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ABSTRACT

Tetraploidy and aneuploidy can be caused by cell division errors and are frequently observed
in many human carcinomas. We have recently reported delayed cytokinesis in primary
human fibroblasts from BRCA2 mutation carriers, implying a function for the BRCA2 tumour
suppressor in completion of cell division. Here, we address ploidy aberrations in breast
tumours derived from BRCA2 germline mutation carriers. Ploidy aberrations were evaluated
from flow cytometry histograms on selected breast tumour samples (n = 236), previously
screened for local BRCA mutations. The ploidy between BRCA2-mutated (n = 71) and matched
sporadic (n = 165) cancers was compared. Differences in ploidy distribution were examined
with respect to molecular tumour subtypes, previously defined by immunohistochemistry
on tissue microarray sections. Tetraploidy was significantly 3 times more common in BRCA2
breast cancers than sporadic. However, no differences were found in the overall ploidy distri-
bution between BRCA2-mutation carriers and non-carriers. In BRCA2 cancers, tetraploidy
was associated with luminal characteristics. The increased frequency of tetraploidy in BRCA2
associated cancers may be linked to cell division errors, particularly cytokinesis. Additionally,
tetraploidy emerges predominantly in BRCA2 breast cancers displaying luminal rather than
triple-negative phenotypes.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

which have been implicated as the main cause for chromo-
somal instability found in the tumours of BRCA2 mutation

Inherited mutations in the breast cancer susceptibility genes
BRCA1 and BRCA?2 increase the risk of breast cancer as well as
ovarian, prostate and other types of cancers.! For carriers of
the Icelandic founder mutation BRCA2 999del5, the risk trans-
lates into over 70% by the age of 70.2 The increased susceptibil-
ity has been attributed to functions of the BRCA proteins in
repair of DNA double strand breaks, via homologous recombi-
nation. Defects in the repair mechanisms can alter recombina-
tion pathways, giving rise to chromosomal re-arrangements,

carriers.>* More recently, it has been suggested that the BRCA2
protein functions in cytokinesis.>® Defects in daughter cell
separation can cause mis-segregation of chromosomes, giving
rise to polyploidy’ and could therefore contribute to the
increased cancer susceptibility in BRCA2-mutation carriers.
Genomic alterations are common in breast tumours. Vari-
ations in gene expression patterns can be accompanied by
corresponding phenotypic diversity of breast tumours. Breast
carcinomas can arise from at least two distinct cell types:
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basal-like and luminal epithelial cells, and can be categorised
into five subtypes based on expression of three biomarkers,
oestrogen receptor (ER), progesterone receptor (PR) and hu-
man epidermal growth factor receptor 2 (HER2). Better defini-
tion can be achieved by adding epidermal growth factor
receptor (EGFR) and cytokeratin 5/6 (CY5/6) expression analy-
sis.®° The five subtypes of breast tumours are luminal A and
luminal B (positive for either ER or PR), HER2 overexpressing
(ER and PR negative), normal-like and basal-like, including
triple-negative phenotype (TNP) for ER, PR and HER2. The ba-
sal-like subtype can further be subdivided into five-marker
negative phenotype (SNP) or Core Basal.'® BRCA2 tumours
are predominantly luminal A or luminal B.'>*? They show
frequent and complex genomic alterations™?* and have
relatively large deletions and few high-level amplifications.*

A potential function for the BRCA2 protein in cytokinesis
has been shown in modified mouse embryonic fibroblasts
and Hela cells.® We have recently reported that BRCA2 plays
a role in the process in primary human fibroblast cells.® It is
well known that unsuccessful cell division can cause incom-
plete chromosomal segregation, gives rise to altered ploidy
and supernumerary centrosomes.”"'> Tetraploidy can emerge
through various mechanisms, such as cell fusion, mitotic
slippage, and failure to undergo cytokinesis. A failure to un-
dergo cytokinesis may occur because of a failure or distur-
bance of cleavage furrow formation, giving rise to a new G;
bi-nucleated cell with two centrosomes.’®” It has been pro-
posed that tetraploid cells represent an important intermedi-
ate on the route to aneuploidy.” Active checkpoints prevent
tetra- and aneuploidisation. They act to ensure accurate cell
division and inhibit cycling of cells that have not exited mito-
sis efficiently.’®*?

There is anindication that BRCA2-mutation status is associ-
ated with bi-nucleation and amplification of centrosomes.?
Mouse cells deficient for Brca2 produce polyploid cells.?* The
majority of the Icelandic BRCA2 999del5 breast cancer cases
have been shown to be non-diploid.® A study presenting an
association between BRCA2 mutation and high grade tumour
progression additionally to increased proliferation rate, also
found that non-diploidy was of higher frequency in BRCA2-mu-
tated tumours than sporadic.??

The aim of this study was to investigate the proportion of
tetraploidy and aneuploidy in BRCA2-mutated breast tumours,
as a potential consequence of cytokinesis defects. We com-
pared the DNA content in BRCA2-mutated and sporadic breast
tumours, measured with flow cytometry. Ploidy aberrations
were then linked to molecular classification of the tumours.

2. Material and methods

2.1. Patient samples

Malignant breast tumour samples were selected from a pa-
tient cohort that had previously been screened for local BRCA
germline mutations and had been diagnosed from 1990-2006.
Fulfilling these criteria were 101 BRCA2-mutation carriers.
Two hundred and two sporadic cases that matched for year
and age at diagnosis were selected as controls. Flow
cytometry data for ploidy evaluation were available for 71

tumours from selected BRCA2-mutation carriers and 165 from
sporadic controls.

All BRCA2-mutated samples carry an Icelandic founder
mutation, BRCA2 999del5.?®> Exon 9 of the BRCA2 gene was
PCR-amplified from peripheral blood DNA and run on 7.5%
polyacrylamide gels for detection of the 999del5 mutation.>*?*

This work was carried out according to permission from
the Icelandic Data Protection Commission (2006050307) and
National Bioethics Committee (VSNb2006050001/03-16). In-
formed consent was obtained from all patients.

2.2.  Ploidy data

Flow cytometry analysis has been performed routinely on
invasive breast tumour samples at the Department of
Pathology, Landspitali University Hospital, Reykjavik, Iceland,
since 1990. Flow cytometry histograms, indicating DNA con-
tent, were classified as diploid when they showed a single
Go/G; peak. Samples with at least two clear distinct peaks
were classified as aneuploid. When the ratio was 1.80:2.10,
and therefore the DNA content in the cells in the second peak
was about twice as much as in the normal peak, the sample
was classified as tetraploid. Tumours containing both aneu-
ploid and tetraploid cells were classified as mixed aneu- and
tetraploid. DNA ploidy index and S-phase assessment were
performed and classified as described.”® Only one DNA con-
tent measurement from each tumour was included.

The S-phase value of <7% was defined as low S-phase, and
>7% was defined as high S-phase.

2.3.  Immunohistochemistry and tissue microarray

For molecular characterisation of the breast tumour samples
immunohistochemistry was performed on tissue microarray
sections. Expression analysis was carried out for ER, PR, HER-
2, EGFR, CK5/6, CK8, CK18 and BRCA1, as described earlier.}*2°

2.4.  Statistical analysis

Statistical analysis was carried out using SPSS 17.0 and R
2.10.1. Associations between the BRCA2 mutation status of
the breast tumours and ploidy, as well as between the pheno-
type of tumours and ploidy in BRCA2-mutated and sporadic
samples were calculated using y>-tests.

3. Results

3.1.  Ploidy aberrations of BRCA2 and sporadic breast
tumours

Ploidy was examined in a selected set of 236 breast tumours
derived both from BRCA2-mutation carriers and sporadic
breast cancer cases. The frequency of diploidy, aneuploidy,
tetraploidy and mixed aneu- and tetraploidy was compared
between BRCA2 and sporadic tumours.

Table 1 summarises the ploidy distribution of sporadic and
BRCA2-mutated tumours showing no differences in the over-
all distribution between the two groups (y° test statistic 6.18,
P-value 0.103). Nearly half of both sporadic and BRCA2 tu-
mours were diploid (47.9% and 42.3%, respectively).
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Table 1 - Comparison of ploidy between BRCA2 and sporadic cancers.

Diploid (%) Aneuploid (%)

Tetraploid (%) Mixed Aneu- and Total

Tetraploid (%)

Sporadic 79 (47.9) 63 (38.2)
BRCA2-mutated 30 (42.3) 24 (33.8)
Total 109 87

8 (4.8) 15 (9.1) 165 (100%)
10 (14.1) 7 (9.9) 71 (100%)
18 22 236

% test statistic 6.18, P-value 0.103.

Although the overall distribution was the same, tetra-
ploidy was significantly more common in BRCA2 breast
tumours than sporadic. The difference was almost 3-fold,
14.1% (10 of 71) as compared with 4.8% (8 of 165) (4 test
statistic 4.77, P-value 0.029) (Fig. 1).

The percentage of cells in S-phase of the cell cycle is an
indicator of the proliferation rate of a tumour. The S-phase
in BRCA2 tumours was higher than in sporadic tumours
(4 test statistic 3.71, P-value 0.054). High S-phase was associ-
ated with polyploidy both in BRCA2- (4 test statistic 32.24,
P-value <0.001) and sporadic tumours (4 test statistic 47.03,
P-value <0.001) (Additional file Table 1).

3.2 Molecular classification of BRCA2 and sporadic breast
tumours in relation to ploidy

Breast cancers are classified into subtypes based on their
molecular profiles. Expression data for ER, PR and HER2, ana-
lysed by immunohistochemistry (IHC) on tissue microarrays,
were available from another study?® for a subset of the study
group (52 BRCA2 and 43 sporadic cancers). This allowed us to
examine ploidy aberrations in relation to molecular pheno-
types established through a validated classification scheme.®

All of the BRCA2 cancers sub-categorised as either luminal
(37 of 52, 71.1%) or TNP (15 of 52, 28.9%) as none displayed
HER2 overexpression. From Table 2 and Fig. 2 it is clear that
within the group of BRCA2 cancers the differences between

60%

luminal and TNP subtypes are reflected in the type of ploidy
abnormalities, and the association between ploidy aberra-
tions and molecular subtype was highly significant (;* test
statistic 18.48, P-value <0.001). All of the 7 tetraploid BRCA2
cancers and 5 out of the 6 mixed aneu- and tetraploid be-
longed to the luminal phenotype (4 test statistic 8.65, P-value
0.003) (Fig. 2).

In contrast, all except one of the TNP BRCA2 tumours dis-
playing ploidy aberrations were aneuploid only (11 of 12,
91.7%) (Table 2).

The group of sporadic cancers also showed a statistically
significant association between subtype and ploidy (;* test
statistic 20.47, P-value 0.015) (Table 2), as those of the luminal
phenotype were mostly diploid or aneuploid, with only one
out of 29 being tetraploid (Table 2). Although the numbers
are very low they do not suggest the association between
luminal phenotype and tetraploidy that was seen in the
BRCA2 group.

4, Discussion

The results presented here describe an analysis of ploidy in
cancers derived from BRCA2 germline mutation carriers and
sporadic cancers. The study was carried out to follow up on
our previous report describing a function for BRCA2 in the
completion of cell division of primary human cells.® We ob-
served that tetraploidy was significantly more frequent in
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Fig. 1 - Ploidy distribution of sporadic (dark grey) and BRCA2 (light grey) breast cancers. The proportion of diploidy, aneuploidy
and mixed aneu- and tetraploidy was similar in sporadic and BRCA2 cancers. Tetraploidy was 2.9-fold higher in BRCA2
cancers compared with sporadic cancers (P-value 0.029), see details in Table 1.
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Table 2 - Ploidy of BRCA2 and sporadic cancers in relation to molecular subtypes.

Diploid (%) Aneuploid (%)

Mixed Aneu- and Total

Tetraploid (%)

Tetraploid (%)

BRCA2-mutated

Luminal 20 (54.1) 5 (13.5) 7 (18.9) 5 (13.5) 37 (100%)
TNP 3 (20.0) 11 (73.3) 0 (0.0) 1(6.7) 15 (100%)
Total 23 16 7 6 52
¥ test statistic 18.48, P-value <0.001.
Sporadic
Luminal 17 (58.6) 11 (37.9) 1(3.4) 0 (0.0) 29 (100%)
TNP 1 (12.5) 4 (50.0) 1(12.5) 2 (25.0) 8 (100%)
Luminal-HER 0 (0.0) 1 (25.0) 1(25.0) 2 (50.0) 4 (100%)
Non-Lurninal-HER2 1 (50.0) 1 (50.0) 0 (0.0) 0 (0.0) 2 (100%)
Total 19 17 3 4 43
¥ test statistic 20.47, P-value 0.015.
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Fig. 2 - Ploidy distribution of BRCA2 breast cancers, in relation to molecular subtype. Dark grey bars represent luminal
subtype and light grey triple-negative phenotype (TNP). A strong association was seen between luminal phenotype and
tetraploidisation (only tetraploidy or mixed aneu-and tetraploidy) (P-value 0.003), and TNP and aneuploidy (P-value <0.001) in

BRCA2 cancers. TNP was rarely diploid.

BRCA2-mutated than sporadic breast carcinomas. Further-
more, our results showed that tetraploidy in BRCA2 cancers
was almost confined to tumours of a luminal subtype.

When studying tetraploidy specifically, a 3-fold difference
between BRCA2-mutated and sporadic cancers was detected,
but tetraploidy for BRCA2 cancers has not been described pre-
viously. There was no overall association between BRCA2 sta-
tus and ploidy, and this is in line with previously published
data.*?? Molecular classification was available for a subset
of the studied tumour samples.?® Tetraploid BRCA2-mutated
cancers displayed luminal- rather than triple-negative pheno-
type. This is in contrast with that observed in sporadic can-
cers of luminal phenotype, not HER-2 related, which were
mostly diploid or aneuploid and rarely showed tetraploid
features.

Recently, it has been proposed that the wild-type BRCA2 al-
lele is not consistently lost in breast tumours from BRCA2
mutation carriers.?*?” Ongoing studies indicate that deletion
of the wild-type BRCA2 allele may be more frequent in BRCA2
cancers displaying luminal rather than triple-negative pheno-
type. Given a role for BRCA2 in cytokinesis, this might explain
why tetraploidy emerges in luminal- rather than triple-nega-
tive BRCA2 cancers.

Tetraploidy is known to arise through incomplete cytoki-
nesis. By using time-lapse live cell imaging to estimate cell
division time we found that BRCA2-heterozygous primary hu-
man fibroblasts showed delayed cytokinesis,® supporting a
role for BRCA? in this process.” The BRCA2 heterozygous pri-
mary fibroblasts had a slightly increased number of cells in
G,/M phase.® Spontaneous tetraploidy has been observed in
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cultured primary human skin fibroblasts derived from BRCA2-
mutation carriers (Ogmundsdottir, unpublished data).

Previously established functions of the BRCA2 protein in-
clude an essential role in error-free repair of DNA double strand
breaks via homologous recombination.?® It is also needed at
stalled replication forks,?® and it may regulate mitotic entry
to some extent.*® Cytokinesis can fail because of defects in or
deficiency of proteins mediating cytokinesis. Also, chromo-
some bridges formed during anaphase can cause furrow
regression leading to generation of bi-nucleated cells.?*>*
End-to-end fusions of chromosomes are more common in
breast tumours from BRCA2 carriers than in sporadic breast tu-
mours.?®3%3> These chromosomes frequently contain two or
more centromeres, which make segregation of sister-chromat-
ids during mitosis difficult. The high degree of chromosomal
re-arrangements and other genetic instability in BRCA2-defi-
cient cell lines and tumours has been explained by inefficient
repair of DNA double strand breaks, via error-prone non-
homologous end joining, which can result in G, arrest. BRCA2
mutations could therefore facilitate polyploidisation through
cytokinesis failure as well as creation of chromosome bridges.

Polyploidy is not necessarily a disadvantage.*® Only when
growth arrest, cell death or increased genomic instability is
triggered can it be catastrophic.?” Thus, polyploidy can be tol-
erated so long as cells retain the cellular machinery to dupli-
cate and segregate their genome and centrosomes accurately
during subsequent divisions. Tetraploid cells do not always
produce tetraploid progeny. Aneuploidy can evolve either
through tetraploidy or directly from diploidy.*® Tetraploid
cells frequently contain two extra centrosomes. Only when
polarity is maintained, by forming a bipolar spindle, can a
normal cell division be executed. Amplification of centro-
somes can cause multipolar spindles, resulting in unequal
distribution of chromatids between the daughter cells, giving
rise to aneuploid progenies.’>*° The aneuploid and the mixed
aneu- and tetraploid cell populations may have been pro-
moted through the tetraploid rout, or they may have evolved
directly from diploid cells, possibly as a consequence of mul-
tipolar spindle or spindle checkpoint failure, resulting in mis-
segregation of chromosomes.

In conclusion, tetraploidy was more frequent in BRCA2-
mutated tumours than sporadic. We have previously reported
that BRCA2 heterozygous cells have delayed cytokinesis. We
suggest that the increased tetraploidy in the BRCA2 tumours
may be related to defects in cytokinesis. Tetraploidy was
found to be associated with luminal phenotype in the BRCA2
samples. Thus, it may be speculated that loss of the BRCA2
function is more prominent in BRCA2 cancers displaying
luminal characteristics rather than triple-negative.
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