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Introduction

Aurora A is a serine/threonine protein kinase and is required for 
the centrosome duplication and bipolar spindle assembly needed 
for mitotic progression.1 In cycling cells, the mRNA and pro-
tein levels of Aurora A kinase are low at the G

1
/S transition and 

gradually increase as the cells progress through the S phase and 
the G

2
/M transition then return to a low level as cells resume 

the G
1
 phase.2 Aberrant expression or regulation of Aurora A is 

frequently observed in several malignancies, including colorectal, 
breast, colon, pancreatic, ovarian, bladder, gastric and hepato-
cellular carcinomas. Dysregulation is associated with advanced 
tumor stage and poor prognosis.2-5 Therefore, recent research 
has focused on developing drugs that inhibit aberrant activation 
of Aurora A kinase, and several selective inhibitors of Aurora A, 
including MLN 8237 and MLN 8054, have been developed and 
tested in clinical trials.6-10

Aurora A interacts with a number of proteins that are required 
for commitment to mitosis and cell cycle checkpoints including 
TPX2, TACC, FBXL7 and PLK1.1,11 Recent reports indicate 
that Aurora A regulates Akt, GSK-3β, mTOR, BRCA1, BRCA2 
and IκBα.12-16 Several studies have demonstrated the interaction 
between Aurora A kinase and p53. Aurora A directly phosphory-
lates p53, enhancing MDM2-mediated ubiquitination of p53, 
and inhibition of Aurora A leads to an increase in p53 stability 
and results in cellcycle arrest in G

2
/M phase.17 In addition, p53 
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is an important determinant for polyploidy or aberrant mitosis-
induced apoptosis.18,19 Many studies using different cancer cell 
lines have shown that inhibition of Aurora A, either by RNAi 
or small-molecule inhibitors, induces G

2
 arrest or mitotic arrest, 

which, in turn, triggers apoptosis.20-23 On the other hand, a recent 
study demonstrated that treatment with MLN 8054 induces cel-
lular senescence.24 Although many studies have shown that inhi-
bition of Aurora A inhibits growth and confers pro-apoptotic 
effects, little is known about the underlying mechanism.

Forkhead transcription factor FoxO1 is the most abundant 
isoform in insulin-responsive tissue, such as liver, and regulates 
the expression of genes that are involved in apoptosis, cell cycle, 
metabolism, stress response and differentiation.25 A recent study 
showed that FoxO3a is an important regulator of chemosensi-
tivity to combined treatment of alisertib and ara-C in human 
AML cells.26 FoxO3a transcription factors induce cell cycle arrest 
in G

1
 by transcriptionally activating cyclin-dependent kinase 

inhibition (CDKI), p27 and the Rb (Retinoblastoma) family 
member, p130.27,28 FoxO3a proteins are also required for cell 
cycle progression by promoting the expression of cyclin B1 and 
polo-like kinase (Plk).29 In response to oxidative stress, FoxO4 
proteins participate in G

2
/M checkpoint through upregulation of 

GADD45 expression.30 In addition, several studies reported that 
FoxM1 regulates expression of G

2
-specific genes and is required 

for proper mitotic progression.31 Given the important roles of 
FoxO transcription factors in chromosome stability and in the 
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by introducing site-directed mutations within the RNAi target 
sequences (Fig. 2C). Reintroduction of functional Aurora A 
kinase resulted in downregulation of FoxO1 and p21 (Fig. 2D) 
and rescue of cell proliferation (Fig. 2E). This suggests that 
Aurora A regulates expression of FoxO1 either directly or indi-
rectly, and that FoxO1 mediates the inhibition of growth in 
Aurora A-depleted cells.

Recent reports indicate that inhibition of Aurora A induces 
senescence.24 Becausewe observed upregulation of p21, which is 
known to induce senescence35 in the absence of Aurora A kinase 
(Fig. 2A), we examined the SA-β-gal (senescence-associated-β-
galactosidase) activity in Aurora A shRNA HepG2 cells. There 
were no detectable SA-β-gal-positive cells among the Aurora 
A-knockdown cells (data not shown).

Depletion of Aurora A results in G
2
/M arrest in HepG2 

cells, accompanied by upregulation of FoxO1. We monitored 
the cell growth of Aurora A-knockdown HepG2 cells for 8 d and 
found their proliferation was inhibited compared with control 
cells (Fig. 3A). There have been many reports of delays in the 
G

2
/M transition or of mitotic arrest after the inhibition of Aurora 

A, using RNAi or small-molecule inhibitors.20,22 To determine 
the nature of the growth inhibition shown in Figure 3A, HepG2, 
Huh-7 and Hep3B cells were synchronized at the G

1
/S bound-

ary by a double thymidine block. They were then released into 
fresh medium and examined the DNA ploidy using flow cytom-
etry analysis. The result showed that knockdown of Aurora A 
in HepG2 cells leads to G

2
/M arrest with an accumulation of 

4N DNA content as compared with control. However, Aurora 
A-knockdown Huh-7 and Hep3B cells progressed through G

2
/M 

and accumulated with greater 4N or 8N DNA content (Fig. 3B). 
These data suggest that depletion of Aurora A in p53-proficient 
HepG2 cells, which upregulates FoxO1 expression, lead to G

2
/M 

arrest, while p53-deficient Hep3B or Huh-7 cells were allowed 
to exit mitosis and proceed to an additional round of cell cycle.

To examine the expression of FoxO1 in mitotic progression, 
vector or Aurora A shRNA-expressing HepG2 and Hep3B cells 
were arrested with nocodazole and released to allow the progress 
to mitosis by removing the arresting agent, and the level of FoxO1 
during M phase was measured by western blot analysis. While 
FoxO1 levels were not increased in the Aurora A-knockdown 
Hep3B cells (Fig. 3C), there was significantly more FoxO1 in 
the Aurora A shRNA-expressing HepG2 cells, and the elevated 
levels were sustained throughout M phase (Fig. 3C). To assure 
that cells undergo mitotic progression, we examined expres-
sion of mitotic-specific cyclin B1 by western blotting. The data 
showed that cyclin B1 was degraded in a time-dependent man-
ner in Hep3B cells (Fig. 3C), suggesting that the cells proceeded 
through G

2
 /M progression. However, degradation of cyclin B1 

appeared to be delayed in Aurora A-knockdown HepG2 cells 
compared with control cells, reflecting that silencing of Aurora A 
leads to G

2
/M arrest (Fig. 3C).

FoxO1 is responsible for G
2
/M arrest in the Aurora A 

kinase-depleted HepG2 cells. As we observed, an increase of 
FoxO1 expression and a delay in mitotic completion in Aurora 
A-knockdown cells, we hypothesized that the increase in FoxO1 
is responsible for G

2
/M arrest in Aurora A-knockdown cells. 

mitotic process,29,31 we examined whether Aurora A is function-
ally engaged with FoxO in mitotic progression.

Here, we show that depletion of Aurora A upregulates FoxO1 
via transcriptional activation, resulting in cellcycle arrest at the 
G

2
/M phase in a hepatocellular carcinoma (HCC) cell line. 

Reintroduction of functional Aurora A kinase into Aurora 
A-knockdown cells led to downregulation of FoxO1 and its 
downstream target, p21. Moreover, depletion of FoxO1 in the 
absence of Aurora A kinase allowed cells to exit mitotic arrest, 
resulting in cell death. Our results suggest that FoxO1 is a poten-
tial target of Aurora A, and propose a new regulatory mechanism 
of mitosis that is activated by Aurora A inhibition.

Results

FoxO1 expression is upregulated in the absence of Aurora A 
kinase. To gain insight into the possible involvement of FoxO1 
and Aurora A in cell cycle progression, we measured their RNA 
and protein levels at different stages of the cell cycle in HepG2 
cells. FoxO1 was expressed at a lower level in M phase than in 
G

1
, S or G

2
 phase, whereas Aurora A kinase was expressed at the 

highest level during M phase (Fig. 1A and B). Cell cycle phases 
were confirmed by FACS analysis (Fig. 1C). These data imply 
that Aurora A and FoxO1 proteins are inversely related in M 
phase. Thus, we hypothesized that FoxO1 and Aurora A kinase 
are functionally engaged in the mitotic progression.

To further investigate whether Aurora A is linked with FoxO1, 
we depleted Aurora A kinase in HepG2 cells by transducing 
Aurora A kinase-specific shRNA (short hairpin RNA) or vec-
tor (pLKO.1) lentiviral particles and measured the expression 
of FoxO1. Aurora A shRNA-expressing HepG2 cells showed an 
80% reduction in Aurora A mRNA levels, while the expression 
of Aurora B kinase was unaffected (Fig. 1D). We observed that, 
after Aurora A depletion, mRNA levels of FoxO1 was upregu-
lated, whereas FoxO3a expression was not changed (Fig. 1E).

FoxO1 expression is upregulated in p53-proficient cells but 
not in p53-mutant or -null cells. It has been reported that Aurora 
A kinase interacts with p53, and both proteins are functionally 
associated at multiple levels.17,32-34 To evaluate the contribution 
of p53 to the upregulation of FoxO1 in response to Aurora A 
inhibition, we depleted Aurora A kinase in additional HCC cell 
lines, including Huh-7 (p53 mutant), Hep3B (p53 deleted) and 
SK-HEP-1 (p53 wild-type) cells, and determined FoxO1 expres-
sion by western blot analysis. While FoxO1 expression was sig-
nificantly increased in HepG2 and SK-HEP-1 cells by Aurora A 
knockdown (Fig. 2A), its expression was not changed in Hep3B 
and Huh-7 cells despite the significant reductions in Aurora A 
kinase (Fig. 2B). In addition, the level of phospho-FoxO1 was 
significantly reduced in HepG2 and SK-HEP-1 cells (Fig. 2A). 
These data showed that silencing of Aurora A kinase resulted 
in upregulation of FoxO1 along with reduction of phosphoryla-
tion. These data suggest that FoxO1 expression is upregulated in 
p53-proficient cells but not in p53-deficient cells.

To validate that the upregulation of FoxO1 was solely due to 
the absence of functional Aurora A kinase, a plasmid express-
ing the RNAi-resistant wild-type Aurora A kinase was generated 
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the induction of FoxO1 expression in the presence or absence of 
Aurora A kinase. Notably, FoxO1 and p21 levels were increased in 
wild-type p53-expressing cells in the absence of Aurora A kinase 
(Fig. 5A), suggesting that depletion of Aurora A kinase leads to 
upregulation of FoxO1 in a p53-dependent manner.

We explored the underlying molecular mechanism of FoxO1 
induction by Aurora A knockdown. De novo mRNA synthesis 
was blocked using actinomycin D (10 μg/ml), and the half-life 
of FoxO1 mRNA was monitored using real-time qPCR to deter-
mine whether the increase in FoxO1 levels resulted from changes 
in the stability of FoxO1. No significant difference in FoxO1 
mRNA stability of was observed between vector and Aurora A 
shRNA cells (Fig. 5B), suggesting that the increase of FoxO1 
mRNA by Aurora A inhibition was not due to increased stability.

We next examined whether Aurora A kinase controls tran-
scription of FoxO1. To this end, the promoter of the FoxO1 gene, 

To examine the function of FoxO1 on cellcycle progression, 
we depleted FoxO1 using FoxO1-specific siRNA in control and 
Aurora A-knockdown HepG2 cells (Fig. 4A). The cellcycle pro-
file of the cells was analyzed after 72 h by using flow cytom-
etry analysis. Aurora A-knockdown cells transfected with FoxO1 
siRNA exited from G

2
/M growth arrest (Fig. 4B) and induced 

massive cell death (Fig. 4C). These results suggest that the FoxO1 
induced by Aurora A knockdown was responsible for cytostatic 
growth arrest in the G

2
/M phase.

Aurora A kinase regulates FoxO1 expression at the transcrip-
tional level in a p53-dependent manner. As we observed upregula-
tion of FoxO1 in p53-proficient cells but not in p53-deficient cells, 
we further asked whether functional p53 is required for upregu-
lation of FoxO1 in the absence of Aurora A kinase. To this end, 
we transfected Hep3B cells with either wild-type p53 or mutant 
p53 (G135A), a transcriptional-inactive mutant, and detected 

Figure 1. Expression of FoxO1 and Aurora A kinase is inversely related. (A) Western blot analysis of total FoxO1, phospho-FoxO1 (S256), p21 and Aurora 
A expression at different cell cycle stages in HepG2 cells. Equal loading of protein was confirmed by GAPDH. (B) Quantitative real-time PCR of FoxO1 
and Aurora A expression at different cell cycle stages of HepG2 cells. RNA levels were normalized to GAPDH. (C) Cellcycle phases of HepG2 cells were 
confirmed by FACA analysis. (D) Knockdown of Aurora A was confirmed by quantitative real-time RT-PCR. The graph represents means ± SD for the 
change in the mRNA level relative to GAPDH from three independent experiments. (E) Expression of FoxO1 and FoxO3a in Aurora A-knockdown cells 
was measured by quantitative real-time RT-PCR. GAPDH expression was examined as an internal control. Data represent the means ± SD of three 
independent experiments.
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Since we observed the effect of p53 expression on FoxO1 
promoter-luciferase activity in the absence of Aurora A kinase, 
we analyzed potential transcription binding sites to identify the 
putative p53-responsive cis-acting elements in FoxO1 promoter 
using a computer search. This analysis showed that there is no 
putative p53-binding consensus sequence, indicating that the 
effect of p53 on FoxO1 promoter is indirect and requires other 
trans-acting factors.

Discussion

Numerous reports of preclinical and clinical trials have shown 
that the inhibition of Aurora A kinase has consistent anticancer 
effects. Silencing or inhibiting Aurora A kinase is effective for 
inhibition of growth and apoptosis in various tumor types.36,37 
However, the detailed underlying mechanism of the growth 

which spans a 1.8-kb sequence upstream of the first ATG, was 
linked to a luciferase reporter gene. Co-transfection of this plas-
mid and the Aurora A shRNA resulted in an approximately 5-fold 
increase in luciferase activity (Fig. 5C). In addition, introduc-
tion of functional Aurora A reduced on luciferase activity under 
control of FoxO1 promoter (Fig. 5D), indicating that Aurora A 
specifically regulates FoxO1 expression via transcriptional activa-
tion, either directly or indirectly. This is the first time that regu-
lation of FoxO1 was shown to be affected by Aurora A kinase. 
To determine whether p53 is required for transcription of FoxO, 
Hep3B cells were co-transfected with promoter of the FoxO1 
gene, p53 and Aurora A shRNA and analyzed the promoter activ-
ity. The results showed that the promoter activity of FoxO1 was 
significantly induced by overexpression of p53 (Fig. 5E), further 
confirming that Aurora A may regulate FoxO1 expression in a 
p53-dependent manner.

Figure 2. Depletion of Aurora A induces upregulation of FoxO1 expression in HepG2 and SK-HEP-1 cells, and RNAi-resistant Aurora A downregulates 
FoxO1 expression. (A) Western blot analysis of total FoxO1, phospho-FoxO1 (S256), p21 and Aurora A expression in vector or Aurora A shRNA-express-
ing HepG2 and SK-HEP-1 cells. (B) Western blot analysis of total FoxO1, phospho-FoxO1 (S256), p21 and Aurora A expression in vector or Aurora A 
shRNA-expressing Huh-7 and Hep3B cells. Two different Aurora A shRNA were used. Equal loading of protein was confirmed by GAPDH. (C) Nucleo-
tides substituted (base changes are underlined) in the vector expressing the RNAi-resistant Aurora A. (D) HepG2 cells were transduced with pLKO.1 or 
Aurora A shRNAlentiviral particles. At 48 h after the transduction, cells were transfected with RNAi-resistant Aurora A containing or empty vector. Pro-
tein lysates were extracted 48 h later and followed by western blot analysis with the indicated antibodies. (E) Cell proliferation in control and Aurora 
A-knockdown cells that expressed either empty vector or RNAi resistant Aurora A were measured on the indicated days. Data represent the means ± 
SD of three independent experiments.
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G
2
/M phase. Proteolytic degradation of cyclin B1 and a decrease 

in its transcription are a prerequisite for completion of mitosis 
and progression through G

1
 phase.40-42 Because degradation of 

cyclin B1 is slower in Aurora A-knockdown HepG2 cells than in 
controls during M phase, we cannot preclude the possibility that 
elevated FoxO1 replenishes cyclin B1 by upregulating its expres-
sion directly or indirectly.

Inhibition of FoxO1 using RNAi in the Aurora A-knockdown 
HepG2 cells promoted exit from G

2
/M arrest and resulted in 

significant apoptosis. We postulate that elevated FoxO1 protein 
might be responsible for growth arrest at G

2
/M phase in Aurora 

A-knockdown cells, and these arrested cells are allowed to exit 
through an additional round of the cell cycle when FoxO1 expres-
sion is inhibited by RNAi. In p53-proficient cells, the mitotic 
checkpoint in the cells might remain active due to functional 
p53, which eventually results in significant apoptotic cell death. 
Several selective inhibitors of Aurora kinases,including MK0457 
and AZD1152, have been developed and tested in clinical tri-
als. However, their use has been linked to prolonged stable dis-
ease states rather than cytocidal in several patients with different 
tumor types.43 Our results suggest that combined inhibition of 
FoxO1 and Aurora A kinase might be a potential strategy for 
treatment of p53-positive HCC patients.

inhibition that is induced by Aurora A-targeted suppression is 
still not fully understood. In this study, we showed that deple-
tion of Aurora A kinase by RNAi in a human HCC cell line 
led to upregulation of FoxO1 via transcriptional activation in a 
p53-dependnet manner, and that the elevated FoxO1 coincides 
with a G

2
/M arrest. Conversely, the silencing of FoxO1 in Aurora 

A-knockdown cells drove the cells out of mitotic arrest and led 
to cell death. Our results suggest that FoxO1 transcription factor 
induces growth arrest in G

2
/M phase in the absence of Aurora 

A kinase and propose that combined inhibition of FoxO1 and 
Aurora A kinase has potential as a therapeutic strategy for pro-
moting apoptosis.

FoxO1 is the most abundant member of the FoxO family of 
mammalian Forkhead transcription factors in insulin-responsive 
tissue, including the liver, and plays important roles in the regu-
lation of various biological processes, including cell cycle pro-
gression, apoptosis and metabolism.38 Increasing evidence shows 
that FoxO transcription factor plays a major role in cell cycle 
regulation.29,31,39 FoxO3a transactivatescyclin B1 and Plk genes 
in G

2
 to complete mitosis and to progress to G

1
.29 FoxO4 proteins 

function in the G
2
/M checkpoint when cells are under oxidative 

stress.30 The data presented in our study show that depletion of 
Aurora A upregulates FoxO1, resulting in cellcycle arrest at the 

Figure 3. Silencing of Aurora A induces G2/M arrest. (A) The growth of vector and Aurora A shRNA HepG2 cells were measured on the indicated days. 
Data shown are the mean ± SD of three independent experiments. (B) Cell cycle profile of synchronized vector control and Aurora A shRNA HepG1, 
Huh-7 and Hep3B cells was analyzed by flow cytometry analysis. Percent of G2/M cells is shown. (C) The level of FoxO1, cyclin B1 and Aurora A during 
M phase was measured by western blot analysis. Nocodazole (100 ng/ml) arrested control and Aurora A shRNA HepG2 and Hep3B cells were released 
from nocodazoleblock, and protein lysates were prepared at the indicated time thereafter. Equal loading of protein was confirmed by GAPDH.
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kinase and are prevented from exiting mitotic arrest. Therefore, 
we speculate that FoxO1 might play a role in the p53-dependent 
mitotic checkpoint, in which Aurora A kinase may negatively 
regulate activities of p53.

Introduction of functional p53 to Aurora A-knockdown cells 
significantly increased luciferase activity under the control of 
FoxO1 promoter. However, sequence analysis revealed no puta-
tive p53-consensus sequences within the FoxO1 promoter. We 
speculate that p53 might be recruited indirectly to the FoxO1 
promoter through binding to other trans-acting elements that are 
induced by silencing of Aurora A kinase. This may explain why 
expression of functional p53 itself did not induce luciferase activ-
ity of FoxO1 promoter.

In summary, our data showed that depletion of Aurora A leads 
to upregulation of FoxO1 transcription factor via transcriptional 
activation, which, in turn, leads to G

2
/M arrest in a p53-depen-

dent manner. Moreover, combined inhibition of FoxO1 and 
Aurora A kinase induces massive cell death. We provide evi-
dence that FoxO1 is a potential target of Aurora A and propose a 
new regulatory mechanism for growth arrest that is induced by 
Aurora A inhibition.

Materials and Methods

Cell culture and treatments. HepG2 and Hep3B cell lines were 
purchased from American Type Culture Collection (ATCC®). 

Aurora A kinase plays several important roles in mitotic pro-
gression in such processes as spindle assembly, centrosome matu-
ration, chromosome segregation and checkpoint regulation.44,45 
Inhibition of Aurora A, either by RNAi or by small molecule 
inhibitors in different cancer cell lines induces G

2
 or mitotic 

arrest, which, in turn, trigger apoptosis.22,23 Small molecule 
inhibitors of Aurora A also likely block Aurora B kinase and pos-
sibly other, unrelated, kinases. This makes it difficult to attribute 
any effects to inhibition of Aurora A kinase activity. We therefore 
took a genetic approach that used RNA interference to unravel 
the regulatory mechanism involved in Aurora A inhibition. Our 
data show that depletion of Aurora A kinase using RNAi results 
in G

2
/M arrest, accompanied by a 4N accumulation and an ele-

vated level of FoxO1. These results suggest that Aurora A is func-
tionally engaged with FoxO1 in G

2
/M progression. In HepG2 

cells, expression of Aurora A kinase is highest during M phase, 
whereas the transcriptional activity of FoxO1 is lowest in M 
phase as compared with that in G

1
, S and G

2
 phases. This inverse 

relationship suggests that Aurora A might negatively regulate the 
FoxO transcription factor that regulates the transition from pro-
liferative growth to quiescence, to maintain cellcycle progression. 
It has been demonstrated that p53 controls the upstream regula-
tors of FoxO1 function.46 In this study, we confirmed that FoxO1 
is upregulated by transiently overexpressing p53 in p53-null 
Hep3B cells. Moreover, we showed that p53-proficient HepG2 
cells upregulate FoxO1 expression in the absence of Aurora A 

Figure 4. Depletion of FoxO1 in Aurora A-knockdown cells lead to exit G2/M arrest and induce apoptosis. (A) FoxO1-specific siRNA was transfected into 
vector control and Aurora A shRNA HepG2 cells, and knockdown of FoxO1 was confirmed by western blot analysis. (B) Cell cycle profiles in scrambled 
or FoxO1-specific siRNA-transfected control and Aurora A-knockdown HepG2 cells were monitored at 72 h after transfection by flow cytometry analy-
sis. Representative profiles and percent of subG1, G0/G1, S, G2/M cells from one of two independent experiments are shown. (C) The percentages of 
TUNEL-positive nuclei in scrambled or FoxO1-specific siRNA transfected control and Aurora A-knockdown cells 96 h after transfection. Data represent 
the means ± SD of two independent experiments.
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Figure 5. Aurora A regulates FoxO1 expression at the transcriptional level in a p53-dependent manner. (A) Hep3B cells were co-transfected with a 
combination of indicated plasmids, incubated for 48 h, and western blot analysis was performed. (B) FoxO1 mRNA half-life was determined by actino-
mycin D treatment. Vector control and Aurora A shRNA cells were treated with actinomycin D (10 μg/ml) for the indicated time points. FoxO1 mRNA 
levels were measured by real-time qRT-PCR. (C) For luciferase reporter assay, vector control and Aurora A-knockdown cells were transfected with 
luciferase reporter plasmid containing FoxO1 promoter. pGL3 vector was used as a negative control. Data shown are mean ± SD of three indepen-
dent experiments. *p < 0.01. (D) HepG2 cells were transfected with a combination of the Aurora A shRNA and RNAi-resistant Aurora A variant in the 
presence of luciferase reporter plasmid containing FoxO1 promoter. pGL3 vector was used as a negative control. Data shown are mean ± SD of three 
independent experiments. *p < 0.05. (E) Hep3B cells were co-transfected with a combination of the indicated plasmids in the presence of luciferase 
reporter plasmid containing FoxO1 promoter. pGL3 vector was used as a negative control. Data shown are mean ± SD of three independent experi-
ments. *p < 0.05.
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Technologies). The sense mutagenic primer was 5'-GTT TGA 
TGA GCA GAG GAC GGC AAC GTA TAT AAC AGA ATT 
G-3'.

Luciferase reporter assay. For the luciferase reporter assay, 
the promoter of the FoxO1 gene was amplified and cloned into 
the pGL3-basic (Promega). The following primers were used: 
5'-GGT ACC CCT AAT TTT TCC TTT TTT CCC CTC-
3' and 5'-AAG CTT GAG TGG AAG CGC GAG CCC AGA 
AC-3'. Control and Aurora A-knockdown cells were transfected 
with luciferase reporter plasmid containing 1.8 kb of FoxO1 pro-
moter. Transfection was performed with Turbofect™ according 
to the manufacturer’s instruction (Fermentas INC.). Forty-eight 
hours after transfection, cells were harvested, and luciferase 
assays were performed. pGL3-basic vector was used as a negative 
control. β-galactosidase expression vector was co-transfected and 
measured its activity for normalization of transfection efficiency.

Quantitative RT-PCR. Real-time qRT-PCR was performed 
using a StepOne real-time PCR system with a 2 × POWER 
SYBR Green PCR Master mix (Applied Biosystems). The fol-
lowing primers were used for RT-PCR: Aurora A, 5'-AAT GAT 
TGA AGG TCG GAT GC-3' and 5'-TTC TCT GAG CAT 
TGG CCT CT-3'; Aurora B, 5'-GCT CAA GGG AGA GCT 
GAA GA-3' and 5'-GAC AGA TTG AAG GGC AGA GG-3'; 
FoxO1, 5'-AAG AGC GTG CCC TAC TTC AA-3' and 5'-AGG 
CCA TTT GGA AAA CTG TG-3'; FoxO3a, 5'-GAC CTG 
CTC ACT TCG GAC TC-3' and 5'-GGA CTC ACT CAA 
GCC CAT GT-3'; Glyceraldehyde-3-phosphate dehydrogenase 
(GAP DH), 5'-GTG AAG GTC GGA GTC AAC G-3' and 
5'-GGT GAA GAC GCC AGT GGA CTC-3'.

TUNEL assay. Apoptosis was assessed with a commercially 
available kit (In Situ Cell Death detection kit, Fluorescein, Roche 
Applied Science) detecting terminal deoxynucleotidetransferase 
(TdT)-mediated nick end labeling (TUNEL).
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SK-HEP-1and Huh-7 cell line was obtained from the Korean 
Cell Line Bank (KCKB). Cells were grown in culture medium in 
Dulbecco’s minimal essential medium (DMEM) supplemented 
with 10% FBS (GIBCO) and antibiotics (50 U/ml penicillin and 
50 μg/ml streptomycin). For G

1
 arrest, cells were synchronized 

by serum starvation (0.2% FBS) for 24 h. G
1
-arrested cells were 

released by the addition of normal growth medium (10% FBS) 
and cultured for 4 h for G

1
/S progression. Cells were synchro-

nized at the G
1
/S border by inhibition of DNA synthesis using 

2mM thymidine (Sigma-Aldrich), and were released for 3 h for 
G

2
 phase. For M phase, cells were incubated with 100 ng/ml 

nocodazole (Sigma-Aldrich) for 16 h. Nocodazole-treated cells 
were washed with PBS and changed to fresh culture medium for 
4 h for M to G

1
 transition. Cell cycle synchronization and pro-

gression was confirmed by FACS analysis. For determination of 
mRNA stability, cells were treated with 10 μg/ml actinomycin 
D (Sigma-Aldrich). Then RNA was extracted at different time 
points, and real-time qPCR was performed as described below.

Antibodies. Aurora A antibody was purchased from BD 
Transduction Laboratories. p21, cyclin B1, FoxO1, phospho-
FoxO1 (S256) antibodies were purchased from Cell Signaling 
Technology, Inc. p53 (clone E26) antibody was from Epitomics 
INC. GAPDH antibody was purchased from Sigma-Aldrich.

RNA interference. Predesigned Mission® shRNA for human 
Aurora A kinase and control vector (pLKO.1) were purchased 
from Sigma-Aldrich. Two independent shRNAs for target-
ing Aurora A kinase (Aurora A shRNA#1 and #2) were used. 
Pre-designed FoxO1 siRNAs were purchased from Bioneer 
Corporation and the following sequences were used: 5'-CUG 
CAU AGC AUC AAG UCU U-3' and 5'-AAG ACU UGA UGC 
UAU GCA G-3'; 5'-GCU GCU GUA GAU AAG GAC U-3' and 
5'-AGU CCU UAU CUA CAG CAG C-3'.

Plasmid construction and site-directed mutagenesis. Aurora 
A cDNA was amplified and sub-cloned into the pcDNA3.1/
Neo (+) vector. The primers used for PCR amplification were 
as follows: 5'-CTC GAG ATG GAC CGA TCT AAA GAA 
AAC TGC-3' and 5'-GAA TTC CTA AGA CTG TTT GCT 
AGC TGA TTC-3'. pCMV-p53 expression vector, which car-
ries wild-type p53 or mutant p53 (p53mt135) was purchased 
from Clontech Laboratories, Inc. The p53mt135 gene differs 
from the p53 gene by a G to A conversion at nucleotide 1017, 
which causes a conformational change that prevents interac-
tion with p53 DNA-binding sites. The RNAi-resistant Aurora 
A cDNA was generated by double-stranded DNA mutagenesis 
using the QuickChange Site-Directed Mutagenesis Kit (Agilent 
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