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The issue of whether multiple, ipsilateral or bilateral, breast carcinomas represent multiple primary tumours or dissemination of a
single carcinomatous process has been difficult to resolve, especially for individual patients. We have addressed the problem by
comparative genomic hybridisation analysis of 26 tumours from 12 breast cancer patients with multiple ipsilateral and/or bilateral
carcinoma lesions. Genomic imbalances were detected in 25 of the 26 (96%) tumours. Using the genomic imbalances detected in
these 26 lesions as well as those previously found by us in an independent series of 35 unifocal breast carcinomas, we compared a
probabilistic model for likelihood of independence with unsupervised hierarchical clustering methodologies to determine the clonal
relatedness of multiple tumours in breast cancer patients. We conclude that CGH analysis of multiple breast carcinomas followed by
unsupervised hierarchical clustering of the genomic imbalances is more reliable than previous criteria to determine the tumours’
clonal relationship in individual patients, that most ipsilateral breast carcinomas arise through intramammary spreading of a single
breast cancer, and that most patients with bilateral breast carcinomas have two different diseases.
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Breast cancer patients not rarely present multiple tumours (Lesser
et al, 1982; Anastassiades et al, 1993; Vaidya et al, 1996). The
increased emphasis in recent years on breast-sparing surgical
treatment (Holland et al, 1985; Fisher, 1992; Connolly et al, 1995)
has made it more clinically important to know whether multiple,
ipsilateral breast carcinomas represent several primary tumours
(multicentricity) or intramammary dissemination of a single
carcinomatous process (multifocality). The fundamental biological
interest of the issue is also profound, as it is also for bilateral breast
carcinomas (Dawson et al, 1991; Sterns and Fletcher, 1991): are
they two separate primary tumours or the metastasis from one
breast to the other? Several criteria have been suggested to
discriminate multiple primary tumours from metastatic lesions,
including different histological growth patterns, the presence of in
situ components in both tumours (for both ipsilateral and bilateral
lesions), and localisation in different quadrants or more than 5 cm
apart (for ipsilateral tumours; Dawson et al, 1991, 1995; Sterns and
Fletcher, 1991; Dawson, 1993). However, the unspecific and
quantitative nature of these criteria makes a reliable assessment
of the competing hypotheses difficult in most cases.

A comparison of more fundamental biological characteristics
of the different tumours could conceivably provide more reliable
information as to whether they are clonally related or not.
Among the principles used have been X-inactivation analysis
(Noguchi et al, 1994a, b; Shibata et al, 1996), comparisons of
allelic imbalance patterns (Tsuda and Hirohashi, 1995; Imyanitov
et al, 2002), or the distribution of TP53 point mutations
(Ackerman et al, 1995; Kinoshita et al, 1995; Shibata et al, 1996),
but these studies depend heavily on statistical group comparisons
and therefore are of limited value in individual patients. We have
in the past successfully assessed the pathogenetic and clonal
relationships among multiple breast tumours by means of
chromosome banding analysis with karyotyping (Pandis et al,
1995; Teixeira et al, 1994, 1997). Since this technique provides
screening information about all chromosome-level abnormalities
that exist in individual cells, with each karyotypic change serving
as a separate clonality marker, it is in principle highly efficient for
the present purpose. However, because karyotyping is critically
dependent on the successful in vitro culture and cytogenetic
analysis of the separate cancer lesions, inadequate cell attachment,
low in vitro mitotic index, and poor technical quality of
chromosome preparations of the cells of the neoplastic parench-
yma (even if for only one of the lesions) may render the case
uninformative.

To circumvent the above-mentioned methodological limitations,
we have used comparative genomic hybridisation (CGH), a
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technique that is not dependent on obtaining tumour metaphases
while retaining the ability to detect copy number changes at all
chromosomes at the same time, to analyse 26 tumours from 12
breast cancer patients with multiple ipsilateral and/or bilateral
lesions. Furthermore, using the present data and those previously
found by us in a series of 35 unifocal breast carcinomas (Teixeira
et al, 2001), we have compared a probabilistic model for the
likelihood of independence and hierarchical clustering methodol-
ogies to determine the clonal relationship among the multiple
tumours in individual breast cancer patients.

MATERIAL AND METHODS

Tumour specimens

Samples from 26 macroscopically separate tumours arising in 12
women diagnosed with breast cancer were fresh frozen at �801C
until processed for DNA extraction. Four patients had ipsilateral
tumours and another seven women had bilateral tumours. The
12th patient presented both ipsilateral and bilateral tumours (two
in each breast) and had a history of radiotherapy for a mediastinal
lymphoma; no iatrogenic or other predisposing factors were
known for the other patients. The histopathologic classification of
each tumour was made in accordance with WHO recommenda-
tions (Sobin, 1981) and was based on examination of tissue
immediately adjacent to the samples processed for genetic
investigation (Table 1). The study was approved by the institu-
tional review board.

Comparative genomic hybridisation

The CGH procedure of Kallioniemi et al (1994) was performed
with modifications previously described by Teixeira et al (2001).
Briefly, test (tumour) and reference (peripheral blood lymphocytes
from a healthy female) DNA was extracted using standard methods
and labelled in nick-translation reactions using fluorochrome-
conjugated nucleotides, after which DNA fragment lengths
between 300 and 2000 bp were obtained. Labelled tumour and
reference DNA was mixed with unlabelled Cot-1 DNA, ethanol-
precipitated, dried, and dissolved in hybridisation buffer. Normal
metaphases were obtained from commercially available prepara-
tions. After denaturing the chromosomes and the DNA probe,
hybridisation was allowed to occur for 2–3 days in a humidified
chamber at 371C. After a series of washes, the slides were mounted
in an antifade solution with DAPI.

A total of 10 good-quality metaphase spreads were selected for
analysis in each case. Three images, corresponding to each
fluorochrome and the DAPI counterstain, were sequentially
captured with a Cohu 4900 CCD (12-bit grey scale) camera, using
an automated filter wheel coupled to a Zeiss Axioplan fluorescence
microscope (Zeiss, Oberkochen, Germany) and a CytoVision
system with software version 2.7 (Applied Imaging, Santa Clara,
CA, USA). Chromosomes were identified based on their inverted
DAPI appearance, and the relative hybridisation signal intensity
was determined along each chromosome. Data obtained from the
10 cells were combined to generate average ratio profiles with 99%
confidence intervals for each chromosome. A negative (normal vs
normal) and a positive control were included in every set of
experiments. In all, 10 cells of each of 10 normal vs normal
hybridisations were used to establish the normal ratio profile with
99% confidence intervals (Kirchhoff et al, 1998). Copy number
gains or losses were scored whenever the test and reference 99%
confidence intervals did not overlap. The description of the CGH
copy number changes followed the guidelines suggested by the
ISCN (1995).

Probabilistic model of clonal relatedness

In order to evaluate the clonal relatedness between any two given
tumours present in the same breast cancer patient, we used the
probabilistic model described by Kuukasjärvi et al (1997). A
common clonal origin of two tumours can be inferred if they share
a set of copy number gains and losses, not likely to be shared at
random. In short, if a1, a2, a3, and so forth are specific genomic
gains or losses, the probability of a particular abnormality
occurring is obtained by dividing the number of occurrences of
that change by the number of tumours analysed. If T1 is the set
copy number changes of one tumour and T2 the set of copy
number changes of another tumour, the events common to both
tumours are defined by T1 - T2¼ c1, c2, c3,yck. Thus, a
conservative estimate of the probability of a particular set of
shared copy number changes occurring independently in two
tumours at random is p(c1) � p(c2) � p(c3) �y� p(ck)¼X. If
two tumours share no genetic changes, X is by definition 1. A
measure of clonal relatedness between two tumours is 1�X, which
equals 0 if no changes are shared and approaches 1 if X is small.
According to this model, a clonal relationship between two
tumours can be inferred whenever Xo0.05 (clonal relatedness
40.95). The probabilities of each copy number change occurring
in each chromosome arm used in this probabilistic model were
those previously reported by us in a series of 37 unifocal breast
carcinomas (Teixeira et al, 2001), 35 of which were shown to
harbour genomic imbalances by CGH. Copy number gains or
losses at the same chromosome arm in different tumours of the
same patient were considered the same only if the respective
breakpoints did not differ by more than two bands.

Hierarchical clustering of CGH data

In order to code CGH data for use with clustering software, the
copy number findings were registered in an Excel spreadsheet by
each of two methods: by chromosome arm (41 data points) and by
chromosome band (302 data points; in both strategies excluding
the p arms of the acrocentric chromosomes). The codification of
copy number changes by band was carried out as follows: no
change, 0; gain, þ 1; loss, �1; amplification (ratio 42), þ 2. The
codification of copy number changes by chromosome arm was
carried out as follows: no change, 0; gain, þ 1; loss, �1;
amplification, þ 2; gain and loss from the same chromosome
arm, �2. Each spreadsheet was then saved as a tab-delimited text
file and loaded into the clustering software J-Express Pro
(Molmine, Bergen, Norway).

Unsupervised hierarchical clustering of genomic imbalances was
first performed with three pairs of primary breast carcinoma and
its respective lymph node metastasis displaying different degrees
of clonal relatedness (varying from 0.24–7� 10�9, calculated as
described above). Several software settings (including Eucledian
distance vs Pearson correlation as distance metric and single vs
complete linkage as cluster method) were tested to determine those
that gave the best hierarchical clustering of each pair of primary
tumour and lymph node metastasis (data not shown). The settings
selected for the rest of the analyses were complete linkage (cluster
method) and Pearson correlation (distance metric).

Besides coding the genomic imbalances separately by chromo-
some arm and by band, unsupervised hierarchical clustering
analysis was tested as an alternative way to measure clonal
relatedness among multiple breast tumours in two different ways.
First, the genomic imbalances of the tumours of each breast cancer
patient were compared with those of a previously reported series of
35 breast carcinomas with copy number changes (Teixeira et al,
2001). Second, the genomic changes of all 26 tumours of the 12
patients here reported were compared among themselves. The
dendograms thus obtained group the tumours with the highest
degree of genetic similarity in short-branched clusters, with longer
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branches indicating increasing genomic disparity. The clustering
apart of tumours from the same patient, indicating that they were
more similar with carcinomas of other patients than with one
another, was taken as evidence of clonal unrelatedness. The
clustering together of two tumours from the same woman
indicated clonal relatedness among them, whereas the clustering
of breast carcinomas from different women signified that they had
followed similar pathogenetic pathways.

RESULTS

Comparative genomic hybridisation

All but one tumour presented copy number changes by CGH
(Table 1). The number of imbalances per tumour ranged from 0
to 28 with an average of 8.2 per tumour. The number of copy
number gains varied from 0 to 15 (average: 3.5) and the losses

Table 1 Histopathology, genomic imbalances, and clonal relatedness of 26 ipsilateral and/or bilateral tumours from 12 breast cancer patients

Case no. Lab no. Tumour Diagnosisa CGH Xb
Hierarchical
clusteringc

Clonal
relatednessd

Ipsilateral
tumours
1 326A/92 A COM rev ish enh(1p22pter,1q22q24,2p23q12,3q,7p14p21,

8q21qter,9pterq33,18p11q12,18q22q23,20p11pter),
dim(Xp11p21,Xp22,4p16,4q34q35,5q12q14,6p24,
6p25,10p14p15,10q23,10q24qter,11q13qter,13q14q21,
13q33q34,15q24,16q22qter)

2� 10�4 C R

326B/92 B DCIS rev ish enh(3q24q29,8q21qter,9q22,20p12p13),
dim(10p15,11q13q22,11q23qter,22q13)

2 368A/92 A DC rev ish dim(1p34pter,8p22pter,15q13qter,16q,22q11qter) 0.26 UC UR
368B/92 B DCIS+EH rev ish enh(8p21qter,16p11pter),dim(6q14qter,8p22pter,9q22,17p12pter)

3 426A/92 A DC+DCIS rev ish enh(1q,7p11p21,16p),
dim(1p21pter,7q21qter,11q12q13,11q22qter,16q23qter,22q)

8� 10�5 C R

426B/92 B DC+DCIS rev ish enh(1q,7p,16p),dim(1p,7q21qter,11q12q13,11q21qter,16q23qter,22q)
4 522A/92 A DC rev ish enh(1q,5,8,16p11pter),dim(15q21q22,15q24q25,16q,22q) 0.002 C R

522B/92 B DC rev ish enh(1q,5,8,16p12,16p13),dim(16q)

Bilateral
tumours
5 197/92 Right DC rev ish enh(1q25q32,1q41) 1 UC UR

198/92 Left DC rev ish enh(1q23q43,8p11qter,9p),dim(8p21pter,9q21qter,16q)
6 307/92 Left DC+DCIS rev ish enh(1p31,1q23q42,3q26q27,6p21,6p23,8p12qter,12q15q21),

dim(8p21pter,11q21qter,13q,15q21q23,15q24q26,
16q,17p12pter,17q24q25,18p11)

0.09 UC UR

308/92 Right LC+LCIS rev ish enh(8p11p21),dim(8p23,16q21qter),amp(8p12)
7 375/92 Left LC+LCIS rev ish enh(8p12qter,16p),dim(9q13q31,10p12p14,11p14pter,11q22qter,

13q21qter,16q)
0.31 UC UR

376/92 Right LC+LCIS rev ish enh(Xp11p12,Xp22,Xq21qter,1q,7,14q, 15q11q25,16p11pter,20)
8 382/92 Left DC+DCIS rev ish enh(1q,5pterq35,7p13p14,7p15p21,7q11q33,16p11pter),dim(16q) 0.24 UC UR

383/92 Right DC+DCIS rev ish enh(1q22q43),dim(6p22,6q21q27,11q21qter,16q,22q12q13)
9 50/93 Left DC+DCIS rev ish enh(X,1q21qter,7pterq36,14q,16p,20),dim(10q) 1 UC UR

51/93 Right LC+LCIS rev ish enh(8q11q24.1),
dim(2p23pter,2q21q22,6q24q27,11q24qter,13q12q13,
13q31q33,16q23qter,18q22qter)

10 588/93 Left DC+DCIS rev ish enh(8p12qter,16p),dim(8p21pter,9q22,16q) 1 UC UR
589/93 Right DC+DCIS no changes

11 257/94 Left LC rev ish enh(1q),dim(6q14qter,16q,17p12pter,22q) 0.001 C R
258/94 Right LC rev ish enh(1q),dim(6q14q25,16q,17p13,22q)

Ipsilateral
and bilateral
tumours
12 17/97 Right A DC rev ish enh(8p11p12),

dim(3p21,5q31qter,6q16qter,8p22pter,13q12qter,14q32)
1 (0.37e) UC UR

18/97 Right B DC rev ish enh(4q12q21)
19/97 Left A DC rev ish enh(1q21q41,15q21qter,16p11pter,17q23q25),

dim(3q21q25,5q14,6q14qter,8q12q21,10q24qter,
11p,11q14qter,12p11pter,14q24,22q12qter)

0.01 UC UR

20/97 Left B DC rev ish enh(1p13p34,1q,3p24pter,4p15q35,5p15q35,
7p21,7q11qter,8,10p11pter,16p11p13,17q12q21,17q23q25,18,20,21q),
dim(1p35pter,2,3p21qter,6q14q24,7p12p13,9q33qter,
10q,11p,11q23qter,13q,14q,16q21q24,17p12pter)

aCOM¼ comedo carcinoma; DC¼ ductal carcinoma; DCIS¼ ductal carcinoma in situ; LC¼ lobular carcinoma; LCIS¼ lobular carcinoma in situ; EH¼ epithelial hyperplasia. bX,
probability of the shared genomic imbalances occurring just by chance (see Materials and methods). cUnsupervised hierarchical clustering analysis based on chromosome-arm
coding of CGH copy number changes (see Materials and methods); C¼ clustered; UC¼ unclustered. dClonal relatedness based on unsupervised hierarchical clustering analysis
of CGH data coded by chromosome arm; R¼ related; UR¼ unrelated. eCalculation for comparing the two left and the two right tumours (both tumours of each side taken
together).
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from 0 to 14 (average: 4.7). The chromosome arms from
which material was most frequently gained were 1q (62%), 16p
(46%), 8q (42%), proximal 8p (38%), and 7p (27%), whereas the
ones most often displaying losses were 16q (65%), 11q (38%), 22q
(35%), 6q (31%), and distal 8p and 13q (23% each). One tumour
showed genomic amplification (here defined as ratio above 2.0)
at 8p12.

Clonal relatedness by the probabilistic model

The probability that the separate tumours of the 12 breast cancer
patients share genomic imbalances just by chance is presented in
Table 1. Whenever this probability was less than 0.05, a clonal
relatedness between two tumours could be inferred with a
probability greater than 0.95. With this method, a clonal relation-
ship between the two tumours was found in three of four patients
with ipsilateral breast tumours (75%) and in one of seven patients
with bilateral breast carcinomas (14%). In the patient with both
ipsilateral and bilateral multiple breast tumours (case 12), clonal
relatedness was inferred between the two tumours in the left

breast, a finding that was not confirmed by hierarchical clustering
(see below).

Hierarchical clustering of CGH data

We first used unsupervised hierarchical clustering analysis of
genomic imbalances coded by chromosome arm to measure
clonal relatedness among multiple breast tumours. When the
copy number changes of the tumours of each breast cancer
patient were compared with those of a previously reported series of
35 breast carcinomas, a clonal relationship between the two
tumours was found in three of the four pairs of ipsilateral
breast tumours (Figure 1) and in one of seven pairs of bilateral
breast carcinomas (Figure 2; Table 1). The findings for these
11 patients were completely concordant with those obtained
with the probabilistic model described above. This was not so
for the patient with both ipsilateral and bilateral multiple breast
tumours, however, as hierarchical clustering indicated that all
four tumours were clonally unrelated. The clonal relationships
determined by hierarchical clustering of the chromosome arm

Figure 1 Comparative genomic hybridisation (A, B) and hierarchical clustering (C) of two ipsilateral breast tumours (case 1) together with 35 other
breast carcinomas with copy number changes (coded by chromosome arm). Green bars to the right and red bars to the left of the chromosome ideograms
indicate copy number gains and losses, respectively. See Table 1 for case numbers and a detailed description of the genomic imbalances. The two tumours
cluster together (asterisks), showing that they are clonally related (multifocal breast carcinomas).
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imbalances of all 26 tumours of the 12 patients here reported
(Figure 3) were in all cases similar to that obtained after
comparison of each patient with the separate series of breast
carcinomas.

When we used unsupervised hierarchical clustering analysis of
the genomic imbalances coded by chromosome band of all 26
tumours from the 12 breast cancer patients, the clonal relation-
ships thus determined were in all cases identical to those described
above with chromosome arm coding. The same was true for all but
one case when the copy number changes coded by chromosome
band present in the tumours of each of the 12 patients were
compared against the separate series of 35 breast carcinomas; the
exception was the apparent clonal relatedness between the two left
tumours of case 12.

DISCUSSION

Comparative genomic hybridisation revealed genomic imbalances
in 25 of the 26 (96%) breast tumours present in the 12 breast

cancer patients, underscoring the considerable potential of the
present methodology when it comes to determining the clonal
relatedness among two or more tumours in the same patient.
The overall pattern of copy number changes detected in this
series of 26 tumours does not differ significantly from that
previously found by us in a independent series of 37 breast cancer
patients (Teixeira et al, 2001), the most frequent genomic
imbalances being gain of 1q, 16p, 8q, proximal 8p, and 7p and
loss of 16q, 11q, 22q, 6q, distal 8p, and 13q. Some discrepancies,
such as the apparently increased frequency of 16q and 22q loss in
the present series, are probably due to the fact that some of the 26
tumours were not truly independent and the differences become
insignificant when only pathogenetically independent carcinomas
are considered.

One way to find out whether two ipsilateral or bilateral breast
tumours are two primary carcinomas or represent metastatic
spreading of a single neoplastic process is to use a probabilistic
model based on the frequency of genomic imbalances in an
unselected series of cases (Kuukasjärvi et al, 1997). This model
estimates the probability that shared genomic imbalances in two

Figure 2 Comparative genomic hybridisation (A, B) and hierarchical clustering (C) of two bilateral breast carcinomas (case 7) together with other 35
breast carcinomas with copy number changes (coded by chromosome arm). Green bars to the right and red bars to the left of the chromosome ideograms
indicate copy number gains and losses, respectively. See Table 1 for case numbers and a detailed description of the genomic imbalances. The two carcinomas
segregate apart (asterisks), showing that they are pathogenetically more similar to tumours in other women than to one another. This is taken as indication
that these bilateral carcinomas are clonally independent.
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tumours from the same breast cancer patient occur together by
chance alone. Whenever the likelihood that they occur by chance is
less than 0.05, a clonal relationship between two tumours can be
inferred with a probability greater than 0.95. Using these guide-
lines, clonal independence of the separate tumours was inferred in
one of four pairs of ipsilateral breast tumours (25%) and in six of
seven pairs of bilateral breast carcinomas (86%). These findings
are in keeping with our previous findings using chromosome
banding analysis (reviewed in Teixeira et al, 2002).

The probabilistic model predicts that the likelihood that the
shared genetic changes of the two left tumours of patient 12
occurred by chance is only 0.01. Furthermore, in spite of formally
meeting the criteria set for clonal independence, the model
calculates as 0.09 the probability that the shared abnormalities of
the bilateral tumours of patient 6 occurred by chance alone (i.e.,
the likelihood was only slightly above the 0.05 threshold). These
predictions are counterintuitive when one looks at the strikingly

different genomic imbalances harboured by the two lesions. This
indicates that the present model may be inappropriate to
determine the clonal relatedness of tumours with complex
genomes, since the likelihood of detecting several shared genomic
changes just by chance then increases significantly. Additionally,
the probabilistic model was not able to reveal the clonal
relationship between a primary breast carcinoma and its lymph
node metastasis in one of three cases (data not shown), simply
because they shared two of the most common genomic imbalances
in breast cancer (gain of 1q and loss of 16q; X¼ 0.24, i.e., not
sufficient to meet the 0.05 requirement).

To overcome the above-mentioned limitations, we tested the
possibility of using unsupervised hierarchical clustering of CGH
data to determine more reliably when two tumours are related or
clonally independent. This methodology was able to segregate
correctly three pairs of primary breast carcinomas and their
respective lymph node metastases with widely different genomic
similarity (two of two, four of 11, and 11 of 12 copy number
changes in common). The superiority of hierarchical clustering
probably stems from the fact that it makes use of the entire pattern
of copy number changes, not only the shared ones, present in the
tumours compared. The proper clustering of primary tumours and
their respective metastases took place irrespective of whether the
CGH imbalances were coded by chromosome arm or by
chromosome band. The only discrepancy in the results obtained
by the two coding methods occurred for case 12, in which
clustering of the 26 tumours by chromosome band revealed an
apparent clonal relatedness between the two left tumours. This
finding reveals a pitfall in the use of chromosome bands as data
points, as this puts disproportionate weight on changes affecting
large chromosomes compared with small ones, even if both result
from single events.

Unsupervised hierarchical clustering of CGH data revealed
that multiple, ipsilateral breast tumours were clonally related in
three of four patients, both when the copy number changes
of the tumours of each breast cancer patient were compared with
those of a separate series of 35 breast carcinomas and when
comparison was with the 26 tumours of this series. This finding
confirms our previous conclusion based on chromosome banding
data that most ipsilateral breast tumours arise through intramam-
mary spreading of a single breast cancer (multifocal carcinomas;
Teixeira et al, 1994, 1997). The fact that two of the three multi-
focal carcinomas had carcinoma in situ lesions in both tumours,
and that these were separated by 10–40 mm of macroscopi-
cally normal-looking breast tissue, indicated that breast cancer
can spread extensively via the ductal system (Ohtake et al,
1995; Middleton et al, 2002) and illustrates the limitations of
these morphological criteria when it comes to discriminating
multifocal from multicentric breast carcinomas (Dawson, 1993;
Dawson et al, 1995; Tsuda and Hirohashi, 1995; Middleton et al,
2002). One case was classified as multicentric carcinoma by
all the strategies here employed in spite of the fact that the
tumours shared an 8p loss. The relatively high frequency of
8p loss in breast cancer, which makes it a marker of only poor
information value, and the presence of another nine genomic
changes, none of which were shared between the two tumours,
leave little doubt that some ipsilateral tumours are pathogeneti-
cally independent.

The bilateral breast tumours of six of seven patients segregated
apart after hierarchical clustering, indicating that they were
clonally unrelated. This shows that these breast carcinomas were
pathogenetically more similar to carcinomas in other women than
to their contralateral tumours. Of these six patients with two
genetically disparate breast carcinomas, different histological types
were found in two (cases 6 and 9 had a lobular and a ductal
carcinoma; three patients had two ductal carcinomas and the
remaining presented two lobular carcinomas) and carcinoma in
situ components were present in both tumours of five cases, thus

Figure 3 Unsupervised hierarchical clustering of all 26 tumours from the
12 breast cancer patients based on the comparative genomic hybridisation
findings coded by arm. Tumour pairs clustering together represent
spreading of a single disease. Tumour pairs segregating apart are
independent primary carcinomas. See Table 1 for case numbers and a
detailed description of the genomic imbalances.

Clonal origin of multiple breast tumours

MR Teixeira et al

780

British Journal of Cancer (2004) 91(4), 775 – 782 & 2004 Cancer Research UK

G
e
n

e
tic

s
a
n

d
G

e
n

o
m

ic
s



supporting the conclusion that most patients with bilateral breast
carcinomas have two different diseases (Dawson et al, 1991; Sterns
and Fletcher, 1991; Pandis et al, 1995; Shibata et al, 1996;
Imyanitov et al, 2002). This notwithstanding, one of the patients
presented two bilateral lobular carcinomas sharing all five genomic
imbalances by CGH, strongly arguing that one tumour must have
metastasised to the contralateral breast, as we have also seen
occasionally before (Pandis et al, 1995). We favour this
interpretation over the hypothesis that a common milieu may
have given rise to two clonally independent, but pathogenetically
identical, breast carcinomas (Imyanitov et al, 2002); if this was a
relevant mechanism in breast carcinogenesis, pathogenetically
similar bilateral breast carcinomas should be the rule, not the
exception.

We show that assessment of the clonal relationship among
multiple breast tumours is significantly more informative by
CGH (92% of the individual patients were successfully examined)
than by chromosome banding analysis after short-term culturing
(success rates of between two-thirds and three-fourths of the
cases; Pandis et al, 1995; Teixeira et al, 1997). When the same
cases were analysed by both techniques, discordant conclusions
were obtained in a few of them (Teixeira et al, 1994, 1996, 1997;

Pandis et al, 1995). Clonal selection during in vitro culture
impairing detailed cytogenetic analysis of all tumour cell
subpopulations and CGH failing to detect small clones or balanced
genomic aberrations (Persson et al, 1999; Teixeira et al, 2001;
Kleivi et al, 2002) may contribute to these discrepancies.

We conclude that CGH analysis of multiple breast carcinomas
followed by unsupervised hierarchical clustering of the genomic
imbalances coded by chromosome arm is more effective than
previously used criteria to determine their clonal relationship in
individual patients. To know precisely which ipsilateral or bilateral
breast carcinomas are multiple primaries could help delineate
optimal treatment strategies for these patients as well as identify
families with increased susceptibility to breast cancer.

ACKNOWLEDGEMENTS

The financial support of The Norwegian Cancer Society is
gratefully acknowledged (grants to RAL and SH). FRR is a fellow
of Fundação para a Ciência e a Tecnologia. LT is a fellow of Liga
Portuguesa Contra o Cancro, Centro Regional do Norte.

REFERENCES

Ackerman J, Baunoch DA, Gimotty P, George J, Lane MA, Dawson PJ
(1995) The role of p53 mutations in bilateral breast carcinoma. Mod
Pathol 8: 244 – 248

Anastassiades O, Iakovou E, Stavridou N, Gogas J, Karameris A (1993)
Multicentricity in breast cancer. A study of 366 cases. Am J Clin Pathol
99: 238 – 243

Connolly JL, Harris JR, Schnitt SJ (1995) Understanding the distribution of
cancer within the breast is important for optimizing breast-conserving
treatment. Cancer 76: 1 – 3

Dawson PJ (1993) What is new in our understanding of multifocal breast
cancer. Pathol Res Pract 189: 111 – 116

Dawson PJ, Baekey PA, Clark RA (1995) Mechanisms of multifocal breast
cancer: an immunocytochemical study. Hum Pathol 26: 965 – 969

Dawson PJ, Maloney T, Gimotty P, Juneau P, Ownby H, Wolman SR (1991)
Bilateral breast cancer: one disease or two? Breast Cancer Res Treat 19:
233 – 244

Fisher B (1992) The evolution of paradigms for the management of breast
cancer: a personal perspective. Cancer Res 52: 2371 – 2383

Holland R, Veling SH, Mravunac M, Hendriks JH (1985) Histologic
multifocality of Tis, T1-2 breast carcinomas. Implications for clinical
trials of breast-conserving surgery. Cancer 56: 979 – 990

Imyanitov EN, Suspitsin EN, Grigoriev MY, Togo AV, Kuligina ES,
Belogubova EV, Pozharisski KM, Turkevich EA, Rodriguez C, Cornelisse
CJ, Hanson KP, Theillet C (2002) Concordance of allelic imbalance
profiles in synchronous and metachronous bilateral breast carcinomas.
Int J Cancer 100: 557 – 564

ISCN (1995) An International System for Human Cytogenetic Nomencla-
ture. Basel: S. Karger

Kallioniemi OP, Kallioniemi A, Piper J, Isola J, Waldman FM, Gray JW,
Pinkel D (1994) Optimizing comparative genomic hybridization for
analysis of DNA sequence copy number changes in solid tumors. Genes
Chromosomes Cancer 10: 231 – 243

Kinoshita T, Ueda M, Enomoto K, Ikeda T, Kikuchi K, Ishii S, Kitajima M
(1995) Comparison of p53 gene abnormalities in bilateral and unilateral
breast cancer. Cancer 76: 2504 – 2509

Kirchhoff M, Gerdes T, Rose H, Maahr J, Ottesen AM, Lundsteen C (1998)
Detection of chromosomal gains and losses in comparative genomic
hybridization analysis based on standard reference intervals. Cytometry
31: 163 – 173

Kleivi K, Lothe R, Tsarouha H, Pandis N, Papadopoulou A, Andersen JA,
Kraggerud SM, Heim S, Teixeira MR (2002) Genome profiling of breast
cancer cells selected against in vitro shows copy number changes. Genes
Chromosomes Cancer 33: 304 – 309

Kuukasjärvi T, Karhu R, Tanner M, Kahkonen M, Schaffer A, Nupponen N,
Pennanen S, Kallioniemi A, Kallioniemi OP, Isola J (1997) Genetic

heterogeneity and clonal evolution underlying development of
asynchronous metastasis in human breast cancer. Cancer Res 57:
1597 – 1604

Lesser ML, Rosen PP, Kinne DW (1982) Multicentricity and bilaterality in
invasive breast carcinoma. Surgery 91: 234 – 240

Middleton LP, Vlastos G, Mirza NQ, Singletary SE, Sahin AA (2002)
Multicentric mammary carcinoma. Evidence of monoclonal prolifera-
tion. Cancer 94: 1910 – 1916

Noguchi S, Aihara T, Koyama H, Motomura K, Inaji H, Imaoka S (1994a)
Discrimination between multicentric and multifocal carcinomas of the
breast through clonal analysis. Cancer 74: 872 – 877

Noguchi S, Motomura K, Inaji H, Imaoka S, Koyama H (1994b)
Differentiation of primary and secondary breast cancer with clonal
analysis. Surgery 115: 458 – 462

Ohtake T, Abe R, Kimijima I, Fukushima T, Tsuchiya A, Hoshi K, Wakasa
H (1995) Intraductal extension of primary invasive breast carcinoma
treated by breast-conservative surgery: computer graph three-dimen-
sional reconstruction of the mammary duct-lobular system. Cancer 76:
32 – 45

Pandis N, Teixeira MR, Gerdes AM, Limon J, Bardi G, Andersen JA, Idvall I,
Mandahl N, Mitelman F, Heim S (1995) Chromosome abnormalities in
bilateral breast carcinomas. Cytogenetic evaluation of the clonal origin of
multiple primary tumors. Cancer 76: 250 – 258

Persson K, Pandis N, Mertens F, Borg A, Baldetorp B, Killander D, Isola J
(1999) Chromosomal aberrations in breast cancer: a comparison between
cytogenetics and comparative genomic hybridization. Genes Chromo-
somes Cancer 25: 115 – 122

Shibata A, Tsai YC, Press MF, Henderson BE, Jones PA, Ross RK (1996)
Clonal analysis of bilateral breast cancer. Clin Cancer Res 2: 743 – 748

Sobin LH (1981) Histological Typing of Breast Tumors. Geneve: WHO
Sterns EE, Fletcher WA (1991) Bilateral cancer of the breast: a review of

clinical, histologic, and immunohistologic characteristics. Surgery 110:
617 – 622

Teixeira MR, Pandis N, Bardi G, Andersen JA, Bohler PJ, Qvist H, Heim S
(1997) Discrimination between multicentric and multifocal breast
carcinoma by cytogenetic investigation of macroscopically distinct
ipsilateral lesions. Genes Chromosomes Cancer 18: 170 – 174

Teixeira MR, Pandis N, Bardi G, Andersen JA, Heim S (1996) Karyotypic
comparisons of multiple tumorous and macroscopically normal
surrounding tissue samples from patients with breast cancer. Cancer
Res 56: 855 – 859

Teixeira MR, Pandis N, Bardi G, Andersen JA, Mandahl N, Mitelman F,
Heim S (1994) Cytogenetic analysis of multifocal breast carcinomas:
detection of karyotypically unrelated clones as well as clonal similarities
between tumour foci. Br J Cancer 70: 922 – 927

Clonal origin of multiple breast tumours

MR Teixeira et al

781

British Journal of Cancer (2004) 91(4), 775 – 782& 2004 Cancer Research UK

G
e
n

e
ti

c
s

a
n

d
G

e
n

o
m

ic
s



Teixeira MR, Pandis N, Heim S (2002) Cytogenetic clues to breast
carcinogenesis. Genes Chromosomes Cancer 33: 1 – 16

Teixeira MR, Tsarouha H, Kraggerud SM, Pandis N, Dimitriadis E,
Andersen JA, Lothe RA, Heim S (2001) Evaluation of breast cancer
polyclonality by combined chromosome banding and comparative
genomic hybridization analysis. Neoplasia 3: 204 – 214

Tsuda H, Hirohashi S (1995) Identification of multiple breast cancers of
multicentric origin by histological observations and distribution of allele
loss on chromosome 16q. Cancer Res 55: 3395 – 3398

Vaidya JS, Vyas JJ, Chinoy RF, Merchant N, Sharma OP, Mittra I (1996)
Multicentricity of breast cancer: whole organ analysis and clinical
implications. Br J Cancer 74: 820 – 824

Clonal origin of multiple breast tumours

MR Teixeira et al

782

British Journal of Cancer (2004) 91(4), 775 – 782 & 2004 Cancer Research UK

G
e
n

e
tic

s
a
n

d
G

e
n

o
m

ic
s


