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p53 plays an important role in mitotic checkpoint, but what its role is remains enigmatic. Aurora A is a Ser/Thr kinase
involved in correcting progression of mitosis. Here, we show that p53 is a negative regulator for Aurora A. We found that
p53 deficiency leads to Aurora A elevation. Ectopic expression of p53 or DNA damage-induced expression of p53 can
suppress the expression of Aurora A. Mechanistic studies show that p53 is a negative regulator for Aurora A expression
through both transcriptional and posttranslational regulation. p53 knockdown in cancer cells reduces the level of p21,
which, in turn, increases the activity of CDK2 followed by induction of Rb1 hyperphosphorylation and its dissociation
with transcriptional factor E2F3. E2F3 can bind to Aurora A gene promoter, potentiating Aurora A gene expression and
p53 deficiency, enhancing the binding of E2F3 on Aurora A promoter. Also, p53 deficiency leads to decelerating Aurora
A's turnover rate, due to the fact that p53 deficiency causes the downregulation of Fbw7«, a component of E3 ligase of
Aurora A. Consistently, p53 knockdown-mediated Aurora A elevation is mitigated when Fbw7a is ectopically expressed.
Thus, p53-mediated Aurora A degradation requires Fow7a expression. Significantly, inverse correlation between p53
and Aurora A elevation is translated into the deregulation of centrosome amplification. p53 knockdown leads to high
percentages of cells with abnormal amplification of centrosome. These data suggest that p53 is an important negative
regulator of Aurora A, and that loss of p53 in many types of cancer could lead to abnormal elevation of Aurora A and

dysregulated mitosis, which provides a growth advantage for cancer cells.

Introduction

The p53 protein plays a central role in the regulation of several
biological signaling processes, including cell cycle, apoptosis, dif-
ferentiation, autophagy, senescence, angiogenesis and metabo-
lism.! The loss of p53 function is found in around 50% of all
human tumors (reviewed in ref. 2). Furthermore, the status of
p53 strongly affects the sensitivity of tumor cells to chemo-
therapeutic and/or radio therapeutic agents.” p53 is activated
in response to DNA damage, hypoxia and abnormal expression
of oncogenes.”> Upon activation, p53 is stabilized by dissocia-
tion from MDM2 and can trigger the transcription of a set of
target genes (p21, GADD45, Puma or Bax) that arrest the cell
cycle or induce cellular apoptosis (reviewed in ref. 6). In addi-
tion to transcriptional transactivation, p53 can transcription-
ally suppress certain target genes such as c-met and c-myc via
the recruitment of histone deacetylase’” or by directly com-
peting with the TATA-box binding protein to interfere with

target gene expression.® Although p53 can suppress oncogene
expression, the full spectrum of its targets is not well known.
Aurora kinase, a family of serine/threonine kinases,’ is evolu-
tionarily conserved from yeast to C. elegans, Drosophila, Xenopus
and mammals. Three types of Aurora kinases, namely Aurora A,
-B and -C have been identified in humans so far. Human Aurora
A is the human homolog of the yeast/Drosophila Ipll/Aurora
kinase family molecule and is regulated in a cell cycle-dependent
manner. Aurora A mRNA and protein levels are elevated between
the G, and M phases, and decrease quickly between the M and
G, phases. Importantly, increased mRNA and protein levels of
Aurora A have been observed in many human cancers, including
lung, breast, ovarian, colon, liver, head and neck, prostate cancer
and leukemia. Furthermore, the overexpression of Aurora A is
oncogenic.”!® Overexpression of Aurora A might be achieved by
gene amplification, transcription activation or inhibition of pro-
tein degradation. With regards to transcriptional activation, sev-
eral transcription factors, such as E2F3, E4TF1 and TRAP220/
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Figure 1. p53 is a negative regulator of Aurora A. (A) The parental and p53-knockdown A549 stable clones were harvested and subjected to western
blotting using the indicated antibodies. (B) A549 cells were transfecetd with various dosages of p53 siRNA for 48 h, the cells were then collected and
subjected to western blotting using the indicated antibodies. (C) Various dosages of p53 inhibitor PFT were added into A549 cells, 48 h later, the cells
were collected and subjected to western blot. (D) The adenovirus particles containing p53-wild type or p53-mut (DNA binding mutant) gene were
infected into A549-p53shRNA stable cells. The cells were then harvested and subjected to western blotting using the indicated antibodies. (E) p53-null
H1299 cells were infected with adenovirus particles described in (D). (F) A549-control shRNA, A549-p53 shRNA and H1299 cells were treated with indi-
cated doses of cisplatin for 48 h, the cells were then collected, lysed and subjected to western blotting using the indicated antibodies.

MEDI, have been identified as positive regulators of Aurora A
gene expression.'™" As for posttranscriptional regulation, Fbw?7,
CHFR, TPX2, phosphatase 2A and AURKAIP1 are involved in
regulating the protein stability of Aurora A.""** However, how
the upstream signal/mediators that affect these transcriptional/
posttranscriptional regulators contribute to the expression of
Aurora A in cells is largely unclear. Identifying such factors may
provide further insight into the mechanism behind highly dys-
regulated Aurora A expression in cancer.

Here, we demonstrate that both the p53-Rb-E2F3 axis and
p53-Fbw7 axis regulate Aurora A’s expression level through
transcriptional and post-transcriptional regulation, respectively.
Significantly, p53 deficiency leads to the enhancement of Aurora
A expression and activity, resulting in abnormal amplification of
centrosomes. Together, this study provides important insights
into how p53 deficiency or mutation may impact Aurora A’s role
in mitosis in cancer cells.

Results

p53 is a negative regulator of Aurora A. To examine the func-
tional relationship between p53 and Aurora A, p53-knockdown
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A549 cells were used. Western blot analysis showed that Aurora
A markedly increased in two p53-knockdown A549 subclones
when compared with parental and vector control cells (Fig. 1A).
Additionally, this result was not limited to lung cancer cells;
knockdown of p53 by siRNA in hepatocellular carcinoma
HepG2 cells also induced an elevation of Aurora A (Fig. S1).
Furthermore, p21CIP1/WAFI, a well-known p53 downstream
target involved in CDK inhibition,?" exhibited decreased lev-
els in p53-knockdown A549 cells (Fig. 1A). We then showed
that the expression levels of Aurora A were increased in p53-
siRNA-treated A549 cells in a dose-dependent manner (Fig.
1B). Administration of Pifithrin-ae (PFT), an inhibitor of p53
transactivation, also induced Aurora A expression in A549 cells
in a dose-dependent manner (Fig. 1C). We also delivered p53 in
p53 knockdown A549 cells or p53-null H1299 cells by infect-
ing cells with adenoviruses (Adv) carrying p53 gene. The results
showed that Aurora A levels decreased in cells treated with
Adv-WT p53. It should be noted, however, that Adv-p53 mutant
(DNA binding mutant) in p53 knockdown cells (Fig. 1D) and
p53-null H1299 cells (Fig. 1E) did not lower Aurora A levels,
suggesting that only wt p53 is able to downregulate the expres-
sion of Aurora A.
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Figure 2. p53 affects the binding ability of E2F3 on Aurora A promoter region. (A) A549-p53shRNA cells were treated with actinomycin D (500 ng/ml)
or cyclohexmide (50 wg/ml), respectively, for 9 h, the cells were then collected and subjected to western blot using the indicated antibodies. (B) Aurora
A promoter (+15 to -1400 bps)-luciferase vector was cotransfected with internal control luciferase vector into wild type or p53-knockdown A549 cells
for 48 h, the cells were then harvested and subjected to luciferase assay. (C) The expression levels of Aurora A of A549-shRNA, A549 p53-shRNA-1 and
A549-p53shRNA-2 cells were determined by gPCR. (D) A549, A549-shRNA and A549-p53shRNA-1 cells were analyzed for chromatin immunoprecipita-
tion (ChIP) using IgG, E2F1, E2F2, E2F3 antibody, respectively. The immunoprecipitated chromatin fragments were then amplified by PCR reaction us-
ing primer pairs that corresponded to E2F binding element (CDE/CHR) in Aurora A promoter region. (E) A549-p53shRNA-1 cells were transfected with
various doses of E2F3 siRNA for 48 h followed by western blot using anti-E2F3 and Aurora A antibodies, respectively. (F) A diagram of the E2F3 binding

The clinical anticancer drug cisplatin, a DNA-damaging
agent that causes p53 elevation,?** can significantly induce the
protein level of p53, resulting in the downregulation of Aurora
A in a dose-dependent manner (Fig. 1F). This indicates that the
negative correlation between Aurora A and p53 exists in response
to DNA damage. Noticeably, p53 knockdown compromises
such a p53-mediated downregulation of Aurora A in A549 cells
(Fig. 1F). p53-null H1299 cells also did not demonstrate DNA
damage-mediated Aurora A downregulation (Fig. 1F), reempha-
sizing the role of p53 in Aurora A regulation. Cell cycle analy-
sis in the wild type or p53-knockdown A549 cells indicates that
p53-knockdown leads to a longer S phase, as expected, but there
was no significant difference among wild type and p53-knock-
down A549 cells in terms of the G,/M phase. These data suggest
that the increasing protein level of Aurora A under p53-deficent
circumstances is not due to an increased number of cells in the
G,/M phases (Fig. S2).

p53-E2F3 axis is involved in regulating Aurora A tran-
scriptional expression. To understand the mechanism behind
p53-mediated Aurora A downregulation, A549-p53shRNA
cells were treated with either cycloheximide, a translational
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inhibitor or actinomycin D, a transcriptional inhibitor, respec-
tively. As shown in Figure 2A, both cycloheximide and actino-
mycin D treatment can mitigate the expression level of Aurora
A (Fig. 2A), suggesting that the elevation of Aurora A protein
levels under p53 deficiency might be regulated via both post-
translational and transcriptional processes. Luciferase reporter
gene assays indicate that Aurora A (+15--1400 bp) promoters
exhibited higher luciferase activity in p53-knockdown cells than
parental cells (Fig. 2B). The qRT-PCR data confirmed that
Aurora A mRNA in p53-knockdown cells was higher than that
of A549 cells (Fig. 2C; Fig. S3). These results indicate that p53
is able to regulate Aurora A expression in a transcriptional man-
ner. E2F3 is a member of cell cycle regulators and can directly
bind to the CDE/CHR region of Aurora A promoters and induce
Aurora A expression in the G,/M phase." The function of E2F3
is regulated by p53 via the p21-CDK-Rb1 pathway.** To address
whether E2F3 is involved in the upregulation of Aurora A in
p53-knockdown cells, we performed a chromatin immunopre-
cipitation assay, analyzed the sequence of the Aurora A pro-
moter, and found that the Aurora A promoter does contain an
E2F binding site (Fig. 2D and F). Our results show that E2F3
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Figure 3. The p21-cdk-Rb1-E2F3 pathway is involved in the upregulation of Aurora A. (A) The western blot of p21, Rb1, Rb1-Ser 780, Rb1-Ser795, E2F3,
p53 and Aurora A of parental-, vehicle- and A549 p53-shRNA-1 cells were performed. (B) The endogenous CDK2 of A549-shRNA, p53-shRNA-1 and
p53shRNA-2 cells were immunoprecipitated this was then followed by a kinase reaction using Rb1-GST as a substrate in the presence of y-p32 [ATP].
Asterisk indicates IgG light chain. (C) Cytoplasmic and nuclear fractions were prepared from the A549-shRNA and A549-p53shRNA-1 cells and were
then immunoprecipitated with anti-E2F3 antibody or with IgG alone. The immunoprecipitation complex was then immunoblotted with the indicated
antibodies. Asterisk indicates IgG light chain. (D) A549-shRNA cells were transfected with different doses of Rb1 siRNA (left panel), p21 siRNA (right
panel) or scrambled siRNA, respectively. The cell lysates were subjected to western blot using the indicated antibodies. (E) Similar transfection experi-
ments described above were performed, and the cells were collected 60 h after transfection followed by chromatin-immunoprecipitation using anti
E2F3 antibody. The CDE/CHR region of the Aurora A promoter was then amplified by PCR using the indicated primer set.

exhibits a greater ability to bind to the Aurora A promoter region
in p53-knockdown cells than parental cells (Fig. 2D), while
the binding activity of E2F1 and E2F2 to CDE/CHR region of
Aurora A promoter in wild type and p53-knockdown A549 cells
remained the same (Fig. 2D). These results suggest that the bind-
ing affinity, to the promoter of Aurora A, of E2F3, but not E2F1
or E2F2, is increased in the presence of p53 deficiency. Further
knockdown of E2F3 expression by siRNA in p53-knockdown
cells decreased the expression of Aurora A in a dose-dependent
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manner (Fig. 2E), suggesting that E2F3 is directly involved in
regulating the promoter of Aurora A via p53.

p53 /p21/Rb1/E2F3 axis is critical in regulating Aurora
A expression. Since E2F3 is a downstream effector of the
p21-CDK-Rbl pathway, we analyzed the expression patterns
of p21, Rbl and E2F3 in wild type and p53-knockdown A549
cells. As expected, p21 is diminished in p53-knockdown cells
when compared with both A549 cells. In this p53-knockdown
context, Rbl also exhibited stronger phosphorylation at Ser780
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Figure 4. Fbw-7a acts as a regulator in p53-mediated downregulation of Aurora A. (A) A549 cells were transfected with indicated shRNA-vector or p53-
knockdown RNA and treated with cyclohexamide (CHX) for the indicated hours; the cells were then lysed and subjected to western blot using anti-
Aurora A antibody. (B) The proteins or total RNAs of indicated cells were extracted, and subjected to western blot, or RT-PCR analysis was performed to
examine the protein and RNA levels of Fbw7-a. (C) Various doses of Fow7-a siRNA were transfected into A549 cells, 48 h later, the cells were collected
and subjected to western blot using anti-Fbw7 or Aurora A antibody, respectively. (D) Indicated Aurora A constructs were transfected into 293T cells,
followed by transfection with various dosages of Fow7-a. The cell lysates were subjected to western blot using anti-Flag antibody. (E) The indicated
plasmids or siRNA were transfected into A549-p53shRNA-1 cells. The cell lysates were subjected to western blot using anti-Flag, E2F3 and Aurora A

and Ser795, which are known indicators of CDK2/4 activation®
(Fig. 3A). These results suggest that p53 deficiency induces the
loss of p21 expression, which leads to CDK2 activation and thus
allows the phosphorylation of Rbl (a CDK substrate).

To determine this link, we analyzed the activity of CDK in wild
type and p53-knockdown A549 cells. Endogenous CDK2 was
immunoprecipitated for use in the kinase assays. Recombinant
Rb1-C protein was used as a substrate (Fig. 3B). The results
show that CDK2 is highly activated in p53-knockdown A549
cells when compared with knockdown control cells (Fig. 3B).
Furthermore, the interaction between Rb1 and E2F3 is mitigated
in p53-knockdown cells but not in parental cells (Fig. 3C). These
results demonstrate that the p21-CDK-Rb1-E2F3 pathway, which
is dysregulated under p53 deficiency, correlates with the increas-
ing expression of Aurora A in p53-knockdown cells. To confirm
the roles of Rbl and p21 in the upregulation of Aurora A expres-
sion levels, we knocked down these two genes in A549 cells via
siRNA transfection, and showed that the knockdown of either
Rb1 or p21 increased Aurora A expression in a dose-dependent
manner (Fig. 3D). Accordingly, the binding affinity of E2F3
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onto the CDE/CHR region of the Aurora A promoter region also
increases when Rbl is knocked down (Fig. 3E). Taken together,
we can conclude that p53 deficiency results in the dysregulation
of the p21-CDK-pRb1-E2F3 signaling axis, contributing to the
upregulation of Aurora A expression levels through promoter
regulation.

Fbw7 has a critical role in p53-mediated Aurora A down-
regulation. Although Aurora A’s expression level is stringently
controlled at both the transcriptional and translational level as
the cell cycle progresses,”®* a detailed mechanistic understand-
ing of this regulation remains elusive. To determine the posttran-
scriptional regulation of Aurora A, we employed cycloheximide,
an inhibitor of de novo protein synthesis, for the following stud-
ies. The turnover rate of endogenous Aurora A was compromised
in p53 knockdown cells in a cycloheximide chase assay (Fig. 4A).
Interestingly, the level of Fbw7a, an E3 ligase of Aurora A and
a downstream target gene of p53, was lower with respect to
both the protein and mRNA level when p53 was knocked down
(Fig. 4B). To determine the role of Fbw7a in regulating Aurora
A, the siRNA of Fbw7a was transfected into cells at various
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Figure 5. The knockdown of p53 induces the amplification of multiple centrosomes
in cells. A549-shRNA, A549-p53shRNA-1 and A549-p53shRNA-2 cells were immunos-
tained with indicated antibodies for fluorescent microscopy. Cell nuclei were stained

with DAPI.

Table 1. The centrosome abnormality in A549 cells treated with p53
shRNA

A549 cells Centrosome abnormality at M phase
Control ShRNA 1.5% + 0.2%
p53 ShRNA-1 32.6% + 3.2%
p53 ShRNA-2 21.1% + 2.2%

dosages. The results showed that knockdown of Fbw7a increases
the steady-state level of Aurora A in a dose-dependent manner
(Fig. 4C). Accordingly, overexpression of exogenous Fbw7a into
p53-knockdown or 293T cells decreases the steady-state level of
the Aurora A protein in a dose-dependent manner (Fig. S4). These
results indicate that Fbw7a is indeed involved in the downregula-
tion of Aurora A in cells. We scanned the sequence of Fbw7a and
found that there is a predicted phosphodegron'?® (T-P-P-X-T/S)
on Aurora A at threonine 288 (T288LCGT). To characterize
the phosphorylation role of T288 in Fbw7a-mediated Aurora A
degradation, we constructed T288A and T288D Aurora A and
assayed the impact of Fbw7a on these constructs. As expected,
the expression level of wt Aurora A was degraded by Fbw7a,
while the Aurora A-T288A was resistant to Fbw7a—mediated
degradation. Importantly, the Aurora A T288D, which mimics
phosphorylation, exhibited faster degradation in the presence
of Fbw7a when compared with wt Aurora A (Fig. 4D). These
results point to Aurora A T-288 as a potential phosphodegron
for Fbw7a. To determine whether E2F3 knockdown and Fbw7a
overexpression play a synergistic role in the downregulation of
Aurora A, E2F3 siRNA and Fbw7a-Flag were transfected into
p53-knockdown cells, both individually and simultaneously. The
results showed that ectopic expression of Fbw7a with simultane-
ous knockdown of E2F3 can attenuate the steady-state expression
level of Aurora A more efficiently (Fig. 4E).

p53-Aurora A axis controls centrosome amplification. We
have shown that knockdown of p53 inversely increases the Aurora
A protein level via both transcriptional and posttranslational
manners in cancer cells. Given that overexpression of Aurora A
also induces the formation of multiple centrosomes,” we looked
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into whether or not p53-mediated Aurora A expres-
sion has any impact on centrosome formation. Our
results showed that knockdown of p53 induced the
amplification of multiple centrosomes (Fig. 5 and
Table 1). The centrosome abnormality during the
M phase was assessed, and the results indicated that
high percentages of p53-deficient cells have cen-
trosome abnormalities (Table 1). The formation
of multiple centrosomes might be due to Aurora A
overexpression resulting from p53 deficiency.

p53-Aurora A regulation is recapitulated in
primary cancer sample analysis. To investigate the
relevance of p53-mediated Aurora A regulation dur-
ing cancer development, we evaluated primary spec-
imens of ovarian cancer, since it’s a disease with a
high rate of p53 mutation. p53 status was sequenced
and Aurora A gene expression level quantitated in
these primary cancer samples. Importantly, Aurora
A expression was found to be suppressed in ovarian
cancer patients with high level of wt TP53 expression. Aurora
A gene expression in primary ovarian cancer samples negatively
correlates with wt p53 expression level at the time of diagnosis
(Fig. 6A and B). Further analyses showed that Aurora A gene
expression is not affected by mutated p53 (R175H and 273H)
(Fig. 6C and D). Together, our studies indicate that p53 status
correlates with Aurora A expression in cancer; and that p53 may
function as a tumor suppressor through negative regulation of
Aurora A during tumorigenesis.

Disscusion

In mammalian cells, mitotic kinase Aurora A regulates various
cellular targets, including stress-responsive transcription factors
and the p53 tumor suppressor.® Aurora A can phosphorylate
p53 and cause p53 degradation, thereby inhibiting its transcrip-
tional activity.* However, it is not clear how p53 regulates Aurora
A. Here, our results indicate that p53 is a negative regulator of
Aurora A, suggesting there is feedback or reciprocal regulation
between Aurora A and p53.

Both p53 and Aurora A are diagnostic and prognostic mark-
ers in many cancers and serve as promising therapeutic targets.
Aurora A is overexpressed and/or activated in many types of
cancers including NSCLC,>?' while the p53 gene is frequently
mutated or lost.***® Aurora A phosphorylates p53 and promotes
p53 degradation.’® Additionally, Aurora A also blocks p53 func-
tions by directly phosphorylating p53 and inhibiting its DNA
binding affinity, indicating that Aurora A has a negative regula-
tory impact on p53 functions. Another mitotic kinase, Aurora B,
also seems to have a negative impact on p53 during interphase and
mitosis.> Interestingly, our studies suggest that Aurora A and p53
may reciprocally regulate one another. Especially since, we show
that even though p53, originally deemed an Aurora A substrate, is
negatively regulated by Aurora A in terms of stability, it can regu-
late Aurora A gene and protein expression. Significantly, cisplatin,
a chemotherapeutic drug, can induce the activation of p53 via a

22,23,35-37

DNA-damage pathway in various cancer cells and elevate
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Figure 6. wt p53 expression level inversely correlates with Aurora A expression in human ovarian cancer samples. (A) Aurora A expression is sup-
pressed in ovarian cancer patients with high levels of TP53. Gene expression profiles of p53 and Aurora A were retrieved from The Cancer Genome
Atlas’ ovarian cancer patients microarray data sets and analyzed with Nexus Expression 2.0 (BioDiscovery). Unpaired Student’s t-test was done using
Prism 5.0d. (B) Aurora A expression is inversely correlated with wt TP53 level in ovarian cancer patients. Pearson Correlation Test was done using
Prism 5.0d (C) Aurora A expression levels are not affected by mutated p53 in ovarian cancer patients. Gene expression profiles were retrieved from
The Cancer Genome Atlas’ ovarian cancer patient microarray data sets and analyzed with Nexus Expression 2.0 (BioDiscovery). TP53 mutations R175H
and R273H were determined by sequencing analysis. Unpaired Student t-test was done using Prism 5.0d. (D) There is no inverse correlation between
Aurora A expression and TP53 mutants R175H and R273H levels in ovarian cancer patients. Pearson Correlation Test was done using Prism 5.0d. (E)

p53 protein levels, thereby reducing the expression of Aurora A
(Fig. 1). Cancer sample studies also indicate that expression levels
of wt p53 but not mutant p53 suppress the expression of Aurora A
during tumorigenesis (Fig. 6). Although it has been reported that
positive p53 expression correlates with low expression of Aurora A
in breast cancer, the underlying mechanism behind this observa-
tion is not clear, and gene status of p53 has yet to be character-
ized.?® Furthermore, in mouse tumor studies, Aurora A is highly
amplified in the lymphomas of p53*"- mice, while Aurora A is fre-
quently deleted in p537~ mice.”® These observations reemphasize
the possible mutual regulation between Aurora A and p53, and
reaffirm the need for a detailed mechanism to be characterized.
Our studies provide a mechanistic explanation that defines the
p53—Aurora A regulatory direction.

Our mechanistic studies indicate that p53 negatively regulates
Aurora A expression level via both transcriptional and posttrans-
lational manners. First, in the transcriptional regulation, p53
deficiency causes a reduction in the expression of p21 and induces
the activation of CDK2. This is followed by the phosphorylation

www.landesbioscience.com

of Rbl, which, in turn, dissociates with E2F3. The released E2F3
binds to the promoter region of the Aurora A promoter and even-
tually induces the transcription of Aurora A. Surprisingly, out
of all the E2F family members, only E2F3 is involved in this
process. Such specificity indicates a delicate controlling process.
Although the E2F site is known to be present in Aurora A pro-
moter,"! our studies provide insight into the link between p53
and E2F3 in the regulation of Aurora A transcription and fill
an important knowledge gap. It is important to point out that
that Aurora A also phosphorylates recombinant Rbl in vitro
(data not shown), which may further enhance the dissociation
of E2F3 from Rbl. This, in turn, will lead to more Aurora A
gene expression. This suggests that Aurora A is able to form a
feedback loop that induces its own expression via the Rb1-E2F3
pathway. It is important to mention that, Aurora B, as a member
of the Aurora family, does not regulate mitosis alone® and can
also phosphorylate Rb1 at serine 780.% This suggests that Aurora
B may also contribute to Aurora A gene expression. Second, p53
upregulates Fbw7a, an F-box protein component of Aurora A’s
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E3 ligase to facilitate p53-mediated Aurora A degradation.
Importantly, we show that Fbw7a regulates Aurora A through
a phosphodegron on Aurora A at threonine 288 (T288LCGT).
It is important to point out that the phosphorylation of Aurora
A-T288 is considered as a sign of Aurora A activation during the
mitotic phase.*” We went on to characterize Aurora A-T288A as
resistant to Fbw7o-mediated degradation, while the Aurora A
T288D exhibited faster degradation in the presence of Fbw7a
(Fig. 4) . This demonstrated for the first time that an Fbw7o tar-
get degoron is characterized on Aurora A. The important kinase
responsible for this phosphorylation is known to be Aurora A,
although other potential kinases may be involved.

Previous reports demonstrate that the overexpression of Aurora
A causes the formation of multiple centrosomes® and, subse-
quently, unequal separation of chromosome. Our results also show
that knockdown of p53 induces the formation of multiple cen-
tromes (Fig. 5). Aurora A is involved in centrosome regulation.”’
Conceivably, p53 deficiency leads to the elevation of Aurora A
levels, thereby increasing centrosome amplification. As a genomic
guardian, it is important for p53 to be capable of such action in
order to control Aurora A-regulated centrosome amplification.
Otherwise, p53 deficiency would allow for high levels of Aurora A
expression, thereby resulting in the formation of polyploidy. It is
possible that Aurora A is regulated by p53 to regulate the progres-
sion through mitosis. When p53 is mutated or lost in cancers, p53
cannot control the Aurora A level properly, which causes mitotic
defects allowing the polyploidy that is commonly observed in
cancers. It is important to point out that overexpressing Aurora A
in p53”- MEF leads to a drastic increase in centorsome numbers
when compared with p53wt MEFE,? suggesting that p53 status
is critical in determining Aurora A-mediated amplification of
centrosomes. Based on our biochemical studies, we propose the
following model: DNA damage-mediated stabilization of p53
leads to the expression of p21 and subsequent inhibition of CDK-
mediated Rb phosphorylation, impairing the E2F3-mediated
transcriptional activation of Aurora A. Also p53 can induce
Fbw7a to downregulate Aurora A. In both scenarios, p53 can
regulate Aurora A and thus maintain centrosome numbers [Fig.
6E, (1)]. On the other hand, p53 mutation leads to attenuation
of inhibiting Aurora A gene expression, facilitating tumor forma-
tion [Fig. 6E, (2)]. Our ovarian cancer analysis data provides firm
support for this second notion. Therefore, the impact of p53 on
Aurora A gene expression plays a significant role in tumorigenesis.

Aurora A and p53 regulate each other reciprocally, suggest-
ing that the equilibrium between p53 and Aurora A has to be
maintained. Imbalance caused by p53 deficiency or Aurora A
ovexpression is manifested in cancer diseases. Our data fills an
important gap of knowledge regarding a direction that had not
been completely defined before, i.e., p53’s role in controlling the
level of Aurora A and maintaining the correct maturation of the
centrosome.

Materials and Methods

Cell culture and reagents. The human lung cancer cell line,

A549, p53-knockdown A549, p53-null H1299 hepatocellular
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carcinoma cell lines and HepG2, were maintained in RPMI 1640
medium (Gibco/BRL) supplemented with 10% heat inactivated
fetal bovine serum (Hyclone), 2 mM glutamine and antibiotics
(100 unit/ml penicillin and 100 mg/ml streptomycin) at 37°C
in a humidified atmosphere of 5% CO,. The Adeno-p53-W'T
or -DN virus (unable to bind DNA) was kindly provided by Dr.
Shyue, Song-Kun. The PFT, doxorubicin, cisplatin, cyclohex-
amide and actinomycin D were obtained from either Sigma or
Merck.

Preparation of cell extracts and immunoblot analysis. To
prepare proteins for immunoblotting, untreated or various com-
pound-treated cells were lysed in protein lysis buffer (RIPA, 50
mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 0.5 mM dithiothreitol, 1% NP-40, 0.1% deoxycholate,
10 mg/ml aprotinin, 10 pg/ml soybean trypsin inhibitor, 10
pg/ml leupeptin, 0.5 mM phenylmethylsulfonyl fluoride), and
the protein concentration was determined using the Bradford
method. Equal amounts of sample lysates were subjected to
sodium dodecyl-PAGE (SDS-PAGE) and electrophoretically
transferred onto a PVDF membrane (Millipore). The membrane
was blocked with 5% nonfat milk in TBST buffer (20 mM Tris—
HCI, pH 7.4, 150 mM NaCl, 0.1% Tween-20) and incubated
overnight at 4°C with specific primary antibodies. Subsequently,
the membrane was washed with TBST buffer and incubated with
the appropriate secondary antibody (horseradish, peroxidase-
conjugated goat, anti-mouse or anti-rabbit IgG). Signal detec-
tion was performed using enhanced chemiluminescence kits
(Amersham; ECL kir).

Chromatin immunoprecipitation assay. This procedure was
performed according to previous repost.”! Briefly, 1 x 107 A549-
shRNA or A549-p53shRNA cells were crosslinked by 1% form-
aldehyde for 15 min at room temperature. This was followed by
quenching with glycine. After centrifugation the cell pellet was
rinsed with an ice-cold PBS/AEBSF solution and then suspended
in ChIP lysis buffer (Tris-SDS) followed by subjecting to sonica-
tion. The sheared chromatin was then cleared by centrifugation
at 4°C (10 min at 10,621 x g) and re-suspended in immunopre-
cipitation buffer. The protein A/G beads were then added into
the immunoprecipitation mixture and rotated for 1 h at 4°C.
After the spin down, the supernatant was transferred to a new
eppendorff and followed by addition of 2 pg of anti-E2F1, -2 or
-3 antibody, respectively. (Santa Cruz) and incubated over night
at 4°C on a rotator. The immune complexes were washed two
times with 1 ml ChIP immunoprcipitation buffer, two times with
Low salt wash buffer, two times with high salt and once with 1
x TE buffer (10 mM Tris base, 1 mM EDTA). All washing steps
were performed at 4°C. The IP-beads compex were then added
with 150 wl SDS elution buffer (1% SDS, 0.1 M NaHCO3) and
incubated in a shaking water bath for O/N at 67°C to reverse the
crosslink. The supernatants were then purified by DNA-clean
UP kit (promega) following the manufacturer’s instructions.
The elute DNA then underwent PCR, using indicated primer to
amplify the CDE/CHR region in Aurora A promoter.

Quantitative polymerase chain reactions. Total cellular RNA
was extracted by RNA-BeeT'M RNA isolation kit (TEL-TEST)

following the manufacturer’s instructions. One microgram of
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total RNA was reverse-transcribed using Advantage RT for PCR
Kit (Clontech) at 42°C for 1 h as described in the manufacturer’s
protocol. The qPCR primers for Aurora A were forward (847):
TCT TCC AGG AGG ACC ACT CTC T and reverse (917):
TGC ATC CGA CCT TCA ATC ATT. For each combination
of primers, the kinetics of PCR amplification was studied. The
number of cycles corresponding to plateau was determined and
PCR was performed at an exponential range. PCR products were
then separated through a 1% agarose gel and visualized by ethid-
ium bromide staining under UV irradiation. The mRNA lev-
els were also determined by real-time PCR with an ABI PRISM
7900 Sequence Detector system according to the manufacturer’s
instructions. B-actin was used as endogenous control. The PCR
reaction mixture contained the SYBR PCR master mix (Applied
Biosystems), cDNA and the primers. Relative gene expression
level (the amount of target, normalized to endogenous control
gene) was calculated using the comparative Ct method formula
E-DDCt.

Cytosolic and nuclear fractionation. Briefly, the A549-
shRNA or p53shRNA cells were scraped with cold PBS and col-
lected by centrifugation at 2,000 x R.P.M for 5 min followed by
resuspending in hypotonic buffer A (10 mM Hepes-KOH, 10
mM NaCl, 1 mM KH2PO4, 5 mM NaHCO3, 1 mM CaCal2
and 0.5 mM MgCl2). The cells were then homogenized with
10 strokes in a Dounce homogenizer after 5 min incubation on
ice, and repeated once. Cells were then spun at 2,000 x R.P.M.
for 15 min. The supernatant was collected as cytosol fractions.
The pellet from the low-speed centrifugation was washed twice
and resuspended in a nuclear isolation buffer (10 mM Tris, pH
7.5/300 mM sucrose/0.1% Nonidet P-40). This was followed by
stroking with homogenizer and incubation on ice for 20 min.
The mixture was then centrifuged at 14,000 R.P.M. for 30 min;
the supernatant was then collected as nuclear fractions.

Immunofluorescence. Cells were fixed with 2% paraformal-
dehyde for 20 min prior to incubation with 0.1% Triton X-100
for 30 min and then blocked with 1% BSA for 30 min. Cells
were probed with an anti-p65 antibody (Santa Cruz) overnight
at 4°C, followed by incubation with a FITC-conjugated goat
anti-mouse/rabbit IgG antibody (Sigma, diluted 1:200) for
1 h at 37°C, washing with PBS three times and staining with
propidium iodide for 15 min. The expression and location of
target proteins were observed with a laser scanning confocal
microscope.

Immunoprecipitation and kinase assay. Experimental cells
were lysed and immunoprecipitated with the indicated anti-
body. The immunoprecipitated complexes were then subjected
to SDS-PAGE and western blotting with the indicated anti-
body. For CDK2 activity assays, protein lysates were subjected

to immunoprecipitation in immunoprecipitation buffer at 4°C
overnight in the presence of anti-Aurora A antibody and protein
A agarose beads. Phosphorylation of GST-Rb is measured by
incubating the beads with 40 pwL “hot” kinase solution (contain-
ing y-32p-[ATP]) for 30 min at 30°C. Samples were analyzed
by 13% SDS-PAGE and the gels were dried and subjected to
autoradiography.

Transfection procedure and luciferase reporter assay.
The related siRNAs of Aurora A were transfected into A549-
p53shRNA, HI1299 or 293T cells by Lipofectamine 2000
(Invitrogen) for 16 h. The transfection solution was replaced
with fresh culture medium and then used in the following experi-
ments. The working concentration of each siRNA was based on
the manufacturer’s recommendation (Santa Cruz). Transfection
of the plasmid was performed in a similar manner. The concen-
tration of each WT-, KR- or T228D Aurora A plasmid was 1 pg.
For the reporter assay, 2 g p-NF-kB-LUC (4X) and 0.2 pg
b-galactosidase internal control (pTRElacZ) were cotransfected
into 293T or A549-p53shRNA cells using Lipofectamine 2000
(Invitrogen). After 12 h, the transfection medium was replaced
with free culture medium. After the desired experiments were
conducted, the luciferase activity of each experimental set of cells
was determined and normalized to the B-galactosidase activity
using the dual luciferase assay system according to the manufac-
turer’s protocol (Tropsix) using a luminometer (Minilumate LB
9506).

Statistical analysis. Figures were generated from at least
three independent experiments with similar patterns. All data
are presented as means = SD of nine replicates from three sepa-
rate experiments. Statistical differences were evaluated using
Student’s t-test (* denotes p < 0.05, ** denotes p < 0.01 and ***
denotes p < 0.001; these were considered significant) or by the
calculation and grouped using the SAS program.
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