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Abstract
The activity and efﬁcacy of Aurora inhibitors have been
reported in a wide range of cancer types. The most prominent
Aurora inhibitor is alisertib, an investigational Aurora inhibitor
that has been the subject of more than 30 clinical trials. Alisertib
has inhibitory activity against both Aurora A and B, although it is
considered to be primarily an Aurora A inhibitor in vivo. Here, we
show that alisertib inhibits both Aurora A and B in vivo in
preclinical models of HPV-driven cervical cancer, and that it is

the inhibition of Aurora A and B that provides the selectivity and
efﬁcacy of this drug in vivo in this disease setting. We also present
formal evidence that alisertib requires progression through mitosis for its efﬁcacy, and that it is unlikely to combine with drugs that
promote a G2 DNA damage checkpoint response. This work
demonstrates that inhibition of Aurora A and B is required for
effective control of HPV-driven cancers by Aurora kinase inhibitors. Mol Cancer Ther; 16(9); 1934–41. 2017 AACR.

Introduction

alisertib displayed selectivity for the HPV-dependent cervical
cancers in vitro and in xenograft models (9). Alisertib has been
reported to be primarily an Aurora A inhibitor, although it
inhibits Aurora B at higher doses in vitro (2, 10, 11). It was
unknown as to which of these activities was responsible for its
cytotoxicity. Recently, there have been conﬂicting reports as to
whether alisertib treatment had any effect on Aurora B activity in
vivo (12, 13). Here, we have investigated the in vivo targets of
alisertib, and whether the effect of Aurora A and/or B inhibition
alone provides the cytotoxicity we have observed in HPV-driven
cervical cancers with Aurora kinase inhibitors.

Aurora kinases are critical regulators of entry into and exit from
mitosis. Aurora A is essential for centrosome maturation and
separation. Aurora B regulates mitotic exit by signaling correct
microtubule attachments to the kinetochore and is a component
of the chromosomal passenger complex which controls correct
partitioning of the replicated genome at anaphase and cytokinesis
(1). Aurora kinase inhibitors have been investigated in a wide
range of cancers, although as yet there is no clinically approved use
for this class of drugs (2). Many of the drugs developed have
activity toward all of the Aurora kinases, although Aurora A and B
appear to be the primary kinases overexpressed and involved in
cancer development (3). These inhibitors disrupt mitosis, and the
mitotic catastrophe resulting from Aurora inhibitor treatment is
thought to be a primary target for this class of drugs (4). Recently,
it has been reported in melanoma that a primary outcome of
Aurora kinase inhibition was senescence, although this appeared
to be cell line dependent (5–8).
In previous work we have reported that Aurora A and B were
identiﬁed as synthetic lethal hits with HPV E7 expression in
cervical cancer, and that the investigational Aurora A inhibitor
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Material and Methods
Cell culture and siRNA transfection
HPV-positive cervical cancer cell lines HeLa, CaSki, HPVnegative C33A (cervix), and SCC25 (tongue SCC) were cultured
as described previously (9). HPV16 E6/E7 transformed Ect1/
E6E7 and VK2/E6E7 cell lines are of ectocervical and vaginal
tissue origins, respectively, and CaSki cells were obtained
from the ATCC. Ect1/E6E7 and VK2/E6E7 cell lines were
maintained in Deﬁned Keratinocyte Serum Free Media
(Deﬁned K-SFM; Gibco, Life Technologies) supplemented with
0.1ng/mL human recombinant epidermal growth factor and
0.4 mmol/L calcium chloride at 37 C and 5% CO2 at 37 C and
5% CO2. All cell lines were tested and free of mycoplasma, and
HeLa, CaSki and C33A were authenticated with STR ﬁngerprinting at the time of use. Inhibitors alisertib, AMG900,
MK5108, and AZD2811were purchased from Selleckchem and
ZM447439 from Enzo Life Sciences. Etoposide, Nocodazole,
and MG132 were from Sigma.
Aurora A and Aurora B siRNA were depleted using SmartPools
of Dharmacon ON-TARGET plus siRNAs (Thermo Scientiﬁc).
SiRNAs were transfected into HeLa cells by reverse transfection
as described previously (14). Dose response assays were performed in 384-well plate format using resazurin cell viability
assay as a readout (9).
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Antibodies
Ki-67, Clone MIB-1 (Dako), Aurora B (BD) and a-tubulin
(Abcam), and pHistone H3 Ser10, cleaved PARP1, pMEK Thr286,
Aurora A, pAurora A Thr288 were purchased from Cell Signaling
Technologies.
Immunoﬂuorescence and immunoblotting
Cells were seeded on poly-L-lysine coated glass coverslips, then
after treatments ﬁxed with 20 C methanol. Cells were immunostained as described previously (9). For immunoblotting, cells
were harvested, lysed, and immunoblotted as described previously (9). IC50 values for Aurora A and B kinase activity, and
apoptosis (cPARP) were calculated using Prism Graphpad to ﬁt
the data using least-squares analysis.
Time lapse microscopy
Cells were seeded onto a clear 24-well tissue culture plate at
least 24 hours before commencement of the experiment. Immediately after the addition of inhibitors, the plate was imaged every
30 minutes for 72 hours using the Olympus CellR Live Cell Imager
with an incubator chamber maintained at 37 C and 5% CO2.
Images were made in time lapse stacks using ImageJ software
analyzed manually for a minimum of 70 cells per treatment group
as described previously (9).
Xenograft experiments
Female nude mice (6 weeks old) were purchased from ARC. All
animal experimentations were performed according to the guidelines of the Australian and New Zealand Council for the Care and
Use of Animals in Research and were approved by the Grifﬁth
University Animal Ethics number MSC/09/14/AEC and the University of Queensland Animal Ethics number UQDI/492/15/
CCQ. Mice were injected with CaSki or HeLa cells, and treated
with Alisertib (Selleckchem) or vehicle control. Tumors were
established by subcutaneous injection, and when they reached
approximately 100 mm3, were treated as described previously (9).
Tumors size was measured three times/week using calipers. Mice
were sacriﬁced at 7 to 8 weeks post terminating the treatment or
when tumor size measured >1 cm3.
Immunohistochemical and immunoﬂuorescence staining
Tumors were harvested and ﬁxed in 4% paraformaldehyde,
parafﬁn embedded, and immunohistochemical stains performed
as described previously (15). For immunoﬂuorescence, ﬂuorophore conjugated secondary antibodies and 40 ,6-Diamidino-2phenylindole dihydrochloride (DAPI; Sigma) were used and
imaged on a Zeiss Z1 ﬂuorescence microscope.

Results
We have previously reported the identiﬁcation of Aurora A and
Aurora B as synthetic lethal targeting with oncogenic HPV-E7
expression and validated this in vitro and in vivo using the Aurora A
inhibitor MLN8237/alisertib (9). We were interested to determine
whether it was the Aurora A and/or Aurora B inhibition that was
important for the cytotoxicity of this drug in the setting of HPVdriven cervical cancer.
One of the features of alisertib was the modest delay in mitosis
and failed cytokinesis found in all cell types, although the delay
was increased 3- to 5-fold in the HPV-driven tumor lines (9). Time
lapse analysis of HeLa cells treated with either siRNAs to effec-
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tively deplete Aurora A, Aurora B, both Auroras (Fig. 1A), or with
small molecule inhibitors alisertib or the potent pan-Aurora
inhibitor AMG900 at 1 mmol/L (readily achievable serum levels
in vivo; refs. 16 and 17), revealed that Aurora A depletion produced
an extended delay in mitosis of up to 10 hours, while Aurora B
depletion delayed cells in mitosis on average 3-fold over controls,
and combined depletion produced a similar delay (Fig. 1B;
Supplementary Fig. S1A and B). This delay mirrored the effect
of the two Aurora inhibitors. Despite the long delay in mitosis,
Aurora A depletion produced only a small increase in failed
mitosis but 20% apoptosis. Aurora B and Aurora AþB depletion
produced >50% failed mitosis with cells exiting without undergoing cytokinesis, but limited apoptosis. Both Aurora inhibitors
had similar effects, with all cells failing cytokinesis (Fig. 1C). This
was supported by immunoﬂuorescence staining of cells treated in
the same manner as the time lapse experiments (Fig. 1D; Supplementary Fig. S2). The similarity of the effects of alisertib on the
delay in mitosis and outcomes, with the pan-Aurora inhibitor and
the combined Aurora AþB depletion suggested that alisertib
was behaving as a pan-Aurora inhibitor when used at 1 mmol/L
concentration.
To assess the ability of alisertib to inhibit Aurora A and Aurora B
kinase activities in cells, and how Aurora inhibition correlates
with cytotoxicity, asynchronously growing and mitotically
arrested HeLa cells were treated with increasing doses of alisertib
and AMG900. Their ability to inhibit the auto-phosphorylation of
Aurora A Thr288 (pAURKA) was a marker of Aurora A inhibition,
and phosphorylation of histone H3 Ser10 (pH3) as a marker of
Aurora B inhibition was assessed by immunoblotting. Mitotically
arrested cells were maintained in mitosis by inhibition of the
proteasome with MG132 to block mitotic exit, and treated with
the inhibitors for 4 hours. Asynchronously growing cells were
treated for 24 hours with the drugs then analyzed. Alisertib had an
IC50 of 29 nmol/L for Aurora A inhibition, but produced a bellshaped dose response for Aurora B inhibition detected by pH3
(Fig. 2A; Supplementary Table S1). The increased pH3 levels are
likely to be a consequence of Aurora A inhibition delaying cells in
mitosis, as increased pH3 and pMEK T286, and CDK1/Cyclin B
mitotic substrate and marker of mitosis accumulated in similarly
treated asynchronously growing cells (Supplementary Fig. S3A).
This matches the mitotic arrest observed with Aurora A depletion
(Fig. 1). The reduction in pH3 at higher doses indicates that
Aurora B is inhibited at higher doses of alisertib, producing an
IC50 of 350 nmol/L. Interestingly, the IC50 for PARP cleavage as a
marker of apoptosis is 110 nmol/L, corresponding to the concentration where the pH3 bell curve peaks (Fig. 2A). This peak
corresponds to the concentration at which Aurora B inhibition is
impacting on the accumulation of pH3 associated with the Aurora
A inhibition-induced mitotic arrest and suggests that inhibition of
Aurora B is important for the apoptosis induced by Alisertib.
AMG900 is an equipotent Aurora A and B inhibitor, with an IC50
of 8–14 nmol/L for both Aurora A and B inhibition, and for the
PARP cleavage (Fig. 2B; Supplementary Table S1). Treatment of
asynchronously growing cultures with alisertib and AMG900
both resulted in a 4-5 fold increase in the percentage of mitotic
cells at concentrations inhibiting both Aurora A and B (Supplementary Fig. S3), supporting the time lapse data (Fig. 1B). A
similar dose response experiment with the Aurora B inhibitor
ZM447439 demonstrated it to be more selective for Aurora B
(IC50s 165 and 670 nmol/L for Aurora B and A respectively),
similar to the selectivity previously reported (18), but even at
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HPV-driven cervical cancers are highly sensitive to dual
inhibitors of Aurora A and B
The requirement for both Aurora A and B inhibition to promote
cytotoxicity of HPV-driven cervical cancer cell lines was demonstrated by the sensitivity of HeLa and CaSki cells to alisertib and
AMG900, whereas C33A and SCC25 lines were relatively insensitive to these drugs. When these cell lines showed sensitivity,
the drugs promoted only a cytostatic effect indicated by the 40%
viable populations with 10 mmol/L drugs (Supplementary
Table S2; Supplementary Fig. S5). Two other HPV-immortalized
lines VK2 and Ect1 were likewise very sensitive to both alisertib
and AMG900. A selective Aurora A inhibitor MK5108 was
more potent in the HPV-driven lines, although high doses of the
drug (10 mmol/L) were cytotoxic to both HPV-dependent and
-independent lines tested. Interestingly, the selective Aurora B
AZD2811 appeared to show selectivity for the HPV-driven lines
and the effect was to promote cytotoxicity, with all the HPV-driven
cell lines having <10% viability at 10 mmol/L drug, with HeLa as
the surprising exception, although this was still less than the nonHPV lines (Supplementary Table S2; Supplementary Fig. S5A).
The relative lack of effect of the Aurora A/B inhibitors on the nonHPV lines was not due to any lack of sensitivity to alisertib and
AMG900, as even low micromolar concentrations of these drugs
drove a similar level of mitotic failure in the C33A as in HeLa cells
(Supplementary Fig. S5B).
HPV-driven cervical cancers are sensitive to combined
inhibition of Aurora A and B
These data indicate that the dual inhibition of Aurora A and B
was critical in the cytotoxicity of alisertib in HPV-driven cervical
cancers, although alisertib at low submicromolar concentrations
is primarily an Aurora A inhibitor. To assess the effects of alisertib
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Figure 1.
Alisertib behaves as an Aurora A/B inhibitor. A, Immunoblot of Aurora A and B
(AURKA/B) in HeLa cell transfected with either nontargeting siRNA (NT), Aurora
A (A), Aurora B (B) siRNA, or both together (A þ B) for 24 hours. Lysates were
immunoblotted for Aurora A, B, and pH3 Ser10, a marker of Aurora B activity.
a-Tubulin was the loading control. B, HeLa cell transfected as in A, or treated
with 1 mmol/L alisertib or AMG900 were followed by time lapse microscopy for
72 hours. The time in the ﬁrst mitosis was assessed for 100 cells in each case.
Image acquisition was commenced 24 hours after siRNA transfection and
1 hour after drug addition. These data are representative of at least two
experiments. C, The outcome of the ﬁrst mitosis from the experiment shown in B.
Normal represents the production of two daughter cells, failed represents failed
cytokinesis with only a single daughter cell, and apoptosis (Apop). This is
representative of at least two experiments. D, HeLa cells treated as in B were
ﬁxed 24 hours after drug treatment, 48 hours after siRNA transfection. The ﬁxed
cells were stained for DNA and microtubules, and the proportion of normal,
multinuclear, and apoptotic cells was assessed in >200 cells for each
condition.
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Figure 2.
Alisertib inhibits Aurora A and B at submicromolar concentrations. A and B, HeLa
cells were blocked in mitosis with nocodazole and then MG132 to prevent exit,
then treated with alisertib or AMG900 in a dose response for 4 hours. Lysates
were prepared from each drug treatment and immunoblotted for pH3 as marker
of Aurora B activity, and pAurora A Thr288 (pAURKA) as a marker of Aurora A
activity. Cleaved PARP (cPARP) was assessed from asynchronously growing
HeLa cells treated with the same drug concentration for 72 hours. The band
densities were measured from three experiments and are presented and mean
and SD of the percentage of the untreated control.
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and other Aurora A and B inhibitors on HPV-dependent and
-independent cervical cancer, cells were treated with inhibitors
and followed by time lapse microscopy as described previously
(9). Alisertib (0.3 mmol/L; approximately IC50 for Aurora B and
IC90 for Aurora A) produced a long delay in the ﬁrst mitosis after
treatment, similar to treatment with the selective Aurora A inhibitor MK5018, whereas 1 mmol/L alisertib produced a shorter
delay, similar to the delay observed using 1 mmol/L AMG900
(Fig. 3A; Supplementary Fig. S1, S6). Alisertib-treated cells
(0.3 mmol/L) entered mitosis and attempted cytokinesis forming
a cleavage furrow, but the daughter cells failed to separate, and the
nuclei were retained in one cytoplasm. This dose of alisertib
behaved similarly to the Aurora A inhibitor and Aurora A siRNA
treatment (Fig. 3B). By comparison, cells treated with either the
Aurora B inhibitor, 1 mmol/L alisertib, 0.3 or 1 mmol/L AMG900
entered and exited mitosis with no evidence of cytokinesis. Note
that 1 mmol/L alisertib, AMG900, the Aurora B inhibitor and
siRNA, and the combined Aurora A and B inhibitors and siRNAs

10

5

8
6
4
2

0
i
90
KA
G
R
AM tib
AU
r
/L
ol lise
μm A
tib
1 ol/L ser
li
μ m lL A
1
o
μm
l
3

tro

tro

on

0.

0

C

i
+B i
Ai
KB
R
0
AU Ai
90
G
K
R AM b
AU l/L erti
o
is
l
b
μm A
rti
1 ol/L ise
l
μ m l/L A
1
o
μm
l
3

on

0.

C

i
+B
Ai Bi
K
R
00
AU Ai G9 00
K
R AM G9
AU ol/L AM
L
b
μ m ol/ erti
1
μ m Alis rtib
3
0. l/L lise
o
A
μ m l/L
1 mo
μ
3
0. rol
t
on

C

0

C33A

10
Time in mitosis (h)

Time in mitosis (h)

10

1 st
en
d
1 st
en
1 sdt
en
d
1s
en t
1 sd
en t
1 std
en
d

CaSki

15

20

0

B

HeLa

30

Alisertib requires progression through mitosis for
its cytotoxic effect
Although alisertib is an Aurora inhibitor, an unanswered
question is whether alisertib-induced killing is dependent on
transit through mitosis. To address this, HeLa cells were treated
with the TopoII inhibitor etoposide to induce a G2 phase cellcycle checkpoint arrest, and then treated with alisertib and
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all resulted in a similar length of mitotic delay and failed mitosis
without evidence of cytokinesis (Fig. 3; Supplementary Fig. S6).
Although the delay in mitosis was less in CaSki cells, the same
trend was observed for these drugs in this HPV-driven tumor,
whereas there was no difference in the effect of low and high dose
alisertib, the mitotic delay being less in either HeLa or CaSki (Fig.
3A). The outcome of treatment with all siRNAs, drugs, and
combinations was apoptosis (Fig. 3B). Thus, at higher doses,
alisertib behaves as an Aurora A and B inhibitor in the HPVdriven tumor lines.
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Figure 3.
Differential inhibition of Aurora A and B by alisertib in HPV-driven cervical cancers. A, HPV-driven cervical cancer line HeLa and CaSki, and HPV-negative C33A cells
were treated with the indicated concentrations of Aurora inhibitors, and then cells were followed by time lapse microscopy. The cells were assessed for the
duration of the ﬁrst mitosis after drug treatment. B, The outcomes of mitosis of individual HeLa cells as observed from the time lapse experiment shown above
and siRNA time lapse experiments similar to those shown in Fig. 1. The outcome of the ﬁrst mitosis (1st), either normal mitosis (normal), failed cytokinesis
(failed) or apoptosis, and the outcomes at the movie end (ﬁnal) are shown for >80 cells per treatment.
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Figure 4.
Alisertib cytotoxicity is dependent on progression through mitosis. HeLa cells
either untreated (Con) or treated with 1 mmol/L etoposide (Et), 1 mmol/L alisertib
(Al), or etoposide for 24 hours then alisertib for a further 48 hours were
immunoblotted for cleaved PARP (cPARP) and caspase 3 (the cleaved and
activated caspase 3 is indicated by the arrowhead) as markers of apoptosis,
pMEKT286 as a marker of mitosis, and gH2AX as a marker of DNA damage.
Tubulin was used a loading control.
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Alisertib is an Aurora A and B inhibitor in vivo
HeLa and CaSki xenografts were treated in vivo for 10 days
with alisertib and were excised 6 hours after the ﬁnal treatment
and immunostained for the presence of pH3 Ser10 to assess
Aurora B inhibition in vivo. In both cases, there was no effect on
the level of pH3 Ser10 staining (Supplementary Fig. S7; only
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% Mitotics
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C

followed for 2 days. Etoposide treatment produced an initial G2
phase arrest as expected; then cells exited the checkpoint arrest
into mitosis where they arrest again. A consequence of the
mitotic checkpoint arrest is cells that have failed to separate
their sister chromatids also sustained high levels of DNA
damage. This is evidenced by the high level of pMEK1 Thr286,
a marker of Cyclin B/CDK1 activity and mitosis (19), and
gH2AX as a marker of DNA damage (Fig. 4). The treatment
also promotes a high level of apoptosis indicated by the
strongly elevated levels of activated, cleaved caspase-3, and the
product of its activity, cleaved PARP. Alisertib treatment also
promotes a mitotic delay and apoptosis, although to a lesser
extent than etoposide. Cotreatment completely blocked entry
into mitosis, a consequence of inhibition of PLK1 activation
required for exit from the etoposide checkpoint arrest (20, 21).
It also effectively reduced the levels of DNA damage and
apoptosis initiated by either treatment (Fig. 4). This demonstrates that progression through mitosis is necessary for alisertib-induced cell death.

Mitosis

Cytokinesis

Figure 5.
Alisertib has Aurora A and B inhibitory activity at doses used in vivo. A, HeLa cells
were stained for DNA, Aurora B, and a-tubulin to show microtubules (MT).
Midbodies are indicated by the ﬁlled arrowheads. B, The proportion of cells in
mitosis or undergoing cytokinesis indicated by the presence of an Aurora B
stained microtubule midbody were quantiﬁed in HeLa cells treated for 24 hours
with the indicated concentration of drugs. The data are from 100 cells in mitosis/
cytokinesis for each condition and represent the mean and SD from three
replicate experiments.   , P < 0.01. C, HeLa xenograft tumors harvested 24 hours
after the ﬁnal alisertib treatment were stained for DNA, Aurora B and a-tubulin
to show the microtubules (MT). Midbodies positive for Aurora B and microtubule
staining are indicated by the open arrowheads. D, Quantitation of proportion of
cells in mitosis/cytokinesis as in B. The data are from >100 cells in mitosis/
cytokinesis from three separate tumor for each condition.

HeLa data are shown). However, HeLa cells treated in vitro for
24 hours with 1 mmol/L alisertib retained pH3-stained mitotic
cells, albeit at low levels and these were exclusively later stages
of a mitotic arrest, demonstrated by the hypercondensed DNA
(Supplementary Fig. S8). Few early prophase mitotic cells were
stained for pH3 in any of the alisertib-treated populations,
although these were readily observed in both the control and
cells treated with 1 mmol/L MK5018. This demonstrated that
the presence of pH3 may not be an accurate indicator of Aurora
B inhibition. Aurora B inhibition does block pH3, but it is the
inhibition of the chromosomal passenger complex function
that has the major effect on mitotic progression and the mitotic
failure (1). The effect of alisertib and the selective Aurora A and
B inhibitors on mitotic progression, particularly mitotic exit
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Alisertib treatment can produce long-term disruption to mitosis
in vivo, but not senescence in HPV cervical cancers
It was reported that alisertib treatment produced a senescent
phenotype in melanoma xenografts (8). When HeLa and CaSki
xenografts were treated with alisertib, then followed for up to
70 days post treatment, there was a signiﬁcant inhibition of
tumor growth overall, with complete inhibition of growth or
even reduction in tumor size in the ﬁrst 10 days after treatment
(Fig. 6A). Both control and alisertib treated tumors stained
strongly Ki67 positive, indicating continued proliferative
potential (Fig. 6B), and mitotic ﬁgures were readily detected
in both the control and alisertib-treated tumors. Senescence
results in loss of Ki67 expression and mitosis (8, 22). There was
a small increase in the proportion of abnormal mitotic ﬁgures
found in HeLa xenografts even 70 days after treatment was
completed (Fig. 6C). The lower proliferative rate of CaSki
xenografts resulted in a comparatively lower number of mitotic
ﬁgures, although these also showed a similar trend to increased
abnormal mitotic ﬁgures.

Discussion
Alisertib has been known to inhibit both Aurora A and B kinase
activities in vitro with a distinct preference for Aurora A (2, 10–13).
There was little evidence for Aurora B inhibition in vivo or it
contributing to the cytotoxicity of the drug. Here, we have shown
that in HPV-driven cervical cancer models, there is clear evidence
for both Aurora A and B inhibition achieved using the standard
30 mg/kg dosing regime, although the effect on Aurora B activity is
most readily detected by its effect on cytokinesis rather than pH3
levels. In tissue culture experiments, the effect on mitotic exit and
particularly cytokinesis, detected by the loss of Aurora B stained
midbodies, was observed at lower drug doses than those required
to signiﬁcantly inﬂuence pH3 levels. Additionally, there is a
confounding effect of low doses of alisertib increasing pH3 levels
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and the establishment of a midbody, marking effective cytokinesis, was assessed. Cells were ﬁxed and stained for microtubules and Aurora B to identify midbodies (Fig. 5A; Supplementary Fig. S9). These were readily detected in controls and in
cells treated with low doses of alisertib (<1 mmol/L), but there
was a nonsigniﬁcant decrease in the proportion of midbodies
detected with 0.6 mmol/L alisertib which was highly signiﬁcant
at 1 mmol/L (Fig. 5B). There was a complete absence of midbodies with 1 mmol/L Aurora B inhibitor AZD2811, corresponding to lack of cytokinesis observed in the time lapse
experiments (Fig. 3), whereas 1 mmol/L Aurora A inhibitor
MK5018 resulted in aberrant mitosis but a high proportion of
midbodies. This is in agreement with the observed cytokinesis
in the time lapse data (Fig. 5B; Fig. 3).
HeLa xenografts harvested 6 hours after the ﬁnal treatment
with alisertib had readily detected mitotic ﬁgures in both
control and drug treated samples (Fig. 5C; Supplementary Fig.
S10). Midbodies were readily observed in control tumors, but
few were found in the alisertib-treated tumors. There were also
increased pleomorphic nuclei and multinuclear cells, similar to
the cells that failed cytokinesis observed in both the time lapse
and in vitro immunoﬂuorescence studies (Fig. 5D). The lack of
normal cytokinesis indicates that alisertib is acting as both an
Aurora A and B inhibitor in vivo, as inhibition of Aurora A alone
did not signiﬁcantly reduce the occurrence of midbodies or
cytokinesis (Figs. 3B and 5B).
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Figure 6.
A, Xenograft growth curves for HeLa and CaSki HPV-tumors either without or
with 30 mg/kg alisertib treatment for the ﬁrst 10 days after tumors reached
>100 mm3. The data are from 7 mice per treatment. B, Immunohistochemical
staining for Ki67 of control or alisertib treated tumors harvested at the end of the
experiment. C, Mitotic ﬁgures representing prophase (p), metaphase (m),
anaphase (a), and failed mitosis (f) from H&E-stained tumor sections were
quantiﬁed for the percentage of each. The data represent >200 mitotic ﬁgures
for each tumor, from at least three individual tumors.

by preferentially inhibiting Aurora A resulting in a mitotic arrest.
The increased level of pH3 being a direct consequence of the
increased proportion of cells in mitosis, also seen with the
selective Aurora A inhibitor and siRNA depletion. The effect of
high doses of alisertib was to ablate pH3 staining in cells in earlier
stages of mitosis, but pH3 staining was detected in cells undergoing an extended mitotic arrest. In vivo, a similar absence of
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cytokinesis was observed in alisertib-treated tumors, indicating
that the drug at 30 mg/kg signiﬁcantly inhibited both Aurora A
and B kinases.
The effects of dual Aurora A and B inhibition in the setting of
HPV-driven cancers were increased selectivity over either selective
Aurora kinase inhibitor examined here, MK5018and AZD2811.
The selective Aurora A inhibitor promoted the mitotic arrest, and
coaddition of the Aurora B inhibitor reduced but did not
completely abolish this arrest. This was also observed with equipotent Aurora A/B inhibitor AMG900, and combination of speciﬁc Aurora siRNAs, indicating that the failure to abolish the arrest
was not a consequence of inadequate Aurora B inhibition. It is
unclear as to why the prolonged mitotic arrest imposed by
selective Aurora A inhibition did not produce a stronger cytotoxic
effect. Aurora A kinase directly regulates the mitotic stability of the
pro-apoptotic BH3-only BIM protein (23), and several other
apoptotic components are regulated in mitosis with the result
that the balance of pro- and antiapoptotic signals increasingly
favors pro-apoptotic signaling the longer the mitotic arrest is
maintained (24, 25). There was a surprising selectivity of the
Aurora B inhibitor AZD2811 for the HPV-driven cancer cell line.
This cannot be due to any mitotic delay, but must be associated
with the failed cytokinesis that is a consequence of Aurora B
inhibition (1). It is possible that the failed cytokinesis triggers a
caspase-2-dependent mechanism to eliminate these aneuploid
cells (26). The relative lack of cytotoxicity of the ﬁrst-generation
Aurora B inhibitor ZM447439 for HPV-driven cell lines (9) is
surprising as it displays signiﬁcant Aurora A inhibition at low
micromolar concentrations. However, it has other known targets
such as LCK, SRC, and MEK1 (27), and inhibition of these may
reduce the selectivity of the drug compared with more highly
selective Aurora inhibitors. Interestingly, both Aurora A and B
were identiﬁed as individual synthetic lethal hits in the original
siRNA screen (9), indicating that disrupting progression through
and out of mitosis is individually lethal to HPV-driven cancers.
Thus, the combined inhibition of both kinases appears to provide
increased selectivity and potency over the individual inhibitors.
This is well demonstrated by the potency and selectivity of
AMG900.
The selectivity of Aurora inhibitors for HPV-driven cancers
may be in part a consequence of the effect of the HPV E6/E7
oncogenes. We have previously demonstrated that overexpression of E7 is sufﬁcient to sensitize toward alisertib (9), and
defective p53 function, an outcome of E6 expression, promotes
mitotic slippage and failed cytokinesis with Aurora inhibitors
(10). Although the exact targets of E7 that promote selectivity
are not known, the reported ability of alisertib to promote
senescence in melanomas (8) suggests that it may be RB protein
as HPV E7 expression effectively bypasses senescence (22). RB is

rarely defective in melanomas (28), whereas all HPV-driven
cervical cancers are RB defective by virtue of E7 expression. This
would also explain the lack of senescence in the HPV-driven
xenograft models.
In summary, we have demonstrated that inhibition of Aurora
kinases provides cytotoxic insult in HPV-driven cervical cancer
cells, and that the combined inhibition of Aurora A and B
enhances the potency and selectivity of this effect. The relatively
good clinical proﬁle of Aurora inhibitors (4) suggests that this
class of inhibitors, particularly dual Aurora A/B inhibitors, may
have efﬁcacy in the treatment of HPV-driven cervical cancer.
It is unlikely that these inhibitors would be effective in combination with chemotherapies or radiation that produces
DNA damage as Aurora A inhibition, through its downstream
inhibition of PLK1 will reduce the efﬁcacy of both agents by
the ATM/ATR-dependent block of progression into mitosis
(20, 21) reducing the efﬁcacy of the Aurora A inhibitors. Aurora
A inhibition maintains the cell-cycle arrest and would reduce
the efﬁcacy of chemoradiation.
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