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Abstract
Novel therapies are urgently needed to improve clinical outcomes for patients with acute myeloid
leukemia (AML). The investigational drug alisertib (MLN8237) is a novel Aurora A kinase
inhibitor being studied in multiple Phase I and II studies. We investigated the preclinical efficacy
and pharmacodynamics of alisertib in AML cell lines, primary AML cells, and mouse models of
AML. Here we report that alisertib disrupted cell viability, diminished clonogenic survival,
induced expression of the FOXO3a targets p27 and BIM, and triggered apoptosis. A link between
Aurora A expression and sensitivity to ara-C was established, suggesting that Aurora A inhibition
may be a promising strategy to increase the efficacy of ara-C. Accordingly, alisertib significantly
potentiated the anti-leukemic activity of ara-C in both AML cell lines and primary blasts. Targeted
FOXO3a knockdown significantly blunted the pro-apoptotic effects of the alisertib/ara-C
combination, indicating that it is an important regulator of sensitivity to these agents. In vivo
studies demonstrated that alisertib significantly augmented the efficacy of ara-C without affecting
its pharmacokinetic profile and led to the induction of p27 and BIM. Our collective data indicate
that targeting Aurora A with alisertib represents a novel approach to increase the efficacy of ara-C
that warrants further investigation.
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Acute myeloid leukemia (AML) accounts for 80 percent of adult acute leukemia.1 Currently
utilized therapeutic agents do not achieve long-term survival for the majority of patients
with this disease. Elderly patients with AML have a particularly dismal prognosis with less
than 10% achieving long term survival.2 They are less able to tolerate intensive therapy with
cytotoxic agents and they also have a higher prevalence of pre-existing myelodysplasia,
unfavorable cytogenetics, and multidrug resistance than their younger counterparts.3

Moreover, a standard induction approach remains to be established for elderly patients with
AML due, in part, to the aforementioned factors along with the poor representation of
elderly patients in clinical trials. A recent study demonstrated that elderly patients with good
or intermediate risk cytogenetics that received therapy with low-dose cytarabine (LDAC)
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had a significant survival advantage over patients that received supportive care. Despite this,
no patients with unfavorable cytogenetics achieved complete responses (CRs) on this study.4

Furthermore, most elderly patients will not benefit from intensive chemotherapy and have a
median survival of less than 6 months with this approach.5 These poor results underscore the
need to develop less toxic targeted therapies based on our understanding of the molecular
aberrations in AML in order to improve clinical outcomes.

Aurora kinase A is a serine/threonine kinase that functions as a central mitotic regulator.
Aurora A activity is required for mitotic entry, mitotic spindle assembly and accurate
chromosome separation.6–8 Aurora A and the related kinase Aurora B have been reported to
be aberrantly expressed in a number of malignancies including leukemia’s.9 It is
hypothesized that their overexpression contributes to the increased proliferative rate that is a
hallmark feature of cancer cells by promoting cell cycle progression. The discovery that
Aurora kinases were abnormally expressed in cancer cells prompted the development of
agents that inhibit their activity.10–12 To date, the pan-Aurora kinase inhibitor MK-0457/
VX-680, the Aurora B selective inhibitor AZD1152, and the multi-kinase inhibitor with
anti-Aurora effects KW-2449 have shown pre-clinical activity in models of AML.9, 13–17

Aurora A selective inhibitors have not been previously evaluated in models of AML.
Alisertib is an orally available adenosine triphosphate (ATP)-competitive and reversible
selective inhibitor of Aurora A kinase.18 It has a benzazepine core scaffold and is
approximately 200-fold more selective for Aurora A than Aurora B in cells and also has a
high degree of selectivity for Aurora A when compared with a large panel of other kinases
in enzymatic assays. Early preclinical studies revealed broad-spectrum anticancer activity in
preclinical models. Alisertib is currently undergoing clinical evaluation in several Phase I
and II clinical trials for patients with solid tumors and heme-lymphatic malignancies.

Considering the dual role of Aurora A in regulating cell cycle progression and programmed
cell death and the high basal expression of Aurora A in AML cells, we hypothesized that
AML cells would be particularly sensitive to alisertib.10 To test this hypothesis, we
investigated the efficacy and pharmacodynamic effects of alisertib in AML cell lines,
primary AML blasts, and mouse models of AML.

Materials and Methods
Cells and cell culture

MV4-11, PL-21, and MOLM-13 cells were obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ GmBH, Braunschweig, Germany). HL-60, OCI-
AML2, SH2, SKM-1, NOMO-1 and KG-1 cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). All cell lines were maintained as
previously described.19 Normal peripheral blood mononuclear cells (PBMC) and pan T-cells
from healthy donors were purchased from Stem Cell Technologies (Vancouver, Canada). T
cells were cultured as previously described.20 Primary human AML cells were obtained
from the bone marrow of patients at the CTRC at UTHSCSA after obtaining informed
consent in accordance with an approved institutional IRB protocol and processed as
previously described.21

Quantitative RT-PCR
Total RNA was isolated using the RNeasy Plus Mini Kit (Qiagen Inc., Valencia, CA) and
treated with TURBO DNA-free™ Kit (Ambion Inc., Foster City, CA). First-strand cDNA
synthesis was performed using the high-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). AURKA transcripts were amplified using a TaqManÆ Gene
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expression assay (Applied Biosystems, Foster City, CA). Relative gene expression was
calculated with the 2−ΔΔCt method using GAPDH as a housekeeping gene.22

Chemicals and reagents
Reagents were obtained from: Alisertib (MLN8237, Millennium Pharmaceuticals,
Cambridge, MA, USA), cytarabine (CTRC pharmacy), anti-tubulin, anti-aurora A, anti-
phospho-Aurora A, anti-Aurora B, anti-phospho-FOXO3a, anti-FOXO3a, anti-BIM, and
anti-p27 antibodies (Cell Signaling, Beverly, MA, USA). Anti-PCNA was purchased from
DAKO (Glostrup, Denmark).

Analysis of cell cycle effects and apoptosis
Apoptosis (sub-G0/G1 DNA content) and cell cycle distribution were evaluated by PI/FACS
analysis as previously described.19 Active caspase-3 staining with the Active Caspase-3
FITC Apoptosis kit (BD Biosciences, San Jose, CA, USA) followed by flow cytometry was
used as a second measure of drug-induced apoptosis and carried out as previously
described.21, 23

MTT assay
Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay as previously described.19

Colony assays
AML cells were treated for 24h with the indicated concentrations of alisertib and cytarabine
and then washed twice in PBS, incubated in cytokine-free Methocult H4230, and scored as
previously described.24, 25

Immunoblotting
AML cells were incubated with alisertib, cytarabine or the combination for 24h. Cells were
then lysed and subjected to SDS-PAGE as previously described.24

RNA interference
AURKA SMARTpool, AURKB SMARTpool, or siCONTROL siRNA directed at luciferase
(Dharmacon, Lafayette, CO) were transfected into AML cells as previously described using
the Nucleofector II according to the manufacturer’s instructions (Amaxa Inc., Gaithersburg,
MD, USA).23 Immunoblotting was utilized to assess knockdown efficiency. Transfected
cells were treated with the indicated concentrations of alisertib for 48h. Drug-induced
apoptosis was quantified by PI/FACS as described above. FOXO3a and control shRNA
lentiviral particles were introduced into MV4-11 cells according to the manufacturer’s
protocol (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Stable clones were selected
following puromycin treatment.

Measuring alisertib and cytarabine plasma levels
Female naive CB-17 SCID mice were given a single dose of alisertib (20 mg/kg orally) and
cytarabine (ara-C, 50 mg/kg IP) alone or in combination and sacrificed at various time
points (1, 2, 4, 6, 8, 16 and 24 hours). Blood was drawn using cardiac puncture and plasma
was isolated. Extractions were performed separately for the analysis of alisertib and
cytarabine, and alisertib and cytarabine plasma concentrations were determined by LC/MS/
MS. For alisertib, 25 µL of each sample was mixed with 50 µL of internal standard solution
[13CD3

15N2]alisertib. The prepared samples were then extracted by solid phase extraction
(Isolute C8 50 µm). The samples were washed, evaporated, and reconstituted. Ten

Kelly et al. Page 3

Int J Cancer. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



microliters of the sample solution was loaded onto a 5 µm Sunfire C8, 2.1 mm internal
diameter × 50 mm, HPLC column (Waters, Milford, MA, USA). For cytarabine, twenty-five
microliters of each sample was mixed with 150 µL of internal standard solution
cytarabine 13C3. The prepared samples were vortexed and then eluted from the plate. Ten
microliters of the sample solution was loaded onto a 5 µm Hypersil Silica, 3.0 mm internal
diameter × 50 mm, HPLC column (Thermo Fisher, Hanover Park, IL, USA). An API 4000
LC/MS/MS (MDS Sciex) was used for detection of alisertib (m/z 519.1→328.1),
[13CD3

15N2]alisertib (m/z 526.1→329.1), cytarabine (m/z 244.2→112.1), and
cytarabine 13C3(m/z 247.1→115.1). Quantification was based upon integrating peaks
corresponding to elution of the drug and internal standard in the extracted product ion
chromatograms. The lower limit of quantitation (LLQ) for alisertib and cytarabine was 5.00
ng/mL.

Pharmacokinetics analysis
Pharmacokinetic analysis of the plasma concentration data was performed using
WinNonlinÆ Professional, Version 4.0 (Pharsight Corp., Mountain View, CA, USA).
Kinetic parameters were estimated using a non-compartmental model.

In vivo evaluation of alisertib and ara-C
MOLM-13 and KG-1 cells were harvested, washed in PBS, and suspended in a mixture of
HBSS and Matrigel (BD Biosciences, San Jose, CA, USA). An in vivo model of AML was
generated by injection of MOLM-13/KG-1 cells into the flanks of female nude mice. After
tumor growth reached 150 mm3, mice were randomly assigned to receive alisertib 20 mg/kg
BID orally (n=10), cytarabine 75 mg/kg TIW Intraperitoneally (n=10), vehicle control
(n=10) or both alisertib and cytarabine (n=10) for 14 days. Mice were monitored daily and
tumor volumes and body weights were measured twice weekly as previously described.26 At
the completion of the study, tumors were excised, formalin-fixed and paraffin-embedded for
immunohistochemical analysis.

Immunohistochemistry
Paraffin-embedded tumor sections (4–6 µm thick) were mounted on slides and stained with
antibodies against PCNA, BIM, and p27 as previously described.25

Statistical analyses
Statistical significance of differences observed between samples was determined using the
Tukey-Kramer Comparison Test or the Student’s t test. Differences were considered
significant in all experiments at p < 0.05.

Results
Targeting Aurora A with alisertib disrupts the viability of AML cell lines and primary AML
cells

In order to investigate the therapeutic potential of targeting Aurora A activity in AML, we
first assessed the relative expression of the AURKA gene in normal PBMCs and a panel of
nine human AML cell lines using a quantitative RT-PCR method. AURKA expression
levels were significantly higher in all 9 AML cell lines than in normal PBMC and
proliferating T-cell controls (Figure 1a). Our findings are consistent with a recent study that
demonstrated prevalent AURKA overexpression in AML cells from patients.27 We next
treated MV4-11 cells with three concentrations of alisertib to examine the effects of this
agent on Aurora A autophosphorylation as a measure of Aurora A activity. Our results
showed that alisertib caused a dose-dependent reduction in the phosphorylation of Aurora A
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on its Thr288 auto-phosphorylation site. Our findings are consistent with other recent
preclinical studies with alisertib and demonstrate that this agent effectively inhibits Aurora
A activity in AML cells (Figure 1b).26, 28 We subsequently treated a panel of nine AML cell
lines and normal PBMC controls with various concentrations of alisertib and quantified the
consequential effects on cell viability by MTT assay. Clinically achievable concentrations of
alisertib preferentially inhibited the in vitro growth and survival of AML cell lines as
compared with normal PBMCs, indicating that this agent may have therapeutic selectivity
(Figure 1c).29 Importantly, in vitro treatment with alisertib also diminished the viability of
primary blasts obtained form patients with AML (n = 3, Figure 1d) and disrupted the
clonogenic survival of AML cell lines and primary CD34+ AML cells from patients (Figure
1e).

Alisertib modulates cell cycle distribution and induces apoptosis
Genetically or pharmacologically antagonizing the activity of Aurora kinase A has been
reported to produce mixed effects on cell cycle dynamics including polyploidy and G2/M
growth arrest.7, 30–32 In order to assess the cell cycle-related effects of alisertib, we treated
MV4-11, HL-60, KG-1, and MOLM-13 cells with 5 different concentrations of alisertib for
48h and quantified the effects on cell cycle distribution using PI/FACS analysis (Figure 2a).
These analyses showed dose-dependent increases in the percentage of cells with ≥4N DNA
content (Figure 2b) and with sub-G0/G1(apoptotic) DNA (Figure 2c). Considering that DNA
fragmentation (sub-G0/G1 DNA) is a hallmark feature of apoptosis, we quantified the effects
of alisertib on caspase-3 activation as a second measure of apoptosis to confirm the pro-
apoptotic effects of this agent. Treatment with alisertib for 48h led to a concentration-
dependent increase in the percentages of cells expressing the active form of caspase-3,
indicating the induction of apoptosis significantly contributes to the activity of this agent
(Figure 2d). Notably, MOLM-13 cells displayed significantly greater sensitivity to alisertib
in MTT and colony formation assays than in assays that directly measured apoptosis. This
suggests that the unique genetic background of individual cell types may be important in
determining the cellular response to Aurora A inhibition (growth inhibition, apoptosis, or
both) and that suppression of cell proliferation and stimulation of apoptosis both underlie the
anticancer activity of alisertib. The combined effects of growth inhibition/cell cycle
disruption and apoptosis that we observed in our FACS analyses were supported by
immunoblotting analyses, which revealed that alisertib treatment led to a significant rise in
the levels of the cyclin-dependent kinase inhibitor, p27, and of the microtubule-associated
BH3-only apoptotic regulator, BIM in MV4-11 cells. The increased levels of p27 and BIM
were correlated with a significant reduction in the transcriptionally inactive, cytosolically
localized (phosphorylated) form of FOXO3a, which is an important transcriptional regulator
of both p27 and BIM expression (Figure 2e).33, 34

In order to investigate whether Aurora A and Aurora B inhibition have similar effects on
FOXO3a phosphorylation status, we utilized siRNA to knockdown AURKA and AURKB
expression, respectively. Our results showed that AURKA siRNA led to a significantly
greater reduction in phospho-FOXO3a levels than AURKB siRNA (Figure 2f). This
suggests that Aurora A may play a more prominent role in the regulation of FOXO3a
phosphorylation status than Aurora B.

ara-C induces the expression of Aurora A
A number of studies have reported a link between Aurora kinase expression and resistance/
reduced sensitivity to anticancer agents.35–40 However, the mechanistic basis for this
correlation has not been well investigated. We hypothesized that the stress response induced
by cytotoxic drugs such as cytarabine (ara-C), a frontline agent in AML therapy, could result
in increased expression of Aurora A. In order to explore this possibility, we treated AML
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cell lines (HL-60, MV4-11, MOLM-13) and primary blasts from patients with AML (n = 3)
with ara-C for 24h and quantified the effects on the expression of Aurora A by quantitative
RT-PCR and immunoblotting (Figure 3a–b). Our results showed that acute exposure to ara-
C was sufficient to trigger a significant increase in Aurora A expression in both established
cell lines and primary AML cells. We next utilized siRNA to knockdown Aurora A
expression in MV4-11 cells to assess whether expression of Aurora A significantly impacted
cellular sensitivity to ara-C (Figure 3c). Direct comparison of the pro-apoptotic effects of
ara-C in cells transfected with non-targeted control siRNA and Aurora A-targeted siRNA
revealed that ara-C was nearly twice as effective at inducing apoptosis when Aurora A
expression was diminished, suggesting that targeting Aurora A activity may be an effective
strategy to increase the therapeutic efficacy of ara-C (Figure 3d).

Alisertib significantly augments the in vitro activity of ara-C
Based on our data demonstrating that targeted knockdown of Aurora A significantly
increased the sensitivity of MV4-11 cells to ara-C, we hypothesized that inhibition of
Aurora A activity with alisertib would potentiate the anticancer effects of ara-C. We tested
our hypothesis by treating AML cell lines (HL-60, KG-1, MV4-11, and MOLM-13) with
alisertib, ara-C, or both drugs for 72h. Quantification of cell viability by MTT assay showed
that alisertib cooperated with ara-C to reduce AML cell viability (Figure 4a). Investigation
of the effects of these agents in primary AML blasts confirmed that alisertib significantly
increased the ability of ara-C to disrupt AML cell viability (Figure 4b). Colony formation
assays demonstrated that inhibition of Aurora A activity with alisertib significantly
enhanced the ability of ara-C to suppress the clonogenicity of AML cells (Figure 4c).
Considering that earlier investigations have shown that Aurora A can function to inhibit
apoptosis, we next tested whether antagonizing Aurora A activity with alisertib could
potentiate the pro-apoptotic effects of ara-C. Quantification of the percentages of cells with
active caspase-3 (Figure 4d) and with sub-G0/G1 DNA content (Figure 4e) following 48h
treatment with alisertib, ara-C, or both drugs revealed that the level of apoptosis induction
was significantly greater in cells treated with alisertib + ara-C than with either drug alone.
These data indicate that targeting Aurora A with alisertib may be an effective strategy to
increase the anti-leukemic activity of ara-C.

FOXO3a is a critical regulator of cellular sensitivity to alisertib and ara-C
FOXO3a is a member of the forkhead family of transcription factors and regulates the
expression of a large number of target genes with critical roles in processes that are essential
for oncogenic transformation and malignant pathogenesis. Phosphorylation of FOXO3a
sequesters it in the cytosol and consequentially inhibits its transcriptional activity. Upon its
dephosphorylation, FOXO3a translocates to the nucleus where it can initiate the
transcription of its target genes.33, 34 Given that treatment with alisertib led to a significant
elevation in the levels of dephosphorylated (transcriptionally active) FOXO3a and the
induction of the FOXO3a targets p27 and BIM (Figure 2e), we hypothesized that these
downstream effects of Aurora A inhibition may contribute to the ability of this agent to
increase the efficacy of ara-C. In order to investigate this possibility, we first conducted
immunoblot analyses of the levels of total and phosphorylated FOXO3a, p27, and BIM
following treatment with alisertib, ara-C, or the combination of these drugs. Our results
showed that the levels of phospho-FOXO3a and its targets p27 and BIM were more
profoundly changed by treatment with both alisertib and ara-C as compared with the effects
produced by either single agent treatment (Figure 5a). This suggested that the combined
effects of these drugs on FOXO3a play an important role in regulating sensitivity to these
agents.
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To determine whether FOXO3a is required for the induction of p27 and BIM expression in
response to treatment with alisertib and ara-C, we used a lentiviral approach to generate
MV4-11 cells with stable shRNA-mediated knockdown of FOXO3a (Figure 5b). We next
treated cells expressing non-targeted control shRNA and FOXO3a shRNA with alisertib,
ara-C, and the combination of these drugs and assessed the consequential effects on the
expression of p27 and BIM by immunoblotting. Treatment with either single agent or the
combination of both agents led to significant increases in the expression of p27 and BIM. In
contrast, cells expressing FOXO3a-targeted shRNA displayed only minor changes in the
levels of p27 and BIM following single agent and combination treatments (Figure 5c). Our
results demonstrate that FOXO3a is required for maximal induction of p27 and BIM by
alisertib and ara-C. We next evaluated the potential role of FOXO3a as a regulator of the
efficacy of the alisertib/ara-C combination. MV4-11 cells stably expressing non-targeted or
FOXO3a shRNA were treated with alisertib, ara-C, or both drugs for 48h and drug-induced
apoptosis was quantified by PI/FACS. Targeted knockdown of FOXO3a blunted the pro-
apoptotic effects of alisertib/ara-C by more than 50% of what was observed on cells
expressing control shRNA (Figure 5d). Collectively, these data support a role for FOXO3a
as a critical mediator of the therapeutic efficacy of this combination.

Alisertib potentiates the in vivo efficacy of ara-C
Our in vitro data demonstrated that targeting Aurora A with alisertib enhanced the efficacy
of ara-C in AML cell lines and primary blasts form patients with AML. In order to further
investigate the therapeutic potential of this novel strategy, we first conducted a
pharmacokinetic (PK) experiment to ascertain any possible effects that co-administration of
alisertib may have on the PK profile of ara-C. Mice were given a single dose of alisertib (20
mg/kg orally) and ara-C (50 mg/kg IP) alone or in combination and sacrificed at various
time points. Plasma concentrations of ara-C and alisertib were determined using an LC/MS/
MS method. Pharmacokinetic parameters were estimated using a non-compartmental model.
Our results demonstrate that the addition of either agent did not significantly affect the
pharmacokinetics of the other (Figure 6a). We next conducted xenograft studies to
investigate the in vivo therapeutic potential of the combination of alisertib and ara-C.
MOLM-13 and KG-1 cells were injected subcutaneously into the flanks of immunodeficient
nude mice. Vehicle, alisertib, ara-C or the combination of alisertib and ara-C were
administered to mice for 14 days. In both KG-1 and MOLM-13 AML models, single agent
treatment with alisertib or ara-C had substantial effects on tumor burden. The combination
of both agents was well tolerated without a significant impact on animal body weight and
resulted in significantly greater tumor growth inhibition than what was achieved by either
agent alone (Figure 6b). These findings indicate that inhibition of Aurora A activity with
alisertib may be an attractive strategy to heighten the anti-leukemic activity of ara-C.

Our earlier in vitro assays demonstrated that FOXO3a is an important regulator of
therapeutic activity of the alisertib/ara-C combination. We utilized an immunohistochemical
approach to quantify the impact of in vivo administration of these agents on the expression
of the FOXO3a targets p27 and BIM and on proliferating cell nuclear antigen (PCNA) as a
general measure of proliferative activity. Consistent with our in vitro observations, the
alisertib/ara-C combination was significantly more effective at inducing the expression of
p27 and BIM and also at globally diminishing tumor cell proliferation than either alisertib or
ara-C alone (Figure 6c–d). Our collective findings indicate that inhibition of Aurora A
activity with alisertib represents a novel approach to increase the growth inhibitory and pro-
apoptotic effects of treatment with ara-C.
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Discussion
Given its intrinsic overexpression in cancer, essential functions in the regulation of mitosis,
and potential roles in promoting drug resistance and disease progression, Aurora kinase A is
an attractive target for cancer therapy. As a result, a number of Aurora kinase inhibitors that
have varying degrees of activity against Aurora A are currently in development.12 Alisertib
can be distinguished from the majority of other small molecule inhibitors of Aurora kinase
activity in development due to its selectivity for Aurora A versus Aurora B. Although earlier
preclinical studies with alisertib have demonstrated significant anticancer activity in a range
of tumor types, its potential efficacy has not been previously investigated in models of
AML.31, 32, 41–43 We hypothesized that the prevalent overexpression of Aurora A in AML
and highly proliferative nature of this malignancy would render it particularly sensitive to
alisertib. We conducted a series of preclinical experiments with the aim to ascertain the
antileukemic activity and pharmacodynamic effects of targeting Aurora A with alisertib in
AML cell lines, primary AML blasts, and mouse xenograft models of AML.

Our in vitro assays demonstrated that alisertib has pleiotropic effects in AML cells.
Exposure to alisertib diminished cell viability and clonogenic survival, disrupted cell cycle
dynamics, and induced apoptosis. Interestingly, our data demonstrated that cellular
sensitivity to alisertib was not directly correlated with Aurora A expression levels in AML
cells. These findings are consistent with those from other preclinical and early phase clinical
trials with alisertib, which have also failed to show a direct relationship between Aurora A
expression levels and sensitivity to alisertib.44 The reason for this phenomenon is unknown.
It is possible that alisertib may achieve similar degrees of Aurora A inhibition in cells with
relatively low, intermediate, and high basal Aurora A expression. If this were the case,
sensitivity to alisertib would not appear to be directly linked to Aurora A levels.
Pharmacodynamic studies from ongoing and planned Phase II and Phase III clinical trials
with alisertib may help to clarify this issue.

Phosphorylation of the transcription factor FOXO3a sequesters it in the cytosol where it is
transcriptionally inactive. Upon its dephosphorylation, FOXO3a translocates to the nucleus
where it can initiate transcription of its target genes. Interestingly, the growth inhibitory and
pro-apoptotic effects we observed in AML cells treated with alisertib were associated with a
significant reduction in the levels of phospho-FOXO3a and significantly increased
expression of the FOXO3a transcriptional targets p27 and BIM. Given that p27 is a critical
component of the G2/M cell cycle transition and that BIM is a microtubule-associated pro-
apoptotic factor, the observed induction of p27 and BIM expression is a predictable
consequence of Aurora A inhibition. These findings are consistent with those of earlier
investigations conducted in other cancer models that also demonstrated elevated p27 and
BIM levels following treatment with Aurora kinase inhibitors.31, 45

Several prior studies have established a link between Aurora A overexpression and
resistance to therapeutic agents, supporting a role for Aurora A in the regulation of
chemosensitivity.35–40 However, it is not completely clear at this time whether this is an
intrinsic or acquired relationship. We postulated that treatment with conventional cytotoxic
agents such as ara-C could promote elevated levels of Aurora A during the genotoxic stress
response. Indeed, our data demonstrate that in vitro treatment with ara-C leads to increased
expression of Aurora A in AML cell lines and primary blasts from patients. In order to
investigate the potential therapeutic implications of ara-C-mediated induction of Aurora A
expression, we first utilized siRNA as a proof of principle to demonstrate that targeted
knockdown of Aurora A significantly increased the pro-apoptotic effects of ara-C. This
suggested that Aurora A may play a chemoresistance role with respect to ara-C and that
targeting its activity could be of therapeutic benefit.
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We further investigated the potential impact of targeting Aurora A activity with alisertib on
the efficacy of ara-C in a series of in vitro experiments in AML cell lines and primary AML
cells. These assays demonstrated that alisertib significantly increased both the growth
inhibitory and pro-apoptotic effects of ara-C. Interestingly, the combination of both drugs
led to enhanced induction of the FOXO3a targets p27 and BIM compared to either single
agent treatment. Our targeted knockdown assays demonstrated that FOXO3a expression was
required for maximal alisertib/ara-C mediated induction of these specific targets and
consequently, for the combination to most effectively trigger apoptosis. To our knowledge,
this is the first report demonstrating a link between Aurora A kinase inhibition and FOXO3a
activity. Our subsequent pharmacokinetic and mouse xenograft studies validated the
potential therapeutic benefit of combining alisertib and ara-C for AML therapy.
Additionally, immunohistochemical assays conducted with specimens obtained form mice
treated with alisertib/ara-C established p27 and BIM as pharmacodynamic effectors of these
agents.

The FOXO3a-related effects that occur downstream of Aurora A inhibition by alisertib are
very interesting. The exact mechanism by which alisertib induces the expression of FOXO3a
transcriptional targets remains to be fully elucidated. We were unable to co-
immunoprecipitate Aurora A and FOXO3a, which indicates that FOXO3a is unlikely to be a
direct Aurora A phospho-substrate. A previous study conducted in models of multiple
myeloma demonstrated that alisertib treatment leads to activation of protein phosphatase 2A
(PP2A).32 Additional studies are required to clarify this relationship mechanistically.
However, considering that FOXO3a is a critical regulator of cell death the ability of alisertib
to increase FOXO3a activity may allow it to potentiate the efficacy of a broad range of
anticancer agents.

Alisertib has been evaluated in several Phase I and Phase II studies in solid tumors and
hematological malignancies.46–48 It is generally very well tolerated and adverse events such
as myelosuppresion and gastrointestinal mucosal damage are reversible and consistent with
the inhibition of Aurora A activity of alisertib with predominant effects on proliferative
tissues such as the bone marrow and gastrointestinal tract. Promising antitumor activity has
been observed particularly in hem-lymphatic malignancies.46 Notably, alisertib has also
been evaluated as a single agent in a Phase II study of 57 patients with advanced acute
myeloid leukemia or myelodysplastic syndrome.47 While objective responses (13% of the
population) including one complete response were observed in this study, it is likely that
combination therapy with cytotoxic agents such as cytarabine would allow greater initial
disease control facilitating sustained Aurora kinase A inhibition. Our collective data
demonstrate that the combination of alisertib and ara-C is effective and well tolerated in
preclinical models of AML. Based on this promising preclinical data, a Phase I/II study is
warranted to investigate the safety and activity of the alisertib/ara-C combination in patients
with AML who would not be expected to benefit from conventional therapy.

Novelty and Impact

Very few patients with acute myeloid leukemia (AML) achieve long-term survival with
conventional therapy. Novel approaches are urgently required to improve clinical
outcomes for patients with this disease. Aurora kinase A is a central mitotic regulator that
is overexpressed in AML and many other malignancies. Our data demonstrate that
targeting Aurora A with alisertib represents a new strategy to disrupt AML cell survival
and augment the efficacy of standard ara-C therapy that warrants further investigation.
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Figure 1. Alisertib impairs the growth and survival of AML cell lines and primary blasts form
patients with AML
(a) Relative expression of AURKA in normal PBMC, T-cells, and AML cell lines. The basal
expression levels of AURKA were quantified by qRT-PCR. n = 3 ± SD. (b) Alisertib
treatment abrogates Aurora kinase A autophosphorylation. MV4-11 AML cells were treated
with the indicated concentrations of alisertib for 24 hours. The levels of phospho-Aurora A
(Thr288) and total Aurora A were assessed by immunoblotting. (c) Alisertib selectively
diminishes the viability of AML cells. Normal PBMC and a panel of 9 human AML cell
lines were treated with the indicated concentrations of alisertib for 72 hours. Cell viability
was measured by MTT assay. n = 3 ± SD. (d) Alisertib has activity against primary AML
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cells. Primary cells from 3 different patients with AML were treated ex vivo with alisertib
for 72 hours. Cell viability was measured by MTT assay. n = 3 ± SD. (e) Treatment with
alisertib inhibits clonogenic survival. MOLM-13 and MV4-11 AML cell lines and primary
CD34+ cells from AML patients (n = 3) were treated with the indicated concentrations of
alisertib for 24 hours. Drug was washed away and cells were seeded in Methocult. Colonies
were scored on day 14. n = 3 ± SD.
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Figure 2.
(a–c) Alisertib disrupts cell cycle dynamics and induces apoptosis. MV4-11, MOLM-13,
and HL-60 cells were treated with the indicated concentrations of alisertib for 48 hours. PI/
FACS was utilized to assess drug-related effects on cell cycle distribution and apoptosis.
Representative histograms are shown in panel. The percentages of cells with ≥4N and sub-
G0/G1 DNA content are quantified in panels (b) and (c), respectively. n = 3 ± SD. (d)
Alisertib activates caspase-3. MOLM-13 and MV4-11 cells were treated with the indicated
concentrations of alisertib for 48 hours. The percentages of cells expressing active caspase-3
were quantified using a FACS-based method as detailed in the Materials and methods.
Representative histograms from experiments conducted with MV4-11 cells are shown. n = 3
± SD. (e) Alisertib induces the expression of the FOXO3a targets p27 and BIM. MV4-11
cells were treated with the indicated concentrations of alisertib for 24 hours. Protein lysates
were subjected to SDS-PAGE and membranes were probed with antibodies as described in
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the Materials and methods. Tubulin documented equal protein loading. (f) Aurora A
preferentially regulates FOXO3a phosphorylation levels. MV4-11 cells were transfected
with non-targeted (NT) control siRNA, AURKA siRNA, or AURKB siRNA using the
Nucleofector II. The effects of targeted Aurora A and Aurora B knockdown on the levels of
phospho-FOXO3a were assessed by immunoblotting. Tubulin documented equal protein
loading.
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Figure 3. Aurora A blunts the efficacy of ara-C
(a) Effects of ara-C treatment on AURKA expression. Human AML cell lines (MOLM-13,
HL-60, and MV4-11) and primary AML cells were treated with the indicated concentrations
of ara-C for 24 hours. qRT-PCR was utilized to quantify the impact of drug treatment on the
relative expression of AURKA. n = 3 ± SD, (*p ≤ 0.05, ara-C treatment vs. control). (b) ara-
C causes a dose-dependent increase in Aurora A levels. MV4-11 cells were treated with the
indicated concentrations of ara-C for 24 hours. Protein lysates were subjected to SDS-
PAGE, blotted, and probed with an Aurora A specific antibody. Tubulin documented equal
protein loading. (c–d) Targeting Aurora A increases the pro-apoptotic effects of ara-C.
MV4-11 cells were transfected with non-target control or Aurora A-targeted siRNA as
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described in the Materials and Methods. Immunoblotting was utilized to assess knockdown
efficiency (panel c). Cells transfected with non-target control and Aurora A siRNA were
treated with ara-C for 48 hours. Drug-induced apoptosis was quantified by PI/FACS (panel
d). n = 3 ± SD, (*p ≤ 0.05, AURKA siRNA vs. non-targeted siRNA).
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Figure 4. Alisertib significantly increases the efficacy of ara-C
(a–b) MLN8237 potentiates the anti-leukemic effects of ara-C. Human AML cell lines
(MV4-11, MOLM-13, Hl-60, and KG-1, panel a) and primary AML cells (panel b) were
treated with 100 nM alisertib, 100 nM ara-C, or the combination for 72 hours. Percentages
of viable cells were determined by MTT assay. n = 3 ± SD, (*p ≤ 0.05, combination drug
treatment vs. single agent drug treatments). (c) The combination of alisertib and ara-C
cooperate to disrupt clonogenic survival. MOLM-13 and MV4-11 cells were treated 100 nM
alisertib, 100 nM ara-C, or both for 24 hours. Drugs were washed away and cells were
plated in Methocult. Colonies were scored on day 14. n = 3 ± SD, (*p ≤ 0.05, combination
drug treatment vs. single agent drug treatments). (d–e) Alisertib augments ara-C-mediated
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apoptosis. Cells were treated with 100 nM alisertib, 100 nM ara-C, or both drugs for 48
hours. Drug-induced apoptosis was quantified by active caspase-3 staining (d) and PI/FACS
(e). Representative histograms generated from experiments conducted with MV4-11 cells
are shown. n = 3 ± SD, (*p ≤ 0.05, combination drug treatment vs. single agent drug
treatments).
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Figure 5. FOXO3a regulates sensitivity to the alisertib/ara-C combination
(a) Alisertib and ara-C cooperate to induce expression of the FOXO3a targets p27 and BIM.
MV4-11 cells were treated for 24 hours with 100 nM alisertib, 100 nM ara-C, or both
agents. Immunoblotting was utilized to assess the effects of drug treatment on the levels of
phospho-FOXO3a, total FOXO3a, p27, and BIM. Tubulin documented equal protein
loading. (b) Generation of MV4-11 cells with stable FOXO3a knockdown. Cells were
infected with non-targeted control or FOXO3a-targeted shRNA using a lentiviral approach.
Stable cell lines were selected with puromycin treatment. Immunoblotting was utilized to
assess knockdown efficiency. (c) FOXO3a is required for maximal induction of p27 and
BIM by alisertib/ara-C. MV4-11 cells expressing control or FOXO3a-targeted shRNA were
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treated with 100 nM alisertib, 100 nM ara-C, or both drugs for 24 hours. Protein lysates
were subjected to SDS-PAGE and the levels of p27 and BIM were evaluated by
immunoblotting. Tubulin documented equal protein loading. (d) Targeted knockdown of
FOXO3a blunts the pro-apoptotic effects of the alisertib/ara-C combination. MV4-11 cells
expressing control or FOXO3a-targeted shRNA were treated with 100 nM alisertib, 100 nM
ara-C, or both drugs for 48 hours. Drug-induced apoptosis was quantified by PI/FACS. n = 3
± SD, (*p ≤ 0.05, FOXO3a shRNA vs. non-targeted control shRNA).
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Figure 6. In vivo efficacy of alisertib and ara-C
(a) Alisertib does not significantly impact the pharmacokinetic profile of ara-C. Mice were
administered vehicle, alisertib, ara-C, or both as indicated. The plasma levels of each drug
were quantified as detailed in the Materials and Methods. (b) Alisertib augments the in vivo
activity of ara-C. MOLM-13 and KG-1 cells were injected into the flanks of nude mice.
Vehicle, alisertib (20 mg/kg po BID), ara-C (75 mg/kg ip TIW for MOLM-13, 50 mg/kg ip
QDx5) or both drugs were administered for 14 days. Tumor volume was measured
biweekly. n = 10 ± SD, *p≤ 0.05 (controls vs. single agents, **p≤ 0.05 (single agents vs.
combination). (c–d) The alisertib/ara-C combination induces the expression of p27 and BIM
in vivo. Immunohistochemistry was carried out on tumor specimens from mice in each
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treatment group to quantify the effects of drug treatment on the expression of the FOXO3a
targets p27 and BIM. PCNA was used as a general measure of tumor cell proliferation.
Representative images are shown from each treatment group (c). Positive cells were scored
manually under 20X magnification (d). Mean ± SD, n = 5, *p≤ 0.05 (controls vs. single
agents, **p≤ 0.05 (single agents vs. combination).
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