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Components of the cell cycle machinery are frequently
altered in human cancer. Central players are the cyclin-
dependent kinases (cdks), which govern the initiation,
progression, and completion of cell cycle events. The
scheduled activity of the cdks, which allows orderly
transition between cell cycle phases, is controlled by
their association with cyclins and cdk inhibitors, by
their state of phosphorylation, and by ubiquitin-medi-
ated proteolysis. As malignant cells evolve, both genet-
ic and epigenetic mechanisms commonly affect the
expression of cell cycle regulatory proteins, causing
overexpression of cyclins and loss of expression of cdk
inhibitors. A major consequence is deregulated cdk
activity, providing cells with a selective growth advan-
tage. The crucial role of the cdks has prompted great
interest in the development of specific kinase
inhibitors that would be expected to block cell cycle
progression and induce growth arrest.

Another hallmark of the transformed state is incom-
petent checkpoint control, resulting in aberrant respons-
es to cellular damage. For example, damage to DNA or
the spindle apparatus normally triggers cell cycle arrest
or apoptosis, depending on the degree of damage and
the cellular context. Cell cycle arrest most frequently
occurs at the G1/S or G2/M boundaries. When check-
point arrest control is compromised, initiation of S
phase or mitosis occurs despite cellular damage, and the
ensuing genetic instability may lead to the eventual
emergence of a malignant clone. However, this failure of
cell cycle arrest responses in malignant cells can also be
exploited therapeutically. Cells in which checkpoint con-
trol is disrupted are more sensitive to additional geno-
toxic or microtubular damage. Unbridled cell cycle pro-
gression in the presence of such damage is usually lethal,
which may explain the selective sensitivity of some can-
cer cells to DNA-damaging treatments. For this reason,
intact components of cell cycle arrest checkpoints are
also potential targets for novel antineoplastics, and their
inhibition may increase the sensitivity of tumor cells to
standard chemotherapy and radiation (1).

Many of the compounds under study as anti-tumor
agents act at multiple steps in the cell cycle, and their
effects may be cytostatic or cytotoxic, depending on the
cell cycle status of the target cells. Hence, an under-

standing of the molecular interactions involved may
suggest ways to sensitize cells to the effects of these
compounds. In particular, combinations of drugs,
applied in a specific sequence, may be used to maneu-
ver a tumor cell population into a state where it is most
susceptible to the cytotoxic effects of novel, or indeed
traditional, chemotherapeutic agents. Here, we review
key aspects of cell cycle and checkpoint control, as well
as exploitable abnormalities commonly found in can-
cer, in order to focus on promising targets of new
agents presently in clinical trial or under development.

Inhibition of cdk activity during the G1 phase
The G1/S transition. The product of the retinoblastoma
susceptibility gene, Rb, plays a central role in the G1/S
transition. In its un- or hypophosphorylated state, Rb
prevents progression from G1 to S phase through its
interaction with members of the E2F transcription fac-
tor family. This interaction not only blocks transcrip-
tional activation by E2F but also actively represses tran-
scription by recruiting histone deacetylase to the
promoters of genes required for S phase entry.

During cell cycle progression, Rb is inactivated by
phosphorylation, which occurs through the sequen-
tial actions of D-type cyclins, acting with cdks 4 and
6, and of cyclin E-cdk2 complexes. In response to
mitogenic activation, cells synthesize D-type cyclins.
The assembly of these proteins with cdks 4 and 6
requires a member of the Cip/Kip family of proteins
— p21Waf1/Cip1, p27Kip1, or p57Kip2. The Cip/Kip pro-
teins act in stoichiometric amounts to promote the
activity of cyclin D-dependent kinases, and they also
serve as potent inhibitors of cdk2. Therefore, cyclin D-
dependent kinases facilitate G1 progression in 2 ways
(Figure 1). First, they participate in Rb phosphoryla-
tion, which relieves transcriptional repression by the
Rb-E2F complex (2). Second, they sequester Cip/Kip
proteins, which facilitates the activation of cyclin E-
cdk2 (3). Cyclin E-cdk2–mediated Rb phosphoryla-
tion disrupts the binding of Rb to E2F (2), allowing
E2F activation and the transcription of genes neces-
sary for S phase entry and progression. While Rb is
the primary target of cyclin D–dependent kinases,
cyclin E-cdk2 phosphorylates other targets as well,
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and, even in Rb-deficient cells, this complex is indis-
pensable for S phase entry.

G1 progression is also regulated by members of the
INK4 family, which act as specific inhibitors of cdks 4
and 6. For example, treating cells with TGF-β induces
p15INK4B, which associates with cdks 4 and 6 and pro-
motes the release of cyclin D. The subsequent destabi-
lization of cyclin D and the redistribution of Cip/Kip
proteins to cdk2 both contribute to G1 arrest (3).
Another family member, p16INK4A, accumulates as cells
age and induces G1 arrest during senescence by a sim-
ilar mechanism (Figure 1).

As depicted in Figure 2, Rb represents the focal point
of an axis that is universally disrupted in human can-
cer. The other components of this axis are the cyclin
D–dependent kinases, which participate in the phos-
phorylation and inactivation of Rb, and p16INK4A,
which inhibits the phosphorylation of Rb by these
kinases. The disruption of 1 or another of these inter-
acting molecules helps establish the selective growth
advantage that transformed cells enjoy relative to nor-
mal cells. Although Rb loss occurs commonly in some
tumor types, the majority of human cancers retain
wild-type Rb. The most common class of alterations in
tumors expressing wild-type Rb is the inactivation of
p16INK4A by gene deletion, point mutation, or tran-
scriptional silencing by methylation, but in other
tumors, CDK4 may be amplified or cyclin D1 may be
overexpressed. Loss of Rb, inactivation of p16INK4A, and
amplification of CDK4 are usually mutually exclusive
events, but overexpression of cyclin D1 often accom-
panies p16INK4A loss, suggesting that these 2 events do
have some nonoverlapping effects and may cooperate
in promoting transformation.

Loss of p16INK4A or overexpression of CDK4 or cyclin

D1 would be expected to increase the amount of CDK4
available for assembly with cyclin D and Cip/Kip pro-
teins. The sequestration of Cip/Kip proteins in cyclin
D–dependent kinase complexes would promote activa-
tion of cyclin E-cdk2 and, hence, augment the phos-
phorylation of Rb, inactivating its growth-suppressive
properties. Therefore, the increased activity of cyclin
E–cdk2 is a critical consequence of Rb-axis alterations
(3). Low levels of p27Kip1 also contribute to increased
cyclin E–cdk2 activity in transformed cells. Tumors with
the lowest p27Kip1 levels tend to be more aggressive and
carry a worse prognosis. Such tumors might express
enough p27Kip1 to participate in the activation of cyclin
D–cdk4 but insufficient amounts to inhibit cdk2.

The universal involvement of the Rb-axis in human
tumors has motivated the development of compounds
specific for cdk4, in the hope of achieving selectivity for
transformed cells (see Figure 2). For example, in cells that
retain Rb, an inhibitor that blocks the ATP-binding site
of cdk4 should maintain Rb-E2F as an active transcrip-
tional repressor and would be expected to promote G1
arrest. In tumors lacking Rb, however, where p16INKA is
present at high levels and already associated with cdk4,
such an agent would be ineffective. It is  therefore supris-
ing that expression in an Rb-positive osteosarcoma cell
line of a dominant negative cdk4 mutant that fails to
bind ATP inhibits D1-cdk4 kinase activity but does not
cause G1 arrest (4). On the other hand, inducible expres-
sion of p16INK4A causes potent G1 arrest in these cells. It
has recently been shown that expression of p16INK4A, but
not of the dominant-negative cdk4, results in redistrib-
ution of Cip/Kip proteins and inhibition of cdk2, as well
as cdk4 (5). These results suggest that direct inhibition
of cyclin D–dependent kinase activity by itself may not
be sufficient to arrest all actively cycling tumor cells.
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Figure 1
Cell cycle arrest at G1/S, mediated by cdk
inhibitors. Cyclin D–dependent kinases, assem-
bled with a Cip/Kip protein, and cyclin E–cdk2
complexes are principal holoenzymes that phos-
phorylate Rb, allowing E2F activation and S
phase entry. The induction of INK4 proteins (by
TGF-β or during senescence) and their associa-
tion with cdks 4 and 6 result in decreased affini-
ty for cyclin D, which is ultimately degraded. Dis-
placed Cip/Kip proteins, now free to complex
with cyclin E-cdk2, promote cdk2 inhibition and
G1 arrest. Replacement of p16INK4A in a tumor
cell lacking it only leads to G1 arrest in cells
expressing Rb. Antiproliferative signals, including
serum starvation, differentiation signals, or DNA
damage (which stabilizes p53, resulting in tran-
scriptional induction of p21Waf1/Cip1) can induce
high levels of Cip/Kip proteins, which also cause
cdk2 inhibition. Ectopic expression of Cip/Kip
proteins causes G1 arrest independent of Rb.



Strategies designed to reduce cdk4 activity
that would also cause Cip/Kip proteins to be
redistributed into complexes with cyclin E and
cdk 2 may be preferable to the use of drugs
that simply block the ATP-binding site of
cdk4. Such strategies include altering cdk4
stability, reducing cyclin D levels, replacing
p16INK4A expression using adenovirus vectors,
or reactivating methylated p16INK4A (Figure 2).

In contrast to compounds designed to
inhibit cdk4 or to cause Cip/Kip redistribu-
tion, drugs that target cdk2 should be useful
in Rb-negative, as well as Rb-positive, tumor
cells. Overexpression of Cip/Kip proteins
induces cell cycle arrest via cdk2 inhibition
even in tumor cells that lack Rb, and a domi-
nant negative cdk2 mutant that affects ATP
binding causes Rb-independent G1 arrest (4).
Compounds that block the ATP-binding site
of cdk2 would be expected to have a similar
effect and may be particularly efficacious in
arresting the growth of tumor cells.

Ectopic cdk inhibitor replacement and growth
arrest. In animal models, cell cycle arrest result-
ing from ectopic cdk inhibitor expression has
translated into therapeutic benefit. For exam-
ple, injection of a recombinant adenovirus
expressing p21Waf1/Cip1 into an established p53-
negative tumor caused significant growth inhi-
bition (6). Similarly, adenovirus vector–medi-
ated expression of p16INK4A in non-small cell
lung cancer cell lines lacking p16INK4A potent-
ly inhibits their growth when they are injected
as xenografts into nude mice and also slows
tumor growth when injected into established
xenografts (7). Pharmacologic cdk inhibition would
therefore be expected to produce cell cycle arrest, as well
as at least a cytostatic effect on tumor growth. Such an
effect may be selective for tumor cells in which pathways
allowing normal levels of cdk inhibitors have been com-
promised.

Cdk inhibitor replacement and cytotoxicity. In addition to
the expected cytostatic growth arrest, cdk inhibitors can
also produce apoptosis. For example, while expression
of p16INK4A and p21Waf1/Cip1 can protect cells from
chemotherapy-induced apoptosis in some model sys-
tems, apoptosis has been reported in others in response
to infection with p16INK4A-encoding adenoviruses. In
some studies, cooperation with p53 appeared necessary
for the apoptotic response (8), although p16INK4A-medi-
ated apoptosis has also been reported in HeLa cells,
which are functionally p53-negative (9). In vivo, repeat-
ed injection of a p16INK4A-expressing adenovirus into an
established subcutaneous mesothelioma xenograft
resulted in tumor regression (10). Furthermore, ectopic
p16INK4A expression has been reported to increase the
sensitivity of lung cancer cells to topoisomerase I
inhibitors and radiation (11). Therefore, it is possible
that a specific cdk4/6 inhibitor could induce apoptosis

either alone or in concert with DNA-damaging agents.
Adenoviruses encoding p27Kip1 have also been reported
to induce apoptosis; in 1 report, this occurred following
G1 arrest, in a p53-independent fashion (12). Although
it is not clear whether cdk inhibition by p27Kip1 con-
tributes to induction of apoptosis, these results raise the
possibility that pharmacologic cdk inhibitors will be
not only cytostatic but also cytotoxic.

Pharmacologic CDK inhibitors. The first generation of
cdk inhibitors includes several classes of drugs, all
derived from microbial and plant sources (extensively
reviewed in 13, 14). Of these agents, flavopiridol (15)
and UCN-01 (7-hydroxystaurosporine) are currently in
clinical trials. UCN-01, initially developed as a potent
inhibitor of protein kinase C, is 1 of several such com-
pounds that do not display great specificity for cdks.
On the other hand, L86 8276, a nonchlorinated form
of flavopiridol, is 1 of several of these drugs that are rel-
atively specific for cdks and that have been co-crystal-
lized with cdk2. Although these inhibitors are struc-
turally dissimilar, they all bind to the ATP-binding
pocket of the kinase. Several residues that occur on a
surface outside of the ATP-binding pocket in cdk2 and
that contact the phenyl ring of L86 8276 are almost
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Figure 2
Strategies to reduce cdk4 activity in transformed cells. Downregulation of cyclin
D1: Compounds that downregulate cyclin D1 levels include antiestrogens and
retinoic acid. Rapamycin decreases the stability of both cyclin D1 mRNA and
protein. Ras pathways have been linked to both the synthesis of cyclin D1 and
its assembly with cdk4, events that may contribute to the mechanism of action
of agents affecting these pathways. The cdk inhibitor flavopiridol also tran-
scriptionally represses cyclin D1 expression. Destabilization of cdk4: Prior to its
assembly with cyclin D, newly synthesized cdk4 first associates with a cytoplas-
mic chaperone complex containing cdc37/Hsp 90 to ensure its stabilization and
proper folding (44). Geldanamycin binds and inactivates Hsp 90, causing the
degradation of its substrates, including newly synthesized cdk4. Reactivation of
p16INK4A: Demethylating agents, such as 5-aza 2’doxycytidine, as well as histone
deaceytlase inhibitors, can cause re-expression of p16INK4A in cell lines in which
the gene is transcriptionally silenced by methylation. Short p16INK4A-derived pep-
tides can induce G1 arrest when introduced into cells expressing wild-type Rb
and may serve as a model for small molecule design.



completely conserved in cdc2. Interestingly, these
residues are not conserved in protein kinases that are
more weakly inhibited, which may account for the
specificity of these drugs for the cdks (16).

Pharmacologic inhibitors of cdks have been shown to
block cell cycle progression and inhibit the growth in
vitro of a large variety of cell types. Cell cycle arrest
induced by these inhibitors is independent of p53, as it
occurs in cell lines in which p53 is inactivated by muta-
tion or deletion. For example, when MDA-MB-468
breast cancer cells are released from an aphidicolin
block (at the G1/S boundary) in the presence of
flavopiridol, their progression into S phase is retarded
and they ultimately arrest in G2, as a result of cdc2 inhi-
bition. When the same cells are released from a nocoda-
zole-induced mitotic block in the presence of flavopiri-
dol, they complete mitosis but arrest in G1. Because G1
cdk activity is diminished and Rb is hypophosphorylat-
ed in these cells, it appears that flavopiridol treatment
in this context blocks both cdk2 and cdk4 (17, 18),
although cdk4 inhibition may be indirect: Flavopiridol
has recently been shown to cause transcriptional repres-
sion of the cyclin D1 promoter in MCF-7 breast cancer
cells, resulting in the depletion of cyclin D1 from treat-
ed cells. This effect on cyclin D1 appears to precede the
inhibition of cdk4 activity (19). Decreased cyclin D1
would permit redistribution of p27Kip1 to cdk2 and may
contribute to cdk2 inhibition following flavopiridol
treatment. Such an effect would be specific for cells
expressing wild-type Rb. Because flavopiridol can cause
potent G1 arrest in Rb-negative cells, direct cdk2 inhi-
bition must also be an important mechanism of drug-
induced G1 arrest in intact cells.

Like flavopiridol, UCN-01 effects G1 arrest by its
direct effects on cdks, but unlike the former drug, it
also acts by changing the levels and distribution of
endogenous cdk inhibitors. UCN-01 can cause p53-
independent induction of p21Waf1/Cip1 and p27Kip1, and
it can cause reduction of cdk4 expression levels with

subsequent redistribution of p27Kip1 from cdk4 to cdk2
(20, 21). In human cells, G1 arrest is most pronounced
in cells expressing wild-type Rb (21–23); this partial
dependence on Rb suggests that the drug’s effects on
cdk4 may largely be the basis for its cytostatic activity.

In the case of flavopiridol, cell cycle arrest in epithe-
lial cancer cell types can be followed by apoptosis, in a
delayed, p53-independent fashion. Flavopiridol has
also been found to be cytotoxic to noncycling cells (24),
and UCN-01 also produces cytotoxic responses in vitro
(25), but it is not yet clear whether these responses arise
from cdk inhibition. If cdks are indeed the critical tar-
gets, it will be important to determine whether inhibi-
tion of 1 or several is necessary for apoptosis. The
answer to these questions will require the generation of
resistant cell lines as well as cell lines overexpressing
various wild-type or mutant cdks.

Beyond the question of cdk-dependence of these
agents is the practical issue of their selectivity for
tumor cells. Following flavopiridol treatment, non-
transformed cells can undergo cell cycle arrest followed
by cell death in vitro, and in animal models, apoptosis
in normal hematopoietic organs has been reported.
Therefore, while the low levels of endogenous cdk
inhibitors in tumor cells might predict selectivity, non-
transformed dividing cells may be similarly sensitive.

Phase I and II clinical trials of flavopiridol have large-
ly employed a 3-day continuous infusion of the drug
every 14 days, because its cytostatic effect in animals
requires frequent dosing. In patients, flavopiridol does
not cause significant hematologic toxicity (26), but it
has also only occasionally produced cytotoxic tumor
responses. In the case of lung cancer, although the
nanomolar concentrations achieved in vivo are fre-
quently at levels adequate for cell cycle arrest, they are
below the levels required for apoptosis in model in vitro
systems; the drug used alone at the current dose and
schedule may only be cytostatic. New bolus dosing
schedules are being explored with the hope of achiev-
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Figure 3
Transformed cells are sensitized to a cdk2 inhibitor
during S phase. During normal cell cycle progres-
sion (top), cyclin A–cdk2 phosphorylates E2F-
bound DP-1 in order to downregulate E2F at the
appropriate time and allow orderly S phase pro-
gression. Following recruitment to S phase by
chemotherapy agents (bottom), inhibition of cyclin
A–cdk2 prevents E2F-1/DP-1 phosphorylation,
resulting in inappropriately persistent E2F-1 activi-
ty and eventual apoptosis.



ing higher steady state levels, and it will be interesting
to determine whether more responses occur and
whether there is toxicity for normally dividing cells.
Plasma concentrations of UCN-01 are also critical and
need to exceed levels of α1-acid glycoprotein to which
the drug is bound with high affinity (27). It is encour-
aging that both flavopiridol and UCN-01 have reason-
able toxicity profiles and can be administered over
extended periods of time.

Second generation cdk inhibitors. Combinatorial chem-
istry and structure-based design have been used to gen-
erate novel classes of cdk inhibitors with which to tar-
get the ATP-binding site. Several new inhibitors have
been generated from a small molecule library of sub-
stituted purines, a strategy motivated by structural

studies of the purine olomoucine. This first-generation
drug displayed good selectivity for cdks but only
caused moderate inhibition of their activity (28).
Because the purine ring of olomoucine is significantly
rotated within the cdk2 ATP-binding site compared to
the conformation of the adenosine ring of bound ATP,
drug designers sought new substituents in the purine
ring that might enhance both binding affinity and
selectivity. This approach led to the discovery of pur-
valanol B, which is more potent than both olomoucine
and flavopiridol and which shows a high degree of
selectivity for cdks. Related analogs inhibit the growth
of many tumor cell lines, with arrest at the G1 and G2
phases. IC50 values for most tumor cell lines and non-
transformed cell types are similar, requiring low micro-
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Figure 4
G2/M checkpoint control. DNA damage induces the ATM-mediated phosphorylation of chk2 as well as phosphorylation of chk1, both of
which phosphorylate cdc25C, promoting its interaction with 14-3-3 proteins and its cytoplasmic sequestration. As a consequence, cdc25C
cannot dephosphorylate cdc2, which remains in an inactive state, resulting in G2 arrest. p53 is also activated following DNA damage, induc-
ing both 14-3-3σ and p21Waf1/Cip1, both of which are important in the maintenance of cdc2 inhibition and G2 arrest. In cells lacking p53,
disruption of cdc25C cytoplasmic sequestration facilitates mitotic entrance of damaged cells, resulting in cell death. Therefore, caffeine,
which inhibits ATM-mediated kinase activity, and UCN-01, which targets chk1, limit phosphorylation of cdc25C, allowing activation of cdc2
and mitotic entry and selectively sensitizing p53-deficient cells to DNA-damaging agents. ATM contributes to p53 phosphorylation follow-
ing DNA damage. This phosphorylation event is inhibited by high doses of caffeine, perhaps explaining why, at high caffeine concentration,
some sensitization to DNA damage is also observed in cells expressing wild-type p53, although effects are still more pronounced in cells lack-
ing p53. Low doses of caffeine specifically sensitize p53-deficient cells.



molar concentrations of drug, although at least 1 colon
cancer and 1 non-small cell lung cancer cell line appear
significantly more sensitive (28).

In addition to substituted purines and pyrimidines,
other novel classes of cdk inhibitors have been reported,
including those equipotent for cdk4, cdk2, and cdc2,
and those that demonstrate over 100-fold selectivity for
cdk4 (29, 30). Several of these compounds display low
nanomolar-binding affinities to cdks and only inhibit
other protein kinases in the micromolar range. Treat-
ment of tumor cell lines at low and submicromolar con-
centrations causes accumulation of hypophosphorylat-
ed Rb as well as arrest in G1 and G2. In clonogenic
survival assays, colony formation is irreversibly inhibit-
ed, and in vivo, these compounds can inhibit the growth
of colon carcinoma cells grown as xenografts in nude
mice. Importantly, selectivity for transformed cells has
also been reported, with IC50 values for cell killing sig-
nificantly lower for some tumor cells than for nontrans-
formed cells. In vitro, it is possible to kill colon carcino-
ma cells under the same conditions that only slow
proliferation of human diploid fibroblasts (30).

Targeting S phase events
G1 arrest by pharmacologic cdk inhibitors is not always
predictable. For example, some epithelial tumor cell
lines expressing wild-type Rb appear incapable of G1
arrest in response to UCN-01. The same is true of some
Rb-positive and Rb-negative epithelial cell lines
exposed to flavopiridol. In all of these cases, the molec-
ular determinants permitting S phase entry in the pres-
ence of these agents have not been identified. Follow-
ing flavopiridol treatment, cell lines that do not arrest
in G1 demonstrate delay in S phase, and they undergo
apoptosis earlier and more efficiently than do cells that
first arrest in G1. It thus appears that cells’ failure to
undergo G1 arrest in response to a cdk inhibitor
enhances their apoptotic response. Similarly, after non-
small cell lung cancer cells are grown for long periods
in medium containing low concentrations of UCN-01,
they undergo enhanced G1 arrest and are resistant to
apoptosis when challenged with doses of UCN-01 that
induce S phase delay and apoptosis in parental cells
(31). The consequences of cdk inhibition during S
phase may therefore be particularly important in gen-
erating abrupt cytotoxic responses in epithelial tumor
cells, which are not usually prone to apoptosis.

S phase progression. E2F proteins interact with mem-
bers of the DP family of proteins and bind to DNA in
this heterodimeric form. Following cdk-mediated Rb
phosphorylation, these E2F-DP heterodimers direct
transcription of genes required for S phase (Figure 3).
Importantly, however, this transcription is activated
only transiently. Appropriately timed deactivation of
E2F is critical for proper S phase progression and is in
part mediated by cyclin A–cdk2. E2F-1 forms stable
complexes with cyclin A–cdk2, which phosphorylates
E2F-1–bound DP-1, leading to the suppression of E2F-
1 DNA binding activity. If E2F–DP-1 is not inactivated

by cyclin A–cdk2, then E2F-1 activity persists inappro-
priately during S phase, resulting in S phase arrest or
delay, followed by apoptosis. Thus, ectopic expression
of either an E2F-1 mutant incapable of binding to
cyclin A or of a nonphosphorylatable DP-1 mutant
causes S phase delay and apoptosis (32).

Consequences of cyclin A–cdk2 inhibition. These data sug-
gest that inhibition of cyclin A–cdk2 during S phase
would lead to S phase arrest, inappropriately persistent
E2F-1 activity, and apoptosis. In addition, transformed
cells may be more sensitive to such a strategy. The dis-
rupted Rb axis in tumor cells produces higher levels of
active E2Fs, so a small reduction in cyclin A–cdk2 activ-
ity, which would have no effect on normal cells, may
leave tumor cells vulnerable to the effects of persistent
E2F activity and result in cell death.

This concept has recently been investigated using
short peptides that block the interaction of cyclin
A–cdk2 with substrates such as E2F1. In several tumor
cell lines, these inhibitory peptides induced S phase
arrest and caused abrupt apoptosis. In addition, cell
death was selective for transformed cells. For example,
while a normal human fibroblast cell line did not
undergo apoptosis when exposed to these peptides, a T
antigen–transformed subclone derived from it was
killed. T antigen disrupts the interaction of Rb with
E2F-1, resulting in higher levels of deregulated E2F-1
in these transformed cells. Following cyclin A–cdk2
inhibition, the inappropriate persistence of E2F-1
activity may be significantly more marked in the latter
cells, resulting in a transformation-dependent apop-
totic response. Similarly, rat fibroblasts that expressed
E2F-1 in an inducible fashion underwent apoptosis fol-
lowing peptide treatment only when the transgene was
induced, confirming that elevated E2F-1 sensitizes cells
to apoptosis following inhibition of cyclin A–cdk2 (33).

These results suggest that a pharmacologic cdk
inhibitor such as flavopiridol may have particular ther-
apeutic benefit if used during S phase. Simple use of
flavopiridol alone will arrest many cell types in G1;
however flavopiridol-mediated cyclin A–cdk2 inhibi-
tion by treatment of cells during S phase may recapit-
ulate the effect of the cdk2 antagonist peptides, result-
ing in the same inappropriately persistent E2F-1
activity that causes apoptosis of transformed cells (Fig-
ure 3). In this regard, it has been reported that flavopiri-
dol-mediated cytotoxicity can be increased if NSCLC
cells are treated during S phase, following release from
a Hydroxyurea-induced block at the G1/S boundary.

Combinations of cdk inhibitors and standard chemotherapy.
It is quite possible that cdk inhibitor drugs, when used
alone, will be primarily cytostatic to tumor cells in vivo,
despite some of the cytotoxic responses seen in vitro.
Solid tumors, derived from epithelial and mesenchy-
mal cells, are not typically predisposed to apoptotic
responses and may be particularly prone to cytostatic
responses to these drugs. However, these agents may be
of greater benefit when used together with standard
chemotherapy. In fact, additive and synergistic cyto-
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toxicity have been observed when flavopiridol follows
treatment with many standard chemotherapy agents,
such as cisplatin, topoisomerase I and II inhibitors, and
alkylating agents (34, 35). These agents may effectively
recruit cycling cells to S phase by imposing an S phase
delay. Flavopiridol-mediated cyclin A–cdk2 inhibition
during such a delay may account for enhanced cyto-
toxicity. Whether this approach will enhance selectivi-
ty of pharmacologic cdk inhibitors for tumor cells
remains to be investigated.

The sequence of drugs administered in such combi-
nations is critical. The considerations detailed above
suggest that it is important for the DNA-damaging
agent, which causes S phase delay, to precede cdk inhi-
bition. Use of the cdk inhibitor before or concomitant
with a DNA-damaging agent would be expected to
cause G1 arrest and therefore to decrease the cytotoxic-
ity of such drugs. For this reason, most combination
clinical trials currently in progress and under develop-
ment employ standard chemotherapy prior to flavopiri-
dol. However, a cdk inhibitor might be used first to syn-
chronize tumor cells at the G1/S boundary. After a
sufficient interval to allow cdk activity to resume and
for the cells to enter S phase en masse, administration
of an S phase–specific agent is predicted to cause greater
cytotoxicity than when used on an asynchronous tumor
cell population. This strategy has been investigated in
vitro, with favorable results: A549 lung cancer cells were
treated for 24 hours with flavopiridol to cause G1 arrest.
After the removal of this drug, cells were allowed to
reenter the cell cycle, after which antimetabolite drugs
— 5-Fluorouracil or Cytarabine — were introduced.
Under these conditions, antimetabolite treatment
resulted in increased cytotoxicity. This stategy has not
yet been explored in a clinical trial.

Abrogation of the G2 checkpoint
The cytostatic and cytotoxic antitumor strategies relat-
ed to cell cycle events during G1 and S involve inhibition
of cdk activity and cell cycle progression. Similarly, many
of the drugs under development also inhibit cdc2 and
induce G2 arrest. However, the most promising
approaches that exploit events at the G2/M boundary
may evolve from inappropriate cdc2 activation.

Regulators of cdc2 play a central role in the DNA dam-
age–induced G2 checkpoint, a cellular response to DNA
damage that allows time for repair and prevents mitosis
of damaged cells. Following DNA damage, activation of
cdc2 would permit mitotic entry of damaged cells, result-
ing in cell death in most cases. However, these regulators
inhibit cdc2 kinase activity and induce G2 arrest. Drugs
that facilitate mitotic entry following DNA damage — G2
checkpoint abrogators — therefore sensitize cells to
chemotherapy and radiation. Furthermore, this sensiti-
zation is selective for p53-deficient cells, making such
drugs particularly attractive as novel antineoplastics.

The G2/M transition. During the normal cell cycle, neg-
ative regulation of cyclin B–cdc2 prevents premature
mitotic entry prior to the completion of S phase. Cdc2

is negatively regulated by phosphorylation on threo-
nine-14 (T14) and tyrosine-15 (Y15). The dephospho-
rylation of cdc2, which is necessary for entry into mito-
sis, is controlled by cdc25C, a dual-specificity
phosphatase that is, in turn, regulated by cell
cycle–dependent phosphorylation events.

Following DNA damage, a cascade of events is activat-
ed in order to maintain the phosphorylation of cdc2 at
Thr-14 and Tyr-15. (Figure 4). In eukaryotic cells, the
ATM protein, a member of the PIKK family (phos-
phatidylinositol 3-kinase–related kinase), is a pivotal,
proximal component of this cascade. After exposure to
damage-induced double-strand DNA breaks, the ATM
kinase is activated. As a result, the chk2 protein is phos-
phorylated; a related kinase, chk1, is also modified. Acti-
vation of chk1 and chk2 results in phosphorylation of
cdc25C at S216, which promotes the binding of cdc25C
to 14-3-3 proteins. Thus bound, cdc25C is sequestered
in the cytoplasm, unable to dephosphorylate and acti-
vate cdc2. With cdc2’s inhibitory phosphorylation
intact, cells undergo G2 arrest (36). However, while these
events are necessary to initiate G2 arrest following DNA
damage, they do not provide tight control of the G2
checkpoint. In order to sustain G2 arrest, p53 is required,
as demonstrated in epithelial cells in which p53 has been
disrupted by homologous recombination (37).

Following DNA damage, p53 undergoes post-trans-
lational modifications, including phosphorylation
and acetylation, resulting in its stabilization and acti-
vation as a transcription factor. p53 directs the tran-
scriptional induction of the p21Waf1/Cip1 and 14-3-3σ
genes. 14-3-3σ, a 14-3-3 family member that does not
bind to cdc25C, sequesters cyclin B–cdc2 complexes
in the cytoplasm (38). p21Waf1/Cip1 prevents any cdc2
that enters the nucleus from becoming activated.
Without the p53-mediated induction of p21Waf1/Cip1

and 14-3-3σ, inhibition of cyclin B–cdc2 is not main-
tained following DNA damage, and cells are capable
of entering mitosis (37, 38).

The compromise of p53 function in many epithe-
lial tumor cell types allows malignant cells to enter
mitosis following DNA-damaging treatments. Mitot-
ic entry prior to repair of genotoxic damage leads to
cell death. Cell death can occur by mitotic catastro-
phe, or cells may reenter S phase without completing
mitosis; such endoreduplication is followed by apop-
tosis. These responses may in part explain the selec-
tivity of chemotherapy and radiation for some p53-
deficient tumor cells (39).

Although sustained G2 arrest following exposure to
DNA damage is already compromised in many epithelial
tumor types that lack p53, DNA-damage checkpoint
components regulating the initial, transient G2 arrest —
those that work through regulation of cdc25C — are
intact. These components are attractive targets for novel
therapeutics since their inhibition will facilitate mitotic
entry following other DNA-damaging treatments, result-
ing in cell death. Therefore, G2 checkpoint inhibitors
should enhance cytotoxicity mediated by standard
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chemotherapy and radiation. In cells expressing wild-type
p53, such inhibitors may have little effect, since p53-
mediated events, such as the induction of p21Waf1/Cip1, still
result in G2 arrest. However, in cells lacking p53, such
inhibitors may abolish DNA damage–induced G2 arrest.
Therefore, the response of p53-deficient cells to DNA-
damaging treatments will be selectively enhanced.

G2 checkpoint inhibitors. Several methylxanthine-
derived drugs, including caffeine and pentoxifylline, are
known to sensitize cells to radiation. In the case of caf-
feine, this most likely occurs by the inhibition of ATM
kinase activity (40). ATM inhibition by caffeine dis-
rupts the pathway maintaining inhibitory cdc2 phos-
phorylation following DNA damage, severely compro-
mising the G2 checkpoint and promoting cell death.
This effect is significantly more potent in cells lacking
p53. For example, in mouse embryo fibroblasts and
thymocytes treated with γ-irradiation, caffeine abro-
gates the G2 checkpoint and selectively sensitizes p53-
deficient cells derived from knockout animals (41).

Toxicity has limited the ability to administer safe ther-
apeutic concentrations of caffeine and pentoxifylline.
However, UCN-01 has also been shown to abrogate G2
arrest induced by ionizing radiation and several
chemotherapy agents including cisplatin and camp-
tothecin (42). In vitro, UCN-01 potently inhibits the
chk1-mediated phosphorylation of cdc25C (43). In
DNA-damaged cells, UCN-01 prevents the phosphory-
lation at Ser216 and the cytoplasmic sequestration of
cdc25C, allowing cdc2 dephosphorylation and mitotic
entry. In addition, UCN-01 bypasses G2 arrest primari-
ly in DNA-damaged cells lacking p53. For these reasons,
the antitumor effects of UCN-01 depend on whether
the drug is used alone or in combination with other
DNA-damaging treatments. As a single agent, UCN-
01–mediated cdk inhibition may cause cell cycle arrest
in cells expressing wild-type Rb. When UCN-01 treat-
ment directly follows exposure to γ-irradiation or
chemotherapy, G2 checkpoint abrogation may enhance
cell death in cells lacking p53.

The strategy of G2 checkpoint abrogation suggests
that p53 gene replacement could be contraindicated.
However, ectopic expression of p53 at high levels in
tumor cells that have lost expression of endogenous
p53 frequently activates apoptotic pathways (see the
Perspective by Sellers and Fisher in this series), rather
than promoting cell cycle arrest, as might have been
anticipated because of the induction of p21Waf1/Cip1.
Activation of apoptotic pathways following p53
replacement depends heavily on the levels of p53
expressed and the cellular context. DNA damage acti-
vates several of these pathways, which may explain how
cells prone to apoptosis, rather than arrest, may
become chemoresistant upon loss of p53.

Conclusion
The cell cycle machinery and components of check-
point pathways have already provided a wealth of tar-
gets for novel antineoplastics. Chief among these are

the small molecule cyclin-dependent kinase inhibitors.
As new inhibitors are developed, it will be important
for their medical application that their potency extend
to the subnanomolar range. Additional checkpoint
abrogators, aimed at various targets such as ATM and
chk1, may emerge as a new class that can enhance cyto-
toxic responses to existing chemotherapy drugs. In
evaluating these drugs, it will be critical to confirm
their intended targets in vivo. In this regard, trials in
leukemias and lymphomas, head and neck cancer, and
melanomas may be particularly important, as tumor
cells may be more easily accessible for analysis. The
development of surrogate markers for in vivo activity
will also be helpful; in the case of cdk inhibitors, phos-
pho-specific Rb antibodies may help define the effects
mediated individually by inhibitors of cdk4 and cdk2.

Many compounds designed to interrupt cell cycle pro-
gression or checkpoint control may at most have cyto-
static effects when used alone. Once toxicity profiles are
defined, it will be important to test them not only alone
but also together with standard chemotherapy drugs.
Both cdk inhibitors and checkpoint abrogators have the
potential for significant synergism with DNA-damaging
agents. Such combination regimens may be very
sequence-dependent, requiring exposure to DNA dam-
age prior to cdk or checkpoint inhibition; in other com-
binations, including those involving antimetabolites, syn-
chronization by a cdk inhibitor first may be preferable.

Finally, the selectivity of new compounds for trans-
formed cells needs to be carefully assessed. Whether more
potent cdk inhibitors will alone be selective for trans-
formed cells over nontransformed dividing cells remains
to be seen. Thus far, strategies of inappropriately increas-
ing E2F-1 activity during S phase and of abrogating G2
checkpoint control appear to have demonstrated selec-
tivity in vitro. This issue will be critical in order to avoid
undue toxicity as cell cycle and checkpoint modulators
are combined with genotoxic treatments.
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