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Abstract Aurora kinase A (Aurora-A), a proto-oncogenic
mitosis-regulating serine/threonine kinase, is frequently
overexpressed in human breast cancer. While the kinase
has been shown to cause functional inactivation of tumor
suppressor protein p53, which binds estrogen receptor «
(ERx) and downregulates its transcriptional activation
function, significance of Aurora-A overexpression on p53
regulatory interactions in breast cancer cells has not been
investigated. We describe in this report functional con-
sequences of Aurora-A phosphorylation of p53 tumor
suppressor protein on its subcellular distribution and
binding with ER« that may be important in downregulating
the transcription of p53-responsive growth inhibitory genes
and development of resistance to DNA damage-induced
apoptosis in Aurora-A overexpressing human breast cancer
cells. Our results demonstrate that while estrogen activates
Aurora-A expression in ERo-positive cells through ERo—
GATA-3 signaling cascade, Aurora-A forms a ternary
complex with p53 and ER«x. Phosphorylation of p53 by
Aurora-A sequesters the protein in the cytoplasm and
enhances its interaction with ERc, thus repressing the
transactivation functions of both p53 and ER«. These
findings have significant clinical implications and suggest
that prolonged estrogen exposure-mediated Aurora-A over-
expression may be directly contributing to deregulated
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Introduction

Aurora-A is an evolutionarily conserved member of the
Aurora protein serine/threonine kinase family that plays
essential roles in mitotic entry, centrosome maturation,
mitotic spindle assembly, and chromosome segregation
processes [1]. The kinase is naturally overexpressed in
many human epithelial malignancies, including those of
breast and ovary [2], with some studies reporting that
elevated expression of Aurora-A occurs more frequently in
the in situ carcinomas compared with invasive cancers [3,
4]. Functionally, Aurora-A overexpression has been asso-
ciated with centrosome anomalies and chromosomal insta-
bility as well as abrogation of DNA damage-induced
apoptotic response and spindle assembly checkpoint over-
ride in tumor cells. Identification of Aurora-A gene as a
tumor susceptibility locus and experimental evidence
demonstrating tumorigenic potential of ectopically over-
expressing kinase in human and rodent cells in vitro and in
vivo [2, 5] suggest that overexpression of Aurora-A is
involved in the genetic mechanism(s) underlying the
development of aneuploidy, centrosome aberrations, and
resistance to radiation and spindle-damaging chemothera-
peutic drugs in human cancer cells.

We and others have earlier shown that p53 tumor
suppressor protein is a natural substrate of Aurora-A, which
phosphorylates the residues serine 315 and serine 215 of
the tumor suppressor protein [6, 7]. Phosphorylation of p53
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at serine 315 facilitates its MDM2-mediated degradation,
while serine 215 phosphorylation results in its loss of DNA
binding activity. Therefore, these studies revealed that
deregulated high levels of Aurora-A phosphorylation lead
to functional inactivation of p53 tumor suppressor protein
with consequential development of resistance to DNA
damage-induced apoptosis response in Aurora-A over-
expressing human cancer cells [6, 7]. The incidence of
P53 mutations in breast cancers is rather infrequent, with
about 80% of the cases expressing wild-type yet functionally
impaired proteins that are also estrogen receptor (ER)-
positive. Interestingly, most ER-negative breast tumors
express mutant p53 protein [8—10], indicating that inactiva-
tion of the p53 tumor suppressor pathway is a critical event
in the development of both ER-positive and ER-negative
breast cancers.

In view of the central nodal positioning of p53 functions
among the complex signaling networks required for the
maintenance of normal cellular homeostasis and induction
of damage response in cells, it is important that regulatory
interactions influencing p53 functions be comprehensibly
elucidated in order to understand their roles in the
development of malignant transformation-associated phe-
notypes in breast cancer cells. It is relevant, in this context,
that estrogen receptor o« (ERx) has recently been reported
to directly bind p53 and inhibit its transcription regulatory
function [11-13], resulting in abrogation of p53-mediated
cell cycle arrest and apoptosis response. Since Aurora-A
elevated expression, reported to cause functional inactiva-
tion in p53, is detected among a similar proportion of
functionally impaired wild-type p53 expressing breast
tumor cases, we decided to investigate if Aurora-A also
regulates p53—-ER« interaction and if this regulation
exacerbates the loss of function effects of the p53-ER«x
interaction in breast cancer cells. The studies were also
important in view of our recent findings that estrogen
signaling plays a direct role in regulating Aurora-A
expression through activation of the ERx-GATA-3
signaling cascade [14], suggesting that abnormal expres-
sion of ERa—GATA-3—Aurora-A functional interactions

Fig. 1 Hypothetical functional
interaction of Aurora-A with
estrogen induced ERa—
GATA-3 transcriptional
network

may be critical in the development of estrogen-induced
sporadic breast cancer.

We describe in this report that Aurora-A phosphorylation
of p53 sequesters the protein in the cytoplasm and enhances
its interaction with ER o in a ternary complex comprising of
the three proteins. As a consequence, cells overexpressing
Aurora-A also sequester ERx in the cytoplasm, indicating
that prolonged estrogen exposure-induced Aurora-A over-
expression is involved in the abrogation of ER«x signaling
in breast epithelial cells. Furthermore, increased interaction
of Aurora-A phosphorylated p53 with ERx contributes to
exacerbate ERoc antagonism of p53 function, resulting in
deregulated growth and development of resistance to DNA
damage-induced apoptosis response in breast cancer cells.

Results

Estrogen Stimulates Proliferation of ERx-Positive Breast
Cancer Cells Through ERax—~GATA-3—Aurora-A Signaling
Cascade

Estrogen (E,) stimulation of ER«x-positive breast cancer
cell growth has been reported to be mediated by the
transcription factor GATA-3, that plays a role in maintaining
ERx expression and sensitivity to the growth stimulatory
effect of B, This involves induction of pioneer factors, such
as FOXAI1, required to keep ERx-sensitive loci in a
transcriptionally active conformation [15]. By doing func-
tional analysis of a series of deletion constructs of the
Aurora-A promoter in ERa-positive and -negative breast
cancer cells, we observed that E, mediates recruitment of
GATA-3 to the Aurora-A promoter to activate its expression
in ERa-positive breast cancer cells [14]. These findings
established that E,-induced growth of breast cancer cells is
regulated through activation of Aurora-A transcription, and
prolonged E, exposure is likely to result in deregulated
proliferation with associated chromosomal instability and
centrosomal anomalies [16], commonly detected in malig-
nant breast epithelial cells (Fig. 1).
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Aurora-A Phosphorylation Induces Functional Inactivation
of p53

Tumor suppressor protein p53 is an important regulator of
cell proliferation and maintenance of genomic integrity.
Wild-type form of the protein plays a central role in the
induction of cell cycle arrest and cell death in response to
various stimuli causing DNA and spindle damage in cells.
Loss of function mutations in p53, commonly occurring in
a significant proportion of cancers, allow malignant cells to
proliferate with altered genomic content and acquire
resistance to various DNA- and microtubule-damaging
therapeutic agents. We and others have demonstrated that
p53 tumor suppressor protein is a natural substrate of
Aurora-A kinase [6, 7]. Aurora-A phosphorylates the
residues Serine 315 and Serine 215 of p53. Phosphorylation
of Serine 315 leads to degradation of the protein due to
proteolysis following ubiquitination by MDM2, while
Serine 215 phosphorylation by Aurora-A abrogates p53
DNA binding and transcription activation function.
Silencing of Aurora-A, on the other hand, results in
reduced phosphorylation of p53 with restoration of in
vivo transactivation function leading to expression of
downstream target genes, making the cells sensitive to
various damage-inducing stimuli. The results taken
together revealed that Aurora-A overexpression in cancer
cells causes loss of function of p53 even in the absence
of inactivating mutations and is responsible for override
of damage checkpoint response mechanisms consequen-
tially developing resistance to DNA- and microtubule-
targeting therapeutic agents (Fig. 2).

Phosphorylation of p53 at Serine 215 by Aurora-A Alters
Subcellular Localization of p53

In order to investigate if loss of function changes in Aurora-
A phosphorylated p53 is accompanied with altered subcel-
lular distribution of the protein, we performed cell
fractionation studies of p53 null lung cancer cell line
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Fig. 2 Functional consequences of Aurora-A-mediated phosphorylation
of p53. Aurora-A inactivates p53 tumor suppressor pathway through
phosphorylation of serine 215 in the DNA binding domain (DBD) and
serine 315 in the C-terminus of p53 tumor suppressor protein. 74
transactivation domain, 7et tetramerization domain

H1299 transfected with wild-type or phosphor-mimetic
mutants of p53. Results revealed that in the wild-type 53
expressing cells, p53 is distributed predominantly in the
nuclear fraction, with the cytoplasmic fraction showing
relatively less abundant amount of the protein. In contrast,
the cells expressing the phosphor-mimetic S215D mutant of
p53 demonstrated almost exclusive distribution of the
protein in the cytoplasm (Fig. 3a). The distribution pattern
of the S315A mutant of p53 was similar to that of the wild-
type protein (data not shown). The purity of the nuclear and
cytoplasmic fractions was verified with the amount of poly
(ADP-ribose) polymerase (PARP) and the Hsp90 proteins
detected in these respective extracts. To validate these
findings further, we performed immunofluorescence micros-
copy analysis of the wild-type and phosphor-mimetic or
phosphor-deficient mutant p53-expressing cells. In the first
set of experiments, green fluorescent protein (GFP)-labeled
wild-type protein was detected primarily in the nucleus and
the S215D mutant in the cytoplasm, corroborating the cell
fractionation results described above (Fig. 3b). In the second
set of experiments, we confirmed the role of Aurora-A in
the varying distribution patterns of p53 in the nucleus
and in the cytoplasm. GFP-labeled p53 wild-type protein
when co-expressed with Flag-tagged wild-type Aurora-A
protein showed localization mostly in the cytoplasm, but
when co-expressed with Flag-tagged kinase, inactive
Aurora-A protein localized predominantly in the nucleus.
GFP-labeled phosphor-deficient mutant was detected
primarily in the nucleus, as seen in case of the wild-
type protein (Fig. 3c). Preferential localization of the
wild-type p53 protein in the cytoplasm only in the
presence of wild-type Aurora-A and not in the presence
of the kinase inactive mutant as well as nuclear distribu-
tion of the phosphor-deficient p53 mutant clearly docu-
ment that Awurora-A phosphorylation facilitates
cytoplasmic localization of the p53 protein.

Aurora-A Complex with ERa—p53 Enhances the ERox—p53
Interaction and Localization in the Cytoplasm

We next investigated if endogenous Aurora-A exists in the
reported ERo—p53 complex in human breast cancer cells in
vivo. Toward this end, we performed co-immunoprecipitation
of cell lysates from ERx-positive MCF7 cells to detect
interactions of the endogenous proteins in a possible ternary
complex. Immunoprecipitation with antibodies against
Aurora-A, ER«, and p53 detected the presence of the three
proteins in a complex that were not seen with normal IgG
(NIG) in these experiments, verifying the specificity of the
interactions resolved in each case (Fig. 4a). Having observed
the existence of a complex constituted of Aurora-A, ER«,
and p53, we were interested to know if phosphorylation of
p53 by Aurora-A regulates its interaction with ERx and also
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Fig. 3 Serine 215 phosphoryla-
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results in cytoplasmic sequestration of the complex. For the
purpose, T7-tagged ERox was co-expressed in MCF7 cells
with either Flag-tagged wild-type or phosphor-deficient
S215A or phosphor-mimetic S215D mutants of p53. The
cell lysates were then subjected to immunoprecipitation with
anti-Flag antibody to pull down the three different p53 allele-
encoded products and immunoblotted with anti-T7 and Flag
antibodies to detect their interactions with ERx in each
immune complex. Signal intensities of the immunoprecipi-
tated proteins revealed that the amount of ER« present in the
phosphor-mimetic mutant p53 complex was significantly
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higher than those detected in the wild-type p53 and the
phosphor-deficient mutant p53 complexes. The results
clearly reflected that Aurora-A-phosphorylated p53 enhances
binding of ER« to the Aurora-A—ERo—p53 ternary complex
(Fig. 4b). Since Aurora-A phosphorylation at serine 215
residue leads to cytoplasmic sequestration of p53, we
decided to examine if ERax-positive human breast cancer
cells overexpressing Aurora-A show enrichment of both
ERax and p53 in the separated cytoplasmic fraction com-
pared with the nuclear fraction of total cell extracts. These
experiments were performed with MCF7 cells stably or
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Fig. 4 Aurora-A forms ternary complex with ERx and p53, and
Aurora-A overexpression causes cytoplasmic sequesteration of them.
a MCF7 cells were immunoprecipitated with indicated antibodies or
normal IgG (NIG) followed by immunoblotting with indicated
antibodies. Aliquots of the same whole cell lysates were directly
immunoblotted with anti-Aurora-A antibody (bottom). b T7-tagged
ERa was co-transfected with Flag-tagged pS3 WT or SA or SD into
MCEF7 cells. Twenty-four hours after transfection, cells were subjected
to immunoprecipitation with anti-Flag antibody followed by immu-

transiently overexpressing Aurora-A. In both instances, there
was clear enrichment of ERo and p53 in the cytoplasm
compared with their presence in the nuclear fractions. The
experiments allowed us to conclude that in Aurora-A
overexpressing ER«x-positive human breast cancer cells,
ERx bound to Aurora-A-phosphorylated p53 along with
Aurora-A remains in a complex that is predominantly
localized in the cytoplasm. Based on these results and the
previous findings on the role of ER« in positively regulating
p53 [17] and Aurora-A [14] transcription, we propose that
ER«, p53, and Aurora-A are involved in biphasic regulatory
interactions. In the first phase, ER«x is involved in activating
both p53 and Aurora-A expression in a feed forward
regulatory manner, while in the second phase, Aurora-A
negatively feedback regulates pS3 and ER« functions. This
negative feedback regulation is achieved through cytoplas-
mic sequestration and proteolysis of pS3 and also exacerba-
tion of ERc antagonism of p53 function through enhanced
binding in breast cancer cells (Fig. 5). As a consequence,
it is logical to suggest that continued exposure of breast
epithelial cells to estrogen triggers aberrant overexpression
of Aurora-A, leading to deregulated proliferation accom-
panying cellular and molecular changes associated with

Aur-A

W —

noblotting with indicated antibodies (top and middle). Whole cell
lysates were directly immunoblotted with anti-T7 antibody (bottom). ¢
Stable clone expressing empty vector and Aurora-A was fractionated
into cytosolic (Cyfo) and nuclear (Nuc) fractions and analyzed by
immunoblotting with anti-ERx and p53 antibodies. The purity of
cytosolic and nuclear fractions was confirmed by immunoblotting for
anti-Hsp90 and anti-PARP antibodies, respectively. WCE whole cell
lysates. d MCF7 cells transiently transfected with empty vector or
flag-tagged Aurora-A for 24 h were fractionated as in ¢

oncogenic transformation, which involves functional inacti-
vation of p53 and ER« as well as development of estrogen
insensitivity.

Discussion

Aurora-A has been reported to be highly expressed in a
significant proportion of in situ and invasive breast cancers
[4, 18, 19]. Elevated expression of the AURKA gene was
recently identified as the most informative genetic marker
in a panel of predictive genes selected from a 3D culture
model that was associated with poor prognosis of ER-
positive tumors analyzed from multiple independent micro-
array datasets [20]. Polymorphisms in the Aurora-A gene
have been associated with increased risk of breast cancer
[21] that is further elevated when prolonged exposure to
estrogen is taken into account [22]. Prognostic significance
of Aurora-A gene status in association with chronic
estrogen exposure in human breast cancers is recapitulated
in the ACI female rat model of mammary tumors induced
following long-term exposure to estrogen that was shown to
be mediated by elevated expression of Aurora-A [16]. Our
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Fig. 5 Proposed model of Aurora-A-mediated functional inactivation
of p53 and ER«x explaining the signaling pathway, leading to
functional inactivation of both ER«x and p53 by Aurora-A

recent observation that estrogen positively regulates
Aurora-A transcription through activation of the ERa—
GATA-3 signaling cascade in ERa-positive breast cancer
cells helps explain the plausible molecular mechanisms
underlying the above findings. Thus, it appears that
aberrant expression of ER«-regulated pathway is critically
involved in the initiation and progression of Aurora-A
overexpressing breast tumors. Since cross talk between
Aurora-A and p53 as well as between ERx and p53 have
been implicated to play important roles in breast tumori-
genesis, it is imperative that the functional regulatory loop
involving the three genes be properly elucidated to unravel
the molecular mechanisms responsible for the development
of cellular phenotypes associated with mammary tumors.
Regulatory cross talk between p53 and ER«, both at the
gene expression level and at the level of protein—protein
functional interactions, has been implicated to play roles in
diverse cellular processes critical to development, differen-
tiation, and tumorigenesis [23-25]. E2 has been shown to
upregulate p53 promoter activity and expression in breast
cancer cell lines [17] as well as expression and nuclear
localization of p53 in mammary gland of female mice when
administered in combination with progesterone in vivo
[24]. The E2-mediated transactivation of the p53 promoter,
which lacks a consensus estrogen response element (ERE),
was proposed to involve ERo in an indirect role as a
member of the multi-protein complex that requires CCAAT
binding transcription factor-1 and NF-kB as essential
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components [17]. On the other hand, p53 was shown to
regulate ER transcription by binding the promoter through a
complex with CARMI1, CBP, c-Jun, Spl, and RNA
polymerase II [26] that plausibly is maintained in vivo
since in mouse models of breast tumor, a direct correlation
of p53 genotype and gene dosage with mRNA and protein
expression levels of ER was detected. Tumorigenesis in this
mouse model of breast cancer was inhibited more effec-
tively in animals with wild-type p53 genotype expressing
normal levels of ER compared with those having p53 loss
of function genotype and reduced ER expression [27].
These observations have clinical implications on the role of
p53 genotype in determining the effect of hormones on
tumors and their therapeutic response to anti-estrogens,
such as tamoxifen. Interestingly, active p53-mediated
repression of tumor cell proliferation has also recently been
reported to occur as a consequence of antiestrogen inhibiting
ER«x binding to p53, thereby decreasing recruitment of ERo
to p53-responsive promoters and allowing transcription of the
p53 responsive genes, such as the cyclin-dependent kinase
inhibitor p21™*7/“P! [28]. This study demonstrated that ERo
represses p53-mediated transcriptional activation in breast
cancer by recruiting nuclear receptor corepressors (NCoR
and SMRT) and histone deacetylase 1, thus implicating a
dual role for ERx in promoting abnormal cell prolifer-
ation through enhancing the transcription of ERE con-
taining pro-proliferative genes and repressing the
transcription of pS53-responsive anti-proliferative genes.
Our findings of ER« activating mitosis—promoting
Aurora-A gene transcription through GATA-3 signaling
cascade—and Aurora-A phosphorylaton of p53—Ieading
to functional inactivation of the tumor suppressor protein,
add yet another layer of complexity to the p53—-ER«
regulatory network, expected to enhance the aberrant
proliferation of breast cancer cells.

An interesting result in our study revealed that ER«x
forms a ternary complex with Aurora-A and p53, and that
phosphorylation of p53 by Aurora-A enhances the level of
bound ER«x in this complex, which is predominantly
sequestered in the cytoplasm. Since cytoplasmic sequestra-
tion of ERo is expected to abrogate its transcriptional
activation function, it is logical to suggest that Aurora-A
overexpressing cells with inactivated ERo may proliferate
in an uncontrolled manner in the absence of normally
expressing E2-induced ER signaling pathway. Although the
mechanisms leading to ER-negative breast tumors are still
not clearly known, an interesting hypothesis suggests that
ER-negative carcinomas result from transformation of stem
or progenitor cells [29]. It is relevant in this context that a
potential role of ERx—p53 interaction inhibiting transcrip-
tional activation by p53, detected in stem/progenitor cell
containing murine mammospheres, has been suggested to
be a critical event in mammary tissue homeostasis and
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cancer [28]. In view of the finding that ERx binding to p53
phosphorylated by Aurora-A is elevated in breast cancer
cells, a possible role for Aurora-A in facilitating ERox-
mediated p53 inactivation in breast cancer progenitor cells
remains a possibility. Furthermore, since disruption of
ERa—p53 interaction has recently been proposed as a novel
therapeutic strategy for breast cancer [13], inactivating
Aurora-A, likely to promote dissociation of the complex, in
such a strategy deserves to be investigated. This can be
pursued with the small molecule Aurora-A inhibitors
currently in clinical trial for anti-tumor therapy.

In summary, the findings being reported in this paper on
the role of Aurora-A in promoting p53 binding to ERx and
induction of functional inactivation of both p53 and ER« in
breast cancer cells have far-reaching implications in terms
of the biology underlying mammary tumorigenesis as well
as towards designing of novel therapeutic approaches
against this malignancy. Future studies should provide
more detailed insight into these possibilities.

Experimental Procedures
Plasmids and Cell Culture

pEGFP- and pcDNA3-Flag—p53 vectors were kindly
provided by Dr. Zhi-min Yuan. pcDNA3.1-T7-ER« vector
was kindly provided by Dr. Rakesh Kumar [30]. S215D
mutation was generated by using Quik mutagenesis kit
(Stratagene), and mutation was confirmed by sequencing.
pcDNA3-Flag—Aurora-A WT and KD were described [31].
H1299 and MCF7 cell lines were obtained from ATCC and
were maintained in DMEM with 10% FBS and antibiotics.
MCF7 cells stably overexpressing Aurora-A or control
vector were described [6].

Antibodies

Antibodies used in this study were: rabbit polyclonal anti-
Aurora-A [2], mouse monoclonal anti-Aurora-A (BD
Biosciences), anti-ERo (F-10), anti-p53 (FL-393), anti-
Hsp90, control IgG (Santa Cruz Biotechnology), anti-PARP
(Cell Signaling Biotechnology), anti-Flag M2 (Sigma), and
anti-T7 (Bethyl Laboratories).

Transfection, Cell Fractionation, Immunofluorescence
Labeling, and Immunoprecipitation

For transfection, Fugene 6 transfection reagent (Roche) was
used according to manufacturer’s instruction. Twenty-four
hours after transfection, cell fractionation of transfected
cells was performed according to the manufacturer’s
protocol (PIERCE).Whole cell extracts were prepared by

using RIPA buffer. The subcellular localization of proteins
was also determined by indirect immunofluorescence.
Briefly, the cells were grown on glass coverslips, fixed in
4% paraformaldehyde for 20 min, permeabilized for 5 min
in PBS with 0.5% Triton X-100, and blocked for 1 h in 3%
BSA in PBS with 0.1% Triton X-100. Cells were incubated
with anti-Flag M2 antibody for 12 h at 4°C, washed three
times in PBS, and then incubated with secondary antibody
conjugated with Alexa-568 (Invitrogen). DNA was counter-
stained with 4',6-diamidino-2-phenylindole (Invitrogen).
Microscopic analyses were performed using a Nikon
Eclipse 80i fluorescence microscope. All experimental
procedures and conditions for immunoprecipitation were
described elsewhere [32].
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