
Inhibition of Aurora B kinase sensitizes a subset of
human glioma cells to TRAIL concomitant with
induction of TRAIL-R2
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Small-molecule inhibitors of the Aurora A and B kinases interfere with mitotic centrosome function and disrupt the mitotic
spindle assembly checkpoint resulting in polyploidization and apoptosis of proliferating cells. As such, several Aurora kinase
inhibitors are at various stages of clinical development as anticancer agents. To identify candidate apoptosis-sensitizing genes
that could be exploited in combination with Aurora kinase inhibitors in malignant glioma, we have carried out global gene
expression analysis in a D54MG glioma cell derivative treated with three Aurora kinase inhibitors chosen for their distinctive
selectivities: MLN8054 (Aurora A-selective), AZD1152 (Aurora B-selective), and VX-680 (Aurora A/B). The modulation of apoptotic
gene expression by p53 under these conditions was ascertained, as p53 expression can be toggled on and off in this D54MG
derivative by virtue of a stable, inducible, p53-targeting short hairpin RNA (D54MGshp53). This analysis identified the tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) death receptor, TRAIL receptor 2 (TRAIL-R2), as an apoptosis-
sensitizing gene induced selectively following inhibition of Aurora B. In glioma cell lines where TRAIL-R2 was induced following
polyploidization, the sensitivity, kinetics, and magnitude of TRAIL-mediated apoptosis were enhanced. Our data shed light on the
apoptotic program induced during polyploidization and suggest that TRAIL-R2 activation is a putative point of therapeutic
intervention in combination with inhibitors of Aurora B.
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The Aurora kinase family comprises three structurally related,
serine/threonine kinases (Aurora A, B, and C) that serve
critical, nonredundant functions during cell division. Aurora A
is required for early mitotic events, such as centrosome
maturation and separation, mitotic spindle assembly, and
chromosome congression to the metaphase plate.1 Aurora B
is an element of the mitotic ‘spindle assembly checkpoint,’ a
safeguard that ensures that chromosome segregation does
not proceed until all kinetochores and microtubules are
precisely attached. The expression of Aurora C is restricted
primarily to the testis where it appears to be involved in meiotic
cell division.2 Collectively, the Aurora kinases represent a
novel family of mitotic targets, and small-molecule inhibitors of
one or more family members are aggressively being deve-
loped as neocytotoxic anticancer agents.

Owing to the distinct functions of Aurora A and B in mitosis,
the cytotoxicities induced by Aurora A- or B-selective small-
molecule inhibitors are phenotypically unique. MLN8054, an
Aurora A-selective inhibitor, produces mitotic spindle assem-
bly deficiencies concomitant with mitotic delay or arrest,
whereas at higher concentrations polyploidy (the appearance
of 44n DNA content) is observed.3,4 Both the Aurora
B-selective pyrazoloquinazoline, AZD1152,5,6 and the

pan-Aurora inhibitor, VX-680,7 induce polyploidization, which
eventually leads to apoptosis. All three classes of inhibitors
are efficacious in multiple human xenograft models validating
the Aurora kinases as viable cancer targets.3,7,8 Never-
theless, how these agents affect cell fate decisions that
influence apoptosis is still poorly defined. We have observed,
in multiple cancer cell lines, that despite the induction of
polyploidy, cells with an apparently normal DNA complement
eventually emerge (data not shown). Thus, therapeutic
strategies that potentiate apoptosis of polyploid cells may be
of clinical utility by enhancing antiproliferative activity and
suppressing the emergence of cancer cells that may have
undergone significant genetic reshuffling.

Under severe cellular stress, apoptosis is initiated by
engaging a complex network of cell-intrinsic and -extrinsic
signal transduction pathways. The former involves activation
of pro-apoptotic and/or neutralization of anti-apoptotic BH3-
containing proteins such that a threshold level of mitochon-
drial permeablization and caspase activation is achieved. The
cell-extrinsic pathway initiates apoptosis from the cell surface
through ligand recognition of multimeric transmembrane
receptors of the TNF receptor superfamily known as death
receptors. Death receptor activation leads to the rapid
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assembly of the death-inducing signaling complex, comprising

the Fas-associated death domain (FADD) adapter protein and

pro-caspases 8 and 10. The association with FADD triggers the

auto-activation of caspase-8 and -10, which in turn proteolyze

and activate the apoptotic effectors caspase-3/-6/-7.
Here we define the global transcriptional response to

polyploidization secondary to inhibition of Aurora kinases in

a p53-positive human glioma cell line and find that poly-

ploidization results strictly from inhibition of Aurora B. We also

define elements of the transcriptional response that are p53

dependent. Furthermore, upregulation of tumor necrosis

factor-related apoptosis-inducing ligand receptor 2 (TRAIL-

R2) by Aurora B inhibition is concomitant with sensitization of

a subset of human glioma cells to TRAIL-mediated apoptosis,

although p53 status per se is not absolutely correlated with

TRAIL sensitization. These data provide a mechanistic

rationale for combining Aurora kinase inhibitors with death

receptor agonists in the management of glioma.

Results

We rationalized that understanding the mechanisms of Aurora
kinase-mediated cell death could reveal particular apoptotic
processes that were amenable to therapeutic exploitation. We
therefore analyzed the transcriptional response to Aurora
kinase inhibition with two key questions in mind: (1) how is
Aurora A versus Aurora B inhibition differentially reflected in
the transcriptional response, and (2) as p53 is known to be
induced during polyploidization,9–11 how does p53 influence
the transcriptional response and is this related to Aurora A or
Aurora B inhibition per se? Using two immunofluorescence
assays, we first established the cellular activity of three
reference compounds toward Aurora A (mitotic spindle
assembly, Figure 1a) and Aurora B (mitotic histone H3
phosphorylation; Figure 1b). Using these data, we defined
three Aurora kinase selectivity conditions, each representing
the optimal selectivity profile for Aurora A and Aurora B and
each exceeding the respective compound’s IC50: 250 nM
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Figure 1 Definition of cellular Aurora A, B, and A/B selectivity conditions. D54MG cells were seeded onto glass coverslips and exposed to MLN8054, AZD1152, or VX-680
in half-log dose response as indicated and cultured for a further 6 h. Cells were fixed and stained with the indicated primary antibodies. Cells were either triple-labeled with anti-
MPM-2, anti-a-tubulin, and DAPI (a) or double-labeled with anti-MPM-2 and anti-histone H3-(pSer10) (b). (c) Quantitation of cellular Aurora A and Aurora B activity. Aurora A
inhibition was determined by scoring the number of metaphase bipolar spindles (an indirect measurement of mitotic spindle assembly) observed in the mitotic (MPM-2-positive)
fraction. Aurora B inhibition was determined by scoring the number of histone H3-(pSer10)-positive cells within the mitotic (MPM-2-positive) fraction. For both assays, 50 mitotic
cells were scored for each compound concentration. The data are expressed as the percentage of DMSO-treated control cells
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MLN8054, Aurora A-selective; 200 nM AZD1152, Aurora
B-selective; and 1000 nM VX-680, pan-Aurora A/B (Figure 1c).
Fluorescence-activated cell sorting (FACS) analysis indicated

that both Aurora B and A/B inhibition elicited polyploidization,
as populations with 4n and 8n DNA content accumulated in
cells exposed to AZD1152 and VX-680 (Figure 2a and b).
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Selective inhibition of Aurora A induced a small accumulation
of 4n cells, indicative of mitotic delay, but did not result in
polyploidy and had little effect on cell cycle distribution overall
(Figure 2a and b). Little cell death (B15%) was observed over
this time period as indicated by FACS (Figure 2a and b) and
Trypan blue exclusion (Figure 2c) despite progressive
polyploidization of AZD1152- and VX-680-treated cells. We
next determined the time-dependent induction of p53 under
the three Aurora kinase selectivity conditions and observed
that p53 was time-dependently induced following inhibition of
Aurora B and A/B, but not Aurora A (Figure 2d). The induction
of the cyclin-dependent kinase inhibitor p21, a canonical p53
target gene, displayed a similar pattern of regulation,

indicating that p53 was active under these conditions.
Moreover, when p53 short hairpin RNA (shRNA) was induced
by doxycycline, the accumulation of both p53 and p21 was
suppressed in the presence of AZD1152 (Figure 2e).

Upon validating the experimental model, we defined the
time-dependent transcriptional response to the three pre-
selected inhibitor conditions in D54MGshp53 in the presence or
absence of doxycycline. Time-dependent modulation of the
transcriptome was observed upon both Aurora B and A/B
inhibition. By 72 h, approximately 2000 significant gene
changes of 1.5-fold or greater were observed for both
AZD1152 and VX-680 (Figure 2f). Over the 72-h time course,
MLN8054 only weakly affected global transcription (Figure 2f)

Figure 2 Polyploidization, viability, and transcriptional response to Aurora kinase inhibition. (a) D54MGshp53 cells were treated with DMSO, 250 nM MLN8054, 200 nM
AZD1152, or 1000 nM VX-680 and cultured for a further 24, 48, or 72 h as indicated. Cells were washed, fixed, permeabilized, stained with propidium iodide, and analyzed by
flow cytometry for polyploidization and cell death. (b) The PI intensities of individual peaks from (a) were quantified and expressed. (c) D54MGshp53 cells were treated as in (a)
and viability was determined by trypan blue exclusion and quantified using a Vi-Cell cell counter. (d) D54MGshp53 cells were treated as in (a) and cell lysates were prepared.
Western analysis of p53 and p21 are shown. (e) D54MGshp53 cells were treated with 50 ng/ml doxycycline for 24 h before the addition of 200 nM AZD1152 for the times
indicated. Cell lysates were then prepared, and p53 and p21 protein expression was determined by immunoblotting. (f) Total RNA was prepared from D54MGshp53 cells treated
first for 24 h with 50 ng/ml doxycycline followed by 250 nM MLN8054, 200 nM AZD1152, or 1000 nM VX-680 for the times indicated. Probe sets whose P-values conform to a
5% false-discovery rate and satisfied a secondary filter of 1.5-fold expression change (relative to DMSO-treated cells from the same time point) were counted, indicating total
number of significant gene changes. (g) Hierarchical clustering of significant gene changes across all experimental treatments. Genes downregulated are indicated in blue,
whereas those upregulated are indicated in red
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despite its effects on mitotic spindle assembly (Figure 1a and
c) and the concomitant mitotic delay (Figure 2a and b).
Hierarchical clustering of the42000 significant gene changes
revealed that the transcriptional responses between
AZD1152 and VX-680 were most correlated at each time
point (Figure 2g). In cells treated with either AZD1152 or VX-
680, B50% of the transcriptional response was eliminated
when p53 was suppressed (Figure 2f), indicating that p53
governs the bulk of the transcriptional output during poly-
ploidization. Pathway analysis of p53-dependent genes
revealed a strong bias for gene ontologies involved in cell
cycle control, including G1/S transition, DNA replication,
recombination, repair, synthesis, and G2/M transition. This
ensemble of cell cycle regulatory genes was collectively
repressed during polyploidization when p53 was functional
(Supplementary Figure S1A) and not regulated when p53 was
knocked down (Supplementary Figure S1B; Supplementary
Table S1). Cell cycle suppression was further confirmed using
two markers of cell cycle progression, phosphorylation of Rb
and Cdc2, which showed p53-dependent inhibition at the 72-h
time point (Figure 3a).

As p53 is inactivated in a significant proportion of human
gliomas, we performed a second analysis, biased for p53-
independent gene regulation, to identify candidate apoptosis-
sensitizing genes that could be exploited in combination with

Aurora kinase inhibitors irrespective of p53 status. This
analysis was performed on the 72-h time point following
exposure to AZD1152, as almost all cells have undergone
endoreduplication by this point. This analysis revealed 113
apoptotic genes that were regulated as a function of Aurora B
kinase inhibition with little or no influence of p53 status
(Supplementary Figure S1C–D and Supplementary Table
S2). Of these, TRAIL-R2/DR5 (TNFRSF10B) was of particular
interest, as therapeutic agonists of this death receptor have
been shown to possess both broad antitumor activity and
desirable therapeutic window in preclinical models,12–17

including glioma.18,19 Immunoblot analysis of AZD1152-
treated D54MGshp53 cell lysates over a 72-h time course
showed that induction of TRAIL-R2 at the protein level is
partially p53-dependent, although at 72 h post-treatment, the
contribution of p53 is reduced (Figure 3b), presumably
because of the activity of additional stress pathways that
enforce TRAIL-R2 expression during polyploidization. We did
not detect a change in expression of the other major TRAIL
receptor, TRAIL-R1 (Figure 3b). We also observed upregula-
tion of Noxa and downregulation of Mcl-1 at the 72-h time point
(Figure 3b), which might be predicted to potentiate various
apoptotic stimuli that ultimately converge on the mitochondrial
apoptotic pathway. We observed a time-dependent increase
in TRAIL-R2 expression on the cell surface after inhibition of
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Figure 3 Modulation of TRAIL-R2 and accessory apoptotic pathway components during polyploidization. (a) D54MGshp53 cells were treated with 50 ng/ml doxycycline for 24 h prior to the addition for 200 nM AZD1152 for the
times indicated. Cell lysates were then prepared, and Rb and Cdc2 phosphorylation was determined by immunoblotting. (b) Immunoblot analysis of various apoptotic proteins whose corresponding gene displayed some
transcriptional regulation by microarray after exposure to 200 nM AZD1152 for 72 h in the presence or absence of 50 ng/ml doxycycline. (c and d) D54MGshp53 cells were treated with DMSO, 250 nM MLN8054, 200 nM AZD1152, or
1000 nM VX-680 and cultured for a further 24, 48, or 72 h as indicated. Cells were detached, washed, and stained with PE-labeled anti-TRAIL-R2 antibody. PE intensity was then quantified by flow cytometry and expressed as a
function of cell number (c) or cell size (FSC-A; d). The populations shown in green represent basal TRAIL-R2 expression and were defined by gating the entire cell population following DMSO treatment. Population of cells that
exhibit increased TRAIL-R2 expression is shown in orange. In (d), the percentages indicate the proportion of cells in the population that show both increased FSC-A and PE staining
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Aurora B or A/B, but not Aurora A (Figure 3c), which was a
function of cell size (a surrogate marker for polyploidization;
Figure 3d), suggesting that cell surface expression of TRAIL-
R2 and polyploidization are phenotypically coupled. Using
CD44 as a marker for cell surface area, we noted that the
stainable surface of D54MGshp53 cells increases 3.8-fold after
72 h of polyploidization, consistent with the overall increase in
cell size (Supplementary Figure S2). Surface staining of
TRAIL-R2 and OPG were increased 7.5- and 5-fold,
respectively, 72 h after the addition of AZD1152 (Supplemen-
tary Figure S2). TRAIL-R1 expression was similar to that of
CD44 and increased 3.8-fold (Supplementary Figure S2),
indicating that it was not induced on a per cell basis, but rather
the increased staining reflects the increase in surface area
that accompanies polyploidization.

Given that induction of TRAIL-R2 by chemotherapeutics
sensitizes glioma cells to TRAIL-mediated apoptosis,20 we
postulated that polyploidization may also be a TRAIL-
sensitizing process. We tested this hypothesis directly by
determining first whether or not TRAIL would cooperate with
Aurora kinase inhibitors to suppress cell proliferation. When
assayed for effects on 72-h proliferation, AZD1152 and
VX-680 typically produce approximately 30–50% inhibition in

D54MGshp53. As noted earlier (Figure 2c), cell death during
this period is minimal. By time-lapse video microscopy, we
have determined that length of the D54MGshp53 cell cycle is
extended approximately twofold during the first 72 h of
polyploidization (data not shown), consistent with microarray
data indicating global suppression of cell cycle-regulated
processes (Supplementary Figure S1A and B). Thus, the
inhibition of 72-h proliferation obtained with Aurora B- or A/B-
selective treatments (i.e., AZD1152 or VX-680, respectively)
reflects the combination of cell cycle suppression and loss of
viability. When treated with any of the three Aurora kinase
inhibitors at concentrations sufficient to inhibit Aurora B (see
Figure 1c), D54MGshp53 cells responded to TRAIL concentra-
tions (0.78–3.13 ng/ml) below those required to elicit an
antiproliferative response (Figure 4a–c). Moreover, while in a
72-h assay, Aurora B inhibition resulted in B50% inhibition of
cell proliferation, when combined with TRAIL, close to 100%
inhibition was achieved at concentrations of TRAIL
(B6.25 ng/ml) that alone only produce B20% inhibition.
Inhibition of Aurora B was consistently synergistic with TRAIL
within the range of 3.13–6.25 ng/ml as determined using the
Bliss additivism model (Figure 4d–f). We confirmed that the
inhibition of proliferation observed by the addition of TRAIL
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was due to apoptosis, as the enzymatic activity of caspase-3
was synergistically enhanced in the presence of Aurora A/B or
B inhibition, but not with inhibition of Aurora A (Figure 4g).
Furthermore, exposure to TRAIL resulted in the appearance
of cleaved caspase-8, tBid, and PARP, which were collec-
tively augmented following polyploidization (Figure 4h).
Altogether, these data indicated that hypersensitivity to TRAIL
in D54MGshp53 was secondary to inhibition of Aurora
B-mediated polyploidization. A172 glioma cells displayed a
similar induction of TRAIL-R2 following Aurora B inhibition
(Figure 4i) and exhibited a similar sensitization to recombinant
TRAIL when combined with Aurora B or A/B inhibition, but not
with inhibition of Aurora A (Figure 4j–k).

We attempted to assess how general polyploidy-mediated
TRAIL hypersensitization was across human glioma cell lines
while simultaneously addressing two significant issues: (1) to
what degree was this influenced by p53 status, and (2) does
polyploidization resensitize a cell line that is otherwise
insensitive to TRAIL-induced apoptosis? In our evaluation of
three additional cell culture models of glioblastoma multiforme
(Supplementary Figure S3A–C), the combination of AZD1152

or VX-680 and TRAIL was less than additively antiproliferative
in LN18 (p53Mut), whereas U87MG (p53WT) and U138MG
(p53Mut) failed to show hypersensitivity to TRAIL when
combined with Aurora kinase inhibition. Immunoblot analysis
of several components of the cell-extrinsic apoptosis machin-
ery identified in our microarray analysis (Supplementary
Figure S3D) revealed a lack of induction of TRAIL-R2 by
AZD1152 in these lines, indicating that TRAIL-R2 induction is
a correlate of TRAIL sensitivity. We also noted that, in LN18,
U87MG, and U138MG, which were less sensitive to TRAIL,
osteoprotegerin (OPG), a TRAIL decoy receptor, was
comparatively overexpressed (Supplementary Figure S3D),
potentially contributing to the enhanced resistance to TRAIL
observed for these cell lines.

If TRAIL-R2 was indeed required to hypersensitize poly-
ploid cells to TRAIL, siRNA-mediated depletion of TRAIL-R2
should either reduce the sensitivity to TRAIL or abolish TRAIL
sensitivity altogether. We first evaluated a panel of four
siRNAs for their ability to knock down TRAIL-R1 and TRAIL-
R2 in the presence and absence of AZD1152 (Supplementary
Figure S4A and C). Of these, siTRAIL-R1-2 (hereafter
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referred to as siTRAIL-R1) and siTRAIL-R2-4 (hereafter
referred to as siTRAIL-R2) were selected for subsequent
studies on the basis of superior potencies. In D54MGshp53,
siTRAIL-R2 reduced TRAIL-R2 expression in AZD1152-
treated cells below the level of TRAIL-R2 in DMSO-treated
controls, (Figure 5a). In A172, TRAIL-R2 knockdown was
more dramatic, approaching 100% (Figure 5a). Cleavage of
caspase-8 and Bid were partially suppressed in D54MGshp53

transfected with siTRAIL-R2 both in the presence or absence
of AZD1152 (Figure 5b). Moreover, TRAIL-R2 knockdown in
AZD1152-treated D54MGshp53 cells restored TRAIL sensitiv-
ity to that of DMSO-treated controls transfected with a
nontargeting siRNA (Figure 5c). In A172, where TRAIL-R2
knockdown was more complete, both AZD1152- and DMSO-
treated cells were rendered completely insensitive to TRAIL,
at the level of caspase-8 and Bid cleavage (Figure 5d) and
overall proliferation (Figure 5e). In contrast, knockdown of

TRAIL-R1 in D54MGshp53 cells did not affect TRAIL sensitivity
in combination with Aurora B inhibition (Supplementary Figure
S4B).

If the upregulation of TRAIL-R2 is sufficient to render
polyploid cells sensitive to TRAIL, then depletion of TRAIL-R2
in AZD1152-treated cells to basal, DMSO-treated levels
should mitigate sensitization to TRAIL. D54MGshp53 cells
were transfected with siTRAIL-R2 in dose response, and the
siRNA concentration range necessary to deplete TRAIL-R2 to
baseline levels was defined (Figure 6a). We then deter-
mined the sensitivity of these cells to TRAIL at various
TRAIL-R2 levels in an assay of cell viability. Baseline levels of
TRAIL-R2 are achieved within the range of 0.01–0.1nM siTRAIL-R2
(Figure 6a). A concentration of 0.01nM siTRAIL-R2 suppressed
the synergistic activity observed in cells treated with AZD1152
and TRAIL (Figure 6b and c), indicating that the increased
surface expression of TRAIL-R2 can account for the
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sensitization to TRAIL upon Aurora B inhibition observed in
this model.

Discussion

Our data reveal that the transcriptional response to inhibition
of Aurora B is virtually indistinguishable from the response
elicited when Aurora A and B are simultaneously repressed,
suggesting that Aurora B inhibition is the dominant activity in
this context. The Aurora A-selective agent, MLN8054, has
been shown to induce apoptosis in multiple cancer cell lines
and display antitumor activity in vivo.3 However, owing to its
dual specificity at higher concentrations, it has been difficult to
reconcile whether this truly reflects inhibition of Aurora A or
the combined activities of Aurora A and B. At 250 nM, a
concentration of MLN8054 that almost completely suppresses
mitotic spindle assembly although negligibly affecting mitotic
histone H3 phosphorylation (Figure 1), we observed a striking
lack of transcriptional response despite a modest accumula-
tion of cells with 4n DNA content (Figure 2a and b). This was
an unexpected observation, as depletion of Aurora A with
siRNA has been shown to be antiproliferative in multiple
pancreatic cancer cell lines.1,21 These seemingly discrepant
results could suggest a phenotypic difference between small
molecule-based inhibition of Aurora A kinase and depletion of
the protein or reflect lineage-specific susceptibilities to Aurora
A inhibition.

Our data shed new light on the transcriptional processes
modulated during polyploidization and highlight the involve-

ment of p53. It has been appreciated for some time that
polyploidization resulting from cytokinesis failure engages
p53,10 limiting further endoreduplication and thus further
polyploidization as a result of cell cycle suppression.9 After
cytokinesis failure, cancer cells lacking functional p53
proceed in an unrestrained manner through the cell cycle,
rapidly undergoing successive rounds of polyploidization,
which eventually induces apoptosis.11 And so, temporarily
(and perhaps paradoxically), the cell cycle-suppressive
effects of p53 appear to maintain cell viability
during polyploidization, although most cells with wild-type
p53 will also eventually succumb to this process (data not
shown).

Additionally, p53 participates in programmed cell death on
multiple levels, both as a transcriptional regulator of extrinsic
and intrinsic apoptotic pathway genes and, as uncovered
more recently, by directly activating the proapoptotic factor,
Bax.22 Our data indicate that following cytokinesis failure, the
chief function of p53 is to orchestrate multiple processes
involved in cell cycle suppression rather than triggering rapid
and overt apoptosis because during the first 72 h of
polyploidization, little cell death is observed (Figure 2c). Our
data suggest that polyploidization lowers the threshold for
apoptosis by upregulating and priming the apoptotic machin-
ery. This program comprises elements of both the cell-intrinsic
and -extrinsic apoptotic pathways, where it is ultimately
the balance of pro- and anti-apoptotic factors that determine
the sensitivity to further apoptotic insult. With regard to the
latter, the upregulation of TRAIL-R2 observed during
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polyploidization represents a potential point of therapeutic
intervention. Although a correlation between death receptor
upregulation and TRAIL sensitivity is not always observed,
multiple anticancer therapies that upregulate TRAIL-R1 and
TRAIL-R2 also show synergistic activity when combined with
rTRAIL20,23–26 or agonistic death receptor antibodies.27,28

There is generally poor agreement between TRAIL-R2
expression in response to various pharmacological manipula-
tions and p53 status,29,30 suggesting that although p53 can
positively regulate the expression of TRAIL-R2, alternative
routes to TRAIL-R2 transcription also exist. Our data support
these conclusions, as TRAIL-R2 expression is only partially
attenuated after 72 h of exposure to AZD1152 in the absence
of p53. We have also observed that the hypersensitivity of
polyploid cells to TRAIL is only slightly blunted by p53
knockdown (data not shown). These data are aligned with
earlier failures to establish a direct link between the expres-
sion of functional p53 and TRAIL sensitivity.25,31–33

A simplistic view is that TRAIL sensitivity reflects both cell-
surface expression of TRAIL receptors and the functionality of
death receptor pathway effector components. Our data
suggest that, in part, the sensitization to TRAIL that occurs
during polyploidization reflects the upregulation of TRAIL-R2.
In both D54MGshp53 and A172, a substantial induction of
TRAIL-R2 is observed concomitant with TRAIL hypersensi-
tivity (cf. Figures 3b and 4b; cf. Figure 4i and j). Furthermore,
in D54MGshp53 cells, siRNA-mediated suppression of TRAIL-
R2 induces resistance to TRAIL, as higher concentrations of
TRAIL are required to elicit the same antiproliferative effect. In
fact, the TRAIL dose response curve of AZD1152-treated
cells after TRAIL-R2 knockdown is similar to control, DMSO-
treated cells (Figure 6b). In A172, knockdown of TRAIL-R2
renders both normal and polyploid cells completely refractory
to TRAIL (Figure 6d). The differential effect of TRAIL-R2
knockdown on TRAIL sensitivity in D54MGshp53 and A172
correlates well with the extent of TRAIL-R2 suppression
(Figure 5d). These data also suggest that TRAIL-R2, rather
than other TRAIL receptors, such as TRAIL-R1, is the primary
receptor contributing to TRAIL sensitivity when combined with
inhibition of Aurora B. An additive antiproliferative effect of
combining TRAIL and AZD1152 is observed in LN18
(Supplementary Figure S3A), although this does not involve
TRAIL hypersensitivity per se as both DMSO- and AZD1152-
treated cells respond to similar concentrations of TRAIL.
Whereas LN18, U87MG, and U138MG display comparatively
low expression of TRAIL-R2, TRAIL-R1 expression is some-
what elevated in LN18 (Supplementary Figure S3D), which
could explain its intermediate response. Both U87MG and
U138MG were completely insensitive to TRAIL concentra-
tions below 25 ng/ml (Supplementary Figure S3B and C).
Although OPG has been most extensively studied as a decoy
receptor for soluble RANKL,34 its analogous role as a TRAIL
decoy receptor is also appreciated, as soluble OPG protects
multiple cancer cell lines from apoptosis induced by TRAIL.35

It is also potentially significant that LN18, U87MG, and
U138MG expressed comparatively high levels of OPG, which
could also contribute to overall TRAIL resistance. Never-
theless, in these glioma cell lines, polyploidization does not
appear to sensitize an otherwise TRAIL-resistant cell line to
the apoptotic effects of TRAIL.

Although activating the cell-extrinsic apoptotic pathway as a
means of inducing cancer cell apoptosis is a concept that has
been appreciated for some time, the preferential cytotoxicity
of TRAIL for transformed versus normal cells has, to date,
translated into a meaningful therapeutic window in preclinical
models, as recombinant TRAIL is both efficacious in human
tumor xenografts and systemically well tolerated.12,13

Agonistic anti-TRAIL-R1 or -TRAIL-R2 antibodies also display
promising antitumor activity in human xenograft models
without overt systemic toxicity.14–17 As many chemothera-
peutics induce TRAIL-R1/-R2, considerable attention has
been given to therapeutic strategies that combine these
agents with TRAIL or TRAIL-R1/-R2 agonistic antibodies. In
individuals with glioblastoma mulitforme, expression of
TRAIL-R1 and TRAIL-R2 are independent prognostic indica-
tors of patient survival,36 suggesting that these death
receptors play an active role in tumor suppression in this
setting. Our data show that pharmacological inhibition of
Aurora B induces TRAIL-R2 concomitant with TRAIL sensi-
tization in a subset of human glioma cell lines secondary to
polyploidization and further suggest that inhibition of Aurora B
may be an effective means to sensitize glioblastoma multi-
forme to TRAIL-mediated apoptosis.

Materials and Methods
Cell culture. To create the D54MGshp53 cells, 2O2-shRNA(p53), a
plasmid designed to express an shRNA (gacuccagugguaaucuacucucuugaa
guagauuaccacuggagucuu) against p53 under the control of a tet-responsive U6
promoter, was introduced into the previously described D54MG-tetR cells.37 Stable
clones that exhibited doxycycline-dependent ablation of the p53 protein were
identified and designated as D54MGshp53 A172, LN18, U87MG, and U138MG
glioma cells and were purchased from American Type Culture Collection and
propagated as recommended. D54MGshp53 cells were cultured in DMEM without
sodium pyruvate supplemented with 10% Tet-approved FBS (v/v), 0.1 mM
nonessential amino acids, and penicillin/streptomycin.

Reagents. Recombinant human TRAIL was purchased from Sigma. The
chemical structures of MLN8054 (4-{[9-choloro-7-(2,6-difluorophenyl)-5H-
pyrimido[5,4-D][2]benzazepin-2-yl]amino}-benzoic acid),3 AZD1152 (2-[[3-({4-[(5-
{2-[(3-Fluorophenyl)amino]-2-oxoethyl}-1H-pyrazol-3-yl)amino]-quinazolin-7-yl}oxy)
propyl](ethyl)amino]ethyl dihydrogen phosphate),5 and VX-680/MK-0457
(cyclopropane carboxylic acid {4-[4-(4-methyl-piperazin-1-yl)-6-(5-methyl-2H-
pyrazol-3-ylamino)-pyrimidin-2-ylsulphanyl]-phenyl}-amide)7 have been disclosed.
These compounds were synthesized at Abbott Laboratories for comparative
purposes. AZD1152-hydroxyquinazoline pyrazol anilide (HQPA) is rapidly
converted from the dihydrogen phosphate prodrug, AZD1152, in the presence of
plasma.5 For all relevant studies, AZD1152-HQPA was used and hereafter referred
to as AZD1152. Antibodies were purchased as follows: TRAIL-R2, FLIP, IAP2,
cleaved caspase-8 (Asp391), Puma, and Cy5-conjugated MPM-2 was purchased
from Cell Signaling Technology; p53, OPG, Bid, and cleaved PARP (Asp214) were
purchased from BD Biosciences; p21 was purchased from Upstate Biotechnology;
Bax, TRAIL-R1, and DR6 were purchased from Abcam; and Fas was purchased
from Santa Cruz Biotechnology. Phycoerythrin (PE)-conjugated anti-human TRAIL-
R1, TRAIL-R2, and OPG antibodies were purchased from R&D systems and
Axxora. PE-conjugated anti-CD44 antibody was obtained from BD Biosciences.
Histone H3-(pSer10) antibodies were obtained from Cell Signaling Technology and
Upstate Biotechnology. Antibodies for a-tubulin were obtained from Abcam And
Hoechst DNA stain was obtained from Molecular Probes.

Immunofluorescence. D54MGshp53 cells were plated on 8-well chamber
slides (Lab-Tek II) at 30 000/well in 0.3 ml of growth medium. Cells were treated the
following day for 6 h with compounds as indicated at 10, 3, 1, 0.3, 0.1, 0.03, 0.01,
and 0mM on two slides each by adding 33ml of half-log, serially diluted compound.
Slides were washed once with 1 ml of PBS, then fixed in 0.2 ml of methanol/acetone
(1 : 1) for 5 min at room temperature. Slides were washed four times with 1 ml of
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PBS, then blocked with 5% goat serum in PBS for 2 h. Fixed cells were incubated
overnight at 41C with primary antibody diluted in blocking buffer. Slides were then
washed three times in 1 ml of PBS and incubated for 2 h at room temperature with
anti-rabbit Alexa Fluor 488 (Molecular Probes) diluted in blocking buffer. Slides were
washed three times with 1 ml of PBS, stained with Hoechst DNA stain (Molecular
Probes) in PBS for 5 min, then washed once with 1 ml PBS. Chambers were
removed, and the slides were dried and mounted with ProlongGold (Molecular
Probes) and coverslips. The cells were examined and imaged under a fluorescent
microscope.

Flow cytometry. To monitor cell cycle distribution and polyploidization,
D54MGshp53 cells were treated as indicated and then washed with PBS,
detached, and resuspended in PBS containing 50mg/ml propidium iodide, 0.1%
Triton X-100, and 50 U RNase. Cells were incubated for 1 h at 371C and DNA
content was determined using a BD LSR II flow cytometer (BD Biosciences). To
determine cell surface expression of CD44, TRAIL-R1, TRAIL-R2, and OPG, cells
were treated, washed, detached, washed again, and incubated in the presence of
PE-conjugated anti-CD44, anti-TRAIL-R1, or anti-TRAIL-R2 antibody for 45 min on
ice. PE intensity was then determined by flow cytometry.

Trypan blue exclusion. Cell viability was determined on cells present both in
the culture medium and attached to plates. Briefly, the culture medium was collected
and centrifuged to pellet any detached cells. Cells that remained adherent were
washed in PBS, detached, and combined with the cellular fraction initially prepared
from the culture medium and Trypan blue exclusion performed using a Vi-CELL cell
counter (Beckman Coulter).

Gene expression analysis bymicroarray. Cell samples were lysed and
total RNA was isolated using the QIAshredder and RNeasy columns (Qiagen).
Labeled cRNA was prepared according to the microarray manufacturer’s protocol
and hybridized to human genome U133A 2.0 arrays (Affymetrix). The microarray
data files were loaded into Rosetta Resolver software for analysis, and the intensity
values for all probesets were normalized using the Resolver’s Experimental
Definition. Clustering analysis within Resolver used the Agglomerative algorithm
and Pearson correlation for the similarity measure, using genes that had a 1.5-fold
change or higher in 1 treatment condition. Only differences with a P-value less than
0.001 are shown in color. For the pathway analysis, a 1.5-fold cutoff was applied
and a 5% false discovery rate was used for P-value cutoff.38

Pathway analysis and in silico construction of biological
networks. Pathway analysis of whole genome microarray data was performed
using Ingenuity Pathway Analysis (IPA; Ingenuity Systems) software. Only gene
expression data that satisfied both the P-value significance cutoff were analyzed. To
determine p53-dependent transcriptional networks, a D54MGshp53 gene list
comparison was made between two treatment conditions: (1) AZD1152 (200 nM,
72 h) without dox versus (2) AZD1152 (200 nM, 72 h) with dox. By subtractive
comparison, the gene set unique to the first condition comprised the p53-dependent
gene list. This list was then uploaded into IPA and a core analysis was performed to
empirically identify significantly modulated gene ontologies. Individual subnetworks
associated with G1/S transition, S phase, DNA replication, recombination, repair,
and G2/M checkpoints were then grown and combined to construct a
comprehensive network comprising significantly modulated cell cycle control
genes. Once the pathway was constructed, the parent microarray data sets from
AZD1152 (200 nM, 72 h) without dox and AZD1152 (200 nM, 72 h) with dox were
applied to the network. A p53-independent transcriptional network was constructed
similarly, first by comparing the two aforementioned gene lists obtained from
D54MGshp53: (1) AZD1152 (200 nM, 72 h) without dox versus (2) AZD1152 (200 nM,
72 h) with dox. The common gene set, which was not influenced by p53 status,
defined the p53-independent gene list. A core analysis was performed on this data
set, and subnetworks associated with the apoptosis gene ontology were grown and
connected to generate a larger network of apoptosis genes significantly regulated
under this treatment condition. Again, once the pathway was constructed, the parent
data sets from AZD1152 (200 nM, 72 h) without dox and AZD1152 (200 nM, 72 h)
with dox were applied.

Cell proliferation assay. Cells were seeded into 96-well plates at 2500/well
and allowed to adhere overnight. Compounds and TRAIL were added the following
day, and cells were incubated at 371C for a further 72 h. Inhibition of cell proliferation
was determined using CellTiter-Glo Luminescence Cell Viability Assay (Promega)

as suggested by the manufacturer and luminescence was quantified using a
SpectraMax M5e plate reader (Molecular Devices). Percentage of inhibition of
viability was determined relative to cells treated with DMSO alone (0.1%). Data are
representative of at least three independent experiments with each data point
carried out in triplicate.

Caspase-3 activity assay. Cells were seeded into 96-well plates at 10 000/
well and allowed to adhere overnight. Compounds and TRAIL were added the
following day, and cells were incubated at 371C for 48 h. The activity of caspase-3/-7
was measured using Caspase-Glo 3/7 Assay (Promega) as suggested by the
manufacturer and luminescence was quantified using a SpectraMax M5e plate
reader (Molecular Devices).

siRNA-mediated knockdown of TRAIL-R1 and TRAIL-R2. A total of
50 000 cells/well were transfected in 24-well plates in the absence of antibiotics with
one of the following siRNA oliogos (Dharmacon) using Lipofectamine RNAiMAX
transfection reagent (Invitrogen) according to the manufacturer’s instructions:
nontargeting siRNA (cat. no. D-001810-01), siTRAIL-R1-1 (cat. no. J-008090-07),
siTRAIL-R1-2 (cat. no. J-J-008090-08), siTRAIL-R1-3 (cat. no. J-008090-09),
siTRAIL-R1-4 (cat. no. J-008090-10), siTRAIL-R2-1 (cat. no. J-004448-05),
siTRAIL-R2-2 (cat. no. J-004448-06), siTRAIL-R2-3 (cat. no. J-004448-07),
siTRAIL-R2-4 (cat. no. J-004448-08). TRAIL-R1 and TRAIL-R2 knockdown was
determined after 72 h by immunoblot analysis.

To evaluate the effect of TRAIL-R1 and TRAIL-R2 knockdown on cell
proliferation in the presence of the combination of AZD1152 and TRAIL, cells were
seeded into 96-well plates at 5000/well in normal growth medium without antibiotics.
Cells were then transfected with a control, nontargeting siRNA oligo, siTRAIL-R1-2,
or siTRAIL-R2-4 siRNA at a final siRNA concentration of 10-20 nM unless otherwise
stated using Lipofectamine RNAiMAX transfection reagent (Invitrogen). Forty-eight
hours post-transfection, the growth medium was removed and replaced with
medium containing either DMSO (0.1%) and TRAIL in dose response or AZD1152
(200 nM) and TRAIL in dose response. Cells were incubated for a further 72 h, and
then effects on cell proliferation were determined as outlined above.

Statistical analysis. Synergistic activities of Aurora kinase inhibitors and
recombinant TRAIL were determined using the Bliss additivism model39 where the
combined response C of both agents with individual effects A and B is
C¼ AþB�(A � B) where A and B represent the fractional inhibition between 0
and 1. Combined response scores greater than 20 were considered synergistic.
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