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Introduction

Non-diploid DNA, a phenotypic hallmark of almost all human 
cancers often arises from inappropriate completion of mito-
sis. This finding led to the emergence of taxanes and the vinca 
alkaloids to block tumor progression by targeting the mitotic 
machinery. Later on, upon the discovery of mitotic signaling 
kinases, such as Aurora kinases, polo-like kinase (PLK) and kine-
sins, attempts to develop novel anticancer agents targeting these 
kinases began. Overexpression of Aurora A and B proteins are 
observed in many cancers.1 Aurora A kinase is one of the many 
genes that can generate polyploid cells when it is overexpressed 
(80% of aneuploid breast cancers) due to abortive mitosis.2 Other 
genes overexpressed, underexpressed or mutated in cancers have 
roles in cell cycle progression.3,4 Depletion of Aurora B activity 
causes premature exit from mitosis without cell division. This 
leads to endoreduplication, resulting in large polyploid nuclei 
containing multiple copies of the DNA.5 On the other hand, 
depletion of Aurora A activity results in mitotic defect followed 
by apoptosis.6 However, preclinical studies using small-molecule 
inhibitors targeting mitotic proteins/kinases suppress tumor 
growth by inducing polyploidy.7-10 In spite of the selectivity, 
the Aurora kinase inhibitors developed, including ZM447439, 
Hesperadin, AZD 1152HQPA (selective for Aurora B), MK0457 
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(pan Aurora inhibitor) and MLN 8054 (selective for Aurora A), 
are potent in suppressing tumor cell growth, mainly by inducing 
polyploidy.11-15 p53-dependent polyploidy check point activation 
was observed upon exposure to ZM447439 and MK0457.11,16 
MLN 8054 has been shown to induce cellular senescence in a 
p53/p21 manner.17 However, we have shown previously that AZD 
1152HQPA, a specific inhibitor of Aurora B kinase, induces poly-
ploidy independent of p53 status of the cell line.15,18 Even though 
many small-molecule inhibitors are undergoing clinical trials, it 
is still unclear whether polyploidy can be taken as a mechanism 
of cell death. It is also not certain whether polyploid cells eventu-
ally die or become aneuploid.

In a study using squamous cell cancer of the head and 
neck, overexpression of Aurora kinase A is associated with an 
additive antiproliferative effect upon combining pan Aurora 
inhibitor with EGFR19 by inducing more polyploidy. Another 
study used Actinomycin D in normal fibroblasts with wild-
type p53 to rescue cells from VX-680-induced polyploidy and 
cellular abnormalities.20 The mechanism by which cells result 
in polyploidy is also not clear. p53-dependent post-mitotic 
check point activation is assumed to prevent cells from under-
going endoreduplication and polyploidy. However, effects of 
different Aurora kinase inhibitors are inconclusive on the p53 
dependency.
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Therefore, we checked the specificity of MK8745 by in vitro 
kinase assay using a PLK1 peptide and Aurora A as substrates and 
either purified Aurora A or immunoprecipitated Aurora A from 
cells treated with or without MK8745 as kinase. Even though 
the IC

50
 for Aurora B has been reported to be in the nM range, 

we observed no inhibition of phospho histone H3 (ser10), an 
immediate target of Aurora B, with MK8745 concentrations up 
to 10 μM. We then explored the mechanism by which MK8745 
induces proliferation inhibition in cell lines of multiple lineages, 
such as colon, melanoma, sarcoma and pancreatic. In general, the 
cell lines expressing wild-type p53 showed a short delay in mitosis 
followed by cytokinesis with significant apoptosis upon exposure 
to MK8745 in a dose-dependent manner. However, cell lines 
with null or mutant p53 underwent endoreduplication, result-
ing in polyploidy after a prolonged delay (about 40 h) in mitosis 
with no apoptosis. This was further confirmed by using isogenic 
knockout variants of colon carcinoma cell line, HCT‑116. These 
results suggest p53 status could have a biologic impact on patients 
receiving Aurora A-targeted therapy.

Results

MK8745 is a specific inhibitor of Aurora A kinase. In order to 
test the target specificity of MK8745 (Fig. 1A, chemical struc-
ture) for Aurora A, an in vitro kinase assay was performed using 
purified Aurora A kinase and biotinylated PLK1 peptide (Ser137), 
known substrates of Aurora  A, in the presence or absence of 
MK8745 (500 nM). As shown in Figure 1Bi, phosphorylation 
of PLK1 peptide was inhibited when the kinase assay was done 
in the presence of MK8745 but not with an Aurora B-specific 
inhibitor (ABI), AZD1152. A similar effect was observed when 
histone H3 was used as the substrate. T-288, an autophosphory-
lation site of Aurora A, was also inhibited (Fig. 1Bii) upon incu-
bation with MK8745 when compared with vehicle control. The 
experiment was repeated using Aurora B kinase and histone H3 
as substrate. No inhibition of Aurora B was observed in phos-
phorylating histone H3 upon incubation with MK8745 (Fig. 
1Biii), indicating the specificity of MK8745 for Aurora A and not 
Aurora B. Figure 1Biv shows induction of phospho H3 (ser10) 
and Aurora  A protein due to mitotic accumulation. Mitotic 

In the current study, we utilized MK 8745, a selective inhibi-
tor for Aurora A kinase with more than 100-fold selectivity for 
Aurora A over other kinases, including Aurora B (IC

50
 Aurora A, 

0.6 nM and IC
50

 Aurora  B, 280 nMa) (acorrespondence with 
Merck), as a tool to study the polyploid effect in the p53 back-
ground. Unlike Aurora  B inhibition, MK8745 induced phos-
pho H3 (ser10) and Aurora A protein level indicative of mitotic 
accumulation, making it difficult to assess the target specific-
ity by checking the auto-phosphorylation (T288) of Aurora A. 

Figure 1. MK8745 is a selective inhibitor of Aurora A kinase. (A) Chemi-
cal structure of MK8745. (B) In vitro kinase assay. (i) Using plk peptide or 
Histone H3 substrate and purified Aurora A Kinase with (MK), without 
(ND) 500 nM MK8745 or with 500 nM AZD1152 (ABI). Phospho plk1 
(S137), phospho H3 (S10) and Aurora A were detected by western blot 
analysis. (ii) Using purified Aurora A kinase as substrate with or without 
MK followed by western blot analysis for phospho (T288) Aurora A. 
(iii) Using Histone H3 as substrate and Aurora B kinase with or without 
MK followed by western blot analysis for phospho histone (Ser10) H3. 
(iv) Western blot analysis for phospho H3 (S10), Aurora A and tubulin 
in lysates of HCT 116 cells treated with MK for 24 h. (v) Flow cytom-
etry analysis of HCT cells treated with (MK) or without (ND) MK for 
24 h probed for MPM2, a mitotic marker. (C) Western blot analysis of 
HCT p53-/- cells overexpressing p53 treated with (MK) or without (ND) 
probed for phospho (Ser315) p53 and p53. (D) Coimmunoprecipitation 
of p53 with Aurora A and not with Aurora B in HCT 116 cells. All the 
results shown are representative of 3–4 independent experiments.
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in Figure 2Cii. In Mad2 haploinsufficient cells, MK8745, as 
expected, lacked any mitotic effect but did induce a partial cyto-
kinesis and endoreduplication effect, with the accumulation of 
both 2N and 8N cells (32%) (data not shown), though less 8N 
cells than observed in drug-treated p53-null cells (60%). This 
data would suggest that the manner of growth inhibition by 
MK8745 is dependent on the p53 status of the cells. Cells with 
wild-type p53 undergo apoptosis following Aurora A inhibition, 
whereas cells with mutant p53 that undergo endoreduplication 
result in polyploidy.

Induction of apoptosis upon Aurora A inhibition is dependent 
on p53 in all cell lineages tested. This p53-dependent effect was 
further tested in cell lines of other lineages, including pancreatic, 
sarcoma and melanoma. Figure 3Ai–iv shows the requirement of 
p53 in the induction of apoptosis upon Aurora A inhibition by 
MK8745. Pancreatic cells CAPAN2 (p53-positive) treated with 
5 μM MK8745 for 48 h result in 15% apoptosis, and PANC1 
(p53 mutant) results in 56% polyploidy. Similarly, the desmo-
plastic small round cell sarcoma cell line, DSCRT (p53-positive) 
treated with MK8745 results in 8% apoptosis, and the malignant 
peripheral nerve sheath cell line ST88 (p53 mutant) results in 
18% polyploidy. For melanoma cells, SK-Mel32 (p53-positive) 
treated with MK8745 results in 9.6% apoptosis, and SK-Mel28 
(p53 mutant) results in 40% polyploidy. These differences in 
the induction of apoptosis in these cell lines according to p53 
status were confirmed by detecting cleaved PARP in cell lines 
expressing wild-type p53 (Fig. 3Bi–iv). These results confirm the 
requirement of p53 in inducing apoptosis when Aurora A kinase 
is inhibited across the cell lines.

This was further confirmed by time-lapse video microscopy 
using HCT 116 cells (wild-type for p53 and p53-/-) transiently 
transfected with GFP H2B followed by treatment with MK8745 
(Movies 1A and 1B). Figure 4A depicts clips 4 h post-treatment 
with MK8745 in HCT116 parental cells clearly showing cyto-
kinesis after a very short delay in mitosis (circled in orange) 
and apoptotic cell death (circled in red). Figure 4B shows clips 
from the movie taken after 18 h of exposure to MK8745 show-
ing delay in mitosis (circled in orange), inhibition of cytokinesis 
and polyploidy (enlarged nuclei, circled in blue) in p53-/- cells. 
This further confirms the finding that cells with wild-type p53 
undergo apoptosis following Aurora A inhibition, whereas cells 
with mutant p53 undergo endoreduplication and polyploidy. The 
p53-dependent mitotic exit seems to be unique upon Aurora A 
inhibition, because taxotere showed similar mitotic delay in both 
p53-null and wild-type cells (not shown).

Induction of apoptosis and its p53 dependence is due to spe-
cific inhibition of Aurora A. In order to determine whether the 
effect of MK8745 on apoptosis and polyploidy was simply an off-
target effect of the drug or was due to a specific effect of Aurora A 
inhibition, Aurora A kinase was inhibited by using specific siRNA 
sequences. Figure 5A is a comparison of flow cytometric analysis 
of HCT 116 and HCT 116 p53-/- cells following treatment with 
MK8745 or specific siRNA for Aurora A or Aurora B or Aurora A 
followed by MK8745. The effect of apoptosis (11.3%) upon 
exposure to MK8745 for 24 h could be recapitulated by using 
Aurora A siRNA (19.5%) in HCT parental cells. There was no 

delay and accumulation upon MK8745 treatment is depicted in 
Figure  1Bv by measuring cells positive for phospho MPM2, a 
mitotic marker. It has been shown that Aurora A phosphorylates 
p53 on ser315,21 and therefore, we tested the effect of MK8745 on 
inhibiting phosphorylation of p53 on Ser 315 in HCT 116 cells 
(p53-/-) overexpressing p53. As expected, a decrease in phosphory-
lation was observed with MK8745 (Fig. 1C), further confirming 
the specificity of MK8745 for Aurora A kinase. An immunopre-
cipitation assay using an antibody for p53 followed by western 
blot analysis for Aurora A shows an association of Aurora A with 
p53 in HCT 116 wild-type cells but no interaction with Aurora B 
(Fig. 1D).

Aurora A inhibition induces apoptosis or polyploidy accord-
ing to the p53 status of the cell. We have previously shown that 
Aurora B inhibition induces polyploidy in a series of cell lines 
of multiple lineages independent of their p53 status without any 
cell cycle delay or arrest.18 Therefore, in this study, we elected to 
examine the effects of MK8745 on cell cycle as well as on mitosis 
in HCT 116 isogenic clones (parental, p53-/- and p21-/-) by flow 
cytometry analysis after MPM2 and propidium iodide (PI) stain-
ing. As shown in Figure 2A, HCT 116 parental cell populations 
exposed to 5 μM MK8745 result in an accumulation of 4N DNA 
cells by 6 h. By 17 h, cells exit from mitosis, undergo cytokinesis, 
and apoptosis, as indicated by an increase in cells with 2N DNA 
along with an increased S phase, indicating DNA synthesis along 
with the appearance of apoptotic sub-G

1
 peak. Upon prolonged 

exposure, more cells undergo cytokinesis (increased 2N cells at 
22, 30 and 40 h) along with an increase in apoptosis (sub-G

1
 cells 

with less than 2N DNA). The same experiment was repeated in 
HCT 116 p53-/-, and, as shown in Figure 2A (lower part), by 6 h, 
about 80% of the cells had 4N DNA with a disappearance of 2N 
cells. There was almost complete inhibition of cytokinesis and 
induction of endoreduplication as evidenced by the disappear-
ance of 2N peak and a continuous increase of the 8N peak from 
16% at 17 h to 60% at 40 h. The effects in HCT116 p21-/- cells 
(wild-type for p53, middle part of Fig. 2A) were similar to that 
of the parental cells (mitotic as well as apoptotic). As shown in 
Figure 2A (last column), the Aurora B inhibitor (ABI) induces 
over 70% polyploidy in all isogenic clones of HCT 116, show-
ing p53 independence in induction of polyploidy upon Aurora B 
inhibition.

Figure 2B summarizes the end result of MK8745 on HCT 
cells at 24 h: parental cells undergo apoptosis; cells lacking p53 
undergo polyploidy, and cells lacking p21 undergo apoptosis. 
Similar effects were observed at MK8745 concentrations ranging 
from 1 to 10 μM (data not shown).

In order to examine the changes in mitosis relative to the 
onset of cytokinesis (2N), polypolidy (> 4N) or apoptosis 
(< 2N), HCT 116 parental and p53-/- cells were released into 
1 μM MK8745 after first being synchronized in G

1
 with thy-

midine. As shown in Figure 2Ci, HCT116 parental cells delay 
in mitosis (12–18 h, green) exit and undergo cytokinesis with 
increased apoptotic (red) and 2N (blue) population. On the 
other hand, p53-/- cells undergo a 40% mitotic arrest (green) for 
about 30–40 h, followed by exit and endoreduplication of DNA 
(increased polyploidy, gray and unchanged 2N, blue) as shown 
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Figure 2. Cell cycle effect and induction of apoptosis by MK8745 (5 μM) in isogenic variants of HCT-116 cells (parental, p53-/-, p21-/-). (A) Flow cytom-
etry analysis of the HCT 116 (top) and its isogenic variants; p21-/- (middle) and p53-/- (bottom) upon exposure to MK for different time points (6, 17, 22, 
30 and 40 h) and exposure to ABI (100 nM AZD 1152) for 40 h after Propidium Iodide staining. (B) HCT116, p53-/- and p21-/- cells treated with 5 μM MK 
for 24 h and analyzed for its DNA content after staining with Propidium Iodide by flow cytometry analysis. Polyploidy (8N, blue bars) and apoptosis 
(<2N, red bars). (C) Mitotic population determined by flow cytometry analysis after probing for phospho MPM2, a mitotic marker, in all the three cell 
lines. HCT116 (i) and p53-/- (ii) cells were double thymidine blocked and released to 1 μM MK, harvested at 6, 9, 12, 18 and 30 h and analyzed for its 
DNA content after staining with Propidium Iodide and mitotic population after phospho MPM2 staining by flow cytometry analysis. All the results are 
representative of 3–4 independent experiments.
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was comparable in HCT parental cells following treatment with 
control siRNA, MK8745 or Aurora A siRNA for 72 h (Fig. 5C).

To further confirm that p53-dependent effects of MK8745 
were due to Aurora  A inhibition, we compared the effects of 
MK8745 and siRNA for Aurora A and Aurora B on p53 expres-
sion and the induction of apoptosis by western blot. Figure 5Di 
shows an increased phosphorylation of p53 (ser15) with an induc-
tion of p53 and p21 proteins upon treatment with MK8745. 
There was also an increase in cleaved PARP, cleaved caspase 3 
and an increase in cytochrome C release to cytosol. As shown, 
Aurora A downregulation by siRNA could recapitulate the effects 
of MK8745, supporting the fact that the pro-apoptotic effects of 
MK8745 were due to its target-specific inhibition of Aurora A. 
As shown in Figure 5Dii, the addition of MK8745 to Aurora A 
downregulated cells did not appreciably increase PARP cleavage, 

additional effect upon treatment with MK8745 after downregu-
lating Aurora A, probably due to nearly complete suppression of 
the target. Similarly, p53-null cells resulted in polyploidy (16.1%) 
upon Aurora  A siRNA treatment, comparable to MK8745 
(23.5%) treatment for 24 h. Here also there was no significant 
increase in polyploidy when Aurora A downregulated cells were 
treated with MK8745. In contrast, the suppression of Aurora B 
by siRNA in both isogeneic HCT116 cell lines (wild-type and 
null for p53) resulted in 50% polyploidy (last column of Fig. 5A). 
DAPI staining confirmed that inhibition of Aurora A by either 
MK8745 or siRNA both resulted in de-condensed nuclei, consis-
tent with apoptosis in HCT parental cells, whereas HCT p53-/- 
cells underwent endoreduplication resulting in large multilobed 
nuclei (Fig. 5B). Induction of apoptosis, as determined by DAPI 
staining, annexin staining or examination or the sub-G

1
 peaks, 

Figure 3. MK 8745 induces apoptosis in a p53 dependent manner. (A) Cell lines different lineages; (i) colon (HCT116 and its p53 null variant), (ii) pan-
creatic (PANC1, p53 mutant and CAPAN2, p53 wild type), (iii) sarcoma (ST88, p53 mutant and DSCRT, p53 wild type) and (iv) melanoma (SKMel 28, p53 
mutant and SKMel 32, p53 wilt type) were treated with MK8745 (5 μM) for 48 h and harvested for flow cytometry for the determination of cell cycle 
distribution. (B) All the cell lines in (A) were treated with MK8745 and harvested for western blot analysis for induction of PARP cleavage. Results shown 
are representative of at least three independent experiments.
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overexpressing p53 (p53-/- + p53) and compared this to the effects 
of the drug in the HCT116 parental and HCT116 p53-/- cells. 
After 10 h of exposure, parental cells start to undergo apopto-
sis (indicated by the increased <  2N DNA, Fig. 6B, blue line 
bottom). p53-/-, on the other hand, resulted in little apoptosis 
(5%, up to 52 h of drug exposure, Fig. 6B, red line bottom). 
p53-null cells overexpressing wild-type p53, however, induced 
the same amount of apoptosis (20% with 52 h of exposure) as 
HCT parental cells. But the onset of apoptosis was delayed (20 h) 
as compared with parental cells (10 h), possibly due to a delay 
in mitotic exit. Polyploidy was also measured by DNA content, 
and as shown in Figure 6B (top), parental cells did not result in 
polyploidy; p53-/- cells started to undergo endoreduplication at 
20 h and increased to 60% at 52 h (red). However, p53-null cells 
overexpressing p53 did not exactly mimic parental cells, but the 
percentage of polyploid cells was still decreased to 30%.

In order to explain the reduced polyploidy, an immunofluo-
rescence assay was performed for p53 in p53-/- cells overexpressing 
p53 to check the transfection efficiency. As shown in Figure 6C, 
DAPI-stained decondensed nuclei (circled, arrowheads) represent 
apoptosis. Enlarged polyploid nucle were also detected. When the 

as it was maximally induced with Aurora  A siRNA alone. In 
contrast, the induction of apoptosis in siRNA downregulated 
Aurora  B cells was only induced with MK8745 but not with 
ABI, supporting the fact that Aurora A targeting is crucial for 
the induction of apoptosis. Furthermore, apoptosis in HCT 116 
p53-/- cells was negligible (no cleaved PARP or caspase 3) upon 
inhibition of Aurora A by both siRNA or with drug (Fig. 5Diii), 
indicating the p53 dependency for this process.

Overexpression of p53 in p53-null HCT116 cells induces 
apoptosis rather than polyploidy. To further evaluate the role 
of p53 in inducing apoptosis upon Aurora A inhibition, p53 was 
overexpressed in the p53-/- cells, and the effect of MK8745 was 
tested. As shown in Figure 6A, overexpressing p53 in the p53-
null background induced a degree of PARP cleavage that was 
comparable to parental HCT116 cells upon treatment with 
MK8745. This was confirmed by QFM with DAPI staining 
(Fig. 6Aii). In the p53-overexpressing cells, MK8745 treatment 
increased apoptosis from 6% in the vector alone controls to 21% 
in the p53-overexpressing cells.

We then examined the time course for induction of poly-
ploidy and apoptosis by 5 μM MK8745 in the HCT p53-/- cells 

Figure 4. Treatment of MK8745 induces differential effect based on the p53 status. HCT116 and HCT 116 (p53-/-) cells transfected with GFP-histone 
2B (A and B) for 24 h were treated with 1 μM MK8745 and live cell imaging was done in parental cells after 4 h and in p53-/- cells 18 h of exposure to 
MK8745 as described in Materials and Methods. Shown are selected still images from time-lapse movies; the fate of individual cells was tracked over 
time (in circles). (A) Parental HCT cells enter mitosis (in orange circle) most undergo cytokinesis and eventually undergo apoptosis (in red circle) (Sup. 
Video 1A data). (B) HCT p53-/- cells enter mitosis (in orange circle), and after a prolonged stay undergo endoreduplication results in polypolidy (in white 
circle) (Sup. Video 1B data).
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immunodetected p53 expression level was 
merged with DAPI, p53 was present in 
most of the decondensed cells. Therefore, 
it would appear that the inability to com-
pletely suppress polyploidy was due to the 
continued endoreduplication of cells that  
were not successfully transfected with 
p53.

Discussion

Aurora kinases were identified as poten-
tial targets for cancer therapy based on 
their overexpression in various tumors as 
well as the roles they play during mito-
sis. Many small-molecule inhibitors have 
been developed and are being tested in 
clinic. We and others have reported that 
inhibiting Aurora B results in endoredu-
plication and polyploidy (> 4N cells) 
independent of the p53 status of the 
cell. Many of the small-molecule Aurora 
kinase inhibitors target both Aurora  A 
and B. However, these inhibitors similarly 

Figure 5. Downregulation of Aurora A reca-
pitulates the effects of MK8745. (A) Aurora A 
was inhibited in HCT116 and its p53-/- cell 
lines with 5 μM MK (MK) or by downregulat-
ing with specific siRNA sequence (ASi) and 
treatment with with 5 μM MK (ASi+MK), or 
by downregulating Aurora B with specific 
siRNA sequence (BSi) along with control 
siRNA (CSi) and flow cytometry analysis was 
performed after staining with propidium io-
dide. (B) HCT 116 and p53-/- cells were treated 
with (MK, 5 μM) for 24 h was compared with 
48 h of control (CSi) or Aurora A siRNA (ASi) 
and nuclei were visualized after staining 
with DAPI. (C) HCT116 cells were treated with 
5 μM MK or siRNA specific for Aurora A for 48 
h and apoptosis was measured by FACScan 
analysis after probing for Annexin (gray bar), 
after staining with Propidium iodide for 
<2N DNA (white bar) or quantitated using 
microscopy after staining with DAPI (black 
bar). (D) (i and iii) HCT 116 and p53-/- cells 
were treated with (MK, 5 μM) for 24 h was 
compared with 48 h of control (CSi) or Au-
rora A siRNA (ASi) and western blot analysis 
was performed for phospho p53 (ser15), p53, 
p21, cleaved PARP and cleaved caspase3. 
Aurora A downregulation is shown and cy-
tochrome C release to cytosol. HCT 116 cells 
were either transfected with CSi, ASi or BSi 
were treated with vehicle, MK or ABI (AZD 
100 nM) and western blot analyses were 
performed for Aurora A, phospho Aurora A, 
Aurora B, cleaved PARP, phospho Histone H3 
(ser10) and tubulin. All results are represen-
tative of 3–4 independent experiments.
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Figure 6. p53 is critical in determining the fate of the cell when Aurora A is inhibited. (A) (i) HCT116 cells and p53-/- cells either transfected with vector 
or with p53 were treated (MK, 5 μM for 24 h) western blot analysis was performed for PARP cleavage and expression of p53. (ii) Apoptosis was quan-
titated by microscopy after staining with DAPI (gray, DMSO and black, MK). (B) Polyploidy and apoptosis were quantitated by FACScan analysis after 
staining with PI in all conditions mentioned in the previous experiment at 0, 6, 18, 24, 30, 44 and 52 h. (C) p53-/- cells overexpressing p53 were treated 
with MK (5 μM) for 24 h and immunofluorescence assay was performed for p53 (green) followed by DAPI stain (blue). All the results shown are repre-
sentative of 3–4 independent experiments.
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Therefore, with the entry of Aurora A inhibitors into the clinic, it 
will be important to evaluate the p53 status of the cell in order to 
determine whether there may an identifiable patient population 
who would most benefit from the targeting of Aurora A.

Materials and Methods

Cell culture. HCT 116 human colon carcinoma cell line and 
its isogenic variants for p53-null (HCT p53-/-) and p21-null 
(HCT  p21-/-) were a generous gift from Dr. Bert Vogelstein 
(Johns Hopkins University). Cultures were maintained at 37°C 
in the presence of 5% CO

2
 in McCoy’s Media supplemented 

with 10%  heat-inactivated fetal bovine serum, 100 units/mL 
penicillin and 100 μg/mL streptomycin. PANC1, CAPAN2, 
DSCRT, HSSY and SYO cells were purchased from American 
Type Culture Collection (ATCC) and maintained in DME 
media supplemented with 10% heat inactivated fetal bovine 
serum and 100 μg/mL streptomycin and 100 units/mL penicil-
lin. Cutaneous melanoma cell lines (SK-mel 11, 19, 23, 28, 29, 
30, 32, 103, 130, 133 and 173) were a generous gift from Alan 
Houghton, MD (Memorial Sloan Kettering Cancer Center)  and 
ocular melanoma cell lines (OMM1.3, Mel202, Mel270) were 
kindly provided by Dr. Bruce Ksander (Harvard Medical School); 
OCM1A and 92.1 were from Dr. William Harbour (Washington 
University), and OCM3 was from Robert Folberg (University 
of Illinois); all were maintained in RPMI supplemented with 
10% heat inactivated fetal bovine serum, 100 μg/ mL strepto-
mycin and 100 units/mL penicillin. Sarcoma cell lines MPNST, 
ST88, LS141 and DDLS were kindly provided by Sam Singer 
(Memorial Sloan Kettering Cancer Center) and were maintained 
in RPMI supplemented with 10% heat inactivated fetal bovine 
serum and 100 μg/mL streptomycin and 100 units/mL penicil-
lin. MKN-74 (gastric cell line) was maintained in MEM supple-
mented with 10% heat inactivated fetal bovine serum and 100 
μg/mL streptomycin and 100 units/mL penicillin. MK 8745 was 
obtained from Merck and Co., Inc.  AZD 1152 was purchased 
from Selleckchem.

Colorimetric cell proliferation assay. The assay was done as per 
the manufacturer’s protocol (Dojindo Molecular Technologies, 
Inc.). Briefly, 2,000 cells were plated in 100 μL volume per well 
of a 96-well plate, and treatments were done 24 h after plat-
ing. After the desired incubation period with the drug, 10 μL 
of CCK-8 solution was added to each well, which were further 
incubated at 37°C for 1 to 4 h. This assay quantifies the amount 
of formazan dye generated by the activity of dehydrogenases in 
the cells that is directly proportional to the number of living cells. 
Then the optical density at 450 nm to determine the cell viability 
was measured using Spectra Max 340 PC (Molecular Devices 
Corp.).

Apoptosis assay. Cells were treated with MK8745 as indicated 
in each experiment, and FITC Annexin V (BD PharMingen) was 
used to determine the percentage of cells within a population that 
were apoptotic as per the manufacturer’s protocol.

Quantitative fluorescent microscopy (QFM). Cells were col-
lected as above after drug treatment and fixed in 3% parafor-
maldehyde. The nuclear morphology of cells was examined using 

induce polyploidy. Thus, non-selective Aurora  A/B inhibitors 
essentially act as inhibitors of Aurora B, masking the effects of 
inhibiting Aurora A. In contrast, specific inhibitors of Aurora A 
induce an accumulation of cells in mitosis. Two other small-mol-
ecule inhibitors shown that selectively targeted Aurora  A were 
MLN8054 and MK-5108.22,23 MK-5108 was shown to inhibit 
tumor growth in xenograft models. Using the Aurora A-specific 
inhibitor MK8745, we elected to determine the fate of these cells 
(polyploidy vs. apoptosis) and to determine whether this was 
affected by the p53 status of the cell.

MK8745 induced a very significant inhibition of proliferation 
in almost all the cell lines tested. Upon closer examination, we 
found a differential effect of MK8745 on the cells depending upon 
the p53 status of the cell line. In general, cell lines expressing wild-
type p53 resulted in significant apoptosis, whereas cells lacking 
or defective in p53 underwent endoreduplication and polyploidy. 
Both processes resulted in an inhibition of cell growth. This p53 
dependency for Aurora  A inhibition is very distinct from that 
of Aurora B inhibition, in which all cell types resulted in poly-
ploidy independent of the p53 status.18 However, in order to rule 
out any off-target effect on Aurora B, we used Aurora B kinase 
with histone H3 in an in vitro kinase assay, and no inhibition 
was observed, with MK8745 further confirming MK8745 as an 
inhibitor of Aurora A and not Aurora B. p53 (S315), PLK (S137), 
Aurora A (T288), known substrates of Aurora A21 also used to 
further validate target inhibition in the in vitro assay.

A closer examination of Aurora  A inhibition on cell cycle 
showed a delay (up to 18 h) in mitosis in cells expressing wild-type 
p53, unlike other mitotic spindle poisons. Following the short 
delay, cells exit mitosis and undergo cytokinesis with an induc-
tion in apoptosis (time-lapse, Movie 1A). However, p53-deficient 
cells manage to arrest cells in mitosis for over 40 h, followed by 
mitotic exit and endoreduplication (time-lapse, Movie 1B). As 
we have shown earlier, upon inhibition of Aurora B, cells went on 
cycling without cytokinesis or any cell cycle checkpoint activa-
tion resulting in polyploidy despite the p53 status. Therefore, the 
inhibition in cell growth occurs either by apoptosis or polyploidy, 
depending on the p53 status. A p53 dependency on induction of 
polyploidy was shown earlier using MLN8054; however, unlike 
their finding,22 polyploidy formation is shown to be independent 
of p21 in our results. These effects were a direct result of the 
target-specific inhibition of Aurora  A, as confirmed by mim-
icking the drug effect by specifically downregulating Aurora A 
using siRNA. The importance of p53 in inducing apoptosis in 
the context of Aurora A inhibition was further confirmed in p53-
null cells transiently overexpressing p53. Though p38α has been 
shown to be involved in mitotic progression of p53-/- tetraploids, 
we could not find the effect in our experimental conditions.24

Our results clearly indicate a differential effect of Aurora A 
kinase inhibition on inhibiting cell growth. In contrast to 
Aurora  B inhibition, which induces polyploidy in all cells, 
Aurora A inhibition will induce polyploidy or apoptosis accord-
ing to the cells p53 status. Both processes will induce a decrease 
in cell number. However, though apoptosis would seem to be 
the preferred outcome for drug therapy, it is unclear which of 
these two processes will result in the greatest clinical benefit. 
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, 1 mmol/L DTT, 1 μg/mL leupeptin, 2 μg/mL apro-

tinin, 1 μg/mL pepstatin), allowed to lyse on ice for 10 min, 
syringed and cleared by centrifugation in a microcentrifuge at 
13,000 rpm for 10 min at 4°C. Fifty micrograms of protein were 
fractionated by SDS-PAGE and transferred onto Immobilon 
membranes (Millipore). After blocking with 5%  nonfat milk, 
membranes were probed with primary antibodies. The follow-
ing antibodies were used in this study: mouse monoclonal to 
cleaved poly (ADP-ribose) polymerase (PARP), rabbit polyclonal 
to phospho p53 (15 and 315), rabbit polyclonal to cleaved cas-
pase 3 mouse monoclonal anti-p21, rabbit polyclonal to Aurora A 
and rabbit polyclonal to phospho Aurora A were purchased from 
Cell Signaling, mouse monoclonal to cytochrome C was from 
BD Biosciences; mouse monoclonal to p53 was from Santa Cruz 
Biotechnology; α-tubulin was from Millipore. Bound primary 
antibodies were detected with horseradish peroxidase-conjugated 
secondary antibodies (ICN/Jackson ImmunoResearch) and 
visualized by enhanced chemiluminescence reagent (Amersham 
Pharmacia).

Time-lapse microscopy. HCT116 cells wild type for p53 or 
null for p53 were transiently transfected with green fluorescent 
protein (GFP)-histone 2B (Addgene, 1 Kendall Sq. Ste. B7102, 
Cambridge, MA 02139) on 4-well chambered coverglass for 24 
h and treated with either DMSO vehicle or 1 μM MK8745. The 
chamber was mounted onto the stage of a Zeiss Axiovert 200 
M inverted microscope (Carl Zeiss Microimaging) maintaining 
normal growth condition with Solent Scientific microscope live 
imaging incubation system. Confocal images of the cells were 
acquired by a spinning disk confocal system (UltraView) with 
a 20x objective lens (0.8 NA) using a cooled EM-CCD camera 
(iXon+, Andor Technology) every 5 min after 4 h of treatment in 
parental HCT116 and 18 h after treatment in p53-null cells, with 
exposure time limited to 4–5 sec/image. For each time point, 
images were taken with 14 different focal planes along the z-axis 
6 μm apart. Imaging data were analyzed using MetaMorph 
(Molecular Devices).
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fluorescence microscopy after staining with 4',6-diamidino-
2-phenylindole (DAPI) to a final concentration of 25 μg/mL. 
Cells were scored as apoptotic based on the presence of decon-
densed fragmented chromatin. A minimum of 400 cells were 
counted for each sample and taken as a percentage of untreated 
cells.

Flow cytometry. For flow cytometry, the cells were trypsin-
ized, washed and fixed in 75% ice-cold ethanol. Cells were either 
stained with propidium iodide (50 μg/mL) containing RNase (5 
μg/mL) for the measurement of DNA content or labeled with 
the phospho MPM-2 monoclonal antibody (Millipore), which 
recognizes specific phosphorylated epitopes present only dur-
ing mitosis and subsequently with FITC-conjugated antimouse 
secondary antibody (ICN/Jackson Immuno Research) for the 
mitotic index measurement. Cells were then treated with RNase 
and propidium iodide. Samples were analyzed on a FACScan 
(Becton Dickinson) for cell cycle distribution and mitotic index 
(percentage of MPM-2-positive cells) using the Cell Quest soft-
ware. For this analysis, 10,000 events were examined per sample.

Immunofluorescence assay. HCT-116 p53-/- cells were plated in 
2-well chamber slides and transfected with control plasmid or 
plasmid with wild-type p53. Each group was treated with vehi-
cle or MK8745, and cells were fixed in 4% paraformaldehyde 
for 10  min at room temperature. The cells were then blocked 
in 2%  goat serum followed by incubation in rabbit polyclonal 
anti-p53 (Santa Cruz Biotechnology; 1:250) and subsequently 
with Alexa Fluor-conjugated secondary antibody (Molecular 
Probes). DNA was labeled with DAPI at a final concentration of 
25 μg/ mL for 10 min.

siRNA transfection. Cells were plated on 60-mm plates, and 
transfections using lipofectamine RNAiMAX (Invitrogen) were 
performed according to the manufacturer’s protocol. The siRNA 
sequences for Aurora  A (Aurora-A, 

725
AUG CCC UGU CUU 

ACU GUC A
743

)25 and Aurora B (5'-AAC GCG GCA CUU CAC 
AAU UGA-3')26 were purchased from Dharmacon Research, and 
control siRNA was purchased from Santa Cruz Biotechnology.

Plasmid transfections. For plasmid transfections, cells were 
plated in 70% confluence, and the transfections were per-
formed on the same day in 60-mm tissue culture plates using 
Fugene 6 transfection reagent (Roche) in OPTI MEM 1 media 
(Invitrogen) and 2 μg of pcDNA p53 (Invitrogen), GFP H2B 
(Addgene) or empty vector were used per plate. Treatments were 
performed 16 h after transfection.

Cell extraction, immunoprecipitation and immunoblotting. 
Cell lysates were prepared by lysis of both floating and adherent 
cells in whole-cell lysis buffer (50 mmol/L Tris, pH 8, 250 mmol/L 
NaCl, 0.5% NP-40, 0.2 mmol/L EDTA, 2 mmol/L EGTA, 10% 
Glycerol, 0.1 mmol/L phenylmethylsulfonylfluoride, 0.1 mmol/L 
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