
Centrosome amplification drives chromosomal
instability in breast tumor development
Wilma L. Lingle*†‡§, Susan L. Barrett†, Vivian C. Negron*, Antonino B. D’Assoro†, Kelly Boeneman*, Wanguo Liu*,
Clark M. Whitehead†, Carol Reynolds¶, and Jeffrey L. Salisbury†‡

*Division of Experimental Pathology, †Tumor Biology Program, and ¶Division of Anatomic Pathology, Mayo Clinic, Rochester, MN 55905

Edited by George F. Vande Woude, Van Andel Research Institute, Grand Rapids, MI, and approved December 12, 2001 (received for review
September 11, 2001)

Earlier studies of invasive breast tumors have shown that 60–80%
are aneuploid and �80% exhibit amplified centrosomes. In this
study, we investigated the relationship of centrosome amplifica-
tion with aneuploidy, chromosomal instability, p53 mutation, and
loss of differentiation in human breast tumors. Twenty invasive
breast tumors and seven normal breast tissues were analyzed by
fluorescence in situ hybridization with centromeric probes to
chromosomes 3, 7, and 17. We analyzed these tumors for both
aneuploidy and unstable karyotypes as determined by chromo-
somal instability. The results were then tested for correlation with
three measures of centrosome amplification: centrosome size,
centrosome number, and centrosome microtubule nucleation ca-
pacity. Centrosome size and centrosome number both showed a
positive, significant, linear correlation with aneuploidy and chro-
mosomal instability. Microtubule nucleation capacity showed no
such correlation, but did correlate significantly with loss of tissue
differentiation. Centrosome amplification was detected in in situ
ductal carcinomas, suggesting that centrosome amplification is an
early event in these lesions. Centrosome amplification and chro-
mosomal instability occurred independently of p53 mutation,
whereas p53 mutation was associated with a significant increase in
centrosome microtubule nucleation capacity. Together, these re-
sults demonstrate that independent aspects of centrosome ampli-
fication correlate with chromosomal instability and loss of tissue
differentiation and may be involved in tumor development and
progression. These results further suggest that aspects of centro-
some amplification may have clinical diagnostic and�or prognostic
value and that the centrosome may be a potential target for cancer
therapy.

M itotic fidelity and cytoplasmic organization are both con-
sequences of normal centrosome function. Defective cen-

trosomes, exemplified by an excess number of centrioles and
pericentriolar material, are characteristic of breast tumors and
solid tumors in general (reviewed in refs. 1–3). These observa-
tions have implicated the centrosome in the origin of chromo-
somal abnormalities in the development of malignant tumors
(4–8). In this study, we investigate the relationship between
centrosome amplification and aneuploidy, chromosomal insta-
bility (CIN), p53 mutation, and loss of tissue differentiation in
human breast tumors.

Chromosomal abnormalities have long been recognized as a
distinguishing feature of cancer cells (4). Fluorescence in situ
hybridization (FISH) with centromeric probes is a sensitive
technique that can detect aneusomy as numeric alterations of
specific chromosomes (9–12). FISH and comparative genomic
hybridization studies have shown that aneusomy may be an early
event in breast tumor development (13, 14). FISH data from
simultaneous detection of two or more chromosome probes can
be analyzed to determine whether tissues are diploid or aneu-
ploid, whether they are potentially polyploid, whether one or
more clonal cell populations are present, and whether the
chromosome number is stable (13, 14). CIN was first defined in
colorectal cancers as the percent of cells with nonmodal chro-
mosome number (15). CIN is a measure of the flux in karyotype,

as opposed to aneuploidy, which describes the condition of a
nondiploid karyotype. CIN is the rate of change in chromosome
number, whereas aneuploidy is the state of an altered chromo-
some number (15).

In addition to alterations in chromosome number, most solid
tumors are also characterized by centrosome amplification (1).
Centrosomes nucleate and organize the cytoplasmic and mitotic
spindle microtubules (MTs) in interphase and mitotic cells,
respectively. It has been hypothesized that centrosome amplifi-
cation affects cell and tissue architecture by altering the micro-
tubule (MT) cytoskeleton (6, 16). Because the centrosome is
actively involved in proper chromosome segregation during
mitosis, it also has been hypothesized that centrosome amplifi-
cation drives tumor aneuploidy by increasing the frequency of
abnormal mitoses that lead to chromosome missegregation (4, 6,
16–18). Although earlier studies have suggested that centrosome
amplification is a downstream consequence of p53 nullizygosity,
or loss or gain of function mutations (19–21), alternative path-
ways not involving p53 mutation have also been demonstrated
(16–18).

Three analytical measures useful in assessing centrosome
amplification in tumors include centrosome size and centrosome
number, which are structural measures, and centrosome MT
nucleation capacity, which is a measure of function. Most often,
structural centrosome amplification is measured by immunomi-
croscopy of cells or tissues by using antibodies against the
centrosome proteins centrin, pericentrin, or �-tubulin, followed
by quantitative or subjective measurement of centrosome size
and�or number (5–8). Two basic approaches to measure MT
nucleation capacity have been used depending on whether
cultured cells or frozen tissues are used: MT regrowth in living
cultured cells or in vitro MT nucleation and growth in fresh
frozen tissues (6, 7). In this study, we investigated the correlation
of these three features of centrosome amplification with aneu-
ploidy, CIN, p53 mutation, and loss of differentiation in breast
tumors. We found that centrosome size and number both
correlate with aneuploidy and CIN, and that centrosome MT
nucleation capacity correlates with loss of differentiation. MT
nucleation was significantly greater in tumors with p53 muta-
tions. However, although the presence of p53 mutation corre-
lated with aneuploidy, it did not correlate with CIN. Further-
more, we demonstrated that structural centrosome amplification
is present in ductal carcinoma in situ (DCIS). Together, these
results support the hypothesis (4, 6) that centrosome amplifica-
tion is an early event in tumorigenesis that drives both chromo-

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: CIN, chromosomal instability; DCIS, ductal carcinoma in situ; FISH, fluores-
cence in situ hybridization; MT, microtubule.

‡These authors’ laboratories contributed equally to this research.

§To whom reprint requests should be addressed. E-mail: lingle@mayo.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

1978–1983 � PNAS � February 19, 2002 � vol. 99 � no. 4 www.pnas.org�cgi�doi�10.1073�pnas.032479999



somal instability and loss of differentiation through independent
centrosome functions.

Methods
Tissues. Human breast tissues were collected according to a
protocol approved by the Mayo Clinic Internal Review Board.
Portions of the tissues were snap-frozen in liquid nitrogen within
30 min of surgery and stored at �70°C until use. All tumors were
graded according to the Nottingham grading system by a single
pathologist (C.R.), using standard hematoxylin-and-eosin-
stained sections from paraffin-embedded portions of the same
tumor.

Centrosome Volume, Number, and Area. Centrosome volume and
number were determined as described by using confocal micros-
copy for volume reconstruction of centrosomes immunolabeled
with a monoclonal antibody against centrin (6). Determinations
in this study were based on average values for all cells in four
fields of view including a minimum of 50 cells. Alternatively, the
centrosome area was determined by confocal microscopy and
image analysis of immunofluorescence signal by using a poly-
clonal antibody against pericentrin (Covance, Berkeley, CA)
Similar results were obtained with antibodies against the cen-
trosomal protein �-tubulin (data not shown; see refs. 6 and 22).
On each tissue section, the average signal from five fibroblast
centrosomes was used to normalize the values of epithelial cell
centrosomes from five fields of view. Centrosome area was
determined for 5 normal tissues from reduction mammoplasties,
7 DCIS tumors, 15 lymph node negative invasive ductal carci-
nomas, and 14 lymph node positive invasive ductal carcinomas.
A normalized size and number index for centrosome amplifica-
tion was calculated as follows: [(tumor centrosome size�0.023
�m3) � (tumor centrosome number�1.55)]�2 � centrosome size
and number index, where the average value for centrosome size
in normal breast epithelial cells is 0.023 �m3 and 1.55 is the
average number of centrosomes in normal breast epithelial cells.
Correlative light and electron microscopy on selected tissues
demonstrated that multiple anti-centrin-staining spots corre-
sponded to supernumerary centrioles and�or excess pericent-
riolar material (22).

MT Nucleation. The capacity of centrosomes to nucleate MTs was
determined by using an in vitro assay on touch preparations from
frozen tissues according to published methods (23). This func-
tional assay reflects the in vitro ability of centrosomes to nucleate
MTs under defined conditions where time, temperature, and
tubulin concentration were maintained such that MT nucleation
and growth occurred only in association with centrosomes and
did not occur spontaneously. Normal and tumor preparations
were assayed in parallel by using identical conditions. The
number of MTs nucleated per cell was determined for 100
consecutively viewed cells. Cells with significant overlap of MT
arrays were excluded from analysis, as were obviously damaged
cells. A normalized MT index was calculated from these results
by dividing the tumor MT number by 4.8 MT, the average
number of MTs nucleated by normal breast epithelial cells.

FISH Analysis. FISH probes to pericentromeric regions of chro-
mosomes 3 (CEP3), 7 (CEP7), and 17 (CEP17) (Vysis, Downers
Grove, IL) were hybridized to touch preparations of nuclei from
frozen tissues according to published methods (9, 10). Probes
were labeled with SpectrumOrange (CEP3), SpectrumGreen
(CEP7), and SpectrumAqua (CEP17) for simultaneous analysis.
DNA was counterstained with 4�,6-diamidino-2-phenylindole
before mounting coverslips. For each tissue, 100 consecutive
nuclei were scored for the number of signals for each of the three
probes per nucleus with methods described (10).

Classification of tissue ploidy was a two-step process. In the

first step, each of the 100 cells for a given tissue was classed as
disomic if all three probes had two signals, as polysomic if two
or more probes had more than two signals, as monosomic for a
given probe, or otherwise as nondisomic. For the second step,
the sum of the cells in each of the categories above was used to
determine the tissue status as follows: (i) 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, (ii)
monosomic if 75% of the cells had the same chromosome loss
and fewer than 15% were polysomic, or (iii) aneuploid if more
than 15% of the cells were polysomic. Results from the seven
reduction mammoplasties (assumed to be diploid) were used to
calculate these cutoff values.

Cell clones were identified by evaluating the percentage of
cells having identical probe signal patterns (24). A cell popula-
tion with the same probe signal pattern was considered clonal if
it represented at least 10% of the total cells. In tissues with high
clonal heterogeneity, fewer than 10% of the cells had identical
probe signal patterns. Tissues were considered to have low clonal
heterogeneity if more than 20% of the cells were clonal, and one
or two clones, each accounting for at least 10% of the total cells,
could be identified.

The modal signal number of each chromosome was deter-
mined for each tissue. Bimodal values emerged in six tissues that
had clones representing a significant percentage of the popula-
tion. As described (15, 17), CIN was calculated for each chro-
mosome as the percent of cells with nonmodal signal numbers.
However, in this study, bimodal values were included in the
calculation to minimize artificial inflation of CIN values. The
average CIN values for the seven normal tissues plus and minus
three standard deviations was used to identify tumors with
unstable karyotypes.

p53 Mutation Analysis. Denaturing high-performance liquid chro-
matography was used to screen tissues for p53 mutations ac-
cording to published methods (25). DNA was extracted from
frozen sections of 7 reduction mammoplasties and 20 invasive
tumors (the same tissues that were analyzed by FISH). Six
regions of genomic DNA, which included exons 4–9 and spanned
the splice sites, were amplified in separate PCRs. Amplified
DNA was separated under partial denaturing conditions by using
a WAVE System denaturing high-performance liquid chroma-
tography (Transgenomic, San Jose, CA), and the resulting curves
were compared with curves for wild-type p53. DNA from curves
that did not conform to the wild-type profile was sequenced to
confirm and identify mutations.

Statistical Analysis. Linear regression analysis with Kendall’s � test
was used to determine that CIN for chromosomes 3, 7, and 17
each correlate with centrosome size and number (P � 0.05), but
not with MT nucleation capacity. Significance of differences in
centrosome size, number, and MT nucleation capacity between
ploidy groups, and in MT nucleation capacity between the
different grades of tumor, and in MT nucleation capacity
between tumors with wild-type or mutant p53 was determined by
using the Wilcox rank-sum test.

Results
FISH Analysis. FISH data were analyzed to establish ploidy and to
identify tumors with unstable karyotypes. Three of 20 invasive
tumors were diploid, with chromosome gains and losses falling
well within the range of normal values (Figs. 1 and 2 A and B).
Three additional tumors were classified as monosomic for
chromosome 17, because more than 75% of the cells had only
one chromosome 17 signal with no other significant chromosome
aberrations (Fig. 2B). None of the tumors were monosomic for
chromosomes 3 or 7 (Fig. 2B). Fourteen of the 20 invasive
tumors were aneuploid. This group of aneuploid tumors was
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subdivided into a group of 5 tumors with normal CIN values and
another group of 9 tumors with high CIN values (Figs. 1 and 2
A and B and Table 1, which is published as supporting infor-
mation on the PNAS web site, www.pnas.org). The five aneu-

ploid tissues with near-normal CIN values are examples of
tumors with stable, but aneuploid, karyotypes. The nine tumors
with high CIN are examples of tumors with karyotypes in a state
of flux.

Centrosome Amplification. In Fig. 2B, centrosome amplification
(Lower) and chromosome gains and losses (Upper) for each
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 �m3

and 1.55, respectively (Table 1, Figs. 2 B and C and 3A). Two
centrosome amplification indices for each tissue are presented in
Fig. 2B Lower: the size and number index (yellow bars) reflects
the combined normalized contributions of centrosome size and
centrosome number, and the MT nucleation index (maroon
bars) reflects the normalized MT nucleation capacity. Average
centrosome volume of the stable aneuploid tumors was 0.112
�m3 and average volume of unstable aneuploid tumors was 0.198
�m3, more than 5- and 8-fold greater than normal values (0.023
�m3), respectively (Fig. 2C Upper). Immunofluorescence of
centrosome size and number for each of the ploidy groups are
presented in Fig. 3 A–E. Centrosome volume in the 14 aneuploid
tumors spanned a wide range, indicating a high degree of
variability among tumors. Monosomy 17 and diploid tumors had

Fig. 1. FISH analysis. Flow chart of human breast tissue and tumor classifi-
cation used in this study based on FISH analysis for chromosomes 3, 7, and 17.
(Inset) FISH signals from two representative tumor nuclei: red signal, chromo-
some 3; green signal, chromosome 7; blue signal, chromosome 17.

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 �m3, centrosome number, and microtubule nucleation) for each tissue ploidy group. Bars in A and C indicate standard deviation.
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centrosome volumes intermediate between normal and aneu-
ploid tumors (Figs. 2C Top and 3 A–C).

Centrosome number was significantly greater in the unstable
aneuploid tumors than in normal tissues (P � 0.02) (Figs. 2C
Middle and 3 A–E). Unstable aneuploid tumors had an average
centrosome number of 6.8 centrosomes per cell compared with

3.6 (stable aneuploid tumors), 2.7 (monosomy 17 tumors), 2.8
(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 p53 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
Nottingham grades 2 and 3 compared with normal tissue (P �
0.01) as illustrated in Fig. 4E. Average MT nucleation was
significantly greater in p53 mutant tumors than in all other tissue
groups, including aneuploid p53 wild-type tumors, nondiploid
p53 wild-type tumors, and normal tissues (Fig. 4A, Table 1).

Discussion
Studies in cell lines have implicated centrosome defects in
abnormal mitoses leading to genomic instability in breast (17),
pancreas (8), colon (26), and prostate (16) cancers. Here we
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-
trosome number correlate with CIN. We demonstrated that
increased centrosome size is present in most in situ lesions,
supporting the hypothesis that centrosome abnormalities drive
chromosomal aberrations as an early event in DCIS. In addition,
increased MT nucleation capacity of centrosomes correlated
with loss of tissue differentiation. Loss of differentiation as

Fig. 3. Examples of immunofluorescence of centrosomes stained for centrin
(green) in normal breast tissue (A) and centrosome amplification in breast
tumors (B–E) and for microtubule nucleation (F–H) (green, anti-tubulin). (A)
Region of a normal breast duct (lumen, center right) showing nuclei (red)
located in the basal region of epithelial cells and pairs of centrioles (green,
anti-centrin) located apically. (B–E) Examples of breast tumors showing the
range of centrosome amplification in tumor tissue: (B) Diploid tumor. (C)
Monosomy 17 tumor. (D) Stable aneuploid tumor. (E) Unstable aneuploid
tumor. (F–H) Three examples of microtubule nucleation in touch preparations
of breast tumor cells: (F) Diploid tumor. (G) Monosomy 17 tumor. (H) Stable
aneuploid tumor.
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indicated by high histologic grade is an indicator of poor
prognosis (27), probably because of the increased metastatic
potential of cells with altered cytoskeletons and adherent prop-
erties (28).

We also demonstrated that centrosome amplification and
aneuploidy occur independently of p53 mutation. Of 14 aneu-
ploid tumors, all of which had structurally amplified centro-
somes, 9 had wild-type p53 and 5 had mutant p53. The frequency
of CIN was the same in aneuploid tumors with wild-type (6 of 10)
or mutant p53 (3 of 5), therefore mutant p53 did not correlate
with CIN in aneuploid tumors, indicating that although aneu-
ploidy can arise in the absence of p53 mutation, aneuploidy

occurred only in the presence of centrosome amplification, in the
tissues studied here, regardless of p53 mutation status. There-
fore, molecular alterations other than p53 mutation may induce
centrosome amplification with the potential to drive CIN.

The frequencies of aneusomy presented here are similar to
published FISH data in breast tissues (10, 14). Studies have
shown that the use of probes for just two chromosomes was
sufficient to segregate diploid from aneuploid tumors (29, 30).
However, an advantage to the use of more than two probes is that
clonal populations can be identified with greater certainty (24).
High clonal heterogeneity is the likely result of aneuploidy
originating directly through chromosomal instability generating
multiple unrelated clones, rather than through a linear model in
which endoreduplication is followed by gains and losses of
chromosomes (24, 31). Here, the simultaneous use of three
probes allowed us to identify six tumors that contained two
clones, each of which comprised greater than 25% of the tumor
cell population. We adjusted the CIN values of these tumors with
low clonal heterogeneity to reflect bimodal chromosome values,
thus avoiding artificial inflation of CIN values and enabling us
to identify accurately five aneuploid tumors with low clonal
heterogeneity and stable karyotypes (i.e., low CIN) separately
from nine aneuploid tumors with high clonal heterogeneity and
unstable karyotypes (high CIN). These two groups of tumors are
significantly different from each other with regard to their
centrosome characteristics. The unstable aneuploid tumors
(high CIN) had significantly larger centrosomes and more
numerous centrosomes than did the stable aneuploid tumors
(low CIN). The stable aneuploid tumors described here may
have regained normal centrosome function by coalescence of
supernumerary centrosomes (1, 22) and thereby acquired a
growth advantage, because their normal bipolar mitotic spindles
faithfully segregate the successful aneuploid karyotype. That the
aneuploidy found in these stable aneuploid tumors originated
through centrosome amplification, and not some other mecha-
nism, is evidenced by their retention of increased MT nucleation
capacity as an independent aspect of centrosome amplification.
Likewise, in an experimental cell culture system, Chiba and
coworkers (32) found that chromosomal instability and centro-
some amplification underwent a ‘‘convergence’’ to stable aneu-
ploidy and normal centrosome numbers with continued passage
in culture. Therefore, we suggest that the stable aneuploid
tumors identified here may have evolved through convergence in
tumors originally having high clonal heterogeneity, and that both
groups of aneuploid tumors were initiated by chromosomal
instability caused by amplified centrosomes.

Our results demonstrate that increased MT nucleation
capacity is a feature of centrosome amplification that is
independent of centrosome number and centrosome size in
breast tumors. Although MT nucleation capacity did not
correlate with CIN or aneuploidy, it was significantly greater
in p53 mutant aneuploid tumors than in those with wild-type
p53. MT nucleation capacity did correlate with increased
Nottingham grade, suggesting a relationship between defects
in the MT cytoskeleton and loss of tissue differentiation. In
single- and multicenter studies, Nottingham grade predicted
clinical outcome, with increasing grade being associated with
shorter disease-free survival and overall survival (33, 34).
Likewise, centrosome amplification correlates with loss of
differentiation as defined by increased Gleason score in
prostate tumors (16). Together these observations implicate
alterations in functional properties of centrosomes in main-
taining the morphological changes associated with tumor
development.

Although p53 mutation has been implicated as a cause for CIN
in breast cancer (35), our results, and results from other studies
(36, 37), demonstrate that aneuploidy and CIN occur more often
in the absence of p53 mutation. However, they do not occur in

Fig. 4. (A) Analysis of centrosome amplification, CIN, Nottingham grade,
and p53 mutations. Bar graph of centrosome amplification normalized
against fibroblast centrosomes for individual DCIS, lymph node negative
invasive ductal carcinoma (Ln-IDC), and lymph node positive invasive ductal
carcinoma (Ln�IDC). Gray horizontal bar indicates average for five normal
breast epithelial tissues including standard error. (B–D) Plots of CIN and
centrosome amplification. CIN (%) for each tissue and each chromosome is
plotted against centrosome number (B), centrosome volume (�m3) (C), and
microtubule nucleation (D). Open symbols are values for normal breast tissue,
gray-filled symbols are values for diploid tumors, and closed symbols are
values for aneuploid tumor tissue. Red symbols, chromosome 3; green sym-
bols, chromosome 7; blue symbols, chromosome 17. (E) Bar graph of micro-
tubule nucleation for normal breast tissue (NB) and tumors of Nottingham
grades G1, G2, and G3. (F) Bar graph of microtubule nucleation and p53 status
(wild type, wt; mutant, mut) for normal breast tissue (NB), nonaneuploid
(diploid � monosomy 17) tumors (NA), and aneuploid tumors (An). Bars in E
and F indicate standard deviation.

1982 � www.pnas.org�cgi�doi�10.1073�pnas.032479999 Lingle et al.



the absence of structural centrosome amplification. Although
mutant p53 is present in a significant portion of breast tumors,
its occurrence is not a prerequisite to the development of
aneuploidy. In the cases where mutant p53 is a factor, it is likely
that p53 mutation affects centrosome number to promote ab-
normal mitoses (5, 20, 32). Our studies further demonstrate that
p53 mutations correlate with a significant increase in the MT
nucleation capacity of centrosomes.

In summary, our studies demonstrate that centrosome ampli-
fication is an early event in the development of breast cancer, and
amplification of centrosome size and number correlate with
CIN. Furthermore, centrosome amplification and CIN occur
independently of p53 mutation in aneuploid tumors. Finally, MT
nucleation capacity is an independent feature of centrosome
amplification that correlates with loss of differentiation and is
also increased significantly in tumors with p53 mutations. Be-
cause centrosome amplification precedes nuclear changes asso-
ciated with aneuploidy in experimental systems (38) and is
present in breast DCIS, it is possible that centrosome amplifi-
cation drives CIN in breast tumor development. We suggest that

centrosome amplification may increase metastatic potential
through cytoskeletal alterations that affect tissue architecture in
breast tumors. Although p53 mutations may exacerbate centro-
some amplification, in this study they were not associated with
an increased frequency of CIN. Centrosome amplification may
be an indicator of CIN and unstable karyotypes in breast cancer
that could be used to identify a subset of patients who would
benefit from initial aggressive treatment. Finally, the centrosome
presents a potential target for therapies against breast cancer
through regulation of centrosome duplication and separation
and through suppression of MT nucleation function.
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