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Abstract

Novel therapies are urgently needed to prevent and treat tyrosine kinase inhibitor resistance in chronic myeloid leukaemia (CML).
MLN8237 is a novel Aurora A kinase inhibitor under investigation in multiple phase I and II studies. Here we report that MLN8237 pos-
sessed equipotent activity against Ba/F3 cells and primary CML cells expressing unmutated and mutated forms of breakpoint cluster
region-Abelson kinase (BCR-ABL). Notably, this agent retained high activity against the T315I and E255K BCR-ABL mutations, which
confer the greatest degree of resistance to standard therapy. MLN8237 treatment disrupted cell cycle kinetics, induced apoptosis, caused
a dose-dependent reduction in the expression of the large inhibitor of apoptosis protein Apollon, and produced a morphological pheno-
type consistent with Aurora A kinase inhibition. In contrast to other Aurora kinase inhibitors, MLN8237 did not significantly affect BCR-
ABL activity. Moreover, inhibition of Aurora A with MLN8237 significantly increased the in vitro and in vivo efficacy of nilotinib. Targeted
knockdown of Apollon sensitized CML cells to nilotinib-induced apoptosis, indicating that this is an important factor underlying
MLN8237’s ability to increase the efficacy of nilotinib. Our collective data demonstrate that this combination strategy represents a novel
therapeutic approach for refractory CML that has the potential to suppress the emergence of T315I mutated CML clones.
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Introduction

Imatinib targets the constitutively active BCR-ABL tyrosine kinase
in chronic myeloid leukaemia (CML) and has become standard
treatment based on excellent responses achieved in clinical trials
[1–3]. However, imatinib resistance can occur through several
mechanisms including BCR-ABL kinase domain mutations, ampli-
fication, overexpression and clonal evolution [4]. Successful
strategies to overcome imatinib resistance include dose escalation
or the use of second-generation BCR-ABL kinase inhibitors includ-

ing nilotinib, dasatinib or bosutinib [5–7]. However, none of these
agents are effective in CML cells harbouring the ‘gatekeeper’
T315I mutation at the base of the ATP binding pocket, which
occurs in up to 20% of imatinib resistance cases.

The discovery that Aurora kinases were abnormally
expressed in malignancies including leukaemia prompted the
development of agents that inhibit their activity [8–10]. The pan-
Aurora kinase inhibitors, MK-0457 and danusertib (PHA-
739358) have shown pre-clinical and clinical activity against
CML harbouring the BCR-ABL T315I mutation [10–13]. The anti-
leukaemia efficacy of MK-0457 in CML was originally attributed
to direct inhibition of BCR-ABL kinase activity [14, 15]. However,
a recent study demonstrated that the efficacy of MK-0457 at
clinically relevant doses in BCR-ABL� cells was primarily due to
inhibition of Aurora, rather than BCR-ABL, kinase activity [16].
The development of MK-0457 was ceased due to problems with
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cardiac toxicity observed in some patients during early phase
clinical trials with the compound. In spite of this, the clinical
responses achieved by MK-0457 in refractory CML patients have
served to maintain interest in targeting Aurora kinases for CML
therapy and a significant effort is currently being put forth to
develop new agents that inhibit Aurora kinase activity and lack
undesired cardiac side effects.

Aurora A kinase is a central mitotic regulator necessary for
mitotic entry, mitotic spindle assembly and accurate chromo-
some separation [17–19]. The therapeutic potential of specifi-
cally targeting Aurora A kinase activity as an anticancer strategy
has not been rigorously investigated because all of the agents
previously designed to target Aurora kinases have significant
off-target effects on other family members and/or BCR-ABL
kinase activity. MLN8237 is a novel, highly selective ATP-
competitive and reversible inhibitor of Aurora A kinase with 
an in vitro inhibition constant (Ki) of 0.43 nM [20]. It has a
benzazepine core scaffold and is orally available. It is approxi-
mately 200-fold more selective for Aurora A kinase than the
structurally related family member, Aurora B kinase. Moreover,
MLN8237 is selective for Aurora A kinase when compared to
most other kinases and receptors. It has shown broad-spectrum
anticancer activity in preclinical models and is currently under-
going early clinical evaluation in solid tumours and heme-
lymphatic malignancies.

We suggested that MLN8237-mediated inhibition of Aurora A
kinase activity would abrogate the growth and survival of CML
cells in a manner independent of BCR-ABL mutation status. Our
results indicate that MLN8237 impairs growth, disrupts cell
cycle kinetics, induces a cellular phenotype consistent with
Aurora A kinase inhibition and triggers apoptosis in CML cell
lines and primary human resistant CML cells including those
bearing the drug resistance conferring T315I mutation.
Furthermore, MLN8237 significantly increases the anticancer
activity of the standard agent nilotinib through a mechanism
involving down-regulation of the apoptotic and mitotic regulator,
Apollon. Our collective data demonstrate that MLN8237 is a
promising novel agent for the treatment of refractory CML that
warrants further investigation.

Materials and methods

Cells and cell culture

Ba/F3 cells with wild-type (p210) BCR-ABL with and without stable shRNA
p53 knockdown and T315I, E255K, H396P, Y253F, M351T and Q252H
mutant forms of BCR-ABL, LAMA 84, K562 cells and imatinib-resistant
K562 cells were maintained as previously described [21, 22]. Primary
human CML cells were obtained from the peripheral blood of imatinib-
resistant CML patients after obtaining informed consent in accordance with
an approved institutional IRB protocol. Normal CD34� bone marrow cells
were purchased from Stem Cell Technologies (Vancouver, British
Columbia, Canada).

Chemicals and reagents

Reagents were obtained from: MLN8237 (Millennium Pharmaceuticals,
Cambridge, MA, USA), nilotinib (Novartis Oncology, East Hanover, NJ,
USA), anti-actin, anti-active caspase-3, anti-phospho-Aurora A, anti-Aurora
A phospho-BCR, phospho-CRKL, and CRKL antibodies (Cell Signaling,
Beverly, MA, USA), anti-� tubulin (Sigma-Aldrich, St. Louis, MO, USA),
anti-Apollon antibody (Bethyl Laboratories, Montgomery, TX, USA) and
sheep antimouse-HRP and donkey anti-rabbit-HRP antibodies (Amersham,
Piscataway, NJ, USA).

Enzyme assays

MLN8237 was screened against a subset of Invitrogen’s SelectScreenTM

kinase panel at concentrations ranging between 10 and 0.00051 �M in 3-
fold serial dilutions. The enzymes screened included ABL1, ABL1 E255K,
ABL1 G250E, ABL1 T315I, ABL1 Y253F, ABL12 and Aurora A, each at the
respective apparent ATP Km.

Analysis of cell cycle effects and apoptosis

Apoptosis was evaluated by propidium iodide/fluorescence activated cell
sorting (PI/FACS) analysis of sub-G0/G1 DNA content as previously
described [21, 23].

MTT assay

Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay as previously described [21].

Colony assays

K562, LAMA 84, normal CD34� bone marrow or primary CML cells were
treated for 24 hrs with the indicated concentrations of MLN8237 and nilo-
tinib and then washed twice in PBS, seeded in Methocult methylcellulose
containing medium (Stem Cell Technologies), incubated and scored as
previously described [24].

Immunoblotting

CML cells were incubated with MLN8237, nilotinib or the combination for
24 hrs. Cells were then lysed and subjected to SDS-PAGE as previously
described [24].

In vivo evaluation of MLN8237 and nilotinib

K562 and Ba/F3 cells were harvested, washed in PBS, and suspended in a
mixture of HBSS and Matrigel (BD BioSciences, San Diego, CA, USA). An
in vivo model of CML was generated by injecting K562 or Ba/F3 cells
expressing wild-type (p210) or T315I mutant forms of BCR-ABL into the
flanks of female nude mice. After tumour growth reached 150 mm3, 



J. Cell. Mol. Med. Vol 15, No 10, 2011

2059© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

mice were randomly assigned to receive MLN8237 20 mg/kg BID 
(n � 10), Nilotinib 50 mg/kg once daily (n � 10), vehicle control (n � 10)
or both MLN8237 and Nilotinib (n � 10) for 14 days. Mice were monitored
daily and tumour volumes were measured twice weekly. At the completion
of the study, tumours were excised, formalin-fixed and paraffin-embedded
for immunohistochemical analysis.

Immunohistochemistry

Paraffin-embedded tumour sections (4–6 �m thick) were mounted on slides
and stained with haematoxylin and eosin as previously described [25].

Terminal deoxyribonucleotide-transferase–
mediated dUTP nick-end labeling assay (TUNEL)

TUNEL staining and quantification were performed as previously described [25].

shRNA knockdown of p53

Ba/F3 p210 cells were infected with a retrovirus encoding a short hairpin
RNA (shRNA) sequence specific for the knockdown of murine p53 or an
empty vector control as previously described [26].

siRNA transfection

Apollon and Aurora kinase A SMARTpool or siCONTROL siRNA directed at
luciferase (Dharmacon, Lafayette, CO, USA) were transfected into CML
cells as previously described using the Nucleofector II according to the
manufacturer’s instructions (Amaxa, Inc., Gaithersburg, MD, USA) [26].
Transfected cells were treated with the indicated concentrations of
MLN8237 and nilotinib for 48 hrs. Drug-induced apoptosis was quantified
by PI/FACS as described above.

Statistical analyses

Statistical significance of differences observed between samples was deter-
mined using the Tukey–Kramer comparison test or the Student’s t-test.
Differences were considered significant in all experiments at P � 0.05.

Results

MLN8237 impairs growth, disrupts cell cycle
kinetics and induces apoptosis in CML cell lines

Treatment with MLN8237 inhibited the in vitro growth and survival
of the human K562 and LAMA 84 CML cell lines with IC50 values
less than 100 nM (Fig. 1A). Considering that inhibition of the
Aurora kinases results in mixed outcome, including polyploidy and

G2/M growth arrest, we assessed the cell cycle distribution and
apoptotic fraction (sub-G0/G1) of cells treated with MLN8237 by
propidium iodide staining and flow cytometry. MLN8237 treat-
ment disrupted cell cycle kinetics as demonstrated by the accumu-
lation of cells in G2/M phase and cells with �4N DNA prior to the
onset of apoptosis (sub-G0/G1) in a dose- and time-dependent
manner (Fig. 1B, C).

MLN8237 has in vitro and in vivo antiproliferative
effects in imatinib-resistant cells and its activity
is unaffected by impairment of p53 function

Loss or mutation of the tumour suppressor gene TP53 occurs in
over 30% of cases of CML blast crisis and can impede the
response to therapy [27–29]. We evaluated the potential impact of
loss of p53 function on cellular sensitivity to MLN8237 by achiev-
ing stable shRNA-mediated p53 knockdown in Ba/F3 cells
expressing p210 BCR-ABL. Cells were treated with the chemother-
apeutic agent vincristine and immunoblotting analyses of the
expression of p53 and its direct transcriptional target, p21, were
conducted to confirm functional p53 knockdown. Impairment of
p53 function did not significantly affect the anticancer activity of
MLN8237, indicating that it may be an effective agent for patients
with p53 defects (Fig. 2A). To investigate the potential impact of
imatinib resistance on the efficacy of MLN8237, we treated Ba/F3
expressing unmutated BCR-ABL and the clinically relevant tyro-
sine kinase inhibitor resistant BCR-ABL mutants T315I, E255K,
H396P, Y253F, M351T and Q252H as well as K562 cells that are
sensitive and resistant to imatinib due to differential expression of
unmutated BCR-ABL with this agent for 96 hrs. Notably, MLN8237
inhibited the viability of Ba/F3 cells expressing unmutated BCR-
ABL and mutated BCR-ABL and imatinib-sensitive and –resistant
K562 cells at similar concentrations (Fig. 2B) [22]. We next cre-
ated an animal model of unmutated and T315I-mutated CML by
injecting Ba/F3 cells expressing p210 or T315I-mutated BCR-ABL
into the flanks of nude mice to investigate the in vivo efficacy of
MLN8237 against CML cells bearing the T315I mutation.
Consistent with our in vitro data, MLN8237 possessed equipotent
in vivo activity against xenografts of Ba/F3 cells expressing unmu-
tated and imatinib, nilotinib and dasatinib resistant T315I-mutated
forms of BCR-ABL (Fig. 2C). We subsequently determined the
anti-leukemic effects of MLN8237 against primary CML cells from
three imatinib refractory patients, (one each from a patient in
chronic phase CML, blast crisis CML and a patient in blast crisis
harbouring the T315I mutation) and primary leukaemia cells from
a patient with Philadelphia chromosome positive acute lympho-
cytic leukaemia. MLN8237 equally inhibited the viability of primary
human CML cells from patients with unmutated and T315I-
mutated BCR-ABL (Fig. 2D). As primary cells do not tend to
actively proliferate in culture, higher concentrations of MLN8237
were needed to inhibit their viability compared to CML cell lines.
Normal peripheral blood mononuclear cells cultured under the
same conditions were less susceptible to the effects of MLN8237
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compared to the primary CML cells, thus demonstrating the ther-
apeutic selectivity of this agent (Fig. 2D). Collectively, these results
suggest that the activity of MLN8237 in CML cells is unaffected by
BCR-ABL mutational status or impairment of p53 function.

MLN8237 inhibits autophosphorylation 
of Aurora A without affecting BCR-ABL activity

We next determined the in vitro inhibitory effects of MLN8237 on
Aurora A kinase. Exposure of cultured K562 cells to 30 nM
MLN8237 reduced the phosphorylation of Aurora A kinase as
demonstrated by reduced phosphorylation of Aurora A at Thr288

within its kinase activation loop without affecting the total levels of
Aurora A (Fig. 3A). As mentioned earlier, there has been some
controversy regarding whether the anti-leukemic activity of MK-
0457, which is no longer being clinically developed, was due to
inhibition of Aurora kinases, BCR-ABL or both. In contrast to 
MK-0457, MLN8237 is a potent inhibitor of the Aurora A enzyme
(IC50 � 2 nM) and demonstrated approximately 50–700-fold
selectivity against various ABL isoform enzyme assays (Fig. 3B).
To confirm that efficacious concentrations of MLN8237 do not sig-
nificantly affect BCR-ABL activity, we evaluated its effect on BCR-
ABL autophosphorylation and phosphorylation of the BCR-ABL
direct substrate CRKL, which are accurate predictors of BCR-ABL
kinase activity. Consistent with the in vitro enzyme assay data,

Fig. 1 MLN8237 impairs growth, dis-
rupts cell cycle kinetics and induces
apoptosis in CML cell lines. (A) Effects
of MLN8237 on the in vitro growth and
survival of K562 and LAMA 84 human
CML cell lines. Cells were treated 
with the indicated concentrations of
MLN8237 for 96 hrs and viability was
assessed by MTT assay. n � 3 � S.D.
(B)–(C) Time-dependent induction of
DNA fragmentation. LAMA 84 and 
K562 cells were treated with 30, 100 or
300 nM MLN8237 for 48 hrs and 
72 hrs. Percentages of cells with sub-
G0-G1 DNA and �4N DNA were deter-
mined by PI/FACS. n � 3 � S.D.



J. Cell. Mol. Med. Vol 15, No 10, 2011

2061© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

immunoblotting analysis demonstrated that treatment of LAMA 84
and K562 cells with MLN8237 did not have a significant effect on
the total levels of BCR-ABL or the levels of phospho-BCR-ABL at
its Tyr177 autophosphorylation site (Fig. 3C). We conducted sim-
ilar experiments to also confirm that the concentration of
MLN8237 that we utilized for our experiments with primary patient
cells did not significantly affect BCR-ABL kinase activity (Fig. 3D).

Co-treatment with MLN8237 and nilotinib 
results in significantly greater apoptosis, growth
inhibition and reduction in clonogenic survival
than what is achieved by either agent alone

Patients with advanced stage CML have been suggested to benefit
from non-cross-resistant combinations of tyrosine kinase

inhibitors and agents effective against CML cells harbouring the
T315I and E255K mutations [30, 31]. Considering that MLN8237 is
active against cells expressing the E255K and T315I mutations, we
investigated whether MLN8237 augmented the activity of nilotinib,
an FDA-approved BCR-ABL inhibitor that is used in CML therapy.
LAMA 84 and K562 cells were treated with 30 nM MLN8237, 10 nM
nilotinib or the combination for 48 hrs. Percentages of cells with
sub-G0-G1 DNA were quantified by PI/FACS. Co-treatment with
MLN8237 and nilotinib resulted in significantly greater levels of
apoptosis as determined by accumulation of sub-G0-G1 cells (Fig.
4A). Immunoblotting analysis showed that the combination of
these two agents induced mitochondrial-dependent apoptosis as
demonstrated by processing of caspases-9 and -3 to their active
forms (Fig. 4B). The cytotoxic effects of the combination were also
assessed by MTT assay, which demonstrated that inhibition of
growth and survival were significantly increased by combination

Fig. 2 MLN8237 has in vitro and 
in vivo antiproliferative effects in 
Ba/F3 cells expressing unmutated and
mutated BCR-ABL and its activity is
unaffected by impairment of p53 func-
tion. (A) Left, Ba/F3 p210 BCR-ABL
cells stably infected with p53 shRNA or
vector control were treated with 100 nM
vincristine (VCR) for 24 hrs and sub-
jected to immunoblotting for p53 and
p21 to confirm functional knockdown
efficiency. Tubulin documented equal
loading. Right, Ba/F3 p210 BCR-ABL
cells stably infected with p53 shRNA or
vector control were treated the indi-
cated concentrations of MLN8237 for
96 hrs and viability was assessed by
MTT assay. n � 3 � S.D. (B) MLN8237
has activity in cells expressing unmu-
tated and mutated BCR-ABL. Ba/F3
cells expressing p210 (unmutated) and
T315I, E255K, H396P, Y253F, M351T
and Q252H mutant forms of BCR-ABL
and imatinib-sensitive and –resistant
K562 cells were treated with the indi-
cated concentrations of MLN8237 for
96 hrs and viability was assessed by
MTT assay. n � 3 � S.D. (C) In vivo
efficacy of MLN8237. Immunodeficient
mice bearing xenografts of P210 and
T315I BCR-ABL expressing Ba/F3 cells
were administered MLN8237 (20 mg/kg
BID) daily or vehicle control. n � 10 �
S.D. (D) Activity of MLN8237 in 
primary CML cells and normal periph-
eral blood mononuclear cells. Cells
from healthy donors or patients (4)
with BCR-ABL� leukaemia including 
1 patient each with: unmutated BCR-ABL, T315I-mutated BCR-ABL, blast crisis CML and Ph� ALL were treated with MLN8237 for 96 hrs and cell viability
was assessed by MTT assay.
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treatment (Fig. 4C). Finally, clonogenic assays were performed to
evaluate the prolonged in vitro effects of MLN8237 and nilotinib on
the growth and survival of normal CD34� bone marrow cells, pri-
mary CML cells from patients in blast crisis, LAMA 84 and K562
cells (Fig. 4D). As expected, MLN8237 enhanced the ability of nilo-
tinib to inhibit the clonogenic survival of CML cells, but had little
effect on normal CD34� cells. Collectively, these data suggest that
MLN8237 significantly and selectively enhances the anti-leukaemia
activity of nilotinib in human CML cells.

MLN8237 cooperates with nilotinib 
to reduce tumour burden in K562 xenografts

K562 xenograft studies were carried out to investigate the in vivo
therapeutic potential of the combination of MLN8237 and nilo-

tinib. Both agents had substantial effects on tumour burden and
the combination resulted in significantly greater tumour growth
inhibition than what was achieved by either agent alone (Fig. 5A).
Furthermore, the combination was well tolerated and only a mod-
est, statistically insignificant loss in body weight was observed in
the treated groups (Fig. 5A). Notably, the single agent in vivo
effects of MLN8237 were more impressive in this K562 experi-
ment than what we observed in our studies with the murine Ba/F3
models (Fig. 2C). Given that human and murine Aurora A genes
share 79% sequence homology and that MLN8237 was specifi-
cally designed to target human Aurora A kinase activity, it is pos-
sible that species-specific differences in the potency of
MLN8237-mediated kinase inhibition could have contributed to
this phenomenon.

Haematoxylin and eosin staining was used to visualize the
architecture of tumours from each treatment group and revealed

Fig. 2 Continued
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substantial differences in the morphology of single agent and com-
bination-treated tumours. In particular, the tumours treated with the
combination of MLN8237 and nilotinib displayed evidence of stro-
mal disruption and high levels of cell death with very few intact CML
cells remaining (Fig. 5B). This suggests that remaining tumours
from combination-treated mice were largely comprised Matrigel and
non-viable cells/tissue and also highlights the potential therapeutic
benefit provided by the combination over single agent treatments.

Treatment with MLN8237 in vivo leads to 
a morphological phenotype consistent 
with inhibition of Aurora A kinase

Aurora A inhibition causes defects in centrosome segregation,
spindle pole organization and chromosome congression. This 
can ultimately lead to tumour cell death via the development of

Fig. 3 MLN8237 reduces autophospho-
rylation of Aurora A without signifi-
cantly affecting BCR-ABL activity. (A)
MLN8237 reduces Aurora kinase A
phosphorylation. K562 cells were
treated with 30 nM MLN8237 for 24 hrs.
Protein lysates were subjected to SDS-
PAGE, blotted, and probed with phos-
pho-Aurora A (Thr288) and Aurora A
antibodies. (B) Effects of MLN8237 on
the activity of selected kinases.
MLN8237 was screened against a
kinase panel as described in ‘Materials
and methods’. The ABL1 and the
related ABL2 cytoplasmic tyrosine
kinases share 89% sequence identity
and have some overlapping functions,
but are distinct in that ABL1 fuses with
BCR to form the Philadelphia chromo-
some while ABL2 does not. (C) K562
and LAMA 84 cells were treated with
MLN8237 for 24 hrs. Protein lysates
were subjected to SDS-PAGE, blotted,
and probed with phospho-BCR and c-
Abl antibodies. (D) MLN8237 treatment
does not significantly affect BCR-ABL
kinase activity in primary CML cells.
Primary CML cells obtained from a
patient with unmutated BCR-ABL were
treated with 10 �M MLN8237 for 
24 hrs. BCR-ABL autophosphorylation
and CRKL phosphorylation were
assessed by immunoblotting. Nilotinib
was used as a positive control for BCR-
ABL inhibition.
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deleterious aneuploidy [19]. Consistent with our in vitro data, the
number of multi-nucleated cells visible in the MLN8237-treated
tumours stained with haematoxylin and eosin was increased as
compared with vehicle control indicating that MLN8237 causes
cells to exit mitosis without completing cytokinesis, a process
known as mitotic slippage (Fig. 5C, second from the left).
Although this outcome is primarily associated with inhibition of
Aurora B, cytokinesis failure can occur upon inhibition of Aurora A
as well [18]. Other functional consequences of Aurora A inhibition
that were prominent in the MLN8237-treated tumours (Fig. 5C)
included an elevated number of cells with chromatin bridging (far
left), mitotic slippage (second from left), cells with internuclear
bridging (second from right) and monopolar mitotic spindles (far
right). Taken together, these findings indicate that treatment with

MLN8237 results in morphological changes in CML cells that are
consistent with Aurora A kinase inhibition and indicative of delete-
rious aneuploidy.

MLN8237 augments the 
in vivo pro-apoptotic effects of nilotinib

TUNEL assays were carried out on xenograft tumour sections after
completion of treatment to assess the degree of apoptosis
induced by MLN8237 and nilotinib in vivo. The percentage of
TUNEL� cells was significantly greater in the combination group
compared to treatment with either agent alone indicating that the
two agents cooperate to provoke apoptosis in vivo (Fig. 5D).

Fig. 4 MLN8237 significantly increases
the efficacy of nilotinib. (A) MLN8237
potentiates the pro-apoptotic effects of
nilotinib. LAMA 84 and K562 cells were
treated with 30 nM MLN8237, 10 nM
nilotinib or the combination for 48 hrs.
Percentages of cells with sub-G0-G1

DNA were determined by PI/FACS. n �

3 � S.D. (B) The combination of
MLN8237 and nilotinib induces mito-
chondrial-dependent apoptosis. K562
and LAMA 84 cells were treated with
100 nM MLN8237, 30 nM nilotinib or
both for 24 hrs. Protein lysates were
subjected to SDS-PAGE, blotted, and
probed with active caspase-3 and cas-
pase-9 antibodies. Anti �-tubulin was
used as a loading control. (C) Co-
treatment with MLN8237 and nilotinib
results in significantly greater growth
inhibition and reduction in survival than
that achieved by either agent alone.
Cells were treated with the indicated
concentrations of MLN8237 for 96 hrs
and viability was assessed by MTT
assay. Error bars indicate the S.D. *P �

0.05. (D) Effects of MLN8237 and nilo-
tinib on clonogenic survival. CD34�

normal bone marrow (n � 3), primary
CML from patients in blast crisis (n �

3), K562 and LAMA 84 cells were
treated with MLN8237, nilotinib or both
drugs for 24 hrs. Cells were plated and
scored as described in the ‘Materials
and methods’.
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Inhibition of Aurora A activity leads to reduced
expression of the IAP and mitotic regulator
Apollon and this effect sensitizes cells to
nilotinib-induced apoptosis

Apollon (also known as BRUCE or BIRC6, baculovirus inhibitor of
apoptosis protein (IAP) repeats (BIR)-containing protein 6) is a
very large (528 kD) IAP that can be distinguished from other IAP
family members by the presence of its ubiquitin conjugating
enzyme (UCE) domains, which are not contained within any other
IAPs [32]. The UCE domains within Apollon allow it to reduce the
pro-apoptotic potential of cells by targeting Smac and caspase-9
for proteasomal degradation in addition to directly binding to cas-
pases and other pro-apoptotic molecules via its BIR domain to
prevent apoptosis in a manner similar to other IAPs [33, 34].
Apollon is overexpressed in leukaemia and other cancers and has
been linked with resistance to chemotherapy [32, 35]. A recent
investigation demonstrated that Apollon also has important func-
tions during mitosis. It coordinates multiple events in cytokinesis

and moves to the midbody ring during cell division where it
serves as a platform for the membrane delivery machinery and
mitotic regulators including the Aurora kinases [36]. Apollon
depletion causes defective abscission and cytokinesis-associated
apoptosis [36].

Considering that Apollon is associated with Aurora kinases and
has roles in cell division and inhibition of apoptosis, we investi-
gated whether abrogation of Aurora A kinase activity would affect
Apollon expression. Immunoblotting analysis showed that
MLN8237 treatment resulted in a dose-dependent reduction in the
expression of Apollon and increased expression of the pro-apop-
totic Apollon substrate, Smac (Fig. 6A). To confirm that this reduc-
tion in Apollon expression is a direct consequence of Aurora A
kinase inhibition, we used siRNA to knockdown Aurora A expres-
sion. This led to a very significant reduction in the levels of
Apollon (Fig. 6B). This effect does not appear to be a general fea-
ture of mitotic disruption as treatment with nocodazole and vin-
cristine did not significantly decrease Apollon expression and
therefore rather suggests a link between Aurora A activity and
Apollon expression (Fig. 6C).

Fig. 5 In vivo efficacy and tolerability of
MLN8237 and nilotinib. (A) K562 cells
were injected into the flanks of nude
mice. Vehicle, MLN8237, nilotinib or
both were administered for 14 days. n
� 10 � S.D. *P � 0.00028. (B)
Immunohistochemistry. Tumours were
stained with haematoxylin and eosin as
described in ‘Materials and methods’.
Representative images are shown from
each treatment group. (C) Treatment
with MLN8237 leads to a morphologi-
cal phenotype consistent with Aurora A
kinase inhibition. Tumours were stained
with haematoxylin and eosin.
Representative images from the
MLN8237 treatment group are shown.
Arrows indicate the following: an ele-
vated number of cells with chromatin
bridging (far left), mitotic slippage
(second from left), cells with internu-
clear bridging (second from right) and
monopolar mitotic spindles (far right).
(D) Quantification of TUNEL� cells.
Positive cells were scored manually
under 20	 magnification. Mean �

S.D., n � 5. *P � 0.05.
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To determine whether inhibition of Apollon by MLN8237 sig-
nificantly contributes to its ability to sensitize CML cells to nilo-
tinib, we knocked down Apollon expression in LAMA 84 cells
using siRNA (Fig. 6D). Nilotinib induced significantly greater lev-
els of apoptosis in LAMA 84 cells treated with Apollon-targeted
siRNA compared to non-targeted controls (Fig. 6D). These data
suggest that inhibition of Apollon expression caused by
MLN8237 treatment sensitizes CML cells to nilotinib-induced
apoptosis and provides a rationale for the combination of these
two agents in CML.

Discussion

Resistance to tyrosine kinase inhibitor therapy in CML continues
to be a significant problem. In particular, the T315I and E255K
mutations in BCR-ABL confer cross-resistance to imatinib, dasa-
tinib and nilotinib [30]. Several investigational agents have
demonstrated preclinical efficacy in T315I-mutated CML cells. The
pan-Aurora kinase inhibitor MK-0457 has shown clinical activity
against CML cells harbouring the T315I mutation [11]. Early in
vitro competition binding assays revealed that MK-0457 bound to
wild-type ABL1 and T315I ABL1 [37, 38]. This observation led to
the hypothesis that the anti-leukemic efficacy of MK-0457 was due

to inhibition of BCR-ABL, rather than Aurora, activity [14, 15].
However, a more recent investigation revealed that the efficacy of
clinically relevant concentrations of MK-0457 was primarily due to
inhibition of Aurora kinase activity [16]. How significantly Aurora
kinase inhibition contributes to the activity of MK-0457 in CML
remains somewhat controversial. This matter will not be defini-
tively resolved for MK-0457 as its development has been stopped
due to issues with cardiac toxicity observed in some early phase
clinical trials and will have to be addressed in studies with other
Aurora kinase inhibitors. MLN8237 is a highly selective inhibitor of
Aurora A (IC50 � 2 nM) and demonstrates little inhibition of vari-
ous ABL isoforms in enzyme assays. Our data suggest that
MLN8237 does not directly inhibit BCR-ABL activity, indicating
that Aurora A kinase is a valid therapeutic target in CML.

The biological consequences of Aurora A kinase inhibition have
been intensively investigated in recent years. Aurora A kinase
plays an essential role in the assembly and function of the mitotic
spindle and disruption of its activity affects spindle pole organiza-
tion, centrosome separation and chromosome congression [39].
Ultimately, cells treated with Aurora A kinase inhibitors undergo
cell death through the development of deleterious aneuploidy [19].
Our data show that MLN8237 treatment initially results in a signif-
icant degree of aneuploidy before cell death ensues (Figs 1B, C,
5C). The collective effects of MLN8237 in BCR-ABL� cells are
summarized in Table 1.

Fig. 5 Continued
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Notably, MLN8237-induced apoptosis was associated with
significant decreases in the expression levels of Apollon. Apollon
has several functional domains, multiple binding partners and
plays important roles in the regulation of apoptosis and cell
division [36, 40]. Apollon can be distinguished from other IAP
family members by its high molecular weight (528 kD) and
unique E2/E3 ubiquitin conjugating/ubiquitin ligase functions. As

Apollon overexpression has been associated with an
unfavourable outcome and resistance to chemotherapy in
leukaemia, we were particularly interested in examining whether
the ability of MLN8237 to reduce Apollon expression could
potentially sensitize CML cells to the standard of care agent nilo-
tinib [35]. Our results show that targeted knockdown of Apollon
significantly augments the pro-apoptotic effects of nilotinib, sug-
gesting that suppression of Apollon expression by MLN8237
may contribute to its ability to heighten the anticancer activity of
nilotinib. Furthermore, it is likely that the reduction in Apollon
expression associated with MLN8237 is a direct consequence of
Aurora inhibition as targeted knockdown of Aurora A kinase by
siRNA was associated with a significant reduction in Apollon
expression. These findings represent a novel mechanistic
approach for improving the efficacy of tyrosine kinase inhibitor
therapy in CML (Fig. 6E).

There are two potential important clinical translations of 
the results of the current study. We have shown that MLN8237 
is effective against cell lines and primary patient CML cells

Fig. 6 Targeting Apollon expression sensi-
tizes CML cells to nilotinib-induced apopto-
sis. (A) MLN8237 treatment results in a
dose-dependent reduction in the large IAP,
Apollon and increased expression of its
substrate, Smac. LAMA 84 cells were
treated with MLN8237 for 24 hrs. Protein
lysates were subjected to SDS-PAGE, blot-
ted, and probed with Apollon and Smac
antibodies. Tubulin documented equal
loading. (B) Aurora A SMARTpool or
siCONTROL siRNA directed at luciferase
were transfected into LAMA 84 cells using
the Nucleofector II. (C) General disruption
of mitosis does not significantly affect
Apollon expression. LAMA 84 cells were
treated with nocodazole, vincristine or
MLN8237 for 24 hrs. Protein lysates were
subjected to SDS-PAGE, blotted, and
probed with an Apollon antibody. Tubulin
documented equal loading. (D) Apollon
SMARTpool or siCONTROL siRNA directed
at luciferase were transfected into LAMA
84 cells using the Nucleofector II. Tubulin
was used as a loading control. LAMA 
84 cells transfected with Apollon-targeted
siRNA and non-targeted siRNA were
treated with nilotinib for 48 hrs and the per-
centage of apoptotic cells were determined
by PI/FACS analysis. n � 3 � S.D., *P �

0.05. (E) Schematic depicting the multiple
anti-leukaemia properties of the MLN8237.
MLN8237 inhibits Aurora A kinase leading
to deleterious aneuploidy, inhibition of the
IAP, Apollon and cell death.

Table 1 Effects of MLN8237 in BCR-ABL+ cells

Apoptosis Cell cycle 

Activation of caspases-9 and -3 Accumulation of aneuploid cells

Decreased expression of Apollon Inhibition of colony formation

Increased expression of Smac Mitotic slippage

Induction of TUNEL�� Monopolar mitotic spindles

DNA fragmentation Chromatin bridging
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expressing unmutated and mutated forms of BCR-ABL including
the highly resistant T315I mutation and that it has activity inde-
pendent of p53 function. Therefore, MLN8237 may be clinically
active as a single agent in the setting of T315I and E255K muta-
tions for which the currently available tyrosine kinase inhibitors
are ineffective. Moreover, the combination of MLN8237 and nilo-
tinib is effective and well tolerated in preclinical models of CML
and represents a novel therapeutic strategy for advanced phase
CML that is orally active and has the potential to suppress the
emergence of CML clones expressing a range of resistant muta-
tions including T315I and E255K.

The current treatment strategy for resistant CML involves
sequential administration of tyrosine kinase inhibitors, which is
associated with the development of compound mutations in BCR-
ABL with increased oncogenic potency [31]. Patients with imatinib
resistance have heightened genomic instability and in this setting
combination treatment with an agent effective against cells har-
bouring the T315I mutation and a BCR-ABL kinase inhibitor could
possibly prevent resistance caused by kinase domain mutations in
CML [30, 41]. The combination of these two agents has the poten-
tial to eliminate BCR-ABL kinase domain mutation as a mecha-
nism of resistance in CML, suppressing resistant disease and
leading to sustained remissions in the vast majority of patients.
Based on this promising preclinical data, a phase I/II study is

warranted to investigate the safety and activity of MLN8237 in
refractory CML.
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