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Abstract
Deregulation of the cell cycle has long been recognized as
an essential driver of tumorigenesis, and agents that selectively target key cell cycle components continue to
hold promise as potential therapeutics. We have developed AZD5438, a 4-(1-isopropyl-2-methylimidazol-5-yl)2-(4-methylsulphonylanilino) pyrimidine, as a potent
inhibitor of cyclin-dependent kinase (cdk) 1, 2, and 9
(IC 50 , 16, 6, and 20 nmol/L, respectively). In vitro,
AZD5438 showed significant antiproliferative activity
in human tumor cell lines (IC50 range, 0.2–1.7 μmol/L),
causing inhibition of the phosphorylation of cdk substrates
pRb, nucleolin, protein phosphatase 1a, and RNA polymerase II COOH-terminal domain and blocking cell cycling at
G2-M, S, and G1 phases. In vivo, when orally administered
at either 50 mg/kg twice daily or 75 mg/kg once daily,
AZD5438 inhibited human tumor xenograft growth
(maximum percentage tumor growth inhibition, range,
38–153; P < 0.05). In vivo, AZD5438 reduced the proportion of actively cycling cells. Further pharmacodynamic
analysis of AZD5438-treated SW620 xenografts showed
that efficacious doses of AZD5438 (>40% tumor growth
inhibition) maintained suppression of biomarkers, such as
phospho-pRbSer249/Thr252, for up to 16 hours following a
single oral dose. A comparison of different schedules indicated that chronic daily oral dosing provided optimal cover
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to ensure antitumor efficacy. These data indicate that
broad cdk inhibition may provide an effective method to
impair the dysregulated cell cycle that drives tumorigenesis and AZD5438 has the pharmacologic profile that provides an ideal probe to test this premise. [Mol Cancer Ther
2009;8(7):1856–66]

Introduction
In virtually all tumors, gene amplifications and/or deletions
or functional alterations of key regulators contrive to deregulate the cyclin D1-cyclin-dependent kinase (cdk) 4/p16/
pRb/E2F signaling axis (1) and, in the case of p27 and cyclin
E, have prognostic value (2, 3). These observations have
placed cdks among the most highly attractive targets for
therapeutic intervention in cancer (4).
The conventional view of cdk signaling (reviewed in refs.
5, 6) has evolved to incorporate novel activities of cyclin-cdk
complexes that have been observed in response to certain
conditions, particularly when specific cdks are depleted (reviewed in ref. 7). It seems that functional redundancy
among cdks and cyclin binding partners is a frequent event
bringing clear implications for the clinical utility of selective
cdk inhibition. Promiscuity among cdk-cyclin binding partners has been observed both in vivo and in vitro and could
drive resistance in the clinic (8, 9), with a growing number
of studies indicating that highly selective cdk inhibition
may not be therapeutically effective.
Hence, agents that simultaneously target a range of cdks
are more likely to be successful clinically than selective cdk
inhibitors, providing that an acceptable therapeutic margin
can be achieved (4). Which combination of cdk targets
would likely have greatest therapeutic benefit? Selective
cdk4 inhibitors are cytostatic in vitro, a phenotype more
likely to produce stable disease than clinical responses.
However, cdk4 inhibition in vivo results in tumor regression
(10). Targeting cdk2 has the potential to trigger apoptosis,
particularly where E2F-1 activity is already high (11). Despite the lack of selective cdk1 inhibitors being described,
dual cdk1-cdk2 inhibitors have been reported (12–14) and
combined depletion of cdk1 and cdk2 is more proapoptotic
than depletion of either cdk alone (9). cdk1 also has the attraction that it can regulate the activity of survivin (BIRC5),
which has been implicated in regulation of the spindle checkpoint and inhibition of apoptosis and is selectively expressed
in the majority of human tumor types (15). Inhibition of cdk1
rapidly down-regulates survivin expression-inducing MYCdependent apoptosis, leading to the suggestion that cdk1
inhibition might be a useful therapy for tumors that overexpress MYC, for example, in Burkitt's lymphoma (16). cdk7
and cdk9 play roles in transcriptional regulation through
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of cdk9 inhibition through lowering the threshold for apoptosis induction indicates that a rational approach both to
overcome potential redundancy and to optimize cell killing
would be to develop a combined cdk1/cdk2/cdk9 inhibitor.
Here, we describe, for the first time, the preclinical development of AZD5438, a novel orally bioavailable, cdk1, cdk2,
and cdk9 inhibitor. AZD5438 caused growth inhibition in
a range of human tumor xenografts and showed pharmacodynamic effects on cdk substrates both preclinically and in
human volunteers (23).

Materials and Methods

Figure 1. Crystal structure of AZD5438 bound to cdk2 complex. Binding mode is derived from X-ray structure determination of AZD5438
bound to the cdk2 complex at 1.6 Å resolution. This binding mode is typical of compounds from this imidazole series with hydrogen-bonding interactions with the hinge region of the protein being made between the
pyrimidine N1 and Leu83 backbone NH and between the amino NH and
Leu83 backbone carbonyl O; a third interaction between the imidazole
N1 and the Lys33 amino group picks up the sugar pocket, whereas the
sulfone tail points toward solvent and picks up an interaction with a water
molecule.

phosphorylation of serines within the COOH-terminal domain (CTD) of RNA polymerase II. Cdk7-mediated phosphorylation of RNA polymerase II leads to promoter
clearance, initiation of transcription, and recruitment of
RNA capping enzymes. Subsequent phosphorylation by
cdk9 (pTEFb) regulates productive transcript elongation
(17, 18). Cyclin H-cdk7 is also a component of the cdk activating kinase and hence contributes to both cell cycle and
transcriptional regulation (19). Both cyclin E-cdk2 and cyclin
B-cdk1 are capable of phosphorylating the CTD in vitro and
combined depletion of cdk2 and cdk1 by inducible short hairpin RNA reduces RNA polymerase II expression and CTD
phosphorylation (9, 20, 21). Flavopiridol is a potent inhibitor
of cdk9, and inhibition of expression of antiapoptotic proteins through decreased transcription of labile mRNAs encoding proteins such as Mcl-1 and XIAP may partly
account for the activity of flavopiridol in chronic lymphocytic
leukemia (4, 22).
Agents that simultaneously target cdk4 and cdk1/2 may
be less effective therapeutically because the G1 block induced by cdk4 inhibition can be antagonistic to the induction of apoptosis in S-G2 phase. Further, exploiting the value

Reagents
AZD5438, a 4-(1-isopropyl-2-methylimidazol-5-yl)-2-(4methylsulphonylanilino) pyrimidine, was synthesized by
AstraZeneca Pharmaceuticals (24).
Cell Lines
Human cancer cell lines for both in vitro and in vivo work
were obtained from the American Type Culture Collection3
and the European Collection of Animal Cell Cultures. Cells
were grown in culture conditions as previously described
(14). All culture medium was obtained from Life Technologies Cell Culture Systems, heat-inactivated FCS was from
Life Technologies, and glutamine was from Sigma.
Recombinant Kinase Assays
The ability of AZD5438 to inhibit cdk activity was examined as previously described using a scintillation proximity
assay with recombinant cdk-cyclin complexes of cyclin Ecdk2, cdk2-cyclin A, cdk4-cyclin D, and recombinant retinoblastoma substrate (amino acids 792–928) or cdk1-cyclin B1
with a peptide substrate derived from the in vitro p34cdc2
phosphorylation site of histone H1 (biotin-X-Pro-Lys-ThrPro-Lys-Lys-Ala-Lys-Lys-Leu; ref. 14). The activity of
AZD5438 against recombinant cdk5/p25 (at 2 μmol/L
ATP) was determined in a scintillation proximity assay–
based assay using peptide substrate (AKKPKTPKKAKKLOH). Inhibition of glycogen synthase kinase 3β activity
was determined with scintillation proximity assay based
on the use of human purified glycogen synthase kinase 3β
enzyme and eukaryotic initiation factor 2B substrate (at
1 μmol/L ATP). AZD5438 was screened against active recombinant human cdk6-cyclin D3, cdk7-cyclin H/MAT1
(cdk activating kinase complex), and cdk9-cyclin T using
the kinase selectivity screening service (KinaseProfiler) from
Upstate Biotechnology.
Western Blotting
SW620 cells were exposed to a range of concentrations of
AZD5438 for 2 h before preparation of cell lysates for Western blotting. For the nucleolin and protein phosphatase 1a
(PP1a) studies, cells were arrested in mitosis with nocodazole for 16 h before treatment. The following antibodies
were used: phosphospecific pRb [Biosource, and as previously described (14)]; total and Ser3 phosphorylated

3

http://www.lgcpromochem.com/atcc/
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RNA Pol II (Covance); TG3, an antibody that cross-reacts
with nucleolin only when phosphorylated by cdk1-cyclin
B (Molecular Geriatrics Corp.; ref. 25); and total and phosphorylated PP1a (Cell Signaling Technology). Phosphohistone H3 (phH3; Millipore) and cyclin E (Santa Cruz
Biotechnology) antibodies were used for ex vivo evaluation
of xenograft lysates.
Measurement of Cell Proliferation
AZD5438 was tested against solid tumor cell lines as previously described (14). Briefly, cells were incubated for 48 h
with AZD5438 at a range of concentrations. At the end of
incubation, the cells were pulsed with 5-bromo-2′-deoxyuridine (BrdUrd) and the amount of DNA synthesis was
measured. The IC50 for inhibition of proliferation was specifically determined independently of cell death. Multiple
myeloma cell lines were seeded into 96-well plates in RPMI
1640 supplemented with 10% FCS and glutamine and dosed
with AZD5438 for 72 h. Cell growth was measured using
AlamarBlue (Invitrogen) and GI50 values were calculated
with reference to pretreatment control values.
Cell Cycle Analysis by Fluorescence-Activated Cell
Sorting
To determine the effect of AZD5438 on cell cycle, synchronous MCF-7 breast cancer cells (arrested by serum starvation for 24 h and then released into medium plus serum)
and asynchronous MCF-7 were incubated with various concentrations of AZD5438 or DMSO control for 24 h at 37°C.
After incubation, cells were pulsed with BrdUrd and samples were prepared as previously described (14) for fluorescence-activated cell sorting analysis.
In vivo Studies
Swiss nude (nu/nu genotype; AstraZeneca) mice and
nude (Nude:Hsd Han:RNU-rnu; AstraZeneca) rats were
bred and housed in negative pressure isolators (PFI Systems Ltd.) at Alderley Park, United Kingdom. Experiments
were conducted on 8- to 12-wk-old female mice in full accordance with the UK Home Office Animal (Scientific Procedures) Act 1986. All human tumor xenografts except
HX147 were established by s.c. injecting 100 μL of tumor
cells (between 1 × 106 and 1 × 107 cells mixed 1:1 with
Matrigel; Becton Dickinson). HX147 tumors were derived
from fragment implants (1 mm3 pieces) from tumors taken
from mice initially implanted s.c. with 1 × 107 cells. These
tumor fragments were passaged in mice thrice before implant for antitumor work. Tumors were measured up to

three times per week with calipers, tumor volumes were calculated, and the data were plotted as geometric mean for
each group versus time, as previously described (26). Animals were randomized into treatment groups (typically
n = 10) when tumors reached a mean size of approximately
>0.2 cm 3 and >0.5 cm 3 for mice and rats, respectively.
AZD5438 was prepared in hydroxy-propyl-methyl-cellulose.
Animals were given either AZD5438 (37.5–75 mg/kg) or
vehicle control once or twice daily by oral gavage for
∼3 wk in each case. Tumor volume and percentage tumor
growth inhibition (% TGI) were calculated as described previously (26). Statistical analysis of any change in tumor
volume was carried out using a standard t test (P < 0.05
was considered to be statistically significant).
Ex vivo Analysis
To determine the pharmacodynamic effects of AZD5438
treatment, groups of mice (typically n = 3) were humanely
culled at intervals during efficacy studies and biosamples
(e.g., blood and tumors) were removed. For BrdUrd labeling, mice were injected i.p. with 0.3 mL (200 mg/kg)
BrdUrd (Sigma) at various time points before culling. For
flow cytometry, cell suspensions were prepared from the
snap-frozen tumors using an automated tissue disaggregation system (Medimachine, BD Biosystems) and fixed in
80% ethanol for a minimum of 24 h. Once fixed, tumor cell
suspensions were immunolabeled and analyzed for BrdUrd
uptake as described above. Flow cytometric determination
of phH3 suppression in tumor cell suspensions was carried
out as described elsewhere (27). For histologic analyses,
tumors were fixed in 10% neutral buffered formalin for
24 to 48 h and then processed into paraffin wax blocks.
Immunohistochemical assessment of cleaved caspase-3
was carried out as previously described (27).
For immunoblotting studies, frozen tumor samples were
homogenized in 10-fold (v/w) Cell Extraction Buffer (Invitrogen) using the Spex 6850 cryogenic freezer/mill (Spex CertiPrep). Protein content of all tumor lysates was evaluated
using Bio-Rad detergent-compatible protein assay reagents
before SDS-PAGE electrophoresis and immunoblotting studies as described above.
For pharmacokinetic studies, plasma and tumor samples were processed and AZD5438 concentrations were
determined by high-performance liquid chromatographytandem mass spectrometry, essentially as described previously (28). Pharmacokinetic analysis of plasma and tumor

Table 1. Average IC50 values in μmol/L for AZD5438 activity against a panel of cdks in vitro
cdk2-cyclin E cdk2-cyclin A cdk1-cyclin B1 cdk4-cyclin D1 cdk5-p25 cdk6-cyclin D3 cdk7-cyclin H cdk9-cyclin T
AZD5438 IC50 (μmol/L)
n
Flavopiridol IC50 (μmol/L)
n
R-roscovitine IC50 (μmol/L)
n

0.006
10
0.282
6
0.249
3

0.045
3
0.405
3
2.122
3

0.016
6
0.027
2
0.669
4

0.449
3
0.132
6
≥10
3

0.014
2
ND
—
0.331
4

0.021
1
0.395
1
≥30
1

0.821
1
0.514
1
0.513
1

0.020
1
0.011
1
0.572
1

Abbreviations: n, number of repeats; ND, not done.
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Figure 2. Mechanism of action of AZD5438 in vitro. A, asynchronously growing SW620 cells were dosed with a range of concentrations of AZD5438
or DMSO vehicle and the effect on phosphorylation status of the cdk2 substrate pRb measured by Western blotting using phosphospecific antibodies as
indicated. B, SW620 cells were arrested in mitosis with nocodazole treatment for 16 h before treatment with AZD5438 for 2 h. The effect on phosphorylation of cdk1 substrates phosphonucleolin (TG3 and Nucleolin panels) and PP1a (bottom) was measured. The data in A and B are representative of at
least two independent experiments. C, the kinetics (black columns) and recovery (gray columns) of pRb phosphorylation (pSer249/pThr252) was further
investigated in SW620 cells by exposing cells to 2 μmol/L AZD5438 for up to 2 h. Note that the pRb phosphorylation returned to near control levels within
5 min after removal of compound. Data are normalized to total pRb levels and expressed relative to the 2-h time point just before washout (%T120
treated). White column C, DMSO control. D, the ability of AZD5438 and flavopiridol to inhibit the activity of cdk9 was determined by measuring the
phosphorylation of RNA polymerase II at the Ser2 site in SW620 cells, treated as in A. E, fluorescence-activated cell sorting analysis of asynchronous
MCF-7 cells treated with AZD5438 for 24 h showed an increase in the percentage of cells in G2-M (gray columns) and a reduction in the proportion of Sphase cells undergoing active DNA synthesis as measured by BrdUrd incorporation (black columns). Gating was done as previously described (14). F,
induction of a G1 block (columns with diagonal shading) was revealed when MCF-7 cells were arrested in G1 by serum withdrawal (Arr) and then released
in the presence of drug for 24 h (Rel). All data are representative of at least two independent experiments.

concentration data was done using WinNonLin Professional (version 3.1; Pharsight Corp.).

Results
AZD5438 Is a Potent Inhibitor of cdks 1, 2, and 9
AZD5438 is a 4-(1-isopropyl-2-methylimidazol-5-yl)-2-(4methylsulphonylanilino) pyrimidine (24). Analytic evidence
as well as an X-ray crystal structure of the compound bound
to cdk2 confirmed the structure (Fig. 1). AZD5438 potently

inhibited the kinase activity of cyclin E-cdk2, cyclin A-cdk2,
cyclin B1-cdk1, p25-cdk5, cyclin D3-cdk6, and cyclin T-cdk9
(IC50, 6, 45, 16, 21, and 20 nmol/L, respectively) and was 75fold less active against cyclin D-cdk4 (Table 1). AZD5438
was more potent against cdk2 and cdk1 than other drugs
in the class, flavopiridol and R-roscovitine (Table 1). In common with many other cdk inhibitors, AZD5438 also inhibited the kinase activity of p25-cdk5 and glycogen synthase
kinase 3β in vitro (IC50, 14 and 17 nmol/L, respectively;
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Table 2. Average IC50 values in μmol/L for AZD5438-mediated
growth inhibition in a broad range of human tumor cell lines
in vitro
Cell line

MCF-7
MCF-7AdR
MDA-MB-231
HCT-116
HCT-15
HT29
LoVo
SW620
Colo-205
A549
NCI-H322
NCI-H460
PC-3
DU145
A2780
HeLa
IM-9
MOLP-8
AMO-1
ARH-77
KARPAS-620
JJN-3
L-363

Description

Average IC50
(μmol/L)

SD

n

Breast
Breast
Breast
Colon
Colon
Colon
Colon
Colon
Colon
Lung
Lung
Lung
Prostate
Prostate
Ovarian
Cervix
Multiple myeloma
Multiple myeloma
Plasmacytoma
Plasma cell leukemia
Plasma cell leukemia
Plasma cell leukemia
Plasma cell leukemia

0.22
0.31
0.46
0.32
1.13
1.05
0.63
0.58
0.70
0.57
0.40
0.87
0.20
0.42
1.26
1.10
1.00
1.10
1.00
1.70
0.74
0.94
0.50

0.10
ND
0.06
0.08
0.22
0.72
0.26
0.29
0.18
0.08
0.12
0.19
0.07
0.02
0.17
0.30
ND
ND
ND
ND
ND
ND
ND

12
3
5
7
3
8
10
8
5
3
5
6
4
2
3
2
1
1
1
1
1
1
1

ref. 29). AZD5438 has not shown significant activity against
30 of 44 kinases tested in a commercially available panel
(based on ≤75% inhibition at 10 μmol/L; see Supplementary Table S1).4
AZD5438 inhibited phosphorylation of the cdk1, cdk2,
and cdk4 substrate retinoblastoma (pRb; Fig. 2A) and the
cdk1 substrates nucleolin and PP1a in SW620 cells (Fig. 2B;
refs. 30, 31). Studies were conducted in both asynchronous
and nocodazole-blocked cells harvested following treatment
with AZD5438 for 2 hours. As expected, there was a dosedependent decline in phosphorylation on treatment with
AZD5438, with an IC50 for inhibition of pRb phosphorylation at Ser249Thr252 approximately equal to the cellular IC50
for proliferation (compare Fig. 2A with IC50 data for SW620
in Table 2). Another NH2-terminal phosphorylation site,
Ser356, was also particularly sensitive to AZD5438. The inability of AZD5438 to potently inhibit phosphorylation of
the cdk4 phosphorylation sites Ser807/Ser811 and Ser780 indicated that AZD5438 was not a potent inhibitor of cdk4 in
cells. Kinetic studies of pRb phosphorylation at Ser249Thr252
revealed that >80% of pRb phosphorylation was inhibited
within 5 minutes of treatment with 2 μmol/L AZD5438
and the effect was rapidly reversed on removal of the drug
(Fig. 2C). The ability of AZD5438 to inhibit the activity

4

Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

of cdk9 was determined by measuring the phosphorylation of RNA polymerase II at the Ser2 site in SW620 cells
(Fig. 2D). A dose-dependent inhibition of Ser2 phosphorylation was observed, with relatively higher concentrations
of drug required to achieve 50% inhibition, compared with
other cdk substrates.
AZD5438 Induces Cell Cycle Arrest Consistent with Its
Activity against cdks
By phosphorylating and regulating the activity of pRb,
cdk2 plays a role in controlling the restriction point governing the G1-S transition. During S phase, cdk2 regulates the
appropriate timing of E2F-1 activity and is involved in the
initiation of DNA synthesis at origins of replication (32–34).
Cyclin A-cdk2 activity persists into G2 phase where it mediates entry into mitosis (35). Cyclin B1-cdk1 phosphorylates
numerous proteins involved in the regulation of mitosis
(36). This suggests that small-molecule dual cdk1/cdk2 inhibitors will arrest cells in G1, S, and G2-M and lead to inhibition of DNA synthesis in S phase. In common with other
cdk1/cdk2 inhibitors (14), AZD5438 induced blocks in G2M and S phase in MCF-7 cells with concomitant inhibition
of DNA synthesis as measured by BrdUrd incorporation
(Fig. 2E). The inhibition of DNA synthesis occurred
throughout S phase as suggested by the presence of cells
with intermediate DNA content that had completely
stopped replicating DNA (S-BrdUrd population in Fig. 3).

Figure 3. AZD5438 treatment in vivo leads to antiproliferative effects.
Female nude mice were s.c. implanted with SW620 tumors. When tumors
became palpable, animals were orally dosed with either vehicle or
AZD5438, and after 2 h of treatment, mice were injected i.p. with BrdUrd.
Subgroups of mice (n = 3/group/time point) were removed during experiments and cell suspensions were prepared from dissected tumors and analyzed for BrdUrd incorporation/cell cycle kinetics using flow cytometry as
described in Materials and Methods. A, typical dot plot indicating that
vehicle-treated tumor cells are able to complete cell cycle and progress
to the G1′ stage. B, effects on the G1′ population in vivo following
AZD5438 (100 mg/kg) treatment. C, summary of comparative analysis
of A versus B results.
Mol Cancer Ther 2009;8(7). July 2009
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Figure 4.

AZD5438 inhibits
growth in a panel of human tumor xenografts. Female nude
mice bearing established
BT474c (A), Colo-205 (B),
HX147 (C), PC-3 (D), and
SW620 (E and F) human tumor
xenografts were dosed by oral
gavage daily (either once or twice
daily) with either vehicle or
AZD5438 at a range of doses indicated. Points, mean tumor volume (cm3) of 8 to 10 mice; bars,
SE. F, arrows, period of dosing.

Similar results were obtained in asynchronous LoVo and
SW620 cells treated with AZD5438 (data not shown). Induction of a G1 block was revealed when MCF-7 cells arrested
in G0-G1 by serum withdrawal were released in the presence of drug (Fig. 2F).
AZD5438 Is Antiproliferative in a Range of Tumor Cell
Lines
AZD5438 is a potent inhibitor of cell cycle cdk1 and
cdk2, resulting in loss of phosphorylation of cdk-dependent
substrates and multiple blocks in cell cycle in treated cells.
Agents of this type are predicted to have broad activity
across multiple tumor types. AZD5438 has been widely
tested in proliferation assays in several cell panels representing lung, colorectal, breast, prostate, and hematologic
tumors. Representative data are shown in Table 2. The
IC50 values for inhibition of cellular proliferation across
this panel ranged from 0.2 μmol/L (MCF-7) to 1.7 μmol/L
(ARH-77). The range of differential sensitivity of cell

lines across the panels to AZD5438 was moderate and
could equally reflect differences in molecular pathology
as proliferation rates of the cell lines studied; however,
none of the cell lines was considered to be resistant to
AZD5438.
AZD5438 Treatment of Human Tumor Xenografts
Inhibits Cell Cycle Progression
AZD5438 displayed physical and pharmacokinetic properties suitable for in vivo preclinical studies. To measure the
effect of AZD5438 treatment on the progression of tumor
cells through the cell cycle in vivo, immunodeficient mice
implanted s.c. with SW620 tumors (human colorectal) were
treated with either vehicle alone or AZD5438 and pulsed
with BrdUrd (200 mg/kg, i.p.) to label cycling cells at t =
0 hour. After culling of the animals at t = 6 hours, the lysates
generated from excised tumors were analyzed using flow
cytometry as for the in vitro studies. Typical control data
generated in this model are shown in Fig. 3A. During the
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time course of the study, a significant population of cells incorporated the BrdUrd label during S phase and a proportion of these cells transited through mitosis to return to G1.
These cells can be seen in the flow cytometric analysis as a
distinctive BrdUrd-positive “spike” above the unlabeled G1
population (labeled G1′ in Fig. 3A). AZD5438 showed a
clear halt in progression through the cell cycle in this model,
as determined by a reduction in the G1′ population (Fig. 3B

and C). Similar cell cycle effects have been observed in other
human tumor lines in vivo, including PC-3 (prostate); HCT15, HCT-116, and LoVo (all colorectal); and A2780 (ovarian;
data not shown). Kinetic studies in LoVo xenografts indicated a prolonged inhibition of cells progressing through the
cell cycle to G1′ after a single dose of AZD5438 (100 mg/kg,
orally), where the G1′ population remained at ∼50% of vehicle controls at 15 hours.

Figure 5. Temporal pharmacodynamic analysis of AZD5438-sensitive tumor xenografts. AZD5438 treatment leads to phenotypic and biomarker
changes in tumor xenografts. SW620 tumor xenografts were established in female nude mice and treated orally with vehicle alone or AZD5438, as
described in Materials and Methods. Cyclin E protein levels following a single administration of AZD5438 (75 mg/kg). Data indicate Western blot (each
band representing a separate individual xenograft; A) and quantification by densitometry (B). Pharmacokinetic/pharmacodynamic responses following a
single administration of AZD5438 (25, 50, and 100 mg/kg). Data indicate phH3 (by flow cytometry; C) and phospho-pRb pSer249/pThr252 (by Western
blot; D). Concentrations of AZD5438 are shown for plasma (μmol/L/mL; E) and tumor (μmol/L/g; F). G and H, SW620 tumors were given single or
continuous treatment of AZD5438 (once daily, 75 mg/kg). Animals receiving continuous treatment were sampled on day of dosing commencement
(day 0) and then subsequently on days 6, 13, 18, 20, and 22 (*). Additional subgroups received only a single dose of AZD5438 and were also sampled
on these days. TGI response of animals completing 22 d of treatment (n = 10 per group; G) and quantitative analysis by scanning microscopy of cleaved
caspase-3–immunostained tumors (H), as described in Materials and Methods. Unless otherwise stated, the above pharmacodynamic data represent
n = 3 animals per group per time point. Bars, SE.
Mol Cancer Ther 2009;8(7). July 2009
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Table 3. Relationship between pharmacodynamic biomarkers and TGI in the SW620 xenograft model
Dose of AZD5438
(mg/kg)
100
50
25

Maximum
% TGI*

% Inhibition of pRb pSer249/pThr252
phosphorylation at 16 h after dose†,‡

AZD5438 tumor concentration
in μg/g (μmol/L/g)†

AZD5438 plasma concentration
in μg/mL (μmol/L/mL)†

75
58
32

82
49
12

1.35 (0.0029)
0.4 (0.0009)
0.14 (0.0003)

0.7 (0.0015)
1.04 (0.0022)
0.14 (0.0003)

*SW620 xenografts were established and then treated with vehicle alone or AZD5438 (once a day, orally) for 3 wk; maximum %TGI values, representing n = 10
per treatment group, were calculated as described in Materials and Methods.
†
Data generated 16 h after a single dose oral of AZD5438 (n = 3 treatment group).
‡
Phospho-RbS249/T252 percentage inhibition calculated versus vehicle-dosed control.

AZD5438 Inhibits the Growth of Human Tumor
Xenografts
AZD5438 was chronically dosed (once or twice daily orally at a range of doses) and tested for efficacy in immunodeficient rodents s.c. implanted with human tumor xenografts
derived from a wide range of different cancer types (e.g.,
breast, colon, lung, prostate, and ovarian; Supplementary
Table S2).4 Statistically significant TGI was observed against
all models screened (maximum % TGI range, 38–153%; P <
0.05; Fig. 4A–E; Supplementary Table S2).4 Greater than 40%
inhibition was seen with all the tumor xenografts dosed at
75 mg/kg/d, with the human breast xenograft BT474c showing inhibition of tumor growth by up to 124% (Fig. 4A). The
SW620 model was used to investigate several aspects of
dosing regimens with AZD5438. Clear dose responses to
AZD5438 were observed (Fig. 4E). Therapy withdrawal
studies indicated that antitumor activity could be reinstated
following drug-free periods of AZD5438 (Fig. 4F).
Temporal Pharmacodynamic Analysis of AZD5438Sensitive Tumor Xenografts
Analysis of AZD5438-treated xenografts (SW620) indicated responsiveness with several cell cycle proteins. For
example, phH3, phosphonucleolin, PP1a, and several phospho-pRb epitopes showed decreased levels in AZD5438treated tumors when compared with vehicle-treated
controls (data not shown). Western blot analysis of tumor samples for cyclin E showed elevated levels following AZD5438
treatment compared with vehicle controls (Fig. 5A and B).
A pharmacokinetic/pharmacodynamic study was undertaken in the SW620 tumor model to establish a relationship
between exposure to AZD5438 and expression of cell cycle
markers. Tumor-bearing mice were given a single bolus
dose of AZD5438 (25, 50, or 100 mg/kg, orally) and subgroups of animals were culled and analyzed for pharmacodynamic effects. Analysis of phospho-pRb pSer249/pThr252
by Western blot showed that the biomarker rapidly declined
in response to AZD5438 exposure in all treatment groups.
The largest effect was observed with the highest dose of
AZD5438, with tumors treated with 100 mg/kg remaining
having suppressed phospho-pRb pSer249/pThr252 up to the
final sample point (Fig. 5C). Similarly, levels of phH3 (by
flow cytometry), a marker of mitosis, declined and had
not recovered by 50% at the 22.5-hour time point in the
100 mg/kg AZD5438–treated group (Fig. 5D). Pharmacokinetic analysis of plasma and tumor total AZD5438 concen-

trations, from the same study, indicated a clear dose
response (Fig. 5E and F, respectively). We further explored
the relationship between pharmacodynamic factors and
therapeutic outcome by comparing phospho-pRb pSer249/
pThr252 with percentage growth inhibition after different
chronic dosing regimens of AZD5438 in the SW620 xenograft model. The results are summarized in Table 3.
In a separate SW620 study, the longer-term effects of
AZD5438 treatment were analyzed (Fig. 5G). Staining and
quantification of tumor samples on days 0, 6, 13, 18, 20,
and 22 for the apoptotic marker cleaved caspase-3 showed
elevated levels (compared against vehicle control) only after
∼2 weeks of chronic AZD5438 treatment (days 13 and 18;
Fig. 5H). To determine whether the effects were the result
of chronic AZD5438 treatment, on each of the sample days
a subgroup of animals, which had only received just a single
dose of AZD5438 on that particular day, was also taken.
Although the AZD5438 single-dose subgroup of animals
showed effects on cell cycle (as determined by BrdUrd incorporation; data not shown), there was little evidence of
apoptosis when compared with the corresponding
AZD5438 chronic dose group (Fig. 5H).

Discussion
The activity of AZD5438 against cdk1, cdk2, and cdk9 offers
an attractive therapeutic strategy in the context of recent data, suggesting that, in vitro, certain tumor cell lines can survive specific inhibition of cdk2 (9, 37) and, in vivo, there
seems to be redundancy among cell cycle cdks (reviewed
in ref. 7). In vitro, AZD5438 was a potent inhibitor of cyclin
B1-cdk1, cyclin E-cdk2, and cyclin A-cdk2, where IC 50s
against recombinant enzymes were in the low nanomolar
range at Km ATP (see Table 1). Cellular potency was shown
in SW620 cells, where AZD5438 inhibited proliferation and
inhibited phosphorylation of cdk-specific substrates. The
IC50 for inhibition of proliferation of the SW620 cell line
was 0.6 μmol/L, which was sufficient to inhibit phosphorylation of key substrates in these cells, including pRb
pSer249/pThr252, pRb pThr356, phosphonucleolin, and PP1a
pThr320 by at least 50% (see Fig. 2A and B). This suggests
that the primary mechanism of action of AZD5438 is cdk
inhibition leading to growth inhibition, consistent with the
observation of an antiproliferative effect in multiple cell
lines.
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Regulation of G1-S phase progression by pRb is primarily
a function of its ability to interact with E2F transcription factors and to repress E2F-responsive promoters leading to
growth suppression. Several phosphorylation sites on pRb
regulate its interaction with other proteins including E2F
(Ser 780 and Ser 795 ), proteins containing LXCXE motifs
(Thr821 and Thr826; refs. 38, 39), and cAbl (Ser807/Ser811;
refs. 39, 40). These sites all lie in the COOH-terminal region
(amino acids 792–928) and the conserved central pocket
(amino acids 379–792) that are essential for pRb activity.
Our analysis suggests that Ser780 is relatively refractory to
AZD5438, which may reflect the fact that this site (together
with Ser795) is phosphorylated by several kinases, including
cyclin D–dependent kinases (41), extracellular signalregulated kinase 1/2 (42), and transglutaminase 2 kinase
(43). Cyclin D1-cdk4 mediates phosphorylation of pRb on
Ser807/Ser811 (39, 40) and Thr826, whereas Thr821 is phosphorylated by both cdk2 and cdk6 (38, 39). Two cdk
phosphorylation sites that were particularly sensitive to
AZD5438 (Ser249 and Thr252) lie in the arginine-rich linker
connecting cyclin fold helices 3 and 4 of the RbN B lobe
(44). Phosphorylation at these sites by either cyclin B-cdk1
or cyclin A-cdk2 was shown to block binding of the ligand
EID-1 (44). Further evidence that the NH2-terminal domain
of pRb is functionally important comes from the recent observation that pRb inactivation can be mediated by cyclin
E-cdk phosphorylation of a single site (Thr373; ref. 45). This
site was also sensitive to AZD5438, raising the possibility
that AZD5438 could interfere with functionality of the
NH2-terminal domain of pRb by inhibiting phosphorylation
of key sites and hence altering ligand binding and RbNpocket domain interactions.
Consistent with these data, AZD5438 induced blocks in
G2-M and S phase in asynchronously growing MCF-7 cells
and potently inhibited DNA replication (measured by
BrdUrd incorporation) at 0.2 μmol/L, the IC50 for proliferation in these cells. Further studies revealed a G1 block when
MCF-7 cells were synchronized by release from serum starvation in the presence of AZD5438; however, the concentration of AZD5438 required to induce a G1 arrest was higher
than that which produced blocks in S and G2 (compare the
0.2 μmol/L dose in Fig. 2E and F), likely reflecting the fact
that although AZD5438 was found to be a potent inhibitor
of cdk6, it was also significantly less active against cdk4 and
therefore less able to induce a G1 block. Overall, the cell cycle profile induced by AZD5438 is consistent with its ability
to potently inhibit cdk1 and cdk2 as described in Table 1.
Because AZD5438 was also active against recombinant cyclin T-cdk9, we examined the ability of AZD5438 to inhibit
phosphorylation of the cdk9/pTEFβ substrate, Ser2 of the
CTD of RNA polymerase II. When compared with flavopiridol, AZD5438 was less effective at inhibiting phosphorylation at Ser2, and higher concentrations of drug (∼5 μmol/L)
were required to inhibit 50% of control phosphorylation.
This was somewhat surprising, given how similar the
IC50s for flavopiridol and AZD5438 are for recombinant
cdk9 (20 and 11 nmol/L, respectively), and may reflect differences in the inherent sensitivity of these assays. AZD5438

inhibited the activity of cdk5, a known regulator of migration in neuronal development. Although there is limited evidence for the involvement of cdk5 in the development of
cancer, it has been shown that cdk5 plays a role in regulating motility and metastatic potential of prostate cancer cells
(46). Further, the ability of roscovitine to inhibit proliferation
and induce apoptosis in the invasive breast cancer cell line
MDA-MB-231 may at least in part be explained by its ability
to inhibit cdk5 (47). These data suggest that any effect of
AZD5438 on cdk5 is worthy of further investigation. Recent
studies that define the optimal combination of cdk targets to
mediate killing of tumor cell lines found that combined depletion of cdk1 and cdk2 either by genetic or chemical
means induced a more potent antiproliferative effect than
depletion of either cdk alone, which was further enhanced
by combined cdk9 inhibition (9, 48). Taken together, these
data suggest that inhibitors targeting multiple cdks may
be more effective at inducing apoptosis in tumor cells than
selective agents targeted at single cdks.
AZD5438 significantly inhibited the growth of a range of
tumors in vivo with an efficacious dose of 75 mg/kg/d.
The effects of AZD5438 were dose and schedule dependent, with maximum antitumor activity requiring a continuous daily dosing schedule. Moreover, in an acute
pharmacodynamic model, treatment with AZD5438 inhibited the progression of cells from the G2-M into S phase,
achieving sufficient tumor and plasma drug concentrations
to inhibit cdk activity in tumor xenografts as evidenced by
inhibition of pRb phosphorylation and an increase in the
total level of cyclin E. The loss of histone H3 phosphorylation at Ser10 provided further evidence of cell cycle inhibition in this in vivo model.
The relationship between pharmacokinetic/pharmacodynamic and antitumor activity was further examined by comparing different chronic dosing regimens of AZD5438 and
efficacy readouts in the SW620 xenograft model. The summary results indicate that efficacious doses of AZD5438
(>40% TGI) maintained suppression of biomarkers (phospho-pRb pSer249/pThr252 and phH3) for at least 16 hours
following a single dose with tumor concentrations of
AZD5438 at this time point being equivalent to 0.4 μg/g
(0.0009 μmol/L/g). The effect of AZD5438 on pRb phosphorylation in vivo tracked with both plasma and tumor
concentrations of the drug and was dose dependently reversible with somewhat slower kinetics than that observed
in vitro. In scheduling studies, we observed that AZD5438
did not inhibit tumor growth when dosed every other day
(data not shown), indicating that continuous inhibition of
the target cdks was required. Interestingly, longer-term biomarker studies in SW620 xenografts indicated that, as well
as cell cycle arrest, AZD5438 treatment could lead to increased apoptosis.
AZD5438 was being developed for the treatment of a range
of solid tumors. Phase I clinical studies revealed a welltolerated agent at up to 80 mg administered as single oral
doses. The dose-limiting adverse events were nausea and vomiting (49). A further, previously reported phase I clinical
study, in which the pharmacodynamic activity of AZD5438
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was evaluated (23), showed that the ratio of phospho-pRb/
total pRb was significantly reduced 1.5 hours after 40 and
80 mg AZD5438 compared with placebo. No significant differences were noted at 6 hours after dosing, consistent with
the plasma t1/2 of 1 to 3 hours and the rapid reversibility of
pRb phosphorylation previously seen on cessation of dosing
in preclinical studies. These data support a close pharmacokinetic-pharmacodynamic relationship between AZD5438
and target inhibition, and to further understand this relationship, we built a predictive pharmacokinetic/pharmacodynamic model that describes the time course of changes
in pRb phosphorylation following administration of
AZD5438.5 This model was adapted and combined with
early human pharmacokinetic data (see ref. 49) to predict
pRb response in buccal samples from healthy volunteers in
the pharmacodynamic study described above (23). The closeness of the prediction from the model to the observed data
suggested similarities in biomarker response to pRb between
human xenograft cells implanted in nude mice and human
buccal cells in healthy volunteers. Taken together, our studies
with AZD5438 support the view that cdk inhibition is an
attractive therapeutic approach for solid tumors. Optimal
dosing regimens should aim to achieve a well-tolerated pharmacologically relevant exposure level and maintain this
exposure for 16 hours (or about one cell cycle).
AZD5438 has provided preclinical evidence in this current study, and clinical evidence elsewhere (23), that
broad-spectrum rather than targeted cdk inhibition may
be more likely to provide therapeutic benefit. The clinical
development program for AZD5438 was discontinued due
to a lack of tolerability and high variability in phase II studies in patients, thereby preventing further proof-of-concept
studies for this agent. In conclusion, AZD5438 is an orally
active inhibitor of cdk1, cdk2, and cdk9 offering good selectivity against a range of other kinases and biological targets.

19. Fisher RP. Secrets of a double agent: CDK7 in cell-cycle control and
transcription. J Cell Sci 2005;118:5171–180.
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