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INTRODUCTION

This research is designed to test the hypothesis that aneuploidy in some breast tumors is caused by
centrosome abnormalities which are induced by alteration in p53 function. Specific mutations in p53
that are associated with breast cancer, aneuploidy, chromosomal instability, and centrosome
abnormalities have been identified during the course of this project. We have shown that p53 mutations
correlate with an increase in microtubule nucleating capacity; however, no such correlation is indicated
with either centrosome size or centrosome number. To test whether or not specific p53 mutations affect
different aspects of centrosome function, thus leading to chromosomal instability and/or changes in
microtubule nucleation, we have constructed 5 different adenoviral vectors for our mutant p53 studies.
Initial experiments with 2 of these mutant p53 vectors indicates that specific p53 mutations do have
different effects on centrosome function in cultured cells derived from normal human mammary
epithelia. Further experiments are in progress or in the design stage.

BODY

As indicated in 1999 Progress Report, I revised my statement of work in order to use a new
Mayo Facility for the p53 mutation screening portion of the project. Research Accomplishments to date
reflect the Tasks as outlined in the revised Statement of Work.

Task ] - Quantification of structural and functional centrosome alterations (months 1-12). As reported
in the 2000 Progress Report, this Task is complete. Some of the results from this task were published in
American Journal of Pathology (155:1941-1951), a reprint of which is presented in Appendix I.

Task 2 - Screen tissues for aneuploidy (months 10-18). This Task and analysis of the data generated is
complete. As reported in the 2000 Progress Report, approximately 35 benign and tumor tissues have
been analyzed for ploidy using FISH analysis of chromosomes 3, 7, and 17. These data reveal that: 1)
all benign tissues were diploid and had normal centrosomes; 2) three of 21 tumors were diploid or near
diploid and had essentially normal centrosome size and function; and 3) 18 of 21 tumors were aneuploid
and had significant levels of centrosome amplification. Therefore, we can conclude that tumor
aneuploidy correlates with centrosome amplification. During the past year a manuscript which
includes a portion of these results has been accepted for publication in Breast Cancer Research and
Treatment (Appendix II). Further analysis of the data revealed that, regardless of p53 status,
centrosome number and centrosome size each have a statistically significant linear correlation
with chromosomal instability. However, centrosome function, as measured by microtubule
nucleation capacity, does not correlate with chromosomal instability. Interestingly, microtubule
nucleation capacity correlates with loss of differentiation as measured by Nottingham grade.
These results were published in PNAS in February 2002 (Appendix III).

Task 3 - Trial site-directed mutagenesis and trial transfection. This Task is complete. A p53 mutated
from glycine to serine at amino acid 245 was selected based on its occurrence in Li-Fraumeni families
having a high incidence of breast cancers. Normal human mammary epithelial cells (hMEC) and
telomerase-immortalized hMEC cells (hTERT-hMEC, obtained from Geron, Inc. under a Materials
Transfer Agreement) transfected with the p53 mutant develop a phenotype consistent with the
hypothesis; namely centrosome and mitotic spindle abnormalities are present at a much higher
frequency in the presence of mutant p53 than they are in normal cells. Due to the difficulties in
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achieving consistently high transfection efficiencies using plasmid based-vectors, we have generated
adenoviral vectors for Task 6.

Task 4-p53 mutation/immunohistochemistry status (months 16-30). This Task is complete, and results
have been reported in our February 2002 PNAS publication (Appendix III). Normal tissues had no
significant p53 immunostaining. Benign tumors had an average value of 3.6% of the cells with p53
immunostaining (ranging from 0 to 10% of the tumor cells). Malignant tumors ranged from 0% (13 of
40 analyzed) to more than 75% (8 of 40 analyzed), with a mean of 13.8%. In summary, we found that 25
tumors had wild type p53 by DHPLC. The 8 tumors indicated by DHPLC as containing possible p53
mutations have been sequenced and the precise mutation has been identified in 8 of the tumors. One of
the eight mutations (in exon 6) was silent. The other 7 mutations resulted in changes in the amino acid
sequence of p53 in the DNA binding domain. Exons 5, 7, and 8 each had 2 tumors containing mutations,
while I tumor had a mutation in exon 6. One of the mutations is the commonly occurring R249G
mutation; no mutations have been found in exons 4 or 9.

Task 5 -Analysis of data from Tasks 1,2, and 4 (months 31-33). This Task is complete, and the
analysis has been published (Appendix III). Centrosome microtubule nucleating capacity in p53 mutant
tumors is 2 fold higher than in p53 wild type tumors; this difference is statistically significant. On
average, aneuploid tumors with mutant p53 did not have centrosomes that differed significantly in either
size or number from those aneuploid tumors with wild type p53. We identified three different p53
mutations (described in Task 6) that appear to have significant effects on centrosome structure and
function. The first of these mutants is a termination mutant at amino acid 195. The tumor with this
mutation has a high level of chromosomal instability and numerous, large centrosomes per cell.
However, it has only a moderate increase in microtubule nucleation capacity. The second mutation is
R249G, a commonly mutated codon in many cancers. The tumor with this mutation has centrosomes
highly amplified by all measures and a significant level of chromosomal instability. The third mutation,
C238F, is in a tumor that is nearly normal in centrosome size and number, but has the highest
microtubule nucleation capacity of all the tumors we measured. This tumor has a stable, but aneuploid,
karyotype.

Task 6 - Site-directed mutagenesis ofp53 using mutants identified in Task 5 (months 33- 36). This Task
is complete. We have created high efficiency adenoviral vectors for the three p53 mutations identified
in Task 5 and for the Li-Fraumeni mutant identified in Task 3. These mutations are: 1) R196stop, in
which a mutation of C to T at base 586 in exon 6 codes for STOP instead of Arginine, truncating the
protein at 195 amino acids; 2) C238F, in which a G to T mutation at base 713 in exon 7 codes for
phenylalanine instead of cysteine at codon 238; 3) R249G, in which mutation of A to G at base 745 in
exon 7 codes for glycine instead of arginine at amino acid 249; and 4) G245S, identified from a Li-
Fraumeni family with a high breast cancer incidence. In addition, we have made the empty viral vector
and a GFP containing vector for use as infection controls.

Task 7 - Transfection and monitoring experiments (months 35-46). This Task has recently been
initiated. We are very encouraged by our initial results using viral vectors for the R195* and C238F
mutant vectors and the 2 control vectors. We have not yet used the R249G or G245S mutant vectors.
After only 48 hours post transduction, 80% of the mitotic cells expressing the R195* mutant p53 had
multipolar spindles. This phenotype correlates with the phenotype of high chromosomal instability and
numerous centrosomes of the tumor in which this mutation was identified. None of the mitotic cells
expressing the C238F mutant p53 had multipolar spindles. This also correlates with the phenotype of

6



Lingle DAMD17-98-1-8122 2002 Summary Report

the tumor in which this mutant was identified. This tumor had normal centrosome size and number and
a stable, but aneuploid karyotype. The frequency of abnormal mitoses in the control cells was near zero.

Task 8- Data analysis and manuscript preparation (months 38-48). To date, 3 original research papers
have been published from work supported by this grant (Appendices I - III). We expect to publish one
or more papers from the research contained in Task 7.

KEY RESEARCH ACCOMPLISHMENTS

* Excess pericentriolar material is a specific centrosome defect associated with an increased frequency of
abnormal mitoses in human breast tumors.

* A specific p53 mutation (glycine to serine at amino acid 245) induces abnormal centrosome structure
and function upon transfection of primary normal human mammary epithelial cells.

* Tumor aneuploidy correlates with centrosome amplification.
• Centrosome number and centrosome size each have a statistically significant linear correlation with

chromosomal instability.
• Centrosome microtubule nucleation capacity does not correlate with chromosomal instability.
* Centrosome microtubule nucleation capacity does correlate with loss of tumor differentiation.
"* Tumors with p53 mutations have a statistically significant 2 fold higher capacity to nucleate

microtubules than tumors with wild type p53.
"• p53 mutations have been identified in breast tumors that are associated with centrosome amplification

and aneuploidy.
"* Specific p53 mutations have different effects on centrosome function.

REPORTABLE OUTCOMES

Invited Seminars
I. Aberrant Structure and Function of Centrosomes in Human Breast Tumors. March 1999 GI Unit

Scientific Meeting, Mayo Clinic, Rochester, MN.
2. Breast Cancer: Centrosomes, Aneuploidy, and Progression. February 2000. University of Puerto

Rico Medical School, San Juan, PR.
3. Aberrant Structure and Function of Centrosomes in Breast Cancer. June 2000. Department of

Cellular Biology, University of Georgia, Athens, GA.
4. Centrosomes, Aneuploidy, and Breast Cancer. 2000. Mayo Laboratory Society, Mayo Clinic,

Rochester, MN.
5. Chromosomal Instability Correlates with Centrosome Amplification in Human Breast Cancer. June

2001. GI Research Seminar Series. Mayo Clinic, Rochester, MN.
6. The Role of the Centrosome in Development and Progression of Breast Cancer. August 2001.

Invited Speaker in "Biology of Cancer" Symposium at the Annual Meeting of the Microscopy
Society of America. Long Beach, California.

7. Centrosome Amplification Drives Chromosomal Instability in Breast Tumor Development. 2001.
Chromosomal Instability and DNA Damage Interest Group.

8. Centrosome Amplification Drives CIN in Breast Tumor Development. 2001. Experimental
Pathology Research Seminar Series.
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CONCLUSIONS

To date, the research supported by this award has yielded results with significant implications regarding
the origin and perpetuation of aneuploidy in breast cancer, especially related to centrosome
amplification and p53 mutation. First, excess pericentriolar material has been linked with an increased
frequency of abnormal mitoses in tumor tissues. This demonstrates that at least one aspect of
centrosome amplification is associated with mitotic events that most often result in aneuploid daughter
cells. Furthermore, the increase in amplified centrosomes and abnormal mitoses was duplicated in
limited in vitro studies. In these studies, cultured normal mammary epithelial cells were transfected
with G245S mutant p53; indicating that p53 mutation may be involved in centrosome amplification
associated with abnormal mitoses that can lead to aneuploidy.

A second important result demonstrated the correlation of aneuploidy with centrosome amplification in
breast tumors using fluorescence in situ hybridization with centromeric probes to chromosomes 3, 7, and
17. In these studies, 18 of 21 tumors were found to be aneuploid while three were diploid. The three
diploid tumors had nearly normal centrosomes, while all 18 aneuploid tumors displayed centrosome
amplification. Further analysis revealed a statistically significant linear correlation between
chromosomal instability and centrosome number and centrosome size. However, there was no
correlation between the microtubule nucleation capacity of tumor centrosomes and chromosomal
instability. Microtubule nucleation capacity of tumors does show a correlation with loss of tissue
differentiation as determined by the Nottingham Grading system. The less differentiated Grade II and
III tumors had significantly greater microtubule nucleation capacity than the more differentiated Grade I
tumors, and all grades were significantly greater than fully differentiated normal tissues. Together,
these results indicate that different aspects of centrosome amplification have different effects on
tumor progression. Centrosome size and number affect chromosomal instability, while
microtubule nucleation capacity affects cell, and therefore, tissue architecture. Chromosome
instability has profound implications for tumor progression, while changes. in cell architecture can
increase metastatic potential.

Third, on average, centrosome of tumors with p53 mutations had a 2 fold greater capacity to nucleate
microtubules than centrosomes from tumors with wild type p53. The two other measures of centrosome
amplification used in this study, centrosome size and centrosome number, were not significantly
different between the two groups. In light of the conclusions from the previous paragraph, this
means that mutations in p53 may increase tumor grade by affecting the microtubule cytoskeleton
of the tumor cells. Initial experiments using adenoviral vectors containing 2 different p53
mutations indicate that specific p53 mutations have different effects on centrosome function.
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APPENDICES

Appendix I - Lingle, WL and Salisbury, JL. 1999. Altered centrosome structure in human breast
tumors. American J. Pathol. 155:1941-1951.

Appendix II - D'Assoso, A, Barrett, SL, Folk, C, Negron, CV, Boeneman, K, Busby, R, Whitehead,CM, Stivala, F, Lingle, WL, and Salisbury, JL. 2002. In Press. Amplified centrosornes in breastcancer: A potential indicator of tumor aggressiveness. Breast Cancer Research and Treatment.

Appendix III - Lingle, WL, Barrett, SL, Negron, VC, D'Assoro, AB, Boeneman K, Liu, W,Whitehead, CM, Reynolds C, Salisbury, JL. 2002. Centrosome amplification drives chromosomal
instability in breast tumor development. PNAS. 99: 1978-1983.
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Summary

Molecular mechanisms leading to genomic instability and phenotypic variation during

tumor development and progression are poorly understood. Such instability represents a

major problem in the management of breast cancer because of its contribution to more

aggressive phenotypes as well as chemoresistence. In this study we analyzed breast

carcinomas and tumor-derived cell lines to determine the relationship between

centrosome amplification and established prognostic factors. Our results show that

centrosome amplification can arise independent of ER or p53 status and is a common

feature of aneuploid breast tumors. Centrosome amplification is associated with mitotic

spindle abnormalities in breast carcinomas and thus may contribute to genomic instability

and the development of more aggressive phenotypes during tumor progression.

INTRODUCTION

Breast cancer, like most other cancers, is characterized by complex and heterogeneous

genetic alterations originating from genomic instability and aneuploidy [1]. Genomic

instability leads to the persistent generation of new chromosomal variations, to tumor

progression and to the development of more aggressive phenotypes with increased

metastatic potential and chemoresistence [2]. The steroid hormone estradiol plays an

important role in the etiology of breast cancer [3]. Often, breast tumors progress from a

hormone-dependent to a more aggressive hormone-independent phenotype [4].

Hormone-independent tumors are less likely to be well differentiated, are aneuploid and

in general show more frequent mutations, including loss or amplification of breast cancer

related genes (p5 3 , ErbB2/HER-2/neu, EGFR) [5]. For this reason, the hormone

responsive status of breast tumors is considered one of the most important prognostic

factors for predicting clinical outcome, and so is used to determine appropriate treatment

for breast cancer patients.

Centrosome defects are characteristic of breast cancer and solid tumors in general [6-11].

The centrosome plays an essential role in equal segregation of chromosomes through the
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establishment of the bipolar mitotic spindle. Precise control of centrosome duplication is

strictly coordinated with DNA replication during cell cycle progression. In caficer cells,

alteration of centrosome homeostasis by disregulation of cell cycle checkpoints leads to

centriole over-duplication and multipolar mitoses, thereby increasing the rate of

chromosomal instability. Interestingly, loss of function of the tumor suppressor gene p53

leads to centrosome amplification and aneuploidy [7, 12-15]. The mechanism for p53

control of centrosome duplication is probably mediated, in part, through transcriptional

regulation of the cyclin-dependent kinase inhibitor p21 waflc/QP and its subsequent

inhibition of Cdk/cyclin D and E activity [16-19]. GADD45, another component of the

p53 pathway, has also been implicated in the maintenance of genomic stability through

regulation of centrosome homeostasis [20].

In this study we analyzed centrosome characteristics in breast carcinomas and tumor

derived cell lines with different phenotypes to clarify the relationship between

centrosome amplification and estrogen receptor (ER), ErbB2, EGFR and p21 Wal/Cip]

expression, p53 status, mitotic abnormalities and metastatic potential. Our studies reveal

three important points: 1) tumor derived cell lines show a range of centrosome

phenotypes and increased centrosome amplification correlates with tumor aggressiveness,

2) centrosome amplification can arise independent of ER or p53 status, and 3)

centrosome amplification is linked to chromosomal instability. -Based on these

observations we propose that centrosome amplification could play a key role in the

development of phenotypic variation through increased genomic instability.

MATERIALS AND METHODS

Human tissue samples and cell culture. Human breast tissue was obtained immediately

after surgery according to an IRB approved protocol, frozen in liquid nitrogen and stored

at -70 C0 until use. For electron microscopy fresh tissue was processed immediately in

Trumps fixative according to [21]. Specimens were obtained from patients who had no

chemotherapeutic or radiation treatments before surgery. Human breast cancer cell lines

were obtained from ATCC. MCF-7 and T-47D cells were grown in RPMI 1640 medium,
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and MDA-MB231 cells were grown in MEM medium supplemented with 2mM L-

glutamine, 1% penicillin/streptomycin and 10% fetal bovine serum in 5% CO2 in air at
370 C.

Microtubule nucleation assay. Breast cancer cell lines grown on glass cover slips and

cryosections of breast tissue were processed as described earlier [22, 23]. The number of

microtubules nucleated per cell was counted for 100 consecutively viewed cells. Earlier

studies demonstrated that this assay clearly distinguishes mitotic and interphase

microtubule nucleation capacity of cultured cells [23]. The study reported here for the

cell lines was conducted on sub-confluent cultures plated 24 hrs prior to microtubule

nucleation and the analysis was restricted to interphase cells (only cells with a single

centrosome were counted). Cells with significant overlap of microtubule arrays were

excluded from analysis, as were obviously damaged cells. Microtubule nucleation

capacity is reported as the MT Index = average # microtubules nucleated by the

experimental specimen (n=50) divided by the average # microtubules nucleated by the

control specimen (n=50). For MT Index of cell lines, normal human mammary epithelial

cell cultures (HMEC, Clonetics, Walkersville, MD) were used as controls. The MT

Index for tissues was determined against the average value for 5 separate normal

mammary epithelial tissue specimens set as the normalized control value.

Microscopy and Western analyses. Antibodies used for indirect immunofluorescence

and Western analysis were obtained from the following sources: P3-actin, cX-tubulin, y-

tubulin, ER (Sigma, St. Louis, MO), pericentrin (Babco, Richmond, CA), p53 (DAKO,

Mississauga, ON, Canada), ErbB2 (Santa Cruz, Santa Cruz, CA), EGFR (Genosys, The

Woodland, TX), and p21 waJf/cip' (Oncogene, Boston, MA), centrin (20H5, our laboratory),

and HsEg5 (a generous gift from Dr. JB Rattner [24]). For indirect immunofluorescence

the primary antibodies were followed by FITC, Alexa 488, Alexa 568 (Molecular Probes,

Eugene, OR), or rhodamine-conjugated secondary antibodies and Hoechst 33342 stain for

DNA.
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Methods for indirect immunofluorescence and Western analysis were carried out as

described earlier [9]. Centrosome volume was determined using quantitative c6nfocal

microscopy for two different centrosome proteins (centrin and pericentrin) [9].

Centrosome number and volume per nucleus in cell lines and in tumor and adjacent

'normal' tissue were determined and assessed to measure specimen variability. The

median value of the number and volume of centrosomes per nucleus for tumor and

normal tissue was used as a summary statistic. Immunofluorescence analyses were

preformed using either a Zeiss LSM 510 high resolution laser confocal microscope or a

Nikon FXA fluorescence microscope equipped with computer controlled focus, CCD

digital camera, and MetamorphTM (Universal Imaging Corp) software. Fields were

recorded at multiple focal planes to assure that all centrioles and centrosomal structures

were imaged. Images were analyzed and printed as maximum projections. Spindle

morphology was scored as normal 'bipolar' if less than 1% aberrant spindles were

present (n = 100 spindles). Mitotic figures in the normal breast tissue were extremely

rare, however in the several instances where they were found they were bipolar.

Centriole numbers were determined by counting immunofluorescence anti-centrin stained

spots in 100 cells. Centrosome volume measurements for breast tumors were made using

confocal microscopy and volume reconstructions as described earlier [9, 25]. A "Normal

Centrosome" phenotype was defined as two or four centrioles per cell and a calculated

centrosome volume based on total centrin staining of between 0.015 and 0.075 ýtm 3. An

"Amplified Centrosome" phenotype was defined as more than four centrioles per cell

and/or a centrosome volume greater than 0.075 Vm3. For Western blots, cell lysates (50

pg) were separated by SDS/PAGE, transferred to PVDF membranes (Millipore, Bedford,

MA), reacted with appropriate antibody followed by HRP-conjugated secondary, and

visualized by chemiluminescence using ECL reagents according to manufacturer's

instructions (Amersham, Piscataway, NJ).

FISH probes to pericentromeric regions of chromosomes 3 (CEP3), 7 (CEP7), and 17

(CEP 17) (Vysis, Inc., Downers Grove, IL) were hybridized to touch preparations of

nuclei from frozen tissues according to previously published methods [26, 27]. Probes
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were labeled with SpectrumOrangeTM (CEP3), SpectrumGreenTM (CEP7), and

SpectrumAquaTM (CEP 17) for simultaneous analysis. DNA was counterstained with

DAPI prior to mounting coverslips. For each tissue, 100 consecutive nuclei were scored

for the number of signals for each of the three probes per nucleus using methods

described previously [28]. Classification of tissue ploidy was a two-step process. In the

first step, each of the 100 cells for a given tissue was classed either as disomic if all 3

probes had 2 signals, as polysomic if 2 or more probes had more than 2 signals, as

monosomic for a given probe, or otherwise as non-disomic. For the second step, the sum

of the cells in each of the above categories was used to determine the tissue status as

follows: 1) diploid if at least 50% of the cells were disomic, fewer than 15% were

polysomic, and fewer than 50% were monosomic for the same chromosome, or 2)

aneuploid if more than 15% of the cells were polysomic. Results from the 7 reduction

mammoplasties (assumed to be diploid) were used to calculate these cutoff values.

Statistical Analysis. Significance of differences in centrosome size, number, and MT

nucleation capacity, or wild-type or mutant p53 was determined using the Wilcox rank

sum test.

Analysis of p53 and estrogen receptor status. For the indirect fluorescence

determinations, p53 mutations were scored as positive if more than 40% of the tumor cell

nuclei in four fields of 400X label intensely with anti-p53 monoclonal antibody. In

addition, breast tissue p53 mutations were determined by denaturing high performance

liquid chromatography of PCR products [29] for detection of mutations in exons 4-9 and

confirmed by subsequent sequencing for all tumor samples. Estrogen receptor status was

determined using an immunohistochemistry-based assay [30].
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RESULTS

Centrosome phenotypes, estrogen dependence, p53 status and metastatic potential

in breast cancer cell lines. For in vitro studies, we used three human breast cancer cell

lines (MCF-7, T-47D, and MDA-MB23 1) to investigate the relationship between

centrosome amplification and established prognostic markers of breast cancer.

Centrosome amplification was assessed by both structural and functional criteria. For

these studies the number of centrioles and the amount of the surrounding pericentriolar

material (PCM) were determined using immunofluorescence for centrin and pericentrin,

respectively. Centrosome function was determined using a quantitative assay for

microtubule nucleation and mitotic spindle morphology. The three cell lines can be

ordered according to increasing centrosome amplification as determined by the

percentage of cells showing excess (>4) centriole number and microtubule nucleation

capacity (Table I, Fig. 1). The breast tumor cell line MCF-7 showed normal appearing

centrosomes with two or four centrin staining spots (centrioles) surrounded by a moderate

amount of PCM (Fig. 1, Table I). In contrast, the breast tumor cell lines T-47D, and

MDA-MB231 showed centrosome amplification characterized by multiple centrin

staining spots (supernumerary centrioles) and excess PCM (Fig 1, Table 1). Since tumor

centrosomes are typified by alterations in microtubule nucleation [8, 9], we performed a

functional assay to determine microtubule nucleation capacity on detergent extracted

models of the three breast cancer cell lines. These studies revealed that increased

microtubule nucleation reflected centrosome amplification (Fig. 1, Table I). Similarly,

the three cell lines displayed a range of mitotic spindle abnormalities reflecting the status

of genomic instability (Fig. I d and Table I). Each of the cell lines showed the majority

of dividing cells with normal mitotic figures. Nonetheless, MCF-7 cells showed 10%

abnormal mitoses, and T-47D, and MDA-MB231 showed a higher frequency (14 and

22%, respectively) of aberrant mitoses, including multipolar spindles, lagging

chromosomes and cytokinesis defects.

These same three human breast tumor cell lines were assessed for ER, ErbB2, EGFR, and

p21 wafl/ciP expression and p53 mutation status. The estrogen-dependent cell lines MCF-7
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and T-47D both show ER expression by Western analysis, while the estrogen-

independent cell line MDA-MB231 lacks ER entirely (Fig. 2). As described edrlier [311,

each of these cell lines showed a distinctive growth factor receptor expression pattern.

ErbB2 expression was found in each cell line and was highest in T-47D. In contrast,

EGFR expression was high in the MDA-MB231, low in T-47D, and undetectable in

MCF-7 cell lines (Fig. 2). MCF-7, with a wild-type p53 phenotype [32], showed no

detectable p53 (Fig. 2), whereas T-47D, and MDA-MB231 cell lines, which have been

reported to express mutant p53, showed high levels of p53 accumulation that was largely

localized in the nucleus (Fig. 2). Expression analysis also showed a high level of

expression of the cdk/cyclin inhibitor p21 Wa7/CipI, a downstream effector of the p53

pathway, in MCF-7 and T-47D, and low levels in MDA-MB231 cells (Fig. 2). The

metastatic potential of the three cell lines has been determined in nude mice [33, 34], and

in this model system MCF-7 shows the least aggressive behavior, with increasing

metastatic potential observed for T-47D, MDA-MD231, respectively [35, 36]. Table I

summarizes the characteristics of the three breast cancer cell lines in relation to

centrosome phenotype. Taken together, these results demonstrate that centrosome

amplification in tumor derived cell lines is associated with loss of estrogen-dependence

and p53 function, over expression of EGF receptor, mitotic abnormalities and

demonstrated metastatic potential.

Centrosome amplification and aneuploidy in breast tumors. For studies on human

breast tissue we analyzed seven normal breast tissues and sixteen invasive breast tumor

specimens for centrosome amplification, aberrant mitoses, DNA ploidy, ER, p53, and

lymph node status (Fig. 3 and Table I). From these tumor tissues, distinct phenotypes

were recognized, three of which matched the phenotypes of the breast cancer cell lines

described above (Fig. 3 b-d and Table I). Like the human breast cancer cell lines, the

tumors could be arranged according to increasing centrosome amplification based on

centrin and pericentrin staining (Table I). In these breast tumors, the level of centrosome

amplification also reflected the degree of aneuploidy based on FISH analysis of

chromosomes 3, 7 and 17, where diploid tumors showed nearly normal centrosomes and

aneuploid tumors showed centrosome amplification. Several important findings emerged
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from these studies. Diploid breast tumors consistently displayed normal centrosomes,

bipolar mitotic spindle morphology, and were both positive for ER and wild type p53,

whereas all aneuploid tumors showed amplified centrosomes, and higher levels of mitotic

abnormalities. Finally, the most-severe examples of centrosome amplification occurred

in more aggressive tumor phenotypes based on lymph node status (Table I). These

observations confirm the correlation between centrosome amplification with an increase

in mitotic abnormalities (9, 20) and demonstrate a relationship with aneuploidy, and

tumor aggressiveness (Figs. 3, Table I).

Ultrastructural analysis of centrosomes in breast carcinomas and tumor derived cell

lines. Analysis at the electron microscope established the ultrastructure of centrosomes

in these tumors and cell lines (Fig. 4). Centrosomes containing two centrioles and

nominal PCM were characteristic of epithelial cells of normal breast tissue and diploid

tumors, and also of the normal human mammary epithelial (HMEC) and MCF-7 cell lines

(Figs. 4 a-b and e-f). In contrast, centrosome defects, characterized by centriole over-

duplication, were observed in aneuploid breast tumors and in the aneuploid cell line

MDA-MB231 (Figs. 4 c-d and g). These studies confirm the fluorescence microscopy

observations reported above where diploid and near-diploid breast tissues and cell lines

displayed normal centrosome structure and function, whereas aneuploid tumors show

gross structural alterations in amplified centrosomes. We reported earlier that breast

tumors with excess PCM show a higher number of abnormal mitoses [21].

DISCUSSION

Cancer progression occurs through accumulation of genetic alterations, cancer cell

heterogeneity and, ultimately, the development of more aggressive phenotypes. Since

established prognostic parameters such as tumor size, lymph node status, histologic grade

and hormone receptor status do not precisely predict outcome, there is a need for new

prognostic markers with increased predictive value. DNA ploidy reflects an aspect of

genomic instability and is often associated with grade of differentiation, ER and p53

status and ErbB2 over-expression [37-39]. Diploid tumors are generally less aggressive
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and have a more favorable outcome than aneuploid tumors [40]. The precise control of

centrosome duplication during cell cycle progression ensures equal chromosomie

segregation, which is critical in maintenance of diploid status. Positive and negative cell

cycle regulators, such as Cdk2/cyclin E, p53, Rb, BRCA1, BRCA2 and p21 Wafi/cp', are

also involved in the control of centrosome duplication [ 17, 18, 41-46]. They are likely

the molecular targets linking deregulation of cell cycle checkpoints with centrosome

amplification and development of chromosomal instability during tumor development

and progression [47]. Our studies demonstrate that breast carcinomas and tumor-derived

cell lines show centrosome amplification that may drive chromosomal instability.

Therefore, centrosome amplification might also reflect consequent development of clonal

heterogeneity in a tumor cell population and thereby increase their potential for

developing metastasis. Selection from the resulting heterogeneous cell population can

promote more aggressive phenotypes and chemoresistance. These relationships may be

common for solid tumors in general since others have drawn similar conclusions for

prostate, pancreatic and colorectal cancer [8, 48, 49]. Our analysis suggests that

centrosome amplification in breast cancer may be a consequence of an imbalance

between oncogenes and tumor suppressors. For example, inactivation of p53, loss of ER,

and overexpression of EGFR during tumor progression may represent common

mechanisms which result in the acceleration of chromosomal instability by uncoupling

centrosome duplication from the cell cycle. Interestingly, in tumor derived cell lines,

p21 wafi/cipi, a down stream effector of the p53 pathway may be involved with control of

centrosome homeostasis and tumor aggressiveness through its role in regulation of the

G1/S cell cycle checkpoint [41, 50, 51]. However, while loss of p53 function and ER

may play an important role in the development of centrosome over duplication,

centrosome amplification was also present in ER positive tumors with wild type p53

(Table I). Therefore, mechanisms independent of ER and p53 status may also contribute

to the induction of centrosome amplification in breast cancer.

The study reported here suggests that centrosome amplification might be useful in

monitoring chromosomal instability and in turn phenotypic diversity in breast cancer.

For example, based on the status of centrosome phenotype, hormone responsive and
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lymph node negative patients may be stratified into two groups, those that require only

endocrine treatment and those that require more aggressive treatment due to indreased

chromosomal instability associated with centrosome amplification. Finally, in

association with other established prognostic factors, centrosome amplification may be

helpful in predicting outcomes and survival of patients with breast cancer.
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Table I. Features of Breast Cancer Cell Lines and Tumor Tissue Centrosomes

Characteristics of Cell lines:

MCF-7 T-47D MDA-231

Centrosome Phenotype Normal Amplified Amplified

Volume (pm3) 0.06 0.13 0.223

% >4 centrioles/cell 14% 38% 56%

MT Index 1.8± 0.6 2.9± 0.3 3.0 ± 0.3

Aberrant Mitosis 10% 14% 22%

Metastatic Potential Low Low High

ER Status ER+ ER+ ER-

p53 Wild-type Mutant Mutant

Characteristics of Breast Tumors:

Breast Tissue Normal Diploid Tumors Aneuploid Tumors

Centrosome Phenotype Normal Normal Amplified

Volume (jtm 3)±SD 0.023 ±0.018 0.053±0.02 0.165±0.125

Number Range (Ave) 0.7-3.0 (1.29) 2.6-2.9 (2.8) 1.5-10.8 (5.6)

MT Index 1±0.05 3.7±3.4 6.6±3.1

Spindle Morphology Bipolar Bipolar Aberrant

Lymph Node Positive NA 0 6/13

ER Status ER+ ER+ 9/13 ER+

p53 Wildtype Wildtype 8/13 Wildtype
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FIGURE LEGENDS

Figure 1. Centrosome amplification in human breast tumor cell lines. Ea6h column

illustrates characteristics from the cell line indicated at the top of the figure: MCF-7, T-

47D, and MDA-23 1. The cell lines were ordered with an increasing level of centrosome

amplification from left to right. Centriole number was determined by indirect

immunofluorescence for centrin (Top Row). Normal centrosomes have two or four

centrioles, while amplified centrosomes have multiple centrin spots. Pericentriolar

material was determined by indirect immunofluorescence for pericentrin (Second Row).

Normal centrosomes show staining surrounding the two centrioles, while amplified

centrosomes show excess accumulation of pericentrin (Bar = I gm). Microtubule

nucleation (green fluorescence) in detergent extracted cells (Third Row). Nuclei were

stained blue with Hoechst. Centrosome amplification results in an increased microtubule

nucleating capacity. Mitotic spindle morphology was determined in cells where

centrioles were stained by indirect immunofluorescence for centrin (green/yellow), and

mitotic motor protein HsEg5 was stained red using antibody M4-F, and DNA was stained

using Hoechst (Forth Row). Normal bipolar spindles show two centrin staining spots at

each pole as illustrated for MCF-7. Increased frequency of aberrant spindle morphology

is seen in tumors with amplified centrosomes (Bar = 5 jim).

Figure 2. Western blot analysis of ER, EGFR, ErbB2, p53 status, and p21 woflcipl

expression in the three breast tumor cell lines: MCF-7, T47-D, and MDA MB 231.

Fifty micrograms of total protein was run in each lane. P3-actin loading control is shown

at the bottom of the figure.

Figure 3. Centrosome amplification (upper panel) and aneuploidy (lower panel) in

human breast tumors. (a-e): Centrin staining in green, pericentrin staining in red and

co-localization in yellow. Nuclei stained blue with Hoechst stain for DNA. (a): Normal

breast tissue. (b-d): Tumor specimens are ordered with an increasing level of centrosome

amplification and aneuploidy, from (b) to (d). ER, p53 and ploidy status is indicated

above. The tumor shown in (b) is diploid, ER positive and p53 wild-type. The other

tumors show increased aneuploidy and increased centrosome amplification (from left to
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right). (a): Normal breast tissue. (b): An ER positive, p53 wild-type, lymph node

negative, diploid breast tumor showing nearly normal levels of centrin and pericentrin

staining. (c): ER positive, p53 mutant, lymph node negative, aneuploid breast tumor

showing elevated centrin and pericentrin staining. (d): ER negative, p53 mutant,

metastatic, aneuploid breast tumor showing a high level of centrin and pericentrin

staining. Lower panel: Ploidy status of normal and tumor tissues. Tumors with identical

ER and p53 status were also analyzed for chromosomal instability using FISH analysis

for chromosomes 3 (red), 7 (green) and 17 (blue). The average values for percentage of

cells showing chromosomal gains or losses are indicated. Bars = 10 Pin.

Figure 4. Electron microscopy of centrosomes from normal and tumor tissues and

breast cell lines. Normal centrosomes with two centrioles and nominal pericentriolar

material are present in normal breast epithelial tissue (a), diploid tumors (b), the normal

human mammary epithelial cell line, HMEC (e), and in MCF-7 cells (f). Examples of

supernumerary centrioles are present in breast tumors (c) and MDA-MB231 cells (g),

while some tumors cells also show excess pericentriolar material (d). Arrows in (g)

indicate centriole profiles. Bar in d = 0.5 pim for images a-f and in g for g only.
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Altered Centrosome Structure Is Associated with
Abnormal Mitoses in Human Breast Tumors

Wilma L. Lingle and Jeffrey L. Salisbury of centrosome proteins were first described for human
From the Tumor Biology Program, Macyo Foundation, breast tumors'" and subsequently, centrosome anoma-
Rochester, Minnesota lies were reported for other tumors."-"7 Recent evidence

suggests that elevated Aurora kinase or Serine/Threon-
ime kinase-15 (STK15) activity may play a key role in
acquisition of at least some of these centrosome defects

Centrosomes are the major mnicrotubule organizing during tumor progression.' 8

center in mammalian cells and establish the spindle The centrosome is the major microtubule-organizingpoles during mitosis. Centrosome defects have been center in mammalian cells; it regulates the number, sta-
implicated in disease and tumor progression and bility, polarity, and spatial arrangement of microtubules in
ilated ien discate ad withum gor rgesit on and p53 interphase cells."9'20 Thereby, the centrosome and mi-
have been associated with nullizygosity of the p53 crotubules play a role in maintaining overall cell polarity,
tumor suppressor gene. In the present ultrastructural p rovd itectural ced orgae,
analysis of 31 human breast tumors, we found that provide an architectural framework for directed organelle
centrosomes of most tumors had significant alter- transport, and participate in cell shape and movement.
ationscomparedtcentrosomes of mosttuiniiant alter-The interphase centrosome consists of a pair of or-
ations compared to centrosomes of normal breast thogonally oriented centrioles surrounded by a pericent-

tissue. These alterations in included 1) supernumer- riolar matrix. Duplication of the centrosome begins during

ary centrioles, 2) excess pericentriolar material, 3) S phase of the cell cycle when the two centrioles lose

disrupted centriole barrel structure, 4) unincorpo- their orthogonal arrangement before the formation of a

rated microtubule complexes, 5) centrioles of un-

usual length, 6) centrioles functioning as ciliary basal procentriole (or bud) closely associated with the proximal
usuallngth, 7)centriolesfntioniengaso .cihiary bsal- end of each of the original centrioles. The procentriolesbodies, and 7) mispositioned centrosomes. These al- lnte uigSadGs htb rpaetecl
terations are associated with changes in cell polarity, lengthen during S and G2, so that by prophase the cell
eratiosareassociatedwithchanges in cell polatiss dr iy, acontains two diplosomes, that is, two orthogonal pairs of

changes in cell and tissue differentiation, and chro- fullnt etis 2 1
-
24 Atheostfprhatemosome missegregation through multipolar mitoses. full-length centrioles.212 At the onset of prophase, the

moSomegnifisantytegresinc tou ecusstrip etolar moses. diplosomes, along with associated pericentriolar mate-
Significantly, the presence of excess pericentriolar rial, move to opposite sides of the nucleus and establish
material was associated with the highest frequency of the bipolar mitotic spindle.25

abnormal mitoses. Centrosome abnormalities may We recently have shown that the centrosomes of high-
confer a mutator phenotype to tumors, occasionally grade breast cancers do not follow this program of
yielding cells with a selective advantage that emerge events."4 In breast tumor cells, centrosome duplication is
and thrive, thus leading the tumor to a more aggres- uncoupled from the cell cycle, resulting in cells with
sive state. (Am]Patho1999, 155:1941-1951) numerous centrosomes, many of which are larger than

normal. Tumor centrosomes typically show inappropriate

Checkpoints monitor the nuclear cycle and signal pro- levels of phosphorylated proteins, in contrast to normal

gression after proper completion of earlier stages of the centrosomes, which contain increased levels of phos-

cell cycle.1 Differentiation, cell proliferation, and pro- phorylated proteins during mitosis.

grammed cell death are normal outcomes of checkpoint Here we compare the ultrastructure of centrosomes of

surveillance. In cancer, disregulation of the cell cycle can normal breast epithelial tissues and breast adenocarci-

result in either a decrease in the rate of cell death or an nomas. These studies reveal dramatic abnormalities in
the centrioles and centrosomes of breast tumor cells.

increase in the rate of cell division, and thereby lead to thesenoles ince o) suernumer centri
tumor growth. The orderly duplication of the centrosome These abnormalities include 1) supernumerary centri-

once, and only once, in each cell cycle and the formation oles, 2) excess pericentriolar material, 3) disrupted cen-

of a bipolar mitotic spindle are key cell cycle checkpoints
leading to successful cell division. The importance of the Supported by grants from the National Cancer Institute (CA72836 and
centrosome in the development of malignant tumors was CA09441) and the Department of Defense (DAMD17-98-1-8122) and by

suspected first by Boveri 2 nearly 100 years ago. More the Mayo Clinic Foundation.
recently, centrosome defects have been implicated in Accepted for publication August 24, 1999.
disease and tumor progression.3-13 Defects in centro- Address reprint requests to Wilma L. Lingle, Tumor Biology Program.

some duplication, alteration in centrosome microtubule Division of Experimental Pathology. Mayo Foundation, 200 First St. SO..
nucleation capacity, and inappropriate phosphorylation Rochester, MN 55905. E-mail: lingle@mayo.edu.
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triole barrel structure, 4) unincorporated microtubule cells out of the total number of epithelial cells. A minimum
complexes, 5) centrioles of unusual length, 6) centrioles of 200 cells was counted in defined fields of view using a
functioning as ciliary basal bodies, and 7) mispositioned 40x objective. Likewise, mitotic index (Ml) was calcu-
centrosomes. Structural centrosome abnormalities, most lated as the percentage of mitotic cells in the same fields
notably excess pericentriolar material, were associated of view. When no mitotic cells were observed, the MI was
with an increased frequency of abnormal mitoses as calculated as <1 mitotic cell per the total number of cells
assessed by Ki-67-immunolabeled paraffih sections of observed. Because the frequency of abnormal mitotic
the same tumors. The relevance of centrosome structure figures is very low in most tissues, the abnormal mitotic
with regard to cell polarity, differentiation, bipolar and index (AMI) was determined by scanning the entire sec-
multipolar mitosis, and tumor progression is discussed. tion and counting the total number of mitotic cells and the

total number of abnormal mitotic figures. The ratio of
abnormal to total mitoses was then multiplied by the

Materials and Methods mitotic index to yield the AMI. These data are summa-
rized in Figure 7. All tissues were scored blindly. Photo-

Tissues graphs were made using a Nikon FXA photomicroscope.

Tissues from 45 consecutive mastectomy and lumpec-
tomy surgeries were collected according to an Institu- Centrin Immunofluorescence
tional Review Board-approved protocol. Tissues were
omitted from the analysis if patients had received previ- A subset of tissues was selected for immunofluorescence
ous chemotherapy or radiation therapy (n= 6), did not studies. These tissues included one tumor with normal
include primary invasive tumor (n = 4), were poorly pre- centrosome ultrastructure, one tumor with clusters of ex-
served (n = 3), or were from male patients (n = 1). The tra centrioles, two tumors with extra pericentriolar mate-
remaining 31 tumors, which included two grade 2, nine rial, and two tumors with inverted polarity. Normal tissue
grade 3, and twenty grade 4 specimens (Mayo histolog- used for immunofluorescence was from a different patient
ical grading scale), were analyzed. Six normal tissues than that used in the ultrastructure studies. All tissues
from breast reduction surgeries were also analyzed. were frozen in liquid nitrogen within 30 minutes of surgi-

cal removal and stored at -70°C until use. Cryosections
were immunostained with a monoclonal antibody against

Transmission Electron Microscopy Processing centrin, a centrosomal protein, as previously de-

and Observation scribed."4 Sections were examined and photographed
using a Nikon FXA epifluorescence microscope.

Tissues were cut into small pieces and placed in fixative
(4% formaldehyde, 1% glutaraldehyde in sodium phos-
phate buffer, pH 7.2) at 40C for up to 36 hours. Tissues Results
were further processed by postfixation in osmium tetrox-
ide, en bloc staining with uranyl acetate, dehydration in Normal Breast Epithelium
ethanol, and embedding in epoxy resin. Thin sections
were poststained with lead citrate and examined using a Normal breast epithelial tissues were organized with a

Philips CM10 Biotwin transmission electron microscope high cuboidal layer of luminal cells separated at intervals
(Philips Electronic Instruments, Mahwah, NJ). Tissues from the basement membrane by a discontinuous layer of

were categorized according to centrosome location, myoepithelial cells (Figure 1, A and B). The nuclei of the

number of centrioles in thin section, qualitative level luminal epithelial cells tended to be basal and the cen-

of pericentriolar material, presence and arrangement trioles apical. Although apical, most often the position of

of centriolar appendages, presence of primary cilia, the centrioles was eccentric; that is, they were located

variations on centriolar structure, and multipolar mitotic near the lateral junctional complexes of adjacent cells

figures. (Figure IB). Although centrioles usually did not maintain
an orthogonal orientation, they were typically close to
each other (Figure 1, A and C). Occasionally, an ex-

Light Microscopy and Mitotic Index tremely short primary cilium extended from the distal end

Determination of the mature centriole (Figure 1C). Fine striated rootlets
infrequently were observed extending from the proximal

Portions of tissues also were formalin-fixed and paraffin- ends of centrioles toward the base of the cell (Figure 1 D).
embedded for light microscopy. Sections were immuno- The striated rootlets were quite variable in extent and
stained using MIB-1 antibody against Ki-67 (Dako Corp., were not observed with most centrioles. Other than distal
Carpinteria, CA). Ki-67 is a nuclear antigen that is present and subdistal appendages on the mature centriole and
in late G1, S, G2, and mitotic cells, but is lacking in GO fine fibrillar material along the outer walls of the centriole
and early G1 cells. Condensed chromosomes are barrels, little pericentriolar material was noted with the
stained intensely with this antibody, allowing for easy centrioles of normal luminal epithelial cells (Figure 1,
quantification of proliferative and mitotic cells and iden- A-D). Subdistal appendages were slightly more devel-
tification of abnormal mitotic figures. Proliferative index oped on the centrioles of the myoepithelial cells, and their
(PI) was calculated as the percentage of Ki67-positive primary cilia were longer than those of luminal epithelial
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Figure 2. Supernumeratry centrioles in breast tumors,. A: A proceniriole (arrow) is present At the proximal end of one of the two cenirioles in this section "This

procentriole is identifiable b)" its ornhogonal orientation rel:itive to the full length rentrioile and by the width of its J~lmn'en Noutice the elec~tronf opaqueLi pericentrtolar
saiellites surrounding the centrioles. B: Two cenirioles ire seen in cro',s section and athird is in longitudinal section. One cenrinole Iias sulblistaI appendages
(arrow). All three are close to the nucleus (N). There is no orthogonal relationship between any' of the three centrioles C: At least iwoc of these four centrioles
have subdistaml appendages I arrows). D: The barrels of these fiv'e centrooles are coated 'with a fine electro ,Opaiqjue matierial. Tsr: rentrioles have distal
appendages (arrows) and at least one also, hais sub~disial appendaiges (arrowhead). E: This grouip of six ceotrioles is liinked hrv fine fibers Isetreen their subdistal
appendages (arrows). The group is next to the nucleus ('N). F=: At leatst nine centriole profiles are present in thes thin section. Ssuxlistat (arrows) and distal
(arrowhead) appendages are seen on many of the renirinles. The nucleuis (N) is adisceni to this cluster of centrioles. Original magnification,,. x 27.500 (A and
B), X32.300 (C and F), X31,000 tD), x34.150 (E).

cells (Figure 1, B and E). Unlike luminal epithelial cells, and were closely linked by fine fibers extending between
diplosomes of myoepithelial cells were located close to subdistal appendages (Figure 2, C, E, and F). Append-
the nuclei. Filaments extended from the myoepithelial ages normally associated with only the mature centriole
diplosome to the nucleus (Figure 1E); this was never were seen frequently with more than one centriole in
observed in luminal epithelial cells. No centrosome ab- these groups (Figure 2, C-F, and Figure 3A). Centro-
normalities were observed in normal epithelial cells of the somes with extra centrioles were most often located ad-
four reduction mammoplasfies examined by electron jacent to the nucleus (Figure 2, B, E, and F), in contrast to
microscopy. normal luminal epithelial cells, in which the centrioles

tended to be closer to the apical plasma membrane
Invasive Breast Tumors (Figure 1, A and B).

The amount of pericentriolar material and satellites
Twenty-four of 31 invasive tumors contained centro- associated with tumor centrosomes was variable, rang-
somes and that differed from those of normal breast cells ing from low levels similar to normal centrosomes (Figure
in a variety of ways. Eleven tumors were characterized by 2, B-F), to moderate (Figure 2A) and excessive levels
centrosomes with more than two centrioles (Figures 2 (Figure 3). In all, nine tumors had excess pericentriolar
and 3, A-C). In thin sections, these supernumerary cen- material, often in addition to extra centrioles. In some
trioles ranged from a pair of centrioles with a single extra tumors this pericentriolar material had a distinct tibro-
procentriole to a field of 9 centriole profiles (Figure 2, granular appearance (Figures 2A and 3) reminiscent of
A-F). Often the extra centrioles were arranged in a group material associated with basal body formation in ciliated
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Figure 3. Excecss perncenrinolar material in breast tumors. A: Centrosontes in two zidqcent cells are seen. Desmosornes (small arrows! tethemr the plasma
niembra nes. All ot rtie centriole profiles include stuhdistal appendagqes that are cha. racrerist ic of mature centrioles (large arrows . Electro opique lilirooranul ir
maitenia! is present aroundl both centrosomes. B: The harrels ol these centrinles :ire coa:ted with :i daark granul:: r ntateri01l ian pericent riolar ,s;iiclh tes ire present.
One centriotle has, distal zinc sLiIXIistial appendagqes I arrow) ssh il the other has; a procentriole (arrowhead) assocLittd s, iih is C: Fiinv elec..tr on opaqie fibers
coit the lis e centriole profiles seen in this sect ion. Two orthogoni I rentrioles are conis*ertecl by a dense parallelIarray of ifiber~s al-row). D: Iwo centinoles wi th
rlnumerouls cal~k gianuiles airl present inl this section. E: Thsis cenirosome contains one centriole and several masses)( arrows ) simnilar in gdenerza[ive comiplexes visilble
in t~his seiction Ori.,inal magnifications. X17.900 (A'. X31.650 IBi. X28.O000 (C). X28.,700 ID). x2-.650 IE).

cells. Large granular masses, similar to generative corn- the apical plasma membrane that protruded well past the

plexes involved in ciliary basal body formation, were also junctional complexes that mark the apical limit of the
observed in the pericentriolar material in some tumor lateral plasma membrane. Beak cytoplasm contained nu-,
cells (Figure 3E). Many centrioles were encased in elec- merous secretory vesicles, endoplasmic reticulum, and
tron opaque material pressed directly to the barrel of the mitochondria. The centrosomes in these cells were near
centriole (Figure 3, B and C). the junctional complexes and just apical to the nucleus,

In addition to excessive pericentriolar material, two but not adjacent to the lumen as in normal luminal epi-
tumors had centrioles that were structurally detective in thelial cells (Figure 5A). In one well differentiated grade 2
various aspects (Figure 4). Normal centrioles are comn- tumor with apocrine metaplasia, the beaked apocrine
posed of nine sets of triplet microtubules in which the A cells were mixed with ciliated cells. The ciliated cells also
microtubule is complete and the B and C microtubules maintained apical/basal polarity, but along their apical
share prototilaments with A and B, respectively. 26 Un- membrane were numerous cilia with centrioles function-
usual microtubule complexes were observed near corn- ing as ciliary basal bodies (Figure 58). These cilia and
plete centrioles in some tumors (Figure 4A). These micro- basal bodies were similar in location and appearance to
tubule complexes were not assembled into normal those of normally ciliated cells such as ciliated respiratory
triplets nor arranged in a barrel shape; rather they were epithelium. Microvilli also were located along the apical
an assortment that included five or more microtubules membranes of the ciliated cells (Figure 5B). The apical
with shared protofilaments embedded in amorphous membranes ot the ciliated cells did not protrude into the
electron-opaque material (Figure 4A). In one instance a lumen as did the nonciliated beaked cells (Figure 5A).
centriolar microtubule triplet was displaced away from Both the ciliated and the beaked cells were in regions ot
the centriole barrel, resulting in what has been termed an tumors that were well differentiated.
open ring centriole (Figure 48). Unusually long centrioles Two tumors contained regions in which cells still main-
(Figure 4D) were observed in one tumor. Primary cilia tamned apical/basal polarity even in poorly differentiated
ranged trom very short to well developed (Figure 4C). and highly invasive tumors lacking a basement mem-

Some tumors had regions of apocrine metaplasia in brane (Figure 5C). The apical and lateral membranes
which luminal epithelial cells maintained normal apical! were identified by their location relative to junclional com-
basal polarity, but had cytoplasmic beaks that projected plexes and the presence of microvilli on the apical mem-
into the lumen (Figure 5A). The beaks were bordered by brane. In these instances, the cell apices often did not
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Figure 4. Abnormal centriole structure in breast tumors. A: Subdistal appendages aire seen in this obliqute SeCtiOn [lhrmiul :i centriole NLi nd t/; iro [ tUbUl.
complexes (large arrows) are seen in various phmne. of section throughout the cstoplsipm near the cenzriole As i, secn in Lross section of thel comnplexes, the
ndiVridiLa I11ciroLtibtileS sharre a portion of the wall of the neighbor microtwbules (small arrow). B: The open-ring config ratilon of this ceftiole is sho in in cross

section Two or the nine triplet microRobule complexes are splazyed away from the centriole barrel (arrow). C This cntmriole hearing a piimary Olionu (") is nearly
twice as long as normal centrioles Original magnifications, X51,500 (A). x59.62" (8i. X47,I00 (C)

face a lumen, but instead faced collagen fibrils of the Centrin Immunofluorescence
stromal connective tissue (Figure 5C). The centrosomes
of these cells were normal in structure and were located As previously described, t 4 normal breast tissues have an

next to the junctional complexes near the apical plasma apically positioned pair of immunolabeled spots that cor-

membrane, but, because the apices face the stroma, the respond to the centrioles (Figure 6E). Pairs of spots also

cell polarity was inverted. were observed in cells of the tumor with normal centro-
some ultrastructure, although the tissue was anaplastic
and centriole location appeared random (Figure 6F).
Many cells in the tumor with numerous centrioles closely

Mitosis in Tumor Cells linked by fine fibers contained clusters of spots the size
and shape of centrioles (Figure 6G), whereas spots of

Although mitotic figures were not observed in normal various sizes and shapes were present in cells of the
breast tissues, there were numerous mitotic figures tumors characterized by extra pericentriolar material
present in four of the tumors examined transmission elec- (Figure 6H).
tron microscopy. Some mitotic figures appeared normal
in thin section, having a typical metaphase plate and
bipolar spindle (not shown), whereas others had signifi- Proliferation and Mitotic Indices
cant abnormalities (Figure 6). A tripolar mitosis is shown Indices of proliferation, mitosis, and abnormal mitosis are
in Figure 6A. Tracings of microtubules, spindle poles, summarized in Figure 7. Tissues were placed in one of
and condensed chromosomes from six nonadjacent se- four categories on the basis of tissue type and centriole/
rial sections through the cell in Figure 6A are presented in centrosome structure. Category I is comprised of all nor-
Figure 6B. Analysis of the reconstruction in three dimen- mal tissues from reduction mammoplasty. All six of these
sions revealed that one spindle pole was composed of tissues had normal centrosome structure as assessed by
two distinct but adjacent foci of microtubules, which per- immunofluorescence and/or electron microscopy. Cate-
haps resulted from their coalescence in prometaphase. gory II consists of the nine tumors that have normal
Each spindle pole had at least two centrioles recogniz- centriole/centrosome structure as assessed by immuno-
able as distinct structures in these six nonadjacent thin fluorescence and electron microscopy. Category Ill con-
sections. Many division figures were too bizarre for anal- tains twelve tumors with abnormal centriole/centrosome
ysis in thin section. structure such as supernumerary centrioles or structur-
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XFigure 5aoiinlcnrti om isi r s cmr eceoygaue arw)e present at [lhe :ipical inemrtirine of these cell, dlispkivling apocrine
flset iplasia .. LI i ctiion i com1 )lexes (brackets I n irk the trainsition froint lateral to apical m'entlsraine cloiaiiins. Apocrine heaI -,' exte nd into the lumnen of the duct.
Notice the centriiltl (circled) neart(he apica lend of the nUCIclco. These cells have a picalI'hasalI polarity atnd rest on hit hement memhbrine (arrowheads). B: Extra
centrioles in this cell are inserted :at the apicai plasito ntemhbranz where they function as haisal hbodies (large arrows) fi ircilc~i (small arrow). ikliciovjll i and ciliai
project into the lumnen. The heak ofa:n adjacent apocrint cell (') is visihle. The ciliated celcli ics not pr trcice into il,ýkliiiien. :i, doeC the dpi crine cell: hut like
its apocrine neighhor. it hais :itpica l/lxisa I piolaritv and rest~s on I ha sement inemhbrane ( not visihle in this iui .C: The in, o ctntri moines (arrows ) seen in adjacent
cells arc located near the junctional cciflplex Iseteen these po la rizedl cells (bracket)I. Hi\ ieer the :apical ninembra nc diomain wvith miicriicilli faces collagen (')
of the stronial tissue rather than the Icien irt Of chitLct. This inv isiN e grouIp Of Cell~s has r'M~ifiiiec thItoI,!ih the hreast stoin al nch i6 nit subtendled by a ha~seinent
inemhbrane. The polarity of thsese cell~s is inerienec. w ith the ha sil kinciains abcitting thle hasai coioaiinq of iother cells, ancd the a pical dci mains facing tile strotna rather
thain a Icimen. originail tinignifica tions, XS1 SO IA). X 1(U,000 (Bi. X7,900 (C).

ally detective centrioles. Tumors with excess pericentrio- 0.03%) based on the total of 4238 epithelial cells ob-
lar material in addition to centriole abnormalities are ex- served. On examination of entire histological sections
cluded from this category and placed in Category IV. from all six tissues, only two contained identifiable mitotic
Category IV contains seven tumors with excess pericen- figures, and no abnormal mitotic figures were observed.
triolar material, regardless of other centriole/centrosome Of the nine tumors with normal centriole/centrosome ul-
characteristics. trastructure (Category 11, Figure 7), five contained no

The six normal breast tissues (Category 1, Figure 7) abnormal mitotic figures and four did, yielding a median
examined by light microscopy had a median P1 of 5.3% AMI of 0.00% (mean = 0.16%). The median Pl, MI, and
as determined by Ki67 immunostaining. These normal AMI of Category 11 tumors were not significantly different
tissues had a median Ml of 0.00% (mean mitotic index from Category Ill tumors.
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Figure 7. Indices of proliferation and mitosis. Tissues were placed in cate-
gories as follows: I (solid black bars), six normal [issues from reduction

41 manmrnoplasties with normal centriole/centrosome structure (all normal Its-
sules eximined fell in this categow); l1 (solid gray bars), nine iumor tissues
with normal centrioles/centrosotnes: Ill (striped bars), twelve tumor tissues
with abnormal centrioles (this includes tissues with supernumerary centriolesi i ' and those with centriole defects, but excludes those with excess pericent-
riolar material); and IV (stippled bars), seven tumor tissues with excess
pericentriolar material, regardless of centriole defects. The Wilcoxon Rank
Sum Test was used to determine statistical significance. Median values are
plotted. A: The proliferation index of category I (nomsal tissue) is signifi-
cantly lower than the other three categories and that of category IV (tumors
with excess pericentriolar material) is significaintly greater than categories I
and II, but not 1Il. Categories I1 and Ill are not significantly different from
each other. B and C: Category IV has significantly higher frequencies of
mitosis and abnormal mitosis than the other three categories. The other
categories were not significantly different from each other.

Discussi .on

The centrosome functions to nucleate and organize mi-
crotubules; during interphase the centrosome is the pri-
mary microtubule organizing center, and during mitosis
duplicated centrosomes serve as mitotic spindle poles.1 9

We found that centrosomes in normal breast tissue are
apical and usually adjacent to the junctional complex,
whereas nuclei are basal. Very little pericentriolar mate-
rial is associated with these centrosomes. As is seen in
other polarized epithelial cells, 27 centrioles may separate

Figure 6. Multipolar mitoses and centrin immtnofluorescence. A: This sec- a short distance from each other after losing their orthog-
tion through a symmetrical tripolar mitotic cell shows part of the metaphase onal orientation, and the mature centriole may form a
plate and portions of the tripolar spindle. B: Tracings of microtubules (red),
spindle poles (green). and condensed chromosomes (blue) fromit six nonad- short primary cilium. In addition, centrioles occasionally
pacent serial sections through the cell shown in A are shown in this overlay, bear a striated rootlet.
The upper spindle pole appears to contain two separate, but adjacent, Only by selecting breast biopsy tissue from premeno-
inicrotubule foci that have coalesced. C: A normal netaphase plate is shown
in this Ki-6• irntimunostained paraffin section isf a breast tumor. DM A tripolar pausal women in the luteal phase of the menstrual cycle
metiphase cell imiiiunsolabeled with Ki-67 is shown in this tumor section. E: was Ferguson28 able to investigate mitosis in normal
In normial breast epithelium, the centrosoies appear as distinct pairs of spots
when labeled with antibodies against centrin. Centrosomies of two adjacent breast parenchyma. In these normal cells, very little pen-
cells are shoiwn in this cryosection. F: In this tunior characterized with normal centriolar material was associated with the spindle poles.
centroesine ulIrasIructure. the centrosomes arc similar to those of normal The normal tissues in the present study were not selected
tistsue khtnen im1unonlibe)ed using antibodhes againsi centrin. G: Centrin
iinitiiUnofluirescence of the same tiinir shown in Figure 2. E and F. reveals according to the phase of menstrual cycle, and no mito-
a cluster of centriole-sized spots as well aos a normal looking piir of spots. By ses were observed by transmission electron microscopy
tiansntissmin election inic'oscops this minl(tir had uIp to 9 c..entrioles in a single or ht microscopy. However, normal breast epithe-
thin sectio n. but no excess pericentriolar imaterial. H-: Cenirin iiintunoflLiO- by gh,
re-cence uif the ,,inte itumor a. shooýn in Figure, 31) and OA receal., numerous lium does maintain a population of proliferating cells that
l.,re.:iit arpht)ius s[pot. n1 transinission elec•tron inicirioCip. centrosomes immunostain with antibodies to Ki67; our median PI value
of this tuuitor contain excess pericentrioilar inairial and extra centrioles.
Original niagnifications. X 160 (A and B). x 925 (C and Dl. X20)5 (E-H). of 5.3% in normal breast epithelium is within the range of

published values. 29 In agreement with our observations
on interphase cells by immunofluorescence and by trans-
mission electron microscopy, Ferguson2" noted that cen-

The Category IV tumors, characterized by the pres- trioles of normal interphase cells were apical and not
ence of excess pericentriolar material, had the highest associated with the basal nuclei. Likewise, primary cilia
median frequencies of proliferation, mitosis, and abnor- have previously been noted in myoepithelial cells. 30

mal mitosis (28.2%, 0.71%, and 0.46%, respectively). Centrosomes undergo changes throughout the cell cy-
Category IV values, with the exception of the PI relative to cle. 2 1-24 The nuclear and centrosome cycles are syn-
Category Ill, were significantly different from the values of chronized by checkpoints that prevent DNA reduplication
all other categories, before karyokinesis and prevent centrosome reduplica-

L~~ .............
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tion before anaphase. In certain normal cell types such described previously, and their importance is not under-
as binuclear mouse hepatocytes 3l and human stood. They may be a further indication that the mechan-
megakaryocytes,32 synchrony between the nuclear and ics, as well as timing, of centriole' formation is not well
centrosome cycles is maintained even in the absence of regulated in tumors.
cytokinesis, resulting in polyploid cells with centrosome Some tumors (11 of 31 studied) produce extra centri-
numbers appropriate for the level of ploidy. Due to the oles that do not serve as ciliary basal bodies. In some
numerous centrosomes arranged around the polyploid cells of these Category III tumors, centrioles often appear
nucleus, megakaryocytes lack apical/basal polarity, al- linked closely together by fine fibers and remain near the
though they do have a radial organization. In contrast, nucleus. These tumors are anaplastic; ie, they are not as
cancer cells have asynchronous nuclear and centrosome differentiated as tumors that produce cilia and do not
cycles, often resulting in multicentrosomal aneuploid retain apical/basal cell polarity. The presence of procen-
cells that lack apical/basal polarity and appear disorga- trioles along the proximal walls of mature centrioles indi-
nized. cates that these extra centrioles arose through template

We have shown that centrosomes and centrioles of driven duplication rather than through acentriolar neo-
most human breast tumors (24 of 31 analyzed) display a genesis typical of basal body production in ciliated
range of significant structural and functional abnormali- cells. 35 Fine fibers linking the centrioles in tumors are
ties. Breast tissues can be divided into four categories: similar to those described linking the pair of centrioles of
normal tissue with structurally normal centriole/centro- a diplosome, 40 further supporting the idea that they orig-
somes (Category I), tumors with structurally normal cen- inate as procentrioles associated with a mature centriole.
triole/centrosomes (Category 11), tumors with centriole- Because template-driven centriole duplication normally
based abnormalities (Category Ill), and tumors with occurs only once per nuclear cycle, these cells have lost
excess pericentriolar material (Category IV). Category IV the synchrony between the nuclear cycle and the centro-
tumors are associated with significantly increased fre- some cycle. As long as the centrioles remain linked to-
quencies of both normal and abnormal mitoses. Cells gether, they may function as one large centrosome in an
having no visible centrosome abnormality are also interphase cell. However, if these large centrosomes sep-
present in all tumors. Some abnormalities may be related arate into more than two spindle poles at the onset of
to loss of synchrony between the centrosome cycle and mitosis, it is likely that chromosomal missegregation will
nuclear cycle, occur, resulting in aneuploidy. Indeed, the frequency of

Tumor cells that become ciliated retain apical/basal abnormal mitoses is quite variable among these tumors,
polarity and tend to be well differentiated. These tumors indicating that most cells with extra centrioles are capa-
are included in Category Ill. Ciliated cells have been ble of forming bipolar spindles.
described infrequently in breast carcinomas. 33 These Other tumors (9 of 31 studied, 7 of which were avail-
multiple centrioles probably arise through the same able for proliferation and mitotic index determination)
acentriolar basal body neogenesis that occurs in normal accumulate excess pericentriolar material with their cen-
ciliated epithelial cells. 34 -3 7 In effect, these cells differ- trosomes and variable numbers of extra centrioles (Cat-
entiate into the wrong cell type, resulting in metaplasia egory IV tumors). The nature of the pericentriolar material
rather than anaplasia. These ciliated breast tumors have is reminiscent of fibrogranular material and generative
PI and MI of 20% and 0.2%, respectively, similar to nor- complexes associated with acentriolar as well as centrio-
mal breast epithelium. The ciliated cells, like normal cili- lar basal body formation. 34 -37 4  However, no cilia are
ated epithelial cells, probably are terminally differentiated observed and the randomly positioned centrioles are not
and remain in GO of the cell cycle. Therefore, the produc- located near the plasma membrane. This accumulation of
tion of centrioles that function as ciliary basal bodies may excess pericentriolar material may be the result of over-
be a relatively harmless structural alteration with no ad- expression of centrosomal proteins or the reorganization
verse implications for genetic stability, of material that is normally dispersed within the cyto-

Open-ring centrioles and centrioles missing triplet mi- plasm. 14 .4 2.
43 Increased levels of y-tubulin,14 17 pericen-

crotubles (MTs) occur in some Category Ill tumors. Al- trin, 15 and centrin 14 have been demonstrated in abnor-
though these structures are similar to those present dur- mal centrosomes in human tumors, and it is likely that
ing basal body formation in hamster ciliogenesis, 38 no other centrosomal proteins are present in increased lev-
cilia are present in these tumors. Disrupted centriole els as well. y-tubulin-containing complexes located in the
barrels similar to open-ring centrioles have also been pericentriolar material are the site of microtubule nucle-
observed as a consequence of infection with and treat- ation, and as such are key to centrosome function.4 4 We
ment with DNA-binding dyes, 39 and DNA-binding dyes have shown that tumors with excess pericentriolar mate-
have been shown to induce multipolar mitoses in cultured rial are highly anaplastic and have lost cell polarity. These
cells. 39 However, in the present study, open ring centri- Category IV tumors tend to have higher median fre-
oles are not associated with an increase in the frequency quency of abnormal mitoses (0.46%) compared to tu-
of multipolar mitoses. mors with other centrosome abnormalities (0.09%). This

Unusual microtubule complexes embedded in dark higher frequency of abnormal mitoses in tumors with

amorphous material were also noted in one Category Ill extra pericentriolar material suggests that the regulation
tumor. The PI, MI, and AMI of this tumor are not signifi- of accumulation of centrosomal proteins is more critical
cantly different from those of tumors with normal centro- than regulation of centriole duplication for proper centro-
some structure. These novel structures have not been some function during the cell cycle.
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Earlier studies of invasive breast tumors have shown that 60-80% as opposed to aneuploidy, which describes the condition of a
are aneuploid and -80% exhibit amplified centrosomes. In this nondiploid karyotype. CIN is the rate of change in chromosome

study, we investigated the relationship of centrosome amplifica- number, whereas aneuploidy is the state of an altered chromo-
tion with aneuploidy, chromosomal instability, p53 mutation, and some number (15).
loss of differentiation in human breast tumors. Twenty invasive In addition to alterations in chromosome number, most solid
breast tumors and seven normal breast tissues were analyzed by tumors are also characterized by centrosome amplification (1).
fluorescence in situ hybridization with centromeric probes to Centrosomes nucleate and organize the cytoplasmic and mitolic

chromosomes 3, 7, and 17. We analyzed these tumors for both spindle microtubules (MTs) in interphase and mitotic cells,
aneuploidy and unstable karyotypes as determined by chromo- respectively. It has been hypothesized that centrosome amplifi-
somal instability. The results were then tested for correlation with cation affects cell and tissue architecture by altering the micro-
three measures of centrosome amplification: centrosome size, tubule (MT) cytoskeleton (6, 16). Because the centrosome is
centrosome number, and centrosome microtubule nucleation ca- actively involved in proper chromosome segregation during
pacity. Centrosome size and centrosome number both showed a mitosis, it also has been hypothesized that centrosome amplifi-
positive, significant, linear correlation with aneuploidy and chro- cation drives tumor aneuploidy by increasing the frequency of
mosomal instability. Microtubule nucleation capacity showed no abnormal mitoses that lead to chromosome missegregation (4, 6,
such correlation, but did correlate significantly with loss of tissue 16-18). Although earlier studies have suggested that centrosome
differentiation. Centrosome amplification was detected in in situ amplification is a downstream consequence of p53 nullizygosity.
ductal carcinomas, suggesting that centrosome amplification is an or loss or gain of function mutations (19-21), alternative path-
early event in these lesions. Centrosome amplification and chro- ways not involving p53 mutation have also been demonstrated
mosomal instability occurred independently of p53 mutation, (16-18).

whereas p53 mutation was associated with a significant increase in Three analytical measures useful in assessing centrosome
centrosome microtubule nucleation capacity. Together, these re- amplification in tumors include centrosome size and centrosome
suits demonstrate that independent aspects of centrosome ampli- number, which are structural measures, and centrosome MT
fication correlate with chromosomal instability and loss of tissue nucleation capacity, which is a measure of function. Most often,
differentiation and may be involved in tumor development and structural centrosome amplification is measured by immunomi-
progression. These results further suggest that aspects of centro- croscopy of cells or tissues by using antibodies against the

soeapiiainmay have clinical diagnostic and/or prognostic cocp fclso ise yuigatbde gis hsome amplification may have may diagnostic ane/or cancer centrosome proteins centrin, pericentrin, or y-tubulin, followed
value and that the centrosome may be a potential target for cancer by quantitative or subjective measurement of centrosome size
therapy. and/or number (5-8). Two basic approaches to measure MT

nucleation capacity have been used depending on whether
itotic fidelity and cytoplasmic organization are both con- cultured cells or frozen tissues are used: MT regrowth in living
sequences of normal centrosome function. Defective cen- cultured cells or in vitro MT nucleation and growth in fresh

trosomes, exemplified by an excess number of centrioles and frozen tissues (6, 7). In this study, we investigated the correlation
pericentriolar material, are characteristic of breast tumors and of these three features of centrosome amplification with aneu-
solid tumors in general (reviewed in refs. 1-3). These observa- ploidy, CIN, p53 mutation, and loss of differentiation in breast
tions have implicated the centrosome in the origin of chromo- tumors. We found that centrosome size and number both
somal abnormalities in the development of malignant tumors correlate with aneuploidy and CIN, and that centrosome MT
(4-8). In this study, we investigate the relationship between nucleation capacity correlates with loss of differentiation. MT
centrosome amplification and aneuploidy, chromosomal insta- nucleation was significantly greater in tumors with p53 muta-
bility (CIN), p53 mutation, and loss of tissue differentiation in tions. However, although the presence of p53 mutation corre-
human breast tumors. lated with aneuploidy, it did not correlate with CIN. Further-

Chromosomal abnormalities have long been recognized as a more, we demonstrated that structural centrosome amplification
distinguishing feature of cancer cells (4). Fluorescence in situ is present in ductal carcinoma in situ (DCIS). Together, these
hybridization (FISH) with centromeric probes is a sensitive results support the hypothesis (4, 6) that centrosome amplifica-
technique that can detect aneusomy as numeric alterations of ts support the hypoth esis that cesome amp -
specific chromosomes (9-12). FISH and comparative genomic lion is an early event in tumorigenesis that drives both chromo-
hybridization studies have shown that aneusomy may be an early
event in breast tumor development (13, 14). FISH data from This paper was submirted directly (Track l) to the PNAS office,
simultaneous detection of two or more chromosome probes can Abbreviations: CIN. chromosomal instability; oCIS, ductal carcinoma in situ; FISH. fluores-

be analyzed to determine whether tissues are diploid or aneu- cence in situ hybridization; MT. microtubule.

ploid, whether they are potentially polyploid, whether one or -These authors' laboratories contributed equally to this research.

more clonal cell populations are present, and whether the STo whom reprint recuests should be addressed. E-mail: lingleemayo.edu.

chromosome number is stable (13, 14). GIN was first defined in The publication costs of this article were defrayed in part by page charge payment. This

colorectal cancers as the percent of cells with nonmodal chro- article must therefore be hereby marked 'advertisementr in accordance with 18 U.S.C.

mosome number (15). CIN is a measure of the flux in karyotype, §1734 solely to indicate this fact.
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somal instability and loss of differentiation through independent first step, each of the 100 cells for a given tissue was classed as
centrosome functions. disomic if all three probes had two signals, as polysomic if two

or more probes had more than two signals, as monosomic for a
Methods given probe, or otherwise as nondisomic. For the second step,
Tissues. Human breast tissues were collected according to a the sum of the cells in each of the categories above was used to
protocol approved by the Mayo Clinic Internal Review Board. determine the tissue status as follows: (i) diploid if at least 50%
Portions of the tissues were snap-frozen in liquid nitrogen within of the cells were disomic, fewer than 15% were polysomic, and
30 min of surgery and stored at -70'C until use. All tumors were fewer than 50% were monosomic for the same chromosome, (ii)
graded according to the Nottingham grading system by a single monosomic if 75% of the cells had the same chromosome loss
pathologist (C.R.), using standard hematoxylin-and-eosin- and fewer than 15% were polysomic, or (iii) aneuploid if more
stained sections from paraffin-embedded portions of the same than 15% of the cells were polysomic. Results from the seven
tumor. reduction mammoplasties (assumed to be diploid) were used to

calculate these cutoff values.
Centrosome Volume, Number, and Area. Centrosome volume and Cell clones were identified by evaluating the percentage of
number were determined as described by using confocal micros- cells having identical probe signal patterns (24). A cell popula-
copy for volume reconstruction of centrosomes immunolabeled tion with the same probe signal pattern was considered clonal if
with a monoclonal antibody against centrin (6). Determinations it represented at least 10% of the total cells. In tissues with high
in this study were based on average values for all cells in four clonal heterogeneity, fewer than 10% of the cells had identical
fields of view including a minimum of 50 cells. Alternatively, the probe signal patterns. Tissues were considered to have low clonal
centrosome area was determined by confocal microscopy and heterogeneity if more than 20% of the cells were clonal, and one
image analysis of immunofluorescence signal by using a poly- or two clones, each accounting for at least 10% of the total cells,
clonal antibody against pericentrin (Covance, Berkeley, CA) could be identified.
Similar results were obtained with antibodies against the cen- The modal signal number of each chromosome was deter-
trosomal protein y-tubulin (data not shown; see refs. 6 and 22). mined for each tissue. Bimodal values emerged in six tissues that
On each tissue section, the average signal from five fibroblast had clones representing a significant percentage of the popula-
centrosomes was used to normalize the values of epithelial cell tion. As described (15, 17), CIN was calculated for each chro-
centrosomes from five fields of view. Centrosome area was mosome as the percent of cells with nonmodal signal numbers.
determined for 5 normal tissues from reduction mammoplasties, However, in this study, bimodal values were included in the
7 DCIS tumors, 15 lymph node negative invasive ductal carci- calculation to minimize artificial inflation of CIN values. The
nomas, and 14 lymph node positive invasive ductal carcinomas, average CIN values for the seven normal tissues plus and minus
A normalized size and number index for centrosome amplifica- three standard deviations was used to identify tumors with
tion was calculated as follows: [(tumor centrosome size/0.023 unstable karyotypes.
jIm3 ) + (tumor centrosome number/1.55)]/2 = centrosome size
and number index, where the average value for centrosome size p53 Mutation Analysis. Denaturing high-performance liquid chro-
in normal breast epithelial cells is 0.023 lim

3 and 1.55 is the matography was used to screen tissues for p53 mutations ac-
average number of centrosomes in normal breast epithelial cells. cording to published methods (25). DNA was extracted from
Correlative light and electron microscopy on selected tissues frozen sections of 7 reduction mammoplasties and 20 invasive
demonstrated that multiple anti-centrin-staining spots corre- tumors (the same tissues that were analyzed by FISH). Six
sponded to supernumerary centrioles and/or excess pericent- regions of genomic DNA, which included exons 4-9 and spanned
riolar material (22). the splice sites, were amplified in separate PCRs. Amplified

DNA was separated under partial denaturing conditions by using
MT Nucleation. The capacity of centrosomes to nucleate MTs was a WAVE System denaturing high-performance liquid chroma-
determined by using an in vitro assay on touch preparations from tography (Transgenomic, San Jose, CA), and the resulting curves
frozen tissues according to published methods (23). This func- were compared with curves for wild-type p53. DNA from curves
tional assay reflects the in vitro ability of centrosomes to nucleate that did not conform to the wild-type profile was sequenced to
MTs under defined conditions where time, temperature, and confirm and identify mutations.
tubulin concentration were maintained such that MT nucleation
and growth occurred only in association with centrosomes and Statistical Analysis. Linear regression analysis with Kendall's r test
did not occur spontaneously. Normal and tumor preparations was used to determine that CIN for chromosomes 3, 7, and 17
were assayed in parallel by using identical conditions. The each correlate with centrosome size and number (P < 0.05), but
number of MTs nucleated per cell was determined for 100 not with MT nucleation capacity. Significance of differences in
consecutively viewed cells. Cells with significant overlap of MT centrosome size, number, and MT nucleation capacity between
arrays were excluded from analysis, as were obviously damaged ploidy groups, and in MT nucleation capacity between the
cells. A normalized MT index was calculated from these results different grades of tumor, and in MT nucleation capacity
by dividing the tumor MT number by 4.8 MT, the average between tumors with wild-type or mutant p5 3 was determined by
number of MTs nucleated by normal breast epithelial cells, using the Wilcox rank-sum test.

FISH Analysis. FISH probes to pericentromeric regions of chro- Results
mosomes 3 (CEP3), 7 (CEP7), and 17 (CEP17) (Vysis, Downers FISH Analysis. FISH data were analyzed to establish ploidy and to
Grove, IL) were hybridized to touch preparations of nuclei from identify tumors with unstable karyotypes. Three of 20 invasive
frozen tissues according to published methods (9, 10). Probes tumors were diploid, with chromosome gains and losses falling
were labeled with SpectrumOrange (CEP3), SpectrumGreen well within the range of normal values (Figs. 1 and 2 A and B).
(CEP7), and SpectrumAqua (CEP17) for simultaneous analysis. Three additional tumors were classified as monosomic for
DNA was counterstained with 4',6-diamidino-2-phenylindole chromosome 17, because more than 75% of the cells had only
before mounting coverslips. For each tissue, 100 consecutive one chromosome 17signalwith no other significant chromosome
nuclei were scored for the number of signals for each of the three aberrations (Fig. 2B). None of the tumors were monosomic for
probes per nucleus with methods described (10). chromosomes 3 or 7 (Fig. 2B). Fourteen of the 20 invasive

Classification of tissue ploidy was a two-step process. In the tumors were aneuploid. This group of aneuploid tumors was
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________ue_ ploid tissues with near-normal CIN values are examples of
•7Tsustumors with stable, but aneuploid, karyotypes. The nine tumors

with high CIN are examples of tumors with karyotypes in a state
reduction2 invasive of flux.

nmarmmop) astiesj tulmOrs

Centrosome Amplification. In Fig. 2B, centrosome amplification

Sdiploid •T[plmdl 3monosomy ,aneuploid (Lower) and chromosome gains and losses (Upper) for each
tissus [ 17 tumOrs . mors individual tissue are shown. A clear positive association was

apparent between increasing centrosome amplification and
chromosomal gains and losses (Fig. 2B). Centrosome volume
and centrosome number in normal tissues averaged 0.023 ILm3

and 1.55, respectively (Table 1, Figs. 2 B and C and 3A). Two
5 stablc 9 unstable centrosome amplification indices for each tissue are presented in

aneuploid ] acuploi I Fig. 2B Lower: the size and number index (yellow bars) reflects
Wuniors IunlorS the combined normalized contributions of centrosome size and

Fig. 1. FISH analysis. Flow chart of human breast tissue and tumor classifi- centrosome number, and the MT nucleation index (maroon

cation used in this study based on FISH analysis for chromosomes 3, 7, and 17. bars) reflects the normalized-MT nucleation capacity. Average
(Inset) FISH signals from two representative tumor nuclei: red signal, chromo- centrosome volume of the stable aneuploid tumors was 0.112
some 3; green signal, chromosome 7; blue signal, chromosome 17. /.tin

3 and average volume of unstable aneuploid tumors was 0.198
/Im3, more than 5- and 8-fold greater than normal values (0.023
Mm3), respectively (Fig. 2C Upper). Immunofluorescence of

subdivided into a group of 5 tumors with normal CIN values and centrosome size and number for each of the ploidy groups are
another group of 9 tumors with high CIN values (Figs. i and 2 presented in Fig. 3A-E. Centrosome volume in the 14 aneuploid
A and B and Table 1, which is published as supporting infor- tumors spanned a wide range, indicating a high degree of
mation on the PNAS web site, www.pnas.org). The five aneu- variability among tumors. Monosomy 17 and diploid tumors had

A. CIN and Tissue Ploidy Groups C. Centrosome Amplification
F: and Tissue Ploidy Groups

_ -E E
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B. Aneuploidy and Centrosome Amplification
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Fig. 2. Analysis of chromosomal instability, aneuploidy, and centrosome amplification for the five tissue ploidy groups. (A) Plot of CIN (% cells showing

chromosome number differing from the modal value for that particular chromosome) for the various tissue ploidy groups. (B) Plots of aneuploidy and centrosome

amplification. (Upper) Plot of chromosome losses and gains for each sample in each tissue ploidy group. For both A and B: red bars, chromosome 3; green bars,

chromosome 7; blue bars, chromosome 17. (Lower) Plot of centrosome amplification for each sample in each tissue ploidy group. Yellow bars, normalized

centrosome size and number index; maroon bars, normalized microtubule nucleation index. (C) Plots of three different measures of centrosome amplification

(centrosome volume in ,Lm
3
, centrosome number, and microtubule nucleation) for each tissue ploidy group. Bars in A and C indicate standard deviation.

1980 I www.pnas.org/cgi/doi/10.1073/pnas.0
3 24 799

99 Lingle et al.



3.6 (stable aneuploid tumors), 2.7 (monosomy 17 tumors), 2.8
A (diploid tumors), and 1.5 (normal tissues). Centrosome numbers

in diploid and monosomy 17 tumors were not significantly
different from each other, but were nearly 2-fold greater than in
normal tissues.

Centrosomes of two of the three diploid tumors had MT
nucleation capacity indistinguishable from normal tissues,
whereas one diploid tumor nucleated significantly more MTs
(Fig. 2B Lower). All other tumors had a higher MT nucleation
capacity than did normal tissues (Figs. 2B Bottom and 3 F and
G). Normal tissues showed significantly lower MT nucleation
than monosomy 17 tumors (P < 0.02), stable aneuploid tumors
(P < 0.005), and unstable aneuploid tumors (P < 0.01). On
average, however, MT nucleation capacity was not significantly
different between diploid tumors, monosomy 17 tumors, and
unstable aneuploid tumors (Fig. 2C Bottom). Only stable ane-
uploid tumors had a MT nucleation capacity significantly higher
than monosomy 17 tumors (P < 0.04) (Fig. 2C Bottom). Al-
though stable aneuploid tumors nucleated more MTs than
unstable aneuploid tumors, the difference was not statistically
significant (Fig. 2C Bottom).

Centrosome Amplification in Preinvasive and Invasive Lesions. Cen-
trosomes in normal breast epithelial tissues showed a consistent
and narrow range of size with a standard deviation less than 7%
of the average value, indicated by the horizontal bar in Fig. 4A.
The centrosomes in noninvasive DCIS tumors displayed signif-
icant amplification in size, similar in range to that of both lymph
negative and lymph node positive invasive tumors (Fig. 4A).
FISH was not performed on these tissues.

p53 Mutation Analysis. The seven normal tissues from reduction
mammoplasties had wild-type p53 (Table 1). Of 20 invasive
tumors, we identified 5 with mutant p53 . These mutations were
all in the DNA-binding domain. All 5 tumors with p53 mutations
were aneuploid, 2 had stable karyotypes (low CIN), and 3 had
unstable karyotypes (high CIN). None of the diploid or mono-
somy 17 tumors had p 5 3 mutations. Only tumors with sequence-
confirmed p53 mutation were positive for p53 by immunohisto-
chemistry, and only those positive by immunohistochemistry had
sequence-confirmed mutations (data not shown).

Statistical Correlations. When plotted against the CIN values for
each of the three chromosomes, both centrosome number and
centrosome volume of individual tumors showed significant,
positive, linear correlations (P < 0.04) (Fig. 4 B and C). MT
nucleation capacity did not correlate with CIN values for any of
the three chromosomes (Fig. 4D). However, MT nucleation
capacity did correlate with loss of tissue differentiation for

Fig. 3. Examples of immunofluorescence of centrosomes stained for centrin Nottingham grades 2 and 3 compared with normal tissue (P <
(green) in normal breast tissue (A) and centrosome amplification in breast 0.01) as illustrated in Fig. 4E. Average MT nucleation was
tumors (B-E) and for microtubule nucleation (F-H) (green, anti-tubulin). (A) significantly greater in p53 mutant tumors than in all other tissue

Region of a normal breast duct (lumen, center right) showing nuclei (red) groups, including aneuploid p53 wild-type tumors, nondiploid
located in the basal region of epithelial cells and pairs of centrioles (green, p53 wild-type tumors, and normal tissues (Fig. 4A, Table 1).
anti-centrin) located apically. (B-E) Examples of breast tumors showing the
range of centrosome amplification in tumor tissue: (B) Diploid tumor. (C) Discussion
Monosomy 17 tumor. (D) Stable aneuploid tumor. (E) Unstable aneuploid Studies in cell lines have implicated centrosome defects in
tumor. (F-H) Three examples of microtubule nucleation in touch preparations abnormal mitoses leading to genomic instability in breast (17),
of breast tumor cells: (F) Diploid tumor. (G) Monosomy 17 tumor. (H) Stable pancreas (8), colon (26), and prostate (16) cancers. Here we
aneuploid tumor. demonstrate by using primary breast tumors that two aspects of

centrosome amplification correlate independently with distinct
features of breast cancer. Increased centrosome size and cen-

centrosome volumes intermediate between normal and aneu- trosome number correlate with CIN. We demonstrated that
ploid tumors (Figs. 2C Top and 3 A-C). increased centrosome size is present in most in situ lesions,

Centrosome number was significantly greater in the unstable supporting the hypothesis that centrosome abnormalities drive
aneuiploid tumors than in normal tissues (P < 0.02) (Figs. 2C chromosomal aberrations as an early event in DCIS. In addition,
Middle and 3 A-E). Unstable aneuploid tumors had an average increased MT nucleation capacity of centrosomes correlated
centrosome number of 6.8 centrosomes per cell compared with with loss of tissue differentiation. Loss of differentiation as
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A D occurred only in the presence of centrosome amplification, in the
5 75 tissues studied here, regardless of p53 mutation status. There-

) : Ifore, molecular alterations other than p53 mutation may induce
•N• 4 centrosome amplification with the potential to drive CIN.
iz.50 The frequencies of aneusomy presented here are similar to

E 3 zpublished FISH data in breast tissues (10, 14). Studies have
0 JZ shown that the use of probes for just two chromosomes was

oA2 25 . sufficient to segregate diploid from aneuploid tumors (29, 30).0 1However, an advantage to the use of more than two probes is that

0 0 0. clonal populations can be identified with greater certainty (24).

DCIS Ln-IDC Ln+IDC 0 20 40 60 High clonal heterogeneity is the likely result of aneuploidy
Microtubules originating directly through chromosomal instability generating

multiple unrelated clones, rather than through a linear model in
B E which endoreduplication is followed by gains and losses of

75 50 chromosomes (24, 31). Here, the simultaneous use of three
probes allowed us to identify six tumors that contained two

.. ' 40 m clones, each of which comprised greater than 25% of the tumor
s0. .o 30 cell population. We adjusted the CIN values of these tumors with

z ' low clonal heterogeneity to reflect bimodalchromosome values,
S20 thus avoiding artificial inflation of CIN values and enabling us

2 •to identify accurately five aneuploid tumors with low clonal
heterogeneity and stable karyotypes (i.e., low CIN) separately

0 0 from nine aneuploid tumors with high clonal heterogeneity and
0 4 8 12 NB G1 G2 G3 unstable karyotypes (high CIN). These two groups of tumors are
Centrosome Number significantly different from each other with regard to their

centrosome characteristics. The unstable aneuploid tumors
C F (high CIN) had significantly larger centrosomes and more

75 60C numerous centrosomes than did the stable aneuploid tumors

o5 (low CIN). The stable aneuploid tumors described here may

-50 4) , • O have regained normal centrosome function by coalescence of
_'30 supernumerary centrosomes (1, 22) and thereby acquired a
z 230 growth advantage, because their normal bipolar mitotic spindles
O 25 2 faithfully segregate the successful aneuploid karyotype. That the

.2 ,aneuploidy found in these stable aneuploid tumors originated
10 through centrosome amplification, and not some other mecha-

"0 nism. is evidenced by their retention of increased MT nucleation0 0.1 02 0.3 0.4 0.5 NB NA An An capacity as an independent aspect of centrosome amplification.
Centrosome Volume wt I "I" Likewise, in an experimental cell culture system, Chiba and

Fig. 4. (A) Analysis of centrosome amplification, CIN, Nottingham grade, coworkers (32) found that chromosomal instability and centro-

and p53 mutations. Bar graph of centrosome amplification normalized some amplification underwent a "convergence" to stable aneu-
against fibroblast centrosomes for individual DOCIS, lymph node negative ploidy and normal centrosome numbers with continued passage
invasive ductal carcinoma (Ln-IDC), and lymph node positive invasive ductal in culture. Therefore, we suggest that the stable aneuploid
carcinoma (Ln+IDC). Gray horizontal bar indicates average for five normal tumors identified here may have evolved through convergence in
breast epithelial tissues including standard error. (B-D) Plots of CIN and tumors originally having high clonal heterogeneity, and that both
centrosome amplification. CIN (%) for each tissue and each chromosome is t

plotted against centrosome number (B). centrosome volume (bm
3
) (C), and groups of aneuploid tumors were initiated by chromosomal

microtubule nucleation (0). Open symbols are values for normal breast tissue, instability caused by amplified centrosomes.
gray-filled symbols are values for diploid tumors, and closed symbols are Our results demonstrate that increased MT nucleation
values for aneuploid tumor tissue. Red symbols, chromosome 3; green sym- capacity is a feature of centrosome amplification that is
bols, chromosome 7; blue symbols, chromosome 17. (E) Bar graph of micro- independent of centrosome number and centrosome size in
tubule nucleation for normal breast tissue (NB) and tumors of Nottingham breast tumors. Although MT nucleation capacity did not
grades G1, G2, and G3. (F) Bar graph of microtubule nucleation and p53 status correlate with CIN or aneuploidy, it was significantly greater
(wild type, wt; mutant, mut) for normal breast tissue (NB), nonaneuploid in p53 mutant aneuploid tumors than in those with wild-type
(diploid + monosomy 17) tumors (NA), and aneuploid tumors (An). Bars in E p53. MT nucleation capacity did correlate with increased
and F indicate standard deviation. Nottingham grade, suggesting a relationship between defects

in the MT cytoskeleton and loss of tissue differentiation. In

indicated by high histologic grade is an indicator of poor single- and multicenter studies, Nottingham grade predicted

prognosis (27), probably because of the increased metastatic clinical outcome, with increasing grade being associated with
protenosial 7 of cells with alteredy thlets ancad adherentstati- shorter disease-free survival and overall survival (33, 34).
potential of cells with altered cytoskeletons and adherent prop- Likewise, centrosome amplification correlates with loss of
erties (28). differentiation as defined by increased Gleason score in

We also demonstrated that centrosome amplification and prostate tumors (16). Together these observations implicate
aneuploidy occur independently of p53 mutation. Of 14 aneu- alterations in functional properties of centrosomes in main-
ploid tumors, all of which had structurally amplified centro- taining the morphological changes associated with tumor
somes, 9 had wild-type p53 and 5 had mutant p53. The frequency development.
of CIN was the same in aneuploid tumors with wild-type (6 of 10) Although p53 mutation has been implicated as a cause for CIN
or mutant p53 (3 of 5), therefore mutant p53 did not correlate in breast cancer (35), our results, and results from other studies
with CIN in aneuploid tumors, indicating that although aneu- (36, 37), demonstrate that aneuploidy and CIN occur more often
ploidy can arise in the absence of p53 mutation, aneuploidy in the absence of p53 mutation. However, they do not occur in
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the absence of structurai centrosome amplification. Although centrosome amplification may increase metastatic potential
mutant p53 is present in a significant portion of breast tumors, througgh cytoskeletal alterations that affect tissue architecture in
its occurrence is not a prerequisite to the development of breast tumors. Although p53 mutations may exacerbate centro-
aneuploidy. In the cases where mutant p53 is a factor, it is likely some amplification, in this study they were not associated with
that p53 mutation affects centrosome number to promote ab- an increased frequency of GIN. Gentrosome amplification may
normal mitoses (5, 20, 32). Our studies further demonstrate that be an indicator of GIN'and unstable karyotypes in breast cancer
p53 mutations correlate with a significant increase in the MT that could be used to identify a subset of patients who would
nucleation capacity of centrosomes. benefit from initial aggressive treatment. Finally, the centrosome

In summary, our studies demonstrate that centrosome ampli- presents a potential target for therapies against breast cancer
fication is an early event in the development of breast cancer, and through regulation of centrosome duplication and separation
amplification of centrosome size and number correlate with and through suppression of MT nucleation function.
GIN. Furthermore, centrosome amplification and GIN occur
independently of p53 mutation in aneuploid tumors. Finally, MT We thank Drs. R. B. Jenkins. S. N. Thibodeau. N. J. Maihte, D. J.
nucleation capacity is an independent feature of centrosome O'Kane, and D. Farrugia for critical review of the manuscript, Dr. S. J.
amplification that correlates with loss of differentiation and is Iturria for statistical analyses, and Mr. J. Tarara of the Mayo Opticat
also increased significantly in tumors with p53 mutations. Be- Morphology Core Facitity for his advice and technical assistance. This
cause centrosome amplification precedes nuclear changoes asso- work was supported by DAMID 17-98-1-8122 from the Department of
ciated with aneuploidly in experimental systems (38) and is Defense Breast Cancer Research Proggram (to W.L.L.). by Grant
present in breast DGIS, it is possible that centrosome amplifi- CA72836 from the National Cancer Institute (to.J.L.S.). and by the Mayo
cation drives GIN in breast tumor development. We suggest that Foundation.
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