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INTRODUCTION

Breast cancer progression is characterized by the stepwise accumulation of heterogeneous genetic defects
originating from the development of genomic instability [1]. One of the most common mechanisms for the
origin of genomic instability in breast cancer is through flux in karyotype or chromosomal instability (CIN),
which can give rise to aneuploidy [2]. CIN describes the rate of changes in chromosome number, while
aneuploidy is characterized as the state of an altered chromosome number [3, 4]. Strong evidence supports the
hypothesis that the level of chromosomal instability increases during tumor progression leading to the
generation of cancer cell clones with more aggressive properties [5]. For this reason, the development of
chemoresistance, linked to cancer progression, remains the principal obstacle for the complete eradication of
cancer cells, and new markers with prognostic/predictive value are urgently needed to tailor treatment of
patients with advanced breast cancer, improving their overall survival.

The development of breast cancer is driven by aberrant cross talk between estrogen and growth factor signaling
pathways [6, 7]. Early breast cancer is usually characterized by an estrogen receptor (ER) positive phenotype.
ER positive breast carcinomas generally have a better prognosis than ER negative tumors because they show
hormone dependence to growth and low grade of chromosomal instability [8]. For this reason, the ER status
represents an important predictive factor in tailoring ER + patients for treatment with anti-estrogens. However
during tumor progression, breast carcinomas show an inclination to lose the estrogen receptor and acquire a
hormone independent and more aggressive behavior [9]. Taken together, these findings suggest that the
phenotype of advanced breast carcinomas differs from the primary tumor and furthermore that a selection of
cancer cell clones with high metastatic potential occurs during tumor progression.

Despite the recent progress in early diagnosis and treatment, advanced breast cancer still remains an incurable
disease with a median survival of 11 months [10]. Adjuvant treatment with antiestrogens and cytotoxic drugs
reduces mortality in early breast cancer; however, this reduction is only 8-37%, and most patients are not cured
by their adjuvant therapy [11]. Most cytotoxic drugs used in the management of breast cancer induce DNA
damage and trigger cell cycle arrest and apoptotic cell death [12]. Usually, combination of different agents
(polychemotherapy) such as cyclophosphamide, methotrexate and 5-fluorouracil (CMF) is preferred to a single
agent in order to allow the use of lower doses, thereby decreasing toxicity with an improvement in therapeutic
efficacy [13]. However, the principal failure of current chemotherapy in the treatment of breast cancer resides in
the development of resistance that characterizes tumor progression [14]. The acquisition of resistance to
cytotoxic agents in breast cancer is usually associated with the overexpression of multidrug resistance protein 1
(MDR1), c-ErbbB2 receptor amplification and/or inhibition of apoptotic pathways during tumor progression
[14-16]. Acquisition of chemoresistance may also be linked to the high level of chromosomal instability as a
source of clonal heterogeneity commonly observed in advanced breast carcinomas. Exposure of a breast tumor
to cytotoxic agents may result in variable shrinkage, no change, or continuous tumor growth, depending on the
number of sensitive and resistant cells within a heterogeneous population [17]. However, little is known about
the molecular mechanisms leading to chromosomal instability and its role in the development of
chemoresistance and tumor progression.

Emerging evidence suggests that the centrosome plays an essential role in the control of genomic stability
through the establishment of the bipolar mitotic spindle and balanced segregation of chromosomes during cell
division [4, 18, 19]. This mechanism ensures the propagation of a normal diploid chromosome number to
daughter cells during mitosis. In order to maintain a normal diploid phenotype, the centrosome must be
duplicated once, and only once, during each cell cycle to give rise to two centrosomes that function as the
spindle poles of the dividing cell [20]. Coordination between centrosome duplication and DNA replication
during the G1/S transition of the cell cycle is extremely important to maintain the integrity of the genome [21-
23]. This process is accurately monitored through the phosphorylation status of the tumor suppressor
retinoblastoma (Rb) and consequent activation of E2F transcription factor [23]. Furthermore, it has been



demonstrated that association of cyclin E and cyclin A with cyclin dependent kinase 2 (cdk2) stimulate
centrosome duplication, while activation of the p53 pathway has an inhibitory effect on the centrosome
duplication cycle [24-26]. Interestingly, loss of p53 function and/or hyperactivity of cyclin/cdk complexes lead
to centrosome amplification, a pathological condition characterized by the presence of more than two
centrosomes within a single cell [27]. Furthermore, overexpression of Polo-like kinase 1(Plk1) and Aurora-A
centrosome kinases that control centriole duplication, centrosome maturation and cytokinesis has also been
associated with the development of centrosome amplification and chromosomal instability in cancer [28, 29].
Taken together, these findings demonstrate that loss of centrosome homeostasis depends on the unbalance
between oncogenes and tumor suppressors controlling cell cycle checkpoints and genomic integrity.

The link between centrosome amplification and the pathogenesis of cancer is mediated through the formation of
multipolar mitotic spindles and consequent unequal chromosome segregation [30]. This mechanism is
associated with the development of chromosomal instability and aneuploidy in cancer cells [31, 32]. These
studies are supported by the observation that centrosome amplification occurs exclusively in aneuploid tumors
and tumor derived cell lines in contrast to diploid tumors that show normal centrosomes [4, 33]. In addition,
recent studies on centrosome amplification have shown that the degree of aneuploidy parallels the degree of
centrosome abnormalities in breast cancer cell lines as well in human breast tumor tissues, and suggest a direct
role of centrosome amplification in driving chromosomal instability during tumor progression [4, 34].

Recently, we investigated the relationship between induction of genotoxic stress by anticancer drugs, cell cycle
checkpoint integrity and centrosome amplification in human breast cancer cell lines [22]. These findings
established that introduction of DNA damage by genotoxic anticancer drugs leads to centrosome amplification
in breast cancer cells with an abrogated G1/S cell cycle checkpoint. Bennett and coworkers [35] also
demonstrated that commonly used chemotherapeutic agents targeting the DNA replication process lead to

centrosome amplification in adult skin fibroblasts derived from mice lacking p53 (p53 MSFs). In addition, when
these cells were released from cell cycle arrest by removal of drugs, the phenotype of these cells was
characterized by extensive chromosomal instability. Although these studies were only carried out in cultured
cells, they suggest that gain of centrosome amplification and consequent chromosomal instability following
genotoxic stress may represent a key process in selecting highly aggressive clones responsible of recurrence,
chemoresistance, metastatic spread to distant organs and consequent poor outcome.

The aim of our research is focused in elucidating the mechanisms by which the normal regulatory pathways
coordinating centrosome duplication with cell cycle events may become uncoupled promoting breast cancer
development, progression, chemoresistance and consequent poor outcome. Since negative (tumor suppressors)
and positive (oncogenes) regulators of cell cycle progression can also regulate centrosome duplication, we
propose that in breast cancer, alterations in growth factor signaling pathways, and/or inactivation of the p53
pathway act to inactivate G1/S and/or G2/M cell cycle checkpoints thereby promoting the development of an
amplified centrosome phenotype. Centrosome amplification could represent an early event in breast cancer
development, but the degree of amplification may also increase during tumor progression accelerating the rate
of chromosomal instability and aggressiveness. We believe that this studies will have a strong impact in basic
and clinical oncology for two reasons: first, they will help to define the molecular mechanisms leading to
centrosome amplification in breast cancer; second, they will clarify if centrosome amplification represents a
driving force in selecting hormone-independent and chemoresistant clones in breast cancer and its potential role
as a new suitable prognostic marker of tumor aggressiveness and therapeutic target.

KEY RESEARCH ACCOMPLISHMENTS



1. Abrogation of wild-type p53 function is associated with deregulation of
cyclinA/CDK?2 activity, a shortened G1/S phase progression and centrosome
amplification following starvation and mitogen stimulation in MCF-7 breast cancer
cells.

2. Genotoxic stress induces centrosome amplification in human breast cancer cells
lacking the G1/S cell cycle checkpoint.

3. Hyperactivity of the EGF signaling pathway leads to over-expression of G1/S cyclins
but is not sufficient to induce centrosome amplification following DNA damage in
the presence of wild-type p53 in the MCF-7 cells.

4. Conventional chemotherapeutic agents lead to over-expression of Aurora-A
centrosome kinase associated with centrosome amplification in breast cancer cells
lacking p53 function.

Specific aim #1: Determine the role of 17-B Estradiol and EGF growth factor receptor activation in the
regulation of centrosome duplication. We will test the hypotesis that estrogen receptor and growth factor
signaling are mechanistically coupled to centrosome duplication during G1/S progression of the cell cycle.

Breast cancer represents a hormone-dependent disease, estrogens play an essential role in the onset of breast
cancer, however, the hormone-dependent phenotype is commonly lost during tumor progression. The EGF
growth factor pathway plays a key role not only in the development of breast cancer but also in the progression
of the disease since advanced breast cancers often over-express the EGF receptor and shows an hormone-
independent and chemoresistant phenotype. The goal of this first aim is to determine the role that 17-Beta



estradiol and EGF growth factor pathways play in the regulation of centrosome duplication. We propose to
develop and validate an in vitro model system for centrosome duplication that can be used to dissect the
signaling events that are required for the development of centrosome amplification in breast cancer. Our
preliminary results demonstrate that in the MCF-7 breast cancer cell line, 17-B estradiol and EGF stimulate
centrosome duplication and this process is well coordinated with the expression of key cell cycle regulators
(cyclin D, E, A, B,) and with the progressive phosphorylation status of the retinoblastoma tumor suppressor.
Furthermore, in order to understand if abrogation of the p53 pathway may deregulate the centrosome
duplication cycle in the MCF-7 cells stimulated with mitogens, we generated an MCF-7 cell line stable
expressing a p53 dominant-negative construct (MCF-7Dnp53) to mask the function of the wild-type p53.
Interestingly, the MCF-7Dnp53 still retained an estrogen dependent phenotype, since treatment with the anti-
estrogen Tamoxifen inhibited the percentage of cells in the S phase of the cell cycle. However, when the MCF-
7Dnp53 cells were stimulated with estradiol and EGF, they exhibited a deregulation in the timing of cyclin E
and A abundance compared with the parental cell line that was associated with high retinoblastoma
phosphorylation. Interestingly, the timing of cyclin D expression following hormone stimulation was
maintained in the MCF-7Dnp53 cells. In order to link the acceleration of cell cycle progression in the MCF-
7Dnp53 cells with centrosome amplification, we analyzed the centrosome phenotype in the MCF-7Dnp53 and
the parental cell line in starvation and following mitogen stimulation. Centrosomes were stained with centrin
and pericentrin antibodies and the percentage of cells with more than four centrioles were determined by
immunofluorescence. Only the MCF-7Dnp53 cells developed amplified centrosomes, suggesting that
development of centrosome abnormalities in breast cancer cells stimulated with mitogens requires inactivation
of the p53 pathway with important consequences on the G1/S timing progression.

Interestingly, centrosome amplification in the MCF-7Dnp53 cells lead to the development of aberrant mitoses
and consequent chromosomal instability following hormone stimulation. These findings suggest that estrogen
receptor and EGF signaling pathways are mechanistically coupled to centrosome duplication through the
orderly expression of G1/S cyclins only in the presence of wild-type p53. In conclusion, we propose a model of
multi-step neoplastic transformation where estrogens and growth factors initiate the development of breast
cancer and the consequent abrogation of the p53 pathway during tumor progression promotes the development
of centrosome amplification leading to aberrant mitoses, chromosome instability and consequent poor out-
come. A manuscript elucidating these findings has been submitted to Cancer Research.

Specific aim #2: Determine the relationship between cell cycle checkpoints and centrosome amplification.
We will experimentally disrupt cell cycle progression in breast tumor-derived cell lines to test the hypothesis
that G1/S and G2/M cell cycle checkpoints are mechanistically coupled to centrosome duplication, and that this
linkage becomes uncoupled during mammary tumorigenesis.

The goal of this second aim is understand the molecular mechanisms linking inactivation of the G1/S and G2/M
cell cycle checkpoints to centrosome amplification in breast cancer. We will address this question under three
different experimental conditions: 1) we will arrest cell cycle progression in G1/S or G2/M to determine the role
of these checkpoints in controlling centrosome duplication. 2) We will use specific inhibitors of cell cycle
regulatory proteins to identify the key targets involved in this control mechanism. And finally, 3) We will
generate clones of breast cancer cell lines with altered expression or activity of cell cycle regulators that will
help us in defining their role in the control of centrosome homeostasis. The first part of our research has been
devoted in understanding the role of the G1/S checkpoint in the control of centrosome homeostasis. Our results
demonstrate that induction of genotoxic stress induces centrosome amplification in breast cancer cell lines with
an abrogated G1/S cell cycle checkpoint (22). We used breast cancer cell lines with different p53 backgrounds
to investigate the relationship between DNA damage, G1/S cell cycle checkpoint integrity, and the development
of centrosome amplification. Introduction of DNA damage in the MCF-7 cell line by treatment with
hydroxyurea (HU) or daunorubicin (DR) resulted in the arrest of both G1/S cell cycle progression and centriole
duplication. In these cells, which carry functional p53, HU treatment also led to nuclear accumulation of p53



and p21WAF1, retinoblastoma hypophosphorylation, and downregulation of cyclin A. MCF-7 cells carrying a
recombinant dominant-negative p53 mutant (vMCF-7DNp53) exhibited a shortened G1 phase of the cell cycle
and retained a normal centrosome phenotype. However, these cells developed amplified centrosomes following
HU treatment. The MDA-MB 231 cell line, which carries mutant p53 at both alleles, showed amplified
centrosomes at the outset, and developed a hyperamplified centrosome phenotype following HU treatment. In
cells carrying defective p53, the development of centrosome amplification also occurred following treatment
with another DNA damaging agent, DR. Taken together, these findings demonstrate that loss of p53 function
alone is not sufficient to drive centrosome amplification, but plays a critical role in this process following DNA
damage through abrogation of the G1/S cell cycle checkpoint. Interestingly, we were able to reactivate the
G1/S checkpoint and revert the centrosome phenotype in the MDA-MB 231 cell line following genotoxic stress
by using a potent cdk inhibitor, Roscovitine. The novelty of these results consist in showing for the first time a
clear relationship between DNA damage, abrogation of the G1/S checkpoint and the development of
centrosome amplification arising important clinical implications regarding the management of breast cancer
patients: first, they suggest that breast cancers with compromised p53 function may develop centrosome
amplification and consequent chromosomal instability following treatment with genotoxic anticancer drugs.
Second, to overcome the complications associated with centrosome amplification for this subset of breast
cancer patients, treatment with cdk inhibitors in combination with anticancer genotoxic drugs may provide a
new attractive therapeutic approach. In order to establish if deregulation of the EGF signaling pathway leads to
centrosome amplification following genotoxic stress, Dr. McCubrey at the East Caroline University provided to
our laboratory MCF-7 cells over-expressing the oncoproteins RAF-1 and V-Erbb2 but still retaining wild-type
p53. To determine if genotoxic stress lead to centrosome amplification, MCF-7 RAF-1 and MCF-7 v-Erbb2
were incubated with HU and DR for 48 hours. The percentage of cells in each phase of the cell cycle before
and after treatment was determined by FACS, the expression of key cell cycle checkpoint regulators was
determined by immunoblotting and the centrosome phenotype was characterized by immunofluorescence using
centrin and pericentrin antibodies. Our preliminary results clearly demonstrated that in the presence of wild-
type p53, the MCF-7 RAF-1 and MCF-7 v-Erbb2 don’t show centrosome amplification. The resulting
centrosome phenotype was associated with the activation of the G1/S cell cycle checkpoint characterized, at
molecular level, by over-expression of p53, p21"A™ and decreased phosphorylation of retinoblastoma.
Interestingly, introduction of a Dnp53 construct in the MCF-7 RAF-1 cells induced centrosome amplification
following genotoxic stress. These results suggest that over-expression of the EGF signaling pathway is not
sufficient to induce centrosome amplification following DNA damage in the presence of wild-type p53. To
validate our model in vivo, we employed nude mice to develop MCF-7RAF-1 and MCF-7RAF-1/Dnp53
xenografts. Since clinical studies have demonstrated that over-expression of the EGF receptor is associated
with chemoresistance, we propose a model of chemoresistance as a multi-step process where the association
between hyperactivity of EGF signaling pathway and loss of p53 induces centrosome amplification following
treatment with anticancer drugs, conferring not only chemoresistance but also chromosomal instability with
consequent poor out-come.

A manuscript elucidating these findings is currently in preparation.

Since our studies strongly suggest that chemotherapeutic agents may induce centrosome amplification in cancer
cells lacking the cell cycle checkpoints, we treated the human breast cancer cell lines (MCF-7, MCF-7Dnp53,
MCF-7 RAF-1, MCF-7 v-Erbb2 and MDA-MB 231) with chemotherapeutic agents employed in the treatment
of breast cancer (5-Fluorouracil, Methotrexate, Doxorubicin, Cisplatin, Etoposide and Paclitaxel). Our studies
demonstrated that following genotoxic stress, centrosome amplification was also linked to Aurora-A over-
expression in the breast cancer cell lines lacking functional p53. Knock-down of Aurora-A by an expression
vector over-expressing siRNA inhibited centrosome amplification following DNA damage. These studies
suggest that Aurora-A may represent a novel molecular therapeutic target to inhibit centrosome amplification
and chromosomal instability following treatment with chemotherapeutic agents in aggressive breast carcinomas
with compromised cell cycle checkpoints. A manuscript elucidating these findings is currently in
preparation.
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Genotoxic stress leads to centrosome amplification in breast cancer cell lines that have an
inactive G1/S cell cycle checkpoint
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Centrosome amplification plays a key role in the origin of chromosomal instability through the
establishment of multipolar mitoses and unequal chromosome segregation. However, the
molecular mechanisms responsible for the development of centrosome amplification are not well
understood. In this study, we used breast cancer cell lines with different phenotypes to
investigate the relationship between genotoxic stress, activation of the G1/S checkpoint and
centrosome amplification. Centrosome amplification was not seen in the MCF-7 cell line with
wild-type p53 following genotoxic stress. These cells showed activation of the G1/S checkpoint
indicated by upregulation of p21/waf1, retinoblastoma hyperphosphorylation and
downregulation of cyclin A. In contrast, MCF-7 cells with abrogated p53 function and the
MDA-MB 231 cell line amplified their centrosome upon introduction of DNA damage. In these
cells centrosome amplification was linked to inactivation of the G1/S checkpoint. Furthermore,
addition of roscovitine, a potent cdk inhibitor, to genotoxic agents inhibited centrosome
amplification by rescuing the G1/S checkpoint in the MDA-MB 231 cell line. Interestingly, to
test if centrosome amplification was strictly dependent on the loss of p53 function, we utilized an
MCEF-7 cell line expressing a constitutively active RAF-1 protein but still retained a wild-type
p53 phenotype. Following genotoxic stress these cells developed a partially amplified
centrosome phenotype indicating that loss of p53 plays a major role in the development of
centrosome amplification. Taken together our results demonstrate that anticancer drugs targeting
the DNA replication process induce centrosome amplification only in subtypes of breast cancer
cells lacking the G1/S checkpoint. In addition, these studies provide a therapeutic rationale to
inhibit centrosome amplification and chromosomal instability by using cdk inhibitors in
association with conventional chemotherapeutic agents.
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Abstract

Maintenance of normal breast epithelial cells depends on the balance between mitogen and tumor
suppressor signaling pathways. One of the mechanisms responsible for the origin of phenotypic
heterogeneity commonly observed in breast tumors is the development of centrosome amplification
leading to mitotic spindle abnormalities and consequent chromosomal instability. However, how mitogen
and tumor suppressor pathways are mechanistically coupled to the centrosome cycle in breast cancer
cells has not been established. In this study we show that in MCF-7 cells, hormone withdrawal led to
arrest of DNA replication and centriole duplication, inhibition of G1/S cyclins activity and
retinoblastoma (Rb) hypo-phosphorylation. Stimulation of arrested cells with 17-f estradiol, EGF and
IGF-1, led to their orderly progression through the cell cycle characterized by the sequential expression
of G1/S cyclins, progressive Rb phosphorylation and the timing of centriole duplication corresponding to
G1/S transition. In contrast, MCF-7 cells with abrogated p53 function (vMCF-7°""%) showed uncoupling
of DNA replication and centriole duplication following hormone withdrawal. After mitogen stimulation,
these cells showed shortened G1/S cell cycle progression compared to the parental cell line. Importantly,
while normal timing of cyclinD1 expression was maintained in these cells, their accelerated cell cycle
progression was linked to premature expression of cyclin E and A, Rb hyper-phosphorylation and
centrosome amplification. Furthermore, these cells also showed a high frequency of pseudobipolar and
multipolar mitotic spindles. In conclusion, this study demonstrates that mitogen-signaling pathways
coordinate centrosome duplication and cell cycle progression through the integrity of p53 function in

hormone dependent breast cancer cells.



Introduction

The progression of human breast cancer from an estrogen dependent to an estrogen independent
phenotype represents a major clinical problem that limits the long term usefulness of endocrine therapeutic
strategies (1, 2). Among estrogens, 17- estradiol is the major promoter of cell proliferation in both normal and
neoplastic breast epithelium through its binding to high-affinity estrogen receptor (ERa) (3, 4). ERa functions
as an estrogen activated transcription factor and mediates the stimulation of estrogen target genes involved in
the regulation of cell proliferation and inhibition of apoptosis of the breast epithelium (5-7). Excessive
stimulation of the ERa. pathway due to increased hormonal secretion, prolonged exposure to estrogens or
increased levels of the receptor may lead to deregulation of cell proliferation and thus increase the risk to
develop breast cancer (8, 9). In addition to estrogens, growth factors, such as EGF and IGF-I act in an autocrine
and/or paracrine fashion to induce the proliferation of breast epithelial cells (10). It has been demonstrated that
aberrant cross-talk between estrogens and growth factors signaling pathways play an important role in the
development and progression of breast cancer (11-13).

Chromosomal instability represents a hallmark of breast cancer and is responsible for the evolution of
cancer cells with more aggressive behavior (14, 15). Recent studies show that development of centrosome
amplification drives chromosomal instability and the consequent phenotypic heterogeneity of breast tumors,
highlighting the centrosome as a key organelle in the control of chromosomal stability (15-17). The correct
timing of centrosome duplication during cell cycle progression plays a critical role in the maintenance of a
diploid karyotype (18, 19). In order to ensure the formation of a bipolar mitotic spindle leading to equal
chromosome segregation during cytokinesis, centrosome duplication must be strictly coordinated with DNA
replication during the G4/S progression of the cell cycle generating no more than two centrosomes at the end of
the G, phase (20-22). Breast tumors as well as breast cancer cell lines often show multiple centrosomes
(centrosome amplification) linked to the formation of aberrant mitotic figures (23, 24). Aberrant mitoses
resulting in unbalanced chromosome segregation, promote the generation of aneuploid cancer cells (25, 26).
Inhibition of centrosome reduplication depends on the balance between oncogene and tumor suppressor

activities (27). The tumor suppressors p53 and retinoblastoma inhibit centriole over-duplication (28, 29), while



over-expression of cyclin/cdk2 complex and the centrosome associated kinases Aurora-A and PLK1 promote
the development of amplified centrosomes (30-34). Recent studies also demonstrate that anticancer genotoxic
agents induce centrosome amplification and chromosomal instability due to the uncoupling of DNA replication
and centriole duplication in cancer cells lacking p53 function (35, 36). These findings suggest that p53 controls
centrosome homeostasis through activation of the G;/S cell cycle checkpoint that monitors genomic integrity.
However, whether p53 also plays a role in monitoring centrosome duplication following mitogen stimulation
has not been established.

In this study, we investigated the role of 17- estradiol, EGF and IGF-I in the regulation of the timing
of centrosome duplication in the MCF-7 breast cancer cells with endogenous wild-type p53, or in these cells

engineered to over-express a mutant p53 construct (vMCF-72NP*3

). Our findings demonstrate that in hormone
stimulated MCF-7 cells with wild-type p53, centriole duplication is well coordinated with DNA replication. On
the contrary, hormone stimulated MCF-7 cells with abrogated p53 function showed a deregulated G,/S cell
cycle progression characterized by premature expression of cyclin E and A and Rb hyper-phosphorylation.
Interestingly, these cells also developed centrosome amplification leading to an increased number of
pseudobipolar and multipolar mitotic spindles. In conclusion, the results presented here highlight an important

role for p53 in maintaining centrosome homeostasis and mitotic fidelity in hormone stimulated breast cancer

cells.

Materials and Methods
Human Breast Cancer Cell Lines: The human breast cancer cell line MCF-7 was obtained from
ATCC (Manassas, VA, USA). The MCF-7 cells expressing a GFP-centrin2 chimera (MCF-7°7"%"?) and

variant MCF-7 cells expressing a dominant-negative p53 construct (vMCF-7°NP=3

) were generated in our
laboratory as described previously (35, 37). All the cell lines were maintained in EMEM medium containing
5mM glutamine, 1% penicillin/streptomycin, 20 microgram insulin/ml and 10% FBS at 37 C in 5% CO2

atmosphere. The vVMCF-7°""*%and MCF-76""**""? cells were also grown in the presence of 500 pg/ml G148.



Hormonal Treatment: To investigate the effects of 17-f estradiol, EGF and IGF-1 on cell cycle
progression, expression of G1/S cyclins and centriole duplication, MCF-7 "2 and vMCF-7°"P3 cells were
allowed to proliferate for 2 days in complete medium, after which the medium was removed, and cells were
washed twice in 1XPBS. Complete medium was replaced with a defined starvation medium: serum-free phenol
red-free EMEM medium supplemented with 5% charcoal-stripped FBS serum and 2mM L-Glutamine.
Starvation medium was changed once daily for 2 days. After 48h of starvation, cells were washed in 1x PBS
and incubated with 10nM 17-f estradiol, 10ng/ML EGF and 10ng/ML IGF-I for 4, 8, 12, 24, 36 and 48 hours.

Cell cycle profile: For fluorescence-activated cell sorting (FACS) analysis, MCF-7 7" ang
VMCF-7PNP>3 cells were washed with cold PBS, fixed in 95% ethanol, stained with propidium iodide overnight
and analyzed by flow cytometry using Facscan by Becton Dickinson (Franklin Lakes, NJ, USA). The resulting
cell cycle profiles, based on 20,000 events, were analyzed using the ModFit program using Verity Software
House (Topsham, ME, USA). Experiments were performed in duplicate with similar results.

Centriole Duplication Assay: In order to determine the timing of centriole duplication following
hormone stimulation, MCF-7°77¢*"2 ce||s were grown at a density of 3x10° on glass cover slips. After two days
the complete medium was replaced with starvation medium changed once daily for 2 days. After 48h of
starvation, cells were washed in 1x PBS and incubated with 10nM 17-f estradiol, 10ng/ML EGF and10ng/ML

IGF-I1. For centrioles counting, MCF-76F"-cetn

cells were fixed in 4% formaldehyde for one hour, washed in 1
X PBS, DNA was stained with Hoescht dye at 1jug/ml, and mounted using ProLong antifade (Molecular
Probes). Images were captured using a Hamamatsu CCD camera at 30-second intervals for 10-20 min. and
processed using Metamorph Imaging System software (Universal Imaging Corp., Westchester, PA). The values
reported represent the average of 100 cells in each of two independent experiments.

Indirect Immunofluorescence: For indirect Immunofluorescence analysis, cells were grown on cover
slips at a density of 3x10°, fixed in absolute methanol at —20 C for 10 min, blocked in 5% normal goat serum,
1% glycerol, 0.1% BSA, 0.1% fish skin gelatin, 0.04% sodium azide and incubated with primary antibodies.

For the characterization of centrosome phenotype and mitotic spindle morphology following hormonal

treatment, we used antibodies against the proteins centrin (centrin 2.4 produced in our laboratory) pericentrin



(Covance) and Aurora-A (Santa Cruz). Cover slips were washed three times in PBS followed by incubation
with secondary antibodies conjugated with Alexa 488 or Alexa 568 (Molecular Probes, Eugene, OR, USA),
washed three times in PBS and finally incubated in Hoescht dye at 1pug/ml to stain DNA. Immunofluorescence
images were digitally recorded using a Zeiss fluorescence microscope equipped with computer-controlled
focus, CCD digital camera, apotome system and Axiovision software. Fields were recorded at multiple focal
planes and analyzed and printed as maximum projections to assure that all centrioles and centrosomal structures
were imaged. The values reported represent the average of 100 cells in each of two independent experiments.
Immunoblotting: For immunoblot analysis, 20 ug protein of whole-cell lysate were run in 12% SDS-
PAGE, transferred to PVDF membrane, fixed in 0.25% glutaraldehyde, blocked in 5% nonfat dry milk and
incubated with primary antibodies against the following proteins: p53 (D07 DAKO), phospho-retinoblastoma
(Sigma, St Louis, MO, USA), cyclins D1, E, A (Santa Cruz) and Beta-Actin (Sigma) as loading control. After
washing in Tween-20 buffer, PVDF membranes were incubated with HRP secondary antibodies (Amersham,
Piscataway, NJ, USA), and signal was detected using the ECL-plus reagent (Amersham) following the

manufacture’s instruction.



Results
Characterization of the MCF-7 SFP**"2 ce||s to directly monitor centriole dynamics. We

employed the MCF-7 ®"®"2 preast cancer cells stably expressing GFP-centrin to directly monitor the timing of
centriole duplication (37). MCF-7 cells represent an early breast cancer phenotype and are characterized by
estrogen dependence for growth, wild-type p53, normal centrosome phenotype and low metastatic potential.
Therefore, the MCF-7 cell line is an excellent model to study the relationship between mitogens, p53 status and
regulation of the timing of centrosome duplication during cell cycle progression. The GFP-centrin2 chimera,
expressed in the MCF-7 cells, is selectively incorporated into the structure of both centrioles making them
clearly visible in living cells (Fig.1A). To assess whether the GFP-centrin2 construct affected the cell cycle
profile of MCF-7 cells, we performed a FACS analysis of MCF-7 ¢77*¥"2 ce||s versus the parental cell line.
Figure 1B shows that the two cell lines have nearly identical cell cycle profile with similar proportions of Go/G3,
S and G,/M phase cells. An advantage of using the MCF-7°"""2 cells to monitor centrosome duplication is
the ability to clear follow centriole dynamics during a complete cell cycle (Fig.1C-F). Based on GFP-centrin2
fluorescence and data presented in figure 2, cells in the G, phase of the cell cycle show a pair of centrioles
closely adjacent to one another (Fig. 1C), while early G; cells are characterized by two centrioles that have
separated a short distance from one another (Fig. 1D). G4/S progression of the cell cycle is characterized by the
formation of new centrioles originating adjacent to the pre-existing ones (Fig.1E), and finally cells in the G,/M
phase show two pair of centrioles, one pair at each mitotic spindle pole (Fig. 1F).

Centriole duplication is coupled with DNA replication in hormone stimulated MCF-7 SFP¢¢"2 ce||s
through the orderly expression of G;/S cyclins and progressive retinoblastoma phosphorylation. To
determine the relationship between hormone stimulation, centriole duplication and cell cycle progression in
breast cancer cells, MCF-7"*"2 cels were synchronized in the G, phase of the cell cycle by estrogen
withdrawal. Following 48 hours starvation, cell cycle reentry was stimulated by addition of 17- estradiol, EGF
and IGF-1 and the percentage of cells in each phase of the cell cycle was monitored by FACS analysis. MCF-
76FP2 colls replicated their DNA following 24 hours hormone stimulation, progress from S to G2/M phase

after 36 hours and became asynchronous by 48 hours (Fig. 2A). In order to determine the timing of centriole



duplication during cell cycle progression, we quantified the number of cells with 3 and 4 centrioles by counting
GFP-centrin2 labeled spots (Fig. 2B). After 48 hours estrogen starvation, approximately 8% of MCF-767"-¢etn2
cells showed duplicated centrioles, indicating that centriole duplication is arrested in cells in G, phase of the cell
cycle. Following treatment with 17-f estradiol, EGF and IGF-I, the number of cells with duplicated centrioles
increased progressively and by 24 hours ~56% of cells showed duplicated centrioles. These observations
demonstrate that the process of centriole duplication is initiated before the onset of S phase but is coordinated
with DNA replication during a complete cell cycle in the MCF-7 cells.

We then performed a time course immunoblotting analysis to determine if the coordination of centrosome
duplication with DNA replication was linked to the orderly expression of G1/S cyclins. The activity of G;/S
cyclins was determined by monitoring the phosphorylation status of the tumor suppressor retinoblastoma (Rb)
(Fig. 3A). After 48 hours starvation, cyclin D1, E and A showed low levels of expression and Rb was in its
active hypo-phosphorylated state. Following mitogen stimulation, cyclin D1 expression reached its maximum
level by 8 hours followed by increase of cyclin E at 12 hours and cyclin A at 24 hours. The timing of G1/S
cyclin expression was linked to the progressive increase of Rb phosphorylation, which started after 4 hours of
hormone stimulation and reached its maximum level by 24 hours. Taken together, these results demonstrate
that in MCF-7 cells the timing of centriole duplication is coupled to DNA replication through the orderly
expression of G1/S cyclins and consequent Rb inactivation.

Loss of the timing of centriole duplication is linked to deregulation of G4/S cell cycle progression
in MCF-7 cells with impaired p53 function. In order to determine if the coordination of centriole duplication
and DNA replication during cell cycle progression was linked to the p53 status of MCF-7 cells, we employed a
variant MCF-7 cell line with abrogated p53 (VMCF-7°""3) The cell cycle profile of cycling vMCF-7°NP>2 cells
showed ~55% of cells in the S phase of the cell cycle, indicating a higher proliferative activity compared to the
parental cell line (~30%). After 48 hours estrogen starvation, the cell cycle profile of vMCF-7°"P3 cells was
characterized by a decrease in S phase, albeit not as low as seen in the parental cell line. Nonetheless, this
finding suggests that these cells still retained a partial hormone dependent phenotype regardless abrogation of

p53 function. Interestingly, following hormone stimulation, the vMCF-7°"P3 cells showed a shortened G4/S



cell cycle progression, characterized by earlier DNA replication, compared to the MCF-7°"*®"2 cells (Fig. 2C).
In order to determine if the acceleration of G;/S phase progression was associated with deregulation of
centrosome duplication, we performed an immunofluorescence analysis of vMCF-7°""*3 cells labeled with a
monoclonal centrin2 antibody to determine the number of cells with duplicated centrioles. Compared to the

parental cell line, cycling vMCF-7°2NP3

cells showed a higher percentage of cells with duplicated centrosomes.
After 48 hours estrogen starvation, ~ 40% of cells still retained duplicated centrioles and this phenotype was
maintained during cell cycle reentry following hormone stimulation (Fig. 2D). Since in the MCF-7 cells
centrosome duplication and DNA replication were coordinated through the orderly expression of cyclin D1, E
and A, we investigated by immunoblotting the expression of G1/S cyclins and the phosphorylation status of Rb
in the vMCF-7°N"*3 cells (Fig. 3B). At all time points the vMCF-7°"2 cells showed higher level of mutant p53
compared to wild-type p53 expression in the parental cell line as expected (Fig. 3A and B). After 48 hours
estrogen starvation, cyclin D1 levels were low, while cyclin E, A and phosphorylated Rb were expressed at
significantly higher levels compared to the parental cells. Following mitogen stimulation of the vMCF-7PNP>3
cells, while cyclin D1 maintained the expression timing in a similar fashion of MCF-7 cells, cyclin E and A
were expressed at earlier time points leading to constitutive Rb phosphorylation. Taken together, these results
indicate that deregulated expression of cyclin E and A is responsible of shortened G1/S cell cycle progression,
robust Rb inactivation and loss of the timing of centriole duplication in the vMCF-7°""*3 cells.

17-B estradiol, EGF and IGF-I stimulation leads to centrosome amplification and abnormal
mitotic spindles only in the vMCF-7°"P>3 cells. To determine if abrogation of p53 function was also linked to
the development of centrosome amplification following 17-Beta Estradiol, EGF and IGF-I stimulation in the
MCF-7 cells, we quantified the number of cells with more than four centrioles in the MCF-7°7"""2 and vMCF-

7PNP33 cells. Figure 4A shows that following starvation and hormone stimulated reentry in the cell cycle,

centrosome amplification occurred only in the vMCF-7°NP%3

cells. The highest percentage of cells with
amplified centrosomes was observed 8 hours after mitogen stimulation and decreased by 24 hours due to
centriole segregation during mitosis. Interestingly, the development of centrosome amplification was associated

to the hyper-phosphorylated status of Rb due to deregulation of cyclin E and A expression (Fig. 3B). The



differences in the dynamics of centrosome duplication between MCF-7¢7"2 and vMCF-7°"P>2 cells after
starvation and 24 hours mitogen stimulation are illustrated in figure 4B-G. Cycling MCF-7"**"2 showed most
of cells with unduplicated centrioles (Fig. 4B). After 48 hours starvation, the centrioles were closed to one
another, indicating an arrest in the G, phase of the cell cycle (Fig. 4C). By 24 hours mitogen stimulation, the

centrosome phenotype of MCF-7°87-¢¢"2

cells was characterized by duplicated centrioles (Fig. 4D). On the
contrary, cycling vMCF-7°NP*3 cells showed a duplicated centrosome phenotype (Fig. 4E). These cells also
showed failure of arrest the centriole duplication cycle following 48 hours estrogen starvation (Fig. 4F). After

24 hours hormone stimulation, the vMCF-7°NP%3

cells developed amplified centrosomes (Fig.4G).

Since the development of centrosome amplification is associated with chromosomal instability through
the formation of aberrant mitoses, we quantified the number of bipolar, pseudobipolar and multipolar mitotic
spindles in the MCF-7¢7"*#" and vMCF-7°NP*3 cells after 24 hours mitogen stimulation (Fig. 5A-D). Mitotic
spindle morphology was characterized by immunofluorescence using antibodies directed against centrin-2
protein to label centrioles (green) and Aurora-A centrosome kinase to label mitotic spindles (red). Examples of
mitotic figures in the vMCF-7°"P>3 cells are illustrated in figure 5A-C. Bipolar spindles are characterized by
the presence of two centrioles at each pole (Fig. 5A-A’). Pseudobipolar spindles show two poles where one of
them or both contain more than two centrioles (Fig. 5B-B’), while the presence of more than two poles each
containing two or more centrioles typify the multipolar mitotic spindles (Fig. 5C-C’). Interestingly, after 24
hours hormone stimulation, only the vMCF-7°"P>2 cells showed a higher percentage of pseudobipolar and
multipolar mitotic spindles compared to MCF-7°7"®"2 ce||s (Fig. 5D). In conclusion, these results demonstrate
that abrogation of p53 function deregulates the expression timing of cyclin E and A with perturbation of
centrosome homeostasis in hormone stimulated MCF-7 cells. The development of centrosome amplification,

through the generation of aberrant mitotic spindles, may represent the driven force in selecting cancer cell

clones with more aggressive behavior.



Discussion

In this study, we investigated the relationship between mitogen and p53 signaling pathways in the
coordination of centrosome duplication with cell cycle events in MCF-7 breast cancer cells. Several studies
have demonstrated the role of 17-f Estradiol, EGF and IGF-I growth factors in the regulation of G;/S phase
progression in breast cancer derived cells (38-43). Following mitogen stimulation of G, arrested cells, the
reentry in the G; phase is governed by cyclin D1/cdk4 or cdk6 complex through the phosphorylation and
consequent inactivation of the Rb protein (44, 45). Whereas cyclin D1 is essential for G,/G; progression, cyclin
E/cdk2 and cyclin A/cdk2 complexes are responsible for the G,/S transition and onset of DNA replication
during S phase, respectively (46-48).

Aberrant expression of G1/S cyclins is linked to breast cancer development and progression (49-51).
While cyclin D1 over expression is generally associated with an ERa+ phenotype and a favorable outcome,
deregulation of cyclin E and A is linked to aneuploid, ERa.- and metastatic breast carcinomas (52-57).
Furthermore, it has been demonstrated that over expression of cyclin E and A induce centrosome amplification,
suggesting an important role of these cyclins in the development of genomic instability (35, 58, 59).
Interestingly, the effect of cyclin/cdk2 hyperactivity in the development of centrosome amplification has also
been demonstrated by using small molecules cdk? inhibitors able to rescue a normal centrosome phenotype in
cancer cells (35, 60, 61). On the contrary, the tumor suppressor p53 preserves the stability of the genome by
inhibiting centrosome reduplication. The ability of p53 in preventing centrosome reduplication in the absence
of DNA replication is linked to over-expression of the cdk inhibitor p21, inhibition of cyclin/cdk2 activity and
consequent activation of the G;/S cell cycle checkpoint (35). However, how estrogen, growth factor and p53
pathways are mechanistically coupled with the activity of G1/S cyclins and the timing of centrosome
duplication in breast cancer cells has not been established.

To address this issue, we employed MCF-7 cells over expressing a GFP-centrin2 chimera (MCF-7°

"2y to directly monitor centriole duplication during cell cycle progression. In these cells, centriole duplication
begins in late G; phase of the cell cycle and is coordinated with DNA replication following hormone

stimulation. At a molecular level, the timing of centriole duplication was correlated with the orderly expression



of G1/S cyclins and progressive retinoblastoma phosphorylation. On the contrary, MCF-7 cells over expressing
a mutated p53 protein (vMCF-7°NP>3%) showed a shortened G1/S phase progression following hormone
stimulation. Although vMCF-7°""%3 cells still retained a hormone dependent phenotype, estrogen withdrawal
was linked to loss of centriole duplication arrest. Following hormone stimulation, abrogation of p53 function
did not affect the expression timing of cyclin D1, rather led to premature expression of cyclin E and A and
consequent Rb hyper-phosphorylation. The phenotype of vMCF-7°NP*3 cells was also characterized by the
development of centrosome amplification leading to the generation of aberrant mitoses. The presence of
pseudo- and multipolar mitotic spindles, responsible of chromosome missegregation, may represent the driven
force for the development of chromosomal instability and phenotypic heterogeneity commonly observed in
advanced breast carcinomas.

In accordance with these findings, it has been demonstrate that p53-null mammary cells generate a
significant percentage of ERa.- cancer cells arising from ERa+ breast carcinomas, suggesting that abrogation of
p53 function accelerates the development of clonal heterogeneity in breast cancer (62). It has also been shown
that estrogens promote the development of centrosome amplification and chromosomal instability in ACI rats,
although the p53 status of these tumors has not been established (63). Our results demonstrate that ERa+ breast
cancer cells with mutant p53 still require estrogens and growth factors to proliferate but are more susceptible to
develop amplified centrosomes. Importantly, our study suggests a rationale for combining conventional anti-
estrogen agents with small molecule inhibitors of cdk2 activity as a molecular targeted therapeutic approach to
inhibit centrosome amplification and reduce consequent clonal heterogeneity in ERa+ breast carcinomas with

mutant p53.
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Figure Legends

Figure 1. Fluorescence microscopy of GFP-centrin2 localization and cell cycle profile in MCF-7 cells. (A) A
field of cycling MCF-7°7F¢¥"2 cells showing different centriole duplication stages with one pair of centrin-
labeled or two pair of duplicated centrioles. (B) Cell cycle analysis based on flow-cytometry (FACS) for MCF-
7 and MCF-767""2 ce||s. Both cell populations show a similar proportion of cells in each cell cycle stage.
GFP-centrin2 labeled centrioles (C-F). (C) G, phase with a pair of centrioles adjacent to one another. (D) Early
G1 phase with centrioles that have separated from one another. (E) Late G1 or early S phase characterized by
the beginning of centriole duplication. (F) G2/M phase with duplicated pairs of centrioles at each mitotic

spindle pole.
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Figure 2. Cell cycle profile and centriole duplication timing in the MCF-77"*"2 and vMCF-7°""3cells. (A)
FACS analysis of cell cycle progression following starvation and hormone stimulation in the MCF-76F-¢¢2
cells. Cycling cells were synchronized in the G, phase of the cell cycle by 48 hours estrogen withdrawal. Cell
cycle reentry was stimulated by addition of 17-B Estradiol, EGF and IGF-1, MCF-7°F""2 ces replicate their
DNA after 24 hours hormone stimulation, progress from S to G2/M phase after 36 hours and became
asynchronous by 48 hours. (B) Induction of centriole duplication after hormone stimulation in the MCF-7°
€2 cells. MCF-7 cells with 3 and 4 GFP-centrin2 labeled spots were counted as cells with duplicated
centrioles. Following 48 hours estrogen starvation, 8% of cells showed duplicated centrioles, while the number
of MCF-777°*"2 ce|s with duplicated centrioles increased progressively after mitogen stimulation. (C) FACS
analysis of cell cycle progression following time course hormone stimulation in the vMCF-7"""*3cells. Cycling
vMCF-7°"P23cells showed higher percentage of cells in the S phase compared to the parental cell line. After 48
hours estrogen starvation, there was a reduction of cells in the S phase of the cell cycle. Following mitogen

DNP53
7

stimulation, vMCF- cells showed a shortened G1/S cell cycle progression, characterized by earlier DNA

replication compared to the parental cells. (D) Centriole duplication profile after hormone stimulation in the
vMCF-7°""23ce|ls. Duplicated centrioles were determined by immunofluorescence analysis of vMCF-

7P°NP%3cells labeled with a monoclonal antibody directed against the protein centrin2. Compared to the parental

cell line, cycling vMCF-7PN3

cells showed a higher percentage of cells with duplicated centrosomes at all time
points in the immunofluorescence analysis. After 48 hours estrogen withdrawal, ~40% of cells still retained
duplicated centrioles and this phenotype was maintained during the progression through the cell cycle following

mitogen stimulation.
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Figure 3. (A-B) Immunoblotting analysis of MCF-7°7"*"2 and vMCF-7°N"3cells. The abundance of p53,
G1/S cyclins and phospho-Rb was analyzed following 48 hours estrogen withdrawal (-E2) and time course (4,
8, 12, 24, 36 and 48 hours) 17-f estradiol, EGF and IGF-I stimulation. Whole-cell lysate (20pg protein) was

loaded in each lane. B-Actin was used as loading control.
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Figure 4. Analysis of centrosome amplification in the MCF-77"**"2 and vMCF-7°""*3cells. (A) Graph
showing the percentage of cells with more than four centrioles after 48 hours estrogen starvation and time
course hormone stimulation. Centrosome amplification occurred only in the vMCF-7°""3cells showing the
highest percentage of amplified centrosomes 8 hours following mitogen stimulation. (B-D) Centrosome

7CFPCe2 cels, after estrogen starvation and 24 hours hormone stimulation.

phenotype in cycling MCF-
Centrioles were labeled in green by the GFP-centrin2 construct, pericentriolar material (PCM) was labeled in
red using a polyclonal antibody against the protein pericentrin, while nuclei were stained in blue with Hoescht
dye at 1pg/ml. (E-G) Immunofluorescence of centrosomes in cycling vMCF-7°N"3cells, after estrogen

starvation and 24 hours hormone stimulation. Centrioles and pericentriolar material (PCM) were labeled for

centrin2 (green) and pericentrin (red), respectively. Nuclei were stained in blue with Hoescht dye at 1ug/ml.
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Figure 5. Characterization of mitotic spindle morphology in MCF-7 7" and vMCF-7°""*3 cells. (A-C)

7PNPS3cells.

Immunofluorescence of bipolar, pseudobipolar and multipolar mitotic spindles in the vMCF-
Centrioles were labeled in green with a monoclonal antibody for centrin2 (A’-C’), mitotic spindles were labeled
in red with a polyclonal antibody for the centrosome kinase aurora-A. DNA content was labeled in blue with
Hoescht dye at 1ug/mI.DAPI. (D) Graph showing the percentage of mitotic spindles with bipolar,
pseudobipolar and multipolar morphology in MCF-777*¥"2 and vMCF-7°N"3 cells following 24 hours 17-p

Estradiol, EGF and IGF-1 stimulation. vMCF-7°"">3cells showed a higher percentage of abnormal mitotic

spindles compared to the MCF-76F>¢"2 ce|s,
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CONCLUSIONS



1.

The results reported in this grant suggest that the development and progression of breast cancer is a complex
process involving the role of estrogens, growth factor signaling pathways and abrogation of the p53 protein
leading to inactivation of the G1/S cell cycle checkpoint. In particular, the abrogation of the p53 pathway plays
a key role in the development of centrosome amplification following mitogens stimulation or induction of
genotoxic stress through deregulation of cyclin/cdk2 complex and over-expression of the centrosome kinase
Aurora-A. These findings are important to understand if the process of tumorigenesis that characterize breast
cancer development and progression is marked by loss of cell cycle checkpoints and consequent induction of
centrosome amplification. In turn, the development of centrosome amplification and chromosomal instability is
essential in conferring to the tumor cells high metastatic potential and chemoresistant properties with
cathastrophic consequences for breast cancer patients. We also suggest that centrosome amplification may
represent a suitable marker to monitor tumor aggressiveness and a novel molecular therapeutic target for the
treatment of breast carcinomas resistant to conventional anticancer drugs.
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