
Within the human genome, ~300 genes have been found 
to be mutated in cancer (Catalogue of Somatic Mutations 
in Cancer at the Wellcome Trust Sanger Institute; see 
Further information), and many more exhibit altered 
levels or patterns of expression. Such changes contrib-
ute to deregulation of cell cycle kinases, which is often 
associated with aberrant division and uncontrolled 
proliferation of cancer cells. Since the elucidation of the 
mechanisms of mammalian cell division in the 1970s 
and 1980s by the work of Lee Hartwell, Paul Nurse and 
Tim Hunt1, gene products that regulate the key cell cycle 
machinery have been investigated as cancer drug targets. 
These include the cyclin-dependent kinases (CDKs), 
which have been established as master regulators of cell 
proliferation, and more recently identified potential 
targets, such as protein kinases that coordinate the cell-
ular response to DNA damage and protein kinases that 
regulate mitosis (FIG. 1).

The search for synthetic inhibitors of protein kinases 
as anticancer drugs has been invigorated by the successful 
approval of a number of molecules that target tyrosine 
kinases, such as the BCR–ABL protein kinase inhibitor 
imatinib (Gleevec; Novartis) for the treatment of chronic 
myelogenous leukaemia. Moreover, a growing body of 
structural information about the cell cycle protein 
kinases, mainly CDKs in complex with their regula-
tory subunits and synthetic inhibitors, has facilitated 
the development of potential therapeutic compounds. 
However, the exploitation of cell cycle protein kinase 
inhibitors in clinical oncology has not yet achieved proof 
of concept, as no such molecule has been approved as 

an anticancer drug. Future approaches should therefore 
combine the lessons learned from the early work using 
small-molecule inhibitors with the recent increased 
understanding of the deregulation of cell cycle protein 
kinases in cancer.

Protein kinases in the mammalian cell cycle
During the mammalian cell cycle, progression through 
the first gap (G1) phase and initiation of the DNA syn-
thesis (S) phase is cooperatively regulated by several cyclins 
and their associated CDKs, which integrate the flow of 
information from outside the cell, including growth factor 
signalling and the availability of nutrients. When cells 
in the quiescent (G0) phase enter the cycle, CDK4 and 
CDK6 form active complexes with D-type cyclins (D1, 
D2 and D3) and initiate phosphorylation of the retino-
blastoma  protein (RB1; also known as p105-RB) and 
possibly other members of the ‘pocket’ protein family2,3  
(BOX 1), which inactivates their function as transcriptional 
repressors. In late G1, active CDK2–cyclin E heterodi-
mers reinforce RB1 phosphorylation on additional sites, 
in a feedforward action to irreversibly initiate the gene 
expression programme of the S phase. This stage, called 
the restriction point, is crucial in cancer as alterations 
in the key regulatory players in the G1 to S phase tran-
sition could allow cells to proliferate independently of 
mitogenic stimuli (BOX 2). Beyond the restriction point, 
RB1 is maintained in a hyperphosphorylated state by the 
sequential activities of cyclin A–CDK2, cyclin A–CDK1 
and cyclin B–CDK1 complexes, thereby ensuring cell cycle 
progression. However, in the case of DNA damage, the  
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Abstract | Several families of protein kinases orchestrate the complex events that drive the 
cell cycle, and their activity is frequently deregulated in hyperproliferative cancer cells. 
Although several molecules that inhibit cell cycle kinases have been developed and 
clinically screened as potential anticancer agents, none of these has been approved  
for commercial use and an effective strategy to specifically control malignant cell 
proliferation has yet to be established. However, recent genetic and biochemical studies 
have provided information about the requirement for certain cell cycle kinases by specific 
tumours and specialized tissue types. Here, we discuss the potential and limitations of 
established cell cycle kinases as targets in anticancer drug discovery as well as novel 
strategies for the design of new agents.
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Cell cycle checkpoints 
A series of surveillance 
pathways which ensure that 
cells pass accurate copies of 
their genome on to the next 
generation.

Centrosome 
The main microtubule- 
organizing centre of the cell.  
It is formed by two centrioles, 
which are cylindrical  
structures made of bundles  
of microtubules.

Microtubule 
A hollow tube made of 
polymers of α- and β-tubulin 
subunits.

Anaphase-promoting 
complex or cyclosome 
A multi-subunit E3 ubiquitin 
ligase that targets key 
regulators of mitosis, such  
as cyclin B, aurora kinases  
and polo-like kinases, for 
destruction through direct 
polyubiquitylation.

Kinetochore 
A multi-protein structure 
positioned at the central 
constriction of each mitotic 
chromosome (centromere)  
at which spindle microtubules 
attach. Unattached 
kinetochores are the signals for 
activation of the surveillance 
mechanism known as the 
spindle assembly checkpoint.

Spindle midzone 
Organized bundles of 
antiparallel microtubules  
that form in late mitosis and 
are thought to be important  
for signalling the location of 
cleavage of the plasma 
membrane.

Anaphase 
The process by which sister 
chromatids move to opposite 
spindle poles. 

cell cycle is rapidly arrested by activation of the related 
kinases ataxia telangiectasia mutated (ATM; also known 
as serine protein kinase ATM), ataxia telangiectasia and 
RAD3-related protein (ATR; also known as serine– 
threonine protein kinase ATR) and their downstream 
effectors — checkpoint kinase 1 (CHK1) and check-
point kinase 2 (CHK2). This gives the cell time to 
attempt the repair of the DNA lesion. The cell cycle 
checkpoints — such as the DNA damage checkpoint— 
are designed to preserve genome integrity and constitute 
a protective barrier against cancer. However, mutations 
in genes that are involved in the ATM–ATR cascade 
may impair the DNA damage response, favouring the  
development of cancer (BOX 3).

In parallel with DNA replication, the centrosome cycle 
begins. Centrosomes duplicate during late S phase to early 
G2 phase and separate to form the poles of the mitotic 
spindle at the beginning of mitosis. They then begin a 
process called maturation in which each centro some 
nucleates its own aster of dynamic microtubules emanating 
from both poles of the mitotic spindle. These processes 
are controlled by both CDK1 and CDK2, which might 
have overlapping functions4, as well as other serine– 
threonine protein kinases, including aurora A and polo-
like kinase 1 (PLK1)5,6. In complex with cyclin A, CDK1 
is abruptly activated at the transition from the second gap 
(G2) phase to the mitosis (M) phase to facilitate the com-
mencement of mitosis through regulation of chromosome 

condensation and microtubule dynamics7. Following 
nuclear envelope breakdown, cyclin A is degraded and 
newly formed cyclin B–CDK1 complexes are required 
for progression through the M phase. ultimately,  
for complete division into two daughter cells, CDK1 
activity must be switched off; this occurs by proteolysis 
of cyclin B by the anaphase-promoting complex or cyclo-
some (APC–C). When mitosis begins, chromosomes 
become compacted (‘condensed’). In the subsequent 
stage of metaphase, both sister chromatids of each 
duplicated chromosome pair are attached through their 
kinetochores to the microtubules of the mitotic spindle, 
and aligned to the spindle midzone for the following equal 
segregation at the two spindle poles during anaphase.  
A ‘wait’ anaphase signal is activated when even a single 
chromosome is not properly attached to the mitotic 
spindle. Arrest is mediated by the mitotic checkpoint, 
also known as the spindle assembly checkpoint (SAC), 
which is a circuit of signalling proteins including aurora 
B, mitotic arrest deficient protein 1 (MAD1), MAD2, 
monopolar spindle 1 (MPS1), budding uninhibited by 
benzimidazole 1 (BuB1), BuB3 and BuB1 homologue 
beta (BuB1B; also known as BuBR1). Their actions are 
required to rapidly halt mitotic progression by inactiva-
tion of the APC–C (BOX 4). Defects in the SAC can lead 
to premature separation of sister chromatids and could 
facilitate chromosomal instability (altered chromo some 
number) , which is a frequent characteristic of cancer 

Figure 1 | cell cycle regulation by protein kinases of potential interest in cancer therapy. Interphase 
cyclin-dependent kinases (CDKs) drive the cell out of quiescence (G0) and beyond the restriction point, resulting in the 
cell being irreversibly committed to the DNA synthesis (S) phase transition. The DNA-damage checkpoint kinases (CHKs) 
act as sensor proteins that can induce cell cycle arrest in the first gap (G1) and G1–S phases in response to DNA lesions. 
CDK1, CDK2, polo-like kinase 1 (PLK1) and aurora A are involved in the regulation of the centrosome cycle, whereas 
kinases that are involved in the spindle assembly checkpoint pathway ensure proper DNA segregation during mitosis (M) 
phase. Different kinases may act at several stages of the cell cycle and modulate the activities of other cell-cycle-related 
kinases. Cancers associated with genetic alteration of specific kinases are indicated in blue boxes. ATM, ataxia 
telangiectasia mutated (also known as serine protein kinase ATM); ATR, ataxia telangiectasia and RAD3-related protein 
(also known as serine–threonine protein kinase ATR); BUB1, budding uninhibited by benzimidazoles 1; BUB1B, BUB1 
homologue beta (also known as BUBR1); MPS1, monopolar spindle 1; MVA, mosaic variegated aneuploidy; PCSS, 
premature chromatid separation syndrome; RB, retinoblastoma protein family members.
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Box 1 | The retinoblastoma protein family: cell cycle control and beyond

Members of the retinoblastoma (RB) protein family, comprising RB1 (also known as p105-RB), retinoblastoma-like 
protein 1 (RBL1; also known as p107) and RBL2 (also known as p130), share sequence homology in a bipartite domain 
known as the pocket domain, which folds into a globular pocket-like structure owing to the presence of a flexible 
‘spacer’ region. The pocket domain mediates interactions with members of the E2F family of transcription factors and 
with proteins containing an LXCXE motif, such as D-type cyclins (CYCDs), histone deacetylases and viral oncoproteins. 

RB family members, or ‘pocket proteins’, play key parts in the control of cell proliferation. They negatively modulate 
the transition from the first gap (G1) phase to the DNA synthesis (S) phase (see figure), are growth-suppressive in a cell 
type-dependent manner, are implicated in various forms of differentiation and are crucial targets for inactivation by 
transforming oncoproteins of DNA tumour viruses3,111.

The G1 to S phase transition is a complex process, involving the concerted actions of various cyclins and 
cyclin-dependent kinases (CDKs) in conjunction with the RB proteins (see figure). Mitogenic stimuli induce the release 
of the cyclin D-associated kinases, CDK4 and CDK6, from the inhibitory INK4 proteins (p16INK4A, p15INK4B, p18INK4C 
and p19INK4D) and initiate phosphorylation of RB1,  RBL1 and RBL2. Cyclin D–CDK4 and cyclin D–CDK6 complexes also 
bind stoichiometrically to the potent CDK2 inhibitors of the Cip–Kip family (p27 (also known as CDKN1B and KIP1), p21 
(also known as CDKN1A and CIP1) and p57 (also known as CDKN1C and KIP2)), sequestering them away from CDK2. 
Partially phosphorylated RB proteins release E2F transcription factors, enabling the expression of genes required for 
G1 to S phase transition and DNA synthesis. This includes the cyclin E gene, the protein product of which binds and 
allosterically regulates CDK2 activity in late G1, creating a positive feedback loop that antagonizes Cip–Kip inhibitors 
by signalling for their proteolysis, and reinforces RB inactivation, leading to an irreversible switch to S phase. Cyclin A- 
and cyclin B-dependent CDKs are activated at later phases of the cell cycle to maintain RB in a hyperphosphorylated 
form until the cell exits mitosis. RB family members112 and Cip–Kip proteins113 may also be involved in maintaining cells 
in a quiescent state (G0).

The functional overlap between the RB proteins does not seem to extend to complete redundancy. First, their 
expression levels differ in the various phases of the cell cycle: RBL2 expression is higher in the G0 phase, RBL1 
expression peaks during the S phase, and RB1 expression is uniform throughout the cell cycle. Second, their expression 
is cell type-specific: RBL2 predominates in neurons and skeletal muscle, RBL1 expression is particularly high in breast 
and prostate epithelial cells, whereas RB1 is ubiquitously expressed in normal tissues112. Third, each of the pocket 
proteins interacts with specific subsets of E2F transcription factors, although overexpression of any RB family member 
causes cell cycle arrest in G1 in most cell types. Fourth, RB1, but not RBL1 or RBL2, can bind to the anaphase-promoting 
complex or cyclosome and stabilize p27, promoting cell cycle exit114. Finally, RBL1 and RBL2, but not RB1, associate 
stoichiometrically with either cyclin E–CDK2 or cyclin A–CDK2 complexes, thereby inhibiting the complexes115,116.  
RBL1 is thought to act as an E2F competitor by binding to CDK2–cyclin complexes through its amino-terminal region.  
By contrast, RBL2 could act as a direct CDK2 inhibitor117,118. Such activity was found to be mediated by the spacer 
region of RBL2, which has an amino-acid sequence that is unique among the other members of the RB family119. 

Retinoblastoma, a relatively rare cancer, has dramatically changed the way cancer is studied and understood, through 
important scientific advances such as the identification of RB1 as the first tumour suppressor gene. Currently, loss of RB1 
is considered either a causal or an accelerating event in many cancer types120,121. Depending on the tumour type, loss of 
RB1 function is associated with different responses to various therapeutic agents122. By contrast, much less is known 
regarding the tumour- 
suppressive functions of 
RBL2 and RBL1, which are 
less frequently inactivated in 
human tumours compared 
with RB1. Several lines of 
evidence show that 
functional inactivation of 
RBL2 or RBL1 can provide a 
growth advantage during 
later stages of cancer123. 

A thorough grasp of the 
role of the RB gene family in 
cancer remains a challenge. 
Further studies to elucidate 
the relationships between 
the status of all members  
of the RB family of proteins 
and the response to 
different treatments in a 
cancer type-specific context 
will be crucial for accurate 
prognosis and optimal 
treatment. 

M, mitosis phase. 
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Pan-CDK inhibitor 
A cyclin-dependent kinase 
(CDK) inhibitor with a broad 
specificity for CDKs.

cell lines8. Conversely, complete inhibition of the SAC 
causes death in human tumour cells9,10, suggesting that 
pharmacological inactivation of mitotic checkpoint 
kinases could be a conceivable anticancer strategy.

Targeting cell cycle kinases in cancer therapy
CDKs. CDKs are often overactive in human cancer 
owing to various genetic and epigenetic events that 
affect their regulatory pathways (TABLE 1; BOX 2). The 
overall effect is loss of checkpoint integrity, resulting in 
uncontrolled proliferation7. Therefore, selective inhibi-
tion of CDKs may limit the progression of a tumour 
cell through the cell cycle and facilitate the induction of 
apoptotic pathways.

The therapeutic value of targeting members of the 
CDK family has been intensively studied, particularly 
for interphase CDKs (CDK2, CDK4 and CDK5); CDK1 
is also emerging as a potential new target. other CDKs 
that are not involved in the cell cycle have specific func-
tions in particular processes or cell types; however, their 
potential usefulness as therapeutic targets for cancer 
treatment remains to be fully investigated. For example, 
CDK5 has been shown to play a part in controlling cell 
motility and metastatic potential in prostate cancer11. 
CDK7, a component of the CDK-activating complex, is 
necessary for assembly of the CDK1–cyclin B hetero-
dimer12. It belongs to a second group of CDKs, also 
comprising CDK8, CDK9, CDK10 and CDK11, which 
are involved in the regulation of transcription7. In contrast 
to the cognate cyclins of cell cycle-related CDKs (cyclin 
types A, B, D and E), the expression levels of which 
fluctuate with cell cycle progression, the cyclin partners 
of transcription-related CDKs (cyclin types H, C and 
T) have steady expression levels through the various 

phases. For example, acting by phosphorylation of RNA 
polymerase II, the CDK9–cyclin T holoenzyme stabi-
lizes the elongation of nascent mRNA transcripts and 
has a crucial role in several biological processes, such as 
cell growth, proliferation and differentiation13. Several 
ATP-competitive nonspecific CDK inhibitors are highly 
active against CDK9 and possibly other transcription-
related CDKs, but these CDKs are seldom included in 
the panel of kinases used for screening drug specificity. 
Inactivation of these CDKs has a global impact on cell-
ular transcription, affecting primarily the accumula-
tion of mRNA transcripts that have a rapid turnover, 
such as those that encode cell cycle regulators, nuclear 
factor-κB- and p53-responsive gene transcripts, and 
anti-apoptotic factors. Consequently, chemicals that 
inhibit transcriptional CDKs could possess anticancer 
activity by augmenting apoptotic responses in cancer 
cells, particularly tumorous haematopoietic cells as 
their survival depends on the continuous expression of 
anti-apoptotic proteins14. However, such compounds 
may have toxic effects in non-tumorous cells owing to 
downregulation of crucial cellular factors, thereby limit-
ing the therapeutic application of wide-spectrum CDK 
inhibitors as single agents. Early cancer treatment with 
combinations of DNA-damaging or other cytotoxic 
drugs could be advantageous with regard to therapeutic 
index and clinical efficacy.

over the past two decades, there has been an inten-
sive search for small molecules that target CDKs, but no 
CDK inhibitors have yet been approved for commercial 
use. First-generation compounds, such as the pan-CDK 
inhibitors flavopiridol, olomoucine and r-roscovitine 
generally did not meet the expectations following pre-
clinical studies, exhibiting low activity and/or toxicity in 
the clinical trials (TABLE 2; for chemical structures of the 
compounds described in this section, see Supplementary 
information S1 (table); selected structures are shown in 
FIG. 2)14. This might reflect a failure to identify the key 
molecular targets or off-target proteins of the inhibitors 
and/or a failure to optimize the drug dosing schedule 
and pharmacokinetics. As pan-CDK inhibitors may act 
on many phases of the cell cycle, the drug must possess 
a suitable pharmacokinetic profile to allow for sufficient 
exposure of the damaged tissue over the entire duration 
of the cell cycle, using a reasonable schedule of admin-
istration. For example, whereas prolonged infusions of 
flavopiridol (FIG. 2) were largely inactive in many settings, 
a recent Phase I trial in patients with leukaemia imple-
menting a 30-minute bolus dose followed by a 4-hour 
infusion produced sustained micromolar concentra-
tions for several hours, allowing a 41% response rate in 
22 assessable patients15. More trials of bolus–infusion 
flavopiridol in leukaemia and other cancers are antici-
pated. Another Phase I study established the safe con-
centration range of flavopiridol in combination with 
the cytotoxic agents paclitaxel and carboplatin, which 
led to partial responses or stable disease in patients 
with non-small-cell lung carcinoma (NSCLC)16. Given 
that resistance to radiotherapy and chemotherapy may 
arise during the treatment of NSCLC and other solid 
tumours, the potential of CDK inhibitors to improve 

 Box 2 | Cyclin-dependent kinase (CDK) deregulation in cancer

The catalytic subunits of CDK–cyclin complexes are infrequently mutated in cancer. 
Notable exceptions to this include mutations of CDK4 and CDK6, which have been 
described in distinct subgroups of melanoma (CDK4) and other tumours (CDK4 and 
CDK6) (TABLE 1). More frequently observed in human malignancies are amplifications  
of the levels of the regulatory subunits of CDKs and cyclins, and mutations of 
endogenous CDK inhibitors. For example, cyclin D1 is overexpressed in several 
tumours, such as parathyroid adenoma, leukaemia, lymphomas and multiple myeloma, 
and colorectal, gastric, oesophageal, lung, kidney and breast cancer, as a result of gene 
amplification, rearrangement or translocation124. Cyclin D-dependent kinase activity 
might also be increased by other mechanisms, including inactivation of p16INK4A by 
gene deletion, point mutation or transcriptional silencing by methylation124.

Aberrant activation of CDK1 has been observed in a number of primary tumours  
(for example, breast, colon, prostate, oral, lung and oesophageal carcinomas), most 
commonly owing to overexpression of cyclin B1, and in some cases correlates with 
poor prognosis125. CDK2 is deregulated in various malignancies, including lung 
carcinoma (cyclin A–CDK2), melanoma, osteosarcoma, ovarian carcinoma (cyclin 
E–CDK2), pancreatic neoplasia and sarcomas, most commonly owing to overexpression 
of cyclin E and/or cyclin A, or inactivation of Cip–Kip inhibitors7. The transcriptional 
kinase CDK9 is overexpressed in myeloma, prostate cancer and lung cancer13, 
suggesting that this kinase could be a potential target for cancer therapy. CDK11 is an 
additional regulator of transcription, and recent evidence also indicates that it has a 
role in microtubule stabilization and in the control of sister chromatid cohesion126,127. 
The CDK11 gene (CDC2L) maps to a chromosome band region (1p36) which is 
frequently deleted in human cancers, and loss of one allele of Cdc2l facilitates skin 
carcinogenesis in mice128.
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current therapeutic regimens deserves further investi-
gation. Indeed, a second-generation CDK inhibitor, the 
aminothiazole SNS-032 (FIG. 2; TABLE 2), was recently 
shown to sensitize radiotherapy-resistant NSCLC cells to 
ionizing radiation17. The inhibitory activity of this mol-
ecule on cell cycle-unrelated CDKs (CDK7 and CDK9) 
has been suggested as the mechanism underlying the 
modulation of DNA double-strand break repair by this 
compound17. SNS-032 is currently in Phase I clinical 
trials as an intravenous agent. Although bioavailability 
of SNS-032 is limited by a poor absorption owing to P 
glycoprotein-mediated efflux, a series of derivatives (for 
representative analogues, see BOX 5 and Supplementary 
information S2 (table)) have been recently shown to 
possess an improved permeability and lowered efflux 
in vitro18,19.

New generation ATP-competitive CDK inhibitors are 
currently in clinical trials (TABLE 2 and Supplementary 
information S1 (table)). The synthetic flavone P276-00 
(FIG. 2) belongs to the same chemical class as flavopiridol, 
but possesses a superior CDK selectivity, particularly for 
CDK4–cyclin D1, CDK1–cyclin B and CDK9–cyclin 
T1, and a twofold to threefold higher antiproliferative 
activity in human tumour cells20,21. This compound 
decreases cellular levels of cyclin D1, an effect which 
could depend on inhibition of CDK9 transcriptional 
activity20. P276-00 is currently in Phase I–II clinical 
trials for the treatment of multiple myeloma, mantle 
cell lymphoma and melanoma characterized by cyclin 
D overexpression.

The pyrazole-3-carboxamide AT7519 (FIG. 2) is 
another pan-CDK inhibitor that is currently in Phase I 
trials in patients with advanced solid tumours or refrac-
tory non-Hodgkin’s lymphoma. Among cell cycle-related 
CDKs, AT7519 showed preference for CDK2; it is also 
highly active against CDK9 and CDK5, and relatively 
inactive against non-CDK proteins, with the exception 
of glycogen synthase kinase 3β. Preclinical testing of 
AT7519 showed that it had antiproliferative activity at 
submicromolar concentrations in numerous human 
tumour cell lines that was independent of their p53 
and RB1 status, and reduced or no activity in fibroblast 
cells22. This compound also promoted tumour regression 
in colon cancer xenograft models22.

The diaminopyrimidine R547 (FIG. 2)23 is a potent 
inhibitor of CDK1, CDK2, CDK4, CDK7 and CDK9, 
exhibiting promising antitumour activity in preclinical 
models. Early Phase I studies have confirmed that R547 
inhibits RB1 phosphorylation and has antitumour activ-
ity, and have established the adverse effects and tolerable 
dose of this compound24. Further trials in advanced solid 
tumours and haematological tumours are anticipated.

Another promising drug candidate is ZK 304709, 
a multitarget oral tumour growth inhibitor currently 
in Phase I trials. In enzymatic assays, this compound 
blocked various CDKs (CDK1, CDK2, CDK4, CDK7 and 
CDK9) as well as tyrosine kinases that are associated 
with angiogenesis (vascular endothelial growth factor 
receptor 1 (vEGFR1), vEGFR2, vEGFR3 and platelet-
derived growth factor receptor), all at nanomolar con-
centrations25. In mouse models of pancreatic tumours, 

Box 3 | The good and the bad of DNA damage checkpoints

Induced or spontaneous DNA lesions are common events in the life of the cell. The ability 
of the cell to maintain homeostasis and protect itself from neoplastic transformation 
depends upon complex surveillance mechanisms and activation of repair pathways to 
preserve chromosomal integrity. The DNA damage checkpoint is a cardinal process. 
Genetic defects that perturb DNA repair mechanisms almost always cause severe 
diseases, including ataxia-telangiectasia and related syndromes, characterized by 
degeneration of the nervous and immune systems, sensitivity to ionizing radiation and 
DNA-damaging agents, and predisposition to cancer129.

The serine–threonine protein kinases ataxia telangiectasia mutated (ATM; also known 
as serine protein kinase ATM) and ataxia telangiectasia and RAD3-related protein  
(ATR; also known as serine-threonine protein kinase ATR) are DNA damage sensor 
proteins that can induce cell cycle arrest, DNA damage repair or apoptosis, depending 
on the extent of the DNA lesions (see figure). Whereas ATM responds primarily to  
DNA double-strand breaks, which are generally caused by ionizing radiation and 
radiomimetic drugs, ATR also responds to damage caused by ultraviolet light and 
stalled replication forks55.

The ATM–ATR cascade is activated within minutes of a DNA damage alarm. Both ATM 
and ATR can phosphorylate and activate the transcription factor p53, either directly or 
by means of prior activation of checkpoint kinase 2 (CHK2). Among the genes induced 
by p53 is the cyclin-dependent kinase 2 (CDK2) inhibitor p21 (also known as CDKN1A 
and CIP1), the activity of which prevents damaged cells from entering the DNA 
synthesis (S) phase. Also, damaged cells that have already passed the transition from 
the first gap (G1) phase to S phase can be halted through the activation of another 
ATM–ATR effector, CHK1, which phosphorylates the dual-specificity phosphatase 
CDC25C, providing a signal that induces its sequestration in the cytoplasm. Because 
CDC25C is responsible for removing two inhibitory phosphates from CDK1, its 
inactivation prevents the cell from entry into the mitosis (M) phase. Cell cycle arrest  
in G1, S or G2 phase is maintained until DNA integrity is restored. If lesions are 
irreparable, programmed cell death is induced by the ATM–ATR signalling pathway55. 
The ATM–CHK2 pathway predominantly regulates the G1 checkpoint, whereas the 
ATR–CHK1 pathway predominantly regulates the S and G2 checkpoints, although there 
is crosstalk between these pathways.

In most human cancers, however, the function of the DNA damage checkpoint in G1 is 
impaired owing to mutations in p53 or the gene encoding the retinoblastoma protein 
(RB1)130. Treatment of these tumour cells with DNA-damaging agents, such as ionizing 
radiation and DNA-targeting drugs, results in S or G2 checkpoint-mediated arrest. 
Nonetheless, some of these cells might use this remaining checkpoint to protect 
themselves from radiation or cytotoxic agents. These cancer-favouring circumstances 
may be tackled by the combination of DNA-damaging drugs or ionizing radiation with 
inhibitors of the S or G2 checkpoints, or ‘S or G2 checkpoint abrogators’. Such a 
combination should force cancer cells carrying DNA lesions into mitosis, a condition 
which prompts mitotic catastrophe and associated cell death131. Abrogation of the DNA 
damage checkpoint in S or G2 is an attractive strategy for selectively targeting G1  
checkpoint-defective cancer cells and is currently being explored in clinical trials.
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Erbb2
The rodent orthologue of the 
human epidermal growth 
factor receptor 2 (HER2) gene.  
At least one-quarter of human 
breast cancers overexpress 
HER2, an event which often 
leads to increased cyclin D1 
expression levels.

ZK 304709 induced effects consistent with CDK inhibi-
tion (cell cycle arrest in G2 and apoptosis) and caused a 
reduction in tumour microvessel density, resulting in an 
80% reduction in primary tumour growth26.

The 2,6,9-trisubstituted purine family, which includes  
r-roscovitine (FIG. 2)27 and the second-generation CDK 
inhibitors purvalanol A28 and Nu6140 (REF. 29) (BOX 5 

and Supplementary information S2 (table)), has been 
the subject of intense exploration aimed at identifying 
novel synthetic analogues with superior activity. Recently 
developed r-roscovitine analogues include the pyrazolo 
triazine N-&-N1 (REF. 30) and the purine derivative CR8 
(REF. 31) (BOX 5 and Supplementary information S2 (table)). 
Although both of these molecules show CDK selectivity 
(against CDK1, CDK2, CDK5, CDK7 and CDK9) and 
activity  similar to that of the parent compound in vitro, 
CR8 was 25–50-fold more potent than r-roscovitine at 
inducing apoptosis in 25 cancer cell lines31, and N-&-N1 
was twice as potent at inhibiting tumour growth in vivo32. 
These findings warrant further investigation with regard 
to toxicity and antitumour activity.

other broad-spectrum CDK inhibitors that are in 
advanced preclinical evaluation and have shown anti-
tumour activity in animal models include the thiazole 
urea CDKi-277 (REF. 33), the indenopyrazole derivative 
RGB-286199 and the acyl-substituted triazole diamine 
jNj-7706621 (BOX 5 and Supplementary information S2 
(table)). jNj-7706621 showed a unique inhibition profile 
of cell cycle regulatory proteins, as it potently inhibited 
both CDK1–CDK2 and aurora A–aurora B, and was 

less potent against CDK4 and CDK6 (REF. 34). The com-
pound showed in vivo efficacy in a human melanoma 
tumour xenograft model in mice34. However, signs of 
resistance have been reported in cancer cells exposed to 
incrementally increasing concentrations of jNj-7706621, 
as a result of overexpression of the ATP-binding cassette 
subfamily G member 2 drug transporter35.

It has recently emerged that sensitivity to CDK inhibi-
tors might depend on the tumour type. In mouse tumour 
models, cyclin D1-regulated CDK4 kinase activity is 
crucial for proliferation of breast cancer cells induced 
by the Erbb2 (also known as Neu and Her2) and Hras 
oncogenes36–39. By contrast, ablation of Cdk6 had little 
effect on the development of this mammary tumour39. 
These findings point to inhibition of cyclin D1-mediated 
CDK4 kinase activity as a promising strategy for patients 
with human epidermal growth factor receptor 2 (HER2)-
positive breast cancer. other studies indicate that CDK4 
inhibition may be effective in diminishing MYC-mediated 
skin tumour growth40,41, whereas CDK6 may be a suitable 
target in therapies against human lymphoid tumours42. 
Such observations support the concept that targeted 
inactivation of individual CDKs could protect against 
cancers in which tumour survival depends specifically on 
the expression and activation of these CDKs. For example, 
the orally active pyridopyrimidine PD-0332991 (FIG. 2; 
TABLE 2 and Supplementary information S1 (table)) is 
exquisitely selective for CDK4 and CDK6 (REF. 43), and 
hence could be useful to test the hypotheses arising from 
the genetic models in a clinical setting.

 Box 4 | Aurora and mitotic checkpoint kinases: biological functions and alterations in cancer

Aurora kinases (aurora A, aurora B and aurora C) are regarded as key regulators of the mitosis (M) phase of the 
eukaryotic cell cycle. Despite sharing a high degree of structural similarity, these proteins have distinct cellular 
localization and functions. Aurora A, the ‘polar kinase’, binds to its regulatory protein TPX2, concentrates on 
centrosomes at all stages of the cell cycle and is required for spindle assembly5. Aurora B, the ‘equatorial kinase’, is a 
component of the chromosome passenger complex, along with the inner centromere protein (INCENP), borealin and 
survivin. In early mitosis (prometaphase), this complex associates with the heterochromatin found around the 
centromeres but, once anaphase begins, it relocates to the microtubules that interdigitate at the spindle midzone132.  
In prophase, aurora B phosphorylates histone H3, which is necessary for chromosome bi-orientation. It also participates 
in the mitotic checkpoint by sensing tension between sister centromeres and regulates kinetochore function to impart 
correct chromosome alignment and segregation. Aurora B is also required for cell division (cytokinesis). Aurora C also 
accumulates at the centrosomes; its expression profile seems to be restricted to the testis, although it might also have 
an overlapping role with aurora B.

The expression levels of human aurora kinases are elevated in several primary tumours125, including breast cancer and 
colon cancer. Moreover, aurora A maps to a locus (20q13) that is frequently amplified in a subset of these and other 
tumours (TABLE 1).

The mitotic checkpoint, or spindle assembly checkpoint (SAC), is normally activated at every cell cycle after entry into 
mitosis. It represents a ‘wait anaphase’ signal that is elicited by the presence of unattached kinetochores. This signalling 
pathway inhibits the proteolytic degradation of important regulators of mitosis, such as cyclin B (which is degraded by 
the anaphase-promoting complex or cyclosome (APC–C)), leading to mitotic arrest. The capture of microtubules at 
both kinetochores of sister chromatids results in SAC silencing and APC–C-mediated degradation of its components, 
after which anaphase is initiated and mitosis can be completed. Defects in the SAC may cause dysfunctional 
chromosome segregation and chromosome instability, which may favour tumour progression. Cancer-associated point 
mutations have been reported for several SAC regulators including the kinases budding uninhibited by benzimidazoles 
1 (BUB1) and BUB1 homologue beta (BUB1B; also known as BUBR1). Inactivating mutations in BUB1B are responsible for 
cancer-predisposing disorders, including mosaic variegated aneuploidy and premature chromatid separation 
syndrome8. In addition, aurora B is frequently overexpressed in cancer. Mice carrying homozygous deletions of mitotic 
checkpoint proteins, such as mitotic arrest deficient protein 2 (MAD2), BUB3 and BUB1B, die at early stages of 
embryonic development as a result of massive chromosome loss8. Conversely, mice with reduced levels of any of these 
components display chromosome instability. At present, it is not clear whether chromosome misdistribution per se can 
drive oncogenesis, but evidence suggests that this event might facilitate tumour development133.
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Table 1 | Genetic alterations of cell cycle kinases in human cancer

Target Main functions Alteration Biological effect cancer type refs

CDK4 A serine–threonine protein kinase 
involved in regulating progression 
through the G1 phase of the cell cycle 
by phosphorylation and inactivation  
of RB1

R24C Inability to bind the INK4 inhibitor 
p16INK4A, causing deregulation 
of CDK4 kinase activity

Familial melanoma 134

Gene 
amplification

CDK4 overexpression, leading to 
RB1 hyperphosphorylation and 
loss of antiproliferative control

Sporadic melanoma, 
glioblastoma and 
osteosarcoma, and cancers 
of the breast and uterine 
cervix

124,135

CDK6 A serine–threonine protein kinase 
involved in regulating progression 
through the G1 phase of the cell cycle 
by phosphorylation and inactivation  
of RB1

Chromosomal 
translocations

CDK6 overexpression, leading to 
RB1 hyperphosphorylation and 
loss of antiproliferative control

Splenic marginal zone 
lymphoma

124

Gene 
amplification

Lymphoma, squamous cell 
carcinoma and glioma

124

ATM A serine–threonine protein kinase of the 
PI3K-like family activated in response to 
genotoxic insults, primarily DNA DSBs; 
its activation triggers cellular repair 
mechanisms

Truncation 
or missense 
mutations

Loss of ATM function; 
homozygous carriers are affected 
by A-T syndrome

Lymphoid tumours, 
particularly thymic 
lymphomas

Various tumours, 
particularly breast cancer

55,136

Missense or 
nonsense 
mutations

Loss of ATM function; 
heterozygous carriers have 
increased sensitivity to ionizing 
radiation and a higher cancer 
incidence 

ATR A serine–threonine protein kinase 
of the PI3K-like family activated 
in response to genotoxic insults, 
including DNA DSBs, ultraviolet light 
damage and stalled replication forks; 
its activation triggers cellular repair 
mechanisms

Truncation 
or missense 
mutations

Loss of ATR function, causing 
decreased phosphorylation 
of p53 and other downstream 
effectors, and impairment of the 
DNA damage checkpoint

Stomach, breast and 
endometrial cancers

137,138

CHK1 A serine–threonine protein kinase that 
relays the DNA damage checkpoint 
signals from upstream ATM and ATR 
kinases; it is a labile protein, expressed 
only in S and G2 phases.

Frameshift 
mutations 

Truncated or defective CHK1 
protein; CHK1 mutations may 
contribute to enhanced genomic 
instability in some tumours, but 
their overall effect on cancer is 
not yet clear

Colorectal, gastric, 
endometrial and small  
cell lung cancers

67,137, 
138

CHK2 A serine–threonine protein kinase that 
relays the DNA damage checkpoint 
signals, mainly by ATM; it is a stable 
protein expressed throughout the cell 
cycle, but is inactive in the absence of 
DNA damage

Truncation 
or missense 
mutations

Unstable CHK2 protein, 
decreased or lost kinase 
activity, or defective substrate 
recognition; CHK2 mutations 
have been associated with 
oncogenesis

Cancers of the breast, 
bladder, colon, ovary, 
lung, vulva and prostate; 
lymphomas and 
osteosarcomas; and 
Li–Fraumeni syndrome

67,139

Aurora A A serine–threonine protein kinase that 
coordinates the centrosome cycle, 
mitotic entry and spindle assembly

Gene 
amplification

Aurora A overexpression, which 
leads to chromosome instability, 
characterized by chromosome 
amplification, aneuploidy and 
premature segregation of 
sister chromatids; these effects 
have been associated with 
tumorigenesis

Several human tumours, 
including breast, colorectal 
and bladder cancers

5,125

PLK1 A serine–threonine protein kinase 
involved in activation of CDK1–cyclin B 
at mitotic entry, centrosome maturation, 
spindle assembly and cytokinesis

Point mutations Altered PLK1 stability Cancers of the liver, lung, 
stomach and epidermis

86

BUB1 A serine–threonine protein kinase 
required for the spindle assembly 
checkpoint

Point mutations, 
deletions and/or 
frameshifts

Loss of BUB1 function, causing 
a weakened or unsustainable 
spindle assembly checkpoint 

Colorectal, lung and 
pancreatic tumours,  
and T cell lymphomas

8

BUB1B A serine–threonine protein kinase 
required for the spindle assembly 
checkpoint

Point mutations, 
deletions and/or 
frameshifts

Loss of BUB1B function, causing 
a weakened or unsustainable 
spindle assembly checkpoint

Colorectal cancers, 
lymphomas, mosaic 
variegated aneuploidy 
and premature chromatid 
separation syndrome

8,140

A-T, ataxia-telangiectasia; ATM, ataxia telangiectasia mutated (also known as serine protein kinase ATM); ATR, ataxia telangiectasia and RAD3-related protein  
(also known as serine–threonine protein kinase ATR); BUB1B, budding uninhibited by benzimidazoles 1 homologue beta (also known as BUBR1); CDK, 
cyclin-dependent kinase; CHK, checkpoint kinase; DSBs, double-strand breaks; G1, first gap; G2, second gap; PI3K, phosphoinositide 3-kinase; PLK1, polo-like kinase 1; 
RB1, retinoblastoma protein; S, synthesis.
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Table 2 | Selected inhibitors of cyclin-dependent kinases in clinical trials 

inhibitor 
(company)

Main targets  
(other targets)

Preclinical study data clinical trials

AG-024322 (Pfizer)‡ CDK1, CDK2 and 
CDK4 (other CDKs)

• In vitro: K
i
 = 1–3 nM (CDK1, CDK2 and CDK4)141; displayed 

CDK selectivity over non-CDKs141; arrested multiple stages 
of the cell cycle and induced apoptosis in various human 
tumour cell lines (IC

50
 = 30–200 nM)141

• Displayed dose-dependent antitumour activity in mice 
bearing human tumour xenografts142

• Intravenous toxicity in cynomolgus monkey included bone 
marrow hypocellularity, lymphoid depletion and vascular 
irritation (at doses ≥ 6 mg per kg); the no-adverse-effect 
dose was 2 mg per kg143

• Phase I: advanced cancer; trials 
were discontinued (2007) owing  
to the inability of the compound to 
adequately differentiate from other 
treatment options

AT7519 (Astex)‡ CDK2, CDK4, CDK5 
and CDK9 (CDK1, 
CDK4, CDK6 and 
GSK3β)

• In vitro: IC
50

 < 10 nM (CDK9–CYCT), IC
50

 = 13 nM  
(CDK5–p35), 47 nM (CCK2–CYCA), 100 nM 
(CCK4–CYCD1), 170 nM (CDK6–CYCD3), 210 nM 
(CDK1–CYCB), 2.4 mM (CDK7–CYCH–MAT1)22; inactivity 
against non-CDK kinases22, except for GSK3β (IC

50
 =  

89 nM); caused G0–G1 phase and G2–M phase cell cycle 
arrest followed by apoptosis in cancer cells at doses < 1 
mM22

• Showed potent antiproliferative activity in various human 
tumour cell lines, a lower activity in non-transformed 
fibroblasts and no activity in non-cycling cells22; promoted 
tumour growth inhibition or regression in human ovarian 
and colon carcinoma xenografts22

• Phase I: advanced or metastatic 
solid tumours, or refractory NHL 

AZD5438 
(AstraZeneca)*

NA NA • Phase I: advanced solid tumours
• Trial discontinued (2009) owing 

to poor clinical tolerability and 
exposure data  

Flavopiridol, also 
known as alvocidib 
(Sanofi–Aventis)‡

CDK1, CDK2, CDK4, 
CDK6, CDK7 and 
CDK9 (GSK3β)

• In vitro: IC
50

 = 3 nM (CDK9–CYCT), 20–40 nM 
(CDK4–CYCD), 60 nM (CDK6–CYCD), 30–400 nM 
(CDK1–CYCB), 100 nM (CDK2–CYCA and CDK2–CYCE), 
110–300 nM (CDK7–CYCH)144; inhibited GSK3β  
(IC

50
 = 450 nM); induced G1–S phase and G2–M phase 

arrest and apoptosis at 200–300 nM concentrations in 
many tumour cell types144

• Significant clinical activity in refractory CLL145; clinical 
studies ongoing to determine efficacy of combination with 
anti-neoplastic agents16

• Phase I–II: various cancers, including 
leukaemia, multiple myeloma, 
lymphoma, sarcoma and solid 
tumours (as a single agent and in 
combination with DNA-damaging 
or other cytotoxic drugs)

Indisulam, also 
known as E7070 
(Eisai)‡§

NA • Induced G2 phase arrest in several human tumour cell 
lines146 

• Ongoing Phase II trials will determine its clinical efficacy  
in patients with solid tumours147

• Phase I–II: adult solid tumour,  
stage IV melanoma (as a single 
agent)

• Phase I: gastrointestinal, pancreatic 
and lung cancer (in combination 
with irinotecan)

P1446A-05 
(Nicholas Piramal)*

CDK4 (NA) NA • Phase I: advanced refractory 
malignancies including solid and 
haematological tumours

P276-00  
(Nicholas Piramal)‡

CDK1, CDK4 and 
CDK9 (CDK2, CDK6 
and CDK7)

• In vitro: IC
50

 = 20 nM (CDK9–CYCT1), 63 nM (CDK4–CYCD1), 
79 nM (CDK1–CYCB), 224 nM (CDK2–CYCA), 396 
nM (CDK6–CYCD3), 2.54 mM (CDK2–CYCE), 2.87 mM 
(CDK7–CYCH)20; inactive against several non-CDK kinases20

• Induced G1–G2 arrest and caspase-dependent apoptosis 
in 16 tumour cell lines, including cisplatin-resistant cell 
lines, with a mean IC

50
 = 550 nM21; inhibited growth of 

human multiple myeloma, colon carcinoma and NSCLC 
xenografts21, 148

• Phase I–II: multiple myeloma, 
mantle cell lymphoma, head and 
neck cancers, and cyclin D1-positive 
melanoma

PD-0332991 
(Pfizer)*

CDK4 and CDK6 (NA) • In vitro: IC
50

 = 11 nM (CDK4) and 16 nM (CDK6)43

• Inhibited cellular proliferation with IC
50

 = 40–400 nM in 
RB1-positive cell lines and IC

50
  > 3 mM in RB1-negative 

cell lines149; induced G1 arrest in primary bone marrow 
myeloma cells and prevented tumour growth in 
disseminated human myeloma xenografts150; promoted 
tumour regression in mice with a human colon carcinoma 
xenograft149

• Sensitized myeloma cells to killing by dexamethasone150 
and by bortezomib151

• Phase I: advanced cancer and 
mantle cell lymphoma 

• Phase I–II: multiple myeloma  
(in combination with bortezomib 
and dexamethasone), hormone 
receptor-positive advanced breast 
cancer (in combination with 
letrozole)
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Moreover, preliminary data showed that pharmaco-
logical inhibition of CDK1 might have a therapeutic value 
against MYC-induced human tumours, but not against 
tumours overexpressing other oncogenes44. Among the 
more recently developed CDK inhibitors in preclinical 
evaluation, the quinolinyl thiazolinone Ro-3306 (BOX 5;  

FIG. 2 and Supplementary information S2 (table)) 
has been reported to be a highly selective inhibitor of 
CDK1–cyclin B in vitro45. Treatment of proliferating cells 
with Ro-3306 did not affect the G1 to S phase transition, 
but arrested cells at the point of transition from G2 to 
M phase, consistent with specific CDK1 inhibition. 
Sustained (72 hour) exposure to Ro-3306 resulted in a 
larger apoptotic fraction in cancer cells compared with 
non-transformed cells. Ro-3306 itself therefore deserves 
further investigation, and the thiazolinone class could 
be a source of lead compounds for the development of 
novel CDK1-specific inhibitors.

Studies in genetically engineered mouse models 
support the concept that CDKs that act during inter-
phase (CDK2, CDK4 and CDK6) have compensatory 
roles in the control of the mammalian cell cycle4,46–48, 
except for certain tissues in which they have specific 
functions. For example, Cdk2 (the mouse orthologue of 
the human gene that encodes CDK2) is not essential for 
mouse survival46,47, but is required for the development 
of germ cells46. CDK4- or CDK6-null mice are viable48, 
although CDK4 is required for postnatal proliferation of 
pancreatic islet β-cells49–51 and pituitary cells52, and loss of 
CDK6 impairs erythroid cell count48. Interestingly, triple  
ablation of Cdk2, Cdk4 and Cdk6 is compatible with 
mouse embryo organogenesis until mid-gestation, when 
mutant embryos die owing to haematopoietic defects4. 
This implies that CDK1 is able to compensate for a lack 
of these interphase CDKs to fully suppress RB1 anti-
proliferative activity in most mammalian cell lineages. 

overall, genetic models could help to identify the 
potential toxic effects of drug candidates that selectively 
inhibit certain CDKs. For example, a small-molecule 
CDK2 inhibitor would be expected to cause male and 
female sterility; CDK4 inhibition could lead to specific 
endocrine phenotypes, such as insulin-dependent diabetes 
and female infertility; and CDK6 inhibition may pro-
voke anaemia. Drugs that target CDK1 and/or CDK11, 
both of which are products of essential genes in mice4,53, 
might be responsible for a more general cytotoxic effect. 
However, the vulnerability to CDK inactivation observed 
in mouse germ lines could differ in adult organisms, as 
these may be less susceptible to toxic effects arising from 
weakened or lost CDK activity. Indeed, in contrast to 
mouse embryos, double CDK2–CDK4 ablation does 
not lead to major proliferative defects in adult mice54. 
It is also important to consider that genetic ablation of 
a given CDK could have different phenotypical conse-
quences to its pharmacological inhibition. The effect of 
most kinase inhibitors will not be as selective as genetic 
knockout experiments. Moreover, in the presence of an 
ATP-competitive CDK inhibitor, although the specific 
kinase function will be reduced by the inhibitor, the 
CDK will still be able to form complexes with its cognate 
cyclin and various physiological substrates or inhibitors,  

thereby sequestering them away from other CDK targets 
in the cell. This will give rise to a more complicated pheno-
type than seen with genetic knockouts. In this regard, 
generation of knock-in mice expressing mutated kinase 
targets, which retain their ability to bind partner proteins 
but lack their catalytic function, could aid the predic-
tion of the pharmacodynamic effects of anticancer 
drug candidates and help distinguish between target 
and off-target effects.

DNA damage checkpoint kinases. In normal prolifer-
ating cells, the DNA damage checkpoint is in place to 
prevent erroneous DNA from being replicated before 
progression through mitosis (BOX 3). However, in cancer 
cells, the response to genome alterations is commonly 
impaired owing to accumulation of mutations in check-
point regulators, particularly in ATM, CHK2 and p53 
(TABLE 1).

ATM has an important role in maintaining genome 
integrity. In light of the fact that patients with ataxia-
telangiectasia as well as heterozygous carriers of ATM 
mutations (estimated at 1–2% of the population) are 
hypersensitive to ionizing radiation and drugs that 
induce DNA double-strand breaks55, it has been proposed 
that pharmacological inhibition of ATM might promote 
cellular radiosensitization and chemosensitization. Two 
small-molecule ATM inhibitors have been described: the 
morpholinyl-thianthrenyl-pyranone Ku55933 (FIG. 2)  
and, more recently, the triazolamine CP466722 (BOX 5  

and Supplementary information S2 (table)). These 
compounds target ATM by blocking its ATP-binding 
site and display higher specificity and potency than the 
previously used inhibitors, wortmannin and xanthines, 
which also target other members of the phospho-
inositide 3-kinase (PI3K)–like kinase family (for example,  
ATR and DNA-dependent protein kinase). In cell 
model systems, Ku-55933 prevented phosphorylation  
of ATM effectors, such as p53, in a concentration-
dependent manner and sensitized cells expressing ATM 
to drugs that induce DNA double-strand breaks, namely 
the topoisomerase inhibitors56. Furthermore, both 
Ku-55933 and CP466722 were shown to specifically 
and reversibly disrupt ATM-dependent cell cycle check-
points in response to DNA damage induced by ionizing 
radiation57. Notably, transient exposure to either one of 
these compounds hypersensitized cultured cells to ion-
izing radiation. This suggests that long-lasting exposure 
might not be necessary to provide therapeutic benefit, 
which would lower the risk of potential adverse effects 
that may be associated with prolonged ATM inhibition. 
Although this concept remains to be fully investigated 
in vivo, the in vitro effects of these novel lead chemotypes 
are promising.

unlike normal cells, which rely on a full arsenal of 
checkpoint responses, the majority of cancer cells lack 
the DNA-damage checkpoint in the G1 phase and hence 
depend on checkpoint-mediated arrest in the S phase or 
G2 phase for DNA repair and cell survival (BOX 3). ATR 
and CHK1 are key signalling protein kinases in this path-
way and could be suitable targets to achieve selective  
killing of G1 checkpoint-deficient tumour cells. At present, 
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Mitotic catastrophe 
A form of apoptosis that occurs 
during mitosis and may result 
from deficient cell cycle 
checkpoints, particularly the 
DNA damage checkpoint and 
the spindle assembly 
checkpoint.

no specific ATR inhibitors have been identified. Existing 
drugs include caffeine, wortmannin and pentoxifylline, 
but these also target ATM and other PI3K-like kinases. 
However, there have been recent advances in the devel-
opment of drugs that target CHK1, and several ATP-
competitive inhibitors are currently in clinical evaluation 
(TABLE 3 and Supplementary information S1 (table)).

A natural metabolite from Streptomyces species, 
7-hydroxystaurosporine (uCN-01), efficiently abrogates 
DNA damage checkpoints in cancer cells that lack p53 

and have been treated with DNA-damaging drugs, 
resulting in mitotic catastrophe. These effects have been 
linked to its potent inhibitory activity against CHK1 
and CDC25C-associated protein kinase 1 (CTAK1)58. 
However, uCN-01 also targets protein kinase C (PKC) 
isoforms and phosphoinositide-dependent protein 
kinase 1 (PDK1), as well as CDKs, which accounts for 
its complex pharmacodynamic profile. This compound 
is currently undergoing Phase I–II trials as a single agent 
and in combination with cytotoxic agents (TABLE 2).

Table 2 (cont.) | Selected inhibitors of cyclin-dependent kinases in clinical trials

inhibitor 
(company)

Main targets 
(other targets)

Preclinical study data clinical trials

r-roscovitine,  
also known 
as CYC202 
and seliciclib 
(Cyclacel)*

CDK1, CDK2, 
CDK5, CDK7 
and CDK9 
(CK1, GSK3α–β, 
DYRK1A, ERK1, 
ERK2 and PDXK) 

• In vitro: IC
50

 = 220 nM (CDK2–CYCA), 230 mM (CDK9–CYCT), 270 nM 
(CDK5–p25), 330 nM (CDK1–CYCB) and 800 nM (CDK7–CYCH)32

• Induces S–G2 arrest and apoptosis27

• Phase I–II: NSCLC
• Trials completed (2009); when 

administered at 800 mg twice 
daily for 7 days, it elicited 
limited tumour responses and 
dose-limiting toxicities (fatigue, 
skin rash and hypokalaemia)152

R547, also known 
as Ro-4584820 
(Hoffmann–La 
Roche)‡

CDK1, CDK2, 
CDK4 and CDK7 
(NA)

• In vitro: K
i
 = 1–3 nM (CDK1, CDK2 and CDK4); inactive (K

i
 > 5 mM) 

against > 120 non-CDK kinases23; induced G1–G2 arrest and 
apoptosis in tumour cell lines independently of RB1 or p53 status 
(IC

50
 < 0.60 mM)23; induced significant tumour growth reduction in 

human tumour xenografts and efficacious with daily oral dosing and 
weekly intravenous dosing23

• Early clinical trials established tolerable dosage (155 mg per m2 
infusion on day 1 and  day 8 during a 21-day cycle), related toxicities 
(nausea, emesis and hypotension) and confirmed antitumor activity24

• Phase I: advanced solid tumours; 
trial completed (2008)

SCH 727965 
(Schering– 
Plough)‡

CDK1, CDK2, 
CDK5 and CDK9 
(NA)

• Selectively inhibited CDK1, CDK2, CDK5 and CDK9 with  
IC

50
 < 5 nM153; induced apoptosis in tumour cell lines and growth 

inhibition or regression in xenograft models153

• Phase I: advanced solid tumours, 
NHL, multiple myeloma and CLL.

• Phase II: advanced breast cancer, 
NSCLC, acute leukaemia and 
lymphoma; initial clinical results 
indicate good tolerability at  
58 mg per m2; dose-limiting 
toxicity was neutropaenia153

SNS-032,  
also known as 
BMS-387032 
(Sunesis)‡

CDK2, CDK7 and 
CDK9 (CDK1 
and CDK4)

• Inhibited CDK7–CYCH and CDK9–CYCT at low nM concentrations 
in biochemical assays154; also inhibited CDK2–CYCE (IC

50
 = 48 nM) 

10- and 20-fold more potently than CDK1–CYCB (IC
50

 = 480 nM) 
and CDK4–CYCD (IC

50
 = 925 nM), respectively, in vitro154; high CDK 

selectivity over a panel of 12 unrelated kinases (IC
50

 > 25 mM)154; 
induced tumour growth reduction in a human ovarian carcinoma 
xenograft154

• Sensitized radioresistant NSCLC cells to ionizing radiation17

• Limited oral bioavailability (~31%) in rats155, possibly owing to poor 
absorption rather than first-pass metabolism155

• Phase I: B-lymphoid malignancies 
and advanced solid tumours

Terameprocol, 
also known as 
EM-1421 (Erimos)‡

CDK1, survivin 
and VEGFRs (NA)

• Potent anticancer activity in tumour cell lines and animal models156; 
good safety and efficacy profile in patients with head and neck 
or squamous cell carcinoma (intratumoral administration) and in 
patients with cervical dysplasia (intravaginal administration)156

• Phase I: leukaemia, refractory 
solid tumours and lymphoma

ZK 304709, also 
known as MTGI 
and ZK-CDK 
(Schering AG)*

CDK1, CDK2, 
CDK4, CDK7 and 
CDK9 (VEGFR1 
VEGFR2, 
VEGFR3 and 
PDGFRβ)

• In vitro: IC
50

 = 4 nM (CDK2–CYCE), 5 mM (CDK9–CYCT1), 50 nM 
(CDK1–CYCB), 61 nM (CDK4–CYCD1), 85 nM (CDK7–CYCH), 1 nM 
(VEGFR3), 10 nM (VEGFR1), 34 nM (VEGFR2) and 27 nM (PDGFRβ)25; 
blocked growth of human tumour cell lines at IC

50
 = 317 nM, by 

inducing a dose-dependent G1–S arrest followed by apoptosis25

• Superior efficacy over standard chemotherapy in human tumour 
xenografts and orthotopic mouse models of human pancreatic 
cancer25, 26

• Phase I: advanced solid 
tumours157

Data extracted from http://www.clinicaltrials.gov. *Oral. ‡ Intravenous. §Indisulam is not a direct CDK inhibitor: it causes a depletion of cyclin E levels, which 
reduces CDK2 activity, and a depletion of cyclin H levels, which reduces CDK7 activity. CDK, cyclin-dependent kinase; CLL, chronic lymphocytic leukaemia;  
CYC, cyclin; DYRK1A, dual specificity tyrosine-phosphorylation-regulated kinase 1A; ERK, extracellular signal-regulated kinase; G1, first gap; G2, second gap; 
GSK3β, glycogen synthase kinase 3β; IC

50
, compound concentration that caused 50% inhibition of kinase activity (in vitro kinase assays) or cellular proliferation  

(cell proliferation assays); K
i
, inhibition constant; M, mitosis; NA, not available; NHL, non-Hodgkin’s lymphoma; NSCLC, non-small-cell lung carcinoma; PDGFRβ, 

platelet-derived growth factor receptor-β; PDXK, pyridoxal kinase; RB1, retinoblastoma protein; S, synthesis; VEGFR, vascular endothelial growth factor receptor. 
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Li–Fraumeni syndrome 
A familial cancer syndrome 
that arises from a checkpoint 
kinase 2 (CHK2)-truncating 
mutation (1100delC). It is 
characterised by multiple 
tumours at a young age, 
particularly breast cancer  
and sarcoma.

In 2005, the orally available aminopyrazine XL844 
became the first CHK-selective inhibitor to enter clinical 
trials59, but its structure has not yet been disclosed. In a 
human pancreatic carcinoma xenograft model, XL844 
showed synergistic tumour growth inhibition with the 
DNA nucleoside analogue gemcitabine (Gemzar; Eli 
Lilly)59. A Phase I study of XL844 in combination with 
gemcitabine started in 2007 in advanced solid tumours 
and patients with lymphoma.

The structure and preclinical profile of AZD7762  
(FIG. 2), a CHK1 and CHK2 inhibitor which has been in 
Phase I trials since 2006, have recently been disclosed60. 
AZD7762 is a thiophene urea carboxamide which has a 
kinase selectivity distinct from that of uCN-01 as it is 
more than 100-fold more selective for CHK1 than both 
PKC isozymes and CDKs, and does not affect PDK1 in 
cellular assays60. The compound abrogated DNA damage 
checkpoints in the S phase and G2 phase in vivo, and 
augmented cancer cell killing by a DNA anti-metabolite 
(that is, gemcitabine) and a topoisomerase inhibitor (that 
is, irinotecan) in rodent tumour models60.

Whereas AZD7762 and XL844 are approximately 
equipotent against CHK1 and CHK2, the diazepinoindo-
lone PF-477736 (FIG. 2) is almost 100-fold more selective 
for CHK1 than CHK2. Nonetheless, PF-477736 potenti-
ated the effect of DNA-damaging therapies to a similar 
extent as these other two clinical candidates61. It is pres-
ently unclear whether different CHK selectivity profiles 
could lead to different clinical outcomes. Notably, deple-
tion of CHK1 by RNA interference (RNAi) provoked 
premature entry into mitosis, despite incomplete DNA 
synthesis, in gemcitabine-treated cells62. By contrast, 
depletion of CHK2 had no effect on entry into mitosis62. 
Simultaneous knockdown of these two kinases was as 
efficacious as CDK1 depletion alone in enhancing sensi-
tization to DNA-damaging agents, suggesting that CHK1 
is the most relevant drug target63.

Recently, two CHK2-selective ATP-competitive 
inhibitors have been described, the isothiazole carbox-
imidamine vRX046617 (REF. 64) and the bis-guanyl-
hydrazone NSC 109555 (REF. 65). In contrast to CHK1 
inhibitors, which cause marked S phase and G2 phase 
checkpoint defects in response to ionizing radiation, 
the CHK2 inhibitor vRX046617 did not alter the cyto-
toxicity of the DNA-damaging drugs doxorubicin and 
cisplatin64. This is consistent with the phenotype of 
CHK2-knockout mice, which were more resistant to 
genotoxic agents owing to reduced transcriptional acti-
vation of p53-regulated genes66. The intriguing pheno-
type of CHK2-null mice fuelled the idea that chemical 
inhibition of CHK2 could be exploited to protect sensi-
tive tissues, such as lymphoid tissue and epithelial tissue, 
from the side effects of radiotherapy or DNA-damaging 
drugs67. Indeed, initial experiments with CHK2 inhibi-
tors suggested that they had potential radioprotective 
effects in thymocytes64. Considering that CHK2 loss-
of-function mutations may predispose to breast and 
colon cancer, as well as Li–Fraumeni syndrome (TABLE 1), a 
crucial issue here is the feasibility of targeting CHK2 in 
specific cancer therapy without increasing the incidence 
of other cancers.

The discovery of novel CHK inhibitors is a growing  
field of research. Further studies to elucidate the mecha-
nisms by which defective checkpoint pathways arise in 
cancer could open new avenues for the development 
of tailor-made therapies, in which individual tumours 
are profiled for defects in the relevant pathways. 
Furthermore, identification of appropriate biomarkers  
for predicting the efficacy of targeted therapeutic agents 
could improve patient selection strategies. For example, 
cyclin B has recently been established as an efficacy-
predictive biomarker for CDK1 inhibitors in various 
colon cancer cell lines, as its cellular levels positively 
correlated with the degree of sensitization to DNA-
damaging agents68. These observations should be taken 
into consideration when planning clinical trials of CHK1 
inhibitors.

Aurora and mitotic checkpoint kinases. Cells are more 
sensitive to apoptotic cell death during mitosis than at 
any other phase of the cell cycle. Indeed, many patients 
with cancer receive antimitotic agents, such as taxanes 
and vinca alkaloids, as first-line therapy. These drugs act 
as microtubule toxins by either stabilizing (taxanes) or 
depolymerizing (vinca alkaloids) microtubules, which 
disrupts their intrinsic dynamics and hence inhibits 
assembly of the bipolar spindle. When this happens, 
the mitotic checkpoint is activated, thereby inducing  
a prolonged mitosis which ends with cell death69. 
However, because microtubules have vital functions 
in both dividing and non-dividing cells, microtubule  
toxins cause a plethora of side effects, typically peripheral 
neuro pathies. For this reason, during the past decade, 
much work has focused on the identification of new 
mitotic targets which could block spindle assembly but 
spare microtubules in resting cells. Among the several 
protein kinases required for spindle assembly, aurora 
kinases and PLKs have received particular attention, and 
numerous inhibitors are now in clinical development. 
In addition, SAC kinases are also emerging as potential 
anticancer drug targets.

Aurora kinases control chromosomal alignment and 
segregation during mitosis and are required to preserve 
genome stability8. Studies using RNAi and selective 
chemical inhibitors have shown that aurora A inhibi-
tion is characterized by a SAC-induced mitotic arrest 
and the formation of unipolar spindles, which can 
eventually lead to apoptosis. By contrast, inhibition of 
aurora B activity causes abrogation of the SAC, so that 
cells enter anaphase despite the presence of misaligned 
chromosomes. Cytokinesis also fails, leading to cells in 
the G1 phase that have four, rather than two, copies of 
each chromosome. These cells continue to grow, acquire 
enlarged polyploid nuclei, and eventually undergo apop-
tosis or senescence70. Ablation of aurora B activity thus 
produces a distinct phenotype from those caused by 
microtubule toxins, aurora A inhibitors and PLK inhibi-
tors. Furthermore, as aurora B is required for SAC acti-
vation, aurora B inhibitors have a dominant effect on the 
cell phenotype when combined with aurora A inhibi-
tors, or when dual aurora A and aurora B inhibitors 
are used.
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Figure 2 | selected chemical structures of kinase inhibitors. a | Cyclin-dependent kinase inhibitors. b | DNA damage 
checkpoint kinase inhibitors. c | Aurora kinase inhibitors. d | A polo-like kinase inhibitor. For structures of other compounds 
discussed in this article, see Supplementary information S1 and S2 (tables). 
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The first aurora A-selective inhibitor to be described, 
MLN8054 (FIG. 2), has a benzazepine core fused to an 
amino pyrimidine ring (TABLE 4 and Supplementary 
information S1 (table)). In vitro, this compound inhibited 
aurora A and aurora B. When applied to cells, it produced 
a monopolar spindle phenotype consistent with aurora A 
depletion by RNAi70. However, at higher concentrations, 
it induced polyploidy, indicating that aurora B is also 
targeted in vivo. By contrast, the quinazoline derivative 
ZM447439 was shown to be 20-fold more active against 
aurora B than aurora A in vitro, and to produce a cell ular 
phenotype consistent with aurora B inhibition70. Although 
less potent than ZM447439, the indolinone hesperadin is 
another aurora B-selective inhibitor that has been used 
extensively for probing aurora B function70.

Aurora kinases have attracted much attention over 
the past few years, both in academia and the pharma-
ceutical industry, and a diverse array of ATP-competitive 
inhibitors are currently in clinical development (TABLE 4 
and Supplementary information S1 (table)). These 
include pan-aurora kinase inhibitors, such as vX-680, 
PHA-739358 (FIG. 2), R763, CyC-116 and SNS-314; 
aurora A-specific agents, namely, MLN8054, MLN8237 
and MP529; dual aurora A and aurora B inhibitors, 
namely, PF-03814735 (FIG. 2); dual aurora B and aurora 
C inhibitors, namely, AZD1152 and GSK1070916; multi-
kinase inhibitors with potent activity against aurora 
kinases, namely, ENMD-2076 (selective for aurora A 

over aurora B), Su-6668 (moderately selective for aurora 
B over aurora A), AT-9283 (inhibits aurora A and aurora 
B) and PHA-739358 (a pan-aurora inhibitor).

Interestingly, in preclinical in vivo studies, aurora 
kinase inhibitors suppressed tumour growth regardless 
of their specificity profiles, highlighting the theraputic 
potential of aurora A and aurora B as candidate targets 
for anticancer drugs. For example, the aryl carboxylic acid 
MLN8237 was reported to produce less severe benzo-
diazepine-like central nervous system effects than its  
parent analogue, MLN8054, and had superior potency 
and equal oral availability. In preclinical models, 
MLN8237 showed in vivo activity against neuroblastoma, 
lymphoma, leukaemia and multiple myeloma through 
specific inhibition of aurora A71–73. Further investigation 
focusing on combinations with other agents is expected, 
and paediatric clinical trials of MLN8237 are in progress 
(TABLE 2).

AZD1152 (FIG. 2) is a dihydrogen phosphate prodrug 
which is rapidly converted in the plasma to a pyrazol-
quinazoline analogue (AZD1152-hydroxyquinazoline 
pyrazol-anilide)74. This compound induces apoptosis 
in acute myeloid leukaemia cell lines and primary 
blasts75,76, increases sensitivity to both a tubulin depoly-
merizing agent and a topoisomerase inhibitor75, and 
enhances cancer cell response to ionizing radiation77, 
providing rational bases for clinical trials in patients 
with leukaemia.

Table 3 | Selected inhibitors of checkpoint kinases CHK1 and CHK2 in clinical trials 

inhibitor 
(company)

Main targets 
(other targets)

Preclinical study data clinical trials

AZD7762 
(AstraZeneca)‡

CHK1 and  CHK2 
(various kinase 
families)

• Equal potency against CHK1 and CHK2 in vitro (IC
50

 = 5 nM; K
i
 

= 3.6 nM), and 10- to > 100-fold CHK selectivity over 167 other 
kinases, particularly CDK1 (> 1,000-fold), PKC, CDKs, p38 
and MAPK2 (> 100-fold)60; abrogated DNA damage-induced 
cell cycle checkpoints; potentiated the response to 
DNA-damaging agents in double-negative p53 cancer cell 
lines and rodent xenograft models in a dose-dependent 
manner60

• Phase I: advanced solid tumours (as a 
single agent and in combination with 
gemcitabine or irinotecan)

PF-477736 
(Pfizer)‡

CHK1 (CHK2) • In vitro: K
i
 = 0.49 nM (CHK1) and 47 nM (CHK2)61; reduced 

IR-induced G2 arrest in a clonogenic survival assay, consistent 
with abrogation of the G2 checkpoint; increased the number 
of cells entering mitosis following IR61; increased DNA 
damage in gemcitabine-treated tumour cells61

• Phase I: advanced solid tumours in 
combination with gemcitabine

7-hydroxy-
staurosporine, 
also known as 
UCN-01‡§

CHK1 and 
MARK3 (PKC, 
PDK1, GSK3β, 
CDK1, CDK2  
and CHK2)

• Inhibited CHK1 (IC
50

 = 11 nM) and MARK3 (IC
50

 = 27 
nM)158; 100-fold less potent against CHK2 (IC

50
 = 1040 

nM) than CHK1158; inhibited PKC isozymes (for example, 
Ca2+-dependent PKC; IC

50
 = 30 nM), PDK1 (IC

50
 = 33 nM), 

GSK3β (IC
50

 = 70 nM), and CDK1 and CDK2 (IC
50

 = 300–600 
nM) in vitro 

• Abrogated DNA damage-induced G2 arrest, leading to 
mitotic entry and subsequent cell death131

• Phase I: leukaemia and MDS (with 
perifosine); solid tumours (with irinotecan); 
lymphoma and solid tumours (with 
prednisone).

• Phase II: RCC, melanoma and lymphoma 
(as a single agent); SCLC (with topotecan)

XL844, also 
known as 
EXEL-9844 
(Exelixis)*

CHK1 and 
CHK2 (VEGFR2, 
VEGFR3, FLT3 
and PDGFR)

• Inhibited CHK1 (K
i
 = 2.2 nM) and CHK2 (K

i
 = 0.07 nM)59; 

inhibited FLT3, VEGFR3, VEGFR2 and PDGFR with IC
50

 < 20 
nM59; enhanced gemcitabine-induced cell killing in several 
cell lines and a human pancreas carcinoma xenograft model59

• Phase I: advanced solid tumours or 
lymphoma (as a single agent and in 
combination with gemcitabine)

Data extracted from http://www.clinicaltrials.gov. *Oral. ‡ Intravenous. §This compound was developed by one or more academic groups; see references for details. 
CDK, cyclin-dependent kinase; CHK, checkpoint kinase; FLT3, fms-related tyrosine kinase 3; G2, second gap; GSK3β, glycogen synthase kinase 3β; IC

50
, compound 

concentration that caused 50% inhibition of kinase activity (in vitro kinase assays) or cellular proliferation (cell proliferation assays); IR, ionizing radiation;  
K

i
, inhibition constant; MAPK2, mitogen-activated protein kinase 2; MARK3, MAP–microtubule affinity-regulating kinase 3 (also known as CTAK1);  

MDS, myelodysplastic syndromes; PDGFR, platelet-derived growth factor receptor; PDK1, phosphoinositide-dependent protein kinase 1; PKC, protein kinase C; 
SCLC, small-cell lung carcinoma; RCC, renal cell carcinoma; VEGFR, vascular endothelial growth factor receptor. 
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The vinyl-pyrimidine ENMD-2076 (FIG. 2) is another 
orally active aurora kinase inhibitor, which shows selec-
tivity for aurora A. It also targets angiogenesis kinases 
(that is, SRC, KIT, focal adhesion kinase and vEGFR2)78. 
ENMD-2076 inhibited tumour growth and reduced 
microvessel density in various tumour xenografts, pro-
viding a unique combination of antiproliferative and 
anti-angiogenic effects78. This compound is currently 
in Phase I trials in patients with advanced cancer and 
multiple myeloma.

With the exception of vX-680, the development of 
which was discontinued after reports of QT prolonga-
tion, preliminary data from clinical trials of aurora kinase 
inhibitors have generally indicated disease stabilization, 
the best response being achieved in solid tumours79. 
The main dose-limiting toxicity of most aurora kinase 
inhibitors was neutropaenia (loss of neutrophils), with 
consequent nausea and fatigue. Further investigation is 
necessary to assess the potential advantages of selectively 
targeting individual aurora kinases.

Several recently solved crystal structures of aurora A  
and aurora B in complex with either ADP or small-mol-
ecule inhibitors80 have allowed for the synthesis of novel 

compounds with increased specificity for aurora A or  
aurora B (for example, see the aurora A-specific 2-furyl 
quinazoline TC-28 in BOX 5 and Supplementary infor-
mation S2 (table)), which will be useful to decipher 
the therapeutic value of independently targeting these 
two kinases.

Recent in vitro studies with hypermutagenic cancer 
cell lines identified mutations in the ATP-binding site 
of aurora B which conferred resistance to several ATP-
competitive inhibitors of different chemical classes, 
including ZM447439, MLN8054, vX-680 and hes-
peradin81. These observations indicate the risk of the 
emergence of drug-resistant aurora kinase mutants, as 
seen with BCR–ABL kinase inhibitors. It may therefore 
be valuable to generate and characterize different aurora 
kinase mutants in order to explore them as novel targets 
for structure-based drug design. In addition, the devel-
opment of non-ATP-competitive aurora kinase antago-
nists, such as allosteric inhibitors (discussed below), 
could be of help in preventing resistance.

SAC kinases may be relevant targets in cancer ther-
apy as part of strategies aimed at silencing the mitotic 
checkpoint. It is important to note that weakened SAC 

Table 4 | Selected inhibitors of aurora kinases in clinical trials 

inhibitor 
(company)

Main targets 
(other targets)

Preclinical study data clinical trials

AZD1152 
(AstraZeneca)‡

Aurora B and 
aurora C  
(aurora A)

• In vitro: IC
50

 = 3.7 nM (aurora B), 4.6 nM (aurora C) and 687 nM (aurora A)74

• Induced growth arrest, polyploidy and promoted apoptosis in various human 
tumour xenografts75, 159 and AML cell lines76

• Sensitized tumour cells to radiotherapy in vitro and in vivo77

• Phase I–II: AML and advanced 
solid tumours; dose-limiting 
toxicity was neutropaenia

AT-9283 
(Astex)‡

Aurora A and 
aurora B (JAK2, 
JAK3, BCR–ABL, 
the BCR–ABL 
mutant T315I, 
TYK2 and  RSK2)

• In vitro: IC
50

 = 3 nM (aurora A and aurora B); inhibited JAK2, JAK3 and the 
BCR–ABL mutant T315I with IC

50
 = 1.1–4.0 nM, and TYK2 and RSK2 with IC

50
 

< 10 nM in vitro160; exhibited potent inhibitory effects in human leukaemia 
cell lines expressing wild-type BCR–ABL or its mutant forms160

• Phase I–II: adult solid 
tumours, NHL, AML, ALL, 
CML, MDS and  myelofibrosis

CYC-116 
(Cyclacel)*

Pan-aurora 
(VEGFR2)

• In vitro: IC
50

 = 19 nM (aurora B), 44 nM (aurora A), 65 nM (aurora C); inhibited 
VEGFR2 (IC

50
 = 69 nM)161; inhibited the spindle checkpoint and cytokinesis, 

resulting in polyploidy and induction of apoptosis161; antitumour activity in 
various human solid tumour and leukaemia xenograft models161

• Orally bioavailable

• Phase I: advanced solid 
tumours

ENMD-2076 
(Entremed)*

Aurora A (SRC, 
KIT, PTK2, 
VEGFR2 and 
aurora B)

• In vitro IC
50

 = 14 nM (aurora A) and 290 nM (aurora B) 78; inhibits angiogenesis 
kinases with IC

50
 = 5 nM (PTK2), 40 nM (KIT), 80 nM (VEGFR2) and 100 nM 

(SRC)78; inhibited tumour growth and reduced microvessel density in various 
tumour xenografts78

• Phase I: advanced cancer and 
multiple myeloma

GSK1070916 
(GlaxoSmith -
Kline)

Aurora B  and 
aurora C  
(aurora A)

• Inhibited aurora kinases with K
i
 = 0.38 nM (aurora B), 1.5 nM (aurora C),  

490 nM (aurora A)162; induced tumour regression in mice bearing human 
colon carcinoma xenografts at a dose of 100 mg per kg (maximum tolerated 
dose) for each of 5 days with two cycles162; long dissociation half lives from 
aurora B–INCENP and aurora C–INCENP complexes162

• Phase I: advanced solid 
tumours

MLN8237 
(Millennium)*

Aurora A  
(aurora B)

• Inhibited recombinant aurora A with IC
50

 = 1 nM; active against 
neuroblastoma xenografts in vivo (more than standard chemotherapy) and 
ALL xenografts71

• Induced cytotoxicity and cell cycle arrest in G2–M phase in multiple 
myeloma cellular models (at 0.25 mM)73

• Daily oral administration (20 mg per kg twice daily) to mice bearing 
lymphoma or leukaemia xenografts was well tolerated and significantly 
reduced tumour growth72

• Phase I–II: paediatric solid 
tumours or ALL

• Phase II: adult NHL, 
leukaemia and MDS, and 
ovarian, fallopian tube and 
peritoneal carcinoma

• Phase I: advanced solid 
tumours and haematological 
malignancies

MLN8054 
(Millennium)*

Aurora A  
(aurora B)

• In vitro: IC
50

 = 4 nM (aurora A) and 172 nM (aurora B)70; in cells, showed selective 
aurora A inhibition at 1 mM, and unselective aurora A and aurora B inhibition at 
concentrations > 1 mM70; blocked cells in G2–M phase and induced spindle 
defects and apoptosis70; induced regression of human tumour xenografts70

• Phase I: advanced solid 
tumours and other 
malignancies;  
trials discontinued
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signalling, owing to mutations of checkpoint regulators  
or changes in their expression levels, might induce chro-
mosomal instability and cell transformation (BOX 4). 
Tumour-associated mutations in SAC kinases have been 
shown to weaken the fidelity of checkpoint signalling8. 
However, further weakening or even silencing of the SAC 
pathway may be lethal for these cells8,10. Consequently, 
increasing the rate of chromosomal instability of tumour 
cells with drugs that target essential SAC kinases could 
be a successful strategy to selectively kill cancer cells. To 
date, among the SAC kinases, chemical inhibitors have 
been identified only for aurora B and MPS1. MPS1 inhib-
itors, namely cincreasin82 and SP600125 (REF. 83), have 
been reported to block the mitotic checkpoint, causing 
chromosome mis-segregation. However, whether this 
can induce apoptosis in cancer cells remains to be elu-
cidated. The discovery and characterization of new SAC 
inhibitors are eagerly awaited.

Clearly, the strategy of silencing the mitotic checkpoint 
also raises concerns regarding potential increases in chro-
mosomal instability in proliferating non-cancerous cells 
when inhibition is incomplete, with consequent risks 
of associated tumorigenesis. Whether SAC inhibition 

might preferentially kill cancer cells over normal cells 
is currently unknown. However, this approach would 
not differ substantially from treatment with antican-
cer drugs such as taxanes or vinca alkaloids, which are 
largely non-selective for tumour cells or healthy cells 
but nevertheless have been successfully used for many 
years. Preclinical studies in animal models, such as 
the generation of strains with disabled SAC signalling, 
will be useful for evaluating the therapeutic validity of 
individual candidate targets in the context of a defined 
cancer course.

PLKs. In mammals, the PLK family comprises four struc-
turally related but functionally distinct proteins: PLK1, 
PLK2 (also known as SNK), PLK3 (also known as FNK 
and PRK) and PLK4 (also known as SAK)6. PLK1 is the 
best-characterized family member, and several studies 
describe its essential and non-redundant functions for 
activation of the CDK1–cyclin B complex at the G2 to M 
phase transition, centrosome maturation, spindle forma-
tion, chromosome segregation and cytokinesis. Recently, 
a role for PLK1 in regulating aurora A localization and 
activity on centrosomes was also discovered84.

Table 4 (cont.) | Selected inhibitors of aurora kinases in clinical trials 

inhibitor 
(company)

Main targets 
(other targets)

Preclinical study data clinical trials

PF-03814735 
(Pfizer)*

Aurora A and 
aurora B (NA)

• Orally bioavailable ATP-competitive inhibitor of aurora A and aurora 
B; proof-of-mechanism data are yet to be disclosed

• Phase I: advanced solid 
tumours

PHA-739358 
(Pfizer/Nerviano)‡

Pan-aurora 
(BCR–ABL, RET, 
TRKA and FGFR1)

• In vitro: IC
50

 = 13 nM (aurora A), 79 nM (aurora B), 61 nM (aurora C); 
inhibited FGFR1, BCR–ABL, RET and TRKA (IC

50
= 25–47 nM)163,164; 

antitumour activity in different human tumour xenografts in nude 
mice and in spontaneous and transgenic animal tumour models163

• Phase II: CML that 
relapsed after imatinib or 
BCR–ABL-targeted therapy; 
MHRPC

R763, also known as 
AS703569 (Rigel)*

Pan-aurora (NA) • Blocked cell cycle progression and induced apoptosis in several 
tumour cell lines and xenografts§ 

• Initial results from a Phase I trial established tolerated dose levels165

• Phase I: advanced solid 
tumours

SNS-314 (Sunesis)‡ Pan-aurora  
(VEGFR3, CSF1R, 
DDR2 and AXL)

• In vitro: IC
50

 = 3.4 nM (aurora C), 9 nM (aurora A) and 31 nM (aurora 
B); inhibited TRKA, TRKB, VEGFR3, CSF1R, DDR2 and AXL (IC

50
 < 100 

nM)166; induced defects in spindle checkpoint and cytokinesis, leading 
to multiple rounds of endoreduplication and cell death; suppressed 
tumour growth in mice bearing a human colon carcinoma xenograft166

• Phase I: advanced solid 
tumours (completed in 
March 2009)

SU-6668 (Sugen)* Aurora A and 
aurora B  
(VEGFR2, PDGFRβ, 
FGFR1 and TBK1)

• ATP-competitive inhibitor of multiple tyrosine kinases, with highest 
potency against PDGFR, aurora B and KIT (in vitro IC

50
 < 50 mM)167; 

in vitro: IC
50

 = 0.047 mM (aurora B), 0.85 mM (aurora A) and 1.4 mM 
(TBK1)167

• Inhibited angiogenesis and tumour growth in a diverse panel of 
human tumour xenografts168 

• Prevented colon cancer liver metastasis in mice169

• Phase I: advanced solid 
tumours 

VX-680, also known 
as MK-0457  
(Vertex/Merck)‡

Pan-aurora   
(JAK and the  
BCR –ABL mutant 
T315I170)

• In vitro: IC
50

 = 0.7 nM (aurora A), 18 nM (aurora B) and 4.6 nM (aurora C)  
in vitro70; blocked cell cycle progression and induced apoptosis in 
human leukaemia xenografts70

• Phase I–II: colorectal cancer, 
NSCLC, ALL, CML and solid 
tumours; trials discontinued 
owing to QT prolongation in 
1 in 100 patients

VX-689, also 
known as MK-5108 
(Vertex/Merck)*

Aurora kinases 
(NA)

NA • Phase I: advanced or 
refractory solid tumours 
(as a single agent and in 
combination with docetaxel)

Data extracted from http://www.clinicaltrials.gov. *Oral. ‡ Intravenous. §See http://www.rigel.com/rigel/oncology. ALL, acute lymphoblastic leukaemia;  
AML, acute myeloid leukaemia; CML, chronic myeloid leukaemia; CSF1R, macrophage colony-stimulating factor 1 receptor (also known as FMS); DDR2, discoidin 
domain-containing receptor 2; FGFR, fibroblast growth factor receptor; G2, second gap; IC

50
, compound concentration that caused 50% inhibition of kinase 

activity (in vitro kinase assays) or cellular proliferation (cell proliferation assays); INCENP, inner centromere protein; JAK, janus kinase; M, mitosis; MDS, 
myelodysplastic syndromes; MHRPC, metastatic hormone-refractory prostate cancer; NA, not available; NHL, non-Hodgkin’s lymphoma; NSCLC, non-small-cell 
lung carcinoma; PDGFRβ, platelet-derived growth factor receptor-β; PTK2, protein tyrosine kinase 2 (also known as FAK); RSK2, ribosomal S6 kinase 2; TBK1, 
tank-binding kinase 1; TYK2, tyrosine kinase 2; VEGFR, vascular endothelial growth factor receptor. 
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PLK1 overexpression has been observed in a wide 
range of tumour types and is often associated with a poor 
prognosis85. Furthermore, PLK1 mutations could play a 
part in tumorigenesis86. PLK1 is an attractive anticancer 
target because targeted interference in PLK1 function 
induces prolonged mitotic arrest and subsequent onset 
of apoptosis. Thus, PLK1 inhibition could potentially 
have the same effect as the microtubule toxins in causing 
mitotic arrest, without disrupting microtubule dynamics 
in non-cycling cells, thereby circumventing the adverse 
effects arising from tubulin interference in non-cancerous 
cells. Indeed, normal cells seemed to be less sensitive to 
PLK1 depletion than transformed cells87,88.

Numerous compounds have been identified that 
potently block PLK1 activity in an ATP-competitive 
manner70. Among these, the dihydropteridinone BI 2536 
(FIG. 2) (currently in Phase I–II trials), the thiophene ben-
zimidazole GSK461364A (currently in Phase I trials) and 
the stilbene HMN-214 (currently in Phase I trials) are 
the most clinically advanced (TABLE 5 and Supplementary 
information S1 (table)). Another compound that is cur-
rently in clinical testing, oN01910, was initially described 
as a PLK1 inhibitor, but subsequent studies found this not 
to be so89.

BI 2536 is a potent PLK1 inhibitor90 with substantial 
antitumour activity in xenograft models89. Initial Phase I 
trials concluded that BI 2536 is well tolerated, with 
reversible neutropaenia representing the dose-limiting 
toxicity91. Interestingly, a chemical genetic study using 
this compound proved that aurora A autophosphoryla-
tion, necessary for its activation on the centrosome, is 
under the control of PLK1 (REF. 84). This finding suggests 
that the antimitotic efficacy of PLK1 inhibitors could be 

the result of a dual mechanism that affects both PLK and 
aurora A signalling pathways84. Similarly, a novel potent 
and selective PLK1 inhibitor, a thiazolidinone known as 
TAL (BOX 5 and Supplementary information S2 (table)), 
has been used to gain further insight into the regula-
tion of PLK1 during mitotic exit and cytokinesis92. By 
contrast, another recently described PLK1 inhibitor, the 
benzothiazole N-oxide derivative cyclapolin 1, showed 
a cellular phenotype that was not fully consistent with 
selective PLK1 inhibition, as only a small fraction of 
treated cells were arrested in M phase70.

A wealth of data on PLK1 inhibition is currently 
present in the literature, and the recent disclosure of the 
crystal structure of a PLK1 mutant in complex with a 
non-hydrolysable ATP analogue93 could further encour-
age the discovery and optimization of small-molecule 
inhibitors, with the goal of achieving tumour cell anti-
proliferative activity at sub-micromolar concentrations. 
However, caution should be taken when postulating 
that the mode of action of a drug is PLK1 inhibition, as 
potential off-target effects may contribute to the observed 
phenotype. In addition, ATP-competitive antagonists of 
PLK1 might also inhibit other members of the PLK family, 
which seem to have a diverse range of functions in SAC 
response and centriole biogenesis6, increasing the risk of 
side effects. validation using PLK1-specific cellular assays 
is therefore necessary.

Novel strategies for cell cycle kinase inhibition
Mimicking RBL2 tumour suppressor functions. The 
growth suppression functions of retinoblastoma-like pro-
tein 2 (RBL2; also known as p130) have been established in 
certain tumour types94,95 (BOX 1). Recently, a 39-amino-acid 

Table 5 | Selected inhibitors of polo-like kinases (PLKs) in clinical trials 

inhibitor 
(company)

Main targets 
(other targets)

Preclinical study data clinical trials

BI 2536 
(Boehringer 
Ingelheim)‡

PLK1 and PLK2 
(PLK3, ERBB4, 
HGFR, PI3Kα and 
TIE2)

• In vitro: IC
50

 = 0.8 nM (PLK1), 3.5 nM (PLK2), 39.0 nM (PLK3); IC
50

 < 
10nM for ERBB4, HGFR, PI3Kα and TIE2 (REF. 90)

• Induced mitotic arrest and apoptosis (IC
50

 = 2-30 nM) in multiple 
tumour cell lines89; induced tumour regression in human colon 
carcinoma xenografts89

• Phase II: AML and solid tumours 
Phase I: NHL

GSK461364 
(GlaxoSmith -
Kline)‡

PLKs (aurora A 
and CDK2)

• In vitro: IC
50

 = 2.2 nM (PLK1), 9.1 nM (PLK3),  4.8 nM (aurora A) and  
7.6 nM (CDK2)171; induced arrest in G2–M phase, mitotic spindle 
defects and apoptosis in tumour cells and, to a lesser degree, 
normal human fibroblasts171

• Phase I: advanced solid tumours and 
NHL

HMN-214  
(Nippon 
Shinyaku)*

PLK1 (NA) • Induced arrest in G2–M phase, showed antitumour activity in 
various human xenografts and was reported to interfere with  
the subcellular spatial location of PLK1 (REFS 172–174)

• In a Phase I study in patients with advanced cancer, the maximum 
tolerated oral daily dose was 8 mg per m2 per day172-174

• Phase I: advanced solid tumours

ON 01910 
(Onconova)‡

NA • Initially reported as a non-ATP-competitive PLK1 inhibitor but 
was subsequently found not to inhibit purified PLK1 up to  
30 mM89 

• Cellular phenotype consistent with inhibition of microtubule 
dynamics70

• Phase I–II: MDS and ovarian cancer  
(as a single agent) 

• Phase I: lymphoid malignancies  
(as a single agent) 

• Phase I: hepatoma and other advanced 
solid tumours (in combination with 
irinotecan, oxaliplatin or gemcitabine) 

Data extracted from http://www.clinicaltrials.gov. *Oral. ‡ Intravenous. AML, acute myeloid leukaemia; G2, second gap; HGFR, hepatocyte  growth factor receptor 
(also known as MET); IC

50
, compound concentration that caused 50% inhibition of kinase activity (in vitro kinase assays) or cellular proliferation (cell proliferation 

assays); M, mitosis; MDS, myelodysplastic syndromes; NA, not available; NHL, non-Hodgkin’s lymphoma; PI3Kα, phosphoinositide 3-kinase-α; TIE2, tunica interna 
endothelial cell kinase (also known as TEK). 
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peptide derived from the spacer region of RBL2, SPA310, 
was found to retain the CDK2 inhibitory activity and 
growth arrest properties of the full-length RBL2 spacer 
domain, both in vitro and in vivo96. SPA310 induced cell 
cycle arrest in the G0–G1 phase and suppressed tumour 
formation and progression in nude mice96. These observa-
tions point to SPA310 as a candidate template molecule for 
the design of novel CDK inhibitors that function as growth 
suppressors.

Cyclin-binding inhibitors. In their active complexes, 
the regulatory subunits of CDKs, the cyclins, contain an 
exposed, hydrophobic groove. This is conserved in cyclins 
A, B, D and E97, located more than 40 Å from the catalytic 
site on CDKs and functions as an anchor point for sub-
strate recruitment. This site is recognized by numerous 
cell cycle substrates (for example, RB1, RBL1 (also known 
as p107), RBL2, p53 and E2F transcription factors) and 
endogenous inhibitory proteins (for example, p27 (also 
known as CDKN1B and KIP1) and p21 (also known as 
CDKN1A and CIP1)), which contain an Arg/Lys–X–Leu 
(‘RXL’ or ‘KXL’) motif. Cell-permeable peptides contain-
ing this motif have been reported to induce apoptosis in 
tumour cells98 and inhibit tumour growth in vivo99, pre-
sumably through inhibition of E2F phosphorylation by 
CDK2–cyclin A in late S phase, which is necessary for the 
cell to avoid an apoptotic trigger. A similar mode of action 
has been proposed to explain the antitumour activity of 
SPA310 (REF. 100). Development of synthetic CDK inhibi-
tors, based on small molecules such as SPA310 or other 
peptides containing the RXL or KXL motif, could offer 
the advantage of enhancing selectivity for CDKs over  
non-CDK protein kinases.

Protein–protein interactions have long been con-
sidered complicated drug targets owing to the inherent 
difficulty of designing small molecules that are able to 
disrupt interactions that occur over large, flat areas. 
However, novel approaches are beginning to emerge 
following identification of protein binding ‘hot spots’, 
such as key contact residues that mediate protein–
protein interactions101. For example, a recent compu-
tational method was generated to replace key binding 

residues with non-peptidic fragments and applied to the 
design of pharmaceutically acceptable cyclin-binding 
inhibitors102. Another recent study describes peptide 
templates for blocking the formation of CDK–cyclin 
complexes103.

Allosteric inhibition of mitotic kinases. Recent crystallo-
graphic studies of the AGC (cAMP-dependent, cGMP-
dependent, protein kinase C) family of kinases revealed 
the presence of a conserved hydrophobic pocket that 
mediates interactions with substrates, which in some 
cases favour the catalysis of ATP by the kinases (allos-
teric activation)104. Analogous interactions through an 
equivalent hydrophobic pocket found in aurora kinases 
have been suggested to be responsible for the allosteric 
activation of aurora A and aurora B by their respective 
partner proteins, TPX2 (REF. 105) and inner centromere 
protein (INCENP)106. This hydrophobic pocket in aurora 
kinases might therefore provide an additional docking 
site for which novel allosteric small-molecule inhibitors 
could be designed.

Blocking the polo box domain of PLK1. The carboxy- 
terminal region of PLKs displays a characteristic fold of 
a six-stranded β-sheet and an α-helix, referred to as the 
‘polo box’, and is responsible for substrate recognition 
and cellular localisation6. Peptides that target the polo 
box of PLK1 have been shown to decrease its kinase 
activity107 and, recently, the first non-peptidic PLK1 
polo box blocker, poloxin, has been described108. Poloxin 
(BOX 5 and Supplementary information S2 (table)) is a 
synthetic thymoquinone which was reported to induce 
mitotic arrest and apoptosis in HeLa cervical carcinoma 
cells. Because the polo box domain is unique to PLKs, 
its exploitation as an alternative docking site for new 
PLK inhibitors could overcome the hurdle posed by the 
conserved nature of the ATP-binding pocket of serine–
threonine protein kinases for the development of mono-
specific inhibitors. 

Conclusions
Since the elucidation of the mechanism of mammalian 
cell division almost four decades ago, it has been estab-
lished that aberrant activity of cell cycle protein kinases 
is a hallmark of human cancer. Intensive research on 
small molecules that target cell cycle regulatory pro-
teins has led to the identification of many candidate 
inhibitors that are able to arrest proliferation and induce 
apoptosis in neoplastic cells. on the basis of advanced 
technologies that allow structure-based drug design and 
chemical genetics, and powerful screening platforms to 
investigate drug activity and target selectivity109,110, it is 
expected that novel compounds with increased potency, 
improved kinase specificity and favourable drug-like 
properties will soon be available for clinical evaluation. 
Furthermore, ongoing studies are providing new tem-
plate molecules for inhibitor design, information about 
additional docking sites on kinase targets, as well as an 
improved list of potential kinase targets, with exciting 
implications for the generation of novel mechanism-
based approaches for cancer drug development.

 Box 5 | Selected inhibitors of cell cycle kinases in preclinical screening

cyclin-dependent kinase inhibitors 
CDKi-277 (REF. 33), RO-3306 (REF. 45), Purvalanol A (REFS 28,29,175), NU6140 
(REF. 29), s-CR8 (REF. 31), N-&-N1 (also known as GP0210) (REFS 30,32), AZ703 
(REFS 176,177), JNJ-7706621 (REFS 34,35,178), RGB-286199 (REFS 179,180),  
a 1,4-diaminocyclohexyl-substituted derivative of SNS-032 (REF. 18)  
and a nipecotic amide derivative of SNS-032 (REF. 19).

DNA damage checkpoint kinase inhibitors
KU-55933 (REFS 56,57,181), CP466722 (REF. 57), CBP501 (REF. 182), NSC 109555 
(REF. 65) and VRX046617 (REF. 64).

Aurora kinase inhibitors
Hesperadin70, TC-28 (REF. 183), VE-465 (REF. 184) and ZM447439 (REF. 70).

Polo-like kinase inhibitors
Cyclapolin 1 (REF. 70),  DAP-81 (REF. 70), Poloxin (REF. 108) and TAL  (REF. 92).

For chemical structures of the inhibitors and further information on the inhibitor targets and 
study data, see Supplementary information S2 (table).
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In parallel, several promising strategies for therapeutic 
intervention are being investigated. Emerging insights 
into the specific requirement for particular interphase 
CDKs for the survival of specific tumour cells offer the 
opportunity to design clinical trials that match the target 
specificity of the drug candidate with the relevant cancer 
type. In this context, genomic technologies could be use-
ful to identify the patients that are most likely to benefit 
from these on the basis of their profile of oncogenic muta-
tions. Current research goals also include the establish-
ment of rational bases for combining CDK inhibitors with 

classical chemotherapy drugs to enhance clinical efficacy, 
inhibiting kinases that signal DNA damage to enhance 
cancer cell sensitivity to genotoxic agents, and targeting 
SAC kinases to selectively kill tumour cells by increasing 
their intrinsic chromosomal instability. Further preclinical 
studies in animal models will be required to determine 
the validity of each of these strategies. Gains from these 
studies are expected to be huge, as they will provide a 
rational basis for designing more focused clinical trials 
and, consequently, for tailoring therapies to improve 
treatment for specific tumour types.
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