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Abstract Oncocytic carcinomas are composed of mito-

chondrion-rich cells. Though recognised by the WHO

classification as a histological special type of breast cancer,

their status as a discrete pathological entity remains a

matter of contention. Given that oncocytic tumours of other

anatomical sites display distinct clinico-pathological and

molecular features, we sought to define the molecular

genetic features of mitochondrion-rich breast tumours and

to compare them with a series of histological grade- and

oestrogen receptor status-matched invasive ductal carci-

nomas of no special type. Seventeen mitochondrion-rich

breast carcinomas, including nine bona fide oncocytic

carcinomas, were profiled with antibodies against oestro-

gen, progesterone and androgen receptors, HER2, Ki67,

GCDFP-15, chromogranin, epithelial membrane antigen,

cytokeratin 7, cytokeratin 14, CD68 and mitochondria

antigen. These tumours were microdissected and DNA

extracted from samples with [70% of tumour cells. Four-

teen cases yielded DNA of sufficient quality/quantity and

were subjected to high-resolution microarray comparative

genomic hybridisation analysis. The genomic profiles were

compared to those of 28 grade- and oestrogen receptor

status-matched invasive ductal carcinomas of no special

type. Oncocytic and other mitochondrion-rich tumours did

not differ significantly between themselves. As a group,

mitochondrion-rich carcinomas were immunophenotypi-

cally heterogenous. Recurrent copy number changes were

similar to those described in unselected breast cancers.

However, unsupervised and supervised analysis identified a

subset of mitochondrion-rich cancers, which often dis-

played gains of 11q13.1-q13.2 and 19p13. Changes in the

latter two chromosomal regions have been shown to be

associated with oncocytic tumours of the kidney and thy-

roid, respectively, and host several nuclear genes with

specific mitochondrial function. Our results indicate that in

a way akin to oncocytic tumours of other anatomical sites,

at least a subset of mitochondrion-rich breast carcinomas

may be underpinned by a distinct pattern of chromosomal

changes potentially relevant for mitochondria accumula-

tion and constitute a discrete molecular entity.
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Introduction

Accumulation of mitochondria resulting in mitochondrion-

rich neoplastic cells and in oncocytic tumours has been

reported in numerous anatomical sites, in particular thy-

roid, salivary glands and kidney. Abnormal accumulation

of mitochondria confers to the neoplastic cells an abundant

granular eosinophilic cytoplasm that is distinctive under

the microscope. When the accumulation of mitochondria is

widespread among the tumour cells, and generally

accompanied by complete loss of their polarity due to the

increased mitochondrial mass, a mitochondrion-rich

tumour is called oncocytic (from the Greek word ‘‘to

swell’’) [1].

Oncocytic breast carcinomas have been reported [2–5]

and the latest WHO classification of breast cancer recog-

nises them as one of the histological special types of breast

cancer, defining it as a breast carcinoma composed of

[70% of oncocytes [6]. Early reports underscored the

abundant cytoplasm rich in deeply eosinophilic granules in

the tumour cells and their strong immunoreactivity to anti-

mitochondrial antibodies [2, 3]. Electron microscopy of

some samples confirmed the cytoplasmic accumulation of

mitochondria [2, 3].

The scanty reports of oncocytic breast carcinomas

[3, 4, 7] suggested that the frequency of mitochondria

accumulation in breast carcinomas has been underesti-

mated. In fact, we have recently shown that mitochondria

accumulation is relatively common in breast carcinomas

and that oncocytic breast carcinomas are far from rare [5].

The reasons for the failure to appreciate that mitochondria

accumulation frequently occurs in breast carcinoma are

varied. Among them is the common assumption that cells

with abundant eosinophilic cytoplasm in breast carcinoma

are the result of apocrine differentiation, while other breast

tumours with eosinophilic granular cytoplasm fall into the

neuroendocrine or acinic special histological types [5].

Mitochondrion-rich and oncocytic tumours of the thy-

roid, kidney, salivary and pituitary glands, liver, lung and

rectum have been shown to harbour distinct clinico-path-

ological features, including sometimes different response

to treatment (e.g. poor response to radioactive iodide

treatment in thyroid oncocytic tumours), as well as dif-

ferent molecular profiles [8–25].

We hypothesised that mitochondrion-rich breast carci-

nomas would be characterised by a distinct constellation of

molecular features. To address this question 17 mito-

chondrion-rich breast carcinomas, including seven cases

that we have classified as bone fide oncocytic breast car-

cinomas in our recent report [5], were typed by immuno-

histochemistry and subjected to high-resolution microarray

comparative genomic hybridisation. The aims of this study

were (i) to define the chromosomal DNA alterations of

mitochondrion-rich breast carcinomas (ii) to compare them

with those of histological grade- and oestrogen receptor

status-matched invasive ductal carcinomas of no special

type.

Materials and methods

Case selection: oncocytic and mitochondrion-rich

breast carcinomas

Seventeen cases, nine oncocytic and eight mitochondrion-

rich breast carcinomas, were retrieved from the files of the

Department of Haematology and Oncological Sciences at

Bellaria Hospital, University of Bologna, Italy. All cases

constitute part of a larger cohort described by our group in

a separate publication with specific criteria for the defini-

tion of mitochondrion-rich and oncoytic breast carcinoma

(see Ref. [5] and Supplementary Material and Methods).

Histological grade was assessed on all cases according to

the Nottingham grading system [26]. The study was

approved by the local ethical committees.

Immunohistochemistry

Immunohistochemistry was performed using standardised

automated procedures (Ventana-Benchmark, Tucson, Ari-

zona, USA with Ultravision LP Detection System HRP

Polymer—LabVision, Freemont, CA, USA) as previously

described [5] with antibodies raised against oestrogen

receptor, progesterone receptor, HER2, androgen receptor,

Ki67, GCDFP-15, chromogranin, EMA, cytokeratin (CK)

7, CK14, CD68 and mitochondria (see Supplementary

Table 1).

Positive and negative (omission of primary antibody and

use of a IgG-matched immune serum) controls were

included in each slide run. Immunohistochemical scoring

was performed semiquantitatively according to previously

published criteria (see Refs. [5, 27, 28] and Supplementary

Material and Methods).

Microdissection and DNA extraction

All tumours, including cases and controls, were microdis-

sected to ensure [70% of purity of neoplastic cells.

Microdissection was performed as previously described

[29]. DNA was extracted using the DNeasy Kit (Qiagen

Ltd, Crawley, UK) according to the manufacturer’s rec-

ommendations. DNA concentration was measured with the

PicoGreen� assay as per the manufacturer’s instructions

(Invitrogen, Paisley, UK) [30].

16 Breast Cancer Res Treat (2012) 132:15–28

123



Controls: invasive ductal carcinomas of no special type

From the series of 17 cases, only 14 (seven oncocytic and

seven mitochondrion-rich carcinomas) cases provided

DNA of enough quality/quantity to perform aCGH. As

there are several lines of evidence that histological grade

and oestrogen receptor (ER) status are significantly

associated with the complexity of the genomes of breast

cancers [29, 31–37], a series of 28 grade- and ER status-

matched invasive ductal carcinomas of no special type

(IDC-NST) was retrieved from the files of the Molecular

Pathology of the Breakthrough Breast Cancer Research

Centre as control tumours. All cases were reviewed by two

of the authors (FCG and JSR-F) to ensure the absence of

oncocytic features.

Microarray comparative genomic hybridisation (aCGH)

The aCGH platform used for this study was constructed at

the Breakthrough Breast Cancer Research Centre and

comprises *32,000 BAC clones tiled across the genome.

This type of BAC array platform has been shown to be as

robust as, and to have comparable resolution with high

density oligonucleotide arrays [38–40]. Labelling, hybrid-

isation, washes, image acquisition and aCGH data analysis

were carried out as previously described (see Refs. [29, 30,

34, 37, 41–45] and Supplementary Material and Methods).

Low level gain was defined as a cbs-smoothed Log2 ratio

of between 0.12 and 0.45, corresponding to approximately

3–5 copies of the locus, whilst gene amplification was

defined as having a log2 ratio [0.45, corresponding to

more than 5 copies. Hierarchical cluster analysis was per-

formed as previously described [37].

Results

Histopathological features of oncocytic

and mitochondrion-rich breast carcinomas

The histopathological and clinical features of the 17 cases

included in this study are summarised in Table 1 and

illustrated in Fig. 1. Detailed morphological and survival

analyses were performed and recently described in a sep-

arate publication [5]. Briefly, oncocytic and mitochon-

drion-rich breast carcinomas preferentially displayed

pushing borders and were composed of oncocytic cells

arranged in solid sheets and nests (Fig. 1a, b). The nuclei

tended to be irregular and pleomorphic, often with discrete

nucleoli (Fig. 1c). According to our recent report [5], we

defined mitochondrion-rich breast carcinomas those

tumours with strong positivity for the anti-mitochondrial

antibody in 30% to 70% of the tumour cells or moderate

positivity in more than 50% of them; mitochondrion-rich

tumours showing strong positivity for the anti-mitochon-

drial antibody in at least 70% of the tumour cells were

considered bona fide oncocytic breast carcinomas (Fig. 1d;

Table 2). Oncocytic and non-oncocytic mitochondrion-rich

breast carcinomas did not differ significantly between

themselves apart from the stronger cytoplasmic eosino-

philia and more widespread positivity for the anti-mito-

chondrial antibody observed in the oncocytic tumours [5].

Despite the original observations suggesting that oncocytic

carcinomas would have low grade nuclear features [3], the

majority of the tumours analysed here were of histological

grade 3 (71%) and none was classified as of histological

grade 1.

Immunophenotype of oncocytic and mitochondrion-

rich breast carcinomas

Results of the immunohistochemistry are summarised in

Table 2. No significant differences were observed between

the oncocytic and the other mitochondrion-rich breast

carcinomas in relation to their immunophenotype (data not

shown). As a group, the seventeen cases were predomi-

nantly positive for hormone receptors: 76% were oestrogen

receptor-positive and 47% progesterone receptor-positive.

HER2 3? immunohistochemical overexpression was found

in 29%; all of these cases harboured HER2 gene amplifi-

cation as defined by microarray comparative genomic

hybridisation. According to the three major molecular

subtypes of breast cancer described by Carey et al. [46],

65% of mitochondrion-rich breast carcinomas belonged to

the luminal, 29% to the HER2 and 6% to the triple negative

phenotype.

Genomic profiling of oncocytic and mitochondrion-rich

breast carcinomas

Out of the 17 cases included in this study, aCGH was

performed in seven oncocytic and seven mitochondrion-

rich breast carcinomas. Three cases were excluded due to

poor quality or insufficient DNA. Similar to what observed

at the morphological and immunohistochemical levels [5],

no significant differences were detected when comparing

the genomic profiles of oncocytic and non-oncocytic

mitochondrion-rich carcinomas (data not shown). There-

fore, the genomic analysis of the bona fide oncocytic and of

the other mitochondrion-rich carcinomas will be described

together as a single entity under the name of mitochon-

drion-rich breast carcinomas.

Accordingly to the diversity observed at the immuno-

phenotypical level, our aCGH analysis revealed that all

mitochondrion-rich breast carcinomas are also heteroge-

neous at the genetic level. A varying level of genetic
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instability was identified, with an average of 18.61% of the

genome showing either losses, gains or amplifications

(range 9.65–34.32%). In agreement with a high prevalence

of tumours of histological grade 3, the majority (78%) of

mitochondrion-rich carcinomas displayed a complex

architectural pattern of genomic aberrations as defined by

Hicks et al. [47]. Regions of recurrent gains, losses and

amplifications are shown in Fig. 1e, f, and summarised in

Supplementary Table 2. The most frequent (i.e. C50%)

copy number aberrations included gains of 1q, 5p, 8q, 11q,

16p and 17q and losses of 1p, 8p, 11q-qter, 16q, 17p and

22q and were in a way similar to those previously descri-

bed in unselected breast carcinomas of high histological

grade [33, 34]. The most frequent amplification was at

17q12-q21.2, encompassing HER2 amplicon and present in

four out of 14 (29%) cases. Additional recurrent amplifi-

cations (i.e., in 2 or more cases) were found on 17q23,

17q25, 8p12-p11.22 and 8q22.3-q24.3.

Comparison with histological grade and oestrogen

receptor status-matched invasive ductal carcinomas

of no special type

The genomic profiles of 14 mitochondrion-rich breast car-

cinomas were compared with those of 28 grade- and oest-

rogen receptor status-matched invasive ductal carcinomas

of no special type used as controls. Mitochondrion-rich

carcinomas displayed a lower proportion of the genome

altered by losses, gains or amplifications, however, this

difference did not reach statistical significance (18.61%

mitochondrion-rich carcinomas vs. 23.47% invasive ductal

carcinomas of no special type, heteroscedastic t-test two-

tailed P value = 0.164). Unsupervised hierarchical cluster

analysis based on categorical aCGH data derived from

31,157 BACs revealed that a subset of the 14 mitochon-

drion-rich carcinomas consistently clustered together

(Fig. 2). This mitochondrion-rich breast carcinomas cluster

included eight mitochondrion-rich tumours and two inva-

sive ductal carcinomas of no special type (IDC-NST5 and

IDC-NST20 (Fig. 2) and was significantly enriched for

carcinomas with a mitochondrion-rich phenotype (Fisher’s

exact test, two-tailed P value \ 0.001).

We next retrieved a list of 694 genes from the most

complete database of nuclear genes codifying for proteins

with mitochondrial function (http://www.mitop.de:8080/

mitop2/startHuman.do;jsessionid=3F1FAB85FAD7C67F2

125FF55A0F11422; Supplementary Table 3) and the cat-

egorical aCGH data for each one of these genes in each

tumour. These categorical data was subjected to hierar-

chical clustering analysis using the same parameters and

clustering methods as above. A cluster significantly enri-

ched for mitochondrion-rich breast carcinomas was also

identified and composed of six out of the eight mitochon-

drion-rich carcinomas and of a case of invasive ductal

carcinomas of no special type (IDC-NST20) which previ-

ously clustered together (Fisher’s exact test, two-tailed

P value = 0.003; Supplementary Figure 1).

Table 1 Summary of clinico-pathological features of nine oncocytic and eight mitochondrion-rich breast carcinomas

Case Diagnosis Histological

grade

Age Tumour

size (cm)

Staging aCGH analysis

2 Mit-rich 2 58 1.7 pT1c pN1a Performed

3 Mit-rich 3 78 4.5 pT2 pN1a Performed

4 Oncocytic 3 68 3 pT2 pN1a Performed

5 Mit-rich 2 83 2 pT1c pN0 Performed

6 Mit-rich 3 51 3.5 pT2 pN2a Performed

7 Oncocytic 3 45 1.2 pT1c pN0 Performed

8 Oncocytic 2 58 1.7 pT1c pN1a Not performed

9 Oncocytic 3 66 1.7 pT1c pNs0 Not performed

10 Mit-rich 3 49 2.2 pT1c pN1a Not performed

11 Mit-rich 3 50 1.5 pT1c pNs1a Performed

13 Oncocytic 3 26 3.5 pT2 pN2 Performed

14 Mit-rich 3 71 8 pT3 pN3 Performed

15 Oncocytic 3 76 2.2 pT2 pN0 Performed

16 Oncocytic 2 61 0.8 pT1b pNs0 Performed

18 Oncocytic 2 76 2.2 pT2 pN0 Performed

19 Oncocytic 3 76 2.1 pT2 pN3 Performed

20 Mit-rich 3 65 1.2 pT1c pNs0 Performed

Mit-rich mitochondrion-rich

18 Breast Cancer Res Treat (2012) 132:15–28
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It is important to note that tumours pertaining to the

mitochondrion-rich cluster—either using all probes

(n = 10; eight mitochondrion-rich, four of which onco-

cytic, and two invasive ductal carcinomas of no special

type, Fig. 2) or probes mapping to the mitochondria func-

tion-related genes (n = 7; six mitochondrion-rich, three of

which oncocytic, and one invasive ductal carcinomas of no

special type, Supplementary Figure 1)—did not otherwise

differ from all remaining tumours (n = 32 and n = 35,

respectively) in terms of their clinico-pathological param-

eters, including those associated with genomic aberration

patterns in breast cancer, i.e. histological grade, ER and

Fig. 1 Morphological,

immunohistochemical and

genetic features of oncocytic

and mitochondrion-rich breast

carcinomas. Representative

micrographs of histological

sections (a–c) and

immunohistochemistry with

anti-mitochondrial antibody

(d) of an oncocytic carcinoma.

Frequency plots of

chromosomal gains and losses

(e) and amplifications (f) in 14

mitochondrion-rich breast

carcinomas. In e, the proportion

of tumours in which each clone

is gained (green bars) or lost

(red bars) is plotted (Y-axis) for

each BAC clone according to

genomic location (X-axis).

In f, the proportion of tumours

in which each clone is amplified

(green bars) is plotted (Y-axis)

for each BAC clone according

to genomic location (X-axis).

(Color figure online)
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HER2 status [31–35] (Fisher’s exact test, two-tailed

P value [ 0.05; Supplementary Table 4). Thus, these results

provide strong circumstantial evidence that a subset of mito-

chondrion-rich breast carcinomas displays a distinct pattern

of genetic aberrations.

Multi-Fisher’s exact text adjusted for false discovery

revealed the regions differentially lost, gained or amplified

between 14 mitochondrion-rich breast carcinomas and 28

grade- and oestrogen receptor status-matched invasive

ductal carcinomas of no special type (Fig. 3 and Supple-

mentary Table 5a and 5b). Among the regions significantly

more frequently gained in mitochondrion-rich carcinomas

were 5p13.33, 11q13.1-13.2, 17q25.3, 16p13.3 and 19p13

(multi-Fisher’s exact test, adjusted P value \ 0.05; Fig. 3a).

Although 11q13.1-13.2 was preferentially gained in mito-

chondrion-rich carcinomas, amplification of a downstream

region on 11q (i.e. 11q13.3 encompassing CCND1) was

significantly more prevalent in grade- and oestrogen recep-

tor status-matched invasive ductal carcinomas of no special

type (Fig. 3b). Surprisingly no mitochondrion-rich breast

carcinoma displayed amplification of CCND1, an oncogene

frequently amplified in oestrogen receptor-positive tumours

[34, 48, 49]. Therefore, although the majority (76%) of

mitochondrion-rich breast carcinomas express oestrogen

receptor, they are not characterised by some of the changes

typically found in this subgroup of breast tumours.

Mitochondrion-rich cluster tumours harbour distinct

genetic aberrations

Given that unsupervised cluster analysis revealed that a

subset of invasive carcinomas enriched for tumours with

mitochondrion-rich phenotype consistently clustered toge-

ther independently of histological type or of other clinico-

pathological features, we aimed to identify the constellation

of copy number changes underpinning this group of

tumours. For clarity we will hereafter refer to the eight

mitochondrion-rich tumours that clustered together shown

in Fig. 2 as the ‘‘mitochondrion-rich cluster’’. We first

compared the genomic profiles of this mitochondrion-rich

cluster with the profiles of all remaining tumours included in

this study (n = 34, six mitochondrion-rich carcinomas not

belonging to the mitochondrion-rich cluster and the 28

invasive ductal carcinomas controls). The mitochondrion-

rich cluster displayed a significantly lower proportion of the

genome altered by copy number changes (12.00% mito-

chondrion-rich cluster vs. 24.16% remaining tumours,

heteroscedastic t-test two-tailed P value = 0.002). Inter-

estingly, the 11q13.1-13.2 region was gained in all but one

samples of the mitochondrion-rich cluster. Multi-Fisher’s

exact text adjusted for false discovery detected similar dif-

ferences to the ones described above, such as gains of

11q13.1-13.2, 17q25.3, 16p13.3 and 19p13.3 as significantly

Table 2 Immunohistochemical features of nine oncocytic and eight mitochondrion-rich breast carcinomas

Case Diagnosis Anti-

mitochondria

(%)

ER

(%)

PR

(%)

HER2 AR CK7 CK14 GCDFP-

15

Chromogranin EMA CD68 Ki67% Molecular

subtype

HER2
AMPa

2 Mit-rich 2? (70) 90 – – – ? – – – ? – 20 Luminal –

3 Mit-rich 2? (70) 90 40 2? ? – – – – ? – 55 Luminal –

4 Oncocytic 3? (90) – – 3? ? ? – ? – ? – 50 HER2 ?

5 Mit-rich 2? (90) 80 20 2? – – – – – ? – 15 Luminal –

6 Mit-rich 2? (70) 20 – 2? – ? – – – ? – 60 Luminal –

7 Oncocytic 3? (90) 80 50 1? ? – – – – ? – 20 Luminal –

8 Oncocytic 3? (90) 90 50 3? – – – – – ? – 20 HER2 NP

9 Oncocytic 3? (90) – – 1? – ? – – – ? – 65 Luminal NP

10 Mit-rich 2? (70) 80 70 1? – ? – – – ?/- – 40 Luminal NP

11 Mit-rich 2? (70) – – 3? ? ? – ?/- – ? – 28 HER2 ?

13 Oncocytic 3? (80) 15 – 3? – ? – ?/- – ? – 18 HER2 ?

14 Mit-rich 2? (80) 80 – – – ? – – – ? – 10 Luminal –

15 Oncocytic 3? (80) 90 – 3? – ?/- – – – ? – 25 HER2 ?

16 Oncocytic 3? (90) 95 95 – ? ? – ?/- – ? – 7 Luminal –

18 Oncocytic 3? (90) 85 45 1? – ? – ?/- – ? – 15 Luminal –

19 Oncocytic 3? (90) 95 45 2? ? ? – – ? ? – 15 Luminal –

20 Mit-rich 2? (70) – – – – ? ?/- – – ? – 60 Triple

negative

–

a According to microarray-based comparative genomic hybridisation analysis (aCGH)

AMP amplified, AR androgen receptor, CK cytokeratin, EMA epithelial membrane antigen, ER oestrogen receptor, Mit-rich mitochondrion-rich

breast carcinoma, NP aCGH not performed, PR progesterone receptor
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associated with the mitochondrion-rich cluster (Multi-

Fisher’s exact test, adjusted P value \ 0.05; Fig. 4a, b and

Supplementary Table 6a and 6b).

We next tested whether the genomic profiles of the

mitochondrion-rich cluster would differ from those of 16

invasive ductal carcinomas of no special type selected

among the 28 controls to match the grade and the oestrogen

receptor status of the eight mitochondrion-rich cluster

tumours. In agreement with the previous analysis, aCGH

revealed a significantly lower proportion of the genome

altered by copy number changes in the mitochondrion-rich

cluster than in grade- and oestrogen status-matched invasive

ductal carcinomas of no special type (12.00% mitochon-

drion-rich cluster vs. 27.42% invasive ductal carcinomas of

no special type, heteroscedastic t-test two-tailed P value =

0.017). Akin to the results of the comparison between

mitochondrion-rich cluster tumours and all remaining can-

cers, comparison between mitochondrion-rich cluster

tumours and grade- and oestrogen status-matched invasive

ductal carcinomas of no special type revealed gains of

11q13.1-13.2, 17q25.3, 16p13.3 and 19p13.3 to be signifi-

cantly more prevalent in the mit-rich cluster (multi-Fisher’s

exact test, adjusted P value \ 0.05; Fig. 4c, d and Supple-

mentary Table 7a and 7b).

To further determine the characteristics of the tumours

from the mitochondrion-rich cluster we compared the cli-

nico-pathological, immunophenotypic and genetic features

of the mitochondrion-rich cluster (8 tumours) with the

Fig. 2 Unsupervised

hierarchical cluster analysis of

mitochondrion-rich breast

carcinomas and grade- and

oestrogen receptor status-

matched invasive ductal

carcinomas of no special type.

Dendogram and heatmap of

hierarchical clustering analysis

using aCGH categorical data

derived from 31,157 BACs

including 14 mitochondrion-

rich breast carcinomas and 28

grade- and oestrogen receptor

status-matched invasive ductal

carcinomas of no special type.

Rows: cbs-log2 ratios

categorised as gains (red),

losses (blue) and no change

(white) for each BAC clone in

genomic order. Note the

presence of a mitochondrion-

rich breast carcinoma-enriched

cluster composed of eight

mitochondrion-rich breast

carcinomas and two invasive

ductal carcinomas of no special

type. (Color figure online)
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mitochondrion-rich carcinomas that did not cluster with

them (n = 6). No significant difference, including the level

of reactivity to anti-mitochondria antibody, was found

between the two groups of tumours (Fisher’s exact test,

two-tailed P value [ 0.05; Supplementary Table 8). Nev-

ertheless, and in spite of the limited sample size, the

Fig. 3 Comparative analysis of the prevalence of chromosomal

gains, losses and amplifications in mitochondrion-rich breast carci-

nomas and grade- and oestrogen receptor status-matched invasive

ductal carcinomas of no special type. a Gains and losses: top
frequency plot of gains and losses in 14 mitochondrion-rich breast

carcinomas, middle frequency plot of gains and losses in 28 grade-

and oestrogen receptor status-matched invasive ductal carcinomas of

no special type, bottom multi-Fisher’s comparisons between 14

mitochondrion-rich breast carcinomas and 28 grade- and oestrogen

receptor status-matched invasive ductal carcinomas of no special

type. b Amplifications: top frequency plot of amplifications in 14

mitochondrion-rich breast carcinomas, middle frequency plot of

amplifications in 28 grade- and oestrogen receptor status-matched

invasive ductal carcinomas of no special type, bottom multi-Fisher’s

comparisons between 14 mitochondrion-rich breast carcinomas and

28 grade- and oestrogen receptor status-matched invasive ductal

carcinomas of no special type. In frequency plots, the proportion of

tumours in which each clone is gained (green bars), lost (red bars) or

amplified (green bars) is plotted (Y-axis) for each BAC clone

according to genomic location (X-axis). Multi-Fisher’s exact tests

were performed with cbs log2 ratios for each clone, and those with an

adjusted P-value of less than 0.05 are plotted (inverse log10, y-axis)

according to genomic location (x-axis). (Color figure online)
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mitochondrion-rich cluster still displayed a significantly

lower proportion of the genome harbouring changes

(12.00% mitochondrion-rich cluster vs. 27.42% remaining

mitochondrion-rich breast carcinomas, heteroscedastic

t-test two-tailed P value \ 0.001) and significant regions of

differential copy number changes were identified, which in

part overlapped with the differences described above

(Multi-Fisher’s exact test, adjusted P value \ 0.05; Sup-

plementary Figure 2 and Supplementary Table 9a and 9b).

For instance, the mitochondrion-rich cluster harboured

more often gains of 11q13.1-q13.2 and less frequently

displayed losses of 16q12-q24.

Fig. 4 Comparative analysis of the prevalence of chromosomal

gains, losses and amplifications in the mitochondrion-rich cluster

tumours and all remaining tumours, and grade- and oestrogen receptor

status-matched invasive ductal carcinomas of no special type. a Gains

and losses in the mitochondrion-rich cluster (n = 8 mitochondrion-

rich breast carcinomas) and all remaining tumours (n = 6 mitochon-

drion-rich breast carcinomas and 28 grade- and oestrogen receptor

status-matched invasive ductal carcinomas of no special type): top
frequency plot of gains and losses in the mitochondrion-rich cluster,

middle frequency plot of gains and losses in all remaining tumours,

bottom multi-Fisher’s comparisons between the mitochondrion-rich

cluster and all remaining tumours. b Amplifications in the mitochon-

drion-rich cluster and all remaining tumours: top frequency plot of

amplifications in the mitochondrion-rich cluster, middle frequency

plot of amplifications in all remaining tumours, bottom multi-Fisher’s

comparisons between the mitochondrion-rich cluster and all remaining

tumours. c Gains and losses in the mitochondrion-rich cluster and 16

grade- and oestrogen receptor status-matched invasive ductal carci-

nomas of no special type: top frequency plot of gains and losses in the

mitochondrion-rich cluster, middle frequency plot of gains and losses

in 16 grade- and oestrogen receptor status-matched invasive ductal

carcinomas of no special type, bottom multi-Fisher’s comparisons

between the mitochondrion-rich cluster and 16 grade and oestrogen

receptor status-matched invasive ductal carcinomas of no special

type. d Amplifications the mitochondrion-rich cluster and 16 grade

and oestrogen receptor status-matched invasive ductal carcinomas of

no special type: top frequency plot of amplifications in the

mitochondrion-rich cluster, middle frequency plot of amplifications

in 16 grade and oestrogen receptor status-matched invasive ductal

carcinomas of no special type, bottom multi-Fisher’s comparisons

between mitochondrion-rich cluster and 16 grade and oestrogen

receptor status-matched invasive ductal carcinomas of no special

type. In frequency plots, the proportion of tumours in which each

clone is gained (green bars), lost (red bars) or amplified (green bars)

is plotted (Y-axis) for each BAC clone according to genomic location

(X-axis). Multi-Fisher’s exact tests were performed with cbs log2

ratios for each clone, and those with an adjusted P value of less than

0.05 are plotted (inverse log10, y-axis) according to genomic location

(x-axis). (Color figure online)

Breast Cancer Res Treat (2012) 132:15–28 23

123



Nuclear genes with mitochondrial function localised

in the differentially altered chromosomal DNA regions

of mitochondrion-rich carcinomas

and of the mitochondrion-rich cluster subgroup

Taken together, the above results demonstrate that at least a

subgroup of mitochondrion-rich breast carcinomas appears

to be distinct from grade and oestrogen receptor status-

matched invasive ductal carcinomas of no special type in

terms of their patterns of copy number aberrations. We

identified several nuclear genes with mitochondrial func-

tion according to current databases (http://www.mitop.

de:8080/mitop2/startHuman.do;jsessionid=3F1FAB85FAD

7C67F2125FF55A0F11422; Supplementary Table 3, see

above) in the chromosomal DNA regions differentially

altered in mitochondrion-rich carcinomas and in the

mitochondrion-rich cluster subgroup. The proteins coded

by these genes include components of the respiratory chain

(NDUFS8, SDHA, ATP5I, NDUFV1, ATP5D, NDUFS7,

UQCR, COX4NB, COX4I1), mitochondrial ribosomal

proteins (MRPL11, MRPL12, MRPL14, MRPL49,

MRPL54), enzymes (PRDX5, BDH1, PC, PYCR1, ACP6),

proteins with a role in regulation of the mitochondrial

genome (TK2, DDX28, NUDT1, SIRT3, NUDT8) or of

mitochondrial structure (FIBP, SMCP, GPX4), transporter

and carrier proteins (CCS, TRAP1, SLC25A10, PDZK1,

SLC25A22) as well as proteins involved in apoptosis

(DNAJA3, GLRX2, MRPL41, BAD, TERT). There was no

clear prevalence of gene groups with specific functional

roles (Supplementary Table 10).

Discussion

We present the first molecular immunophenotypic and

high-resolution genetic analysis of mitochondrion-rich

breast carcinomas, including seven oncocytic tumours. Our

data indicate that they display immunophenotypic chro-

mosomal DNA patterns similar to those described in

unselected breast carcinomas.

However, differentially altered chromosomal DNA

regions compared with matched controls were identified

for both the fourteen mitochondrion-rich carcinomas and

for a subgroup of eight of them that clustered together after

both unsupervised and supervised analyses.

A region commonly gained in mitochondrion-rich breast

carcinoma but not previously linked to a mitochondrion-

rich/oncoytic phenotype is 5p13.33 where Telomerase

Reverse Transcriptase (TERT, the catalytic core of telo-

merase) has been mapped. This finding is particularly

intriguing, in light of the recently established positive link

between telomere maintenance, TERT and mitochondrial

biogenesis and function. In fact TERT can localise to the

mitochondrion where it modulates its activity [50].

The differentially altered chromosomal regions host a

number nuclear genes with established mitochondrial

function, such as SDHA, also localised to 5p13.33. SDHA

codes for subunit A of complex II of the respiratory chain

(succinate dehydrogenase). Although SDHA is commonly

gained in our mitochondria-rich carcinomas, SDH is felt to

act as a tumour suppressor because its loss induces

pseudohypoxia. In fact, inactivating mutations of SDHB,

SDHC, SDHD (subunits B, C, D of succinate dehydroge-

nase), and rarely SDHA mutations, cause hereditary para-

gangliomas and pheochromocytomas [51].

Remarkably, a region selectively lost in mitochondrion-

rich breast carcinoma is 16q21 where the mitochondrial

isoform of Timidine Kinase (TK2) has been mapped.

Defects in TK2 gene have been associated to a myopathic

mitochondrial DNA depletion syndrome, characterised by

a reduction in copy number of mitochondrial DNA [52].

The mitochondrion-rich breast carcinoma cluster

tumours differed at the genetic level from the remaining

mitochondrion-rich breast carcinomas and from matched

non-mitochondrion-rich control cases. This subset displayed

lower levels of genetic instability and more frequently har-

boured focal gains of 11q13.1-13.2 and 19p13, which were

present in 88 and 63% of the cases, respectively.

These two genomic regions (i.e. 11q13.1-13.2 and

19p13) harbour genes that encode proteins with a direct

mitochondrial function (10 and 5 genes, respectively). For

instance, overexpression of peroxiredoxin-5 (PRDX5),

which maps to 11q13.1-13.2 and encodes a member of the

peroxiredoxin family of anti-oxidant enzymes, has been

associated with worse prognosis in breast cancers [53] and

resistance to oxidative stress [54]. Interestingly, overex-

pression of PRDX1, another member of the same family,

has been demonstrated in oncocytic tumours of the salivary

glands, suggesting that detoxifying mechanisms may be up-

regulated in these neoplasms likely carrying mitochondrial

dysfunctions and electrons leakage [55]. It is plausible to

think that the overexpression of anti-oxidant enzymes,

observed to be differentially regulated according to mito-

chondrial damage [56], may exert a protective effect against

reactive oxygen species and subsequent chromosomal DNA

damage, resulting in the reduced genetic instability

observed in our mitochondrion-rich breast carcinomas.

Gains of the 11q13.1-13.2 and 19p13 regions may in

part explain the mitochondria accumulation in a subset of

mitochondrion-rich breast carcinomas. Several lines of

evidence indicate that these two regions have a specific

etiological role for oncocytic tumours of other anatomical

sites. Translocations between 11q13 and other chromo-

somal regions (e.g. t(5;11)(q35;q13); t(6;11)(p21;q13);

t(7;11)(q11.2;q13)) appear to define a subset of renal
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oncocytomas [11, 12, 20, 24] and suggest that activation of

genes mapping to 11q13 is potentially responsible for the

oncogenic properties of these translocations. Among the

genes mapping to 11q13 is the Cyclin D1 gene (CCND1)

that could be the target of these rearrangements. However,

not all renal oncocytomas harbouring 11q13 rearrange-

ments display Cyclin D1 overexpression and the break-

points most likely lie outside the CCND1 major

translocation cluster breakpoint regions [11]. Interestingly,

CCND1 was not amplified in our mitochondrion-rich

tumours, in spite of its frequent amplification in breast

carcinomas [34, 48, 49] and in our control cases. Although

CCND1 was not amplified in our mitochondrion-rich car-

cinomas, CCDN1 expression may be altered in breast

carcinoma by other mechanisms such as post-transcrip-

tional chimeric CCDN1 mRNA [57]. Mitochondria are

well known to play a key role in apoptosis. Among the

chromosomal DNA regions significantly altered in our

mitochondrion-rich carcinoma cluster was BAD (11q13.1),

one of the main genes that control apoptosis. The 11q13.1

region was gained and since BAD antagonizes Bcl2 this

finding suggests that the apoptosis pathway may be

deregulated in our cases.

Thyroid oncocytic tumours display gains of 19p in up to

46% of the malignant cases [21] and have been associated

with somatic missense mutations of GRIM19 [18] which

maps to 19p13.11, a region close to the TCO (thyroid

tumour with cell oxyphilia) locus that has been linked to

familial thyroid tumours with oncocytic change [15]. Our

findings on mitochondria-rich breast carcinoma underscore

the relevance of 19p13 for the oncoytic phenotype.

Molecular explanations to account for the aberrant

accumulation of mitochondria and resulting in the onco-

cytic appearance of tumour cells in other anatomical sites

have been proposed by several studies. These include

genetic changes of the nuclear [12, 18, 20, 21, 24] and

mitochondrial [8, 14, 16–19] DNA. Particularly relevant

are genetic alterations that cause disassembly of Complex I

of the mitochondrial respiratory chain [8, 13, 14, 56, 58].

Given that a subgroup of mitochondrion-rich breast

carcinomas appeared to harbour a distinctive pattern of

chromosomal DNA aberrations we hypothesised that, in a

way akin to oncocytic tumours of other anatomical sites, the

mitochondrion-rich/oncocytic phenotype may depend in

this tumour subgroup on genetic events affecting nuclear

DNA. In the remaining mitochondrion-rich breast carcino-

mas the accumulation of mitochondria may be primarily

due to the mitochondrial DNA alterations mentioned above.

We therefore attempted to test mitochondrial DNA

alterations in all our mitochondrion-rich breast carcinomas

but only in six cases we could amplify more than 10% of the

mitochondrial DNA genome. In one case (case 11) there was

a Thr to Ile substitution in the ND3 gene predicted to impair

oxidative phosphorylation and—as in the case of many

oncocytic tumours of other sites—belonging to Complex I.

In the other cases sequencing data was too incomplete to

allow any conclusion (Supplementary Table 11).

To the best of our knowledge this is the first report to

show that high-resolution microarray comparative genomic

hybridisation analysis associates specific regions of nuclear

DNA unbalance with aberrant mitochondria accumulation

in tumour cells. Given the limited sample size, our study

should be perceived as exploratory and hypothesis gener-

ating. Further studies with larger cohorts are needed to

confirm our findings and determine the potential clinical

and biological implications of the identification of this

special type of breast cancer. The mitochondrion-rich

subset of carcinomas clustering together displayed higher

nuclear DNA stability. If a lower genetic instability is

considered as a parameter for a slower cell division and

subsequent damage accumulation, one would actually

expect a less aggressive behaviour for these cases. In fact,

statistical analysis by our group has not shown a worse

survival for mitochondrion-rich breast carcinomas, despite

the common occurrence of unfavourable prognostic fea-

tures (e.g. HER2 positivity, grade 3 tumours) [5]. It should

be noted that some oncocytic tumours of other anatomical

sites may be resistant to radiotherapy [22] and this may be

considered when making treatment decisions.

As for the biological implications, our data underscore

the relevance of nuclear DNA alterations for the mito-

chondrial biogenesis of tumour cells and the development

of a mitochondria-rich/oncoytic phenotype. The relation-

ship between the molecular changes leading to accumula-

tion of mitochondria and neoplastic transformation is still

largely obscure. It has nevertheless become recently clear

that a common genetic feature of oncocytic tumours,

regardless of their anatomical site, is the accumulation of

high (homoplasmic or near homoplasmic) levels of bio-

chemically damaging mutations within the mitochondrial

DNA leading to a compensatory increase of the mito-

chondrial mass [8, 13, 14, 56, 58]. Particularly important

are the alterations that affect Complex I of the mitochon-

drial respiratory chain [8, 13, 14, 56, 58]. Mitochondrial

DNA mutations, particularly those involving Complex I,

are well known to occur in many human tumours. For

unclear reasons these mutations are sometimes selected for

and accumulate in the mitochondrial genome of neoplastic

cells of tumours that usually arise in organs with high

metabolic activity, like endocrine glands (thyroid para-

thyroid, pituitary), kidney or salivary gland. The mutations

result in a profound defect in oxidative phosphorylation but

the defective neoplastic cells are unable to overcome the

resulting pseudohypoxic condition by stabilizing HIF1a.

They respond with the mitochondrial mass increase that

defines the oncoytic phenotype [8, 13, 14, 56, 58].
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Our data supports the concept that mitochondria may

pathologically accumulate as a result of nuclear DNA

alterations, as well as of specific mitochondrial DNA chan-

ges, underlining the complex relationship between energy

production, pseudohypoxia, mitochondrial function and

tumour development [13, 18, 23, 56, 58]. It is also possible

that nuclear DNA changes may influence or modulate the

accumulation of mitochondria in tumours that have already

acquired high level (e.g. homoplasmic) mitochondrial DNA

mutations, while the nucleus may hold the answer in those

cases in which the occurrence of the oncocytic phenotype

can not be linked to mitochondrial DNA mutations.

In conclusion, mitochondrion-rich breast carcinomas are

a group of tumours heterogeneous at the immunopheno-

typic level. At the genetic level, a subgroup of them has a

distinctive pattern of chromosomal DNA aberrations

detected by high-resolution array CGH and seems to con-

stitute a discrete molecular entity. Importantly, this sub-

group displays chromosomal changes in regions previously

associated with oncocytic tumours of other anatomical sites

that encode for nuclear genes relevant to mitochondrial

function. These alterations may be important for the

accumulation of mitochondria and determine the biologic

features of the tumour. Further studies are warranted to

determine the specific molecular events involved in the

development of mitochondrion-rich breast cancers, a pre-

viously under-recognised group of breast carcinoma.
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