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Abstract

Cyclin-dependent kinase (CDK) inhibitors are small molecule inhibitors of the kinases required for the orderly progression of cells,
both normal and neoplastic, through the cell cycle. Because cell cycle dysregulation is such a common occurrence in neoplasia, the search
for agents that might block cell cycle traverse has been the focus of intense interest. These efforts have led to the identification of a broad
array of compounds that interfere directly with the function of CDKs. Two of these agents (flavopiridol and UCN-01) have now entered
the clinical arena, and others are scheduled to do so in the near future. In preclinical studies, CDK inhibitors have shown the ability not
only to block neoplastic cell proliferation, but also to induce, through a variety of mechanisms, programmed cell death. The latter capacity
may stem from the diverse effects that CDK inhibitors exert on multiple kinases and apoptotic regulatory molecules. In addition, there
is abundant preclinical evidence that CDK inhibitors can potentiate, generally in a dose- and sequence-dependent manner, the anti-tumor
effects of many established cytotoxic agents. In clinical studies in humans, flavopiridol and UCN-01 have been shown to be tolerable,
although clear evidence of single agent activity or enhancement of the efficacy of established agents has not yet emerged. This may reflect
a failure to optimize drug schedules/pharmacokinetics, or to identify the critical molecular targets of these agents. Finally, in recent years,
a rationale has emerged for combining CDK inhibitors with other molecularly targeted agents (i.e. differentiation-inducers and signal
transduction modulators). Current research has basically two goals: (a) to identify CDK inhibitor concentrations and schedules that inhibit
the growth of and induce apoptosis in specific tumor cell types; and (b) to establish a rational basis for combining CDK inhibitors with
more conventional cytotoxic agents to enhance antitumor efficacy. This review gives a brief summary of such efforts, with an emphasis on
agents and combinations that are in or near clinical development.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

1.1. Rationale for developing CDK inhibitors

An enormous amount of attention has been directed at
efforts to understand the cell cycle and the factors that reg-
ulate it. Such efforts have been prompted by the realization
that dysregulation of cell cycle progression is an almost uni-
versal characteristic of cancer cells (Sherr, 2000). Conse-
quently, the concept of developing agents that are capable
of inhibiting the traverse of neoplastic cells across the cell
cycle has obvious appeal. This has led to a major campaign
on the part of industry and academia to uncover agents such
as cyclin-dependent kinase (CDK) inhibitors, the first such
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agents to enter the clinical arena (Davies et al., 2002). How-
ever, it has become increasingly apparent that such agents
act through mechanisms other than or in addition to inhibi-
tion of the cell cycle traverse. More specifically, cell cycle
antagonists appear to be among the most potent inducers yet
discovered of apoptosis, or programmed cell death. Thus,
aside from inhibiting the proliferation of tumor cells, cell
cycle inhibitors may play a direct role in promoting their
demise. More recently, attention has focused on the concept
of enhancing the activity of more conventional chemother-
apeutic agents by combining them with novel cell cycle
modulators (Shah and Schwartz, 2000). The central con-
cept underlying this approach is that cell cycle inhibitors
can induce specific perturbations in cell cycle and signal
transduction pathways that lower the threshold for cytotoxic
drug-induced lethality and/or lead to circumvention of drug
resistance.
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1.2. Cell cycle regulation—a brief overview

Regulation of the cell cycle is an extremely complex
process and will not be reviewed in detail here. Several
excellent reviews of this subject have appeared over the last
several years (Sherr, 2001; Nurse, 2000). Briefly, regula-
tion of cell cycle traverse involves activation of CDKs (e.g.
CDK1, CDK2, CDK4/6) whose abundance is relatively
stable throughout the cell cycle. The CDKs are paired with
the cyclins (e.g. cyclins A, B, E, D1–3), levels of which
fluctuate throughout the cell cycle. Activation of CDKs by
cyclins leads to phosphorylation, on multiple sites, of the
retinoblastoma protein (pRb) (Morgan, 1997). This leads,
in turn, to diminished binding of pRb to the E2F transcrip-
tion factor, which activates a variety of genes necessary
for cell cycle progression into and through S-phase, includ-
ing dihydrofolate reductase, thymidylate synthase, among
others (Hatakeyama and Weinberg, 1995). Conversely, de-
phosphorylation of pRb results in enhanced binding to, and
inactivation of, E2F, there by inhibiting cell cycle traverse.
The activity of CDKs is regulated at multiple other levels,
including phosphorylation on inhibitory threonine14 and
tyrosine15 sites, as well as activating phosphorylation on
threonine160 or threonine161 by CDK7, the cyclin-activating
kinase (CAK) (Morgan, 1995). The activities of CDKs are
also antagonized by low (e.g. p15, p16, p18, p19) and high
(e.g. p21CIP1, p27KIP1, and p57KIP2) molecular weight in-
hibitors that bind stoichiometrically to CDKs and interfere
with their activity (Obaya and Sedivy, 2002; Lee and Yang,
2001). Thus, the decision of a cell to progress through the
cell cycle is determined by the extremely complex interplay
between these positive and negative regulatory influences.
A summary of the mechanisms by which the cell cycle
traverse can be interrupted is shown inTable 1.

1.3. Apoptosis—general considerations

Our understanding of cell cycle regulation has recently
been closely intertwined with that of another highly inves-
tigated process i.e. apoptosis or programmed cell death.
Again, several excellent reviews of this process have recently
appeared (Joza et al., 2002; Cory and Adams, 2002; Igney
and Krammer, 2002), and will not be recapitulated in depth
here. Very briefly, exposure of tumor (as well as normal)

Table 1
Mechanisms of inhibition of cell cycle progression

A. Direct inhibition of CDKs by small molecule inhibitors (e.g. flavopiridol, UCN-01, roscovitine, etc.)
B. Induction of endogenous CDK inhibitors (e.g. p21CIP1, p27KIP1, p57KIP2) e.g. by differentiation-inducing agents
C. Down-regulation of cyclins required for CDK activation (e.g. cyclin D1)
D. Enhanced phosphorylation of CDKs at inhibitory sites (i.e. thr14 and tyr15) e.g. secondary to diminished activity of cdc25 phosphatases
E. Diminished phosphorylation of CDKs at activating sites (e.g. thr161) i.e. by CAK

The traverse of neoplastic cells through the cell cycle can be antagonized at multiple levels through diverse mechanisms. These include direct inhibition
of CDK activity by small molecule CDK inhibitors, induction of endogenous CDKIs (e.g. by maturation-inducing agents, down-regulation of cyclins,
enhanced inhibitory phosphorylation of CDKs, or diminished CDK activity stemming from reduced stimulatory phosphorylation. Some agents i.e.
flavopiridol can theoretically act at multiple levels (e.g. A, C, and E).

cells to a noxious stimulus elicits the engagement of a ge-
netically conserved, highly regulated process of cell suicide
which involves activation of group of aspartate-directed
proteases referred to as caspases which result in degrada-
tion of diverse cellular constituents. This proceeds through
one of two major pathways: the mitochondrial, or intrin-
sic pathway, and the receptor-related, or extrinsic pathway.
In the mitochondrial pathway, a noxious stimulus induces
mitochondrial injury including loss of mitochondrial mem-
brane potential and/or release of pro-apoptotic proteins such
as cytochrome c, Smac/DIABLO, or apoptotis-inducing
factor (AIF) (Ravagnan et al., 2002; Daugas et al., 2000;
Srinivasula et al., 2001). In the case of cytochrome c, re-
lease into the cytoplasm results in activation of the so-called
apoptosome, consisting of cytochrome c, procaspase-9, and
d-ATP, which activates the effector caspase procaspase-3,
leading to degradation of diverse cellular targets (Zou
et al., 1999). Alternatively, noxious stimuli may activate
the extrinsic, receptor-related pathway that is engaged by
binding of TNF family members (e.g. Fas) to their appro-
priate cell surface receptors. This results in activation of the
DISC (death-inducing signaling complex), and activation
of procaspase-8, which can directly activate procaspase-3,
or, through cleavage of the pro-apoptotic protein Bid, in-
duce release of cytochrome c, and in so doing, amplify the
death process by recruiting the intrinsic pathway (Walczak
and Krammer, 2000). Extensive cross-talk between these
pathways exists (Sun et al., 1999). Control of the apoptotic
process is governed by an ever-expanding family of pro-
(e.g. Bax, Bak, Bim, Bid, Bag) and anti-apoptotic proteins,
e.g. Bcl-2, Bcl-xL, A1, Mcl-1 (Adams and Cory, 2001),
XIAP (Cheng et al., 2002) and survivin (Zaffaroni and
Daidone, 2002).

1.4. The link between cell cycle regulation and apoptosis

Evidence of a link between apoptosis and the cell cycle
is compelling. For example, cell cycle dysregulation is one
of the most potent stimuli for apoptosis induction (King and
Cidlowski, 1995). More specifically, dysregulation of essen-
tially every one of the components of the cell cycle machin-
ery has been shown to influence the apoptotic process. These
include pRb (Kaelin, 1999), E2F (Qin et al., 1994), p21CIP1

(Wang and Walsh, 1996), p27KIP1 (St. Croix et al., 1996),
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cyclin D1 (Niu et al., 2001), p34cdc2 (CDK1) (Winters et al.,
1998) among others. Such findings provide a framework for
attempts to understand the mechanism(s) by which pharma-
cologic agents acting at the level of cell cycle regulation
might trigger the apoptotic cascade.

2. The development of pharmacologic
CDK inhibitors

For all of the above reasons, attempts to interrupt cell cy-
cle progression of tumor cells through pharmacologic means
have been the subject of intense interest. This has prompted
the search for agents acting at one or more sites in the cell
cycle machinery that might be suitable for clinical develop-
ment. Several reviews of such compounds have recently ap-
peared (Meijer, 2000; Mani et al., 2000; Senderowicz, 2001;
Wadler, 2001), to which the reader is directed for more spe-
cific details. However, in a general sense, cell cycle inhibitors
can be sub-divided into two major categories i.e. (I) agents
that act directly to inhibit cell cycle progression; and (II)
agents that act indirectly to achieve the same end. A sum-
mary of the classification of cell cycle inhibitors is shown in
Table 2. The former (class I agents) fall into two broad cat-
egories i.e. (a) natural products or synthetics and (b) purine
nucleoside analogs. The second class, which will not be dis-
cussed here, consists of agents that act indirectly either to
diminish the expression of proteins necessary for cell cycle
progression (e.g. cyclin D1), or which induce endogenous
CDK inhibitors such as p21CIP1. The latter include a wide va-
riety of differentiation-inducing agents, including retinoids
(Matsuo and Thiele, 1998), phorbols (Coppock et al., 1995),
and multiple histone deacetylase inhibitors, including bu-
tyrate (Archer et al., 1998), SAHA (Richon et al., 2000),
and MS-275 (Saito et al., 1999), among others. In this re-
gard, efforts to combine these classes of agents have recently
emerged (vide infra). In addition, their intrinsic ability to

Table 2
Classification of cell cycle inhibitors

A. Type I ( Small molecule inhibitors of CDKs)
I. Natural products (e.g. UCN-01, staurosporine, flavopiridol, butyrolactone, paullones, etc.)
II. Purines and analogs (roscovitine, CYC202 (R-rosvovitine), olomoucine, CGP74514A, etc.)

B. Type II (Indirect inhibitors)
I. Differentiation-inducing agents (induce p21CIP1)

ATRA, Vitamin D3

Phorbol myristate acetate (PMA)
Histone deacetylase inhibitors (HDIs) (e.g. sodium butyrate, phenylbutyrate, SAHA apicidin, CI-994, MS-275, trichostatin A, depsipeptide, etc.)

II. Cyclin D antagonists- (down-regulate cyclin D) e.g. flavopiridol, antisense oligonucleotides, HDIs, 17-AAG, geldanamycin, etc.
III. p27KIP1 inducers

Proteasome inhibitors (e.g. lactacystin, MG-132, LLnY, PS-341, etc.)

Cell cycle inhibitors fall into two general categories: Type I (direct inhibitors), consisting of compounds that interact directly with CDKs to block cell
cycle progression, and Type II (indirect inhibitors), consisting of agents that induce inhibitory proteins, particularly endogenous CDKIs. Type II inhibitors
include most differentiation-inducing agents, which trigger up-regulation of p21CIP1, agents that down-regulate cyclin D, and agents such as proteasome
inhibitors which cause accumulation of CDKIs such as p27KIP1. It should be noted that certain compounds can function as both Types I and II agents
i.e. flavopiridol directly inhibits CDKs and induces down-regulation of cyclin D. The concept of combining Type I (i.e. flavopiridol) and Type II cell
cycle inhibitors (i.e. HDIs) has recently begun to be investigated.

disrupt cell cycle progression and induce apoptosis, the pos-
sibility exists that pharmacologic CDK inhibitors might also
increase the ability of more conventional agents to trigger
the cell death cascade. Consequently, efforts to develop such
agents have had two goals in mind: (a) to identify CDK in-
hibitor concentrations and schedules that inhibit the growth
of and induce apoptosis in specific tumor cell types; and (b)
to establish a rational basis for combining CDK inhibitors
with more conventional cytotoxic agents to enhance anti-
tumor efficacy. What follows below is a brief summary of
such efforts, with an emphasis on agents and combinations
that are in or near clinical development.

2.1. CDK inhibitors and tumor cell resistance

One of the often unstated goals of developing cell cycle
inhibitors for the clinic is the hope that such approaches will
overcome or circumvent resistance to more conventional
agents. For example, efforts to overcome various forms of
multidrug resistance mechanisms, such as P-glycoprotein
with inhibitors of drug efflux have met with limited suc-
cess (Baer et al., 2002). Similarly, attempts to circumvent
drug-specific forms of resistance (e.g. increased levels of
dihydrofolate reductase in the case of methotrexate or in-
creased leukemic cell cytidine deaminase activity in the
case of ara-C) have met with mixed success (Ackland and
Schilsky, 1987; Kreis et al., 1988). In this context, atten-
tion has recently focused on more generic forms of drug
resistance, particularly that stemming from defects in the
cell death pathway i.e. increased tumor cell expression of
anti-apoptotic proteins such as Bcl-2 (Campos et al., 1993).
Such studies have prompted the development of small
molecule inhibitors of Bcl-2 and related proteins which ap-
pear to be able to lower the apoptotic threshold for conven-
tional chemotherapeutic drugs (Wang et al., 2000). Whether
this strategy can be translated into the clinic remains to
be determined. In this regard, it is noteworthy that certain
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CDK inhibitors (e.g. flavopiridol) may act independently
of Bcl-2 (Achenbach et al., 2000) and/or down-regulate the
expression of anti-apoptotic proteins such as Mcl-1 (Byrd
et al., 1998).

Recently, the concept of cell cycle resistance has become
the focus of renewed interest (Shah and Schwartz, 2000).
For example, quiescent tumor cells are resistant to a wide
variety of cell cycle-active agents. Similarly, phase-specific
agents may be unable to kill cells other than those in a par-
ticular phase of the cell cycle during the period that they
are pharmacologically available to the tumor cell. Cell cy-
cle inhibitors, when combined with conventional cytotoxic
agents, may act either by recruiting cells into a more sen-
sitive phase of the cell cycle, or by inducing additional cell
cycle perturbations that collectively trigger an apoptotic re-
sponse. Given the intrinsic ability of CDK inhibitors to in-
duce cell death by themselves (Wang et al., 1995; Shapiro
et al., 1998), the possibility exists that one or more of these
actions may be able to circumvent drug resistance resulting
from cell cycle-related factors.

To date, the clinical evolution of CDK inhibitors, with two
notable exceptions, is at a very early stage of development.
What follows is a brief review of preclinical information
relevant to small molecule inhibitors, and when applicable,
the results of clinical trials employing them alone or in
combination with conventional cytotoxic agents. Lastly, a
short summary of future directions that clinically relevant
CDK inhibitors may take is presented, with an emphasis
on combination therapy involving both direct and indirect
CDK inhibition.

3. Pharmacologic CDK inhibitors

3.1. Flavopiridol

Flavopiridol is a semisynthetic rohitukine alkaloid that
acts as a pan-CDK inhibitor (Kelland, 2000). Flavopiridol
inhibits CDKs 1, 2, 4/6, and 7 at sub-micromolar concentra-
tions (Sedlacek, 2001). More recently, flavopiridol has been
shown to act as a inhibitor of the CDK9/cyclin T complex,
and in so doing, to function as a transcriptional repressor
(Chao et al., 2000; De Azevedo et al., 2002). Flavopiridol
also inhibits other kinases, including PKC, PKA, and EGFR,
although at considerably higher concentrations than neces-
sary to inhibit CDKs (De Azevedo et al., 1996). As might
be anticipated by its mode of action, flavopiridol is a potent
inducer of cell cycle arrest, generally in G1 (Carlson et al.,
1996; Kaur et al., 1992). While some studies suggest that
flavopiridol kills cells in all phases of the cell cycle (Bible
and Kaufmann, 1996), others indicate that S-phase cells are
most susceptible to its actions (Matranga and Shapiro, 2002).

Flavopiridol is a potent inducer of apoptosis in tumor
cells, particularly those of hematopoietic origin (Parker
et al., 1998). The mechanism by which this occurs is unclear,
but has been related to down-regulation of anti-apoptotic

proteins such as Bcl-xL, XIAP, and Mcl-1 (Kitada et al.,
2000; Gojo et al., 2002). Flavopiridol is also capable of
down-regulating expression of cyclin D1 (Carlson et al.,
1999) and p21CIP1 (Cartee et al., 2001), which may con-
tribute to pro-apoptotic effects. Although flavopiridol
lethality has been shown to operate independently of the
mitochondrial pathway in some tumor cell types (e.g. lung
cancer cells;Achenbach et al., 2000), in hematopoietic
cells flavopiridol-induced cell death involves cytochrome c
release (Decker et al., 2001).

Several preclinical studies have suggested that flavopiri-
dol interacts in a sequence-dependent manner to promote
the lethality of various conventional cytotoxic agents. For
example, in lung cancer cells, administration of diverse
chemotherapeutic agents followed by flavopiridol resulted
in a marked increase in cell death (Bible and Kaufmann,
1997). In the case of the taxane paclitaxel, which kills cells
in G2M phase, prior exposure of breast and gastric cancer
cells to flavopiridol appeared to protect them from paclitaxel
lethality, presumably by preventing them from entering the
susceptible phase of the cell cycle (Motwani et al., 1999,
2000). In contrast, the sequence paclitaxel followed by
flavopiridol resulted in supra-additive effects on viability.

Similar results have been observed in the case of the
camptothecin analog irintotecan. For example, in the case of
colon cancer cells, the sequence of SN-38 (the active deriva-
tive of irinotecan) followed by flavopiridol resulted in a
marked increase in cell killing (Motwani et al., 2001). Inter-
estingly, flavopiridol blocked induction of the DNA-damage
response gene p21CIP1 which is ordinarily induced by vari-
ous forms of DNA injury (Gudas et al., 1995). These find-
ings are compatible with recent reports that flavopiridol also
blocks p21CIP1 induction by several indirect cell cycle in-
hibitors (e.g. differentiation-inducing agents) such as phor-
bol ester (Cartee et al., 2001) and sodium butyrate (Rosato
et al., 2002). In view of evidence that p21CIP1 may exert
direct anti-apoptotic actions (Asada et al., 1999), the possi-
bility arises that flavopiridol, perhaps as consequence of its
transcriptional repressor functions (Chao et al., 2000), may
block induction of this CDKI, and in so doing, lower the
apoptotic threshold.

Flavopiridol may also potentiate the lethal effects of the
S-phase specific nucleoside analog ara-C. For example,
while synergism has been reported when flavopiridol fol-
lows ara-C (Bible and Kaufmann, 1997), in human leukemia
cells flavopiridol may also synchronize cells in G1. Sub-
sequently, cells are released into S-phase, where they are
more susceptible to ara-C action (Karp et al., 2001). Con-
versely, release of cells into S-phase following exposure to
agents such as cisplatin and gemcitabine can also lead to
synergistic antitumor interactions (Matranga and Shapiro,
2002). Thus, both scheduling and sequence can play major
roles in determining interactions between CDK inhibitors
such as flavopiridol and conventional cytotoxic agents.

Most recently, attention has been directed at the concept
of combining CDK inhibitors such as flavopiridol with more
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novel, molecularly targeted agents, i.e. the Bcr/Abl kinase
inhibitor STI571 (Gleevec) (Gorre et al., 2001; Krystal,
2001). For example, it has recently been shown that flavopiri-
dol interacts in a highly synergistic manner with STI571
in Bcr/Abl+ human leukemia cells to induce mitochondrial
damage, caspase activation, and apoptosis (Yu et al., 2002).
These events were associated with down-regulation of the
anti-apoptotic proteins Mcl-1 and XIAP, and activation of
the stress-related kinase JNK. Significantly, synergistic in-
teractions between STI571 and flavopiridol were observed
in STI571-resistant cells expressing increased levels of the
Bcr/Abl kinase. These findings raise the possibility that
co-administration of an agent such as flavopiridol that inter-
rupts cell cycle-related events can overcome at least some
forms of resistance to signal transduction modulators.

3.2. UCN-01 and staurosporine

Staurosporine and its 7-hydroxy derivative UCN-01
(7-hydroxystaurosporine) are antibiotics that also function
as kinase inhibitors. While staurosporine was initially char-
acterized as a protein kinase C (PKC) inhibitor, it was
subsequently found to inhibit a broad range of kinases,
including tyrosine kinases. Although staurosporine is an ex-
tremely potent inducer of apoptosis in a variety of neoplastic
cells (Bertrand et al., 1994), its lack of in vivo activity has
limited the clinical development of this agent. In contrast,
UCN-01 which was originally developed as a selective
PKC inhibitor (Mizuno et al., 1995) and active in vivo
(Akinaga et al., 1991). However, recent studies suggest that
like flavopiridol, the actions of UCN-01 are pleiotropic. For
example, UCN-01 functions as a CDK inhibitor and arrests
cells in G1–S (Akiyama et al., 1997). In addition, UCN-01
is a potent inhibitor of Chk1, and in so doing, interferes
with the degradation of the cdc25C phosphatase (Graves
et al., 2000). This results in activation of p34cdc2, leading
to abrogation of checkpoint arrest. Most recently, UCN-01
has been found to inhibit the Akt pathway, a cascade that
has been closely linked to cell survival (Sato et al., 2002).

In view of its capacity to disrupt multiple signal trans-
duction pathways, it is not surprising that UCN-01 has been
found to interact synergistically with diverse chemothera-
peutic agents. For example, presumably secondary to its abil-
ity to abrogate the G1S or G2M DNA damage checkpoints,
UCN-01 has been shown to potentiate the lethal action of di-
verse DNA damaging agents, including cisplatin (Bunch and
Eastman, 1996), mitomycin C (Akinaga et al., 1993), and
ionizing radiation (Busby et al., 2000). It also interacts syn-
ergistically with certain S-phase specific agents, including
gemcitabine (Shi et al., 2001) and ara-C (Tang et al., 2000).
In fact, co-administration of UCN-01 with ara-C has been
found to circumvent ara-C resistance in human leukemia
cells overexpressing the anti-apoptotic protein Bcl-2 (Wang
et al., 1997).

In epithelial tumor cells, UCN-01 has been shown to po-
tentiate the lethality of the nucleoside analog 5-FU (Hsueh

et al., 1998). The mechanism underlying this action has been
postulated to be related to dephosphorylation of pRb, in-
activation of E2F, and reduced expression of the S-phase
progression-associated genes such as thymydylate synthase
and dihydrofolate reductase.

Lastly, UCN-01 has been shown to interact synergistically
with the purine analog fludarabine to induce apoptosis in hu-
man leukemia cells (Harvey et al., 2001), a phenomenon that
may also involve abrogation of checkpoint control (Sampath
et al., 2002).

3.3. Purine analogs

A variety of purine analogs have been identified which
exert cell cycle inhibitory effects. Of these, the most inten-
sively studied have been roscovitine and olomoucine (Alessi
et al., 1998; De Azevedo et al., 1997). These agents are par-
ticularly active against CDK1 and CDK2, although roscovi-
tine is also an inhibitor of CDK5 (De Azevedo et al., 2002).
For reasons that are unclear, the capacity of these agents
to inhibit cell growth is considerably less than inhibitory
effects against CDKs (Buquet-Fagot et al., 1997). However,
it has recently been shown that CYC202 (R-roscovitine), a
potent inhibitor of CDK2 that is currently entering clinical
trials, induces apoptosis in colon tumor cells at relatively
low concentrations e.g. 15�M (McClue et al., 2002). Inter-
estingly, the lethal effects of this agent were not restricted
to one phase, but instead occurred throughout the cell
cycle.

Recently, attention has focused on the tri-substituted
purine CGP74514A which has been shown to be a selective
inhibitor of CDK1 (Legraverend et al., 1999). In stud-
ies involving human leukemia cells, CGP74514A induced
growth arrest at low concentrations, and apoptosis at higher
concentrations (e.g. >5�M) (Dai et al., 2002).

3.4. Paullones

The paullones represent a group of compounds developed
by the NCI through the use of the COMPARE algorithm. By
screening a group of compounds with characteristics similar
to that of the reference agent (e.g. flavopiridol), a variety of
inhibitors were identified which displayed diverse effects
on cell proliferation and survival (Sausville et al., 2000).
Of these, 9-nitropaullone (alsterpaullone; NSC 705701)
appeared to exert the most potent antiproliferative effects
against intact cells, arresting them in G1 (Schultz et al.,
1999). Alsterpaullone has recently been shown to be a po-
tent inhibitor of GSK-3� (Leost et al., 2000). Interestingly,
in some cell types (e.g. colon tumor cells), alsterpaullone
induced apoptosis (Zaharevitz et al., 1999; Schultz et al.,
1999). For these reasons, alsterpaullone has been selected
for further preclinical development. To date, no information
is available concerning the ability of paullones to enhance
the activity of conventional cytotoxic agents or overcome
resistance.
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3.5. Butyrolactone

Butyrolactone is an isolate from the fungusApergillus
terreus which acts as an inhibitor of CDK1 and CDK2
(Kitagawa et al., 1994). Its antiproliferative actions are gen-
erally seen at relatively high concentrations (e.g. >20�M),
and are associated with G2 arrest (Suzuki et al., 1999). In-
terestingly, butyrolactone has recently been shown to share
with flavopiridol the capacity to inhibit the CDKI p21CIP1

(Sax et al., 2002). If this is the case, the possibility exists
that butyrolactone might similarly increase cell death by cer-
tain agents that induce p21CIP1 (e.g. phorbol esters) (Cartee
et al., 2001). On the other hand, in human colorectal car-
cinoma cells, butyrolactone induced p21CIP1 and attenuated
doxorubicin-mediated apoptosis (Lu et al., 1998). Butyro-
lactone has also been shown to diminish cisplatin-induced
lethality in lung cancer cells (Nishio et al., 1996). To the
best of our knowledge, no efforts to develop butyrolactone
clinically are underway.

3.6. SU9516

SU9516 is a new CDK inhibitor which appears to be se-
lective for CDK2 (Lane et al., 2001). Nevertheless, SU9516
has shown the capacity to induce arrest in G1 as well as in G2
(Yu et al., 2002). SU9516 induces apoptosis in colon cancer
cells, an effect associated with cyclin D1 down-regulation
and inactivation of E2F (Yu et al., 2002). To date, no com-
bination studies involving SU9516 have yet been reported.

4. CDK inhibitors: clinical development

Clinical studies involving CDK inhibitors, administered
either alone or in combination with established cytotoxic
agents, are still in their infancy. Consequently, it remains to
be determined whether such strategies will be effective in
overcoming drug resistance. What follows is a brief sum-
mary of the results of Phases I and II trials to date involving
CDK inhibitors.

4.1. Flavopiridol

Single agent phase I trials of flavopiridol have involved
72 h infusion, 24 h infusion, and 1 h infusion schedules

Table 3
Flavopiridol: single agent clinical experience

Flavopiridol phase I trials (single agent)

Schedule Recommended phase II dose Dose limiting toxicities

72 h infusion q2 week (Senderowicz et al., 1998) 50 mg/m2 per day Diarrhea (secretory), hypotension, proinflammatory syndrome
24 h infusion q1 week (Sasaki et al., 2002) 80 mg/m2 Colonic ulceration, abdominal pain
1 h infusion daily×5 q3 week (Tan et al., 2002a) 37.5 mg/m2 per day Neutropenia
1 h infusion daily×3 q3 week (Tan et al., 2002a) 50 mg/m2 per day Neutropenia
1 h infusion q3 week (Tan et al., 2002a) 62.5 mg/m2 per day Neutropenia

(Senderowicz et al., 1998; Tan et al., 2002a, 2002b; Sasaki
et al., 2002). A summary of the results of these trials is
shown inTable 3.

Trials using protracted infusions were based upon exper-
iments with tumor xenograft models that showed optimal
antitumor activity with protracted daily oral administra-
tion (Drees et al., 1997; Sedlacek et al., 1996; Sedlacek,
2001). Pan-gastrointestinal toxicities, including anorexia,
altered taste, nausea, vomiting, abdominal pain, and diar-
rhea, are prominent and dose limiting with these schedules
(Senderowicz et al., 1998; Tan et al., 2002a). Gastroin-
testinal toxicities are present but not dose limiting with
1 h infusion schedules (Tan et al., 2002a). Antidiarrheal
prophylaxis and/or early, aggressive symptomatic treat-
ment with opiates and/or other medications is a com-
mon feature of flavopiridol protocols, as is antiemetic
prophylaxis.

Both protracted infusion and short infusion schedules are
associated with a proinflammatory syndrome (Senderowicz
et al., 1998; Tan et al., 2002a). In its milder form, this
is a “flu-like” syndrome with malaise, fatigue, fever, and
gastrointestinal symptoms. The more severe form involves
tumor pain, acute pleuritis and pericarditis, and arthralgias.
Symptoms are accompanied by laboratory indicators of
acute inflammation including elevations of C-reactive pro-
tein, fibrinogen, haptoglobin, ceruloplasmin, and aldolase
and decreases of albumin and prealbumin.

Both schedule types also are associated with both
catheter-related and non-catheter-related thrombotic events
(Senderowicz et al., 1998; Tan et al., 2002a). The latter have
included deep venous thromboses and pulmonary emboli;
occasional patients have experienced stroke or transient is-
chemic neurologic events and myocardial infarction. These
events may be less frequent with 1 h infusion schedules.
Other flavopiridol toxicities include transient lymphopenia,
conjugated hyperbilirubinemia and hyperglycemia.

Phase II trials using the 72 h infusion schedule have been
completed in gastric, renal cell, and non-small cell carci-
nomas (Schwartz et al., 2001; Stadler et al., 2000; Shapiro
et al., 2001). All three studies were negative with two tumor
responses in 35 patients with renal cell carcinoma and no
responses in other studies. These findings occurred despite
steady-state plasma levels that ware aimed at on the basis
of preclinical studies were reached (Losiewicz et al., 1994;
Carlson et al., 1999; Shapiro et al., 1998).
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These negative findings led to an alternate develop-
ment strategy. Further preclinical observations showed
hematopoietic tumor regression with bolus intravenous
administration daily for 5 days (Arguello et al., 1998).
This schedule was associated with peak plasma concen-
trations in the range of 7–9�M. Similarly, treatment of
a head and neck carcinoma xenograft tumor model with
intraperitoneal flavopiridol daily for 5 days showed tu-
mor regression that was associated with both decreased
cyclin D1 protein expression and tumor cell apoptosis
(Patel et al., 1998). Thus, it was hypothesized that re-
peated daily short intravenous infusion administration
might result in higher peak concentrations that might in-
duce tumor cell apoptosis and result in therapeutic activ-
ity. This led to the 1 h infusion phase I trials cited above
in which median peak flavopiridol concentrations ranged
from 1.7 to 3.5�M (Tan et al., 2002a). Median t1/2 val-
ues ranged from 3 to 3.5 h. Thus, the 1 h infusion was
associated with much higher peak levels but proportionally
shorter exposure duration than those observed with a 72 h
infusion.

Phase II trials utilizing 1 h infusion schedules have been
initiated in chronic lymphocytic leukemia, mantle cell lym-
phoma, melanoma, soft tissue sarcoma, renal cell carci-
noma, head and neck cancer, and endometrial cancer (Tan
et al., 2002a). Moderate antitumor activity has been reported
in mantle cell lymphoma in a preliminary communication
(Connors et al., 2001).

There has been considerable interest in the use of
flavopirodol in combination with established cytotoxic
agents. These observations have been the basis for phase
I trials of flavopiridol in combination with paclitaxel
(Schwartz et al., 2002); docetaxel (Tan et al., 2002b), cis-
platin (Bible et al., 2002), paclitaxel and cisplatin (Schwartz
et al., 1999) and irinotecan (Shah et al., 2002).

In a phase I study, paclitaxel was administered as either
a 24 h or a 3 h infusion on Day 1, and followed by adminis-
tration of flavopiridol as a 24 h infusion on Day 2 (Schwartz
et al., 1999; Schwartz et al., 2002). The recommended phase
II schedule and doses are paclitaxel 175 mg/m2 as a 24 h in-
fusion on Day 1 followed by flavopirodol 80 mg/m2 as a 24 h
infusion on Day 2. The dose limiting toxicities of the com-
bination were neutropenia and pleuritic chest pain. Among
54 patients with a variety of solid tumors, one complete and
one partial response, both in patients with adenocarcinoma
of the esophagus, were observed, the latter in a patient with
prior paclitaxel treatment. This study was extended by the
addition of cisplatin as 20 min infusion following flavopiri-
dol (Schwartz et al., 2002). Cisplatin 30 mg/m2 was toler-
able, and cisplatin dose escalation continued at the time of
last report.

In a phase I/II study, in previously untreated patients
with non-small lung cancer, patients received paclitaxel
175 mg/m2 as a 3 h infusion and carboplatin at a dose cal-
culated to yield an AUC of 5 on Day 1 followed by a 24 h
infusion flavopiridol on Day 2 (Gries et al., 2002). The

flavopiridol dose was escalated from 30 to 85 mg/m2. The
response rate (CR+ PR) was 36%.

In a phase I trial in patients with refractory leukemia,
flavopiridol has been given at doses of 40–50 mg/m2 per
day 3× prior to ara-C and mitoxantrone (Karp et al., 2001).
At the time of this report, 3/7 objective responses (1 com-
plete, 2 partial) were obtained in evaluable patients. Inter-
estingly, flavopiridol by itself appeared to induce apoptosis
in leukemic cells from several patients.

Flavopiridol pharmacokinetic behavior generally has been
consistent across various schedules of administration and
in combination with other agents. Plasma levels and AUC
values generally demonstrate linear dose related changes
without dose-to-dose accumulation. One exception is that
plasma levels occasionally show unexpected increases dur-
ing protracted infusion or increase following cessation of
infusion (Senderowicz et al., 1998). This behavior tenta-
tively has been attributed to enterohepatic re-circulation. An-
other exception is that pharmacokinetic studies showed a
decline in flavopiridol levels with subsequent courses in the
irinotecan/flavopiridol study, suggesting that irinotecan in-
duces flavopiridol metabolism (Shah et al., 2002).

Only limited pharmacodynamic studies have been re-
ported in conjunction with clinical trials. In peripheral
blood mononuclear cells from treated patients, no evidence
of apoptosis (Schwartz et al., 2002) or modulation of ex
vivo stimulated cell cycle traverse (Stadler et al., 2000) has
been identified.

In summary, flavopiridol, the first CDK inhibitor to un-
dergo clinical evaluation, has shown very modest activity
in phase II studies. In addition, combination studies in-
volving established cytotoxic drugs have not yet yielded
evidence of striking activity. Nevertheless, given the promis-
ing preclinical results obtained with this agent, efforts
to optimize flavopiridol schedules and pharmacokinetic/
pharmacodynamic parameters continue unabated, as does
the development of other pharmacologic CDK inhibitors.
Furthermore, the concept of combining CDK inhibitors
with other novel molecularly targeted agents (vide infra)
represents another promising, alternative strategy.

4.2. UCN-01

UCN-01 is the second CDK inhibitor to enter clinical
trial. Clinical development of this agent has been compli-
cated by species-specific differences in drug-protein bind-
ing. Preclinical studies suggested that protracted infusion
schedules might be optimal for this agent. For example, in
certain cell types irreversible cancer cell growth inhibition
required 72 h of UCN-01 exposure (Seynaeve et al., 1993).
Further, in tumor xenograft models the best antitumor activ-
ity generally was seen with frequent administration sched-
ules (Sausville et al., 1998; Akinaga et al., 1993). The first
schedule selected for phase I study was a 72 h infusion ev-
ery 2 weeks (Sausville et al., 1998, 2001; Fuse et al., 1998).
Early pharmacokinetic studies revealed unexpectedly high
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plasma drug concentrations with a long terminal elimination
half time (Fuse et al., 1998). Further studies demonstrated
tight binding of UCN-01 to human alpha1-acidic glycopro-
tein, a behavior not predicted by preclinical studies in rats
and dogs. The recommended phase II schedule and dose
from this study is a 72 h infusion at 42.5 mg/m2 per day
followed by monthly 36 h infusions at the same dose. Dose
limiting toxicities were hyperglycemia with metabolic aci-
dosis, dyspnea and/or hypoxemia, nausea, vomiting, and hy-
potension. Pharmacodynamic studies in bone marrow and
tumor tissues indicated alterations in the protein kinase C
substrate alpha-adducin as predicted from preclinical stud-
ies, and incubation of tumor cell line cells in plasma from
UCN-01-treated patients demonstrated expected effects with
abrogation of the G2 cell cycle checkpoint. One partial re-
sponse in melanoma was observed among 47 patients with
a variety of solid tumors and lymphomas.

Combination trials involving administration of UCN-01
in conjunction with standard cytotoxic agents such as ara-C
and fludarabine have recently begun. However, it is too early
to assess the results of such strategies.

5. CDK inhibitors: future directions

While the rationale for combining CDK inhibitors with
cytotoxic drugs is clear, recently attention has focused on the
concept of combining cell cycle inhibitory drugs with agents
that act to disrupt signal transduction pathways. For exam-
ple, UCN-01 in addition to its effects on PKC, Chk1, and
Akt, has recently been shown to induce activation of p42/44
MAP kinase (ERK1/2) in a variety of human leukemia cell
lines (Dai et al., 2001). Moreover, when ERK1/2 activation
was prevented (e.g. by co-administration of pharmacologic
MEK1/2 inhibitors such as U0126 or PD184352), a marked
induction of apoptosis was observed. Subsequently, similar
events have been shown to occur in malignant cells of epithe-
lial origin (e.g. breast and prostate) (McKinstry et al., 2002)
and in multiple myeloma cells (Dai et al., 2002). Notably, in
the latter case, the strategy of combining UCN-01 with MEK
inhibitors was effective against multiple myeloma cells re-
sistant to dexamethasone, melphalan, and doxorubicin, as
well as against cells exhibiting cell adhesion-mediated drug
resistance (CAM-DR;Dalton, 1999). These findings raise
the possibility that disruption of cell cycle events by cell
cycle-active agents may elicit cytoprotective signaling re-
sponses, and that interruption of the latter may render neo-
plastic cells exquisitely sensitive to mitochondrial injury
and apoptosis. They also suggest that such strategies may
prove useful in overcoming conventional mechanisms of
drug resistance.

As noted above, analogous results have been observed
with combinations involving the cell cycle modulator
flavopirodol and the Bcr/Abl kinase and signal transduction
inhibitor STI571 (Gleevec) (Gorre et al., 2001; Capdeville
et al., 2002). Significantly, this strategy, like that involving

UCN-01+ MEK inhibitors, also resulted in a marked in-
crease in cell death in resistant leukemia cells (i.e. K562 and
LAMA 84 cells displaying increased Bcr/Abl expression).
As Bcr/Abl amplification or increased expression repre-
sents a documented mechanism of STI571 resistance in a
subset of CML patients (Gorre et al., 2001), the possibil-
ity exists that co-administration of flavopiridol and STI571
might prove effective in at least some patients refractory to
STI571. However, it remains to be determined whether such
a strategy will be successful against STI571-resistant cells
exhibiting Bcr/Abl mutations that interfere with STI571
binding (Gorre et al., 2001). In any case, plans to initiate a
phase I clinical trial to evaluate the feasibility of combin-
ing STI571 with flavopiridol in patients with progressive
CML, CML-blast crisis, or other Bcr/Abl+ leukemias are
currently underway.

Lastly, analogous to the results of studies examining in-
teractions between flavopiridol and differentiation-inducers
such as histone deacetylase inhibitors and phorbol esters,
synergistic cytotoxic effects have been observed in leukemic
cells exposed to UCN-01 and PMA (Rahmani and Grant,
2002). As in the case of flavopiridol, UCN-01 disrupted
the PMA-related maturation program of these cells, induc-
ing them to engage and alternatively, cell death cascade.
Such findings raise the possibility that a broad range of
novel CDK inhibitors might also interact synergistically
with a variety of differentiation-inducing agents to trigger
apoptosis in leukemic and potentially other neoplastic cell
types.

6. Summary and conclusions

An increased understanding of the role of cell cycle dys-
regulation in the neoplastic phenotype has led to intense
efforts to develop pharmacologic agents that interfere with
cell cycle progression. In preclinical studies, CDK inhibitors
have shown not only the ability to inhibit tumor cell prolifer-
ation, but also to induce apoptosis and to interact synergisti-
cally with established cytotoxic drugs. However, progress in
the clinical arena will in all likelihood depend upon multiple
factors, including the optimization of drug doses, sequences,
and schedules, as well as the identification and validation of
drug targets. Key questions to be addressed in the future in-
clude the following: Do CDK inhibitors need to display sin-
gle drug activity to be of value in combination regimens? Are
the pro-apoptotic effect of CDK inhibitors (i.e. when admin-
istered at high concentrations) identical to those responsible
for potentiation of conventional cytotoxic drug action? To
what extent do the effects of CDK inhibitors on targets other
than CDKs contribute to lethality? Finally, does the novel
strategy of combining CDK inhibitors with other molec-
ularly targeted agents i.e. differentiation-inducers, signal
transduction modulators represent an alternative to current
approaches that focus on conventional cytotoxic drugs? An-
swers to these questions could have significant implications
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for the development of new and potentially more effective
anticancer treatment strategies well into the future.
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