docked into McGrath’s (McGrath et al., 2005)
CDKl/cyclin B homology model. Subsequently, substituents were attached to the
2-position of the parent scaffold to enable additional hydrophobic contacts to the
hydrocarbon side chains of Ile10 and Leu298/Met85 positioned in the entrance area
to the ATP-binding cleft. This concept was realized by the construction and synthesis
of 2-cyanoethylalsterpaullone 10.57, in which the nitrile group forms a hydrogen
bond to Lys89, resulting in an alignment that directs the ethylene group in such
a way as to enable the hydrophobic contacts mentioned earlier (see Figure 10.10).
Actually, 10.57 proved to be a very potent kinase inhibitor for both CDK1/cyclin
B (IC,, = 0.23 nM) and GSK-3P (IC,, = 0.8 nM) (Kunick et al., 2005).
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FIGURE 10.9 Water-soluble paullone derivatives.
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FIGURE 10.10 Structure of 2-cyanoethylalsterpaullone 10.57 (left) and 2-cyanoethylalster-
paullone 10.57 docked into the ATP-binding pocket of CDK1/cyclin B (right) depicted from outside
to the gate area of the ATP-binding pocket. The nitrile group of the ligand is directed toward the
protonated side chain nitrogen of Lys89 forming a hydrogen bond, enabling hydrophobic contacts
between the carbons of the ethylene bridge of the ligand and the side chains of Ile10 and Leu298.

10.6 FUTURE PROSPECTS

The paullones are a good example of the unforeseen possibilities in the development
and applications of a compound family. Discovered and developed to a certain extent
as CDK inhibitors and anticancer agents, GSK-3 and mMDH have been identified
as additional biological paullone targets. Owing to their commercial availability,
kenpaullone and alsterpaullone have been employed in various research fields, e.g.,
neurobiochemistry and development biology. The most promising area of research
apparently lies in the development of agents against Alzheimer’s disease. Because
of the dual inhibition of CDKS5 and GSK-3, the paullones might be useful in
suppressing both tau-hyperphosphorylation and AB-peptide production, two main
malfunctions in Alzheimer’s disease. Evidence that paullones cross the blood—brain
barrier and show results in suitable animal models of neurodegenerative diseases
would be a major boost for ongoing research.
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11.1 INTRODUCTION

Cell division is a highly ordered process that requires the sequential completion of
certain molecular processes before subsequent steps are undertaken. The process by
which the orderly progression is monitored and maintained is termed checkpoint
control. Whether revealed as a failure to undergo growth arrest, apoptosis, or dif-
ferentiation in response to an appropriate signal, the loss of checkpoint control is
a hallmark of cancer. With the initial elucidation of the involvement of cyclins and
cyclin-dependent kinases (CDKSs) in cell cycle control, it was natural to propose that
interfering with these drivers of cell cycle progression might restore checkpoint
control to inappropriately proliferating cells.
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At Bristol-Myers Squibb, our interest in developing cancer therapeutics that
target the CDKs began in the mid-1990s. Cyclin D/CDK4 had been shown to play
an important role in control of the restriction point, the time at which a cell becomes
committed to cell division."? Cyclin E/CDK2 and cyclin A had been shown to be
important regulators of the S phase transition.*~> Numerous reports were appearing
that linked these and other cell cycle components to cancer, including the identifi-
cation of the PRAD1/BCL-1 proto-oncogene as the cyclin D1 gene, and the finding
that cyclin E is overexpressed in breast and other solid tumors.®” Most persuasively,
the discovery of the CDK inhibitory proteins in the mid-1990s lent further support
to the concept that CDKs were viable cancer targets. For example, the CDKN2
tumor suppressor gene was found to code for the CDK4 inhibitor p16, whereas the
pan-CDK inhibitors p21 and p27 were discovered and shown to be able to mediate
growth arrest when overexpressed.3-12

11.2 EARLY CDK INHIBITOR LEAD STRUCTURES

Around the time that the seminal discoveries of the involvement of CDKs in the
cell cycle were being made, there were limited opportunities for designing small
molecule inhibitors of this kinase family. The only known inhibitors that had been
reported, as shown in Figure 11.1, were the flavonoid L86-8275 (11.1, later named
flavopiridol), the Aspergillus terreus—derived natural product butyrolactone I (11.2),
and a series of purine based inhibitors typified by olomoucine (11.3).13-15
Surveying these potential starting points for inhibitor design, we had some
concerns with the potentially reactive functionality of 11.2 and also with an inhibitor
design program based on a purine such as 11.3. We therefore focused our initial
attention on the design of a novel template derived from flavopiridol, with the aim
of studying the structure—activity relationship (SAR) for CDK inhibition in a
proprietary chemical series. A promising class of inhibitors that resulted from this
effort consisted of the flavopiridol nucleus with a heteroatom inserted between the
chromanone ring and the 2-aryl substituent (Figure 11.2).'® Whereas flavopiridol
is a relatively nonselective inhibitor within the CDK family (ICs,: CDKl1/cycB1 =
30 nM; CDK2/cycE = 170 nM; CDK4/cycD1 = 100 nM), analogs 11.4 with an inserted

Ui
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OH \>
HO o N
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OH (0] OH
Flavopiridol (11.1) Butyrolactone | (11.2) Olomoucine (11.3)

FIGURE 11.1 Known CDK inhibitor lead structures.
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HO o X,

OH o

11.4a (X = S, R = 2-chlorophenyl (-))
11.4b (X = O, R = 2-chlorophenyl (-))
11.4c (X =S, R = t-butyl (+))

FIGURE 11.2 Novel flavonoid CDK inhibitor chemotype.

heteroatom were more selective for CDK1, by virtue of decreased inhibition of
CDK?2 and CDK4. For example, the ICs, values for CDK1/B1:CDK2/E:CDK4/D1
for the 2-chlorophenyl analog in which the linker is sulfur (11.4a) are
0.110:2.10:16.2 uM, respectively, whereas the corresponding values for the O-linked
analog 11.4b are 0.130:2.11:6.15 uM. Interestingly, an analog with a branched
alkyl replacing the phenyl group (11.4¢) also provided a potent inhibitor, with the
corresponding ICs, values being 0.08:1.07:2.07 uM. We are unaware of similar
structure—activity studies with flavopiridol that assess whether analogs with 2-alkyl
substituents retain CDK inhibitory potency. In cellular assays such as inhibition of
colony growth on plastic matrices, these new CDK inhibitors displayed potent activity,
with some selectivity differences when compared to flavopiridol. For example,
although analog 11.4a was equipotent to flavopiridol in certain cell lines (e.g., the
prostate cell line PC-3 and the pancreatic cell line Mia PaCa-2), in others it was >
tenfold weaker as an inhibitor of colony growth (e.g., the colon cell line HCT116
and the ovarian cell line A2780).

11.3 DISCOVERY OF NOVEL CDK INHIBITOR LEAD
STRUCTURES

Despite our success at obtaining proprietary flavopiridol analogs with interesting CDK
inhibitory profiles, we remained interested in identifying novel chemotypes with CDK
inhibitory activity. Toward this end, a high-throughput screen for inhibitors of
CDK2/Cyclin E was run against the Bristol-Myers Squibb compound deck. From this
effort, a number of interesting hits were identified, with two of the most attractive, the
pyrazolopyridine SQ-67563 (11.5) and the aminothiazole BC-2626 (11.6), shown in
Figure 11.3. Preliminary SAR studies were undertaken to determine if either or both
of these hits could serve as viable starting points for lead optimization.

For the pyrazolopyridine lead SQ-67563, the pyrazolyl NH was determined to
be a critical pharmacophore, as shown by the high ICs, value for the N-ethyl analog
11.8 (>25 uM) (Figure 11.4).'7 In agreement with this finding, the solid-state struc-
ture of 11.5 bound to CDK2 shows that the pyridine nitrogen and the pyrazolyl NH
serve as a hydrogen bond acceptor and donor, respectively, to the backbone amide
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FIGURE 11.3 CDK2 high-throughput screening hits.

of Leu83. The ketone carbonyl was initially thought to be an important pharmacophore,
as evidenced by the poor CDK2 inhibitory activity of the analogous carbinol 11.9,
the methylene analog 11.10 or the olefin 11.11 (all with ICy, > 25 pM). However, the
structure of the CDK2/compound 11.5 complex did not provide a ready explanation
for the importance of the carbonyl group in CDK2 binding. The 4-side chain, which
extends into the ribose-binding pocket, was tolerant of a variety of hydrophobic ethers.
Small neutral heterocycles were the optimal substituents attached to the 5-carbonyl
group, and the most potent inhibitors were afforded by phenyl groups substituted with
fluorines at the 2,6-positions.'® For example, the trisubstituted phenacyl analog 11.12
displayed ICs, values of 6 nM, 9 nM, and 230 nM against CDK1/cycB, CDK2/cycE,
and CDK4/cycD, respectively. Despite this very high biochemical potency across the
CDK family, the cytotoxicity ICs, value for 11.12 in the A2780 human ovarian tumor
cell line was only 0.76 uM. Interestingly, the solid-state structure of CDK2 with a
bound unsubstituted phenacyl analog or with the 2,6-difluoro-4-bromophenacyl analog
showed that the carbonyl group assumed an opposite orientation, suggesting that
its role is to position the attached aryl ring rather than to provide a polar binding
interaction.

In spite of the fact that we were able to obtain pyrazolopyridines with remarkably
potent biochemical inhibitory activity against the CDK family, there were several
factors that led us to de-emphasize efforts on this chemotype in favor of the
aminothiazoles. In particular, the pyrazolopyridines demonstrated low aqueous
solubility, and their potency for tumor cell cytotoxicity was poor compared to their
high biochemical potency.

Rz
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11.8 (X = O, Ry = Et, Rp = Me)
11.9 (X = H, OH; R; = Rz =H)
11.10 (X = H, H; Ry = Ro = H)
11.11 (X = CHy, OH; Ry = Ro = H)

FIGURE 11.4 Pyrazolopyridine analogs.
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11.4 STRUCTURE-ACTIVITY RELATIONSHIPS
OF AMINOTHIAZOLE CDK INHIBITORS

In the aminothiazole series, SAR studies of the ester substituent of the screening hit
11.6 indicated requirements for a hydrogen bond acceptor and a hydrophobic group
of moderate size.'” Other key features of the lead series were identified through
solid-state structural studies of inhibitors bound to CDK2 (the solid-state structure of
11.17 bound to CDK?2 is representative of the class and is depicted in Figure 11.5).
The solid-state structure of the t-butyl ester analog of 11.6 bound to CDK2 showed
the presence of a signature hydrogen bond donor/acceptor pair between the 2-amino
hydrogen and the carbonyl of Leu83 and between the aminothiazole nitrogen and
the NH of Leu83. Interestingly, the inhibitor adopted a folded conformation in the
CDK active site. Nevertheless, cellular studies indicated that the ester of this lead
series was a liability for cellular activity, presumably because of hydrolysis. The
search for an ester surrogate then led to the identification of the key 5-ethyloxazole
analog 11.13 (Figure 11.6). This compound was a relatively selective and potent
inhibitor of CDK2 (ICs, values: CDKl1/cycB = 300 nM; CDK2/cycE = 20 nM;
CDK4/cycD = 1400 nM). In addition, 11.13 showed cytotoxicity toward the A2780
cell line with an ICy,value of 1.4 uM. A key SAR finding was that the positional
analog with the ethyl group at position 4" was a poorer CDK inhibitor (CDK2/cycE
IC5,=200 nM). SAR studies of the 5’-position indicated that a t-butyl group provided
optimal inhibition (ICs, values for 11.14: CDK1/cycB = 40 nM; CDK2/cycE =5 nM,;
CDK4/cycD = 690 nM) and very potent cytotoxicity (A2780 IC;, = 50 nM).
Therefore, the 5’-t-butyloxazole was maintained during SAR studies of the remainder
of the molecule.

FIGURE 11.5 Solid-state structure of BMS-387032 (11.17) bound to CDK2.
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FIGURE 11.6 Initial oxazole analogs.

Studies indicated relatively stringent SAR requirements for the thiomethylene
linker. For example, the sulfoxide and sulfonyl analogs of the compound with an
isobutyryl group on the aminothiazole amine were 28- and 50-fold less potent than
the parent compound against CDK2. As expected from the crystallographic data, the
requirements for the aminothiazole group were also stringent. For example, 11.15, the
positional isomer of 11.14 in which the acylamino group and thiomethylene linker
are attached at positions 5" and 2’, respectively, was essentially inactive against
CDK2 (ICs,> 25 uM).

Crystallographic studies indicated that the acylamino side chain projected toward
the solvent-exposed region of CDK2. This information, which was supported by
SAR studies, suggested that this region of the aminothiazole CDK inhibitors could
be extensively modified to optimize pharmacokinetic and pharmaceutics properties.
Extensive exploration of acylamino substituents led us to focus on two classes of
inhibitors (Figure 11.7). One class, phenylacetyl analogs with solublizing substitu-
ents on the phenyl ring, provided extremely potent CDK?2 inhibitors such as 11.16
(ICs, values: CDK1/cycB = 30 nM; CDK2/cycE = 3 nM; CDK4/cycD > 1000 nM).
An alternative class contained saturated rings attached to the acyl group, with
solubilizing substituents either contained within the ring or attached to it.2° Pursuit
of this latter class ultimately led to the identification of a clinical candidate
BMS-387032 (11.17), and the preclinical profile of this compound will be described
in some detail.

CH,OH

sWSeane
T

11.16
| L3
\

0\‘(\5 s)\HJ\G
\ N NH
11.17
(BMS-387032)

FIGURE 11.7 Aminothiazole inhibitor lead series.
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11.5 PROPERTIES OF BMS-387032
11.5.1 BiocHeMICAL AND CELLULAR PROPERTIES

BMS-387032 is a potent inhibitor of CDK2, and it also inhibits CDK1 and CDK4
at higher concentrations (IC, values: CDK1/cycB = 480 nM; CDK2/cycE = 48 nM;
CDK4/cycD =925 nM). It is highly selective vs. a panel of kinases, with ICs, values
> 25 uM for PKCo, PKCP, PKC3, PKCe, PKCE, IKK, EMT, Lck, FAK, ZAP70,
EGFR, HER2, and IGF-1R. BMS-387032 inhibits the proliferation of many human
tumor cell lines of a variety of histological types, with potency generally in the
100-200 nM range following exposure to drug for 72 h (Table 11.1).2! Sensitivity
to drug is not dependent on cellular p53 status, as demonstrated by the equivalent
sensitivity of the A2780S and A2780R cell lines that express wild-type and mutant

TABLE 11.1

Tumor Cell Antiproliferative Effects of BMS-387032 (11.17)
Tumor Cell Line (Tissue Source) 1C;, (nM)
A2780S (ovarian) 95
A2780R (ovarian) 202
SKBR3 (breast) 125
PC-3 (prostate) 108
LX-1 (non-small-cell lung) 879
K562 (B-cell lymphoma) 185
A431 (squamous cell) 152
Colorectal Carcinoma Mdr 1 mRNA Expression

HCT116 215
HCT116-VM46 - 4700
HT-29 125
CCD-18Co 266
CCD-33Co ++ 314
Colo201 96
Colo205 + 91
Colo320DM +H+ 2600
CX-1 415
HCT-8 ++ 1490
LoVo + 309
SK-CO-1 203
SW403 + 107
SW1417 752
SW480 +H+ 2010
SW620 ++ 319
SW837 +H+ 1830
T84 ++ 5470
Caco-2 +++ 354
LS174T ++ 427

MIP +++ 8180
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TABLE 11.2

Time Dependence of Cytotoxicity of BMS-387032 (11.17)
1G5, (nM) 1C,, (NM)

A2780 Clonogenic assay, 4 h exposure 302 > 1000

A2780 Clonogenic assay, 8 h exposure 154 303

A2780 Clonogenic assay, 24 h exposure 166 208

p53, respectively. Resistance does appear to be mediated by overexpression of mdrl1.
This is especially evident by the higher ICy, value against the HCT116/VM46 cell
line, a derivative of HCT116 that was selected for resistance to etoposide and which
overexpresses mdrl.

A key piece of information for developing cancer drug therapies is the length
of drug exposure needed to produce an antiproliferative effect. As shown in Table 11.2,
the inhibition of colony formation by BMS-387032 is time dependent, and a mini-
mum of 8 h exposure to drug is necessary to achieve the maximal antiproliferative
effect. These data were important for defining the optimal pharmacokinetics for
anti-tumor efficacy.

11.5.2 IN ViTRo PHARMACOKINETIC PROPERTIES

During the lead optimization process, in vitro studies of cytochrome P450 inhibition,
microsomal stability, and serum protein binding were routinely conducted to identify
analogs that could achieve desired exposures of free drug and that ultimately would be
devoid of drug—drug interactions in humans. BMS-387032 showed minimal inhibition
of isolated human cytochrome P450 enzymes, with IC;, values greater than 100 uM
for isozymes 1A2, 2C9, and 2D6, and ICs, values of 48 uM for 2C19 and 80 uM for
3A4.22 BMS-387032 showed good stability in mouse liver microsomes (0.05
nmol/min/mg protein) and a very high free fraction in mouse serum as measured by
equilibrium dialysis (69% serum protein binding).”’ In fact, in vitro serum protein
binding was similar and moderate in all species examined, including human (rat = 66%;
dog = 62%; human = 63%).

11.5.3 IN Vivo PHARMACOKINETIC AND ANTI-TUMOR EFFICACY STUDIES

These promising properties led to the progression of the compound into our
pharmacokinetic screening model, namely intraperitoneal (ip) dosing in mice, in
which BMS-387032 was shown to have good exposure and an acceptable half-life
(23 umol/kg ip dose, AUC = 4.0 umol x h, T,, = 2.5 h). The acceptable screening
pharmacokinetic parameters for BMS-387032 justified its advancement into in vivo
anti-tumor efficacy studies. Our initial screening model involved ip dosing of com-
pound daily for 7 d to immunocompetent mice bearing P388 murine leukemia
tumors. This model served both as an initial indicator of efficacy, as well as a model
that could quickly determine a range of tolerated doses. In this model, BMS-387032
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FIGURE 11.8 Anti-tumor efficacy of BMS-387032 in the A2780 human ovarian carcinoma
xenograft model.

produced an increase in life span of 40%, with a life span prolongation of > 25%
considered an active result. Our primary human tumor xenograft model involved ip
dosing of compound daily for 8 d to immunocompromised mice bearing staged
A2780 human ovarian tumors. As shown in Figure 11.8, BMS-387032 produced
an active result at its MTD of 48 mg/kg, and also at doses of 36 mg/kg and 18 mg/kg.
At both of the 48 mg/kg and 36 mg/kg doses, BMS-387032 produced not only
dramatic tumor regressions, but also cures in a large percentage of the treated mice
(9 cures out of 16 mice treated at these doses). Even at the 18 mg/kg dose, approx-
imately one third of the MTD, the compound produced some tumor regression, as
well a robust tumor growth delay equal to 2.1 log cell kill (where 1 log cell kill
equals tumor growth delay equivalent to 3.3 times the tumor volume doubling time;
see Reference 23 for descriptions of in vivo protocols).

The pharmacokinetic parameters for BMS-387032 were more extensively eval-
uated in rodent and nonrodent species (Table 11.3).2° The compound exhibited a
similar half-life in mouse, rat, and dog, and had a high volume of distribution in the
two rodent species. BMS-387032 showed nearly complete oral bioavailability in the
mouse and acceptable oral bioavailability in the rat and dog, suggesting the possi-
bility that the compound could be effectively dosed using an oral route in humans.

The reason for the modest oral bioavailability in rats was further explored.?* The
exposure in rats after intraportal administration was shown to be similar to that after
intraarterial administration, suggesting that the bioavailability is limited by absorp-
tion rather than first-pass metabolism. The permeability of BMS-387032 in Caco-2
cell monolayers, a model of intestinal epithelium, was shown to be low when
examined in the apical to basolateral direction (Pc = 14 nm/sec at pH 6.5). In addition,
the permeability in the opposite direction was much higher (basolateral to apical
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TABLE 11.3
Preclinical Pharmacokinetic Parameters of BMS-387032 (11.17)
Mouse? Rat® Dog
Dose ( umol/kg) 24 24 1.2
Ty, (h), iv 4.8 53 7.0
MRT (h), iv 2.8 3.7 6.3
AUC,,, (uM*h), iv 48 6.3 2.1
Clearance (ml/min/kg), iv 81 64 9.4
Vss (I/kg), iv 14 15 3.6
C,o (M), po 1.4 0.52 033
T, ... (h), po 2.0 47 0.4
% Oral bioavailability 100 31 28

* Dosed in 1:9 E+OH/water vehicle. "Dosed in 1:19 dextrose/water, podose 2.4 umols/kg.

Pc = 161 nm/sec), suggesting that the compound is a substrate for P-glycoprotein.
Finally, the brain uptake in rats following an intravenous (iv) dose was shown to be
higher in P-glycoprotein knockout mice. Together, these data suggest that the lower
oral bioavailability of BMS-387032 in rats is likely a result of efflux mediated by
P-glycoprotein in the intestine.

11.5.4 PHARMACEUTICS PROPERTIES AND CHEMICAL SYNTHESIS ROUTE

In addition to its good biological, pharmacological, and pharmacokinetic properties,
there were additional aspects of BMS-387032 that were conducive to successful
development as a clinical agent. The compound has reasonable solubility as a free
base (0.28 mg/ml).?° In addition, salt formation using the basic piperidine nitrogen
produced highly soluble salts. In particular, the half-tartate salt (2:1 ratio of BMS-
387032 to l-tartaric acid) displayed properties well suited to clinical development,
including high aqueous solubility (5.5 mg/ml) and low hygroscopicity. In addition, the
synthetic route to BMS-387032 used during our discovery program phase, as shown
in Figure 11.9, consisted of only seven linear steps and proceeded in over 50% yield.

11.5.5 PRECLINICAL SUMMARY AND EARLY CLINICAL STUDIES

In summary, BMS-387032 demonstrated an overall excellent preclinical profile.
It is a potent CDK inhibitor that shows some selectivity within the CDK family
and good selectivity with respect to kinases outside the CDK family. It has good
tumor cell antiproliferative activity, producing G1 block and apoptosis. It has good
ADME (absorption/distribution/metabolism/excretion) properties, including low
protein binding, moderate half-life, and good oral bioavailability. It has excellent
pharmaceutical properties, including high solubility. It has an in vitro safety profile
suggestive of a low probability for drug—drug interactions or cardiac liabilities.
And it has broad-spectrum preclinical anti-tumor activity, observed with either
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FIGURE 11.9 Reagents and conditions: (a) NaNj, acetone, 25°C, 100%; (b) Pd/C, H,, aq
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94%; (g) N-t-butoxycarbonyl-piperidinyl-4-carboxylic acid, EDAC (2 eq), DMAP (0.5 eq),
DMF, CH,Cl,, 25°C, 97%; (h) 4N HCl in dioxane, CHCl,, 45-55°C, 83%.

parenteral or oral drug delivery. On the basis of this profile, BMS-387032 was
advanced into clinical trials.

Reports have appeared on several of the initial Phase I clinical trials of BMS-
387032. These reports disclosed the preliminary pharmacokinetics of the compound
given as a single ascending dose to cancer patients using three different regimens,
namely a 1 h infusion given every 3 weeks, a 1 h infusion given weekly, and a 24 h
infusion given every 3 weeks.>>-?” All of the studies reported that BMS-387032 was
well tolerated, that its pharmacokinetics were roughly dose proportional, and none of
these preliminary reports indicated that a maximum tolerated dose had been reached.

11.6 CDK2 AS A TARGET FOR CANCER THERAPY

Finally, several recent reports have appeared that raise questions about the impor-
tance of CDK2 in cancer cell proliferation. In one report, continued proliferation of
colon cancer cells was observed following downregulation of CDK2 using dominant
negative constructs, siRNA, or antisense oligonucleotides.?® These authors suggest
that compensatory phosphorylation of CDK2 substrates by CDK4 underlies a portion
of this lack of requirement for CDK2 activity. A second report showed that CDK27~
mice are viable, and that CDK2~~ mouse embryo fibroblasts proliferate similarly to
wild-type fibroblasts.? These authors also postulate compensatory activity by other
kinases, and suggest that CDK1, CDK4, and/or CDK6 may be playing key roles.
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It is important to note that a functional knockout of the CDK2 protein may cause
different biological effects on the cell cycle as compared to the direct inhibition of
the kinase. It can be hypothesized, for example, that in the absence of its preferred
kinase partner, cyclins can partner with alternative CDKs to form an active kinase,
resulting in continued cell cycle progression. Conversely, inhibition of the kinase
activity may result in the sequestration of the cyclin in inactive complexes, preventing
activation through binding of the cyclin to alternative CDKs and thereby causing
aberrant progression or arrest of the cell cycle. The preceding studies may therefore
not conclusively support the proposition that CDK2 is not essential for cell cycle
progression. Furthermore, a number of reports provide contrasting data using dom-
inant negative CDK2 as well as the biological inhibition of CDK?2 with selective
small molecule or peptide inhibitors of CDK2, suggesting that CDK2 plays a key
role in the entry into and progression through S phase.’-3* Taken together, the data
support a role for the chemical inhibition of CDK2 as a viable approach to the
treatment of at least some tumor types.

Several additional explanations are also possible for the substantial in vitro and
in vivo antiproliferative effects demonstrated with BMS-387032. Although the com-
pound demonstrates selectivity for CDK2, it is also capable of inhibiting CDK1 and
CDK4 at approximately 10- and 20-fold higher concentrations, respectively. Such
concentrations are achieved for at least some time following dosing regimens that
lead to preclinical anti-tumor activity. It is also possible that inhibition of other CDK
family members contributes to the antiproliferative effects of BMS-387032. For
example, CDK7, CDKS, and CDK9 have been shown to phosphorylate the C-terminal
domain (CTD) of RNA polymerase II and to affect various steps in mRNA forma-
tion.?> BMS-387032 (SNS-032) has been shown to potently inhibit CDK7 and CDK9
in vitro (unpublished data), and therefore effects on substrates of these kinases such
as RNA polymerase Il may additionally contribute to the preclinical anti-tumor effects
of this compound in vivo.
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12.1 INTRODUCTION

The initial reports on the use of oxindoles (2H-indol-2-ones) as kinase inhibitors
were published by Japanese researchers at Kanegafuchi in the late 1980s as
a small subset within a series of patent applications on 4-hydroxycinnamamide-
based derivatives.!> The compounds were claimed to be tyrosine kinase inhibitors;
for example, 3’,5’-diisopropyl-4’-hydroxybenzylidene-2-oxindole (12.1) was
reported as having moderate activity against the epidermal growth factor receptor
(EGFR), but possessing no activity against serine or threonine kinases. These
derivatives were prepared by simple condensation of the appropriate benzaldehyde
with oxindole in the presence of base. A few years later, researchers at Farmitalia,
later Pharmacia, disclosed the use of 3-arylidene-oxindoles, such as compound
12.2, as inhibitors of tyrosine kinases involved in signal transduction pathways
modulating cellular growth.3-¢

265
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In the mid-1990s Sugen, later part of Pharmacia and Upjohn and then Pfizer,
began an extensive research program developing oxindoles as kinase inhibitors with
a primary focus on the inhibition of tyrosine kinases involved in angiogenesis, such
as vascular endothelial growth factor receptor-2 (VEGFR-2), platelet-derived growth
factor receptor (PDGFR), and fibroblast growth factor receptor (FGFR). The out-
come of this work was the development of drug candidates SU5416 (12.3),” SU6668
(12.4),8 and SU11248 (12.5),° all possessing a common 2,4-dimethylpyrrole moiety
linked at C-3 of an oxindole. These inhibitors are under evaluation in a number of
different clinical trials as potential anticancer agents. The most advanced inhibitor
from this series, oxindole 12.5, has recently been granted orphan drug status for the
treatment of gastrointestinal stromal cell tumors (GIST) in patients who have stopped
responding to Gleevec® (imatinib mesylate). The reported efficacy in this tumor type
is proposed to be due to inhibition of the tyrosine kinases c-Kit (hematopoietic cell
growth factor receptor kinase) and PDGFR. The clinical efficacy of oxindole 12.5
supports the utility of oxindoles as therapeutically effective kinase inhibitors in
anticancer drug therapy.
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FIGURE 12.1 Crystal structure of SU5402 (12.6) in FGFR.

The first reported crystal structure of a member of the oxindole class of kinase
inhibitors, SU5402 (12.6), bound in the kinase domain of FGFR, was published in
1997 (Figure 12.1).!° This compound is a competitive inhibitor with respect to ATP
and binds in the ATP-binding site of the kinase. In the crystal structure of compound
12.6 bound to the kinase domain of FGFR, the oxindole heterocyclic ring was shown
to occupy the same site as the adenosine of ATP, although in a different orientation,
with its C-3 pyrrole substituent emerging from the ATP cleft at approximate right
angles to the direction of the ATP ribose and triphosphate (Figure 12.2). The oxindole

FIGURE 12.2 Overlay of SU5402 (12.6) (colored gray) and ATP in FGFR.
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makes two hydrogen bonds to the backbone of the protein, one between the oxindole
nitrogen (N-1) and backbone carbonyl oxygen of Glu562, and another between the
oxindole carbonyl (O-2) and the amide nitrogen of Ala564.

12.2 IMIDAZOLYLMETHYLIDENE-OXINDOLES

Although most of the work reported by Sugen was focused on tyrosine kinase
inhibitors, an imidazolylmethylidene-oxindole, SU9516 (12.7), was described in
2001 as a selective CDK?2 inhibitor identified through high-throughput screening.!' The
compound was reported to inhibit CDK2 (IC,, = 0.022 uM), CDK1 (ICy,= 0.04 uM),
and CDK4 (IC5,= 0.3 uM) and not to inhibit PDGFR, EGFR, p38, and protein
kinase C (PKC). In subsequent biochemical studies, oxindole 12.7 was confirmed
to bind competitively to CDK2/cyclin A with respect to ATP with a K; of 0.031 uM.!2
However, it surprisingly exhibited binding to CDK4/cyclin D in an ATP-noncom-
petitive manner with a K; of 1.1 uM. The authors speculate that the weaker binding
affinity of 12.7 for CDK4 reflects the ability of both ATP and inhibitor to bind
within the active site with 12.7 interfering with catalytic activity, although the
possibility of allosteric inhibition cannot be excluded. In additional studies carried
out in RKO and SW480 tumor cell lines, oxindole 12.7 caused a decrease in the
phosphorylation of the retinoblastoma protein (pRb), an increase in apoptosis (as
measured by caspase-3 activation), and cell cycle arrest in both G,-G, and G,-M
stages.!® The crystal structure of oxindole 12.7 bound to CDK2 showed a binding
mode similar to that of 12.6 bound to FGFR. In the CDK2 structure, the oxindole
nitrogen (N-1) and carbonyl (O-2) bind to the CDK2 backbone carbonyl of Glu81
and amide nitrogen of Leu83, respectively. An additional third backbone interaction
was noted between the N-1 of the imidazole of inhibitor 12.7 and the carbonyl
oxygen of Leu83.

In a 2002 patent application, researchers at Aventis also claimed imidazolidene-
S-substituted oxindoles as specific inhibitors of CDK1.'* For example, the 5-(3-pyridyl)-
oxindole 12.8 was reported to inhibit CDK1 with an ICs; of 0.3 nM. The majority
of these compounds contained an imidazolylmethylidene at the oxindole C-3 position,
although 2-pyrrole and 2-furan heterocycles were also employed.

MeO /

12.3 PYRROLYLLACTONE AND PYRROLYLLACTAM
OXINDOLES

The screening hit 12.7 was subjected to a lead optimization effort by Sugen.!>!¢ The
imidazole heterocycle was replaced with either a pyrrolyllactone or pyrrolyllactam,
with the additional lactone or lactam rings predicted to make further hydrogen
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TABLE 12.1
Representative Examples of Pyrrolyllactone and Pyrrolyllactam
CDK2 Inhibition

Compound Class R4 R5 CDK2 IC;, (uM)
12.9 Pyrrolyllactone H SO,NHMe 0.004
12.10 Pyrrolyllactone H SO,NH, 0.012
12.11 Pyrrolyllactone H CO,H 0.004
12.12 Pyrrolyllactone 4-Piperidine H 0.009
12.13 Pyrrolyllactam H SO,NHMe 0.009
12.14 Pyrrolyllactam H CO,H 0.068
12.15 Pyrrolyllactam 4-Piperidine H 0.049

bonding interactions with Lys89 in CDK2. At the oxindole ring, the 5-position was
optimized by the incorporation of a series of hydrogen bond-accepting sulfonamide
or carboxylic acid functionalities, which are proposed to interact with Lys33. Fur-
thermore, a piperidinyl ring was incorporated at the oxindole 4-position to interact
with the GIn131 and Asn132 CDK2 residues. These modification resulted in a series
of potent, low-nanomolar inhibitors of CDK2 (Table 12.1) with the pyrrolyllactone
oxindoles (12.9-12.12) being generally more potent than their corresponding pyr-
rolyllactam analogs (12.13-12.15).

NH
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N I\
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N
H
12.9-12.12 12.13-12.15

12.4 4-AZACYCLIC AND 4-ALKYNYL
PYRROLYLMETHYLIDENE-OXINDOLES

Researchers at Roche have recently published two lead optimization efforts for
CDK2 inhibition starting from the pyrrolylmethylidene-oxindole 12.16, which was
originally identified through screening. A series of saturated cyclic amines were
investigated based on the analysis of x-ray crystal structures in which the 4-position
of the oxindole ring points towards the open space that the ribose ring of ATP would
occupy (Figure 12.2).17 The desired inhibitors were synthesized via nucleophilic
aromatic substitution with the appropriate cyclic amine on the corresponding
4-bromo-5-nitro-oxindoles. Such 4-substituents (compounds 12.17-12.20) led to
significant increases in both inhibition of CDK2 enzyme and inhibition of the
proliferation of RKO tumor cell-lines (Table 12.2).
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TABLE 12.2
Representative Examples of 4-Cyclicamino-Oxindole CDK2
Inhibition

Excess amine

——
Dioxane or DMF
120 °C
12.16-12.20
CDK2/Cyclin E RKO
Compound R4 1C;, (1LM) 1C5o (M)
12.16 H 0.039 0.70
H,NOC,
12.17 N 0.006 0.19
HO,
12.18 [ N ) 0.003 0.032
win
NH,
12.19 ﬁj 0.005 <0.01
N
HoN,
12.20 [ N) 0.003 <0.01

In a second lead optimization effort, Roche scientists took a slightly different
approach beginning with screening hit pyrrolylmethylidene-oxindole 12.21, which is
structurally similar to their earlier lead oxindole 12.16.'%!° In this new series, alkynyl-
linked heteroatoms were introduced at the 4-position of the oxindole via a palladium-
catalyzed coupling of the corresponding 4-iodo, 5-fluoro-oxindole with a terminal
alkyne. Incorporation of these substituents (compounds 12.22-12.25) led to significant
increases in potency against inhibition of CDK2 compared to the unsubstituted analog
12.21 (Table 12.3). An x-ray crystal structure of inhibitor 12.24 bound to CDK2 showed
the expected three hydrogen bonding interactions involving the oxindole and pyrrole
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TABLE 12.3
Representative Examples of 4-Alkynyl-Oxindole CDK2 Inhibition
MeO. MeO
s ] LN
Y = [ n
F H F H
—
o Pd(PhgP),, Cul, (¢]
N EtsN, DMF, 80 °C N
H H
12.21-12.25
CDK2/Cyclin E SW480
Compound R4 1C5 (WM) 1C5, (kM)
12.21 H 0.85 —
NHMe
12.22 |ﬁ 0.004 0.15
H
N
12.23 I oH 0.006 0.11
W,
HOA_A__OH
12.24 ql 0.003 0.40
HN
12.25 I 0.002 0.031

heteroatoms with the protein backbone of Glu81 and Leu83, analogous to those
observed in SU9516. Two additional hydrogen bond interactions were also observed,
one between the propargylic oxygen and Asp145, and another between the terminal
hydroxyl and the Glul2 backbone. The interaction with Asp145 could explain the
requirement for a propargyl heteroatom in this series for high levels of CDK2 inhibition.

A representative compound, oxindole 12.23, causes a concentration-dependent
decrease in the phosphorylation of the retinoblastoma protein (pRb) in SW480 tumor
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cell lines, a cell cycle block in the G, and G, stages, and also some apoptosis as
evidenced by sub-Gj cell fractions in cell cycle analysis.

12.5 ISATIN-3-PHENYLHYDRAZONES AND
3-(ANILINOMETHYLENE)-OXINDOLES

Two closely related classes of oxindole-based compounds, the isatin 3-arylhydrazones
(12.26) and the 3-(anilinomethylene)-oxindoles (12.27), were shown to potently
inhibit CDK2 by researchers at GlaxoSmithKline (GSK) in 2001.2%?! Inhibitors in
this series can be regarded as homologues of the 3-benzylidene-oxindole class as
the aryl ring is linked to the C-3 oxindole by two atoms instead of one. The isatin
hydrazones 12.26 were prepared by condensation of the substituted isatin with an
arylhydrazine in ethanol. The 3-(anilinomethylene)-oxindoles 12.27 were obtained
by initial conversion of a substituted oxindole to the corresponding dimethylamino-
methinyloxindole or ethoxymethinyloxindole, followed by condensation with an
aniline. In an initial screening set, the 5-bromo-isatin 3-arylhydrazones 12.28-12.30
were inactive (IC,, >10 uM) against all kinases tested, but compound 12.31 selectively
inhibited CDK2 (IC,, = 0.06 uM) and served as the lead compound.

J J X
R R
— —
N—NH = NH
U U
, N Br
R— o | | =0
F N N
H H
12.26 12.28 (R = Br)
12.29 (R = H)
12.30 (R = OMe)
(

12.31 (R = SO2NHy)

To aid in structural design, the crystal structure of the lead 12.31 bound to CDK2
was solved, as shown in Figure 12.3. The lactam ring of oxindole 12.31 interacted
with CDK2 in a manner analogous to that observed for oxindole 12.6 bound to
FGFR kinase, with an additional, albeit weaker, third hydrogen bond interaction
between the NH of the hydrazone linker and the carbonyl of Leu83. Furthermore,
the sulfonamide moiety forms hydrogen bonds with the backbone NH and the side-
chain carboxylate functionality of Asp86 toward the opening to the binding cleft of
CDK?2, thus accounting for the importance of this functionality for CDK2 potency
as seen in the initial screening set.

Inspection of the CDK2/inhibitor 12.31 structure shown in Figure 12.3 suggests
a number of opportunities for the design of improved inhibitors. The incorporation
of lipophilic 4-substituents targets a hydrophobic region of the kinase (Vall8 and
Leul34), as exemplified by the increased potency of the 4-isopropyl oxindole 12.32
(Table 12.4). Supportive of this analysis is the fact that incorporation of hydrophilic
groups at the 4-position is detrimental to activity; for example, the 4-amido oxindole
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FIGURE 12.3 Crystal structure of 5-bromo-isatin 3-arylhydrazones 12.31 in CDK2.

12.33 shows very weak inhibition of CDK2. The propinquity of the 5-position and
Lys33 allows for the incorporation of hydrogen bond acceptors at that position, such
as oxindoles (12.34-12.36), with the expected enhancement of inhibitor affinity
activity. Carboxylic esters such as 12.36 are particularly active inhibitors, an obser-
vation consistent with the ability of those substituents to form a hydrogen bond with
Lys33 and position a hydrophobic group in the lipophilic region near the 4-position.
The 6-position projects toward a small cavity at the back of the binding cleft and
into the region affected by cyclin A association. This cavity is smaller in size relative
to many other protein kinases because of the bulkiness of the Phe80 side chain, and
is compatible with small substituents such as bromo (12.37) and ethyl (12.38), which
yielded moderate contributions to affinity. In contrast, no measurable inhibition is
observed for compounds containing larger substituents such as tert-butyl (12.39).
The 7-position of the oxindole ring system is positioned close to the side chain of
Phe80, and the lack of activity found for the 7-methyl oxindole (12.40) shows it to
be too sterically crowded to allow for such substitution. Also consistent with
structural and modeling considerations is the observation that the carbon atom of
the enamine linkage can be substituted with groups such as methyl without negatively
affecting inhibition of CDK2, as shown by oxindole 12.41. Oxindoles with 4,5-fused
heterocycles that contain a hydrogen bond acceptor at the 5-position and hydrophobic
character at the 4-position, such as the thiazolo-oxindoles 12.43 and 12.44, also
display high affinity for CDK2.

The 4-sulfonamide moiety common to inhibitors 12.31-12.44 interacts with Asp86
at the opening to the binding cleft and points away from the protein into solution. This
allows for the introduction of sulfonamide substituents with polar functionality, such
as the pyridinyl of 12.45, with the potential to improve aqueous solubility without
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TABLE 12.4
Representative CDK2 Inhibitory Activities of Isatin-3-Phenylhydrazones
and 3-(Anilinomethylene)-Oxindoles 12.31-12.44

SO,NH,
R, x—NH
Rs U
=0
Re N
Ry
12.31-12.44
Compound R4 R5 R6 R7 X CDK2 IC;, (uM)
12.31 H Br H H N 0.06
12.32 —i-Pr H H H N 0.0025
12.33 CONH, H H H N >1
12.34 H —OH H H N 0.01
12.35 H —SO,Me H H N 0.016
12.36 H —CO,Me H H CH 0.002
12.37 H H Br H N 0.043
12.38 H H —Et H N 0.021
12.39 H H —t-Bu H N >10
12.40 H H H Me CH >10
12.41 H 5-Oxazolyl H H C-Me 0.002
12.42 —N=—N-NH— H H N 0.01
12.43 —S-CH=N— H H N 0.007
12.44 —S-CH=N— H H CH 0.003

detrimentally affecting enzyme affinity. The structure of compound 12.45 bound to
the CDK2/cyclin A complex shows the pyridyl sulfonamide at the opening of the
binding site, as illustrated in Figure 12.4 with the protein shown as a surface repre-
sentation. The thiazole nitrogen of the oxindole interacts with the side chain of Lys33,
with a weaker additional hydrogen bond to the backbone NH of Asp145 (Figure 12.5).

s—N NR;R,




Oxindole Inhibitors 275

FIGURE 12.4 Surface representation of thiazolo-oxindole 12.45 bound to CDK2/cyclin A.

The most potent and selective CDK2 inhibitors were evaluated in two cellular
assays, a mechanistic assay that measures progression from G, phase to S phase and
a number of antiproliferation assays (Table 12.5). The antiproliferative activity of
the inhibitors is up to 8-fold selective for the tumor cell lines relative to the non-
tumor HFF cell line. The compounds were also active in blocking progression of
cells into S phase, consistent with the role of CDK2 activity in the regulation of
G,/S phase progression.

S

Asp-145 K

FIGURE 12.5 Crystal structure of thiazolo-oxindole 12.45 in CDK2/cyclin A surface rep-
resentation.
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TABLE 12.5

Cell-Based Data for Oxindoles 12.32 and 12.45 (IC;,, uM)

Compound G,/S HFF HT29 MDAMB468  RKO SW620
12.32 1.8 5.9 14 4.4 1.4 48
12.45 2.6 13 5.1 6.8 1.7 10

Compounds in which the para-sulfonamide of the 3-(anilinomethylene)-oxindoles
was replaced with a methylene-spaced tertiary amine moiety, as shown for com-
pound 12.46, were published as a patent application as CDK4 inhibitors.??> The
tertiary amine functionality, protonated at physiological pH, is thought to form a
hydrogen bond with the hydroxyl of Thr102 in CDK4, thereby imparting selectivity
for this kinase in a fashion analogous to that of the sulfonamide interaction with
Asp86 in the similar location of CDK2.

12.6 3-(a-ANILINOBENZYLIDENE)-OXINDOLES

From 1999 onward, scientists at Boehringer Ingelheim have published a series of
patent applications on 3-(o—anilinobenzylidene)-oxindoles as CDK inhibitors.?*-2° The
distinctive feature of these inhibitors is the 3-phenyl 3-anilinomethylidene substitu-
tion at the C3 of the oxindole ring. The oxindoles thus exemplified typically contain
an aniline 4-substituted by a methylene-piperidine (12.47) or an amino heterocycle
such as 5-aminoindole (12.48). The oxindole is generally substituted at the 5—position
with a carboxamide or another hydrogen bond acceptor. Compounds were generally
prepared via initial treatment of an oxindole with triethyl orthobenzoate and acetic
anhydride, followed by amination with an aniline or amino heterocycle.

Ph Ph
NH NH
R / R 4
[e] [¢]
N N
H H
12.47 12.48

12.7 INDIRUBIN AND DERIVATIVES

Indirubin (12.49), a 3’,2 bisindole isomer of indigo, is the active ingredient of a traditional
Chinese medicine, Danggui Longhui Wan, and is used in the treatment of chronic myelo-
cytic leukemia (CML). In clinical trials on patients with CML in the late 1970s, indirubin
was dosed orally at 150450 mg per day and showed promising complete (26%) and
partial (33%) remission rates with relatively low toxicity.? Subsequently, in the late 1990s
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TABLE 12.6

CDK Inhibitions (IC;,, uM) for Indirubin 12.49 and Derivatives 12.50-12.52
Compound CDK2/Cyclin A CDK2/CyclinE  CDK1/CyclinB  CDK4/Cyclin D1
12.49 22 7.5 10 12

12.50 0.44 0.25 0.18 33

12.51 0.75 0.55 0.4 6.5

12.52 0.035 0.15 0.055 0.3

it was discovered that indirubin and derivatives 12.50-12.52 selectively inhibit the CDKs
(Table 12.6).2627 The oxime derivative 12.50 was also found to cause a cell cycle arrest
in Jurkat cells in G, and G,/M and reduce phosphorylation of the Rb protein.

12.49 12.50 12.51 12.52

Indirubin-5-sulfonic acid (12.52) shares a similar binding mode (Figure 12.6)
to the oxindoles described earlier, with the lactam nitrogen and carbonyl interacting
with the Glu81 backbone carbonyl and Leu83 backbone NH, respectively, and the
cyclic nitrogen forming a hydrogen bond with the Leu83 backbone carbonyl.?® The

FIGURE 12.6 Crystal structure of indirubin-5-sulfonic acid (12.52) bound to CDK2/cyclin A.
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high potency of compound 12.52 can be accounted for by the additional interaction
of the 5-sulfonic acid with the amine of Lys33 and the backbone nitrogen of Asp145.

12.8 INDOLYMETHYLENE-OXINDOLES
AND IMIDAZOTHIAZOLYLMETHYLENE-OXINDOLES

Researchers in Italy have published a series of indolymethylene-oxindoles and imida-
zothiazolylmethylene-oxindoles as CDK1 inhibitors.?>* The compounds have moderate
enzymatic potencies; for example, 12.53 and 12.54 have ICs, values of 2.2 and 20 uM
against CDK1, respectively, and show weak antiproliferative effects against HeLa cells.

Q ) cl U/ cl
veo / /

N N
H H

12.53 12.54

12.9 NAPHTHOSTYRILS

Following up on their earlier work in this area, Roche scientists have synthesized
a series of naphthostyrils as conformationally constrained analogs of the pyrrolyl-
methylidene-oxindole CDK2 inhibitor possessing a two-carbon bridge between the
vinyl and C-4 oxindole positions.3'-33 The compounds were accessed via a one-pot

TABLE 12.7
Representative Examples of Naphthostyril CDK2 Inhibitors

NaH
———
RH
12.56-12.59

Compound R CDK2 IC;, (uM)
12.56 MeO— 0.018
12.57 NH,(CH,),0— 0.012
12.58 NH,(CH,),NH— 0.012

12.59 NH,(CH,),S— 0.003
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cyclization of the vinyl iodide oxindole 12.55 with a variety of alcohols, amines,
and thiols in the presence of NaH. The ethylamino side chain analogs (12.57-12.59)
provided the most potent analogs (Table 12.7). The crystal structure of 12.58 in
CDK?2 showed that the lactam portion of the naphthostyril bonded in similar fashion
to the backbone protein of CDK2 as seen with the oxindoles discussed earlier, and
the terminal amine of the ethylamino side chain provides an additional hydrogen
bond interaction with Asn132.

12.10 CONCLUSIONS

Oxindole kinase inhibitors targeting anti-tumor activity have been studied by
a number of pharmaceutical companies and academic laboratories in recent years.
Structural design, aided by extensive crystallographic work, has led to the opti-
mization of oxindole binding interactions in the ATP-binding site, thereby achiev-
ing very potent inhibitory activities against CDK 1, 2, and 4. To date, only limited
in vivo data have been reported, with indirubin being the only oxindole inhibitor
of the CDKs reported to have been evaluated in clinical trials. The recent demon-
stration of clinical efficacy for the tyrosine kinase oxindole SU11248 (12.5) should
encourage continued investigation of this chemotype as a CDK inhibitor for
oncology indications.
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13.1 DEVELOPMENT OF THE INDENOPYRAZOLES

In 1995 the Dupont Merck Pharmaceutical Co., later the Dupont Pharmaceutical
Co., entered into a collaboration with Mitotix to research a series of cyclin-dependent
kinase (CDK) inhibitors for use as anticancer agents. Initially we were interested in
selective inhibitors of CDK4/cyclinD1 (CDK4/D1), but we later expanded our focus
to include selective inhibitors of CDK2/cyclinE (CDK2/E) as well as balanced
inhibitors of both of these CDKs. High-throughput screening of our compound
collection against CDK4/D1 afforded a series of hits. One of the most interesting
of these leads proved to be the indenopyrazole 13.1 (Table 13.1). As described in
the following text, the development of this lead has produced a series of highly
potent and selective CDK inhibitors with in vitro and in vivo efficacy as anticancer
agents.!™*

Our first breakthrough in this program came with the preparation of the
S-acetamido indenopyrazole 13.2.! This analog is ~100-fold more potent than the
original lead against both CDK4/D1 and CDK2/E. The acetamide 13.2 was originally
prepared as a protected form of the aniline 13.3; however, in a serendipitous result,
13.2 turned out to be much more potent than 13.3. The increased acidity of the NH
group in the amide is not responsible for the superior potency of 13.2, as demon-
strated by the fact that the corresponding phenol 13.4 does not show better activity
than 13.3. The importance of the position of the 5-acetamido group, adjacent to the
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TABLE 13.1
Activity of Early Indenopyrazole Analogs

CDK4/D1 CDK2/E

Compound X IC;, (UM) 1C5, (M)
13.1 H 45 26
13.2 5-CH;CONH 0.46 0.51
13.3 5-NH, 23 8.4
134 5-OH 20 5.2
13.5 6-CH,CONH >150 > 300

indenone carbonyl, is demonstrated by the fact that the 6-acetamido analog 13.5 is
inactive. These results led our group to explore a series of 5-amidoindenopyrazole
analogs.?

The structure—activity relationships (SAR) of the 5-amido substituents on the
indenopyrazole core are demonstrated by the compounds of Table 13.2. In the
amides, branching at the a-carbon results in a loss of activity, especially against
CDK4/D1, with the benzamide 13.7 showing a greater loss than the isobutyramide
13.6. However, if a methylene spacer is incorporated between the phenyl ring and
the carbonyl, the resulting phenylacetamides, e.g., 13.8, are much more potent.
Compound 13.8 is ~10-fold more active against CDK2/E than against CDK4/D1.
This is not unusual. With few exceptions, the indenopyrazoles are either balanced
in their activity against both kinases or are selective for CDK2/E over CDK4/D1.

Another series of amides to be explored were the glycinamides, e.g., 13.9-13.12.
These analogs are comparable in potencies to the phenylacetamide 13.8, especially
when the amino acid nitrogen is incorporated into a ring, such as in 13.10-13.12.
The glycinamides are relatively easy to prepare (see following discussion) and have
the advantage of moderate solubility in acidic aqueous solutions.?

Further improvements in inhibitory potencies were observed when the amides
were modified to a series of ureas and semicarbazides. For example, the urea 13.13
is ~10-100-fold more potent than the closely related acetamide 13.2, depending on
the kinase under consideration. A further comparison of the glycinamides 13.9-13.11
with the corresponding semicarbazides 13.14-13.16 shows modest increases in
CDK2/E potency but more significant increases in CDK4/D1 potency. These semi-
carbazides were some of the very first compounds prepared in this program to show
low-nanomolar inhibitory activities for both kinases. Remarkably, these compounds
represent a greater than 1000-fold improvement in potency compared to the original
lead compound 13.1.
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TABLE 13.2
Activity of 5-Amidoindenopyrazole Analogs
X
R NH o OCH,
A
N\
N,NH
CDK4/D1 CDK2/E
Compound R 1C;, (pM) 1C;5, (pM)
132 CH, 0.46 0.51
136 i-Pr 35 1.4
13.7 Ph >250 41
13.8 / 0.48 0.038
139 Me,NCH, 0.90 0.044
13.10 N\ 0.195 0.021
o N—/M“"l
—/
13.11 N\ W 0.125 0.012
— \om
/
13.12 , 0.020 0.012
N v
HoN
1313 NH, 0.066 0.007
13.14 Me,NNH 0.021 0.005
13.15 S\ %, 0.012 0.018
[¢] N==NH
/
13.16 I\ % 0.009 0.012
N N == NH
—/

Another area of the SAR that was extensively investigated was the nature of the
substituents at the 3-position on the indenopyrazole core.’* Historically, as in all the
derivatives shown so far, this position is occupied by a 4-methoxyphenyl group. One
of the first alternatives investigated was to replace this aromatic substituent with
a variety of simple alkyl groups. In the original 5-acetamidoindenopyrazole series,
this resulted in a total loss of CDK4/D1 inhibitory activity, whereas against CDK2/E
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TABLE 13.3
Activity of 5-Alkylindenopyrazole Analogs

H,N o)
v
NH

O
R
B
\S
N~ NH
CDK4/D1 CDK2/E
Compound R 1C5, (pM) 1C;, (pM)
13.17 i-propyl 0.340 0.048
13.18 c-propyl 0.430 0.055
13.19 c-hexyl 0.360 0.096

substitution by an isopropyl, cyclopropyl, or cyclohexyl group was moderately
well tolerated.’ In the much more potent series of glycinamide analogs shown
in Table 13.3, these alkyl groups are responsible for a 10-20-fold loss of CDK4/D1
potency and a 5-10-fold loss against CDK2/E compared to compound 13.12 in
Table 13.2.

In the original 5-acetamidoindenopyrazole series, analogs were prepared in
which the 4-methoxy group on the phenyl at the 3-position of the indenopyrazole
core was replaced with a variety of neutral, electron-donating substituents.?
Generally, this had very little effect on the potencies of these derivatives relative
to compound 13.2, but it demonstrated the flexibility of the SAR at this position.
Later in our program this flexibility proved useful when the para-position of the
phenyl was substituted with basic groups. As shown in Table 13.4, the methoxy
group in 13.15 can be replaced with a variety of piperazine, homopiperazine,
and aminopiperidine rings with no loss of potency against CDK4/D1 or
CDKZ2/E.> However, basic analogs such as 13.20-13.26 have one critical advan-
tage over neutral analogs such as 13.15. When formulated as acid salts, these
compounds possess good to excellent solubilities in deionized water, typically
in the range of 1-20 mg/ml. However, salts of the piperazines often show poor
solubilities in a pH 7.4 aqueous phosphate buffer. Due to the relatively low
basicity of the piperazines (pKa ~7.8), solutions of these salts at pH 7.4 are
unstable and tend to precipitate the parent compounds. Salts of the homopiper-
azines (pKa ~8.8) and aminopiperidines (pKa ~9.1) are more reliably soluble in
the pH 7.4 phosphate buffer.

Another series of piperidine derivatives that are interesting are the four com-
pounds shown in Table 13.5. These chiral semicarbazides are selective for CDK4/D1
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TABLE 13.4
Activity of 5-Arylindenopyrazole Analogs

O\NiNH

\— NH
CDK4/D1
Compound X 1C;, (pM)
13.15 OMe 0.012
13.20 /\ 0.004
-E-N NH
\_/
13.21 é /\ 0.007
- -N N—
\/
13.22 /\ 0.006
-E-N N = j-Pr
\__/
13.23 /\ 0.003
‘;; - Nk/lNH
13.24 g /\ 0.003
N N

13.25 0.003
13.26 0.003
Yoge

-

CDK2/E
IG5, (pM)

0.018
0.016

0.015

0.022

0.007

0.004

0.012

0.010

over CDK2/E. With selectivities of 20-25-fold, 13.27 and 13.30 are the most
CDK4/D1-selective indenopyrazole CDK inhibitors that were prepared.

A final noteworthy series of inhibitors are the 3-heteroarylindenopyrazoles repre-
sented by the compounds of Table 13.6.3# In contrast to the compounds in Table 13.5,
this series includes some of our most CDK2/E-selective inhibitors, e.g., 13.35.
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TABLE 13.5
Activity of CDK4/D1-Selective Indenopyrazole Analogs

O N
A
N\
\ = NH
CDK4/D1 CDK2/E

Compound X z 1G5, (uM) 1G5 (uM)
13.27 CH,OMe H 0.008 0.165
13.28 H CH,OMe 0.008 0.039
13.29 C(CH;),0Me H 0.006 0.072
13.30 H C(CH;),0OMe 0.017 0.405

13.2 BINDING OF THE INDENOPYRAZOLE
CDK INHIBITORS

Kinetic studies with our indenopyrazoles show our compounds to be competitive
with ATP in their inhibition of CDK4/D1 and CDK2/E, and our modeling was done
on the assumption that the indenopyrazoles bind into the ATP-binding pocket of
these kinases.? For a detailed discussion of the published x-ray structures of CDK2
and CDK2/A, with and without ATP bound, see Reference 2 and references cited
therein. These published x-ray structures show that the shape of the ATP-binding
pocket is not altered significantly by the binding of the CDK to the cyclin. Our assump-
tion that the indenopyrazoles bind to the ATP-binding pocket was later confirmed
by obtaining an x-ray structure of compound 13.19 bound to CDK2 (see Figure 13.1).?
In this structure the pyrazole binds deep into the ATP-binding pocket and forms
hydrogen bonds with amino acid residues in the back of the pocket. The inhibitor
itself when bound is roughly U-shaped, with the amide group at the 5-position wrap-
ping around toward the 3-cyclohexyl substituent. The mode of binding of the inde-
nopyrazoles later was reconfirmed by a second x-ray structure of compound 13.36
bound to CDK2.4

13.3 SYNTHESIS OF THE INDENOPYRAZOLES

Our original route for the synthesis of the indenopyrazoles is demonstrated in Figure 13.2
for the preparation of 13.2.12 The condensation of dimethyl 3-acetamidophthalate
and 4-methoxyacetophenone in DMSO with sodium hydride affords the trione 13.37,
and the treatment of 13.37 with hydrazine in refluxing ethanol in the presence
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TABLE 13.6
Activity of 3-Heteroarylindenopyrazole Analogs
o)
R
A
H
X
=~
\N,NH
CDK4/D1 CDK2/E
Compound R X 1C5, (pM) 1C;5, (UM)
13.31 H b 0.067 0.009
2/ \
S
13.32 H o 0.057 0.013
D
s Cl
13.33 H o >1.50 0.061
D
S
13.34 Me,N 0.021 0.007

13.35 Me,N 0.150 0.004

13.36 //\ 0.046 0.008
—N N-E - flt
—/ Y

of catalytic acid furnishes 13.2. The acetamido group was selected because it rep-
resents a protected form of the aniline that is stable to the highly basic conditions
of the sodium hydride reaction; however, this group affords another important
benefit. The presence of this amide directs the hydrazine reaction to produce the
pyrazole 13.2 with very high regioselection.! As will be shown in the following text,
any amido group at this position has the same directing effect.>* Generally, the
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/ Asp145
b ¥

O\
n— NH

FIGURE 13.1 X-ray structure of compound 13.19 bound to CDK2.

alternative 8-amidoindenopyrazole regioisomers are not detected. Conversely, if the
hydrazine reaction is run on a trione with a nitro group at this position, the only
product observed is the 8-nitroindenopyrazole.?

Deprotection of 13.2 in refluxing hydrochloric acid and methanol provides
the aniline 13.38. Acylation of this aniline with acid chlorides in the presence
of base affords the 5-amidoindenopyrazoles 13.39. An efficient route to the
glycinamide analogs was developed and is demonstrated in Figure 13.3.2 Acy-
lation of the aniline 13.38 with 2-chloroacetyl chloride provides the intermediate
13.40. The reaction of this 2-chloroacetamide with a variety of amines produces
the glycinamides 13.41.

It is occasionally preferable to alter the order of the steps described in Figure 13.2.
This is most commonly the case for the production of the urea and semicarbazide
analogs. As demonstrated in Figure 13.4, the acetamidotrione 13.37 can be depro-
tected in high yield to furnish the aniline 13.42. This intermediate is then converted
to a urea or semicarbazide in one of two ways. The reaction of 13.42 with phenyl
chloroformate, followed by the treatment of the resulting phenylcarbamate with an
amine, affords the desired ureas 13.43 (Method A). This method sometimes can be
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OMe
A
R™ "NH o OMe OMe OMe
N
\~NH N~ NH
13.39 13.38 13.2

FIGURE 13.2 Original synthetic route to the indenopyrazoles.

O

\ I OMe \ l OMe H\ O OMe

fNH fNH N~ NH
13.38 13.40 13.41

FIGURE 13.3 Synthesis of glycinamide analogs.

HCI

MeOH

13.42

Method A: 1) PhOCOCI; 2) R'NH,
Method B: R*NHCO,Ph, Et;N

o o) OMe
NP NP
N 0 OMe H
’ O NH,NH,
\\ EtOH
~NH
N (o)
13.44 13.43

FIGURE 13.4 Synthesis of urea and semicarbazide analogs.
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to a water molecule underneath Phe80. The x-ray results revealed the importance
of the two carbonyl groups and the NH on the indolocarbazole, which with the help
of a molecular modeling study using a CDK4 homology model assisted us in
developing new CDK4 inhibitors.

14.3 1,7-ANNULATED INDOLOCARBAZOLES

Based on the SAR information from the simple substituted arcyriaflavin A analogs and
the x-ray co-crystal structural information, substitution of the indole nitrogen was well
tolerated. To further elaborate the SAR and find novel indolocarbazoles as D1/CDK4
inhibitors, 1,7-annulated indolocarbazole analogs (14.8) were designed and evaluated.!”

The ring-size effect was first studied, and similar potencies in D1/CDK4 were
found for analogs of various ring sizes (5-, 6-, 7-, and 8 -membered, 14.8a—14.8d)
as shown in Table 14.4. Thus the ring size did not affect the D1/CDK4 activity or
selectivity against cyclin E/CDK2. Studies of the nonannulated indole ring substi-
tution revealed that the 6-position is tolerant of a variety of groups and, with the
exception of the methyl ester (14.8k), compounds 14.8g-14.8j were consistent with

TABLE 14.4
SAR of 1,7-Annulated Indolocarbazoles 14.8

14.8
D1/CDK4 E/CDK2
IC5y (LM) IC5y (BM) HCT-116  NCI-H460
X n (Rb'NO) (Rb'NO) IC;, (WM) 1G5, (M)

14.8a H 0 0.24 >2.0 1.02 118
14.8b H 1 0.11 >1.0 1.60 1.97
14.8¢ H 2 0.09 1.0 5.16 1.88
14.8d H- 3 0.12 >2.0 1.25 1.37
14.8¢ 4-F 1 >2.0 — — —
14.8¢ 5-F 1 >2.0 — — —
14.8g 6-F 1 0.11 >0.2 237 1.30
14.8h 6-Cl 1 0.11 >0.2 0.78 0.53
14.8 6-Br 1 0.09 1.0 23 1.69
14.8 6-CF, 1 0.29 >2.0 1.48 1.53
148k 6-CO,CH, 1 >2.0 — — —

Note: — = not tested.
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the arcyriaflavin A analogs. In contrast, the 4- and 5-positions did not tolerate small
substitutions such as the fluoro group (14.8e and 14.8f). In addition to the kinase
activity discussed earlier, these potent D1/CDK4 inhibitors were also studied
for their antiproliferative activity in a variety of tumor cell lines.!' As shown in
Table 14.4, most of these compounds were potent in inhibiting cell growth in the
human colon carcinoma (HCT-116) and non-small-cell lung carcinoma (NCI-460)
cell lines with activities ranging from 0.53 to 5.16 uM (ICy).

The poor aqueous solubility of this class of compounds may have been due to
the flat and hydrophobic nature of the indolocarbazoles. To optimize the biophar-
maceutical properties of these indolocarbazole CDK4 inhibitors, the SAR strategy
was focused on introducing ionizable groups into the molecule. Because substitution
at the 6-position of the nonannulated indole ring is tolerated, a variety of basic
groups were explored in this region (Table 14.5). The pyridyl groups were well
tolerated in the 6-position, with the 3-pyridyl analog 14.9a being slightly more potent
than the corresponding 4-pyridyl analog 14.9b in both the enzymatic and cellular
assays. To further explore other amino groups in this position, a hydroxymethyl
analog 14.9¢ was synthesized, which was potent in both kinase and cellular assays.
With this key intermediate in hand, displacement of the activated hydroxyl group
with a variety of amines resulted in indolocarbazole analogs 14.9d-14.9k with
improved aqueous solubility. These amino-substituted indolocarbazoles 14.9d—14.9k
were potent D1/CDK4 inhibitors with ICs, values ranging from 50 to 90 nM. The
kinase activity of monoamino-substituted indolocarbazoles 14.9d-14.9i correlated
very well with their antiproliferative cellular activity in human colon carcinoma
(HCT-116) and non-small-cell lung carcinoma (NCI-460) cell lines. However, poor
cellular activities were observed for the diamino-substituted analogs 14.9j and 14.9k
in spite of their potent D1/CDK4 activities. This is probably due to the poor cellular
permeability of the diamino analogs.

The fact that the annulated ring size (14.8a—14.8d, Table 14.4) has little effect
on D1/CDK4 activity indicates that this pocket might be tolerant of substitution.
We also explored the possibility of introducing ionizable groups on the annulated
ring. It was hypothesized that the substitution on the annulated ring could decrease
the planarity of the overall molecule, thus improving compound solubility. A similar
strategy of incorporating a hydroxymethyl group as a chemical handle for further
elaboration was used for rapid SAR expansion.'? Indolocarbazoles 14.91, 14.9m,
and 14.9n exemplified the effect of hydroxymethyl substitution at varying positions
of the annulated ring. All three compounds were potent inhibitors of cyclin
D1/CDK4 and effective antiproliferative agents in the HCT-116 and NCI-460 cell
lines. The evaluation of the substitution on the non-annulated indole ring was
focused on the 6-position, as based on our early finding that substitution at this
position was most favorable for D1/CDK4 activity. The fluoro (14.9p), bromo
(14.9q), trifluoro methyl (14.9r) and methoxyl (14.9s) substituted compounds were
all very potent inhibitors of cyclin D1/CDK4 with selectivity against cyclin
E/CDK?2. In addition, they also demonstrated antiproliferative effects in the HCT-
116 colon carcinoma cell line and NCI-460 lung carcinoma cell line, with activities
ranging between 0.36—1.98 uM. As expected, the ring size did not appear to affect
the activity. The 7-membered analog 14.9t was equally potent in cyclin D1/CDK4
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TABLE 14.5
SAR of 1,7-Annulated Indolocarbazoles 14.9 with an lonizable Group

D1/C E/CDK2  HCT- NCI-
DK4 IC;, 116 H460
1Cy, (1M) 1C5, IC;y
X n R (wM) (Rb'NG) (nM) (M)
14.9a -5 7\ 1 H 0.16 — L1 1.45
=N
\
14.9b -3 7 1 H 0.59 — 3.29 —
14.9¢ CH,0H 1 H 0.052 — 0.34 0.465
14.9d CH,NH,.HCI 1 H 0.170* — 2.26 8.69
14.9¢ '}L;—N<> 1 H 0.075° — 0.23 0.37
14.9¢ ;».,;—N<:| 1 H 0.050® — 0.17 0.14
14.9g :L.;—Nf ) 1 H 0.087¢ — 0.32 0.94
a
149h 9N o 1 H 0.075 — 0.37 1.35
1 a
14.9i 2N s 1 H 0.090 — 0.60 0.72
. 7N ,
14.9j J—N | H 0.065 — >10.0 8.80
N
1 H 0.079 — 7.6 >10.0

14.9k :,_L',— N\\)

(continued)
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TABLE 14.5 (CONTINUED)
SAR of 1,7-Annulated Indolocarbazoles 14.9 with an lonizable Group

D1/C  E/CDK2 HCT- NCI-

DK4 IC,, 116 H460

1G;, (nM) 1G5, 1G,,

X n R (M) (RbNS) (M) (M)
14.91 H 1 a-CH,OH- 0.018 ® 0.22 0.92 0.82
14.9m H 1 b-CH,OH 0.071° 0.22 091 0.96
14.9n H 1 ¢-CH,0H 0.031" — 0.37 0.54
14.90 F 1 a-CH,0H 0.002° 0.079 0.82 0.26
14.9p F 1 b-CH,OH 0.022° 0.141 0.36 0.43
14.9q Br 1 b-CH,OH 0.010°  >2.0 0.50 0.36
14.9r CF, 1 b-CH,OH 0.023° — 125 0.69
14.9s OCH, 1 b-CH,OH 0.015° 0.284 1.83 1.96
14.9t H 2 b-CH,OH 0.1262 — 0.54 0.33
14.9u F 1 b-CH,CI 0.064 — 3.27 5.65
14.9v F 1 b-CH,NHCH,HCI  0.008 — 1.73 5.15
14.9w H 1 b-CH,N(CH,), 0.898 ¢ — 0.77 4.75
HN?Z; (0]
14.9x F 1 © o~ 0.671¢ — >10.0 >10.0
(o]
A o
N |
+ NH, >2.08 — >10.0 >10.0

14.9y F 1 ( 7

Note: — = not tested.

2 RbNG as substrate.
bRb?! as substrate.

compared to the 6-membered compound 14.9m. When the hydroxyl group was
converted to the methyl amino analog 14.9v, the D1/CDK4 kinase activity was well
maintained. Further increase in the size of the amino group led to decreased
D1/CDK4 activity (14.9w-14.9y).

With the success of modifying of the 1,7-all carbon-annulated indolocarbazole,
the aza-annulated indolocarbazoles 14.10 were also hypothesized and synthesized.'?
The goal was to introduce additional binding interactions with the protein backbone
in the ATP-binding site and to improve the biopharmaceutical properties. Using a
similar synthetic strategy for the carbazole formation from the corresponding male-
imide, a series of aza-annulated indolocarbazoles were prepared and evaluated in
the D1/CDK4 assay. As summarized in Table 14.6, indolocarbazoles 14.10a-14.10k
were very potent inhibitors of cyclin D1/CDK4, with activity ranging from 0.027 to
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TABLE 14.6
SAR of 1,7-Aza-Annulated Indolocarbazoles 14.10

D1/CDK4 E/CDK2 NCI-
1C;, 1C;, H460
(mM) (WM) HCT-116 1C;,,
m n X R (Rb'NG) (Rb!NG) 1G5, (M) (LM)
14.10a 1 1 H H 0.027 0.038 0.031 —
14.10b 2 1 H H 0.160 — 0.04 0.18
14.10¢ 1 3 H H 0.084 0.200 0.10 —
1410d 1 1 H Pr 0.078 0.780 0.64 0.52
14.10e 1 1 H SO,Me 0.053 >0.20 1.60 1.74
14.10f 1 1 H COCH,NH, 0.100 — >10.0 >10.0
1410 1 1 5—F H 0.034 >0.2 0.26 1.54
1410h 1 1 6—F H 0.031 0.016 0.20 0.67
14.10i 1 1 5—F6—F H 0.110 >0.2 0.40 291
14.10j 1 1 6—CF, H 0.069 0.210 0.17 0.73
1410k 1 1 7—CH,0H H 0.044 — 3.50 3.53
Note: — = not tested

0.26 uM. As expected from previous findings, the ring size of the 1,7-annulated ring
had little effect on D1/CDK4 activity. Indolocarbazoles 14.10a—14.10c demonstrated
similar activity against D1/CDK4, which also indicated the nitrogen in the ring did
not affect the D1/CDK4 activity nor the antiproliferative cell-based activity. To probe
the importance of the NH on the 1,7-annulated ring, an isopropyl group was installed
on the nitrogen of the 1,7-annulated ring (14.10d). The fact that compound 14.10d
had similar activity as 14.10a suggested the proton on the 1,7-aza-annulated ring is
not critical for binding in the D1/CDK4 ATP pocket. Further studies also concluded
that the basicity of the nitrogen on the 1,7-annulated ring had little impact on
DI1/CDK4 activity, as exemplified in compounds 14.10d-14.10f. The poor cellular
activity of compound 14.10f may be due to reduced cell penetration of the molecule.
The substitution effect of the nonannulated ring was also examined. Compounds
14.10g-14.10k were very potent inhibitors of D1/CDK4 with excellent activity in
HCT-116 and NCI-460 cell lines. However, the aza-1,7-annulated indolocarbazoles
were also potent cyclin E/CDK?2 inhibitors.
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14.4 ARYL[a]PYRROLOI3,4-c|CARBAZOLES

Based on the x-ray co-crystal structure of the complex of human CDK2 with indolo-
carbazole 14.7g and early SAR information, the carbonyl group and the acidic proton
of the maleimide moiety play critical roles by acting as a hydrogen bond acceptor and
donor in the ATP-binding pocket of CDK2. It has been proposed that the hydrogen
bonding sites of the ATP pocket are conserved among many serine/ threonine kinases.'*
Novel kinase inhibitors were studied within this chemical platform, which resulted
from the replacement of one indole moiety in arcyriaflavin with other aryl/heteroaryl
groups (14.11, Figure 14.5), while maintaining the key interaction points of the male-
imide moiety with the protein. Some of the examples are summarized in Table 14.7.13

7-Aza-indolyl analog 14.12 and benzothienyl analog 14.13 were hypothesized to
maintain the molecular symmetry of the carbazole region. Moderate inhibitory activity
of 0.25 uM and 0.22 uM (ICs,), against D1/CDK4 respectively, were observed with
consistent cellular activity in the HCT-116 cell line. Naphthyl and quinolinyl modifica-
tions were also selected to replace one of the indole rings in arcyriaflavin A. Three possible
orientations of the fused rings were explored (14.14-14.16). The up-angular derivatives
14.14a and 14.14b were most favorable, with the naphthyl analog 14.14a being highly
active in D1/CDK4 with moderate cellular activity in the HCT-116 cell line. However,
the quinolinyl analog 14.14b was fairly potent in the HCT-116 cellular assay despite the
moderate binding activity. The linear orientated derivatives 14.15a and 14.15b were
basically inactive in the binding assay (IC5, > 10 uM). However, the down-angular
regioisomers (14.16a and 14.16b) exhibited a different activity profile. Quinolinyl analog
14.16a was inactive, and naphthyl analog 14.16b showed moderate activity in D1/CDK4
with an ICy, of 0.43 uM. The discovery of the preferred up-angular orientation led to
other 6,6-fused ring systems. The tetrahydronaphthyl analog 14.17 had moderate binding
activity, but was tenfold less potent compared to the corresponding naphthyl analog
14.14b. This finding further confirmed that the flat structure was preferred in the ATP-
binding pocket of the D1/CDK4 enzyme. For the quinolinyl/isoquinolinyl fused analogs
14.18-14.21, the nitrogen position in the 6,6-fused rings had a big impact on the
D1/CDK4 inhibitory activity. When positions 5 and 6 of the isoquinolinyl group were
fused to the carbazole, the resulting compound 14.20 demonstrated potent D1/CDK4
activity, as well as cellular activity in the HCT-116 cell line. Another fused isoquinolinyl
analog 14.18 and fused quinolinyl analogs 14.19 and 14.21 were much less active in the

ZT

o) O

Q3-8

14.11

FIGURE 14.5 Aryl analogs of arcyriaflavin A.
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TABLE 14.7

SAR of Aryl[alpyrazole[3,4-c]carbazoles 14.12-14.26

141

Compound

14.12
14.13
14.14a (X = N)

5a-b

14.24

14.25
D1/CDK4 IC,, (uM)

0.25
0.22
0.683

14.26
HCT-116 IC;, (pM)

1.05
3.02
0.39

(continued)
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TABLE 14.7 (CONTINUED)
SAR of Aryl[alpyrazole[3,4-c]carbazoles 14.12-14.26

Compound D1/CDK4 IC;, (M) HCT-116 IC;, (pM)
14.14b (X = CH) 0.045 5.05
14.15a (X =N) >10.0 —
14.15b (X = CH) >10.0 —
14.16a (X = N) >10.0 —
14.16b (X = CH) 0.43 —
14.17 0.41 —
14.18 >2.0 —
14.19 >0.2 —
14.20 0.069 0.13
14.21 >2.0 —
14.22 0.26 5.83
14.23 0.15 —
14.24 1.81 —
14.25 0.18 —
14.26 0.74 —
Note: — = not tested.

D1/CDK4 assays. This result indicated the electronic density of the fused rings may play
a critical role in the binding mode of the carbazole to the D1/CDK4 protein backbone.

Replacement of the indole moiety with monoheteroaromatic rings (14.22-14.26)
was also studied. Small monoheterocyclic rings, such as phenyl (14.22), thienyl
(14.23), pyridyl (14.24-14.25), and imidazolyl (14.26) led to decreased D1/CDK4
activity compared to either arcyriaflavin A or naphthyl analog 14.14b. Presumably,
the decrease of binding affinity of these monoaromatic fused ring carbazoles,
14.22-14.26, was due to the loss of protein backbone interactions.

14.5 INDOLOI[6,7-a]lPYRROLO[3,4-clCARBAZOLES

As discussed in the previous section, replacement of the indole moiety in arcyriaflavin
A (14.5) with an up-angular naphthyl group (14.14b) is well tolerated for D1/CDK4
activity. This result indicated that the carbazole fused with a [6,6]-member fused ring
instead of a [5,6]-member fused ring can preserve the D1/CDK4 activity, but when a
naphthyl group (14.14b, IC5,= 0.045 uM) was replaced by a phenyl ring (14.22, ICy,
=0.26 uM), the D1/CDK4 activity decreased, presumably because of a lack of binding
interaction. To occupy the interaction space, a novel indolocarbazole derived from a
carbazole fused with an indole ring at the 6,7-position, indolo [6,7-a]pyrrolo[3,4-
c]carbazole (14.27a), was designed and synthesized (Table 14.8).!¢ Compound 14.27a
inhibited both D1/CDK4 and E/CDK2 potently and displayed antiproliferative activity
in two human carcinoma cell lines, HCT-116 and NCI-H460 (lung). Methyl and ethyl
substitutions (14.27b and 14.27¢) were tolerated in R! position, but other bulkier groups
at R! led to significant activity loss in both D1/CDK4 and the cellular assays. The 4-
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TABLE 14.8
SAR of Indolocarbazoles 14.27

CDK4 CDK2 HCT- NCI-

IC,, IC,, 116 H460

(M) (M) 1G5, 1G5,
Compound R' R? X R3 R* (RONG)  (RBNG) (M) (uM)
14.27a H H H H H 0.036 0.064 144 143
14.27b CH, H H H H 0.047 0.075 2.11 1.17
14.27¢ CH,CH, H H H H 0.059 _ 452 >10
14.27d CH, H 4F H H 0.071 >2 >2 >10
14.27¢ CH, H 4-Br H H 0.171 2.86 471 352
14.27¢ CH, H 4-OCH, H H >2 _ >10 >10
14.27¢g CH, H 4-CH,OH H H 0.155 >2 >10 >10
14.27h CH, H 5-F H H 0.084 >0.2 >10 >10
14.27i CH, H 5-Br H H >2 — — —
14.27 CH, H 5-OCH, H H 0.519 >2 >10 >10
14.27k CH, H 5-CF, H H >2 — 704 785
14.271 CH, H 5-CH, H H 0.393 1.07 287 335
14.27m CH, H 6-F H H 0.038 0.009  >10 >10
14.27n CH, H 6-Br H H 0.038 0.075 .08 072
14.270 CH, H 6-OCH, H H 0.053 0.112 180  1.09
14.27p H H 6-OCH, H H 0.067 0.125 216 192
14.27q CH, H 6-CF, H H 0.076 0225  >10 351
14.27r CH, H 6-CH, H H 0.048 0.320 384 341
14.27s CH, H 6-CH,CH, H H 0.101 0.360 351 7.49
14.27t CH, H 6-CN H H 0.029 0010  >10 >10
14.27u CH, H 6-OH H H 0.033 — 067 108
14.27v H H 6-OH H H 0.037 0.006 017 023
1427w CH, H 6-OCH,CH, H H 0.044 0.324 235 320
14.27x CH, H 7-Br H H 0.093 — 17.1 13.8
14.27y CH, H 7-OCH, H H 0.062 >2 100 271
14272 CH, H 7-OBn H H 0.123 0328 652 >10
14.27aa CH, H H CH, H 0.028 0070 198 2.26
14.27bb CH, H H F H 0.067 0.086  3.49 2.90
14.27cc CH, H H OCH, H 0.032 0067  1.90 0.69
14.27dd CH, H H H OCH,  0.054 0035 1.3 0.71
14.27¢e CH, H 6-F CH, H 0.050 0.023 058 1.02
14.27ff CH, H 6-OCH, CH, H 0.042 0057 143 1.30
14.27gg CH, H 6-CF, CH, H 0.092 >2 8.78 2.42
14.27hh CH, CH, H CH, H 0.092 0267 470 >10

Note: — = not tested.
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and 5-positions did not tolerate substitution. Although fluoro analogs 14.27d and 14.27h
exhibited good enzymatic activity, no measurable cellular activity was observed for both
compounds. Other substitutions larger than fluorine at the 4- and 5-positions (14.27e—
14.27g, 14.27i-14.271, respectively) exhibited substantially lower activity compared to
the non-substituted parent analog 14.27b. Consistent with previous findings, the 6-
position can tolerate a wide range of substitution with respect to D1/CDK4. Potent
D1/CDK4 activities were observed for all the 6-substituted analogs 14.27m-14.27w. A
slight selectivity for D1/CDK4 vs. E/CDK2 was found for most cases with the exception
of compounds 14.27m, 14.27t, and 14.27v. The 7-substituted analogs 14.27x-14.27z also
exhibited good binding activity in D1/CDK4 with moderate cellular activity. Substitu-
tions were also incorporated at the R® and R* positions of carbazole 14.27. Compounds
bearing substitution at position R? gave good enzymatic and cellular activity (14.27aa—
14.27cc, 14.27ee-14.27gg); however, a significant decrease in cellular activity was found
for compound 14.27hh, which has substitutions at both R? and R? positions.

The challenge of discovering a pharmaceutical in this class of compounds is
because of their poor aqueous solubility. One major area of focus was to introduce
ionizable groups to improve the aqueous solubility of this chemical platform. Hydroxy-
alkyl groups were selected as a chemical handle for further rapid SAR elaboration.
Compounds 14.28a, 14.29a, 14.30a, and 14.31a were potent inhibitors of D1/CDK4
with good cellular activity in HCT-116 and NCI-H460 (Table 14.9). This result indi-
cated that large substitutions such as hydroxyethyl and hydroxypropyl were well
tolerated in positions 7 and R! of carbazoles (14.28-14.31). Further SAR was focused
on incorporating amino groups at these two positions with the aim of improving
aqueous solubility. Table 14.9 summarizes the results for the amino-alkyl-substituted
carbazoles 14.28-14.31. Carbazoles bearing an aminoalkyl group in positions 7 or
R! were all potent inhibitors of D1/CDK4, with activity ranging from 0.033 uM to
0.19 puM (ICsy). Solubility studies using the in situ salts of the amino-alkyl substituted
carbazoles confirmed the improved solubility in DSW compared to non-basic analogs.
In addition to the improved solubility profile of these aminoalkyl carbazole analogs,
significantly higher selectivities (with many having >20 to >40-fold selectivity and
some >40-fold with respect to E/CDK?2) were observed for carbazoles 14.28-14.31
when compared to the indolo[6,7-a]pyrrolo[3,4-c]carbazoles lacking aminoalkyl side
chains. Kinetic analysis of selected examples indicated that these compounds are
reversible ATP-competitive inhibitors. Most of the indolo[6,7-a] pyrrolo[3,4-c]carba-
zoles bearing aminoalkyl substitution were also potent antiproliferative agents in HCT-
116 and NCI-H460 cell lines, with compound 14.28b being an exception.

14.6 INDOLOI2,3-A]CARBAZOLE GLYCOSIDE ANALOGS

To continue improving the aqueous solubility of the indolo[2,3-a]Jcarbazole scaffold,
indolo[2,3-a]carbazole glycosides 14.32 bearing naturally occurring sugars with one gly-
cosidic linkage were synthesized and evaluated.'” As shown in Table 14.10, indolo[2,3-
a]carbazoles glycosidically linked with a variety of carbohydrates, for example, glucose
(14.32a), galactose (14.32b), fucose (14.32¢), rhamnose (14.32d), xylose (14.32¢), and
maltose (14.32f), and exhibited good to moderate inhibitory effect against D1/CDK4;
however, with diminished selectivity against E/CDK2 and PKCp II. Compound 14.32d,
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TABLE 14.9
SAR of Indolocarbazoles 14.28-14.31

14.29 (n=3) 14.31 (n=3)
X
o]
.E-NC>—< -Ep _E_N/_\o
OMe \—/
b HO f j
P / N\
HO~K, O O
NH,
c g k
/\ /\ /
-E-N NH -E-N NMe -E-N
7/ —/ A
d h I
/TN e
-S-NC>—OH -E-NH OH  HNmw OH
e i m
CDK4 CDK2
IC5o (M) 1C50 (nM) HCT-116 NCI-H460
Compound X (Rb'NG) (Rb'NG) 1G5y (nM) 1G5y (nM)
14.28a OH 0.082 0.210 1.13 —
14.28b b 0.047 0.972 >10 >10
14.28¢ c 0.051 0.796 1.00 1.35
14.28d d 0.049 2.03 1.04 1.11
14.28e e 0.045 0.978 0.20 0.14
14.28f f 0.039 0.685 0.42 0.21
14.28g g 0.045 1.06 2.12 2.47
14.28i i 0.033 0.265 0.17 0.33
14.28j j 0.054 1.28 1.63 1.91
14.28k k 0.082 1.80 341 341
14.28m m 0.053 0.450 1.23 2.82
14.29a OH 0.168 0.558 3.02 2.35
14.29h h 0.052 1.67 1.38 1.48
14.29i i 0.040 0.567 0.77 1.10

(continued)
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TABLE 14.9 (CONTINUED)
SAR of Indolocarbazoles 14.28-14.31

CDK4 CDK2

1G5y (nM) 1G5y (nM) HCT-116 NCI-H460
Compound X (Rb'NG) (Rb'NG) 1G5y (nM) 1G5y (nM)
14.29j ] 0.056 1.33 2.82 1.68
14.291 1 0.034 1.50 0.95 0.37
14.29m m 0.049 1.03 1.05 1.67
14.30a OH 0.047 0.101 4.07 1.32
14.30f f 0.084 0.942 2.69 3.80
14.30g g 0.135 0.928 3.74 247
14.30i i 0.035 0.089 1.47 1.31
14.30m m 0.063 0.902 0.89 1.05
14.31a OH 0.054 0.113 1.62 0.50
14.31c c 0.077 1.00 1.96 2.44
14.31e e 0.048 2.10 1.26 1.13
14.31h h 0.095 1.23 0.45 0.90
14.31i i 0.072 0.432 1.55 1.28
14.31j j 0.069 0.716 1.69 1.63
14.31k k 0.190 1.26 2.02 2.11
Note: — = not tested.

TABLE 14.10
SAR of Indolo[2,3-alcarbazole Glycoside Analogs 14.32

H
I TN
N N
\ H
Sugar
14.32
CDK4 CDK2
Icso (rM) |C50 (rM) PKCB 11
Compound Sugar (Rb'NG) (Rb'NG) 1C;, (nM)
14.32a p-glucose 0.785 6.880 0.594
14.32b D-galactose 1.762 2.063 5.268
14.32¢ L-Fucose 1.600 1.830 2.040
14.32d L-Rhamnose 0.076 0.296 1.145
14.32¢ p-Xylose 0.130 0.404 0.318

14.32f D-Maltose 0.803 16.18 0.748
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derived from L-rthamnose, was found to be the most potent inhibitor in D1/CDK4 with
an IC;, of 0.076 UM, which also demonstrated selectivity against E/CDK2 and PKCJ II.

14.7 EFFECT ON CELL CYCLE AND pRb
PHOSPHORYLATION BY D1/CDK4 INHIBITORS

CDK4 plays a critical role in the G,-S transition of the cell cycle by specifically
phosphorylating the Ser780 residue on the Rb protein.'® As discussed in previous
sections, the carbazole D1/CDK4 inhibitors demonstrated antiproliferative activity
in a variety of tumor cell lines. Thus, inhibition of cellular CDK4 activity will result
in the inhibition of Rb phosphorylation on Ser-780 and cell cycle arrest in the G, phase.
Cell cycle effects in HCT-116 cells were examined by flow cytometry.!® A cell cycle
inhibition study was conducted by treating HCT-116 cells with different concentrations
of the CDK4 inhibitors for 24 h and then analyzing them by flow cytometry. Treatment
of the HCT-116 cells with these indolocarbazole D1/CDK4 inhibitors resulted in a
significant accumulation of cells in the G, population and decreased the S and G,/M
populations (Table 14.11). In most cases, G, arrest occurred at the same concentration
range as that for the corresponding cell growth inhibition (cellular inhibition 1Cs).

TABLE 14.11
G, Arrest and Inhibition of Rb (Ser780) Phosphorylation in HCT 116
Cells of Carbazoles

G, Arrest
ICs, (Fold Increase over Percentage Inhibition of Rb
HCT-116 Control) Phosphorylation (Ser780)
Compound (»M) @1xI1C,, @3xICs, @ 1 x1C;, @ 3 x 1C;,
14.7q 2.47 2.6 3.6 72 98
14.70 3.53 2.3 1.8 66 97
14.7p 0.76 2.3 2.8 82 89
14.8b 1.60 2.0 2.9 60 91
14.9m 0.91 2.0 2.0 21 70
14.10a 0.31 1.5 1.8 82 79
14.12 1.05 — — 24 82
14.14a 0.66 1.0 1.2 3 82
14.14b 5.05 — — 77 75
14.20 0.11 1.9 1.2 73 86
14.27b 2.11 1.4 2.5 63 97
14.270 1.80 2.6 2.6 89 97
14.271f 1.43 2.0 2.2 83 95
14.28¢ 1.00 1.9 2.2 52 55
14.29m 1.05 2.9 3.4 45 83
14.30m 0.89 1.8 2.0 67 95
14.31i 1.55 1.8 2.7 57 78

14.32¢ 1.70 3.0 6.7 33 94
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FIGURE 14.6 Synthesis of aryl indolocarbazoles (14.33).

Inhibition of Rb phosphorylation at the CDK4-specific Ser780 residue was inves-
tigated by Western blot analysis by measuring phospho-Rb37% levels using a phospho-
specific antibody.?? Colon carcinoma cells (HCT-116) were treated with compounds
at 1x and 3x antiproliferation ICy, concentrations for 24 h, followed by Western blot
analysis. As shown in Table 14.11, these compounds potently inhibited phosphoryla-
tion of RbS7%, demonstrating that they inhibit cellular CDK4 activity. These specific
observations on the G, cell cycle arrest and strong inhibition of phosphorylation of
Ser780 on pRb were consistent with inhibition of cyclin D1/CDK4.

14.8 CHEMISTRY

The general synthetic approach to the indolocarbazole compounds 14.33 is outlined in
Figure 14.6. The key step in the synthesis of these compounds involved the cyclization
of indolo-aryl-maleimides 14.32 to the corresponding indolocarbazole 14.33. This was
accomplished by oxidative cyclization mediated by a variety of oxidation systems, for
example, DDQ in the presence or absence of a catalytic amount of p-toluene sulfonic
acid using benzene, toluene, or dioxane as solvent,?! Pd(OAc),,? or PIFA.?* Alternatively,
the cyclization of bisindolylmaleimide 14.32 could be carried out under photochemical
conditions with or without iodine in a benzene/methanol solvent combination.?*

A Heck cyclization for 2-bromoheteroaryl indolylmaleimides 14.34 was also
successful for the synthesis of certain carbazole analogs (Figure 14.7).25 Aryl- and
heteroarylindolyl maleimide 14.32 was prepared in good yield via base-promoted
condensation of an appropriately substituted indolyl 3-acetamide 14.35 with an
aryl/heteroaryl glyoxylate 14.36 in the presence of potassium tert-butoxide in THF
based on Faul’s procedure. Modifications such as substituted indolyl 3-glyoxylate
14.37 with an aryl 3-acetamide 14.38 (Figure 14.8) are well tolerated.?® In some

14.34 14.33

FIGURE 14.7 Alternative synthesis of aryl indolocarbazoles (14.33).
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FIGURE 14.9 Synthesis of indolocarbazole glycosidic analogs (14.44).

cases, dehydration of the hydroxyimide intermediates (14.39 and 14.40) was slow
under basic conditions, so concentrated hydrochloric acid was added to accelerate
the dehydration of this intermediate. Both the starting aryl acetamides (14.35 and
14.38) and the aryl glyoxylates (14.36 and 14.37) are readily available by simple
transformations from easily accessible starting materials.?’

Indolo[2,3-a]carbazole glycoside analogs were prepared from direct glycosida-
tion of an indole-indoline intermediate 14.42 using conditions similar to those
developed by Chisholm and Van Vranken (Figure 14.9).28 Subsequent oxidation of
intermediate 14.43 in the presence of DDQ affords the desired glycosidated indolo-
carbazole 14.44.%

14.9 SUMMARY

A novel class of potent CDK inhibitors based on carbazole is described. Structure—
activity studies as well as x-ray co-crystal analysis of the inhibitor/CDK2 complex
revealed the binding mode of the compound in the ATP pocket and was successfully
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utilized in the discovery of new potent CDK4 inhibitors. The selectivity for CDK4
vs. other kinases can be achieved by tuning different substituents on the carbazole.
Moreover, these carbazole-based CDK4 inhibitors are ATP competitive and capable
of inhibiting cell growth in the human tumor cell lines HCT-116 and NCI-H460. In
addition, the specific G, cell cycle arrest and selective inhibition of phosphorylation
of Ser780 on pRb are consistent with the in vitro D1/CDK4 inhibitory activity.
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15.1 INTRODUCTION

Pyrazoles are very common heterocyclic nuclei in medicinal chemistry. Examples
can be easily retrieved for several therapeutic areas in drug discovery, and some
marketed compounds contain an embedded 1H-pyrazole ring (MDL, Comprehensive
Medicinal Chemistry Database).

In recent years there has been an intensive application of isolated and fused 1H-
pyrazole heterocycles in the field of kinase inhibition. Cyclin-dependent kinases
(CDKs) constitute one of the most popular families of kinase targets in drug discovery.
In particular, CDK2 has been chosen by many companies as a suitable target for
blocking excessive proliferative activity, a hallmark of all cancers.

With regard to ATP-competitive CDK2 inhibitors, two interactions are consistently
observed in the ATP-binding pocket: (1) at least one hydrogen bond with the hinge
region of CDK?2 and (2) lipophilic (mostly aromatic) interactions with two hydrophobic
regions. The two regions are the adenine region occupied by the adenine moiety and
the buried region in the back of the ATP pocket, in front of Phe80 (Figure 15.1)
(Vulpetti and Bosotti, 2004). The pyrazole nucleus is very much suited to providing,
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FIGURE 15.1 Overlay of different CDK2 inhibitors (gray carbon atoms) on the structure of
CDK2/cyclin A complexed with ATP (1QMZ PDB code, black). With the exception of the
gatekeeper Phe80 residue, only the backbone of the residues forming the hinge region of
CDK?2 is shown.

through the adjacent nitrogens, the donor—acceptor interactions required to harbor
the hinge region of kinases (Figure 15.2). In addition, the chemistry of the pyrazole
ring is usually straightforward and allows rapid parallel expansion using a variety
of substituents to reach other regions of the ATP-binding pocket of kinases.

o n Pheso
Glug1
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Phe82 0..
\
o N R
N—Heer N, |
\§
Leu83
o R
H—N
\

FIGURE 15.2 Schematic representation of the pyrazole scaffold interacting with the hinge
region of CDK2.
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In this chapter we will discuss the discovery and some preclinical development
of pyrazole-based CDK2 inhibitors. In particular, we will show how, starting from
simple and low molecular weight 3-aminopyrazole hits, we rapidly achieved orally
bioavailable CDK2 inhibitors for preclinical development. This early class served
also as a foundation for the search of related, yet different, pyrazole-based scaffolds
able to probe previously unexplored regions of the CDK2 ATP pocket. Further
examples of pyrazole compounds in the recent literature of CDK inhibition will also
be highlighted.

15.2 3-AMINOPYRAZOLES

The 3-aminopyrazole class emerged from an effort aimed at finding potent CDK
inhibitors (Pevarello et al. 2004). High-throughput screening (HTS) was performed
against CDK2/cyclin E, and the hits obtained were ranked according to several
criteria, including the following: the accessibility of the basic scaffold of the hit
compounds (e.g., the 3-aminopyrazole nucleus), the existence of several hits with a
common substructure and, potentially, some preliminary understanding of a possible
SAR, the identification of low molecular weight basic scaffolds that are easily
functionalized with both commercially available and proprietary building blocks,
the amenability to rapid chemical expansion (e.g., suitability to both solution and
solid phase parallel synthesis), and patentability.

The 3-aminopyrazole class satisfied these criteria and was thus selected for
further expansion. The crystal structure of CDK2 with 15.1 was determined (Figure 15.3),
and a basic pattern of protein—inhibitor interactions soon became apparent. The three
nitrogens of the 3-aminopyrazole scaffold were involved in a donor—acceptor—donor
hydrogen bond triad, making contact with the hinge region (Glu81-Leu83) of the
kinase ATP pocket. The 5-cyclopropyl ring occupied the narrow lipophilic pocket
formed by Vall8, Ala31, Val64, and Phe80. The plane of the cyclopropyl ring was

FIGURE 15.3 (See color insert following page 142.) ATP-binding pocket residues of the x-ray
structure of CDK?2 in complex with 15.3. The three hydrogen bonds between the CDK?2 hinge
region and the inhibitor are drawn as dashed lines.
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almost perpendicular to the plane of the pyrazole ring and was packed against the
phenyl ring of Phe80. Finally, the benzene ring of 15.1 was directed toward the
solvent-accessible region of the enzyme pocket, contributing to the overall binding
through lipophilic interactions with the side chains of Ile10 and Phe82 and the main
chain of His84 and Asp86.

A classical medicinal chemistry approach to hit expansion consists of fixing one
position of the hit molecule (e.g., the aryl pointing toward the solvent-accessible
region) while varying the other position (e.g., the 5-substituent tucking into the
narrow lipophilic pocket). This approach was applied to the 3-aminopyrazole series,
and according to structural evidence the cyclopropyl group (or a small cycloalkyl
group) was found to be best suited to fill the buried region pocket (Table 15.1).

A strong synthetic methodology suitable for rapid parallel expansion is always
desirable. Synthetic schemes should ideally entail simple and inexpensive reagents
and the presence of a key intermediate that can be scaled up easily to be function-
alized with the widest variety of commercially available and proprietary building
blocks. These criteria were fulfilled by the syntheses devised for the 3-aminopy-
razole CDK2 inhibitors. Compound 15.2, for example, is a key intermediate in
these syntheses (Orsini et al., 2005) (Figure 15.4). The 3-aminopyrazole system
exists in several tautomeric forms, and its reactivity toward acylating agents is
deceptively simple. Double acylation of the 3-aminopyrazole scaffold (Brinkmeyer
and Terando, 1989) and subsequent selective hydrolysis of the more labile endocy-
clic residue is not an optimal choice in terms of atom economy and results in
unsatisfactory yields. To get a suitably reactive 3-aminopyrazole substrate (e.g.,
15.2), we masked the exocyclic amino group via an oxidation-reduction sequence,
finding that the 3-nitro group (Figure 15.4) can act simultaneously as a protecting
and directing group, both for steric and electronic reasons. Expansion at the 3-
position could then take advantage of this straightforward synthetic scheme and
was accomplished in an exhaustive manner. Some results obtained with different
3-arylacetamido groups are reported in Table 15.2. Some compounds were single-
digit nanomolar inhibitors of CDK2/cyclin A. Among them, compound 15.3 was
not the most active in the biochemical assay but displayed potent antiproliferative
activity against different human tumor cell lines (Table 15.3) and showed an overall
druglike profile compatible with an in vivo evaluation. The suitability of the
aminopyrazole scaffold as an adenine-mimetic is demonstrated by the superposition
of 15.3 and (R)-roscovitine complexed to CDK2/cyclin A. The two compounds can
be placed in identical positions with respect to the protein (Figure 15.5). In par-
ticular, the cyclopropyl of 15.3 and the isopropyl of (R)-roscovitine overlap per-
fectly and make similar interactions within the buried region. Furthermore, the
naphthyl moiety of 15.1 lies in the same plane as the phenyl moiety of the (R)-
roscovitine N-6-benzyl group, allowing hydrophobic interactions with the side
chains of Ile10 and Phe82 (Figure 15.5b).

Importantly, 15.3 showed remarkable selectivity when tested in a panel of 33
kinases, with CDK2/cyclin E, CDK1/cyclin B, and CDK5/p25 being the only kinases
inhibited at a comparable concentration (Table 15.4), and it displayed potent in vitro
activity in tumor cell proliferation assays. Furthermore, it exhibited significant in
vivo activity in A2780 xenografted nu/nu mice (Pevarello et al., 2004).
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TABLE 15.1
SAR of 3-Propylamido- and 3-Benzamidoaminopyrazoles

H

N Ry
L3 Y

/NO
N

Entry R R, CDK2/Cyclin A IC;, (uM)
Methyl Phenyl 1.50
Methyl Propyl >10
Cyclopropyl Propyl 0.22

15.1 Cyclopropyl Phenyl- 0.29
Cyclopropyl 4-Br—C,H,— 0.034
Cyclopropyl 4-CI-C¢H,~ 0.085
Cyclopropyl 4-OMe—-C,H,— 0.70
Cyclopropyl 4-COOH-C,H,- 0.16
Cyclopropyl 4-CONH,—-C(H,— 0.068
Cyclopropyl 3-Br-C¢H,— 0.99
Cyclopropyl 3-CI-C,H,— 1.00
Cyclopropyl 3-OMe-C¢H,~ 0.60
Cyclopropyl 3-CF,—CH,—~ 0.50
Cyclopropyl 2-Br—-C,H,— 1.50
Cyclopropyl 2-ClI-C¢H,~ 1.00
Cyclopropyl 2-OMe-CH,— >10
Cyclopropyl 2,6-diC1-C;H,— >10
Cyclopropyl 3,4-diCI-CH,~ 0.083
Cyclobutyl 4-Br-C{H,~ 0.090
Cyclopentyl 4-Br-C;H,— 0.050
Cyclohexyl 4-Br-C;H,— 1.00
Methyl 4-Br—C¢H,— 6.0
Ethyl- 4-Br—C¢H,— 0.63
Propyl 4-Br-C{H,~ 0.65
Isopropyl 4-Br-C,H,— 0.20
Sec-butyl 4-Br-C;H,— >10
Tert-butyl 4-Br-C;H,— >10
Phenyl 4-Br—CH,— >10
Benzyl 4-Br—C,H,— >10

Further optimization of the lead compound 15.3 continued (Pevarello et al.,
2005). Compound 15.3 displayed low solubility (below 50 uM) in aqueous buffer.
The extent of dissolution was sufficiently high to evaluate the compound in vivo but
precluded its possible use in an intravenous administration setting in the clinic.
Furthermore, 15.3 was a strong human serum albumin (HSA) binder in a preliminary
assay. A lead optimization program was therefore launched with the aim of finding
a compound retaining the good pharmacological properties of 15.3 while improving
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15.2

FIGURE 15.4 Synthesis of aminopyrazoles. Reagents and conditions: (a) Oxone®, NaOH,
NaHCO,, water, acetone, 0°C, 56%; (b) (Boc),0, CH,Cl,/aq. NaHCO;, 95%; (c) H,/Pd-C

10% 50 psi, EtOH, 95%.

physicochemical properties such as solubility and plasma protein binding (PPB).
The cyclopropyl ring was maintained in the new series of molecules, and variations
were made to the part of the molecule pointing toward the solvent accessible region,
i.e., the arylacetamido portion. The presence of a small group at the benzylic position
(a methyl or a fluorine) was tolerated (Table 15.5), and according to modeling
indications the S-enantiomer proved to be the active isomer. Adding a methyl at this
position also allowed an increase of solubility in the administration vehicles commonly

TABLE 15.2

SAR of 3-Arylacetamido-aminopyrazoles

Entry R

Cyclopropyl
Cyclopropyl
Cyclopropyl
Cyclopropyl
Cyclopropyl
Cyclopropyl
Cyclopropyl
Cyclopropyl
Cyclopropyl
Cyclopropyl
Cyclopropyl
15.3 Cyclopropyl
Cyclopropyl

R,

Phenylacetyl
4-CONH,-phenylacetyl
3-OMe-phenylacetyl
4-(2-Pyrrolidin-1-yl)-ethoxy
4-OCF;-phenylacetyl
4-Biphenylacetyl
4-(3-Fluorobiphenyl)acetyl
4-(3-Methylbiphenyl)acetyl
4-(4-Carboxybiphenyl)acetyl
4-(4-Carboxamidobiphenyl)acetyl
4-(2-Thenyl)-phenylacetyl
4-(2-Naphthyl)acetyl
4-(1-Naphthyl)acetyl

CDK2/Cyclin
A 1G5, (pM)

0.048
0.074
0.029
0.095
0.067
0.056
0.004
0.009
0.011
0.004
0.003
0.037
0.038

A2780 Cells IC;,
(_M) £ SD

16.40 + 1.12
2.83 £0.23
>20

6.98 + 0.81
4.99 +0.57
0.111 £ 0.039
0.182 + 0.003
0.205 + 0.007
>20

1.46 £ 0.16
0.121 £ 0.003
0.29 + 0.049
0.90 £ 0.11
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TABLE 15.3

Antiproliferative Activity of 15.3 on Different Human Tumor Cell Lines
A2780 Cells IC;,  HT-29 Cells IC;, ~ HCT116 Cells DU145 Cells IC,
(uM) + SD (uM) + SD IC;, (MM) £SD (M) + SD

153 0.29 £0.049 0.170 + 0.001 0.073 + 0.030 0.651 + 0.089

used for in vivo testing, such as aqueous Tween20 or PEG50. This modification was
therefore retained throughout the optimization path. Compound 15.3 contained a [3-
naphthyl moiety, a very lipophilic entity that most likely caused its high PPB. A
heterocycle replacing the second phenyl ring of 15.3 would point outside the ATP
pocket and maintain the lipophilic contacts with the amino acids lining the pocket,
and thus the activity, but would also likely decrease the affinity to plasma proteins
and possibly increase solubility. A first set of compounds replaced the B-naphthyl
moiety of 15.3 with different 4-lactam-1-yl-phenyl moieties. The para position was
chosen for the heterocyclic substitution because it allowed the substituent to directly
point toward the solvent-accessible region. A simple unsubstituted 5-membered
lactam (15.4) was as active as the parent lead against CDK2/cyclin A (Table 15.6).
Improvements in activity were seen with the benzo-fused analogs of 15.4 and by
substituting the 5-membered ring lactam, though the latter compounds turned out
to be less active in the cellular assay. Compound 15.4 was also active in cells in
the submicromolar range and scored a >tenfold increase in buffer solubility over
15.3. The complex of 15.4 with CDK2/cyclin A was solved (data not shown), but
it was difficult to unambiguously define the orientation of the pyrrolidone ring.

A B

FIGURE 15.5 Crystal structure of 15.3 in complex with CDK2/cyclin A. (a) Overlap of 15.3
(atom-type colored) and roscovitine (magenta) complexed to CDK2/cyclin A. (b) Surface
representation of ATP-binding cleft, colored by residue hydrophobicity, in complex with 15.3.
Red indicates most hydrophobic residues and blue indicates the most polar ones.
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TABLE 15.4
Selectivity Profile of 15.3 in a Panel of 33 Kinases

1C;, Enzyme Assay
Kinase (rM) Concentration (nM) Substrate Buffer Format
CDK2/cyclin A 0.037 1.1 HISTONE H1 A SPA
CDK2/cyclin E 0.092 1.1 HISTONE H1 A SPA
CDK5/p25 0.114 4 HISTONE H1 A SPA
CDKl/cyclin B 0.270 4 HISTONE H1 A SPA
CDK4/cyclin D1 >10 60 RB A Multiscreen
ABL >10 1.2 MBP B SPA
AKT-1 >10 5 AKTtide A Dowex
AUR2 >10 2.5 CHOCKtide 4X C SPA
CDC7/DBF4 >10 18 MCM2 C SPA
CHK-1 >10 12 CHKtide B SPA
CK-2 >10 0.7 MCM2 C SPA
EGFR-1 >10 9 MBP B SPA
ERK-2 4.60 3 MBP A Dowex
FGFR-1 >10 4 MBP B SPA
GSK3p 1.90 20 MBP B SPA
IGFR-1 >10 6 IRStide D SPA
IKK-2 >10 15 IKBalpha C SPA
IKKi >10 5 IKBalpha B Dowex
IR >10 5 IRStide C SPA
KIT >10 4 KITtide B SPA
LCK >10 1.3 MBP B SPA
LYN >10 2 HISTONEHI B SPA
MET >10 10 MBP B Dowex
p38a >10 5 MBP B Dowex
PAK4 >10 2 PAKtide B SPA
PDGFR-1 >10 9 MBP B SPA
PDKI1 >10 15 PDKtide C SPA
PKCbeta >10 2 HISTONE H1 B SPA
PLK1 >10 50 aCASEIN E Dowex
RET >10 5 MBP B SPA
STLK2 >10 1 MBP B SPA
TRKA >10 1.5 MBP B Dowex
VEGFR-2 >10 4.7 MBP D SPA
VEGFR-3 >10 10 MBP B SPA
ZAP70 >10 8 GASTRIN D SPA

Table 15.7 reports different 5-membered heterocycles. Among them, the imidazolinone
15.4b was similar in potency and other properties to 15.4. Contrary to 15.4, com-
pound 15.4b was very well defined in the x-ray structure with the protein (Figure 15.6).
The carbonyl of the imidazolinone ring interacted with a water molecule that in turn
bridged to Lys20. The NH group of the imidazolinone was within hydrogen bond
distance of Glu8, although, from the electron density this latter residue was obviously
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TABLE 15.5
SAR of a-Substituted 3-Phenylacetamido-5-Cyclopropyl-1H-Pyrazoles

R

H
N
/A
N [0)

N 7

H
R Configuration CDK2/Cyclin A 1C;, (M)
Methoxy R,S 5.0
Methoxy S 2.0
Methoxy R >10
Fluoro R,S 0.099
Amino S 0.96
Phenyl R,S >10
Oxo 2.60
Methyl R,S 0.17
Methyl S 0.084
Methyl R 6.0

somewhat mobile. Bulkier groups such as benzyl were detrimental for activity,
solubility, and PPB. Introducing unsaturation into the 5-membered ring of the
imidazolinone did not hamper CDK2/cyclin A inhibitory activity but considerably
worsened cellular activity. Adding a second carbonyl moiety on the lactamyl ring

r

FIGURE 15.6 Superposition of the CDK2/cyclin A complex with compound 15.4b
(yellow/brown carbon atoms) on the complex with 15.3 (green/cyan carbon atoms). It can be
seen that the two inhibitors have very similar binding modes. Ile10 appears to adopt a different
conformation in the two complexes. The electron density for this residue is better defined in
the complex with 15.3 than for that with compound 15.4b.
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TABLE 15.6
SAR of 3-(4-Lactam-1-yl)Phenylacetamido-5-Cyclopropyl-1H-Pyrazoles

H

/A
H’N © Het
CDK2/ Solubility Plasma
Cyclin  A2780 (nM; Protein
o-Methyl A IG;, 1C;5 Buffer Binding
Entry Het Configuration (LM)? (LM)? pH 7) (%)

/

R,S 0.17 0.63 >250 72

R 2.50 12.2 >250 70

/

/

0.80 >250 74
15.4 ~ RS 0.24 >10 240 59
(e}
\N\b/CONHa RS 0020 571 120 57
(0]
~
N Y RS 0.15 6.40 222 67
(0]
N
RS 0.20 153 50 97
Ph
(@]
N
\b RS 0013 475 12 ND
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TABLE 15.6 (CONTINUED)
SAR of 3-(4-Lactam-1-yl)Phenylacetamido-5-Cyclopropyl-1H-Pyrazoles

CDK2/ Solubility Plasma
Cyclin  A2780 (»M; Protein
o-Methyl A IG,, 1C;p Buffer Binding
Entry Het Configuration (uM)?2 (uM)?2 pH 7) (%)
(0]
N R 0.17 ND 51 ND
(e]
~N
S 0.002 1.02 5 ND
H
N
\
153 ! . OO 0037 029 2 99
N
H

2At least two independent experiments were performed for each compound in order to determine
IC, values. Potency is expressed as the mean of ICs, values obtained by nonlinear least-squares
regression fitting of the data. The coefficient of the variation of the mean ranges from 10% to 24%.

of 15.4 gave a moderately active compound devoid of cellular activity. This latter
finding, although surprising, is rather common in the practice of the medicinal chem-
istry in oncology; even minor modifications can impact cellular activity positively or
negatively, as discussed in Pevarello et al., 2004. Other heterocyclic moieties were
tried as a replacement of the naphthyl group of 15.3, but none of them worked better
than the imidazolinone group of 15.4 (Pevarello et al., 2005). Attempts were made
to fine-tune the S-membered heterocycle, but substituted and unsubstituted imidazoli-
nones, imidazolindiones, imidazolones, triazolones, pyrrolidinones, and sultams
(Table 15.7 and Table 15.8), although producing in some cases potent CDK2 inhibitors
in the bioassay, yielded only the oxazolidinone 15.5 with an activity/preliminary
druglike profile comparable to that of the imidazolinone 15.4. In general, the SAR
of this portion of the molecule shows that although a variety of substituents pointing
toward the solvent-accessible region are allowed, the prediction of the potency of the
compounds remains difficult because the region is characterized by a high degree of
conformational motion for both the protein and the inhibitor. Two compounds, 15.4
and 15.5, were advanced into further cellular and selectivity studies and an in vivo
preliminary assessment to assess them in an in vivo pharmacological tumor model.
Results showing a G1 block in synchronized HT-29 cells with a concomitant block
of BrdU incorporation in treated cells, coupled with a phosphorylation block of the
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TABLE 15.7
SAR of 3-(4-Heterocycl-1-yl)Phenylacetamido-5-Cyclopropyl-1H-Pyrazoles

H
N

J \
N
N~ ° Het
H
CDK2/ Solubility  Plasma
CyclinA  A2780 (rM; Protein
o-Methyl IC,, 1C;, Caco-2 Buffer  Binding
Entry Het Configuration  (nM)? (uM)?  Permeability  pH 7) (%)
[0}
N
R,S 0.077 >10 Moderate 220 48
[0}
(o}
~N )l\ NH R,S 0.012 2.25 Moderate 224 74
/
o]
~N )I\ NH R 0.45 13.2 Moderate 220 74
/
(o}
15.4b ~N )L NH S 0.002 1.27 Moderate >225 74
/
[0}
A
N RS 0.017 454 Low 201 67

N; NH R,S 0.12 >10 Low 218 50
(o]

o
- NJ\NH RS 0.011 6.98 Low 233 74
\—/
o
-~ NJ\NH RS 0.073 8.39 Low 109 58
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TABLE 15.7 (CONTINUED)
SAR of 3-(4-Heterocycl-1-yl)Phenylacetamido-5-Cyclopropyl-1H-Pyrazoles

CDK2/ Solubility ~ Plasma
Cyclin A A2780 (nM; Protein
o-Methyl IC,, 1C;, Caco-2 Buffer  Binding
Entry Het Configuration (nM)?2 (®M)?  Permeability pH 7) (%)
o]
\N)I\N/\ph R.S 1.45 ND ND 2 100
/
(o]
~ N)l\sze R,S 0.029 1.68 Moderate 221 83
(o)
\NJ\N’W R 8.50 ND Moderate 218 83
o
\N)l\sze S 0.017 1.40 Moderate 210 83
H
N
153 / /\N o OO 0.037 029 High 22 99

2 At least two independent experiments were performed for each compound in order to determine ICy,
values. Potency is expressed as the mean of ICy, values obtained by nonlinear least-squares regression
fitting of the data. The coefficient of the variation of the mean ranges from 10% to 24%.

substrate pRb are shown in Figure 15.7 and Table 15.9. This data collectively show
that both compounds are able to block the cell cycle of tumor cells in the G1/S phase
and that they do so by blocking phosphorylation of one of the major substrates of
CDK?2. Table 15.10 reports kinase selectivity data for 15.4 and 15.5 together with
the IC,, against three tumor cell lines. The compounds are similar in profile in
biochemical and cellular potency and in selectivity toward other kinases.

To prioritize a compound for in vivo efficacy studies, it is very important to gain
knowledge about its PK/ADME properties both in vitro and in vivo. As shown in
Table 15.11, such an assessment was made for both 15.4 and 15.5 and the overall
profile turned out to be more favorable for 15.4. Solubility was deemed acceptable
for an oral compound; Caco-2 cell penetration was, respectively, high and moderate;
the compounds were not subjected to CYP4503A4 metabolism in a preliminary
assay; and PPB was moderate. A low to moderate clearance and a low volume of
distribution were common features of both compounds. Oral bioavailability was
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TABLE 15.8
SAR of 3-(4-Heterocycl-1-yl)Phenylacetamido-5-Cyclopropyl-1H-Pyrazoles

H
N
/A
N [¢]
N Het
H
CDK2/ Solubility ~ Plasma
cyclin A A2780 (rM; Protein
o-Methyl 1C;, 1C;, Caco-2 Buffer Binding
Entry Het Configuration (mM)?2 (uM)*  Permeability pH 7) (%)
(0}
~nN J\o RS 0025  1.04 Moderate 222 73
(0}
=~ N)Lo R 2.5 ND Moderate 220 72
(0}
15.5 \NJ\O S 0020  0.79 Moderate 232 74
o O
\\s//
~n~ R,S 0.013 5.24 Moderate 135 78
Bt
R.S 0.20 0.37 Low 3 96
it
S 0.080 0.22 Low 24 98
H
N
15.3 S OO 0037 029 High 2 99
7
N
H

2 At least two independent experiments were performed for each compound in order to determine 1Cs,
values. Potency is expressed as the mean of ICy, values obtained by nonlinear least-squares regression
fitting of the data. The coefficient of the variation of the mean ranges from 10% to 24%.
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TABLE 15.9
Percentage of BrdU Incorporation in Treated and Untreated HT-29 Cells
Flavopiridol 155 15.5 15.4 15.4
Control (1 pM) aApM) GpM) (1 pM) G pM)
Brdu positive cells (%) 40 1 65 0.7 25 4

TABLE 15.10
Kinase Selectivity and Tumor Cell Antiproliferative Activity of Compounds 15.4
and 15.5

CDK5/ Other A2780
CDK2/A CDK2/E  CDK1/B p25  CDK4/D1  Kinases? IC, HT29  HCT116
IG5, (MM) 1G5, (M) 1G5 (BM) 1G5, (M) 1G5, (M) 1G5, (BM) (M) IG5, (uM) IG5, (1M)
154 0.037 0.055 0.21 0.065 >10 GSK-3B: 074+ 064+ 135+
n=90) (=6 (=6 m=5 (=4 073@=13) 022 0.8 0.33
155 0.020 0.037 0.24 0.057 >10 GSK-3B: 072+ 075+ L13+
m=11) (=4 (=4 (n=4) (=2 04l (=6 013 023 0.67

@ From a kinase panel of 30 serine-threonine and tyrosine kinases as previously described. (Pevarello, P. et al. (2004)
Journal of Medicinal Chemistry 47(13), 3367-3380.)

definitely higher for 15.4 vs. 15.5, and thus the former was selected for an in vivo
efficacy trial in the A2780 xenograft nu/nu mice. As shown in Figure 15.8, compound
15.4 displayed a consistent tumor growth inhibition (TGI) in the A2780 mice (>70%)
after 20 consecutive days of administration at a dose of 7.5 mg/kg twice a day. This
result, compared to the 50% TGI obtained with the in vitro more potent 15.3, shows
the power of balancing activity vs. druglikeness as opposed to trusting only in the
pharmacological potency of a suboptimal druglike compound such as 15.3. Compound
15.4 also allowed the establishment of a relationship between the anti-tumor activity
observed in vivo in the xenograft model and markers of CDK?2 inhibition in tumor

TABLE 15.11
In Vitro and In Vivo ADME Parameters for Compounds 15.4 and 15.5

In Vitro ADME Parameters In Vivo ADME Parameters (CD-1 Mice)
CYP4503A4 Volume of Oral
Solubility Caco-2Cell (Percentageof PPB  Clearance Half-Life Distribution Bioavailability;
(rM) Permeability Remaining) (%) (ml/min/kg) t,, (min) V, (ml/kg) Fos (%)
154 239 High 96 74 5.8 0.8 (iv) 280 100
3.7 (0s)
15.5 225 Moderate 92 73 4.7 2.8 (iv) 573 63

3.1 (0s)
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FIGURE 15.8 Compound 15.4 shows 73% tumor growth inhibition (TGI) against a human
ovarian cancer model (A2780) transplanted into nude mice, when administered at 7.5 mg/kg
twice a day for 20 consecutive days.

sections taken from treated animals. BrdU incorporation and phosphorylation of pRb
on Ser795 (this site being phospho-specific for CDK2 and CDK4) were chosen as
markers of CDK2 inhibition. Sections of tumors were thus processed as described
in Figure 15.9. The IHC analysis of BrdU staining showed a significant reduction
in the percentage of positive cells in the tumor sections obtained from the treated
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FIGURE 15.9 (See color insert.) Analysis by IHC of the BrdU incorporation (A) and pRb staining
(B) of the sections of A2780 xenograft tumors at the end of treatment. Tumor sections were fixed
in formalin, paraffin embedded, and stained for BrdU incorporation and phospho-pRb expression.
The analysis shows a significant reduction of both BrdU and phospo-pRb positive cells in the
treated (15.4) vs. control tumors. Representative examples of the stainings are also reported.
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FIGURE 15.10 Other 3-aminopyrazole CDK inhibitors.

group compared to the section obtained from the vehicle group, thus demonstrating
a clear effect on DNA replication. A comparative analysis of the phospho-Rb positive
cells between the tumor sections obtained from the vehicle and the treated group indicated
a significant reduction of 50% (B), confirming that the tumor growth inhibition
obtained was related to the inhibition of the target CDK2. The 3-aminopyrazole
class clearly shows that it is suitable for identifying potent in vivo inhibitors of the
target enzyme and that the class expansion and refinement are greatly facilitated by
the chemical versatility of the scaffold.

Schering AG scientists reported compounds with a different substitution pattern at
positions 4- and 5- on the 3-aminopyrazole nucleus (Krueger et al., 2003). In this case,
a tetrahydrocyclopentane ring was condensed onto the 3-aminopyrazole ring (Figure 15.10),
thus providing a platform for a potentially longer-range exploration of the pocket as
compared to simple 4H, 5-substituted-3-amino-1H-pyrazoles. Also, for this scaffold,
protocols for rapid parallel synthesis were devised and published (Seelen et al., 2003).

15.3 BENZODIPYRAZOLES

In the isolated 3-aminopyrazoles discussed earlier, the ATP pocket is only partially
occupied. Prolonging the chain that exits at position 5 is a strategy for placing suitable
groups in the phosphate or sugar region of the pocket. This approach has been reported
in a patent (Salvati and Kimball, 2001) (Figure 15.10). Compounds such as 15.6
project, by all evidence, an oxazole ring into the phosphate-binding region similar to
the aminothiazoles published from the same company (Kim et al., 2002).

Another way of establishing a different pattern of interactions within the ATP-binding
site while retaining the adenine-mimetic anchoring of a pyrazole entails a condensation
of the 3-aminopyrazole ring onto another ring. If the latter ring can be easily function-
alized, then substituents can be directed toward the sugar- and phosphate-binding regions.
The 1,3,4,6-tetrahydropyrrole[3,4-c]pyrazole scaffold recently disclosed by Fancelli
(Fancelli et al., 2005) exemplifies this approach well (Figure 15.11).

This concept can be further extended to a tricyclic benzodipyrazole, as recently
published (D’ Alessio et al., 2005). A prototype of this chemical class is shown in complex
with CDK2/cyclin A (Figure 15.12). In this scaffold the two nitrogens of the pyrazole
ring A bind to the hinge region of CDK2. Groups R1 and R2 are allowed to point toward,
respectively, the sugar region/solvent-accessible areas and the phosphate-binding region.
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FIGURE 15.11 Schematic model of a bicyclic pyrazole placed into the ATP pocket of
a generic kinase.

The R3 bridge, in turn, can fit into the buried region. This compound was very potent
in the biochemical assay, whereas activity in cells was very weak. It was speculated that
the presence of both the sulfamoyl and carbamoyl moieties may prevent this compound
from penetrating cells efficiently. In particular, low lipophilicity (clogP: 0.49) and the
presence of several NH bonds were deemed to contribute to its poor cell permeability.
To improve these features, some modifications were designed, trying to retain those
functionalities directly involved in the binding to the protein as much as possible.

As for the R, group pointing toward the sugar region of the ATP pocket, the
replacement of the primary sulfonamido group with other moieties (Table 15.12) led

PSTAIRE Helix

'y

Hinge region /\
~N g Phosphate region
c
NfA | B \ I " Adenine regio 1
\N 2

R
H 3

Asp 145

Glycine Rich Loop

Ribose region

FIGURE 15.12 (See color insert.) General formula of tricyclic benzodipyrazoles (BDP) and
binding mode of a derivative into the ATP-binding pocket.
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TABLE 15.12
Variations at R12

CDK2/CyclinAIC,, (uM)  A2780 Cells IC;, (M)

R2 = -CONH, R3
Compound R1 -CH,CH~ -CH=CH- -CH,CH,~ -CH=CH-

—Ph-4-SO,NH, 0.004 0.0003 >20 8.74
—Ph-4-SO,NHMe 0.04 0.002 >20 >20

—Ph-4-SO,NMe, 0.54 0.010 13.92 1.89
—Ph-4-SO,NHBu 0.21 0.002 9.76 1.25
~Ph4-SO,N(CH, CH,),N-Me  >10 0.150 >20

—Ph-4-SO,Me 0.03 0.001 >20 8.81
-H 0.46 0.078 18.19 3.54
—Ph 0.15 0.014 5.27 3.86
—Ph-4-Me 0.14 0.015 8.05 0.88
—Ph-4-OMe 0.14 0.009 6.05 1.46
—Ph-4-Cl 0.16 0.008 >20 2.73
—Ph-4-F 0.27 0.036 8.50 1.65
—Ph-4-CF; 0.08 0.013 >20 177
—Ph-4-OCF, 0.51 0.037 >20 2.53
—Ph-4-CN 0.19 0.005 >20 1.94
~Ph-4-N(CH,-CH,),0 0.56 0.018 8.75 4.07
—Ph-4-(2-imidazolo) 0.25 0.075 >20 >20

—Ph-3-Me 0.16 0.009 1.88 0.40
—Ph-3-Cl 0.36 0.029 4.50 2.10
—Ph-3-F 0.42 0.028 4.10 1.50
~2-pyridyl 0.26 0.008 4.06 0.65
~3-pyridyl 1.60 0.062 448
-Bn 2.20 0.140 2.98
-Me 0.29 0.018 13.45 0.58
—CH,—CF; 0.02 0.002 2.67 0.26
_CH,-CH,-OH 115 0.028 0.92

Note: Only compounds with IC;(CDK2/cyclinA) < 1 pM have been tested in A2780 cell line.

@ Refer to the general formula in Figure 15.12.

to an increase of the antiproliferative activity. The slight loss in biochemical activity
was thus compensated by increased cell penetration, providing compounds with sub-
micromolar activity in an A2780 antiproliferation assay. Some variations were
also performed at R, in an attempt to conveniently replace the carboxamido group
(Table 15.13). Primary carboxamides proved to be the most active derivatives with a
reduction of the activity upon N-alkylation. Esters were considerably less active on
CDK2 than the corresponding amides, whereas acids and a methylketone retained some
activity, according to the binding mode of the parent compound. Among other func-
tionalities explored, the hydroxamic acid was the most promising one, showing activity
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TABLE 15.13
Variations at R22

CDK2/Cyclin A IC;, (uM)  A2780 Cells IC;, (nM)
R3

-CH,CH,~ -CH=CH- -CH,CH, -CH=CH-

R1 R2 -
~Ph-4-OMe ~COOE! 8.1 75
~CONH, 0.14 0.009 6.05 1.46
-COOH 2.1 0.21 >20
~CONHNH, 2.1 1.3
~CONHOH 0.69 0.029 75 2.82
~CONHOCH,CH=CH, 45
—CN 1.75
~C=N(OH)NH, 0.31 46
-NH, >10
—Ph-4-SO,NHBu —COOEt 10
—CONH, 0.21 0.002 9.76 1.25
-COOH 1.2
~CONHMe 0.6 0.16 102 2.9
~CONHOCH,CH=CH, 2.85 02 8.7
—Ph-4-Me ~COOEt 8.5
-CONH, 0.14 0.015 8.05 0.88
~-COMe 0.9 >20

Note: Only compounds with IC;(CDK2/cyclin A) < 1 uM have been tested in A2780 cell line.

2 Refer to the general formula in Figure 15.12.

comparable to the parent amide and conferring higher solubility on the scaffold. A
considerable improvement in activity and selectivity was achieved through modifica-
tions of the central ring B (i.e., R;, Figure 15.12). Dihydrobenzodipyrazoles (DBP)
were always more active than their tetrahydrobenzodipyrazole (TBP) counterparts, both
in terms of potency on CDK2/cyclin A and antiproliferative activity on the A2780
tumor cell lines. According to the information obtained in the isolated 3-aminopyrazole
series (in which a small-to-medium-size alkyl group such as cyclopropyl or isopropyl
gives best results; see Table 15.1), we added a 4,4-gemdimethyl moiety to the central
ring of benzodipyrazoles and found a compound that was similar in activity compared
to the unsaturated or saturated/unsubstituted ring B, but had a considerable advantage
in terms of kinase selectivity. GSK3p is a well-known cross-reacting kinase in many
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FIGURE 15.13 Compound 15.7 docked in CDK2 and GSK3 crystal structure.

CDK inhibitor programs (Meijer et al., 2004). Although there is no proven relationship
between GSK3p inhibition and any undesirable side effect, it is important to isolate
the two kinase activities. Figure 15.13 shows a 4,4-gem-dimethyl derivative docked in
CDK?2 and GSK3p crystal structures solved in-house (Bertrand et al., 2003). The larger
size of GSK3B/Cys199 vs. CDK2/Alal44 and the non-planar nature of GSK3p/Leul32
vs. CDK2/Phe80 would be responsible for the selectivity due to gem-dimethyl clashing
with the GSK3 residues (Vulpetti et al., 2005). As shown in Table 15.14, compound

TABLE 15.14
4,4-Gem-Dimethyl Series?

Compound R1 R2

-Ph-4-Me -CONH,

15.7

R3
~CH,-CH,~
~CH=CH-
~CH,~C(CH,),~

@ Refer to the general formula in Figure 15.12.

CDK2/ A2780
Cyclin A GSK3p Cells
IG5 (WM) 1G5 (WM) 1G5, (M)
0.14 0.46 8.05
0.015 0.023 0.88
0.087 >10 1.65
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15.7 was able to inhibit the CDK2/cyclin A complex at concentrations comparable to
those of the corresponding dihydrobenzodipyrazole without affecting GSK3p kinase
activity.

15.4 OTHER PYRAZOLE-BASED CDK INHIBITORS

In parallel to our efforts on pyrazole-based scaffolds, other groups have worked on
and published CDK2 inhibitors that contain an embedded pyrazole acting as an
adenine-mimetic ring. Structural analysis of 3-aryl-1H pyrazole in complex
with CDK2 (Figure 15.14) performed at Novartis revealed that both of the
tautomeric forms of the pyrazole can bind to the hinge region of CDK2 (Furet
et al., 2002).

In binding mode (I) the pyrazole ring makes two hydrogen bond interactions with
the carbonyl oxygen of Glu81 and the amide nitrogen of Leu83. In binding mode
(IT) both the pyrazole nitrogens, N1 and N2-H, interact respectively with the carbonyl
oxygen and the amide nitrogen of Leu83.

Binding mode (I) resembles the binding mode of the 3-amino pyrazoles and
benzodipyrazoles described in the previous paragraphs, whereas binding mode
(ID) is similar to that of the indenopyrazole class developed at DuPont (Nugiel
et al., 2001).

At variance with the binding mode displayed by the pyrazole moieties discussed
previously, a pyrazole containing scaffold showed a different placement into the ATP
pocket. Bristol-Myers Squibb’s 1H-pyrazolo[3,4-b]pyridine inhibitors of CDK1/cyclin
B and CDK2/cyclin E (Misra et al., 2003) bound into the ATP pocket of CDK2
alone showed involvement of both the pyrazolo and the pyridine nitrogens to form
hydrogen bonds with Leu83 (Figure 15.15).

N=H===== N=
W,
0---H"1
H—N
\ 7\
~

(U] ()

FIGURE 15.14 Schematic representation of the x-ray structure of PKF049-365 in complex
with CDK2 (1JVP PDB code, CDK2 ICs, = 1.6 uM). With the exception of the gatekeeper
Phe80 residue, only the backbone of the residues forming the hinge region of CDK2 is shown.
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FIGURE 15.15 Schematic representation of the x-ray structure of Bristol-Myers Squibb’s
1H-pyrazolo[3,4-b]pyridine inhibitor in complex with CDK2 (CDK2/cyclin E IC5, = 0.020
uM). With the exception of the gatekeeper Phe80 residue, only the backbone of the residues
forming the hinge region of CDK2 is shown.

15.5 CONCLUSION

We and others have shown the potential of using a pyrazole moiety as a mimic of
the adenine ring of ATP to the hinge region of its pocket in the CDK2/cyclin A enzyme.
By exploiting the lipophilic regions not occupied by ATP, it is possible to both
improve affinity to the enzyme and increase selectivity over other enzymes of the
kinase superfamily. It was shown that a full occupancy of the ATP pocket is not a
necessary feature for very potent CDK2 inhibition. Furthermore, the rapid production
of compounds suitable for in vivo testing with excellent oral bioavailability confirms
the druglikeness of the scaffold. Evolution of the simple, isolated aminopyrazole scaffold
can give rise to a variety of condensed heterocycles that allow substituents to be
placed in other regions of the ATP pocket (e.g., the sugar- and the phosphate-binding
regions), generating different chemotypes for the inhibition of CDK2/cyclin E-A.
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16.1 INTRODUCTION

Misregulation of the cell cycle is one of the hallmarks of the transformed cell. The
key role played by the cyclin-dependent kinases (CDKSs) in regulating the cell cycle
makes them interesting targets for pharmacological intervention in cancer.' Our initial
interest focused on CDK4/cyclin D1 (K4/D). There were several reasons for our choice
of target. CDK4 was thought to be important for cell cycle entry through its phos-
phorylation of the Rb protein. The tumor suppressor Rb is frequently inactivated in
transformed cells. In addition, p16, a specific inhibitor of CDK4, has been identified
as a product of a tumor suppressor gene, whereas the CDK4-activating cyclin D1 is a
proto-oncogene product. Earlier work from our program showed that conditional expres-
sion of p16 in the setting of an in vivo xenograft model could lead to tumor regression.?
Recent developments in cell cycle biology have cast doubt on the simple model of
sequential activation of CDKs during cell cycle progression. For example, mouse
embryonic fibroblasts (MEFs) from CDK4- and CDK6-null (the two G1 CDKs) mice
proliferate normally. Interestingly, MEFs from a CDK4/6-null mouse can also enter the
cell cycle, at least in a fraction of the population. It has been suggested that in the absence
of CDK4 and CDK®6, another kinase, presumably CDK2, can partner with cyclin D and
fulfill the early G1 Rb phosphorylation requirement. Although these results suggest that
there is significant redundancy in the regulation of cell cycle progression by the CDKs,
they do not diminish the potential of this family as chemotherapeutic targets.

16.2 SCREENING STRATEGY

The initial target of our cell cycle drug discovery effort was the CDK4/cyclin D1
complex. Screening a subset of the DuPont compound library generated numerous
inhibitors of the CDK4/cyclin D1-mediated phosphorylation of pRb.*¢ These hits
were validated by retest and assay to obtain discrete ICs, values against CDK4/cyclin
D1 and later, other CDK/cyclin complexes. Initial follow-up also involved similarity
searching of the full library and testing of close analogs.

16.3 PRELIMINARY STRUCTURE-ACTIVITY
RELATIONSHIPS

16.3.1 GENERAL SYNTHETIC ROUTES

Using this screening strategy, we identified several modestly potent (IC5, < 10 uM)
pyrazolo[3,4-d]pyrimidin-4-ones, of which 16.1 is representative (Figure 16.1).7
A synthetic program aimed at improving the potency of this series was initiated.
The two-step literature preparation starting from bis(methylthio)methylidenecyano-
acetamide shown in Figure 16.2 was utilized in the first round of compound synthesis.?

A more general preparation of related analogs starts from hydrazones A of
the various aldehydes R;CHO and substituted phenylhydrazines (Figure 16.3).°
The hydrazones react with N-bromosuccinimide in cold DMF to afford, after extractive
workup, bromohydrazones B. Preparation of the penultimate intermediates, pyrazole
aminocarboxamides D, is accomplished by heating the bromohydrazones with
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FIGURE 16.1 Screening hit.

the preformed sodium salt of cyanoacetamide. Intermediate B can also react with the
sodium salt of malononitrile to give pyrazole aminonitrile C, which is converted to D
by the action of concentrated sulfuric acid. The latter route is usually cleaner but more
time consuming than the former. Conversion of D to pyrazolopyrimidinones E is
accomplished by heating with ethanolic sodium ethoxide in an excess of ethyl acetate
for Table 16.1 and Table 16.2 compounds. Preparation of other R analogs is accomplished
using the appropriate ester, anhydride, or lactone in place of ethyl acetate.

16.3.2 SAR oF THE PYyrazoLE N1

Preliminary examination of the SAR at pyrazole N1 revealed a strict requirement
for an aryl or heteroaryl group having at least one ortho substituent. Substitution at
the ortho position should increase the dihedral angle between the two aromatic rings.
The presence of a second ortho substituent further enhanced binding to CDK4/cyclin
D1 (Table 16.1, entries 16.2-16.4). Entries 16.5, 16.6, and 16.7 highlight less potent
analogs in which methyl, trifluoromethyl, and halogen groups appear to be inter-
changeable. Attempts to apply these changes to the 2,4,6-trisubstituted phenyl motif,
however, yielded compounds (16.8-16.11) with greatly diminished potency and
suggested that at least one ortho-chloro group was required for good binding.
Consequently, the 2,4,6-trichlorophenyl group was initially considered to be optimal,
at least in the in vitro assays we were conducting at the outset of our program. Our
preliminary studies also failed to reveal substituents that were favored over methyl
at the pyrimidine C6 position. Accordingly, these two groups were held constant
when we probed the SAR at the pyrazole C3 position.

o o \s
HoN S
s S HN
- ~ R | W
ArNHNH, N MeCO,Et ~ ,
| —————  HN N e N N
HoN MeOH, A NaOEt, EtOH, A
N / 2R
o 7z b \
——R —
A

FIGURE 16.2 Initial synthesis of 1-aryl-4,5-dihydro-1H-pyrazolo|[3,4-d]pyrimidin-4-ones.
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FIGURE 16.3 Synthesis of 1-aryl-4,5-dihydro-1H-pyrazolo[3,4-d]pyrimidin-4-ones.

16.3.3 SAR oF THE PYrazOLE C3 POSITION

A series of early analogs (Table 16.2) that surveyed small, polar R, substituents
demonstrated generally poor inhibition of CDK4/cyclin D1. Extreme perturbations
in the NMR spectrum of 16.12 suggested that this might result from distortion of
the ring electronics or unfavorable side-chain conformation due to intramolecular
hydrogen bonding. Examples having aprotic electron-withdrawing groups at this
position (16.14 and 16.15), however, are also weak CDK4/cyclin D1 inhibitors. This
suggested that substitution of a small alkyl group for the thiomethyl in 16.1 might
yield a superior enzyme inhibitor. With IC, values of 1.1 uM and 0.14 uM in
CDK4/cyclin D1 and CDK2/cyclin (K2/E), respectively, the ethyl analog 16.18 is
slightly better than the parent compound. The steric requirements at this position
were next probed by the synthesis of inhibitors with smaller, larger, branched, and
cyclic alkyl groups at pyrazole C3. Significant, stepwise losses in CDK4/cyclin D1
activity were observed with linear addition (16.19 and 16.20) or truncation (16.16
and 16.17) of one, then two methylene units from ethyl. Three- and four-carbon
units at C3 are quite well tolerated in CDK4/cyclin D1 when constrained as rings
(16.21 and 16.22). Furthermore, these analogs exhibit slightly higher levels of CDK2/
cyclin E inhibition than 16.18. Potency against both enzymes drops off dramatically
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TABLE 16.1
SAR for Pyrazole N1 Substituents
(o] s—
HN
[ »
\N N
7 LR
—
Compound R, CDK4/D IC;, (nM)
16.1 2,4,6-Trichloro 2.1
16.2 2-Chloro 19
16.3 2,6-Dichloro 5.3
164 2-Chloro-6-fluoro 6.8
16.5 2,5-Dichloro 23
16.6 2,5-Dimethyl 25
16.7 2-Chloro-5-(trifluoromethyl) 15
16.8 2,4-Dichloro-6-methyl 11
16.9 2,4-Dichloro-6-(trifluoromethyl) 29
16.10 2,4,6-Trimethyl 37
16.11 2,6-Dichloro-4-(trifluoromethyl) 8.0

with the cyclohexyl analog 16.23. Examples 16.24 and 16.25 demonstrate that place-
ment of a phenyl or benzyl substituent at this position essentially abolishes CDK
inhibition. The improved potency seen with small cycloalkyl derivatives compared to
their linear counterparts prompted the preparation of isopropyl analog 16.26. The
introduction of branching in this acyclic derivative resulted in a significant boost in
potency over cyclopropyl derivative 16.21 against both CDKs in our panel.

The antiproliferative effects of selected compounds were assayed by measure-
ment of growth inhibition in the NCI HCT116 (HCT116) cell line in a sulfor-
hodamine B colorimetric assay. ICs, values in this assay are presented in Table 16.2
for some of the more potent members of this class.

16.3.4 SAR oF THE PYRIMIDINE C6 POSITION

Concurrent with the investigation of pyrazole SAR, inhibitors were prepared that
addressed substitution of the pyrimidine ring. As alluded to earlier, relatively inactive
compounds resulted when changes were made at the C6 position of the screening
hit. Entries in Table 16.3 show that reduction or abolition of CDK activity is seen
with replacement of the methyl group by hydrogen or a charged or otherwise highly
polar group. Steric bulk at this position adversely affects CDK4/cyclin D1 affinity
but has a smaller effect on CDK2/cyclin E binding. Although not highly polar, the
electron-withdrawing fluoromethyl, difluoromethyl, and trifluoromethyl groups are
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TABLE 16.2
Preliminary SAR for Pyrazole C3 Substituents

o Re

HN
)\ | \/N
X
N
N cl
cl
cl
1G5y (WM)

Compound R, CDK4/D  CDK2/E  HCT116
16.1 SMe 2.1 0.36 2.5
16.12 CH,CH,OH >120
16.13 CONH, 12
16.14 CN >28
16.15 SO,Me 14
16.16 H 12
16.17 Me 35 >0.73
16.18 Et 1.1 0.14 1.1
16.19 n-Pr 5.5 0.31 6.4
16.20 n-Bu >6.5 >2.5
16.21 c-Pr 0.91 0.053 0.49
16.22 c-Bu 1.3 0.075
16.23 c-Hex >6.5 6.5
16.24 Ph >120
16.25 CH,Ph >48 >24 >1.2
16.26 i-Pr 0.24 0.013 0.25

also associated with greatly diminished activity (16.36-16.38). It is postulated that
the lower pKa for the pyrimidinone NH in compounds having electron-withdrawing
substituents might affect their ability to form hydrogen bonds to CDKs.

Although compounds having R, groups of two carbon length (16.39 and 16.40)
are tolerated in both CDK?2 and CDK4, a clear drop-off in CDK4/cyclin D1 inhibition
occurs with n-propyl R.

16.4 FEATURES OF THE CDK4/CYCLIN D1
HOMOLOGY MODEL

Further insight into the design of more potent inhibitors was provided by docking
experiments involving 16.18 and a CDK4/cyclin D homology model based on
published crystal structures of the CDK2/ATP/cyclin A complex.!” The salient
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TABLE 16.3
SAR for Pyrimidinone C6 Substituents
ci
cl
cl
1G5 (1M)
Compound R, R, CDK4/D CDK2/E HCT116
16.18 Et Me 1.1 0.14 2.5
16.27 SMe H 95 2.7
16.28 SMe 2-Furyl 36 12
16.29 Et 3,4-dimethoxyphenyl >21 0.58 >21
16.30 SMe i-Pr 10
16.31 Et i-Bu 6.3 0.11 1.1
16.32 SMe BocN(Me)CH,CH, >48 19
16.33 SMe MeNHCH,CH, HCI 28 6.6
16.34 SMe COH >120
16.35 SMe CO,Me >200
16.36 SMe CH,F 44 1.6
16.37 Et CHF, >25 8.5
16.38 SMe CF, 116
16.39 Et Vinyl 29 0.31 0.61
16.40 Et Et 0.94 0.096 0.55
16.41 SMe n-Pr 9.1
16.42 SMe HO(CH,), 13 0.76
16.43 Et HO(CH,), 2.4 0.25
16.44 SMe HO(CH,)s 10 0.42

feature of this model is a bidentate hydrogen bond having Val96 NH shared with
the pyrimidinone CO and the pyrimidinone NH shared with Val96 CO. The ethyl
group is projected into a small, hydrophobic pocket, consistent with the observed
SAR for that position. The N1 aryl group is directed toward the triphosphate pocket,
and one ortho-chloro substituent is in close proximity with the side chain NH, of
the conserved residue Lys35 (Lys33 in CDK2). Additionally, the model suggests
that a pyrimidinone R substituent of sufficient length could access charged residues
in the ATP-binding pocket of CDK4. For three of these, Asp99, Asp97, and His95,
the corresponding residues in CDK2 are neutral. Lys22 (Lys20 in CDK2) is common
to both enzymes but is not in close proximity to the ATP-binding pocket in CDK2.
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16.5 DISCOVERY OF OPTIMIZED CDK4/CYCLIN D1
LIGANDS

In an attempt to pick up a hydrogen-bonding interaction with one of these residues,
we prepared a series of tethered alcohols (16.42-16.44). The relatively weak binding
of all three indicates that they cannot donate or accept hydrogen bonds to/from either
enzyme or if they do, the interactions are not sufficiently favorable to overcome
entropy losses associated with maintaining the required conformation.

A significant breakthrough occurred when we examined incorporation of hydro-
gen bond donors into more conformationally restricted R, substituents. The phenols
16.45-16.47 (Table 16.4) place highly preorganized hydrogen bond donor—acceptor
pairs at various distances from the pyrimidine core. Surprisingly, all three inhibitors
are well accommodated in CDK2/cyclin E, as is the parent benzyl analog 16.48.
This provides further evidence that in CDK2/cyclin E the R, substituent binds in
a highly hydrophobic environment.

The large boost in potency against CDK4/cyclin D1 for 16.46 vs. nonconstrained
aliphatic alcohols, regioisomeric phenols, and the unsubstituted benzyl analog 16.48
suggests that it donates and/or accepts a hydrogen bond to a relatively inflexible
region of the enzyme. That the 3-methoxy analog 16.49 is no more potent than 16.48
argues that the primary characteristic responsible for the potency of 16.46 against
CDK4/cyclin D1 is its ability to serve as a hydrogen bond donor. Rossi has suggested
that pyridine N-oxide 16.50 is a closer analog of 16.46 being of similar size and
differing in its lack of an acidic proton.'® The N-oxide is somewhat more potent than
16.48, suggesting that it may accept a hydrogen bond, possibly from Lys22.
The relatively weak inhibition of CDK4/cyclin D1 by aniline 16.51 compared
to its methanesulfonamide derivative 16.52 suggests that the acidity of the donated
hydrogen is critical.

Compounds 16.53-16.67 were prepared to further investigate the R SAR, and
their enzymatic potency and selectivity profile mirrors that of other benzyl analogs
lacking a meta phenol. These compounds almost universally exhibit low UM potency
against CDK4/cyclin D1, are about tenfold more potent against CDK1/cyclin
B (K1/B), and a further tenfold more potent against CDK2/cyclin E. Similarly, meta
phenols 16.68-16.72 differ little from 16.46, being highly potent against
CDK2/cyclin E, and losing ~2-fold and an order of magnitude against CDK4/cyclin
D1 and CDKl1/cyclin B, respectively. Energy minimization of catechol 16.68 in
the CDK4/cyclin D1 homology model (vide supra) suggests that the meta phenol
OH serves as a donor to the His95 side chain and an acceptor from the Lys22
side chain. In CDK2 the residue that aligns with the CDK4 His95 residue is
Phe82, possibly explaining the lack of an observable effect for incorporation of
a meta phenol on CDK2/cyclin E binding. Most compounds in this R, benzyl series
exhibit reasonably potent antiproliferative activity in the HCT116 and other cell
lines, but no strong correlation with CDK inhibition is immediately obvious.

The most potent of these “balanced” CDK inhibitors is derived from ethyl
isohomovanillate and possesses a 3-hydroxy-4-methoxybenzyl moiety at R. Reprobing
the Ry SAR with this side chain (Table 16.5) served to confirm the trends for CDK2/
cyclin E and CDK4/cyclin D1 inhibition shown in Table 16.2 for the R, methyl series.
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TABLE 16.4

SAR for Pyrimidinone C6 Arylmethyl Substituents

Compound

16.45
16.46
16.47
16.48
16.49
16.50
16.51
16.52
16.53
16.54
16.55
16.56
16.57
16.58
16.59
16.60
16.61
16.62
16.63
16.64
16.65
16.66
16.67
16.68
16.69
16.70
16.71
16.72

R,

2-Hydroxybenzyl
3-Hydroxybenzyl
4-Hydroxybenzyl

Benzyl

3-Methoxybenzyl
1-Oxo-pyridin-3-ylmethyl
3-Aminobenzyl

3-(Methanesulfonamido)benzyl

3-Methylbenzyl
3-Amino-2-methylbenzyl
Pyrid-2-ylmethyl
2-(Hydroxymethyl)benzyl
2-Methoxybenzyl
Pyrid-3-ylmethyl
Pyrid-4-ylmethyl
4-Aminobenzyl
4-Methoxybenzyl
4-(Dimethylamino)benzyl
4-Methoxy-3-methylbenzyl
4-Hydroxy-3-methylbenzyl
3-Methoxy-4-methylbenzyl
4-Hydroxy-3-methoxybenzyl
3,4-Dimethoxybenzyl
3,4-Dihydroxybenzyl
3,5-Dihydroxybenzyl
3-Hydroxy-4-methoxybenzyl
3-Hydroxy-4-methylbenzyl
3-Hydroxy-4-methoxy-5-
nitrobenzyl

Cl
Cl
IG5y (M)
K4/D K2/E K1/B HCT116
>11 0.12 5.5
0.068  0.014 0.19 0.40
2.0 0.016 0.10 0.60
3.0 0.024 0.26 0.60
5.0 0.032 0.41 1.7
0.98 0.079 1.5 0.74
2.9 0.040 0.27 0.47
0.16 0.26 0.47
>2.2 0.039 >0.56 2.1
>2.2 0.019 >0.27 0.19
9.7 0.23 3.7
29 0.027 >0.27 0.49
>22 0.10 3.4
1.3 0.017 0.22 0.30
3.0 0.038 0.49 0.55
2.7 0.015 0.15 0.42
22 0.016 0.15 0.60
>2.1 0.023 >0.26 0.34
>2.1 0.067 0.87 2.1
>2.2 0.027 >0.27 0.50
2.1 0.11 9.5
6.6 0.076 0.86 0.32
4.5 0.11 >0.51 0.61
0.044  0.020 0.24 0.72
0.059  0.022 0.30
0.024  0.029 0.20 0.13
0.088  0.023 0.52 0.67
0.037  0.022 >0.23 0.33

357
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TABLE 16.5
Further SAR for Pyrazole C3 Substituents
OH 0 Rs
o
- HN
m | \/N
S "\ cl
cl
cl
1G5y (1M)
Compound R, CDK4/D CDK2/E CDK1/B HCT116
16.70 Et 0.024 0.029 0.20 0.13
16.73 Benzyl >1.8 >9.2 0.80
16.74 n-Bu 0.70 0.20 3.8
16.75 t-Bu 0.063 0.035 2.9
16.76 CF, 0.14 0.21
16.77 CHF, 0.10 0.032 3.0
16.78 c-Bu 0.040 0.022 >0.12 0.16
16.79 c-Pr 0.017 0.0096 0.097 0.070
16.80 i-Pr 0.011 0.012 0.099 0.060

Consistent with the modeling and diffraction studies (vide infra), the optimal R,
substituents for both CDK2 and CDK4 were found to be small alkyls. As in the Ry
methyl series, bulky (16.73 and 16.75), extended (16.74), or electron-withdrawing
(16.76 and 16.77) substituents resulted in diminished enzymatic potency.

The HCT116 growth inhibition data, however, raise some questions as to the
mechanisms by which members of this series are acting. Several compounds having
small alkyl R, groups (16.70, 16.78-16.80) are relatively potent in the HCT116
assay with ICs, values generally in the range of four- to sixfold higher than their
ICy, values in the CDK4/cyclin D1 biochemical assay. This modest shift suggests
that the antiproliferative effects for these compounds might be CDK4/cyclin D1-
mediated as the relatively high Ky, spp for this complex (400 uM) should result in a
small ICs, shift under physiological (~3 mM) ATP concentrations. The Ky xrp values
of 3.6 uM and 2.3 uM for CDK2/cyclin E and CDK1/cyclin B, respectively, would
predict ICs, shifts on the order of 50-fold for a cellular assay vs. a biochemical assay
run in the presence of 50 UM of ATP. One limitation of this analysis arises from
binding of inhibitors to inactive forms of kinases that may have different Ky, xp values
from the active form.!"' The R, = -Bu and R, = CHF, analogs, however, lose a few
fold in CDK4/cyclin D1 and CDK2/cyclin E potency, yet they are 22 to 50-fold less
potent in HCT116 growth inhibition than the small alkyl derivatives. The subtle
structural differences involved make it difficult to believe that cell penetrance issues
alone are responsible for this disconnect. Furthermore, although the benzyl homolog
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TABLE 16.6
Effect of a-Substitution at Pyrimidinone C6
o Rs
HN I \/N
S "\ ci
Ra cl
cl
IG5, (kM)

Compound R, R CDK4/D CDK2/E CDK1/B  HCT116

16.48 Et H 3.0 0.024 0.26 0.60
16.81 Et OH >11 0.18 8.0
16.82 i-Pr  Me 44 0.13

16.73 has no significant CDK inhibitory activity, it is a modestly potent growth
inhibitor in the HCT116 line. This suggests that at least some members of the series
have significant off-target effects.

Further conformational constraint can be placed on the Ry sidechain by substi-
tution at the benzylic position (Table 16.6). Unfortunately this bias appears to disfavor
the biologically relevant conformation, as evidenced by the loss of CDK4/cyclin D1
and CDK2/cyclin E activity.

16.6 CRYSTAL STRUCTURE OF AN INHIBITOR/CDK2
COMPLEX

The validity of the modeling predictions was evaluated by obtaining an x-ray
structure of an inhibitor complexed with a CDK. A structure was determined of
16.68 bound to CDK2. The 1.85 A resolution structure clearly showed the inhibitor
in the ATP-binding cleft between the N- and C-terminal domains of the protein.
Key hydrogen-bonding interactions were observed with the backbone of Leu83,
with the pyrimidinone oxygen being 3.04 A distant from the amide nitrogen and
the inhibitor N5 interacting with the amide carbonyl (2.67 A). The pyrazole R,
substituent interacts with the side chain of Val64 and projects toward the closed
selectivity pocket of the enzyme. An interesting interaction was observed with
pyrazole N2 forming an apparent hydrogen bond with Ne of Lys33 (2.90 A).
The trichlorophenyl N-1 substituent is inclined to the plane of the pyrazolopyri-
midinone ring with a dihedral angle of about 65°. This group appears to engage in
hydrophobic interactions with both the N- and C-terminal domains. The Ry benzyl
projects toward the linker region of the kinase, with the dihydroxyphenyl ring of
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[+]

16.68

FIGURE 16.4 View of the active site of CDK2 complexed with compound 16.68.

16.68 being adjacent to Phe82. Groups attached to the periphery of the R, sub-
stituent project out of the enzyme and are likely solvent exposed. Interestingly, the
dihydroxyphenyl ring of 16.68 is nearly parallel to the R, trichlorophenyl group.
Although pyrazolopyrimidines are similar to the purine ring system, the binding mode
of 16.68 is substantially different from that reported for ATP'>!3 and olomoucine'*
in complex with CDK2. A view of the active site structure of 16.68 bound to CDK2
is shown in Figure 16.4.

16.7 PHENOL REPLACEMENTS

We were interested in examining other hydrogen bond donors as potential phenol
replacements. Additional cycles of synthesis and screening resulted in the discovery
of several bicyclic arylmethyl groups that gave potent CDK2/cyclin E inhibitors
when incorporated into the R4 position (Table 16.7). The uniformly low CDK2/cyclin
E values for members of this series caused us to question whether our ICs, values might
be approaching the enzyme concentration under the assay conditions. Although we
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TABLE 16.7
SAR for Bicyclic Arylmethyl Pyrimidinone C6 Substituents
(0] Rs
HN N\
)% | -~
Re N N al
Cl
Cl
IG5 (uM)
Compound R, R, CDK4/D CDK2/E CDK1/B  HCT116
16.83 c-Pr Indazol-4-ylmethyl >1.0 0.010 >0.26 0.12
16.84 c-Pr  Indazol-5-ylmethyl >1.0 0.010 0.047 0.033
16.85 c-Pr  Indazol-6-ylmethyl 0.44 0.010 0.17 0.048
16.86 i-Pr 3-Aminoindazol-5-ylmethyl 0.26 0.012 0.021
16.87 c-Pr Benzoxazol-2-on-5-ylmethyl 0.14 0.012 >0.25 0.062
16.88 i-Pr Benzoxazol-2-on-6-ylmethyl 0.073 0.011 0.007

had observed excellent reproducibility ((+/—)-flavopiridol mean ICs, = 1.50 uM,
SD =0.31 uM, [n = 10]), the use of insect cell lysates as a source of kinase/regulatory
unit complexes complicated accurate measurements of enzyme concentrations.
Although the indazole derivatives 16.83-16.85 were envisioned as phenol mimics,
none appeared to achieve the favorable interaction with CDK4/cyclin D1 seen with
meta phenols. Further, the cyclic carbamates 16.87 and 16.88, which were reasonably
good CDK4/cyclin D inhibitors, had a more relaxed requirement for placement of
the hydrogen bond donor than the phenols. When adjusted for the slightly superior
R, group in 16.88, the two carbamate regioisomers are accommodated with similar
affinity in CDK4/cyclin D1. This suggests that the acyloxy group in 16.88 accepts
a favorable hydrogen bond from the enzyme or that an amide NH in the para position
can engage in a similar, albeit weaker, hydrogen-bonding interaction to that of an
OH at the meta position in a phenol. These bicyclic heterocycle derivatives are all
quite potent antiproliferatives in the HCT116 cell line.

Additional derivatives incorporating bicyclic heterocycles at this position are
shown in Table 16.8. Gains of greater than tenfold in potency against CDK4/cyclin
D1 seen for 16.91 and 16.93 vs. unsubstituted analog 16.89 and methoxy derivatives
16.90 and 16.92 suggest that the indol-3-yl linker is a competent phenyl replacement
for engaging this interaction in CDK4/cyclin D1. This change also results in significant
enhancement of affinity for CDK2/cyclin E, hinting at subtle differences for the binding
modes of these analogs and the meta phenols. The last eight compounds in the table
exemplify a curious phenomenon in which an indole group is accommodated at
R,, but only when attached at the 2-position. The relatively weak inhibition by
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TABLE 16.8
Further SAR for Bicyclic Aryl and Arylmethyl Pyrimidinone Cé
Substituents

Cl
Cl
Cl
1G5 (1M)
Compound R, R, CDK4/D  CDK2/E  HCT116
16.89 Et Indol-3-ylmethyl >2.1 0.10
16.90 Et 5-(Methoxy)indol-3-ylmethyl >2.0 0.22
16.91 Et 5-(Hydroxy)indol-3-ylmethyl 0.23 0.08 0.86
16.92 i-Pr 5-(Methoxy)indol-3-ylmethyl >1.9 0.20
16.93 i-Pr 5-(Hydroxy)indol-3-ylmethyl 0.13 0.031 0.58
16.94 i-Pr Indol-4-yl >2.2 >0.21
16.95 i-Pr Indol-5-yl >1.1 >0.10
16.96 i-Pr Indol-6-yl 0.61 0.11
16.97 i-Pr Indol-2-yl 0.10 0.038 >2.0
16.98 i-Pr 5-(Methoxy)indol-2-yl 0.067 0.077 >2.0
16.99 i-Pr 5-(Hydroxy)indol-2-yl 0.041 0.018 1.2
16.100 i-Pr 5-Hydroxybenzofuran-2-yl >1.0 0.20
16.101 SMe  Phenyl >100.0 1.4

benzofuran and phenyl derivatives 16.100 and 16.101, respectively, implies a favorable
interaction with the indole NH in both enzyme systems.

16.8 DISCOVERY OF OPTIMIZED ANTIPROLIFERATIVES
16.8.1 GENERAL SYNTHETIC ROUTES

The recognition that most of these compounds have rather high logP values and limited
solubility in aqueous media led us to prepare a series of para-substituted benzyl
derivatives having tethered amine groups (Figure 16.5). Anilines F could be coupled
to glycine, alanine, and B-alanine derivatives G using 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDCI) and triethylamine in dichloromethane. Treat-
ment of F with chloroacetyl chloride and N-methylmorpholine in tetrahydrofuran
provided chloromethylamides H. These furnished additional glycine analogs I upon
treatment with excess amines in tetrahydrofuran.
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FIGURE 16.5 Synthesis of R, anilide derivatives.

16.8.2 0~AMINO AcID DERIVATIVES

Modeling studies predicted that the region into which these amines projected in
CDK2 was solvent exposed, so it was not surprising that ionizable groups were well
accommodated in this enzyme. CDK4/cyclin D1 inhibition in this series was gen-
erally about an order of magnitude weaker than that for CDK2/cyclin E. Two
exceptions are the N-methyl derivative 16.109, which is essentially inactive against
CDK4/cyclin D1, and the meta phenol 16.108, which shows a slight preference for
CDK4/cyclin D1 over CDK2/cyclin E (Table 16.9).

Analogs in this series were potent antiproliferatives in the HCT116 cell line.
The modest structural modification of 16.104 (vide supra) to give the improved
CDK4/cyclin D1 inhibitor 16.108 resulted in no enhancement of this HCT116
activity, although N-methyl derivative 16.109 showed significant loss of antipro-
liferative potency and CDK4/cyclin D1 activity. The N,N-dimethylglycinamide
derivative 16.105 showed uniformly high activity when tested in a large panel
of cell lines with differing levels of pRb and p53 status including NCI HCT116,
MDA MB468, NCI H460, A498, T47D, MCF7, DU145, and COLO205. When
dosed at 10 mg/kg i.p. in nude mouse H460 and HCT116 xenograft models,
16.105 yielded tumor growth inhibition (tgi) values (H460: 41% tgi, HCT116:
46% tgi) comparable to those seen with racemic flavopiridol. Dehydration,
weight loss, and death were observed in animals receiving higher doses of
compound.
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TABLE 16.9
SAR for Anilide C6 Substituents

m Cl
Cl
Cl
1G5y (M)
Compound R, R, R, K4/D K2/E K1/B  HCT116
16.102 H,NCH,CONH - HCI H i-Pr 0.31 0.023 0.031
16.103 MeNHCH,CONH H i-Pr 0.26 0.013 0.018
16.104 (Me),NCH,CONH H i-Pr 0.12 0.008  0.047 0.008
16.105 (Me),NCH,CONH - HC1 H Et 0.59 0.018 0.10 0.034
16.106 MeN(CH,CH,),NCH,CONH H i-Pr 0.11 0.017  0.021 0.007
16.107 (Me),NCH,CONH OMe i-Pr 0.39 0.011  0.14 0.026
16.108 (Me),NCH,CONH OH i-Pr 0.011  0.022  0.086 0.013
16.109 (Me),NCH,CONMe H i-Pr >18 0.084 0.091
16.110 (+/)-(Me),NCH(Me)CONH H i-Pr 0.18 0.014 0.015

16.8.3 StABILIZED ANILIDE DERIVATIVES

Recognizing the metabolic liability posed by the relatively unhindered amide link-
ages in these molecules, we prepared a large series of aniline derivatives of which
those in Table 16.10 are representative. Simple derivatives in this series were pre-
pared by direct acylation of anilines F with isocyanates, chloroformates, or sulfonyl
chlorides and N-methylmorpholine in tetrahydrofuran (Figure 16.6). A more versatile
intermediate was isocyanate M, prepared from anilines F and triphosgene and
triethylamine in 1,2-dichloroethane. This suffers addition of amines in tetrahydrofuran
at ambient temperature to furnish ureas J. Treatment of M with alkoxides in tetrahy-
drofuran at reflux gives carbamates K.

The behavior of these ureas, carbamates, and semicarbazides in biochemical
and cellular growth inhibition assays closely mirrors that of the Table 16.9 anilides.
With no hydrogen-bond-donating group appended to the aromatic ring, 16.118
was a surprisingly good CDK4/cyclin D1 inhibitor with an ICy, of 0.22 uM. The
dimethylaminomethyl moiety is likely protonated under physiological pH, and this
group could potentially access His95. Interestingly, sulfonamide 16.117 binds poorly
to CDK4/cyclin D1 even though it retains an acidic proton. The tetrahedral geometry
of the sulfur atom adjacent to the NH may hinder the approach of the enzyme’s
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TABLE 16.10
SAR for C6 Ureides and Other Anilide Derivatives

cl
cl
cl
IC5o (M)

Compound R, R, R, K4/D K2/E K1/B HCT116
16.111 MeNHCONH H i-Pr 0.17  0.013 0.030 0.006
16.112 MeNHCONMe H i-Pr L5 0.040 0.33 0.090
16.113 MeNHCONH OMe i-Pr 029  0.015 0.014 0.007
16.114 MeNHCONH OH i-Pr 0.020 0.018 0.082 0.012
16.115 MeOCONH H i-Pr 0.19  0.022 0.061 0.009
16.116 Me,N(CH,);OCONH H i-Pr 020  0.008 0.016
16.117 MeSO,NH H Et >1.9 0.023  >0.24 0.10
16.118 (Me),NCH, H i-Pr 022  0.020 >0.23 0.031
16.119 (Me),NCH,CH,N(Me)CONH H i-Pr 025  0.027 0.073 0.020
16.120 MeN(CH,CH,),NNHCONH  H i-Pr 0.078  0.024 0.008

hydrogen bond acceptor. Anilide 16.106 and its semicarbazide isostere 16.120 differ
little in their biochemical and cellular activities, calculated logP values (16.106: 4.8,
16.120: 4.9), and solubilities in pH 7.4 buffer (both 0.1 mg/ml), yet 16.120 would
be expected to have greater plasma stability.

In summary, the pyrazolopyrimidin-4-ones represent a novel class of small
molecule, ATP-competitive CDK inhibitors with a unique binding mode. Molecular
modeling and single-crystal x-ray diffraction studies have identified key features
affecting the potency and selectivity seen in this series and suggest where further
improvements might be realized. Selected members of the series showed no
significant affinity for other kinases when screened against a limited panel,
although disconnects between CDK inhibition and cellular activity hint at off-
target effects. Efficacy was exhibited in two mouse xenograft models. The wide
variety of substituents that are accommodated at the Ry position in the CDKs
evaluated suggests many additional targets to further optimize pharmacokinetic
and physical properties. Additionally, the reduced homology of the CDKs in this
region implies that further modification could yield analogs with high intrafamily
selectivity.



366 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

R R o R
2! -
R HN
[
RNCO, X N
ROCOCI N cl
cl
RSOZCI
NMM, THF
cl
J (Y = CONHR)
K (Y = CO,R)
triphosgene L (Y = SO,R)
CICH,CH,CI
R R o R3
N Y ﬂ
z
c RNHR HN
B \n/ | \, y
or RO o \N N
THE cl
cl
J (Y =NRR) cl
K (Y = OR)

FIGURE 16.6 Synthesis of stabilized anilide derivatives.
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17.1 OVERVIEW

A number of cyclin-dependent kinase (CDK) inhibitors have now been evaluated in
clinical trials, including flavopiridol, UCN-01 (7-hydroxystaurosporine), R-roscovitine
(CYC202, seliciclib), BMS-387032, Ro31-7453, and E7070. A current focus, espe-
cially in the clinic, is on their use in combination with various cytotoxic agents. This
is based on the dual facts that single-agent activity of CDK inhibitors in Phase II
clinical trials has been generally disappointing, with low percentages of objective
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responses, and that synergy has been demonstrated with CDK inhibitors combined
with several cytotoxics using cell lines in vitro. Most such combination studies per-
formed in vitro show that cell kill is sequence dependent, with greater kill observed
when the cytotoxic is added to cells before the CDK inhibitor (rather than after or
concurrently). In some, but not all cases, these in vitro findings have been translated
successfully to clinical trials. For the most clinically advanced CDK inhibitor, flavopir-
idol, single-agent activity is modest but appears greater when using a 1 h bolus infusion
rather than a continuous infusion over 3 d. Phase II combination studies are taking
place with irinotecan in patients with hepatocellular carcinoma and with cisplatin in
ovarian cancer, and more such studies are planned. UCN-01 inhibits cell cycle check-
point kinases as well as CDKs and shows synergy against cell lines, especially when
combined with DNA-damaging agents. Phase II trials are taking place with UCN-01
in combination with 5 fluorouracil (SFU) in pancreatic cancer and with topotecan in
ovarian cancer. In some cases, toxicity has precluded the robust clinical evaluation of
CDK inhibitors combined with cytotoxics (e.g., flavopiridol with docetaxel or carbo-
platin, and UCN-01 with cisplatin). Roscovitine is currently undergoing Phase II
monotherapy trials by the oral route. Phase I combination studies have started with
Ro31-1453 plus gemcitabine or paclitaxel. The results of all of these combination
Phase II trials are awaited with great interest and will define the role of the currently
available CDK inhibitors in current cancer therapy.

17.2 INTRODUCTION

Over the past 30 years, first in yeast and then extending to human cells, the molecular
players involved in the control and regulation of the cell cycle and how they interact
have been largely elucidated. From these findings, pharmacological intervention or
modulation of the cell cycle has emerged as an attractive anticancer strategy because
aberrant cell cycling has been shown to occur in the majority of cancers. A master
switch of the cell cycle is the retinoblastoma protein family. These are phosphory-
lated, resulting in cell proliferation by the family of CDKs. In turn, the CDKs
themselves are activated by various cyclins and naturally inactivated by the Ink (e.g.,
p16™K42) and CIP/KIP (e.g., p21¢™!) families. Therefore, because of the pivotal role
of CDKs in cancer cell proliferation, the discovery and development of CDK inhibi-
tors has received much attention in the past decade.

Consequently, a number of CDK inhibitors have now entered clinical trials including
flavopiridol, 7-hydroxystaurosporine (UCN-01), R-roscovitine (CYC202, seliciclib), an
aminothiazole BMS-387032, Ro 31-7453 and the chloroindolyl sulfonamide E7070
(see Figure 17.1 for structures). This chapter focuses on the concept and rationale of
using these agents in combination for attaining maximum therapeutic benefit and
describes the status of such combination studies at both the preclinical and clinical level.

17.3 COMBINATION CHEMOTHERAPY

The concept of using cancer drugs in combination goes back around 50 years. Impetus
was originally provided by key clinical findings in the late 1950s in childhood leukemia
and Hodgkin’s disease (Frei et al., 1958). Since then, it has become apparent that
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FIGURE 17.1 CDK inhibitors undergoing clinical trials.

except in rare cases standard single drugs are not curative. This is widely believed to
be because of the inherent genetic instability of tumor cells, leading to somatic muta-
tions and the emergence of resistant genotypes during repeated drug exposure. There-
fore, a number of principles have emerged and are currently practiced to guide the
selection and use of cancer drugs in combination (Table 17.1). These include using
agents that each possess at least partial activity, have differing mechanisms of action
and resistance, and drugs with nonoverlapping side effects. It should be noted, however,
that these principles were established predominantly using combinations of cytotoxics.
Modifications to these principles may be applicable where cytostatic drugs such as
many of the recently approved molecularly targeted drugs (e.g., erlotinib, sorafenib)
are to be included in combinations. In the particular case of CDK inhibitor-based
combinations, special consideration needs to be given to “cytokinetic” interactions —
that is where cell cycle inhibitors and cell-cycle-specific drugs may antagonize or
synergize depending on their sequence of administration.
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TABLE 18.1

Subtype Inhibitory Activities of Some Known CDK Inhibitors

Inhibitor CDK11IC,, CDK2IC,, CDK5IC,, CDK4IC,, CDK6 IC,,
Olomoucine 7 uM 7 uM 3 uM >100 uM

Roscovitine 0.45 UM 0.7 uM 0.16 uM >100 uM

CINK4 >50 UM >50 uM 25 UM 1.5 uM 5.6 UM
Flavopiridol 0.4 uM 0.1 pM 0.4 uM

CGP60474 0.02 uM 0.05 uM ~10 uM

Indirubin 10 uM 2.2 uM 5.5 uM 12 uM

3-Substituted indirubin 10.2 uM 10 uM 4.9 uM

3,5-Disubstituted indirubin ~ 0.04 uM 0.022 uM 0.2 uM

Alsterpaullone 0.035 uM 0.015 uM 0.04 uM >10 uM

Urea 1 0.12 uM 0.078 uM 0.042 uM

Urea 2 1.8 uM 0.44 uM 0.002 uM

Arris, Boyle et al., 2000). CINK4, a pyrimidine analog, was identified in a high-
throughput screen as a CDK4 (IC5,= 1.5 uM) and CDK6 (IC5,= 5.6 uM) inhibitor
that also inhibits CDKS (IC5,= 25 uM) to a lesser extent (Soni, O’Reilly et al., 2001).
Inhibition of CDK1 and CDK2 was observed only at concentrations above 50 uM.
The phenylpyrimidine CGP60474 is a potent inhibitor of CDK1 and CDK2, with
weaker inhibition of CDK4 (VanderWel, Harvey et al., 2005). Pyrido[2,3-d]pyrim-
idinones showed potency against receptor tyrosine kinases as well as CDKs (VanderWel,
Harvey et al., 2005). Modifications of the core structures have led to compounds that
have different selectivity profiles and increased potency.

Oxindoles, including indirubin, have been used in traditional Chinese medicine
for the treatment of chronic diseases, such as leukemia (Kent, Hull-Campbell et al.,
1999; Eisenbrand, Hippe et al., 2004). Several derivatives of oxindoles have been
synthesized to improve their bioavailability and potency. Analogs such as indirubin
sulfate and indirubin monoxime have shown good activity and moderate selectivity
for CDK1, CDK2, and CDKS5, as compared to CDK4 (Eisenbrand, Hippe et al.,
2004). 3-Substituted oxindole inhibited CDK4 with moderately more selectivity over
CDK1 and CDK2. The 3,5-disubstituted oxindole derivative, SU9516, showed
greater selectivity for CDK2 and CDKI1 than for CDK4 (Lane, Yu et al., 2001).
Some hydrazone analogs exhibit potent inhibition of CDK2 and CDKI1 (Luzzio,
Bramson et al., 1999). Paullones are another class of compounds that exhibit good
potency of CDK inhibition; and most show selectivity for CDK1, CDK2, and CDKS5
(Zaharevitz, Kunick et al., 1999). The nitro derivative alsterpaullone and the cyano
derivative show further improved potency (Schultz, Link et al., 1999). Diarylurea
derivatives were designed on the basis of structural information derived through
homology modeling of CDK4 (Honma, Hayashi et al., 2001). A diverse set of
compounds were synthesized, some of which show very high potency and good
selectivity for CDK4.
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18.6 DESIGNING BETTER SPECIFIC INHIBITORS OF CDKS

Two classes of cyclins become successively active during the G, phase of the cell
cycle, D-type (cyclins D1, D2, and D3; (Wang, Li et al., 2004) and E-type (cyclins
El and E2; Payton and Coats, 2002) cyclins. Expression of D-type cyclins represents
a fundamental link between mitogen/nutrient stimulation and the cell cycle machinery
and is often an underlying cause of proliferative diseases such as cancer (Hanahan and
Weinberg, 2000). Cyclin D1 binds to CDK4 or CDKG6, thereby stimulating their kinase
activity (Morgan, 1995).

Recent x-ray crystallographic studies on CDK2/cyclin A complexes (Lowe, Tews
et al., 2002) have elucidated the structural basis of one mechanism by which the
cyclin subunit enhances CDK substrate phosphorylation. Through a comparison of
sequences of proteins — namely, E2F1, p107, p130, Rb, and members of CIP/KIP
CDK inhibitor family — a ““cyclin recruitment motif ” or ““cyclin-binding motif (CBM),”
ZRXL (where Z and X are typically basic), has been identified. In a recent study,
a series of peptides, ZRXLYY’ (where Y and Y are hydrophobic residues), containing
non-natural amino acids, based on the CBM present in the tumor suppressor proteins
p21€™P! and p27X®! as a template, were prepared (Kontopidis, Andrews et al., 2003).
These peptides were shown to have nanomolar to micromolar CDK2 inhibitory
activity by binding to cyclin A. The cyclin A binding site comprises a groove resulting
from the exposed surface of the cyclin A ol, a3, and o4 helices. A number of
subsites lining the hydrophobic pocket (Met210, Ile213, Leu214, Trp217, Leu253,
Glu220, Val221, and Ile281) contribute toward the hydrogen bonding of the ligand.

Benzeno and colleagues recently discovered that Kruppel-like factor (KLF6),
a zinc finger tumor suppressor protein, mediates growth inhibition through an inter-
action with cyclin D1, leading to reduced phosphorylation of Rb at Ser795 (Benzeno,
Narla et al., 2004). Furthermore, the growth inhibitory activity of KLF6 was linked
to the pS3-independent transactivation of p21¢™! a key CDK inhibitor. KLF6 dis-
rupts CDK4/cyclin D1 complexes and forces the redistribution of p21¢™®! onto CDK2,
thereby promoting G, cell cycle arrest (Hu, Bryington et al., 2002). The KLF6 amino
acid sequence contains consensus motifs for a CDK phosphorylation site at Ser171
and a proximal cyclin consensus-binding site at the COOH terminus (ZRXL motif,
where Z is a basic residue, at amino acids 279-283). Relative to the KLF6—cyclin
D1 protein interaction, which defines a novel mechanism of KLF6-mediated growth
suppression, the comparison of the sequence alignment of cyclins D1, D2, and D3
reveals that even though many of the residues at the binding region are similar,
certain critical residues are different (Benzeno, Narla et al., 2004).

18.6.1 Potency AND CDK SuBTYPE SELECTIVITY

Using the alignment of CDK sequences and the crystal structure of the CDK2/cyclin
A/ATP complex, we have identified three groups of residues in the ATP-binding
pocket for the binding of inhibitors. The first group of residues is involved in the
formation of two to three hydrogen bonds with the inhibitors. The second group of
residues is important for increasing the potency of the inhibitors. The third group
of residues increases the CDK subtype selectivity of inhibitors. The residues that
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TABLE 18.2
Residues to Be Targeted for Increasing the
Potency of CDK Inhibitors

Residue Side Chain? Backbone @
E8 Yes

K9 >C=0
110 Yes >C=0
K33 Yes

ES1 Yes

F80 Yes

E81 >C=0
L83 —NH and >C=0
H84 >C=0
Q85 Yes

D86 Yes

K89 Yes

E131 >C=0
N132 Yes

D145 Yes —-NH

Note: The sequence number is based on CDK2.
2 Interactions

increase the potency of CDK inhibitors are listed in Table 18.2. The side chain or
backbone to which the inhibitor might make favorable interactions and the region
to which these residues belong are listed in the table. For residues K9, E81, L83,
H84, and E131, only backbone atoms are identified. For residues E8, A85, D86,
K29, and N132, only the side-chain interactions are identified. For residues 110 and
D145, both backbone and side-chain atoms are identified as potential interacting
atoms. The residues that were identified as potential sites for increasing the subtype
selectivity are shown in Table 18.3. This selectivity could be achieved by interaction
with the C-terminal residues because of the difference in lengths as well as sequences

TABLE 18.3
Residues to Be Targeted for Subtype Specificity

CDK1

ES8

M85

K89

Q132

D138
291-DNQIKKM-297

CDK2

ES

Q8s

K89

Q131

T137
291-TKPVPHLRL-299

CDK4

A10

Q98

T102

E144

S150
299-EGNPE-303

CDK5

ES

Q85

K89

Q130

R136
289-FCPP-292




402 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

among the CDKs. As shown in Table 18.3, only CDK2 has the longest C-terminal
among the four CDKs. In fact, in the crystal structures of CDK2, the residues at the
C-terminus are in close proximity to the hydrogen-bonding residues of CDK2, making
it possible to design subtype specific compounds by adding appropriate groups to
interact with the C-terminal residues.

18.7 FUTURE DIRECTIONS

The rationale for designing inhibitors to CDK holoenzymes is based on the findings
that kinase activities are increased in tumors and expression of genes encoding CDK
inhibitors induces cell cycle arrest. Molecular genetic studies have demonstrated
complex relationships between kinase inhibitors and the endogenous holoenzymes,
with multiple distinct interacting proteins, allele- or oncogene-specific interactions,
and important kinase-independent functions of cyclins in tumorigenesis. In this
regard, although deletion of either cyclin E or cyclin D confers resistance to tum-
origenesis in mice, overexpression of cyclin E or cyclin D1 mutants that are defective
in binding Rb and stimulating CDK activity can still collaborate in oncogenesis,
suggesting additional kinase-independent functions of the cyclins may contribute
to tumor progression. With these caveats, CDK inhibitors can mediate effective
antiproliferative and anti-tumor actions in vitro and in vivo.

The finding that cyclins can also mediate functions not directly related to their roles
in cell cycle regulation (e.g., promoting cell migration and angiogenesis, regulating
telomerase activity, inhibiting cell differentiation and tumor suppressors such as
BRCALI, cellular senescence, and epigenetic functions (Holnthoner, Pillinger et al.,
2002; Neumeister, Pixley et al., 2003; Fu, Wang et al., 2004; Fu, Rao et al., 2005; Wang,
Fan et al., 2005)) may provide an opportunity for identifying alternate targeted cancer
therapies. Thus, the finding that cyclins bind to histone deacetylases to regulate cell
differentiation suggests that consideration be given to the role of histone deactylase
inhibitors as alternate and complementary therapeutic approaches in cancer treatment.
The finding that cyclins regulate heterotypic signaling — including macrophage func-
tion, angiogenesis, and cytokine secretion (Neumeister, Pixley et al., 2003; Fu, Wang
et al., 2004; Fu, Rao et al., 2005) — raises the possibility that CDK inhibitors may also
regulate the local tumor microenvironment. The importance of local stromal fibroblasts,
infiltrating immune cells, and the extracellular matrix in promoting tumor progression
is becoming an increasingly important auxiliary therapeutic target (Joyce, 2005). The
finding that cyclins regulate the expression of genes encoding cytokines, growth factors,
and their receptors (Fu, Wang et al., 2005) raises the possibility that therapies targeting
aberrant cyclin expression within epithelial cells may have the additional effect of
reducing heterotypic microenvironmental signals that promote tumor progression.
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A498 cells, 198
A549 cells
doxorubicin and, 208
flavopiridol and, 172
p53 in, 132
pRb in, 132
roscovitine and, 198, 208
Western blot analysis of, 133
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A2780 cells
aminothiazole and, 255
BDP and, 342-344
BMS 387032 and, 257-259
flavopiridol and, 253
imidazolinone and, 334-335, 338-340
oxazolidinone and, 336, 338
pyrazoles and, 326, 328, 329, 332-336, 344
pyrazolopyridines and, 254
roscovitine and, 198
A4573 cells, 198, 212
Aapeptide, 238, 241242
ABL cells, 330
5-Acetamido indenopyrazole, 283-286,
288-291
ACHN cells, 198
Actinomycin D, 131, 134
Acute myocardial infarction, 94
Adducin, 175
Adenines, 190, 191
Adenocarcinoma, 62, 63, 208, 381
Adenomatous polyposis coli (apc) gene, 76, 391
Adenosine 5’-triphosphate (ATP), see ATP
Adenoviruses, 67
Adrenal gland, 62, 64
Adriamycin, 33
Affinity chromatography, 105-107, 115,
194-196, 213
AFX, 41; see also Forkhead transcription factor
(FOXO0)
AG1523 fibroblasts, 293-295
Akt
17AAG and, 378
AFX and, 41
breast cancer and, 35
FKHR and, 41
FOXO and, 34, 41
functions of, 30, 31
GSK-3 and, 57
leukemia and, 378-379
MDM?2 and, 30
p21 and, 30-32, 34, 174
p27 and, 35, 36, 40, 91
p53 and, 30
PDKI1 and, 40, 174
pyrazoles and, 330
S6 kinase and, 35
S6 kinase and, 35
TGF-B, and, 34
UCN-01 and, 174-175, 377-379
5-Alkylindenopyrazole, 285-286, 288, 290
4-Alkynyl oxindoles, 270-272
Aloisines, 157, 159-160, 238
Alphal-acid glycoprotein, 175
Alsterpaullone

2-aminoalkylalsterpaullone, 243

ATP and, 169

cAMP-dependent protein kinase and, 237

caspases and, 236

CD-95 ligand and, 236

CDKI1 and, 238, 399

CDK?2 and, 238, 399

CDK4 and, 399

CDKS5 and, 238, 399

in cell cycle, 236

c¢GMP-dependent protein kinase and, 237

c-Jun and, 237

CK1 and, 237

CK2 and, 237

colon cancer and, 236

c-raf and, 237

2-cyanoethylalsterpaullone, 243, 244

cyclin A/CDK2 complex and, 237, 238

cyclin B/CDK1 complex and, 232, 233, 237,
239, 243, 244

cyclin D1/CDK4 complex and, 237

cyclin E/CDK2 complex and, 237

DARPP-32 protein and, 241

ERK1/2 and, 237

vs. flavopiridol, 236

GSK-3 and, 237-243

HCT116 cells and, 232, 236

Hydra and, 242

Hydra and, 242

Hydractinia and, 242

insulin receptor tyrosine kinase and, 237

Jurkat cells and, 236

vs. kenpaullone, 233

Lck and, 238

Leishmania mexicana and, 242

lung cancer and, 236

MAP kinase and, 237

MG MID cells, 232

P12 cells and, 241

p25/CDKS complex and, 237

PARP and, 236

pharmacokinetic studies of, 243

PKC and, 237

Plasmodium falciparum and, 242

Sf-9 cells and, 241

SIF and, 242

sodium nitroprusside and, 236

solubility of, 243

structure of, 170, 240, 243, 244, 398

survivin and, 236

tau protein and, 241

Whnt pathway and, 242

ZVAD and, 236

Alzheimer’s disease

A B peptide in, 238, 241
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camptothecin in, 6

CDKS5 in, 6, 238, 241

characteristics of, 238, 241

GSK-3 and, 238, 241-242

p25 in, 6

paullones and, 238

tau protein in, 6, 238, 241
AMLI, 94
5-Amidoindenopyrazole, 284-286, 289-292
2-Aminoalkylalsterpaullone, 243
6-Aminophenanthridine, 109
Aminopurvalanol, 215
3-Aminopyrazoles, 325-340, 345
Aminothiazole

A2780 cells and, 255

ATP and, 169

BC-2626 compound, 253-255

BMS 387032, see BMS 387032

CDK?2 and, 253, 255-256

cyclin B/CDK1 complex and, 255-256

cyclin D/CDK4 complex and, 255-256

cyclin E/CDK2 complex and, 253, 255-256

structure of, 170
Amyloid precursor protein (APP), 242
AN3CA cells, 198
Anaphase-promoting complexes (APCs), 7
Anemia

CDKs4/6 and, 61, 66, 67

cyclin D and, 60, 65, 67
Angiosarcoma, 62, 63
3-(a-Anilinobenzylidene)-oxindoles, 276
3-(Anilinomethylene)-oxindoles, 272-276
apc gene, 76, 391
APCs, 7
Apoptosis

characteristics of, 205

definition of, 122
Apoptosis signal-regulating kinase 1 (ASK1), 30,

390

APP, 242
Ara C, 375-379, 382
Arcyriaflavin A, 298-303
Arteries

BrdU and, 87

collagen and, 87

cyclin E1 and, 61

flavopiridol and, 171-172

pl16(INK4a) and, 86

p21 and, 86

p27 and, 86-89

TGF-, and, 87

VSMCs in, 85-89, 91, 93
1-Aryl-4,5-dihydro-1H-pyrazolo[3,4-

d]pyrimidin-4-ones, 350-352

Aryl[a]pyrrolo[3,4-c]carbazoles, 308-310, 316-318
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3-Arylacetamido-aminopyrazoles, 326-330, 333
3-Arylidene oxindoles, 265
3-Arylidene-oxindole, 265
5-Arylindenopyrazole, 286, 287, 293
Arylmethylpyrimidinone, 360-362
ASK1, CDKIs and, 30, 390
Aspergillus terreus, 252
Atherosclerosis, 86-87, 90
ATM, 206
ATP
7-hydroxystaurosporine and, 169
aminothiazole and, 169
BMS 387032 and, 169
CDKI1 and, 401
CDK?2 and, 144-147, 152155, 158, 323, 360,
393-397, 400-402
CDK4 and, 77, 401
CDKS5 and, 401
CDK®6 and, 77, 152, 159-160
CDK?7 and, 144-146
CDKIs and, 104, 124, 152, 396
in cell cycle, 7
cyclin A/CDK2 complex and, 324, 394-396,
400-401
cyclin D and, 77
cyclin D and, 77
cyclin E1/CDK2 complex and, 394-395
flavopiridol and, 169-171
indolocarbazoles and, 301
oxindoles and, 267
p19(INK4d) and, 152
p27 and, 150
paullones and, 169
pyrazoles and, 288
roscovitine and, 169, 194-195
SCDKIs and, 169
SU5402 and, 267
UCN-01 and, 169
ATPase, 111
AUR-2 kinase, 330
Aurora-like kinases, 168
4-Azacyclic pyrrolylmethylidene-oxindoles,
269-272
Azakenpaullone, 233-235, 239

B

B cells
cyclin D2 and, 59, 60
K562 cells, 199, 257
p21 and, 63
roscovitine and, 188, 213, 379
B23/Nucleophosmin, 58
Basal cell hyperplasia, 71
Bax, 33-34, 171
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BC-2626 compound, 253-255
BCL-1/PRAD, 252
BCL-2/Bax, 171
Ber-Abl, 36, 39, 107
BDP, 340-345
BE cells, 198
Beckwith-Wiedemann syndrome, 42
3-Benzamidoaminopyrazoles, 326, 327
Benzodipyrazoles (BDP), 340-345
Beta catenin, 76
o-particle-emitting stents, 94
Bisindolomaleimides, 299-301, 308, 316-317
Bladder cancer, 172, 199
Bleomycin, 171
BMS 387032
ATP and, 169
clinical trials of, 261, 380, 383
development of, 255-256
properties of, 257-262
structure of, 170, 255, 256, 373
B-Myb, 43, 45
Bon-1 cells, 198
Bone marrow
EPCs from, 90, 91
p21 and, 91
p27 and, 87-88, 91
stem cells from, see Stem cells
tumor cells from, 13
Bortezomib, 7, 379, 382
Borylation/Suzuki coupling (BSC) reaction, 230,
231
BRACO-19 compound, 375
Brain cancer, 40
BRCAL gene, 37, 40, 402
BRCA2 gene, 58
BrdU, 87, 333, 338-340
Breast cancer, 71-72
Akt and, 35
BMS 387032 and, 257-258, 383
BRCALI and, 37, 40, 402
BRCA?2 and, 58
BRMSI and, 13
camptothecin and, 208
capecitabine and, 213, 380, 383
CDK2 and, 209
CDK4 and, 169
chemokine receptors and, 14
cisplatin and, 382
c-Myc and, 34
CSN complex and, 38
CXCR4 and, 14
cyclin B1 and, 9
cyclin D1 and, 59, 60, 72, 391
cyclin D1/CDK4 complex and, 126-127
cyclin D2 and, 59, 60

cyclin E and, 72, 209, 252

doxorubicin and, 382

etoposide and, 382

flavopiridol and, 375, 376, 382

gemcitabine and, 383

HER?2 and, 38

luciferase and, 12

MCEF-7 cells, see MCF-7 cells

MCF-10F cells, 200

MDA-MB-231 cells, 12, 200, 212

MDA-MB-435S cells, 200

mitomycin C and, 375, 382

p21 and, 34

p27 and, 35, 37, 38, 209

paclitaxel and, 375, 380, 382, 383

paullones and, 236-237

PTEN and, 40

radiation and, 211

relapse in, 18

Ro031-7453 and, 380, 383

roscovitine and, 188, 200, 208, 211-213, 382

SKBR3 cells, 257

UCN-01 and, 382

vinorelbine and, 380, 383
Breast cancer metastasis suppressor 1

(BRMS1), 13

Bromodeoxyuridine, 9
5-Bromo-isatin 3-arylhydrazones, 272-274
Bromopaullone, 232, 233, 237, 238
Bronchioloalveolar adenomas, 64
BSC reaction, 230, 231
Burkitt’s lymphoma, 198
Butyrolactone, 252

C

Caco-2 cells, 257, 259-260, 334-336, 338
Caenorhabditis elegans, 41
CAK, see Cyclin H/CDK7 complex
Calcineurin, 111
Calmodulin, 95
Calu-1 cells, 132, 133
CaMK2
indolocarbazoles and, 301, 302
roscovitine and, 104, 115, 193-194, 214
cAMP-dependent protein kinase, 237
Camptothecin
in Alzheimer’s disease, 6
breast cancer and, 208
DNA and, 134
roscovitine and, 208
topoisomerase I/II activity and, 6, 208
UCN-01 and, 175, 382
Capecitabine, 213, 380, 383
Carbazoles
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1,7-annulated indolocarbazoles, 303-307
arcyriaflavin A and, 299-303
aryl[a]pyrrolo[3,4-c]carbazoles, 308-310,
316-318
ATP and, 301
aza-annulated indolocarbazoles, 306-307
CaMK?2 and, 301, 302
CDK2 and, 300-303, 311, 313-314
CDK4 and, 300, 311, 313-316
in cell cycle, 315
cyclin D1/CDK4 complex and, 298-315
cyclin E/CDK2 complex and, 298-299,
302-307, 310, 312-315
HCT116 cells and, 303-316
indolo[2,3-A]carbazole glycoside, 299,
312-315, 318
Indolo[6,7-a]pyrrolo[3,4-c]carbazoles,
310-312
indoloamino-alkylcarbazole, 312-314
indolocarbazoles, see Indolocarbazoles
NCI-H460 cells and, 303-307, 310-314
PKA and, 302
PKC and, 312-315
Rb protein and, 315-316
solubility of, 304, 312
structure of, 308-311, 313
synthesis of, 303-306, 308-318
Carboplatin, 372, 376, 378, 382
Cardiomyocytes, 85, 94-95
Cardiovascular system
angiogenesis, 171-172
angiosarcoma, 62, 63
arteries, see Arteries
BrdU and, 87
cardiomyocytes in, 85, 94-95
collagen and, 87
cyclin D and, 60
cyclin E and, 61, 68
cyclin E1 and, 61
cytokines and, 86-87
flavopiridol and, 171-172
graft vasculopathy, 90
hemangioma in, 63
hematopoietic cells in, see Hematopoietic cells
HUVECS in, 171
mitogens in, 87, 89
MMP-9 and, 90
ODNs, 93-94
oxindoles and, 266
pl6(INK4a) and, 86
p21 and, 63, 86, 95
p27 and, 86-89, 95
p107 in, 95
p130 in, 95
Rb protein in, 95
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repair of, 96
SV40 large T antigen and, 95
TGF-B and, 87
TSC2 in, 95
VEGF in, 90, 171
VEGEFR and, 90, 266, 330
veins, 85-89, 91, 93, 171-172
ventricular remodeling in, 85
VSMCs in, 85-89, 91, 93
Carmustine, 175
CAS186692-46-6, see Roscovitine
Casein kinase 1 (CK1), see CK1
Casein kinase 2 (CK2), 237, 238, 330
Caspases, 236, 391
CBP, 37, 40
CBP/p300 complex, 58
CCD-18Co cells, 257
CCD-33Co cells, 257
CCRS receptor, 14-15
CD2/T cells, 72, 73
CD31 markers, 90
CD34 markers, 90
CD-95 ligand, 236
CD133 markers, 90
CD146 markers, 90
Cdc2, see also CDK1
activation of, 10
in cell cycle, 174
discovery of, 56
in S. pombe, 56, 143
UCN-01 and, 174
Cdc4 protein, 7
Cdc6 protein, 390
Cdc7/DBF4 complex, 330
Cdc25A, 189, 390
Cdc25B, 189
Cdc25C, 189
Cdc28 protein, 56, 143
Cdc34 enzyme, 36, 38
Cdc42/Racl complex, 31, 32
Cdhl gene, 58
CDKI1, see also Cdc2
4A4 antibody and, 205
ATP and, 401
BMS 387032 and, 262
CDK2 and, 69
in cell cycle, 57, 58
CGP60474 and, 399
CINK4 and, 399
CRK3 and, 242
CVT-313 and, 124
cyclin A and, see Cyclin A/CDKI1 complex
cyclin Al and, 69
cyclin A2 and, 58
cyclin B and, see Cyclin B/CDKI1 complex
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cyclin B1 and, see Cyclin B1/CDK1 complex

cyclin E and, see Cyclin E/CDK1 complex

cyclin H/CDK7 complex and, 124, 197

enzyme inhibition assay of, 104

flavopiridol and, 170, 252-253, 374, 398, 399

functions of, 189

GM130 Golgi protein and, 205

GW400426 and, 112

indirubin and, 125, 399

olomoucine and, 124, 397, 399

oxindoles and, 268, 278

p21 and, 76, 392

p27 and, 76, 392

paullones and, 238, 396, 399

peroxiredoxin I and, 205

Pho85 and, 112

pRbD and, 58

P-Thr72 antibody and, 205

P-Thr90 antibody and, 205

P-Thr320 antibody and, 205

purvalanol and, 124

Ro031-7453 and, 380

roscovitine and, 104, 115, 124, 126, 193, 195,
205, 206, 214, 399

sequence alignment of, 145

staurosporine and, 124

structure of, 393

SU9516 and, 268, 399

survivin and, 205

TG3 antibody and, 205

UCN-01 and, 124, 377

Urea 1/2 and, 399

vimentin and, 205

CDK2

5-bromo-isatin 3-arylhydrazones and, 272-274

ablation of, in mice, 61, 66, 68-70, 76, 390, 392

activation of, 147-150, 154155, 394

in adherent vs. non-adherent cells, 15

amino acids in, 394

aminothiazole and, 253, 255-256

ATP and, 144-147, 152-155, 158, 323, 360,
393-397, 400402

BDP and, 340-342, 345

bisindolomaleimides and, 300

BMS 387032 and, 255

BRCA?2 and, 58

BrdU and, 339

breast cancer and, 209

carbazoles and, 300-303, 311, 313-314

CBP/p300 complex and, 58

Cdhl and, 58

CDKI1 and, 69

CDK4 and, 69-70, 77, 127, 356

CDKG6 and, 69-70, 159-160

CDK?7 and, 147

Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

Cdtl and, 58

in cell cycle, 56, 57, 68, 73, 74, 92, 202, 262,
275, 297, 390

cell differentiation and, 172

centrosomes and, 58, 202

CGP60474 and, 399

CINK4 and, 399

CIP/KIPs and, 58

Cks1 and, 147, 395

CLL cells and, 207

colon cancer and, 68, 176

CP110 and, 58

CVT-313 and, 124

CYC202 and, 8

cyclin A and, see Cyclin A/CDK2 complex

cyclin Al and, 15

cyclin A2 and, 15

cyclin D and, 70

cyclin E and, see Cyclin E/CDK2 complex

cyclin E1 and, see Cyclin E1/CDK2 complex

cyclin E2 and, 15, 57, 390

cyclin H/CDK7 complex and, 124, 197

deschloroflavopiridol and, 158, 170

E2F and, 297

endoreplication and, 69

enzyme inhibition assay of, 104

flavopiridol and, 158, 170, 172, 374, 398, 399

functions of, 189

gonads and, 61

GSK-3 and, 344

H-ras activation and, 74, 75

indirubin and, 125, 399

indolo[2,3-A]carbazole glycoside and, 314

indolo[6,7-a]pyrrolo[3,4-c]carbazoles and, 311

indoloamino-alkylcarbazole and, 313-314

indolocarbazoles and, 300-303

isatin 3-phenylhydrazones and, 272-274

KAP and, 147, 395

KLF6 and, 400

Ku70 and, 58

leukemia and, 207

luciferase and, 12

maleimide and, 300, 308

MEFs and, 73-75

melanoma and, 208, 209

MITF and, 209

Mpsl and, 58

naphthostyrils and, 278-279

NPAT/p220 complex and, 58

NU6102 and, 158

Nucleophosmin/B23 complex and, 58

olomoucine and, 124, 155, 159, 360, 397, 399

in oncogenesis, 125, 177, 261-262

ovaries and, 61

oxindoles and, 269-276
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p21 and, 31, 33, 76, 392

p27 (IPpl) and, 75

p27 (KIP1) and, 12, 37, 39, 58, 76, 86, 91, 150,
203, 392

p27-Luc and, 12

p57 and, 44

PACAP and, 42-44

paullones and, 238, 399

PFK049-365 and, 345

phosphates in, 146

pituitary gland and, 392

pRb and, 58, 77, 339

PTEN and, 39

purvalanol and, 124, 155, 158

pyrazoles and, 288, 290, 324-326, 345

pyrazolopyridines and, 253-254, 345-346

pyrimidinone and, 359-360

Rad6/Ubc2 complex and, 58

Ro031-7453 and, 380

roscovitine and, 104, 105, 107, 113, 115, 124,
126, 155, 193-195, 202, 205, 206, 210, 214,
216, 399

SCLC and, 16

sequence alignment of, 145

SET and, 31

Spy1 and, 37, 39

staurosporine and, 124

structure of, 144-155, 195, 393-394

SU9516 and, 268, 399

substrate for, 393

testis and, 61

TOK-1 and, 31, 33

transgenic models of, 72

UCN-01 and, 124, 377

Urea 1/2 and, 399

CDK3

in cell cycle, 56, 57, 70

cyclin C and, see Cyclin C/CDK3 complex

enzyme inhibition assay of, 104

functions of, 189

p21 and, 392

p27 and, 392

pRbD and, 56

roscovitine and, 206

sequence alignment of, 145

CDK4

ablation of, in Drosophila, 66—67

ablation of, in mice, 61, 63, 65-67, 76

in adherent vs. non-adherent cells, 15

anemia and, 61, 66, 67

angiosarcoma and, 63

ATP and, 77, 401

bisindolomaleimides and, 300

BMS 387032 and, 262

breast cancer and, 169
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carbazoles and, 300, 311, 313-316
CDK2 and, 69-70, 77, 127, 356

CDKG6 and, 127

in cell cycle, 56, 57, 73, 73-75, 126, 297, 315
CGP60474 and, 399

CINK4 and, 125, 399

CIP/KIPs and, 58

c-Myc and, 76

Compound 7 series, 127-129

Compound 9 series, 127-129

Compound 12 series, 127-129
Compound 26a and, 124

Compound 66 and, 124

CVT-313 and, 124

cyclin D and, see Cyclin D/CDK4 complex
cyclin D1 and, see Cyclin D1/CDK4 complex
cyclin D2 and, 65-66

cyclin D3 and, 15

cyclin H/CDK7 complex and, 124, 197
diabetes and, 61, 65

diarylurea and, 399

Drosophila and, 66-67

E2F and, 297

fascaplysin and, 124125, 127-128
flavopiridol and, 238, 374, 398, 399
functions of, 189

HCT116 cells and, 315

hematopoietic cells and, 61, 65-67

H-ras activation and, 72, 75

hypophysis and, 65-66

indirubin and, 125, 399
indolo[2,3-A]carbazole glycoside and, 314
indolo[6,7-a]pyrrolo[3,4-c]carbazoles and, 311
indoloamino-alkylcarbazole and, 313-314
indolocarbazoles and, 300, 315-316
INK4 proteins and, 58, 66, 70, 150
insulin and, 61, 65

Leydig cells and, 63, 65-66

liver and, 61, 67

lordokyphosis and, 64

maleimide and, 300

MEFs and, 73-75, 292-293, 350
melanoma and, 70, 169

molecular modeling of, 127-130
olomoucine and, 124, 397, 399

ovarian cancer and, 169

overexpression of, 169

oxindoles and, 276

p15(INK4b) and, 390

pl6(INK4a) and, 126, 152, 350, 390, 393
p18(INK4c) and, 64, 390

p19(INK4d) and, 390

p21 and, 76, 392

p27 and, 64, 76, 203, 392

pl07 and, 57, 58
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p130 and, 57, 58
paullones and, 238, 399
PD 0332991 and, 126
PD332991 and, 126
pituitary gland and, 61, 63, 66
pRb and, 57, 58, 69-70, 77, 124
prolactin and, 65
purvalanol and, 124
pyrido[2,3-d]pyrimidines and, 161
Ras and, 72, 73, 76
Rb protein and, 292, 315
Ro031-7453 and, 380
roscovitine and, 124, 193, 204, 206, 399
SCLC and, 16
sequence alignment of, 145
in Sf-9 cells, 130
Smad3 and, 58
spine and, 64
structure of, 128, 159, 393
SU9516 and, 268, 399
testis and, 63
transgenic models of, 71-73
Urea 1/2 and, 399

CDKS5
activation of, 147-150
in Alzheimer’s disease, 6, 238, 241
ATP and, 401
CINK4 and, 399
CVT-313 and, 124
cyclin D1 and, 189
DARPP-32 protein and, 241
enzyme inhibition assay of, 104
functions of, 5, 189
indirubin and, 125, 399
olomoucine and, 124, 397, 399
p21 and, 392
p25 and, see p25/CDKS5 complex
p27 and, 392
p35 and, 144
p39 and, 189
paullones and, 238, 399
PKA and, 241
purvalanol and, 106, 124
roscovitine and, 104-107, 115, 124, 126,

193-195, 214, 399

sequence alignment of, 145
staurosporine and, 124
structure of, 147-150, 393
tau protein and, 238, 241
UCN-01 and, 124

CDK6
ablation of, in Drosophila, 67
ablation of, in mice, 61, 65-67
activation of, 147-150
anemia and, 61, 66, 67

ATP and, 77, 152, 159-160
CDK2 and, 69-70, 159-160
CDK4 and, 127

in cell cycle, 56, 57, 73, 74
CINK4 and, 399

CIP/KIPs and, 58

Compound 26a and, 124
Compound 66 and, 124

cyclin D and, see Cyclin D/CDK6 complex
cyclin D1 and, 193, 390

cyclin D3 and, 193

cyclin H/CDK7 complex and, 124
Drosophila and, 67

erythrocytes and, 61

flavopiridol and, 374, 398
functions of, 123, 189
hematopoietic cells and, 61, 65-67, 70
INK4 proteins and, 58

liver and, 61, 67

MEFs and, 73-75, 293, 350
olomoucine and, 397

p15(INK4b) and, 390
pl6(INK4a) and, 150, 152, 390
p18(INK4c) and, 390
p19(INK4d), 150-152

p21 and, 76, 392

p27 and, 76, 392

pl07 and, 57, 58

p130 and, 57, 58

PD 0332991 and, 126

PD332991 and, 126

pRb and, 57, 58
pyrido[2,3-d]pyrimidines and, 161
Rb protein and, 292

roscovitine and, 193, 206
sequence alignment of, 145
spleen and, 61, 66, 67

structure of, 147-152, 159-160, 393
T cells and, 61

thymus and, 61, 66, 67

Vcyclin and, see Vcyclin/CDK6 complex

CDK7

in adherent vs. non-adherent cells, 15
ATP and, 144-146

BMS 387032 and, 262

CDK2 and, 147

in cell cycle, 123

Cksl1 and, 147

CVT-313 and, 124

cyclin H and, see Cyclin H/CDK7 complex
enzyme inhibition assay of, 104
flavopiridol and, 170, 374

functions of, 15, 189, 262

KAP and, 147

olomoucine and, 124
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p21 and, 392
p27 and, 392
phosphates in, 146
purvalanol and, 124
RNA polymerase II and, 262
roscovitine and, 104, 115, 124, 193, 206-207,
214
sequence alignment of, 145
structure of, 144-147, 393
transcription and, 5
CDK8
cyclin C and, 193, 206
functions of, 189, 262
RNA polymerase II and, 262
roscovitine and, 193
transcription and, 5
CDK9
in adherent vs. non-adherent cells, 15
BMS 387032 and, 262
CVT-313 and, 124
cyclin K and, 189
cyclin T and, 374
cyclin T1 and, see Cyclin T1/CDK9 complex
enzyme inhibition assay of, 104
functions of, 189, 262
olomoucine and, 124
pRb and, 70
purvalanol and, 124
RNA polymerase II and, 262
roscovitine and, 104, 115, 124, 193, 206-207,
214
transcription and, 5
CDK10/cyclin “L” complex, 189
CDKll/cyclin L complex, 189
CDK12/cyclin L1 complex, 189
CDK-activating kinase, see Cyclin H/CDK7
complex
CDKN?2 gene, 252
Cdt1 replication factor, 58
Cdx2 transcription factor, 204, 207
Cell cycle, definition of, 3
Centrosomes
CDK?2 and, 58, 202
CP110, 58
cyclin E and, 394-395
cyclin E/CDK2 complex and, 390
Mpsl, 58
Nucleophosmin/B23, 58
roscovitine and, 202, 205
Cerebellum, 60
c¢GMP-dependent protein kinase, 237
CGP41251 compound, 397
CGP60474 compound, 398, 399
CHI1 cells, 198
CHAGO-K1 cells, 198
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Chemokines, 86-87
Chemotherapy, 372-374
Chkl1
in cell cycle, 174
leukemia and, 379
pyrazoles and, 330
roscovitine and, 204, 206
UCN-01 and, 174, 377, 379
Chk2 gene, 206, 377
Chlorpromazine, 111
Cholestyramine, 172
Chondrocytes, 44
CHP212 cells, 198
Chromatids, 7, 167, 168
Chromatin, 7, 13, 57, 73
Chronic lymphocytic leukemia (CLL), 207, 376
Chronic myelocytic leukemia (CML), 276
CINK4 compound, 125, 126, 398, 399
CIP/KIPs
ablation of, in mice, 76
functions of, 58
in oncogenesis, 391-392
in vasculature, 86
Cisplatin
bladder cancer and, 172
BMS 387032 and, 380, 383
breast cancer and, 382
clinical trials of, 372
colon cancer and, 375, 380, 383
flavopiridol and, 172, 375, 376, 382
lung cancer and, 375, 382
NSCLC and, 213
ovarian cancer and, 372, 375, 376, 382
p53 and, 381
resistance to, 375
roscovitine and, 213
UCN-01 and, 372, 377, 378, 381, 382
c-Jun, 36, 38, 237
c-Jun NH2-terminal kinase (JNK), 42, 43, 379
CK1
D4476 and, 215
IC261 and, 215
paullones and, 237
roscovitine and, 193-194, 204, 207, 214
SB203580 and, 215
CK2 kinase, 237, 238, 330
c-kit, 266
Cksl
CDK2 vs. CDK7, 147
cyclin E/CDK2 complex and, 395
FGFR and, 36, 39
FRS2 and, 36, 39
p27 and, 36, 39
Claudin-4 gene, 13
Cleft palate, 63
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CLKI1 gene, 113, 115, 194 SW620 cells, 201, 257, 276
CLK2 gene, 115, 194 topotecan and, 375
CLK4 gene, 115, 194 UCN-01 and, 377
CLL cells, 207, 376 Colorectal cancer, see also Colon cancer; Rectal
CLN gene, 390 cancer
Clonal resistance, 17 BMS 387032 and, 383
CML, 276 Caco-2 cells, 257, 259-260, 334-336, 338
c-Myc capecitabine and, 380, 383
breast cancer and, 34 CCD-18Co cells, 257
in cardiomyocytes, 95 CCD-33Co cells, 257
CDK4 and, 76 COLO-201 cells, 257
cyclin D1 and, 71, 72, 75 COLO-205 cells, 198, 257
estrogen and, 34 COLO-320 cells, 198, 257
lymphoma and, 71, 72 CX-1 cells, 257
p15(INK4b) and, 34 flavopiridol and, 376-377
p21 and, 32, 34 gemcitabine and, 383
p27 and, 34, 37, 41 HCTS cells, 257
Cofilin, 42 HCT116 cells, see HCT116 cells
Collagen, 87, 89, 92 HT?29 cells, see HT29 cells
COLO-201 cells, 257 irinotecan and, 377
COLO-205 cells, 198, 257 LoVo cells, 200, 212, 257
COLO-320 cells, 198, 257 LS174T cells, 132, 257
Colon 26 cells, 198 MIP cells, 257
Colon cancer Ro031-7453 and, 380
BE cells, 198 roscovitine and, 379
BMS 387032 and, 257, 380, 383 SK-CO-1 cells, 257
CDK?2 and, 68, 176 SW403 cells, 257
cisplatin and, 375, 380, 383 SW480 cells, 201, 257, 268, 271-272
COLO-201 cells, 257 SW620 cells, 201, 257, 276
COLO-205 cells, 198, 257 SW837 cells, 257
COLO-320 cells, 198, 257 SW1417 cells, 257
Colon 26 cells, 198 T84 cells, 257
cyclin D1 and, 391 Combination index in median effect analysis, 374
doxorubicin and, 375 COMPARE algorithm, 228
E7070 and, 381 Competition-binding assay, 107-108, 194
ERK1/2 and, 202 Compound 7 series, 127-129, 133-135
etoposide and, 375 Compound 9 series, 127-129, 133-135
flavopiridol and, 172-173, 375, 377 Compound 12 series, 127-129, 133-135
HCT15 cells, 199 Compound 20 (drug), 126
HCT116 cells, see HCT116 cells Compound 26a (drug), 124
HT?29 cells, see HT29 cells Compound 66 (drug), 124
hymenialdisine and, 375 Connexin 32 (Cx32), 37, 39
irinotecan and, 208, 211, 377 COP9 signalsome (CSN), see CSN complexes
KM12 cells, 199, 202 CORL23 cells, 198
LoVo cells, 200, 212, 257 CP110 centrosome, 58
LS174T cells, 132, 257 CPT11 compound, 381, 383
Mawi cells, 200 c-raf, 237
paclitaxel and, 375 CREB-binding protein (CBP), 37, 40, 58
paullones and, 236, 375 CRK3 kinase, 242
purvalanol and, 375 CRS, 9
pyrazoles and, 293 CRSP3 gene, 13
roscovitine and, 198-202, 206, 208, 211-212, Cryptolepine, 127
375, 379 CSN complexes
SN38 and, 377 Ber-Abl and, 36, 39

SW480 cells, 201, 257, 268, 271-272 breast cancer and, 38
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FOXO and, 41
MAP kinase and, 36-39
p27 and, 36-39, 41
PI3 pathway and, 36, 39
roscovitine and, 104, 113, 115
CTD, 130
CVT-313 compound, 124
CX-1 cells, 257
Cx32 polypeptide, 37, 39
CXCLS8/IL-8 complex, 16
CXCL12/SDF-1 complex, 14
CXCR4 receptor, 14
2-Cyanoethylalsterpaullone, 243, 244
9-Cyanopaullone
CRK3 and, 242
cyclin B/CDK1 complex and, 232, 233, 236,
239, 396
GSK-3 and, 239
HCT116 cells and, 232
vs. kenpaullone, 233
Leishmania donovani and, 242
MG MID cells and, 232
CYC202, see also Roscovitine
bortezomib and, 379
CDK2 and, 8
cyclin E and, 8
doxorubicin and, 379
Mcl-1 and, 379
myeloma and, 379, 382
p53 and, 8
RNA polymerase II and, 379
structure of, 170, 190, 373
4-Cyclicamino oxindoles, 269, 270
Cyclin A, see also Cyclin Al; Cyclin A2
B-Myb and, 43, 45
CDKI1 and, see Cyclin A/CDK1 complex
CDK?2 and, see Cyclin A/CDK2 complex
in cell cycle, 57
p27 and, 392-393
p57 and, 43, 45
Cyclin A/CDK1 complex, see also Cyclin
A2/CDKI1 complex
in cell cycle, 57, 123, 189, 197
roscovitine and, 197, 203
Cyclin A/CDK2 complex, see also Cyclin
A1/CDK2 complex; Cyclin A2/CDK2
complex
activation of, 147-150
aloisines and, 157
in assay process, 130
ATP and, 324, 394-396, 400401
BDP and, 340-343
Cdc25B and, 189
in cell cycle, 57-58, 123, 189, 197, 292
Compound 7 series and, 134
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Compound 9 series and, 134
Compound 12 series and, 134
vs. cyclin E1/CDK2 complex, 394
E2F1 and, 400
flavopiridol and, 156
hymenialdisine and, 157
imidazolinone and, 331, 334-335, 338
indirubin and, 157, 277
in lung cancer, 16
NU6102 and, 157, 159
olomoucine and, 156
oxazolidinone and, 336, 338
oxindoles and, 274-275
p21 and, 390
p27 and, 150-151, 390, 392-393, 395
p57 and, 45, 390
p107 and, 400
pl07/E2F complex and, 123
p130 and, 400
paullones and, 237, 238
PHA-533533 and, 126
pRb and, 123-124
purvalanol and, 156
pyrazoles and, 326-336, 344-345
Rb protein and, 400
roscovitine and, 193, 195, 197, 203, 326, 329
SCLC and, 16
staurosporine and, 156
structure of, 147-151, 394-395, 400
SU9516 and, 268
substrate for, 130
Cyclin Al
ablation of, in mice, 61, 69
in adherent vs. non-adherent cells, 15, 16
CDK1 and, 69
CDK2 and, 15
cyclin B and, 69
leukemia and, 16
SCLC and, 16
testis and, 61
transgenic models of, 72
Cyclin A1/CDK2 complex, 15
Cyclin A2, 15, 58, 61
Cyclin A2/CDKI1 complex, 58
Cyclin A2/CDK2 complex, 15
Cyclin B, see also Cyclin B1; Cyclin B2 ablation
CDKI1 and, see Cyclin B/CDK1 complex
in cell cycle, 57
cyclin Al and, 69
in mitosis, 7
Cyclin B/CDKI1 complex, see also Cyclin
B1/CDK1 complex
6-DMAP and, 190, 191
aloisines and, 157
aminothiazole and, 255-256
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arylmethylpyrimidinone and, 361
BMS 387032 and, 257, 380
Cdc25A and, 189

Cdc25B and, 189

Cdc25C and, 189

in cell cycle, 57, 189, 197, 292
cyclin H/CDK7 complex and, 123, 189
fisetin and, 156

flavopiridol and, 156
hymenialdisine and, 157
imidazolinone and, 338
indirubin and, 157, 277
isopentenyladenine and, 190, 191
lamins and, 202

MAT1 and, 189

mitosis and, 124, 189

NU6102 and, 157

olomoucine and, 156, 190, 191
oxazolidinone and, 338

paullones and, 229, 231-237, 239, 243, 244,

395-396
purvalanol and, 105, 156, 191
pyrazoles and, 294-295, 326, 330
pyrazolo[3,4-d]pyrimidin-4-ones and,
356-358, 364-365
pyrazolopyridines and, 254, 345
pyrimidinone and, 356-357, 359, 361
roscovitine and, 191, 193, 194, 196-197,
203
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Cyclin C/CDKS8 complex, 193, 206
Cyclin D, see also Cyclin D1; Cyclin D2; Cyclin D3

ablation of, in mice, 59-67

anemia and, 60, 65, 67

ATP and, 77

basal cell hyperplasia and, 71

in cardiomyocytes, 95

CDK2 and, 70

CDK4 and, see Cyclin D/CDK4 complex
CDK6 and, see Cyclin D/CDK6 complex
in cell cycle, 58, 73, 74, 389, 400
developmental compensation and, 59-64
embryonic plasticity and, 59-64

GSK-3 and, 57

heart and, 60

hematopoietic cells and, 60, 65, 67
KLF6 and, 400

liver and, 65, 67

MAP kinase and, 56

MEFs and, 73-75, 77

p21 and, 75

p27 and, 75

pl107 and, 57, 58

p130 and, 57, 58

PI3 pathway and, 56, 57

pocket proteins and, 57

pRb and, 57, 58, 70

Ras pathway and, 56

roscovitine and, 204

staurosporine and, 397
structure of, 395

Cyclin D/CDK2 complex, 70
Cyclin D/CDK4 complex, see also Cyclin

Cyclin B1
ablation of, in mice, 61
breast cancer and, 9

CDKI1 and, see Cyclin B1/CDK1 complex

in cell cycle, 9-10
CRS and, 9
leukemia and, 9
lysines and, 10
tracking of, 9—-12
Cyclin B1/CDKI1 complex
in assay process, 130
in cell cycle, 58, 123
cell cycle tracking and, 10
Compound 7 and, 134
Compound 9 and, 134
Compound 12 and, 134
flavopiridol and, 252-253
MSC activators and, 11
substrate for, 130
Cyclin B2 ablation, 61
Cyclin C, 57
Cyclin C/CDK3 complex
in cell cycle, 56, 57, 189, 197
roscovitine and, 197, 203

D1/CDK4 complex; Cyclin D2/CDK4
complex; Cyclin D3/CDK4 complex
in adherent vs. non-adherent cells, 15
aloisines and, 157
aminothiazole and, 255-256
BMS 387032 and, 257, 380
Cdc25B and, 189
in cell cycle, 57, 123, 189, 252
CINK4 and, 126
CIP/KIPs and, 58
cyclin H/CDK7 complex and, 189
flavopiridol and, 156
functions of, 59
GSK3 and, 189
GSK-3 and, 189
hymenialdisine and, 157
indirubin and, 157
INK4 proteins and, 58, 150
MAT1 and, 189
NU6102 and, 157
olomoucine and, 156
p15(INK4b) and, 189
pl6(INK4a) and, 123, 152, 189
p18(INK4c) and, 189
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pl19(INK4d) and, 189 Rb protein and, 169
pl107 and, 57, 58 Rb and, 169
p130 and, 57, 58 retina and, 60
pRb and, 57, 58, 123 roscovitine and, 379
purvalanol and, 156 Schwann cells and, 60
pyrazolopyridines and, 254 thymus and, 71
roscovitine and, 203 transgenic models of, 71-72
SB218078 and, 298 Wnt pathway and, 75
staurosporine and, 156 Cyclin D1/CDK4 complex
SU9516 and, 268 in assay process, 130

Cyclin D/CDK6 complex, see also Cyclin D1/CDK6 bisindolomaleimides and, 299-301

complex; Cyclin D3/CDK6 complex body size and, 66-67

Cdc25B and, 189 breast cancer and, 126127
in cell cycle, 57, 123, 189 carbazoles and, 298-315
CIP/KIPs and, 58 Compound 7 and, 133-134
cyclin H/CDK7 complex and, 189 Compound 9 and, 133-134
functions of, 59 Compound 12 and, 133-134
GSK3 and, 189 flavopiridol and, 252-253
GSK-3 and, 189 imidazolinone and, 338
INK4 proteins and, 58, 150 indirubin and, 277
MATI and, 189 indolo[2,3-A]carbazole glycoside and, 312-315
p15(INK4b) and, 189 indolo[6,7-a]pyrrolo[3,4-c]carbazoles and,
pl6(INK4a) and, 123, 152, 189 310-312
p18(INK4c) and, 189 indoloamino-alkylcarbazole and, 312-314
p19(INK4d) and, 189 indolocarbazoles and, 298-307
pl107 and, 57, 58 KLF6 and, 400
p130 and, 57, 58 maleimide and, 299-301
pRb and, 57, 58, 123 oxazolidinone and, 338

Cyclin D1 p21 and, 390
ablation of, in mice, 59-67, 75-76, 390, 391 p27 and, 390
abundance of, 390 paullones and, 237
apc and, 76, 391 piperazines and, 286
beta catenin and, 76 piperidine and, 286-288
breast cancer and, 59, 60, 72, 391 pyrazoles and, 283-287, 289, 330
CDK4 and, see Cyclin D1/CDK4 complex pyrazolo[3,4-d]pyrimidin-4-ones and,
CDKS and, 189 351-359, 363-365
CDKG6 and, 193, 390 pyrimidinone and, 355-357, 359, 361-362
cloning of, 389-390 Rb protein and, 350, 390
c-Myc and, 71, 72, 75 roscovitine and, 193, 206
colon cancer and, 391 substrate for, 130
cyclin E and, 60 Cyclin D1/CDKS5 complex, 189
ErbB2 and, 391 Cyclin D1/CDK6 complex, 193, 390
flavopiridol and, 170-172 Rb protein and, 390
H-ras activation and, 76 Cyclin D2
lymphoma and, 71, 72, 206 ablation of, in mice, 59-66, 76
mammary glands and, 60, 71, 72 B cells and, 59, 60
MEFs and, 73-75 breast cancer and, 59, 60
neu and, 75-76 CDK4 and, 65-66
in oncogenesis, 126, 350, 391 erythropoiesis and, 60
overexpression of, 126, 169 mammary glands and, 60, 71
p21 and, 75 MEFs and, 74
p27 and, 64, 75 ovaries and, 60
pancreatic cancer and, 65-66 pancreatic cancer and, 60, 65-66
PRAD/BCL-1 and, 252 Sertoli cells and, 60

Ras and, 75-76, 391 testis and, 60
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thymus and, 71
transgenic models of, 71-72

Cyclin D2/CDK4 complex, 65-66
Cyclin D3

ablation of, in mice, 59-64, 76
CDK4 and, 15

CDKG6 and, 193
erythropoiesis and, 60
H-ras activation and, 74
leukemia and, 76

MEFs and, 74

notch and, 76

p56LCK and, 76

retina and, 60

T cells and, 59, 60

thymus and, 60

transgenic models of, 71-72
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ablation of, in mice, 177

aloisines and, 157

aminothiazole and, 253, 255-256

in assay process, 130

BC-2626 and, 253, 255

bisindolomaleimides and, 299, 301

BMS 387032 and, 257, 380

carbazoles and, 298-299, 302-307, 310,
312-315

Cdc25A and, 189, 390

Cdx2 and, 204, 207

in cell cycle, 57, 76, 123, 189, 197, 252, 292

centrosomes and, 390

CIP/KIPs and, 58

Cks1 and, 395

Compound 7 and, 134

Compound 9 and, 134

Cyclin D3/CDK4 complex, 15
Cyclin D3/CDK6 complex, 193
Cyclin E, see also Cyclin E1; Cyclin E2

Compound 12 and, 134
CYC202 and, 8
E2F1 and, 88

ablation of, in Drosophila, 68
ablation of, in mice, 61, 67-68
breast cancer and, 72, 209, 252
Cdc6 and, 390

CDKI1 and, 69, 76, 197

CDK?2 and, see Cyclin E/CDK2 complex
CDK3 and, 193

in cell cycle, 57, 92, 389, 390, 400
centrosomes and, 394-395
chromatin and, 73

CYC202 and, 8

cyclin D1 and, 60

Drosophila and, 68

E7070 and, 381

endoreplication and, 57, 61, 68, 69
functions of, 390

heart and, 61, 68

H-ras activation and, 75
lymphoma and, 72, 73

mammary glands and, 72, 73
MCM complex and, 390

MEFs and, 73-75
megakaryocytes and, 61, 68
melanoma and, 209

in oncogenesis, 391

p27 and, 72

Ras and, 391

salivary glands and, 68

T cells and, 72, 73

transgenic models of, 72, 73
trophoblast giant cells and, 61, 67

Cyclin E/CDKI1 complex, 69, 76, 197
Cyclin E/CDK2 complex, see also Cyclin

E1/CDK2 complex; Cyclin E2/CDK2
complex

flavopiridol and, 252-253, 375

GSK3 and, 189

GSK-3 and, 189

hymenialdisine and, 157

imidazolinone and, 338

indirubin and, 157, 277

indolo[2,3-A]carbazole glycoside and,
312-315

indolo[6,7-a]pyrrolo[3,4-c]carbazoles and, 310

indolocarbazoles and, 298-299, 302, 303-307

KAP and, 395

KPC and, 390

maleimide and, 299, 301

MyoD and, 42

olomoucine and, 156

oxazolidinone and, 338

oxindoles and, 270, 271

p21 and, 31, 33, 123, 189, 390

p27 and, 86, 91, 189, 197, 203, 209, 390, 393,
395

p57 and, 42, 189, 390

pl07/E2F complex and, 123

paullones and, 237

piperazines and, 286

piperidine and, 286-288

pRbD and, 57, 123-124

purvalanol and, 156

pyrazoles and, 283-287, 289, 294, 325, 326,
330

pyrazolo[3,4-d]pyrimidin-4-ones and,
352-359, 363-365

pyrazolopyridines and, 253-254, 345, 346

pyrimidinone and, 355-357, 359, 360-362

Rb protein and, 390

roscovitine and, 193, 196-197, 203-204, 207
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SCF complex and, 390
SET and, 33
SQ-67563 and, 253-254
substrate for, 130
VSMC s and, 86
Cyclin E/CDK3 complex, 193
Cyclin El
ablation of, in mice, 61, 67-68, 390
arteries and, 61

CDK?2 and, see Cyclin E1/CDK2 complex

in cell cycle, 73, 390
CLN genes and, 390
MCM complex and, 73
MEFs and, 74
pRb and, 57, 73
Ras and, 391
structure of, 394-395
Cyclin E1/CDK2 complex
in adherent vs. non-adherent cells, 15
ATP and, 394-395
vs. cyclin A/CDK2 complex, 394
p27 and, 395
pRb and, 57
structure of, 394-395
Cyclin E2
ablation of, in mice, 61, 67-68, 390
CDK?2 and, 15, 57, 390
in cell cycle, 73, 74, 390
H-ras activation and, 74
MCM complex and, 73
MEFs and, 74
pRb and, 57, 73
testis and, 61
Cyclin E2/CDK2 complex, 15, 57, 390
Cyclin F ablation, 62
Cyclin H, 381
Cyclin H/CDK?7 complex
in adherent vs. non-adherent cells, 15
CDKI1 and, 124, 197
CDK2 and, 124, 197
CDK4 and, 124, 197
CDK®6 and, 124
in cell cycle, 123, 189

cyclin B/CDK1 complex and, 123, 189

cyclin D/CDK4 complex and, 189
cyclin D/CDK6 complex and, 189
flavopiridol and, 124, 171, 398
functions of, 15

MAT1 and, 189, 197

RNA polymerase II and, 204, 206

roscovitine and, 193, 197, 203-204, 206

Cyclin K/CDK9 complex, 189
Cyclin “L”/CDK10 complex, 189
Cyclin L/CDK11 complex, 189
Cyclin L1/CDK12 complex, 189

Cyclin T/CDK9 complex, 374

Cyclin T1/CDK9 complex, see also P-TEFb

in adherent vs. non-adherent cells, 15
in assay process, 130
Compound 7 and, 134
Compound 9 and, 134
Compound 12 and, 134
flavopiridol and, 124, 171, 398
RNA polymerase II and, 204, 206
roscovitine and, 193, 204, 206
substrate for, 130
Cyclin-dependent kinases (CDKs)
activation of, 104, 144, 389
binding mechanism of, 400
in cell cycle, 56, 389

functions of, 4, 13, 103-104, 168, 188

hyperactivation of, 6
regulation of, 5, 188
structure of, 393

as therapeutic agents, 4
transcription and, 5
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Cyclin-dependent kinase inhibitors (CDKIs), see

also SCDKI
ATP and, 104, 124, 152, 396
binding mechanism of, 392-393, 400
cytotoxin synergy of, 372
families of, 29, 58
functions of, 5, 125
ligand specificity of, 157-159
structure of, 155-159
CYP4503A4 of pyrazoles, 338
Cysteine proteases, 390-391
Cytarabine, 172
Cytokines, 86-87, 90
Cytoplasmic retention signal (CRS), 9

Cytosine arabinoside (Ara C), 375-379, 382

D

D4476 inhibitor, 215

Danggui Longhui Wan, 276
DARPP-32 protein, 241

Daudi cells, 198

DBF4 kinase, 330

DBP, 343, 345

o-particle-emitting stents, 94
0001-Deoxysecofascaplysin A, 127

Deschloroflavopiridol, 156, 158, 170, 398; see

also Flavopiridol
Developmental compensation, 59-64
DHFR, 111, 113, 114, 194
Diabetes, 61, 65
Diarylurea, 399
2,6-Dichloropurine, 191-192
Dieckmann ring closure, 230
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Differentiation-related gene (Drg-1), 13
Dihydrobenzodipyrazoles (DBP), 343, 345
Dihydrofolate reductase (DHFR), 111, 113, 114,
194
Dihydroorotate dehydrogenase, 228-229
37,57-Diisopropyl-4"-hydroxybenzylidene-2-
oxindole, 265, 266
6-Dimethylaminopurine, 190, 191
Display cloning, 107-108
6-DMAP, 190, 191
DNA
14-3-3 and, 31, 33
actinomycin D and, 131, 134
camptothecin and, 134
cryptolepine and, 127
ellipticine and, 127
fascaplysin and, 127, 134
flavopiridol and, 17, 374
MUCI and, 33
nucleotides in, 190
roscovitine and, 202, 379
Docetaxel, 213, 372, 382
Dopamine neuronal cells, 44
Dox40 cells, 198
Doxorubicin
14-3-3 and, 33
A549 cells and, 208
adenocarcinoma and, 208
breast cancer and, 382
colon cancer and, 375
CYC202 and, 379
flavopiridol and, 172, 375, 376, 382
HCT116 cells and, 208
HECIB cells and, 208
lung cancer and, 382
myeloma and, 379, 382
NCI-H1299 cells and, 208
osteosarcoma and, 375
resistance to, 375
roscovitine and, 208, 379, 382
topoisomerase I/II activity and, 208
DRAQS dye, 11-12
Drg-1 suppression, 13
Drosophila, 66—68
DU145 cells, 172, 198, 329
DYRKIA, 104, 115, 193
Dysoxylum binectariferum, 170

E

E2F
CDK?2 and, 297
CDK4 and, 297
in cell cycle, 92
ODN:s and, 93

pl07 and, 123
pRb and, 57, 123
Rb protein and, 297
E2F1 transcription factor
in cardiomyocytes, 95
in cell cycle, 40
cyclin A/CDK?2 complex and, 400
cyclin E/CDK2 complex and, 88
NFkappaB and, 88
p27 and, 37, 40
pRb and, 57
E2F2 transcription factor, 57
E2F3 transcription factor, 57
E2F4 transcription factor, 57
E2F5 transcription factor, 57, 58
E7070
adenocarcinoma and, 381
in cell cycle, 280
clinical trials of, 381
colon cancer and, 381
CPT11 and, 381, 383
cyclin E and, 381
cyclin H and, 381
endometrial cancer and, 381
lung cancer and, 381
MDHs and, 240
melanoma and, 381
Rb protein and, 381
squamous cell cancer and, 381
structure of, 373
EGF, 95
EGFR
BMS 387032 and, 257
gefitinib and, 107
NSCLC and, 107
oxindoles and, 265
pyrazoles and, 330
SU9516 and, 268
ZD1839 and, 107
Ellipticine, 127
Embryonic plasticity, 59—-64
EMT, 257
Endometrial cancer
AN3CA cells, 198
E7070 and, 381
flavopiridol and, 376
PTEN and, 40
Endoreplication
CDK?2 and, 69
cyclin E and, 57, 61, 68, 69
definition of, 57
Endothelial cells
EPCs, 90, 91
flavopiridol and, 171
HUVECs, 171
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normal state of, 86
p27 and, 86
Endothelial growth factor (EGF), 95
Endothelial growth factor receptor (EGFR), see
EGFR
Endothelial growth factor receptor-1 (EGFR-1),
330
Endothelial progenitor cells (EPCs), 90, 91
Enzyme inhibition assay, 104, 115, 193-194, 213
EPCs, 90, 91
EphB2 receptor, 104, 115, 193
Epidermoid carcinoma, 174, 198, 257
EPO, 90
Epoxide, 237
ErbB2 kinase, 391, 392; see also HER2; neu
erg6 mutation, 112
ERK1/2 pathway
colon cancer and, 202
in HT29 cells, 202
in KM12 cells, 202
MEKI and, 215
paullones and, 237
PD98059 and, 215
PD184352 and, 215
purvalanol and, 106
pyrazoles and, 330
roscovitine and, 104, 106, 193-194, 202, 204,
207, 214
U0126 and, 215
UCN-01 and, 174
Erythrocytes, 61
Erythropoiesis, 60
Estrogen, 34
Ethidium bromide displacement assays, 131, 134
Etoposide
breast cancer and, 382
colon cancer and, 375
flavopiridol and, 172, 375, 382
HCT116/VM46 cell line and, 258
lung cancer and, 382
osteosarcoma and, 208
resistance to, 375
roscovitine and, 208, 379, 382
topoisomerase I/II activity and, 208
U-2 OS cells and, 208
Ets, 91
Eu-c-myc, 71, 72
Ewing’s sarcoma, 198, 201, 212

F

FACS analysis, description of, 132
FAK
BMS 387032 and, 257
functions of, 35
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p27 and, 36
roscovitine and, 104, 115, 193
Skp2 and, 35, 36, 89
Farnesyltransferase, 208
Fas ligand, 41
Fas signaling, 31, 33
Fascaplysin, 124-125, 127-131, 133-134
FGF, 95
FGFR, 36, 39, 266, 267-268
FGFR-1 kinase, 330
Fibroblast growth factor receptor (FGFR), 36, 39,
266, 267-268
Fibroblasts, 198, 206, 293-295
Fischer indole ring closure, 229-231
Fisetin, 156
FK506 protein, 107-108, 111
FKBP12 isomerase, 93, 107-108
FKHR, 41; see also Forkhead transcription factor
(FOXO0)
Flavopiridol
5-fluorouracil and, 172, 173, 375, 382
A549 cells and, 172
A2780 cells and, 253
administration of, 372
vs. alsterpaullone, 236
angiogenesis and, 171-172
ara C and, 375-377, 382
arteries and, 171-172
ATP and, 169-171
Bax and, 171
BCL-2 and, 171
bladder cancer and, 172
BRACO-19 and, 375
BrdU and, 338
breast cancer and, 375, 376, 382
carboplatin and, 372, 376, 382
CDK hyperactivation and, 6
CDKI1 and, 170, 252-253, 374, 398, 399
CDK2 and, 158, 170, 172, 374, 398, 399
CDK4 and, 238, 374, 398, 399
CDK®6 and, 374, 398
CDK?7 and, 170, 374
in cell cycle, 7, 8, 170, 375
cholestyramine and, 172
cisplatin and, 172, 375, 376, 382
clinical trials of, 172-173, 372, 375-377
colon cancer and, 172-173, 375, 377
colorectal cancer and, 376-377
COMPARE analysis of, 229
cyclin A/CDK2 complex and, 156
cyclin B/CDK1 complex and, 156
cyclin BI/CDK1 complex and, 252-253
cyclin D/CDK4 complex and, 156
cyclin D1 and, 170-172
cyclin D1/CDK4 complex and, 252-253
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cyclin E/CDK2 complex and, 252-253, 375
cyclin H/CDK7 complex and, 124, 171, 398
cyclin T/CDK9 complex and, 374
cyclin T1/CDK9 complex and, 124, 171, 398
cytarabine and, 172

description of, 170, 374

development of, 228

DNA and, 17, 374

docetaxel and, 372, 382

doxorubicin and, 172, 375, 376, 382
DU145 cells and, 172

endometrial cancer and, 376

etoposide and, 172, 375, 382

gastric cancer and, 173, 375-377, 382
GSK-3 and, 398

HCT116 cells and, 253

hematopoietic cells and, 171
hepatocellular carcinoma and, 372, 377
HIV and, 171

HNI12 cells and, 172

HN?30 cells and, 171

HT?29 cells and, 337, 338

HUVECS and, 171

in-stent restenosis and, 93

irinotecan and, 376-377, 382

kidney cancer and, 173

leukemia and, 172-173, 376-377, 382
LNCap cells and, 172

loperamide and, 172

lung cancer and, 7, 172-173, 375, 382
lymphoma and, 172-173, 376
melanoma and, 173, 376

MiaPaCa2 cells and, 253

mitomycin C and, 375, 382
mitoxantrone and, 376-377, 382
NCI-H358 cells and, 172

NSCLC and, 376

olomoucine and, 229

osteosarcoma and, 375

ovarian cancer and, 7, 8, 372, 375, 376
p53 and, 171

paclitaxel and, 172, 375, 376, 382, 398
paullones and, 229, 236, 238

PC-3 cells and, 253

prostate cancer and, 172-173, 374, 376
P-TEFb and, 171, 398

radiation and, 172

radiosensitivity and, 7

Rb protein and, 337, 375

rectal cancer and, 172

renal cancer and, 173, 376

resistance to, 375

RNA polymerase II and, 171

vs. roscovitine, 206

source of, 374

structure of, 156, 170, 229, 252, 373, 398
Tat and, 171
topoisomerase I/II activity and, 171
topotecan and, 172, 375, 382
tumor cells and, 126, 171-172, 398
Vcyclin/CDK6 complex and, 156
VEGEF and, 171
veins and, 171-172
VSMCs and, 93
Fludarabine, 377
5-Fluorouracil
flavopiridol and, 172, 173, 375, 382
pancreatic cancer and, 372, 378
UCN-01 and, 175, 176, 372, 377-378, 382
Focal adhesion kinase (FAK), see FAK
Forkhead transcription factor (FOXO), 31, 34, 37,
41
FRS2, 36, 39

G

GABPalpha, 91
GAK kinases, 107
Gamma-irradiation, 75, 171, 172, 175
Gastric cancer, 173, 375-377, 382
Gastrointestinal stromal cell tumors (GIST), 266
Gastrointestinal tract, 63, 64
G-CSF, 90
GCT27 cells, 198
Gefitinib, 103, 105, 107
Geldanamycin, 32
Gemcitabine

BMS 387032 and, 383

breast cancer and, 383

colorectal cancer and, 383

Ro031-7453 and, 372, 380, 383

roscovitine and, 213

UCN-01 and, 377, 382
4,4-Gem-dimethylbenzodipyrazoles, 343-345
Genomewide overexpression screen (OES), 110,

111

GFP, 9-12
GIST, 266
Gleevec, 103, 266
Glioma, 198, 201, 206-208
Glomerulonephritis, 188
Glucagonoma, 199
Glucocorticoid receptor, 37, 39, 43, 44
7-Glucosyltransferase, 190
Glutathione S-transferase (GST), 130
Glycogen synthase kinase-3 (GSK-3), see GSK-3
Glycoproteins, 378
GM130 Golgi protein, 205
Goldie-Coldman model, 17
Golgi fragmentation, 202
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Gompertz model, 17, 18
Gonads, 61, 76
Granta-519 cells, 198
Grb2, 37-39
Green fluorescent protein (GFP), 9-12
GSK-3
A B peptide and, 238, 242421
Akt and, 57
aloisines and, 238
Alzheimer’s disease and, 238, 241-242
CDK2 and, 344
cyclin D and, 57
cyclin D/CDK4 complex and, 189
cyclin D/CDK6 complex and, 189
cyclin E/CDK2 complex and, 189
flavopiridol and, 398
functions of, 238
hymenialdisine and, 238
indirubin and, 238
isoforms of, 238
lithium and, 215, 242
paullones and, 215, 237-243
PI3 pathway and, 57
pyrazoles and, 330, 343-345
roscovitine and, 113, 115, 194
tau protein and, 238, 241
Wnt pathway and, 242
GST, 130
GTPase, 13
Guanine, 190
Guanine-nucleotide exchange factors, 35-37, 39
GW400426 inhibitor, 112

H

H929 cells, 198
Haploinsufficiency profiling (HIP), 109-111
HCTS cells, 257
HCT15 cells, 199
HCT116 cells, see also VM46/HCT116 cells
BMS 387032 and, 257, 258
carbazoles and, 303-316
CDK4 and, 315
doxorubicin and, 208
etoposide and, 258
flavopiridol and, 253
imidazolinone and, 338
indolo[6,7-a]pyrrolo[3,4-c]carbazoles and,
310-312
indoloamino-alkylcarbazole and, 312-314
indolocarbazoles and, 303-307, 315-316
mdrl and, 258
oxazolidinone and, 338
paullones and, 232-233, 236
pyrazoles and, 293-295, 329
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pyrazolo[3,4-d]pyrimidin-4-ones and,
353-359, 363-365
pyrimidinone and, 355-357, 359, 361-362
Rb protein and, 199
roscovitine and, 199, 205, 206, 208, 212
sensitivity of, 236
HDACs
BRMSI1 and, 13
cyclins and, 402
LAQ824 and, 208, 379, 382
pRb and, 57
roscovitine and, 208
Hdaxx, 31, 33
HDM2 protein, 30
Heat shock protein 90 (Hsp90), 32, 378
HECIB cells, 208
HEK?293 cells, 199
HeLa cells, 278
Hemangioma, 63
Hematopoietic cells
BCL-2/Bax and, 171
CDK4 and, 61, 65-67
CDK®6 and, 61, 65-67, 70
c-kit and, 266
cyclin D and, 60, 65, 67
EPCs, 90, 91
flavopiridol and, 171
imatinib and, 266
oxindoles and, 266
p15(INK4b) and, 62
p53 and, 171
Hepatocellular carcinoma, 199, 212, 372, 377
Hepatocyte nuclear factor four alpha, 32, 34
HepG2 cells, 199
HER?2, see also ErbB2 kinase
BMS 387032 and, 257
breast cancer and, 38
FOXO and, 41
functions of, 30
p21 and, 30
p27 and, 38, 41
3-Heteroarylindenopyrazoles, 287, 289, 293-295
3-(4-Heterocycl-1-yl)phenylacetamido-5-
cyclopropyl-1H-pyrazoles, 330-340
HFF cells, 276
HIP, 109-111
Histiocytic sarcoma, 63
Histone, 7, 130
Histone deacetylase complex (HDACsS), see
HDACs
HIV, 14-15, 171
hKIS, 35
HL-60 cells, 199, 208
HNI12 cells, 172, 174
HN30 cells, 171
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HNF-4q, 32, 34 IGF, 95
HNSCC cells, 199 IGFIR, 257, 330
1H-pyrazolo[3,4-b]pyridine, 345-346 IKK, 257
H-ras activation, 72, 74-76; see also Ras IKK-2 kinase, 330
HS27 cells, 198 IKKi, 330
HS29 cells, 199 IL8/CXCL8 complex, 16
HS294 cells, 199 Imatinib, 103, 266
HSA binders, 327 Imidazolindiones, 333
Hsp90 activity, 32, 378 Imidazolinones, 330-340
HT?29 cells Imidazolymethylidene oxindoles, 268
BMS 387032 and, 257 Imidazothiazolylmethylene oxindoles, 278
BrdU and, 338 IMR-90 cells, 199
ERK1/2 pathway in, 202 Indenopyrazoles, 283-295, 345
flavopiridol and, 337, 338 Indirubin
imidazolinone and, 333, 337, 338 affinity chromatography of, 105
nocodazole and, 337 CDKI1 and, 125, 399
oxazolidinone and, 333, 337, 338 CDK2 and, 125, 399
oxindoles and, 276 CDK4 and, 125, 399
pyrazoles and, 329 CDKS and, 125, 399
roscovitine and, 199, 202, 212 in cell cycle, 277
HT1080 cells, 293 in clinical trials, 276
HT1376 cells, 199 cyclin A/CDK2 complex and, 157, 277
HuD, 40-41 cyclin B/CDK1 complex and, 157, 277
Human immunodeficiency virus (HIV), 14-15, cyclin D/CDK4 complex and, 157
171 cyclin D1/CDK4 complex and, 277
Human kinase interacting stathmin (hKIS), 35 cyclin E/CDK2 complex and, 157, 277
Human serum albumin (HSA) binders, 327 GSK-3 and, 238
Human umbilical vein endothelial cells Jurkat cells and, 277
(HUVECs), 171 leukemia and, 276, 399
Huntington’s disease, 116 p25/CDKS5 complex and, 157
HUVECs, 171 Rb protein and, 277
HX147 cells, 199 structure of, 157, 277, 398
Hydra, 242 Vcyclin/CDK6 complex and, 157
Hydractinia, 242 Indolo[2,3-A]carbazole glycoside, 299, 312-315,
7-Hydroxystaurosporine, 169, 373; see also 318
UCN-01 Indolo[6,7-a]pyrrolo[3,4-c]carbazoles,
Hymenialdisine 310-312
affinity chromatography of, 105 Indoloamino-alkylcarbazole, 312-314
colon cancer and, 375 Indolocarbazoles
cyclin A/CDK2 complex and, 157 1,7-annulated indolocarbazoles, 303-307
cyclin B/CDK1 complex and, 157 arcyriaflavin A and, 299-303
cyclin D/CDK4 complex and, 157 ATP and, 301
cyclin E/CDK2 complex and, 157 aza-annulated, 306-307
GSK-3 and, 238 CaMK?2 and, 301, 302
p25/CDKS complex and, 157 CDK?2 and, 300-303
resistance to, 375 CDK4 and, 300, 315-316
structure of, 157 cyclin D1/CDK4 complex and, 298-307
Vcyclin/CDK6 complex and, 157, 159-160 cyclin E/CDK2 complex and, 298-299, 302,
Hypophysis, 65-66 303-307
HCT116 cells and, 303-307, 315-316
I indolo[2,3-A]carbazole glycoside, 299,
312-315, 318
1C261 inhibitor, 215 NCI-H460 cells and, 303-307
IFN-y, 32 PKA and, 302

IgA nephropathy, 188 Rb protein and, 315-316
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solubility of, 304 Kinase interacting with stathmin (KIS), 36, 91, 92
synthesis of, 303-306, 316-318 KIP1 ubiquitination-promoting complex (KPC),
Indolymethylene oxindoles, 278 36, 38, 390
Inosine monophosphate dehydrogenase, 228-229 KIS, 36, 91, 92
INR1-G9 cells, 199 Kiss-1 gene, 13
INS-1 cells, 199 KIT, 330
In-stent restenosis, 88-89, 92, 93 Kit ligand, 90
Insulin, 61, 65, 175 KLF6 protein, 400
Insulin receptor tyrosine kinase, 237 KM12 cells, 199, 202
Insulin-like growth factor 1 receptor (IGF1R), KPC, 36, 38, 390
257, 330 Kruppel-like factor 6 (KLF6), 400
Insulin-like growth factor (IGF), 95 Ku70 protein, 58
Insulinoma, 199
Integrin, 13, 89, 92
Interferon v, 32 L
Interleukin-8 (IL8), 16 1.86-8275, see Flavopiridol
Internal ribosomal entry site (IRES), 37, 4041 L1210 cells, 199-200
IR kinase, 330 3-(4-Lactam-1-yl)phenylacetamido-5-
IRAK4, 104, 115, 193 cyclopropyl-1H-pyrazoles, 329-333, 335,
IRES, 37, 4041 338
Iressa, 103, 105, 107 Lamins, 202
Irinotecan LAQ824 compound, 208, 379, 382
clinical trials of, 372 Lck, 238, 257, 330
colon cancer and, 208, 211, 377 Leiomyosarcoma, 175
colorectal cancer and, 377 Leishmania, 242
flavopiridol and, 376-377, 382 Leishmania donovani, 242
gastric cancer and, 377 Leishmania mexicana, 242
hepatocellular carcinoma and, 372, 377 Leukemia
roscovitine and, 208, 211 17AAG and, 378, 382
topoisomerase I/II activity and, 208, 376 akt and, 378-379
Isatin 3-phenylhydrazones, 272-276; see also ara C and, 376-379, 382
5-Bromo-isatin 3-arylhydrazones BMS 387032 and, 258, 380
Ischemia, 90, 94 CDK2 and, 207
Isopentenyladenine, 190, 191 chk1 and, 379
4-Isopropyl oxindole, 272, 274, 276 CLL cells, 207, 376
cyclin Al and, 16
J cyclin B1 and, 9

cyclin D3 and, 76

Danggui Longhui Wan and, 276
flavopiridol and, 172-173, 376-377, 382
histone deacetylase and, 208

HL-60 cells, 199, 208

indirubin and, 276, 399

Jabl complex, 36, 39

JeKo-1 cells, 199

JNJ-7706621 inhibitor, 126
JNK, 42, 43, 379

Jurkat cells, 199, 208, 236, 277

JNK and, 379
K Jurkat cells, 199, 208, 236, 277
K-252a, 298 K562 cells, 199, 257
K-252c, 298, 397 L1210 cells, 199-200
K562 cells, 199, 257 LAQ824 and, 208, 379, 382
Kai 1 gene, 13 LY294002 and, 208
KAP, 147, 395 MAP kinase and, 378
Kenpaullone, 215, 228-229, 232-239, 241-242 Mecl-1 and, 206-207
Keratinocytes, 199 MEK and, 378
Kidney cancer, 173, 199; see also Renal cancer mitoxantrone and, 376, 377, 382
Kidneys, p18(INK4c) and, 62 MLL protein and, 40

Kinase associated phosphatase (KAP), 147, 395 MT-2 cells, 201
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notch and, 76
oxindoles and, 399
p57 and, 44
P388 tumors, 258-259
phophatidylinositol 3-kinase and, 208
PI3 pathway and, 378
Raf-1 and, 378
RNA polymerase II and, 207
roscovitine and, 198-202, 206-208, 213, 379,
382
SCH56582 and, 208
U937 cells, 202, 206, 208
UCN-01 and, 378-379, 382
XIAP and, 207
Leukocytes, 13, 87
Leydig cells, 62, 63, 65-66
Ligases, regulation of, 7
LIM-kinase 1 (LIMK-1), 42, 43
Lipinski Rule of Five, 209
Lithium, 215, 238, 242
Liver
CDK4 and, 61, 67
CDKG6 and, 61, 67
cyclin D and, 65, 67
hepatic cancer in, 199
hepatocellular carcinoma, 199, 212, 372, 377
HepG?2 cells, 199
LNCap cells, 172, 200
Log cell kill, definition of, 259
LOOK software, 395
Loperamide, 172
Lordokyphosis, 64
LoVo cells, 200, 212, 257
LP-1 cells, 200
LRS5 cells, 200
LS174T cells, 132, 257
Luciferase, 12
Lung cancer
5-fluorouracil and, 382
A549 cells, see A549 cells
ara C and, 382
CHAGO-KI1 cells, 198
cisplatin and, 375, 382
CORL23 cells, 198
Cx32 and, 39
cyclin A/CDK?2 complex and, 16
doxorubicin and, 382
E7070 and, 381
etoposide and, 382
flavopiridol and, 7, 172-173, 375, 382
gefitinib and, 107
HX147 cells, 199
IL8/CXCL8 complex and, 16
IMR-90 cells, 199
MOR cells, 200

MR65 cells, 200
NCI-H69 cells, 15-16, 201
NCI-H358 cells, 132, 172
NCI-H460 cells, see NCI-H460 cells
NCI-H1299 cells, 132, 208
NSCLC, see NSCLC
p21 and, 63
p53 and, 13-14
paclitaxel and, 382
paullones and, 236
perifosine and, 378, 382
pyrazoles and, 293
Rb1 and, 13-14
Ro031-7453 and, 380
roscovitine and, 188, 198-201, 212, 379, 382
SCLGC, 8, 13-16, 201
topotecan and, 382
UCN-01 and, 174, 175, 378
WI38 cells, 201
LX-1 cells, 257
LY294002 compound, 208
Lymphoma
B-cell, 257
BMS 387032 and, 257
Burkitt’s, 198
CD2/T cells and, 72, 73
c-Myc and, 71, 72
cyclin D1 and, 71, 72, 206
cyclin E and, 72, 73
Daudi cells, 198
Eu-c-myc and, 71, 72
flavopiridol and, 172-173, 376
Granta-519 cells, 198
INK4 proteins and, 62
JeKo-1 cells, 199
K562 cells, 199, 257
mantle cell, see Mantle cell lymphoma
Mcl-1 and, 206
NCEB-1 cells, 201
non-Hodgkin’s, 173, 175, 176
p21 and, 62
p27 and, 72
REC cells, 201
roscovitine and, 198-199, 201, 206, 213
UCN-01 and, 175, 176, 378
LYN, 330
Lysines, 10

M

M phase, see Mitosis

M14 cells, 200

Macrophages, 87

Malate dehydrogenases (MDHs), 240-242
Maleimide, 299-301, 308, 316-317
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MALME-3M cells, 200
Mammary glands, 60, 62, 71-73; see also Breast
cancer
Mantle cell lymphoma
cyclin D1 and, 206
flavopiridol and, 173, 376
Granta-519 cells, 198
JeKo-1 cells, 199
Mcl-1 and, 206
NCEB-1 cells, 201
REC cells, 201
roscovitine and, 206, 213
MAP kinase
17AAG and, 378
Ber-Abl and, 36, 39
in cell cycle, 56
CSN complexes and, 36-39
Cx32 and, 37, 39
cyclin D and, 56
Jabl complex and, 39
leukemia and, 378
p21 and, 30-32, 174
p27 and, 36-39
paullones and, 237
purvalanol and, 105-106
RET/PTC and, 37, 40
roscovitine and, 105-106, 115, 379
substrate for, 147
UCN-01 and, 174, 378
MAP kinase 4 gene, 13
Marthasterias glacialis, 395, 396
MATI, 189, 197
Mawi cells, 200
MCEF-7 cells
1-deoxysecofascaplysin A and, 127
p21 levels in, 236
p53 levels in, 236
paullones and, 236
roscovitine and, 200, 205-206, 208
U-2 OS cells and, 11
MCF-10A cells, 236
MCF-10F cells, 200
Mcl-1 survival factor, 204, 206-207,
379
MCM complex, 73, 390
MDA-MB-231 cells, 12, 200, 212
MDA-MB-435S cells, 200
MDA-MB-468 cells, 276
MDHs, 240-242
MDM2
14-3-3 protein and, 33
Akt and, 30
in ligase complex, 7
nutlin-3 and, 208
p21 and, 30, 32
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p53 and, 30, 204
roscovitine and, 204, 208
mdr] overexpression, 258
Median effect analysis, 374
MEFs, 73-75, 77, 292-293, 350
Megakaryocytes, 61, 68
MEK, 378
MEKI1 pathway, 215
Melanocyte lineage transcription factor (MITF), 209
Melanoma
501mel cells, 198
A375 cells, 198
CDK2 and, 208, 209
CDK4 and, 70, 169
cyclin E and, 209
E7070 and, 381
flavopiridol and, 173, 376
HS294 cells, 199
INK4 proteins and, 62, 70
M14 cells, 200
MALME-3M cells, 200
MITF and, 209
Mitfl and, 34
p21 and, 34
p27 and, 209
roscovitine and, 198-202, 209
SILVER/PMELI17 gene, 208
SKMEL2 cells, 201
SKMELS5 cells, 201
SKMEL2S cells, 201
UACC62 cells, 202
UACC257 cells, 202
UCN-01 and, 175, 176, 378
MENTI protein, 37, 40
Menin, 37, 40
MES-SA/Dx5 cells, 200, 212
MET, 330
Metastasis, process of, 13—15
Metastin, 13
Methotrexate, 111, 113, 114, 194
2-Methoxy-9-methylsulfonylpaullone, 232, 233,
236, 239
MG MID cells, 232-233
MG-132 aldehyde, 35
MiaPaCa cells, 132
MiaPaCa?2 cells, 200, 253, 293
Microphthalmia-associated transcription factor
Mitf), 31, 34
MIP cells, 257
Mirk/dyrk1B, 36, 38
Mitf, 31, 34
MITF, 209
Mitochondrial malate dehydrogenase (mMDH),
240-242
Mitogens, 87, 89
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Mitomycin C, 175, 375, 377, 382
Mitosis
cde2 and, 174
in cell cycle, 10, 57, 122-123
cyclin B/CDK1 complex and, 124, 189
Mitotic spindle checkpoint (MSC), 11,134-135
Mitoxantrone, 376, 376-377, 382
Mixed-lineage leukemia (MLL) protein, 40
Mizl, 43, 44, 45
MKN45 cells, 200
MLL protein, 40
MM.1r cells, 200
MM.1s cells, 200
mMDH, 240-242
MMP-9, 90
MMTV, 71-72
MOR cells, 200
Mouse embryonic fibroblasts (MEFs), 73-75, 77,
292-293, 350
Mpsl centrosome, 58
MR65 cells, 200
MSC, 11, 134-135
MT-2 cells, 201
mTOR, 35, 88
MUCI, 31, 33-34
Multiple endocrine neoplasia type-1 (MEN1), 37, 40
Muscles, 63
Myb, 43, 45
Myc
c-Myc, see c-Myc
Mizl and, 44
p21 and, 392
Myc ER, 95
Myeloma
bortezomib and, 379, 382
CYC202 and, 379, 382
Dox40 cells, 198
doxorubicin and, 379, 382
H929 cells, 198
LP-1 cells, 200
LRS cells, 200
Mcl-1 and, 206, 379
MM.Ir cells, 200
MM.1s cells, 200
OPM2 cells, 201
RNA polymerase II and, 206, 379
roscovitine and, 198, 200-201, 206, 213, 379, 382
RPMI cells, 201
U266 cells, 201
MyoD, 42, 43

N

NAD/NADH, 240-241
Naphthostyrils, 278-279
1-NA-PPIL, 112

National Cancer Institute (NCI) Antitumor Drug
Screen, 228
NCEB-1 cells, 201
NCI-60 cells, 197, 201
NCI-H69 cells, 15-16, 201
NCI-H358 cells, 132, 172
NCI-H460 cells
carbazoles and, 303-307, 310-314
indolo[6,7-a]pyrrolo[3,4-c]carbazoles and,
310-312
indoloamino-alkylcarbazole and, 312-314
indolocarbazoles and, 303-307
p53 in, 132
pRb in, 132
pyrazoles and, 293
pyrazolo|3,4-d]pyrimidin-4-ones and, 363
roscovitine and, 201
NCI-H1299 cells, 132, 208
NCI-HCT116 cells, see HCT116 cells
neu, 30, 75-76
Neuroblastoma, 198, 201, 208
Neurofibrillary tangles (NFT), 238, 241
NFkappaB, 87, 88, 93
NFT, 238, 241
9-Nitropaullone, 375, 396
Nm23 gene, 13
1-NM-PPI, 112
Nocodazole, 133, 337
Non-Hodgkin’s lymphoma, 173, 175, 176
Non-small-cell lung cancer (NSCLC), see
NSCLC
Norton-Simon model, 17
notch, 76
NPAT/p220 complex, 58
NSC-649890, see Flavopiridol
NSC-664704, see Kenpaullone
NSC-666069, see Olomoucine
NSC-701554, see Roscovitine
NSCLC
A549 cells, see A549 cells
BMS 387032 and, 257, 383
Calu-1 cells, 132, 133
capecitabine and, 383
cisplatin and, 213
docetaxel and, 213
EGFR and, 107
flavopiridol and, 376
gefitinib and, 107
gemcitabine and, 213, 380, 383
LX-1 cells, 257
NCI-H358 cells, 132, 172
NCI-H460 cells, see NCI-H460 cells
NCI-H1299 cells, 132, 208
Ro031-7453 and, 380
roscovitine and, 212, 213
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NU6102 inhibitor, 157-160
Nucleolin, 205
Nucleophosmin/B23 complex, 58
Nurrl, 43, 44

Nutlin-3 compound, 208

(0)

Oligonucleotides (ODNs), 93-94
Olomoucine
7-glucosyltransferase and, 190
CDKI1 and, 124, 397, 399
CDK2 and, 124, 155, 159, 360, 397, 399
CDK4 and, 124, 397, 399
CDKS and, 124, 397, 399
CDKG6 and, 397
CDK?7 and, 124
CDKO9 and, 124
in cell cycle, 9, 397
cyclin A/CDK?2 complex and, 156
cyclin B/CDK1 complex and, 156, 190, 191
cyclin D/CDK4 complex and, 156
cyclin E/CDK2 complex and, 156
flavopiridol and, 229
p25/CDKS complex and, 156
paullones and, 229
vs. roscovitine, 215
structure of, 156, 191, 229, 252, 398
Veyclin/CDK6 complex and, 156, 159-160
OPM2 cells, 201
Oral mucosa, 5; see also Salivary glands
Osteosarcoma, 10-12, 201, 208, 375
Ovarian cancer
2008 cells, 198
A2780 cells, see A2780 cells
BMS 387032 and, 257-259, 380
CDK4 and, 169
CHI1 cells, 198
cisplatin and, 372, 375, 376, 382
CSN complex and, 38
flavopiridol and, 7, 8, 372, 375, 376
OVCAR-3 cells, 127
p27 and, 38
roscovitine and, 198, 201
SKOV-3 cells, 201
topotecan and, 372, 378
UCN-01 and, 372, 378, 382
Ovaries, 60, 61, 63
OVCAR-3 cells, 127
Oxaliplatin, 378
Oxazole, 256
Oxazolidinone, 333-338
Oxindoles
37,5 -diisopropyl-4"-hydroxybenzylidene, 265,
266
3-a-anilinobenzylidene, 276

P
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3-anilinomethylene, 272-276
3-arylidene, 265

4-alkynyl pyrrolylmethylidene, 269-272
4-azacycle pyrrolylmethylidene, 269-272
4-cyclicamino, 269, 270

4-isopropyl, 272, 274, 276
5-3-pyridyl, 268

assays of, 275-276

ATP and, 267

cardiovascular system and, 266

CDKI1 and, 268, 278

CDK2 and, 269-276

CDK4 and, 276

in cell cycle, 272, 276

c-Kit and, 266

cyclin A/CDK2 complex and, 274-275
cyclin E/CDK2 complex and, 270, 271
development of, 265-270, 272-274, 276
EGFR and, 265

FGFR and, 266, 267-268

functions of, 265

HelLa cells and, 278

hematopoietic cells and, 266

HFF cells and, 276

HT?29 cells and, 276

imatinib and, 266
imidazolymethylidene, 268
imidazothiazolylmethylene, 278
indirubin, see Indirubin
indolymethylene, 278

isatin 3-phenylhydrazones and, 272
leukemia and, 399

MDA-MB-468 cells and, 276
naphthostyrils and, 278-279

PDGFRs and, 266

pRb and, 271-272

pyrrolyllactam, 268-269
pyrrolyllactone, 268-269
pyrrolylmethylidene, 269, 270, 278
RKO cells and, 270, 276

structure of, 265-272, 274, 276, 278, 398
SU5402 and, 266-268

SU5416 and, 266

SU6668 and, 266

SU9516 and, 271

SU11248 and, 266

SW480 cells and, 271-272

SW620 cells and, 276

thiazolo, 273-276

VEGEFR and, 266

PIGF, 90
P12 cells, 241
p15(INK4b)
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ablation of, in mice, 62 pituitary gland and, 62, 64
angiosarcoma and, 62 testis and, 62
CDK4 and, 390 thymus and, 62, 64
CDKG®6 and, 390 thyroid cancer and, 62
in cell cycle, 189 p19(INK4d)
c-Myc and, 34 ablation of, in mice, 62, 64
cyclin D/CDK4 complex and, 189 ATP and, 152
cyclin D/CDK6 complex and, 189 CDK4 and, 390
functions of, 58 CDKG6 and, 150-152
hematopoietic cells and, 62 in cell cycle, 189
lymphoma and, 62 cyclin D/CDK4 complex and, 189
MEFs and, 74-75 cyclin D/CDK6 complex and, 189
pancreatic cancer and, 62 functions of, 58
testis and, 62 lymphoma and, 62

pl6(INK4a) p27 and, 64
ablation of, in mice, 62, 393 structure of, 150-152
cardiovascular system and, 86—87 testis and, 62
CDK4 and, 126, 152, 350, 390, 393 p21 (CIP1/WAF1/SDI)
CDKG6 and, 150, 152, 390 14-3-3 and, 31, 33, 391
CDKN?2 and, 252 ablation of, in mice, 63, 73, 392
in cell cycle, 123, 189, 393 Akt and, 30-32, 34, 174
cyclin D/CDK4 complex and, 123, 152, 189 ASKI and, 30, 390
cyclin D/CDK6 complex and, 123, 152, 189 atherosclerosis and, 86
discovery of, 393 B cells and, 63
functions of, 58 bone marrow and, 91
lymphoma and, 62 BRCALI and, 40
MEFs and, 74 breast cancer and, 34
melanoma and, 62 bronchioloalveolar adenomas and, 64
pRb and, 169 cardiovascular system and, 63,
Rb and, 169 86, 95
roscovitine and, 206 caspases and, 391
soft tissue sarcoma and, 62 Cdc4?2 and, 31, 32
structure of, 150, 393 CDKI1 and, 76, 392
thymus and, 62 CDK2 and, 31, 33, 76, 392
tumor cells and, 350 CDK3 and, 392
in U-2 OS cells, 11 CDK4 and, 76, 392
VSMCs and, 86 CDKS5 and, 392

p18(INK4c) CDKG6 and, 76, 392
ablation of, in mice, 62, 64 CDK7 and, 392
adrenal gland and, 62, 64 in cell cycle, 5, 30, 75, 76, 123
bronchioloalveolar adenomas and, 64 c-Myc and, 32, 34
CDK4 and, 64, 390 cyclin A/CDK2 complex and, 390
CDKG6 and, 390 cyclin D and, 75
in cell cycle, 74, 189 cyclin D1 and, 75
cyclin D/CDK4 complex and, 189 cyclin D1/CDK4 complex and, 390
cyclin D/CDK6 complex and, 189 cyclin E/CDK2 complex and, 31, 33, 123, 189,
functions of, 58 390
Leydig cells and, 62 cysteine proteases and, 390-391
mammary glands and, 62 cytoplasmic location of, 13, 30-32
MEFs and, 74, 74-75 EPCs and, 91
MLL protein and, 40 estrogen and, 34
p21 and, 64 FOXO and, 31, 34
p27 and, 64 functions of, 252
pancreatic cancer and, 62, 64 gastrointestinal tract and, 64

parathyroid and, 64 geldanamycin and, 32
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Hdaxx and, 31, 33
hemangioma and, 63
HER2/neu and, 30
histiocytic sarcoma and, 63
HNF-4- and, 32, 34

Hsp90 and, 32

in-stent restenosis and, 92
KLF6 and, 400

lung cancer and, 63
lymphoma and, 62

MAP kinase and, 30-32, 174
in MCF-7 cells, 236
MDM2 and, 30, 32

MEFs and, 75

melanomas and, 34

Mitf and, 31, 34

MUCI and, 31, 33

VSMCs and, 86
WISp39 and, 31, 32

p25 protein, 6, 147
p25/CDKS complex

activation of, 144
aloisines and, 157
fisetin and, 156
hymenialdisine and, 157
imidazolinone and, 338
indirubin and, 157
olomoucine and, 156
oxazolidinone and, 338
paullones and, 237
purvalanol and, 156
pyrazoles and, 326, 330
roscovitine and, 193, 195
structure of, 147, 149
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muscles and, 63 p27 (IPpl), 75
Myc and, 392 p27 (KIP1)
MyoD and, 42 14-3-3 and, 35, 391

in oncogenesis, 392 ablation of, in mice, 63, 64, 73, 391-392

oral mucosa and, 5
ovaries and, 63
p18(INK4c) and, 64
p27 and, 63

p53 and, 30-33, 400
p57 and, 63

pl07/E2F complex and, 123
p202 and, 32, 34
PACAP and, 44
paullones and, 236
PDK1 and, 174

Pim-1 and, 30, 31
pituitary gland and, 64
PP5 and, 30, 31, 33
progenitor cells and, 91
prostate cancer and, 30
Racl and, 31, 32
radiation and, 32, 75
Rb protein and, 31
Rho and, 30-32

RhoA and, 390
roscovitine and, 206
SAPK and, 390

SCF complex and, 30-32
SET and, 30, 31, 33
Skp2 and, 31, 32, 89

Smad3-Smad4 complex and, 31

SMCs and, 91
STAT1 and, 34
stem cells and, 91
strathmin and, 390
TGF-B, and, 31
TOK-1 and, 31, 33
UCN-01 and, 174

adrenal gland and, 64

Akt and, 35, 36, 40, 91
ASK1 and, 390
atherosclerosis and, 86-87
ATP and, 150

Ber-Abl and, 36, 39

bone marrow and, 87-88, 91
BRCALI and, 37, 40

breast cancer and, 35, 37, 38, 209

cardiomyocytes and, 95

cardiovascular system and, 86-89, 95

caspases and, 391
CBP and, 37, 40
Cdc34 and, 36, 38
CDKI1 and, 76, 392

CDK2 and, 12, 37, 39, 58, 76, 86, 91, 150, 203,

392
CDK3 and, 392
CDK4 and, 64, 76, 203, 392
CDKS5 and, 392
CDKG6 and, 76, 392
CDK7 and, 392

in cell cycle, 7, 35, 38, 74-76, 92, 123

chemokines and, 87

c-Jun and, 36, 38

Cks1 and, 36, 39

c-Myc and, 34, 37, 41
collagen and, 89, 92

CSN complex and, 36-39, 41
Cx32 and, 37, 39

cyclin A and, 392-393

cyclin A/CDK2 complex and, 150-151, 390,

392-393, 395
cyclin D and, 75



436

cyclin D1 and, 64, 75
cyclin D1/CDK4 complex and, 390
cyclin E and, 72

cyclin E/CDK2 complex and, 86, 91, 189, 197,

203, 209, 390, 393, 395
cyclin E1/CDK2 complex and, 395
cysteine proteases and, 390-391
cytokines and, 87
cytoplasmic location of, 13
E2F1 and, 37, 40
endothelial cells and, 86
EPCs and, 91
ErbB2 and, 392
FAK and, 36
FGFR and, 36, 39
FOXO and, 37, 41
FRS2 and, 36, 39
functions of, 35, 252
gastrointestinal tract and, 63
glucocorticoid receptor and, 37, 39
glucocorticoids and, 37, 39
Grb2 and, 37-39
HER?2 and, 38, 41
hKIS and, 35
HuD and, 40-41
in-stent restenosis and, 88-89, 92
integrin and, 92
IRES activity of, 37, 4041
Jabl complex and, 39
KIS and, 36, 91
KPC and, 36, 38
lordokyphosis and, 64
lymphoma and, 72
macrophages and, 87
MAP kinase and, 36-39
MEFs and, 74-75
melanoma and, 209
MENTI and, 37, 40
menin and, 37, 40
Mirk/dyrk1B and, 36, 38
MLL protein and, 40
in oncogenesis, 391-392
ovarian cancer and, 38
ovaries and, 63
p18(INK4c) and, 64
p19(INK4d) and, 64
p21 and, 63
p57 and, 63
p70 and, 89, 92
PACAP and, 44
pancreatic cancer and, 64
parathyroid and, 64
PAX3-FKHR and, 41
PI3 pathway and, 36, 39
pituitary gland and, 63, 64, 73, 392
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progenitor cells and, 91

PTB and, 37, 40

PTEN and, 37, 39-40
rapamycin and, 88-89, 93
retina and, 63

RET/PTC and, 37, 40

RhoA and, 35, 36, 88-89, 390

roscovitine and, 197, 203, 205, 206

S6 kinase and, 35, 36
SAPK and, 390

SCF complex and, 7, 38
SET and, 33

Skp2 and, 7, 35, 36, 38, 40, 89, 91

SMCs and, 91
SOS and, 37, 39
spine and, 64
Spy1 and, 37, 39
stathmin and, 35, 390
stem cells and, 91
strathmin and, 390
structure of, 392
T cells and, 72, 87
TGF-B, and, 91
thymus and, 64
thyroid cancer and, 40
transgenic models of, 72
TSC2 and, 95
tubulin polymerization and, 35
UCN-01 and, 174
VSMCs and, 86-89, 91
p27-Luc, 12, 197
p35 protein, 144
p38
pyrazoles and, 330
SB202190 and, 108
SB203580 and, 107
structure of, 147
SU9516 and, 268
p39 protein, 189
p42 protein, 105-106, 115
p44 protein, 105-106, 115
p53
14-3-3 and, 31, 33
in A549 cells, 132
Akt and, 30
in Calu-1 cells, 132
CBP and, 40
in cell cycle, 168
cisplatin and, 381
CYC202 and, 8
flavopiridol and, 171
functions of, 6
geldanamycin and, 32
Hdaxx and, 31, 33
HDM2 and, 30
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hematopoietic cells and, 171
Hsp90 and, 32

inactivation of, 13-14
KLF6 and, 400

in LS174T cells, 132

lung cancer and, 13-14

in MCF-7 cells, 236
MDM2 and, 30, 204

in MiaPaca cells, 132
MUCI and, 31, 33-34

in NCI-H358 cells, 132

in NCI-H460 cells, 132

in NCI-H1299 cells, 132
p21 and, 30-33, 400

p57 and, 43, 45

paullones and, 236

in PC3 cells, 132

in PC-3 cells, 132

PP5 and, 31, 33

pyrazoles and, 293
radiation and, 94
radiotherapy and, 94

Rb protein and, 13-14
roscovitine and, 205-206, 208
SCLC and, 13-14

in U-2 OS cells, 11
UCN-01 and, 174, 377, 381

pS6LCK, 76
p57

ablation of, in mice, 63
Beckwith-Wiedemann syndrome and, 42
B-Myb and, 43, 45

CDK?2 and, 44

cleft palate and, 63

cyclin A and, 43, 45

cyclin A/CDK2 complex and, 45, 390

cyclin E/CDK2 complex and, 42, 189, 390

dopamine neuronal cells and, 44
functions of, 41-42
gastrointestinal tract and, 63
glucocorticoid receptor and, 43, 44
glucocorticoids and, 43, 44

JNK and, 42, 43

leukemia and, 44

LIMK-1 and, 42, 43

Mizl and, 43, 45

muscles and, 63

MyoD and, 42, 43

Nurrl and, 43, 44

p21 and, 63

p27 and, 63

p53 and, 43, 45

p73 and, 43, 45

PACAP and, 42-44

proapoptotic enzyme caspase-3 and, 45

PTHrP and, 43, 44
Rho and, 42
roscovitine and, 206
SAPK and, 42
SCF complex and, 42
Skp2 and, 42, 43
TGF-B, and, 43, 44
p63 protein, 33
p70 (S6K), 88, 89, 92
p73 protein, 33, 43, 45
p107
in cardiovascular system, 95
CDK4 and, 57, 58
CDKG6 and, 57, 58
cyclin A/CDK2 complex and, 400
cyclin D and, 57, 58
cyclin D/CDK4 complex and, 57, 58
cyclin D/CDK6 complex and, 57, 58
E2F and, 123
pl07/E2F complex, 123
p130
in cardiovascular system, 95
CDK4 and, 57, 58
CDKG6 and, 57, 58
cyclin A/CDK?2 complex and, 400
cyclin D and, 57, 58
cyclin D/CDK4 complex and, 57, 58
cyclin D/CDK6 complex and, 57, 58
p202 protein, 32, 34
Pp220/NPAT complex, 58
p300/CBP complex, 58
P388 tumors, 258-259
P450 enzymes, 258
PACAP, 42-44
Paclitaxel
breast cancer and, 375, 380, 382, 383
colon cancer and, 375
description of, 93

flavopiridol and, 172, 375, 376, 382, 398

gastric cancer and, 375, 382
in-stent restenosis and, 93
lung cancer and, 382
Ro031-7453 and, 372, 380, 383
tubulin polymerization and, 93
PAK4 gene, 113, 115, 194, 330
Pancreatic cancer
5-fluorouracil and, 372, 378
CDK4 and, 61, 63, 65-66
cyclin D1 and, 65-66
cyclin D2 and, 60, 65-66
LnCaP cells, 172, 200
MiaPaCa cells, 132
MiaPaCa2 cells, 200, 253, 293
p15(INK4b) and, 62
p18(INK4c) and, 62, 64
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p27 and, 64 HCT116 cells and, 232-233, 236
pyrazoles and, 293 Hydra and, 242
roscovitine and, 200 Hydractinia and, 242
UCN-01 and, 372, 378 insulin receptor tyrosine kinase and, 237
PAP, 111 Jurkat cells and, 236
Papillomaviruses, 67 kenpaullone, 215, 228-229, 232-239, 241-242
Parathyroid, 64 Lck and, 238
Parathyroid hormone-related peptide (PTHrP), Leishmania donovani and, 242
43, 44 Leishmania mexicana and, 242
Parkinson’s disease, 241 lithium and, 215, 238
PARP, 236 lung cancer and, 236
Paullones MAP kinase and, 237
2-aminoalkylalsterpaullone, 243 MCEF-7 cells and, 236
2-cyanoethylalsterpaullone, 243, 244 MCF-10A cells and, 236
2-methoxy-9-methylsulfonylpaullone, 232, MG MID cells, 232-233
233, 236, 239 mMDH and, 240-242
9-cyanopaullone, see 9-Cyanopaullone NAD/NADH and, 240-241
9-nitropaullone, 375, 396 olomoucine and, 229
9-trifluoromethylpaullone, 232-234, 237 P12 cells and, 241
affinity chromatography of, 105 p21 and, 236
alsterpaullone, see Alsterpaullone p25/CDKS complex and, 237
Alzheimer’s disease and, 238 p53 and, 236
aminoalkylalsterpaullone, 243 Parkinson’s disease and, 241
APP and, 242 PARP and, 236
ATP and, 169 Pfmrk and, 242
azakenpaullone, 233-235, 239 pharmacokinetic studies of, 243
breast cancer and, 236-237 PKC and, 237, 238
bromopaullone, 232, 233, 237, 238 PKC and, 237, 238
cAMP-dependent protein kinase and, 237 Plasmodium falciparum and, 242
caspases and, 236 resistance to, 375
CD-95 ligand and, 236 roscovitine and, 215, 238
CDKI1 and, 238, 396, 399 Sf-9 cells and, 241
CDK?2 and, 238, 399 SIF and, 242
CDK4 and, 238, 399 sodium nitroprusside and, 236
CDKS5 and, 238, 399 solubility of, 243
in cell cycle, 236 structure of, 170, 229, 231, 232, 234, 235, 240,
cGMP-dependent protein kinase and, 237 243, 244, 398
c-Jun and, 237 survivin and, 236
CK1 and, 237 synthesis of, 229-231
CK2 and, 237, 238 tau protein and, 241
colon cancer and, 236, 375 in TUNEL experiments, 236
c-raf and, 237 Wnt pathway and, 241, 242
CRK3 and, 242 ZVAD and, 236
cyanoethylalsterpaullone, 243, 244 PAX3-FKHR, 41
cyclin A/CDK2 complex and, 237, 238 PC-3 cells
cyclin B/CDK1 complex and, 229, 231-237, BMS 387032 and, 257
239, 243, 244, 395-396 flavopiridol and, 253
cyclin D1/CDK4 complex and, 237 p53 in, 132
cyclin E/CDK2 complex and, 237 pRb in, 132
DARPP-32 protein and, 241 pyrazoles and, 293
discovery of, 228-229, 395-396 roscovitine and, 201, 212
epoxide and, 237 PCTKI1 protein, 113, 115, 194
ERK1/2 and, 237 PCTKS3 protein, 113, 115, 194
flavopiridol and, 229, 236, 238 PD98059 compound, 215

GSK-3 and, 215, 237-243 PD184352 compound, 215
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PD332991 compound, 126
PDGEFR, 266, 268
PDGFR-1, 330
PDK1 pathway, 40, 174-175, 330, 377
PDXK
roscovitine and, 106-107, 115, 194-196, 204,
207, 214, 216
Vitamin B, and, 106, 194, 214-215
Perifosine, 169, 378, 382
Peroxiredoxin I, 205
PfGSK-3 kinase, 242
PFKO049-365 structure, 345
Pfmrk, 242
PHA-533533 compound, 126
Phage display, 107-109
3-Phenylacetamido-5-cyclopropyl-1H-pyrazoles,
328-329, 331
Phenylaminopyrimidine (PAP), 111
Pho85 inhibition, 112
Phophatidylinositol 3-kinase, 208
Phosphatase and tensin homologue (PTEN), 37,
39-40
Phosphates, 5, 146, 340
PI3 pathway
17AAG and, 378
Ber-Abl and, 36, 39
CSN complex and, 36, 39
cyclin D and, 56, 57
FOXO and, 41
glycogen synthase kinase 3 beta and, 57
GSK-3 and, 57
induction of, 56
Jabl complex and, 39
leukemia and, 378
LY294002 and, 208
p27 and, 36, 39
roscovitine and, 208
UCN-01 and, 174-175, 377, 378
Pim-1 protein, 30, 31
Piperazines, 286
Piperidine, 286288
Pituitary adenylate cyclase activating polypeptide
(PACAP), 42-44
Pituitary gland, 61-64, 66, 73, 392
PKA, 241, 302
PKC
adducin and, 175
bisindolomaleimides and, 299
BMS 387032 and, 257
carbazoles and, 312-315
paullones and, 237, 238
pyrazoles and, 330
staurosporine and, 397
SU9516 and, 268
UCN-01 and, 174, 175-176, 377
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PKCI1 pathway, 111
PKWA, 113, 115, 194
Plasmodium falciparum, 242
Platelet-derived growth factor receptor (PDGFR),
266, 268
Platelet-derived growth factor receptor-1
(PDGFR-1), 330
PLK1 kinase, 330
Pocket proteins
CDKs and, 57-58
cyclin D and, 57
p107, see p107
p130, see p130
pRb, see pRb
Polo-like kinases, 168
Poly(ADP-ribose)polymerase (PARP), 236
Polypyrimidine tract-binding protein (PTB), 37,
40
Positive transcription elongation factor b (P-
TEFb), 15, 171, 398; see also Cyclin
T1/CDK9 complex
PP-1 phosphatase, 205
PP5 protein, 30, 31, 33
PP58 protein, 107
PRAD/BCL-1 proto-oncogene, 252
pRb, see also Rb protein; Whi5 protein
in A549 cells, 132
in Calu-1 cells, 132
CDK1 and, 58
CDK?2 and, 58, 77, 339
CDK3 and, 56
CDK4 and, 57, 58, 69-70, 77
in CDK4/fascaplysin modeling, 130
CDKG®6 and, 57, 58
CDKO9 and, 70
in cell cycle, 92, 123, 133
chromatin and, 57
CINK4 and, 125
Compound 7 series and, 135
Compound 9 series and, 135
Compound 12 series and, 135
cyclin A/CDK2 complex and, 123-124
cyclin D and, 57, 58, 70
cyclin D/CDK4 complex and, 57, 58, 123
cyclin D/CDK6 complex and, 57, 58, 123
cyclin E/CDK2 complex and, 57, 123-124
cyclin E1 and, 57, 73
cyclin E1/CDK2 complex and, 57
cyclin E2 and, 57, 73
E2F and, 57, 123
fascaplysin and, 125, 127
functions of, 57-58
HDACS and, 57
imidazolinone and, 333-335
in LS174T cells, 132



440 Inhibitors of Cyclin-dependent Kinases as Anti-tumor Agents

in MiaPaca cells, 132
mutation of, 168
in NCI-H358 cells, 132
in NCI-H460 cells, 132
in NCI-H1299 cells, 132
oxazolidinone and, 333-335
oxindoles and, 271-272
pl6(INK4a) and, 169
in PC-3 cells, 132
SU9516 and, 268
in SW480 cells, 271-272
transcription and, 57-58
in U-2 OS cells, 11
Proapoptotic enzyme caspase-3, 45
Progenitor cells, 90, 91; see also Stem cells
Prolactin, 65
3-Propylamidoaminopyrazoles, 326, 327
Prostate cancer
BMS 387032 and, 257
DU145 cells, 172, 198, 329
flavopiridol and, 172-173, 374, 376
indenopyrazoles and, 293
LnCaP cells, 172, 200
p21 and, 30
PC-3 cells, see PC-3 cells
perifosine and, 378, 382
Pim-1 and, 30, 31
PTEN and, 40
Ro031-7453 and, 380
roscovitine and, 198, 201, 208
SCHS56582 and, 208
UCN-01 and, 378
Protein kinase A (PKA), 241, 302
Protein kinase C, see PKC
Protein phosphatase type 5 (PP5), 30, 31, 33
Proteosome (26S), 7
PTB, 37, 40
P-TEFb, 15, 171, 398; see also Cyclin T1/CDK9
complex
PTEN, 37, 39-40
PTH gene, 389
P-Thr72 antibody, 205
P-Thr90 antibody, 205
P-Thr320 antibody, 205
PTHrP, 43, 44
Purine, structure of, 190
Puromycin, 190
Purvalanol
affinity chromatography of, 105-106, 194
aminopurvalanol, 215
CDKI1 and, 124
CDK2 and, 124, 155, 158
CDK4 and, 124
CDKS5 and, 106, 124
CDK?7 and, 124

CDK9 and, 124

colon cancer and, 375

cyclin A/CDK2 complex and, 156
cyclin B/CDK1 complex and, 105, 156, 191
cyclin D/CDK4 complex and, 156
cyclin E/CDK2 complex and, 156
ERK1/2 and, 106

identification of, 190

MAP kinase and, 105-106
p25/CDKS complex and, 156

p42 and, 105-106

p44 and, 105-106

resistance to, 375

structure of, 156, 191

yeast hybrid screen of, 194

pVHL, 7
Pyrazoles

1,3,4,6-tetrahydropyrrole[3,4-c]pyrazole, 340,
341

3-(4-heterocycl-1-yl)phenylacetamido-5-
cyclopropyl-1H, 330-340

3-(4-lactam-1-yl)phenylacetamido-5-cyclopro-
pyl-1H, 329-333, 335, 338

3-aminopyrazoles, 325-340, 345

3-arylacetamido-aminopyrazoles, 326330,
333

3-benzamidoaminopyrazoles, 326, 327

3-heteroarylindenopyrazoles, 287, 289,
293-295

3-phenylacetamido-5-cyclopropyl-1H,
328-329, 331

3-propylamidoaminopyrazoles, 326, 327

4,4-gem-dimethylbenzodipyrazoles, 343-345

A2780 cells and, 326, 328, 329, 332-336, 338,
344

ABL cells and, 330

AG1523 and, 293-295

Akt and, 330

ATP and, 288

AUR-2 and, 330

benzodipyrazoles, 340-345

Caco-2 cells and, 334-335, 336

Cdc7 and, 330

CDK2 and, 288, 290, 324-326, 345

Chk1 and, 330

CK2 and, 330

colon cancer and, 293

cyclin A/CDK2 complex and, 326-336,
344-345

cyclin B/CDK1 complex and, 294-295, 326,
330

cyclin D1/CDK4 complex and, 284-287, 289,
330

cyclin E/CDK2 complex and, 284-287, 289,
294, 325, 326, 330



Index

CYP4503A4 of, 338

DBF4 and, 330

development of, 284, 285-286, 286

dihydrobenzodipyrazoles, 343, 345

DU145 cells and, 329

EGFR and, 330

ERK1/2 and, 330

FGFR-1 and, 330

GSK-3 and, 330, 343-345

HCT116 cells and, 293-295, 329

HSA binders and, 327

HT?29 cells and, 329

HT1080 cells and, 293

IGFIR and, 330

IKK-2 and, 330

IKKi and, 330

imidazolinone and, 330-340

indenopyrazoles, 283-295, 345

IR kinase and, 330

KIT and, 330

Lck and, 330

lung cancer and, 293

LYN and, 330

MET and, 330

MiaPaCa2 cells and, 293

NCI-H460 cells and, 293

oxazolidinone, 333-338

p25/CDKS complex and, 326, 330

p38 and, 330

p53 and, 293

PAK4 and, 330

pancreatic cancer and, 293

PC-3 cells and, 293

PDGFR-1 and, 330

PDK1 and, 330

phosphates and, 340

piperidine and, 286-288

PKC and, 330

plasma protein binding in, 328-329, 332-333,
333, 334-335, 336

PLK1 and, 330

pyrazolo[3,4-d]pyrimidin-4-ones, see Pyra-
zolo[3,4-d]pyrimidin-4-ones

Rb protein and, 293-294

RET and, 330

roscovitine and, 326, 329

schematic model of, 341

SkutlA and, 293

solubility of, 286, 327-329, 332-333, 333,
334-335, 336

STLK2 and, 330

structure of, 285, 287, 325, 329, 340, 344

synthesis of, 289-292, 326-333,
340, 343

TRKA and, 330
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VEGFR and, 330
ZAP70 and, 330
Pyrazolo[3,4-d]pyrimidin-4-ones, see also
Pyrimidinone
1-aryl-4,5-dihydro-1H-pyrazolo[3,4-d]pyrimi-
din-4-ones, 350-352
cyclin B/CDK1 complex and, 356-358,
364-365
cyclin D1/CDK4 complex and, 351-359,
363-365
cyclin E/CDK2 complex and, 352-359,
363-365
HCT116 cells and, 353-359, 363-365
NCI-H460 cells and, 363
solubility of, 362-363
synthesis of, 350-359, 363-366
Pyrazolopyridines
1H-pyrazolo[3,4-b]pyridine, 345-346
A2780 cells and, 254
CDK2 and, 253-254, 345-346
cyclin B/CDK1 complex and, 254, 345
cyclin D/CDK4 complex and, 254
cyclin E/CDK2 complex and, 253-254, 345,
346
solubility of, 254
SQ-67563 compound, 253-254
structure of, 254, 346
Pyrido[2,3-d]pyrimidines, 107, 161, 398-399
Pyridoxal kinase (PDXK), see PDXK
5-(3-Pyridyl)-oxindole, 268
Pyrimidines, 107, 161, 398-399
Pyrimidinone
1-Aryl-4,5-dihydro-1H-pyrazolo[3,4-d]pyrimi-
din-4-ones, 350-352
arylmethylpyrimidinone, 360-362
CDK2 and, 359-360
cyclin B/CDK1 complex and, 356-357, 359, 361
cyclin D1/CDK4 complex and, 355-357, 359,
361-362
cyclin E/CDK2 complex and, 355-357, 359,
360-362
HCT116 cells and, 355-357, 359, 361-362
structure of, 351, 359-360
synthesis of, 350-352
Pyrrolidinones, 333
Pyrrolyllactam oxindoles, 268-269
Pyrrolyllactone oxindoles, 268-269
Pyrrolylmethylidene oxindoles, 269, 270, 278

R

Rac protein, 32

Racl protein, 31, 32
Rad6/Ubc2 complex, 58
Radiation
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bladder cancer and, 172
breast cancer and, 211
Cx32 and, 39
flavopiridol and, 7, 172

gamma-irradiation, 75, 171, 172, 175

HN?30 cells and, 171
p21 and, 32, 75
p53 and, 94
restenosis and, 94
roscovitine and, 208, 211
UCN-01 and, 175, 377
WISp39 and, 32

Raf-1 gene, 13, 378

Rapamycin, 88-89, 93

Ras, 56, 72-76, 391

Rb protein, see also pRb
44-584 antibody and, 205
51B7 antibody and, 205
carbazoles and, 315-316
cardiovascular system and, 95
CDK hyperactivation and, 6
CDK4 and, 292, 315
CDKG6 and, 292
in cell cycle, 292-293
cyclin A/CDK2 complex and, 400
cyclin D1 and, 169
cyclin D1/CDK4 complex and, 350,

390

cyclin D1/CDK6 complex and, 390
cyclin E/CDK2 complex and, 390
E2F and, 297
E7070 and, 381
fibroblasts and, 198
flavopiridol and, 337, 375
functions of, 6
HCT116 cells and, 199
HT29 cells and, 199
hyperphosphorylation of, 168—-169
hypophosphorylation of, 174
imidazolinone and, 337, 339-340
inactivation of, 168—169
indirubin and, 277
indolocarbazoles and, 315-316
KLF6 and, 400
lung cancer and, 13-14
Mitf and, 31
oxazolidinone and, 337
pl6(INK4a) and, 169
p21 and, 31
p53 and, 13-14
pyrazoles and, 293-294
roscovitine and, 205, 379, 382
SCLC and, 13-14
SkutlA and, 293
UCN-01 and, 174, 397

RBBP4, 16
REC cells, 201
Rectal cancer, 172, 379
Renal cancer, 173, 198, 376
Restenosis, 88-90, 92-94
RET, 330
Retina, 60, 63
Retinoblastoma (Rb) tumor suppressor protein,
see Rb protein
Retinoblastoma gene product (pRb), see pRb
RET/PTC, 37, 40
Rhabdomyosarcoma, 41
Rho, 13, 30-32, 42
RhoA, 35, 36, 88-89, 390
RhoGDI2 gene, 13
RICK, 107
Rkip, 13
RKO cells, 268, 270, 276
RNA polymerase 1T
BMS 387032 and, 262
CDK?7 and, 262
CDKS and, 262
CDKO9 and, 262
CYC202 and, 379
cyclin C/CDK8 complex and, 206
cyclin H/CDK7 complex and, 204, 206
cyclin T1/CDK9 complex and, 204, 206
flavopiridol and, 171
leukemia and, 207
myeloma and, 206, 379
roscovitine and, 204, 206-207
Ro31-7453 compound, 372, 373, 380, 383
Rohitukine, 374; see also Flavopiridol
Roscovitine, see also CYC202
4A4 antibody and, 205
44-584 antibody and, 205
51B7 antibody and, 205
501mel cells and, 198
2008 cells and, 198
A172 cells and, 198, 208
A375 cells and, 198
A431 cells and, 198
A498 cells and, 198
A549 cells and, 198, 208
A2780 cells and, 198
A4573 cells and, 198, 212
ACHN cells and, 198
affinity chromatography of, 105-106, 115,
194-196, 213
vs. aminopurvalanol, 215
AN3CA cells and, 198
ATM and, 206
ATP and, 169, 194-195
B cells and, 188, 213, 379
BE cells and, 198



Index

bladder cancer and, 199

Bon-1 cells and, 198

bortezomib and, 382

breast cancer and, 188, 200, 208, 211-213, 382

CaMK?2 and, 104, 115, 193-194, 214

camptothecin and, 208

capecitabine and, 213

CDKI1 and, 104, 115, 124, 126, 193, 195, 205,
206, 214, 399

CDK2 and, 104, 105, 107, 113, 115, 124, 126,
155, 193-195, 202, 205, 206, 210, 214, 216,
399

CDK3 and, 206

CDK4 and, 124, 193, 204, 206, 399

CDKS5 and, 104-107, 115, 124, 126, 193-195,
214, 399

CDKG6 and, 193, 206

CDK7 and, 104, 115, 124, 193, 206-207, 214

CDKS8 and, 193

CDKO9 and, 104, 115, 124, 193, 206-207, 214

Cdx2 and, 204, 207

in cell cycle, 9, 197, 203-205, 379, 397

centrosomes and, 202, 205

CHI1 cells and, 198

CHAGO-K1 cells and, 198

Chkl1 and, 204, 206

Chk2 and, 206

CHP212 cells and, 198

cisplatin and, 213

CKI1 and, 193-194, 204, 207, 214

clinical trials of, 210-213, 372, 379-380

CLKI1 and, 113, 115, 194

CLK2 and, 115, 194

CLK4 and, 115, 194

CLL cells and, 207

COLO-205 cells and, 198

COLO-320 cells and, 198

Colon 26 cells and, 198

colon cancer and, 198-202, 206, 208, 211-212,
375, 379

colorectal cancer and, 379

competition-binding assay of, 108-109, 115, 194

CORL23 cells and, 198

CSN complexes and, 104, 113, 115

cyclin A/CDK1 complex and, 197, 203

cyclin A/CDK?2 complex and, 193, 195, 197,
203, 326, 329

cyclin B/CDK1 complex and, 191, 193, 194,
196-197, 203

cyclin C/CDK3 complex and, 197, 203

cyclin C/CDK8 complex and, 193, 206

cyclin D and, 204

cyclin D/CDK4 complex and, 203

cyclin D1 and, 379

cyclin D1/CDK4 complex and, 193, 206
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cyclin D1/CDK6 complex and, 193

cyclin D3/CDK6 complex and, 193

cyclin E/CDK1 complex and, 197

cyclin E/CDK2 complex and, 193, 196-197,
203-204, 207

cyclin E/CDK3 complex and, 193

cyclin H/CDK7 complex and, 193, 197,
203-204, 206

cyclin T1/CDK9 complex and, 193, 204, 206

Daudi cells and, 198

delivery modes for, 213, 214

development of, 190

DNA and, 202, 379

docetaxel and, 213

Dox40 cells and, 198

doxorubicin and, 208, 379, 382

DU145 cells and, 198

DYRKIA and, 104, 115, 193

enzyme inhibition assay of, 104, 115, 193-194,
213

EphB2 and, 104, 115, 193

epidermoid carcinoma and, 198

epidermoid cells and, 198

ERK1/2 and, 104, 106, 193-194, 202, 204, 207,
214

etoposide and, 208, 379, 382

Ewing’s sarcoma and, 198, 201, 212

FAK and, 104, 115, 193

farnesyltransferase and, 208

fibroblasts and, 198, 206

vs. flavopiridol, 206

GCT27 cells and, 198

gemcitabine and, 213

glioma and, 198, 201, 206-207

glomerulonephritis and, 188

GM130 Golgi protein and, 205

Golgi fragmentation, 202

Granta-519 cells and, 198

GSK-3 and, 113, 115, 194

H929 cells and, 198

HCT15 cells and, 199

HCT116 cells and, 199, 205, 206, 208, 212

HDAC:S and, 208

HECI1B cells and, 208

HEK?293 cells and, 199

hepatocellular carcinoma and, 212

HepG?2 cells and, 199

HL-60 cells and, 199, 208

HNSCC cells and, 199

HS27 cells and, 198

HS29 cells and, 199

HS294 cells and, 199

HT29 cells and, 199, 202, 212

HT1376 cells and, 199

HX147 cells and, 199
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IMR-90 cells and, 199
INR1-G9 cells and, 199
INS-1 cells and, 199
IRAK4 and, 104, 115, 193
irinotecan and, 208, 211
JeKo-1 cells and, 199
Jurkat cells and, 199, 208
K562 cells and, 199
keratinocytes and, 199
kidney cancer and, 199
KM12 cells and, 199, 202
L1210 cells and, 199-200
lamins and, 202
LAQS824 and, 208, 379, 382
leukemia and, 198-202, 206-208, 213, 379,
382
Lipinski Rule of Five and, 209
LNcaP cells and, 200
LoVo cells and, 200, 212
LP-1 cells and, 200
LRS5 cells and, 200

lung cancer and, 188, 198-201, 212, 379, 382

LY294002 and, 208

lymphoma and, 198-199, 201, 206, 213

M14 cells and, 200

MALME-3M cells and, 200

MAP kinase and, 105-106, 115, 379

MAT1 and, 197

Mawi cells and, 200

MCEF-7 cells and, 200, 205-206, 208

MCEF-10F cells and, 200

Mcl-1 and, 204, 206, 207

MDA-MB-231 cells and, 200, 212

MDA-MB-435S cells and, 200

MDM2 and, 204, 208

MEKI1 and, 215

melanoma and, 198-202, 209

MES-SA/Dx5 cells and, 200, 212

metabolite formation, 210, 211

MiaPaca2 cells and, 200

MKN45 cells and, 200

MM.Ir cells and, 200

MM.1s cells and, 200

MOR cells and, 200

MR65 cells and, 200

MT-2 cells and, 201

myeloma and, 198, 200-201, 206, 213, 379,
382

NCEB-1 cells and, 201

NCI 60 cells and, 197, 201

NCI-60 cells and, 197, 201

NCI-H69 cells and, 201

NCI-H358 cells and, 172

NCI-H460 cells and, 201

NCI-H1299 cells and, 208
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neuroblastoma and, 198, 201

NSCLC and, 212, 213

nucleolin and, 205

nutlin-3 and, 208

vs. olomoucine, 215

OPM2 cells and, 201

osteosarcoma and, 201

ovarian cancer and, 198, 201

pl16(INK4a) and, 206

p21 and, 206

p25/CDKS complex and, 193, 195

p27 and, 197, 203, 205, 206

p27-Luc and, 197

p42 and, 105-106, 115

p44 and, 105-106, 115

p53 and, 205-206, 208

p57 and, 206

PAK4 and, 113, 115, 194

pancreatic cancer and, 200

paullones and, 215, 238

PC-3 cells and, 201, 212

PCTKI1 and, 113, 115, 194

PCTK3 and, 113, 115, 194

PD98059 and, 215

PDXK and, 106-107, 115, 194-196, 204, 207,
214, 216

Peroxiredoxin I and, 205

pharmacokinetic studies of, 209-210

phophatidylinositol 3-kinase and, 208

PI3 pathway and, 208

PKWA and, 113, 115, 194

PP1 and, 205

PP-1 phosphatase and, 205

properties of, 192, 194-195

prostate cancer and, 198, 201, 208

P-Thr72 antibody and, 205

P-Thr90 antibody and, 205

P-Thr320 antibody and, 205

pyrazoles and, 326, 329

quantification of, 209

radiation and, 208, 211

Rb protein and, 205, 379, 382

REC cells and, 201

rectal cancer and, 379

renal cancer and, 198

resistance to, 216, 375

RNA polymerase II and, 204, 206-207

RPMI 8226 cells and, 201

RPMI cells and, 201

RPS6KA?2 and, 115, 194

Sa-S02 cells and, 201

SCH56582 and, 208

selectivity of, 104, 192-194

SH-SYS5Y cells and, 201, 208

SKMEL2 cells and, 201
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SKMELS5 cells and, 201
SKMEL?28 cells and, 201
SKOV-3 cells and, 201
STAT5a and, 206
stomach cancer and, 200
storage of, 213

structure of, 170, 190, 191, 195, 196, 203-204,

211, 373, 398
survivin and, 204-207
SW480 cells and, 201
SW620 cells and, 201
SW480 cells and, 201
SW620 cells and, 201
synthesis of, 191-192
T98 cells and, 201, 208
TC-71 cells and, 201
testicular cancer and, 200
TG3 antibody and, 205
topoisomerase I/II activity and, 208
TRAIL and, 198, 201, 206-208
TTK and, 115, 194
tumor cells and, 126, 207, 211-213
U2-0S cells and, 201, 208
U87MG cells and, 201, 208
U251 cells and, 201, 208
U266 cells and, 201
U937 cells and, 202, 206, 208
UACCG62 cells and, 202
UACC257 cells and, 202
uterine cancer and, 200, 212, 379
vimentin and, 205
WI38 cells and, 201
XIAP and, 204, 206-207
yeast hybrid screen of, 113-115, 194
RPMI 8226 cells, 201
RPMI cells, 201
RPS6KA?2 protein, 115, 194

S

S6 kinase, 35, 36
Saccharomyces cerevisiae
Cdc28 in, 56, 143
description of, 109
research using, 116
Whi5 protein in, 57
Salivary glands, 68
SAPK, 42, 390
Sa-S02 cells, 201
SB202190 compound, 108
SB203580 compound, 107, 215
SB218078 compound, 298
SCDKI, 169
SCF complex
in cell cycle, 7
cyclin E/CDK2 complex and, 390

functions of, 7

p21 and, 30-32

p27 and, 7, 38

p57 and, 42
SCHS56582 compound, 208
Schizosaccharomyces pombe, 56, 143
Schwann cells, 60
SCLC, 8, 13-16, 201
SDF-1 cytokine, 90
SDF-1/CXCL12 complex, 14
Securin, 7
Sertoli cells, 60
SET, 30, 31, 33
S£-9 cells, 130, 241
SH-SYS5Y cells, 201, 208
SIF, 242
SILVER/PMELL17 gene, 208
SKBR3 cells, 257
SK-CO-1 cells, 257
Skin cancer, 40; see also Melanoma
SKMEL?2 cells, 201
SKMELS cells, 201
SKMEL28 cells, 201
SKOV-3 cells, 201
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Skp1-Cullin-F-box protein (SCF) complex, see

SCF complex
Skp2 protein
CBP and, 40
in cell cycle, 7
Ets and, 91
FAK and, 35, 36, 89
GABPalpha and, 91
in ligase complex, 7
MG-132 and, 35
p21 and, 31, 32, 89
p27 and, 7, 35, 36, 38, 40, 89, 91
p57 and, 42, 43
PTEN and, 37, 39
TGF-B, and, 44
in VSMCs, 89
Y397F and, 35
SkutlA, 293
SLS, 110, 111
Smad3, 31, 34, 58
Smad3-Smad4 complex, 31
Smad4, 31, 34

Small cell lung cancer (SCLC), 8, 13-16, 201
Small molecular endogenous CDK inhibitors

(SCDKI), 169
Smooth muscle cells (SMCs), 90
SN38, 377
Sodium nitroprusside, 236
Soft tissue sarcoma, 62
SOS, 37, 39
Spine, 64
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Spleen, 61, 66, 67
Spyl1 protein, 37, 39
SQ-67563 compound, 253-254
Squamous cell cancer
A431 cells, 174, 198, 257
BMS 387032 and, 380
E7070 and, 381
flavopiridol and, 173
HNI2 cells, 172, 174
HN30 cells, 171
Src-suppressed C Kinase substrate (SSeCKs),
13
STAT, 34
STATSa, 206
Stathmin
hKIS, 35
KIS, 36, 91, 92
p27 and, 35, 390
Statins, 90
Staurosporine, see also 7-Hydroxystaurosporine
CDKI and, 124
CDK?2 and, 124
CDKS and, 124
competition-binding assay study of, 108—-109
cyclin A/CDK?2 complex and, 156
cyclin B/CDK1 complex and, 397
cyclin D/CDK4 complex and, 156
description of, 173
HIP study of, 111
PKC and, 397
PKCI and, 111
Ro031-7453 and, 380
source of, 397
Streptomyces and, 397
structure of, 156, 298, 398
UCN-01, see UCN-01
Stem cells
atherosclerosis and, 90
cardiovascular system and, 90, 96
development of, 14
gene-targeting in, 59
Kit ligand and, 90
mobilization of, 90
p21 and, 91
p27 and, 91
SDF-1/CXCL12 complex and, 14
SMC:s, differentiation to, 90
STI571 compound, 39
STLK2 kinase, 330
Stolon-inducing factor (SIF), 242
Stomach cancer, 200
Strathmin, 390
Streptomyces, 377, 397
Streptomyces hygroscopicus, 93
Stress-activated protein kinase (SAPK), 42, 390

Stromal-derived factor (SDF), 14, 90
SU5402 compound, 266-268

SU5416 compound, 266

SU6668 compound, 266

SU9516 compound, 268, 271, 272, 399
SU11248 compound, 266

Sultams, 333

Survivin, 204-207, 205, 236

SV40 large T antigen, 95, 135

SW403 cells, 257

SW480 cells, 201, 257, 268, 271-272
SW620 cells, 201, 257, 276

SW837 cells, 257

SW1417 cells, 257

Synthetic lethal screen (SLS), 110, 111

T

T cells
CD2 and, 72, 73
CDKG6 and, 61
cyclin D3 and, 59, 60
cyclin E and, 72, 73
p27 and, 72, 87
rapamycin and, 93
T84 cells, 257
T98 cells, 201, 208
Tat, 171
Tau protein, 6, 238, 241
Taxol, 93
Taxus brevifolia, 93
TBP, 343
TC-71 cells, 201
Telomerase activity, 402
Temozolomide, 382
Terminal deoxynucleotidyl-transferase-mediated
dUPT nick end-labeling (TUNEL), 236
Testicular cancer, 198
Testis, 60-63
Tetrahydrobenzodipyrazole (TBP), 343
1,3,4,6-Tetrahydropyrrole[3,4-c]pyrazole, 340, 341
TG3 antibody, 205
TGEF-B,
Akt and, 34
cardiovascular system and, 87
collagen and, 89
p21 and, 31
p27 and, 91
p57 and, 43, 44
Skp2 and, 44
Smad3 and, 31, 34, 58
Smad4 and, 31, 34
VSMCs and, 89
Thermal indole ring closure, 231
Thiazolo-oxindole, 273-276
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Threonine, 5
Thymidylate synthase gene expression,
377-378
Thymomas, 76
Thymus
CDKG6 and, 61, 66, 67
cyclin D1 and, 71
cyclin D2 and, 71
cyclin D3 and, 60
pl6(INK4a) and, 62
p18(INK4c) and, 62, 64
p27 and, 64
Thyroid cancer, 37, 40, 62
Tie2 marker, 90
TOK-1 protein, 31, 33
Topoisomerase I assay, 131
Topoisomerase I/II activity
camptothecin and, 6, 208
COMPARE algorithm and, 228-229
doxorubicin and, 208
etoposide and, 208
flavopiridol and, 171
irinotecan and, 208, 376
roscovitine and, 208
SN38 and, 377
U-2 OS cells and, 208
Topotecan
colon cancer and, 375
flavopiridol and, 172, 375, 382
Lung cancer and, 382
ovarian cancer and, 372, 378
resistance to, 375
UCN-01 and, 372, 378-379, 382
TOR, 93; see also mTOR
TRAIL, 198, 201, 206-208
Transcriptional “signature” analysis, 112-113
Transforming growth factor-beta, see TGF-3,
Triazolones, 333
9-Trifluoromethylpaullone, 232-234, 237
TRKA, 330
Trophoblast giant cells, 61, 67
TSC2 expression, 95
TTK, 115, 194
Tubulin, COMPARE algorithm and, 228-229
Tubulin polymerization, 35, 93, 133-135, 380
Tumor-necrosis-factor-related apoptosis-inducing
ligand (TRAIL), 198, 201, 206-208
TUNEL experiments, 236
Twenty-one and CDK-associated protein-1
(TOK-1), 31, 33

U

U-2 OS cells, 10-12, 201, 208
U0126 inhibitor, 215
U8TMG cells, 201, 208
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U251 cells, 201, 208

U266 cells, 201

U937 cells, 202, 206, 208
UACCG62 cells, 202

UACC257 cells, 202

Ubc2/Rad6 complex, 58

UCN-01
5-fluorouracil and, 175, 176, 372, 377-378, 382
17AAG and, 378, 382
A431 cells and, 174
administration of, 377
Akt and, 174-175, 377-379
alphal-acid glycoprotein and, 175
ara C and, 377-379, 382
ATP and, 169
breast cancer and, 382
camptothecin and, 175, 382
carboplatin and, 378
carmustine and, 175
Cdc2 and, 174
CDK hyperactivation and, 6
CDKI1 and, 124, 377
CDK2 and, 124, 377
CDKS5 and, 124
in cell cycle, 174, 377
chkl and, 174, 377, 379
chk2 and, 377
cisplatin and, 372, 377, 378, 381, 382
clinical trials of, 175-177, 372, 378
colon cancer and, 377
development of, 228
ERK1/2 and, 174
fludarabine and, 377
functions of, 169
gemcitabine and, 377, 382
glycoproteins and, 378
HN12 cells and, 174
insulin and, 175
JNK and, 379
leiomyosarcoma and, 175
leukemia and, 378-379, 382
lung cancer and, 174, 175, 378
lymphoma and, 175, 176, 378
MAP kinase and, 174, 378
MEKI and, 378
melanoma and, 175, 176, 378
mitomycin C and, 175, 377, 382
ovarian cancer and, 372, 378, 382
oxaliplatin and, 378
p21 and, 174
p27 and, 174
p53 and, 174, 377, 381
pancreatic cancer and, 372, 378
PDKI1 and, 174-175, 377
perifosine and, 378, 382
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PI3 pathway and, 174-175, 377, 378
PKC and, 174, 175-176, 377
prostate cancer and, 378
radiation and, 175, 377
Rb protein and, 174, 397
SN38 and, 377
source of, 377
Streptomyces and, 377
structure of, 170, 373
temozolomide and, 382
thymidylate synthase gene expression and,
377-378
topotecan and, 372, 378-379, 382
tumor cells and, 126
Weel and, 174
Universal regulators, 4
Urea, 398, 399
Uterine cancer, 200, 212, 379

\Y%

Vascular endothelial growth factor receptors
(VEGFRs), 90, 266, 330
Vascular endothelial growth factor (VEGF), 90,
171
Vascular smooth muscle cells (VSMCs), 85-89,
91,93
Vasculopathy, graft, 90
Vatalanib, 109
Vcyclin, 147
Vcyclin/CDK6 complex
activation of, 144
aloisines and, 157, 159-160
fisetin and, 156
flavopiridol and, 156
hymenialdisine and, 157, 159-160
indirubin and, 157
NU6102 and, 159-160
olomoucine and, 156, 159-160
structure of, 147, 149
VDUP, 13
Ve-Cadehrin, 90
VEGEF, 90, 171
VEGFR, 90, 266, 330
Veins, 85-89, 91, 93, 171-172
Vimentin, 205

Vinorelbine, 380, 383

Virus-encoded cyclin (Vcyclin)
CDKG6 and, see Vcyclin/CDK6 complex
p25 and, 147

Viruses, 6-7

Vitamin B, 106, 194, 214-215

Vitamin D upregulated protein 1 (VDUP), 13

VM46/HCT116 cells, 257, 258

VSMCs, 85-89, 91, 93

VWE, 90

W

Weel, 174

Western blot analysis, 133
Whi5 protein, 57; see also pRb
WI38 cells, 201

WISp39, 31, 32

Whnt pathway, 75, 241, 242

X

XIAP, 204, 206-207

Y

Y397F, 35
Yeast
cell division by, 109
cell permeability, 112
cell-based high-throughput screening methods,
109-112
CLN genes in, 390
protein chip technology, 116
Saccharomyces cerevisiae, see Saccharomyces
cerevisiae
Schizosaccharomyces pombe, 56, 143
transcriptional “signature” analysis,
112-113
two-/three-hybrid screen, 113, 114, 194

Z

ZAP70, 257, 330
ZD1839, 107
ZVAD, 236
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p27 “ donor & p27 " recipient

COLOR FIGURE 4.2 p27X®! modulates the contribution of bone-marrow-derived cells to
vascular lesions. Cross sections of recipient p27++female arteries following transplantation
of male p27++ or p27-"~ donor marrow: Y chromosome* (Yellow), alpha-actin* (smooth muscle
specific) cells (red), and nuclei (DAPI stain, blue). Arrows indicate the margins of the intima
as determined by the internal and external elastic lamina. (Adapted from Boehm, M. et al. J
Clin Invest 114, 419-426, 2004. With permission.)

COLOR FIGURE 4.3 p27XIP! modulates neointima formation during vascular wound repair.
Increased vascular lesions in p27-- arteries compared to p27++ arteries in H&E cross sections
of murine arteries 2 weeks after mechanical injury.
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COLOR FIGURE 6.2 The active site of the CDK4 homology model. (a) Cartoon represen-
tation of overall structure of the CDK4, with the positions of ATP/Mg?* (C in grey, N in slate,
O in salmon, P in yellow, Mg in black) and fascaplysin (C in magenta, N in cyan, O in red),
is shown. (b) Predicted binding mode of fascaplysin. (c) Predicted binding mode of the most
potent compound, 9q, in the series 9a-q; note the m-m interactions of the benzoid ring with
Phe93 and Phel59 of CDK4. (d) Predicted binding mode of 12q — this weaker inhibitor is
structurally similar to, but more conformationally constrained, than 9q. Hydrogen bonds are
shown as dashed lines. Figures were produced using Pymol. (From Aubry, C. et al. (2006).
Org. Biomol. Chem., DOI: 10.1039/b518019h.)

COLOR FIGURE 7.2 CDK2 and CDK7 apoenzymes superimposed on the C-terminal
domain. CDK2 is shown in yellow, CDK7 in blue. The catalytic loop and activation loop in
CDK?2 are drawn in red and salmon, respectively.



COLOR FIGURE 7.3 (A) Phosphorylated CDK2/cyclinA. (B) CDK2 apoenzyme in gray
and activated CDK2 in yellow are superimposed. The catalytic loop and activation loop in
the activated CDK2 are drawn in red and salmon (blue in the apoenzyme).

COLOR FIGURE 7.4 Superposition of activated CDK5 and CDK6 onto activated CDK2.
CDKS from the p25 complex (A) and CDKG6 from the ternary CDK6/Vcyclin/fisetin complex
(B) were superimposed onto the C-terminal domain of activated CDK2/cyclin A complex.
CDK?2 is shown in yellow, CDKS in purple, and CDK®6 in green. The catalytic loop of CDK2
is highlighted in red, and the activation loop in salmon. Atoms of the phosphorylated threonine
residue in the activation loop are shown as stick model.
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COLOR FIGURE 7.5 Structures of CDK/inhibitor complexes. (A) The p27X®! inhibitor is
bound in a ternary complex to CDK2 and cyclin A. The inhibitor is shown in red, CDK2 in
yellow, and cyclin A in green. (B) The pl19™K4 inhibitor, shown in red, is bound to CDKG6,
shown in green.

COLOR FIGURE 7.6 Stereo drawing of the ATP-binding pocket in CDK2. Residues 11 to
18 that form the glycine loop were omitted for clarity. The binding pocket in the activated
CDK?2 is shown in green with bound ATP in yellow and the Mg ion as a gray sphere. The
structure of the binding pocket in the CDK2 apoenzyme is shown in gray. Hydrogen bonds
are drawn as broken lines.



COLOR FIGURE 7.7 Surface representation of the ATP-binding pocket in CDK2 (Brown,
N.R., Noble, M.E., Endicott, J.A., and Johnson, L.N. (1999a). The structural basis for speci-
ficity of substrate and recruitment peptides for cyclin-dependent kinases. Nat Cell Biol 1,
438-443). The surface is colored by pocket regions (Davies, T.G., Pratt, D.J., Endicott, J.A.,
Johnson, L.N., and Noble, M.E. (2002b). Structure-based design of cyclin-dependent kinase
inhibitors. Pharmacol Ther 93, 125-133.) The hinge region is shown in cyan, with the
backbone of residues 81 to 83 drawn as a stick model. Conserved hydrogen bonds with the
hinge region are shown as broken lines. The F80 pocket is colored blue, the ribose and
phosphate binding cleft is yellow, and the specificity region is purple. Bound ATP with one
Mg ion is drawn as a stick model.

COLOR FIGURE 7.8 Structure of the binding pocket of three CDK2/inhibitor complexes.
The top shows the complex with the nonspecific inhibitor des-chloro-flavopiridol. There are
few contacts of the inhibitor with residues in the specificity region of the binding pocket. The
middle panel shows the interactions of CDK2 with the highly specific inhibitor purvalanol
B. There are many interactions with the specificity region. However, the inhibitor fills very
little space in the area of the binding pocket that binds the ribose and phosphates of ATP. The
bottom panel shows the interactions with NU6102, another CDK2-specific inhibitor. There
are several interactions with the specificity region. The inhibitor also fills the ribose-binding
pocket with the cyclo hexylmethyl group of the inhibitor. Hydrogen bonds between inhibitors
and CDK?2 are shown in black broken lines.



COLOR FIGURE 7.9 Stereo drawings of the ATP-binding pocket of CDK6 with CDK2-
specific inhibitors olomoucine (A) and NU6102 (B) modeled into the binding pocket. The
structures of the active CDK6 and the modeled inhibitor are shown as stick models in green
with CDK4/6-specific sequence changes highlighted in cyan. The structure of the correspond-
ing CDK2/inhibitor complex is drawn with thin lines in dark yellow. Conserved hydrogen
bonds, used to place the inhibitor into the binding pocket, are represented by black broken
lines. Unfavorably close contacts between the inhibitor and CDK6 are shown as broken red
lines. Residue labeling refers to the CDK6 sequence with labels for CDK2 displayed in
brackets.
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COLOR FIGURE 15.3 ATP-binding pocket residues of the X-ray structure of CDK2 in
complex with 15.3. The three hydrogen bonds between the CDK2 hinge region and the
inhibitor are drawn as dashed lines.
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COLOR FIGURE 15.9 Analysis by IHC of the BrdU incorporation (A) and pRb staining
(B) of the sections of A2780 xenograft tumors at the end of treatment. Tumor sections were
fixed in formalin, paraffin embedded, and stained for BrdU incorporation and phospho-pRb
expression. The analysis shows a significant reduction of both BrdU and phospo-pRb positive
cells in the treated (15.4) vs. control tumors. Representative examples of the stainings are
also reported.
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COLOR FIGURE 15.12 General formula of tricyclic benzodipyrazoles (BDP) and binding
mode of a derivative into the ATP-binding pocket.
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COLOR FIGURE 18.1 Ribbon representation of the crystal structure of CDK2/cyclin A/ATP
complex. Cyclin is shown by cornflower blue and CDK2 by cyan, yellow, and green ribbon.
The substrate is colored magenta. The critical residues (K33, E51, and T160 in CDK2 and
K in the substrate) involved in the activity are depicted by ball-and-stick model. An ATP
analog is also shown.

COLOR FIGURE 18.2 The residues of CDK2 in contact with ATP.
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