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The aim of this study was to investigate selected proteomic
markers of the metabolic phenotype of breast carcinomas
as prognostic markers of cancer progression. For this pur-
pose, a series of 101 breast carcinomas and 13 uninvolved
breast samples were examined for quantitative differences
in protein expression of mitochondrial and glycolytic
markers. The b-subunit of the mitochondrial Hþ-ATP syn-
thase (b-F1-ATPase) and heat shock protein 60 (Hsp60),
and the glycolytic glyceraldehyde-3-phosphate dehydro-
genase, pyruvate kinase and lactate dehydrogenase were
identified by immunological techniques. Correlations of
the expression level of the protein markers and of the ratios
derived from them were established with the clinicopatho-
logical information of the tumors and the follow-up data of
the patients. The metabolic proteome of breast cancer spe-
cimens revealed a pronounced shift towards an enhanced
glycolytic phenotype concurrent with a profound alteration
on the mitochondrial b-F1-ATPase/Hsp60 ratio when
compared with normal samples. Discriminant analysis
using markers of the metabolic signature as predictor vari-
ables revealed a classification sensitivity of �97%.
Kaplan–Meier survival analysis showed that several of
the proteomic variables significantly correlated with over-
all and disease-free survival of the patients. The expression
level of b-F1-ATPase per se allowed the identification of a
subgroup of breast cancer patients with significantly worse
prognosis. Multivariate Cox regression analysis indicated
that tumor expression of b-F1-ATPase is a significant
marker independent from clinical variables to assess the
prognosis of the patients. We conclude that the alteration
of the mitochondrial and glycolytic proteomes is a hall-
mark feature of breast cancer further providing relevant
markers to aid in the prognosis of breast cancer patients.

Introduction

Breast cancer is the most common neoplasia among women in
Western Europe and North America, with an estimated inci-
dence of 7.6–9.1/10 000 inhabitants per year (1). A genetic
background associated with germline mutations of the
BRCA1 and BRCA2 genes is responsible for only a small
fraction (5–10%) of the cases (2). Invasive ductal carcinoma
accounts for 80% of these tumors, followed by lobular, tubular,
medullary and other special types. Unfortunately, prognostic
markers currently accepted for clinical use, such as nodal
status, tumor size, histological grade, steroid receptor status
(3,4) and others (5) do not adequately identify patients at
higher risk of relapse. Therefore, additional prognostic mark-
ers for the clinical management of breast cancer patients are
needed.
Nowadays, we are facing a renaissance of the role of mito-

chondria in cancer biology (6,7) and therefore, attempts to
analyse the expression pattern of the genes and proteins that
are associated with the mitochondrial phenotype of a particular
type of tumor are likely to contribute to the diagnosis and
prognosis of cancer patients (8–10). Within this context, a
high frequency of somatic mitochondrial DNA (mtDNA)
mutations in breast (11,12) as well as in other human cancers
(13), that affect the energetic capability of the organelle have
already been described. Likewise, inherited heterozygous
mutations in nuclear genes that impact on the bioenergetic
function of mitochondria have been shown to predispose to
two different types of inherited neoplasia syndromes (14–16).
More recently, the apparent conundrum of whether mtDNA
mutations found in tumors are a cause or a consequence of the
carcinogenic process has been partially solved after the
demonstration that pathogenic mtDNA mutations that impinge
on mitochondrial energy transduction do play a relevant role in
the etiology of cancer by any of the following mechanisms:
excessive reactive oxygen species signaling (17), diminished
cellular apoptotic potential (18) or mitochondria to nucleus
signaling of a cellular invasive phenotype (19). At the
mitochondrial protein level, a specific repression of the expres-
sion of the b-catalytic subunit of the Hþ-ATP synthase
(b-F1-ATPase), a rate-limiting component of mitochondrial
oxidative phosphorylation, has been documented in rat hep-
atocarcinomas (20) as well as in human tumor biopsies of liver,
colon, kidney, lung, breast, gastric and esophageal cancer
patients (21–23). These findings have been recently confirmed
(24,25) and extended to other carcinomas (26). Interestingly,
in these studies it was also observed that protein markers of the
glycolytic pathway were concurrently up-regulated in most of
the human solid tumors analysed. Therefore, we reasoned that
the metabolic phenotype of the cell could provide markers
for the analysis of cancer progression (21). For this purpose,
we developed a straightforward proteomic-based analysis of
cancer biopsies that we defined as the bioenergetic cellular
index (BEC index) (21). The BEC index expresses putative

Abbreviations: BEC, bioenergetic cellular; Hsp60, heat shock protein 60;
LDH, lactate dehydrogenase; PK, pyruvate kinase; b-F1-ATPase, beta subunit
of the mitochondrial Hþ-ATP synthase.
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alterations on the mitochondrial proteome brought about
by carcinogenesis relative to the glycolytic potential of the
cell (21). Remarkably, we found that the relative expression
level of the b-F1-ATPase in lung (23) and colon (21) carcino-
mas has prognostic value in patients with early-stage disease,
indicating a relevant role for the mitochondrial Hþ-ATP
synthase in cancer progression and the potential utility of
metabolic biomarkers in clinical oncology.
In this study we have analysed the bioenergetic signature

of 101 breast carcinomas and 13 uninvolved breast samples
by conventional immunological approaches. Quantitative
measures of mitochondrial b-F1-ATPase, heat shock protein
60 (Hsp60), and of the glycolytic GAPDH, pyruvate kinase
(PK) and lactate dehydrogenase (LDH), and of the ratios
derived from them, were obtained and correlations in the
expression level of the markers with the clinicopathological
classification of the tumors and follow-up data of the
patients were further established. The results obtained
reveal a profound alteration in the expression of the selected
markers of the mitochondrial and glycolytic proteomes
strongly supporting that the alteration of the mitochondrial
phenotype and concurrent phenotypic shift to glycolysis is
also a hallmark feature of breast cancer. In addition, the
results indicate that proteins which define the metabolic
phenotype of the cell may help define the prognosis of breast
cancer patients.

Materials and methods

Tissue specimens and clinical features of the patients

Samples from patients who had an operation for invasive breast carcinoma at
the Hospital Universitario La Paz between 1991 and 2000 were snap-frozen in
liquid nitrogen and stored at �70�C. The Institutional Review Board approved
the project. Patients’ medical records were reviewed, and identifiers coded to
protect patient confidentiality. One hundred and one patients with stage I–III
breast cancer, who had available full follow-up information and frozen tumor
sample, and 13 uninvolved breast tissue samples, were retrospectively selec-
ted. Patients who received chemotherapy or radiotherapy before surgery were
excluded. Table I summarizes patients’ characteristics. Both mastectomy and
lumpectomy were acceptable whenever negative surgical margins were
achieved. Adjuvant radiotherapy was administered to all patients with a con-
servative procedure or those with four or more positive lymph nodes. Adjuvant
chemotherapy was given in cases with positive lymph nodes or negative
hormonal receptors or other poor-prognosis markers (such as grade 3 or
size 45 cm). Sixty patients received cyclophosphamide, methotrexate, 5-
fluorouracil (CMF) treatment adjuvant chemotherapy, 10 were treated with
an anthracycline-containing regimen and 31 did not receive chemotherapy.
Tamoxifen for 5 years was given to 76% of patients with positive hormonal
receptors. Nineteen patients had distant metastases at first relapse, whereas
twelve patients had loco-regional relapse. After a median follow-up of
69 months (range 8–127), the median overall survival (OS) has not been
reached. Overall, the total number of patients that died or had recurrence of the
disease during the follow-up period (127 months) was 17 and 31, respectively.

Preparation and protein extraction of the samples

Cryostat sections (5 mm) prepared from the samples to be used for protein
isolation were stained with hematoxylin and analysed by an experienced breast
pathologist. Eligible samples for the study had to include at least 90% of tumor

Table I. Clinicopathological characteristics and expression levels of metabolic markers in breast biopsies

Characteristics No. b-F1-ATPase Hsp60 b-F1/Hsp60 GAPDH PK LDH SGlycolytic BEC–GAPDH

Normal 13 5.3 � 0.6 0.11 � 0.01 47.3 � 4.9 0.18 � 0.02 0.33 � 0.08 0.20 � 0.04 0.73 � 0.13 285 � 35
Tumour 101 4.7 � 0.3 0.85 � 0.06 11.5 � 1.8 0.76 � 0.04 0.65 � 0.03 0.55 � 0.03 2.00 � 0.10 26 � 5

Age
550 34 5.3 � 0.6 0.88 � 0.14 17.4 � 4.8 0.75 � 0.06 0.63 � 0.06 0.55 � 0.05 1.90 � 0.12 37.1 � 13.4
450 67 4.4 � 0.3 0.83 � 0.06 8.5 � 0.9 0.76 � 0.05 0.67 � 0.04 0.55 � 0.04 2.00 � 0.09 20.2 � 4.6

Histology
D 84 4.8 � 0.3 0.88 � 0.07 11.6 � 2.1 0.78 � 0.05 0.67 � 0.04 0.58 � 0.03 2.05 � 0.08 24.9 � 5.8
L 10 3.6 � 0.5 0.44 � 0.13 13.6 � 3.1 0.64 � 0.09 0.56 � 0.09 0.30 � 0.03 1.45 � 0.15 45.7 � 25.3
Others 7 5.5 � 1.7 1.10 � 0.30 7.3 � 2.8 0.73 � 0.09 0.61 � 0.22 0.54 � 0.12 2.00 � 0.30 9.8 � 2.6

No. nodes
0 50 4.7 � 0.4 0.78 � 0.08 11.3 � 1.9 0.69 � 0.04 0.64 � 0.05 0.52 � 0.05 1.90 � 0.10 24.0 � 6.5
1–3 32 4.7 � 0.4 0.82 � 0.09 9.8 � 1.9 0.87 � 0.09 0.68 � 0.05 0.57 � 0.04 2.20 � 0.10 16.8 � 3.4
43 19 4.6 � 0.7 1.10 � 0.20 15.1 � 7.4 0.77 � 0.09 0.63 � 0.09 0.60 � 0.06 2.00 � 0.20 46.1 � 22.6

Size
�20 mm 34 4.2 � 0.4 0.74 � 0.08 8.4 � 1.1 0.66 � 0.06 0.65 � 0.06 0.65 � 0.06 1.89 � 0.12 19.5 � 4.4
420 mm 67 5.0 � 0.4 0.90 � 0.10 13.1 � 2.6 0.81 � 0.05 0.66 � 0.04 0.55 � 0.04 2.00 � 0.10 29.1 � 7.9

Stage
I 21 3.7 � 0.4 0.80 � 0.10 7.9 � 1.4 0.67 � 0.07 0.58 � 0.07 0.53 � 0.07 1.80 � 0.20 17.1 � 4.7
II 57 5.2 � 0.4 0.83 � 0.07 11.8 � 1.9 0.77 � 0.05 0.70 � 0.04 0.55 � 0.04 2.05 � 0.09 22.7 � 5.7
III 23 4.3 � 0.6 0.97 � 0.19 14.1 � 6.1 0.79 � 0.09 0.60 � 0.08 0.56 � 0.05 1.90 � 0.20 41.8 � 18.8

Grade
1 9 5.1 � 1.4 0.50 � 0.10 14.9 � 4.9 0.71 � 0.08 0.60 � 0.06 0.46 � 0.06 1.80 � 0.10 24.1 � 7.8
2 29 4.8 � 0.5 0.60 � 0.10 17.8 � 5.2 0.74 � 0.07 0.63 � 0.06 0.52 � 0.06 1.90 � 0.10 36.1 � 12.4
3 48 4.6 � 0.3 1.10 � 0.10 7.0 � 1.5 0.83 � 0.07 0.67 � 0.05 0.60 � 0.04 2.20 � 0.10 17.2 � 6.7
N/A 15 4.6 � 0.8 0.63 � 0.16 11.6 � 2.2 0.50 � 0.06 0.67 � 0.10 0.50 � 0.08 1.70 � 0.20 35.1 � 17.1

Hormonal receptor
No 20 5.2 � 0.7 0.89 � 0.12 9.3 � 2.8 0.66 � 0.09 0.69 � 0.09 0.61 � 0.07 1.90 � 0.20 18.5 � 5.3
Yes 81 4.6 � 0.3 0.83 � 0.07 12.1 � 2.1 0.79 � 0.05 0.65 � 0.04 0.55 � 0.03 2.00 � 0.10 27.7 � 6.7

Chemotherapy
No 31 4.7 � 0.5 0.72 � 0.09 11.9 � 2.5 0.78 � 0.07 0.67 � 0.06 0.56 � 0.13 2.00 � 0.10 26.1 � 9.9
Yes 70 4.7 � 0.3 0.90 � 0.10 11.4 � 2.3 0.75 � 0.05 0.65 � 0.04 0.55 � 0.03 1.98 � 0.09 25.8 � 6.6

Hormonotherapy
No 40 4.8 � 0.5 0.90 � 0.10 14.8 � 3.9 0.69 � 0.05 0.58 � 0.06 0.52 � 0.05 1.80 � 0.10 34.3 � 10.9
Yes 61 4.6 � 0.3 0.82 � 0.07 9.4 � 1.4 0.81 � 0.06 0.71 � 0.04 0.58 � 0.04 2.10 � 0.10 20.3 � 5.5

No., Indicates the number of breast biopsies in each group. N/A, indicates not available. Tumor histological subtypes: D and L, for invasive ductal and
lobular carcinomas, respectively. Others, mostly mixed invasive and lobular carcinoma. The expression levels of the markers are expressed in arbitrary
units as mean � SE. Bold typed text indicates a significance of P 5 0.050 or less by Student’s t-test when compared with normal, ductal, �20 mm,
Stage I and grade 1 and 2, respectively.
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cellularity. Following the criteria established by the pathologist, the regions
of the tumors were specifically chosen that did not contain significant areas of
fibrosis, inflammation, lymphocytes or necrosis, estimating that non-tumor
cells contributed to 510% of the total cellular protein for the samples
analysed. Breast and tumor tissue (�50–60 mg wet weight) were homogenized
and solubilized in a buffer containing 7 M urea, 2 M thiourea, 2%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate, 1%
DTT, 1% ampholines (pI 3–10, Pharmacia/LKB), 1 mM phenylmethylsulfonyl
fluoride, 1 mM EDTA and a complete protease inhibitor cocktail (Roche
Diagnostics GmbH) and processed as indicated previously (22). The insoluble
material was removed by centrifugation (14 000 r.p.m.) at 4�C for 25 min. The
protein concentration in the supernatants was determined with the Bradford
reagent (Bio-Rad Protein Assay) using BSA as standard. Aliquots of the
supernatants were stored at �80�C until used.

Determination of protein expression by western blotting

Normal and tumor samples (25 mg of protein) were fractionated on SDS–9%
PAGE followed by immunoblot analysis (22) using the appropriate dilution of
various antisera. A sample (25 mg of protein) of the Hs578T breast-cancer cell
line was fractionated and processed in all the gels to allow the normalization of
the signals obtained for the metabolic markers studied between the different
gels that were performed. The antibodies used in this study included: rabbit
anti-b-F1-ATPase at a dilution 1:15 000 (21); mouse monoclonal anti-Hsp60
(SPA 807, Stressgene, Victoria, Canada) at a dilution 1:1000; goat polyclonal
anti-muscle PK at a dilution 1:2000, mouse monoclonal anti-GAPDH at a
dilution 1:20 000 and goat anti-lactate dehydrogenase at a dilution 1:1000,
from Abcam (Cambridge, UK). Secondary horse-radish peroxidase conjugated
goat anti-rabbit or anti-mouse or rabbit anti-goat antibody (1:5000 dilution)
were used for detection, which was accomplished using an enhanced
chemiluminescence detection method (Amersham Pharmacia Biotech, UK).
Quantification of the intensity of the immunoreactive bands (arbitrary units)
was accomplished using a Kodak DC120 Zoom digital camera and the Quant-
ity One Software (Bio-Rad) package. To calculate the normalized expression
level of b-F1-ATPase, the band intensity of b-F1-ATPase was divided by the
band intensity of Hsp60 assayed for the same sample. To calculate the BEC
indices (21) the aforementioned ratio was divided by the band intensity of
GAPDH, PK, LDH or the sum of the three glycolytic proteins (SGlyc).

Immunohistochemistry

Sections of 5 mm were cut from formalin-fixed, paraffin-embedded tissue
blocks. Blocks included invasive ductal carcinoma and adjacent non-tumoral
ductal epithelium. Slides were deparaffined and endogenous peroxidase activ-
ity was blocked by incubation in 3% H2O2 in methanol for 10 min at room
temperature. Antigens were retrieved by incubation in EDTA for 45 min at
155�C. The following primary antibodies were used: anti-b-F1-ATPase
(1:3000), anti-GADPH (1:8000) and anti-Hsp60 (1:400). The antibodies
were diluted in 1% BSA TBS. Tissue slides were incubated for 2 h at room
temperature. Slides were then rinsed in TBS and incubated with the peroxi-
dase-based EnVision� kit (Dako Cytomation, Carpinteria, CA) for 30 min at
room temperature. Specimens were then incubated with diaminobenzidine
chromogenic substrate (Dako Cytomation) for 5 min at room temperature.
Sections were counterstained with hematoxylin.

Statistical analysis

Distributions of molecular markers and other categorical variables were com-
pared by x2 and Student’s t-tests. The significance of linear regressions was
assessed by Pearson’s correlation t-test. Overall expression profiles of meta-
bolic markers were analysed by unsupervised hierarchical clustering. For this
purpose, data were reformatted by calculating the log(2) of the expression level
of the marker in each sample relative to the mean expression level in normal
samples. We used the Cluster Program from ‘Expression Profiler Clustering
home page’ at http://ep.ebi.ac.uk/EP/EPCLUST using the Euclidean distances
and complete linkage method. Hierarchical clustering with the squared
Euclidean distances and centroid method was also carried out for the markers
using the SPSS Software. The Fisher’s linear discriminant function was used to
assign the biopsy of the patients to one of two considered classes as previously
indicated (23). The b-F1-ATPase/Hsp60 ratio and BEC–GAPDH index were
used as discriminant variables. The actual error rate, or misclassification rate,
was estimated by the Lachenbruch’s ‘holdout’ procedure as previously
detailed (23). To determine the association between the expression levels of
the metabolic markers with OS and disease-free survival (DFS), the mean
value of the parameters identified in the highly divergent cluster of breast
tumors were used as cut points to define ‘high’ and ‘low’ risk groups. OS of
patients was calculated from the date of tumor diagnosis. DFS was defined as
the interval between the date of surgery and the date of tumor recurrence.
Survival curves were derived from Kaplan–Meier estimates and compared by
log-rank test. Cox proportional hazards regression methods were used to

investigate the relationship between survival, clinical-pathological variables
and protein expression in both univariate and multivariate models. Hazard
ratios are presented with their 95% confidence intervals (95% CI). Statistical
tests were two-sided at the 5% level of significance.

Results

Mitochondrial and glycolytic markers in breast cancer

Representative immunoblot analysis of the expression level of
mitochondrial (b-F1-ATPase, Hsp60) and glycolytic
(GAPDH, PK, LDH) marker proteins in samples of primary
breast carcinomas and normal breast biopsies are illustrated in
Figure 1A. The expression level of the markers in normal and
tumor samples were normalized relative to the expression of
the same marker found in the Hs578T breast cancer cell line,
which was processed in all the gels for normalization of the
signals obtained (Figure 1A). A sharp and significant increase
in the expression level of the three glycolytic markers
(GAPDH, PK and LDH) was observed in breast tumors when
compared with normal breast (Figure 1A; Table I). Likewise,
the expression of the mitochondrial Hsp60 also showed a
significant increase in breast cancer when compared with nor-
mal (Figure 1A; Table I). We found no significant differences
in the expression level of b-F1-ATPase in 101 tumor samples
when compared with normal breast samples (Figure 1A;
Table I). Consistent with these results the normalized expres-
sion level of b-F1-ATPase, as assessed by the b-F1/Hsp60
ratio, or by the BEC index (b-F1/Hsp60/GAPDH ratio),
revealed a sharp and significant reduction in breast tumors
when compared with normal (Table I).
Data on the expression level of the markers, the b-F1/Hsp60

ratio and the BEC–GAPDH index of the 101 breast carcinomas
classified according to the different categories of the clinico-
pathological variables available in this study are summar-
ized in Table I. Compared with lobular carcinomas ductal
carcinomas revealed a significantly higher expression level
of b-F1-ATPase, Hsp60, LDH and the sum of glycolytic
markers. Likewise, the expression of Hsp60 was significantly
higher in poorly differentiated (Grade 3) tumors when com-
pared with well (Grade 1) and moderately (Grade 2) differen-
tiated ones (Table I). No other major differences between the
proteomic variables and the clinical groups of tumors were
observed.
An immunohistochemical analysis of the expression of b-

F1-ATPase, Hsp60 and GAPDH markers of the BEC index
was also carried out in several randomly selected breast cancer
biopsies of the study. The specific granular staining of the
cytoplasm of the normal ductal epithelial and carcinoma cells
of the breast with anti-b-F1-ATPase antibodies revealed no
major changes in the expression of this mitochondrial marker
(Figure 2A). However, it should be noted that in some of the
biopsies analysed the b-F1-ATPase immunostaining was sig-
nificantly diminished in those cells lying towards the inner
core of the carcinoma when compared with the cells of the
periphery of the carcinoma (Figure 2B). Hsp60 immunostain-
ing of carcinoma cells was significantly augmented when
compared with normal epithelial cells of the ducts of the
same patient (Figure 2C). Unlike b-F1-ATPase immunostain-
ing (Figure 2B), we observed no asymmetric immunostaining
of Hsp60 within the carcinoma (data not shown). Likewise,
the cytoplasmic GAPDH immunostaining of carcinoma cells
was significantly augmented when compared with normal
ductal cells in the same biopsy (Figure 2D). Overall, the
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immunohistochemical results qualitatively confirmed those
obtained by the large-scale immunoblotting procedure
(Figure 1).

The bioenergetic signature of breast cancer

The overall proteomic expression pattern for the 114 biopsies
(normal plus tumor samples) was analysed by unsupervised
hierarchical clustering (Figure 1B and C). This analysis
revealed two major groups of distribution for the biopsies,
normal (N) and tumor (T), with none of the normal biopsies
falling into the tumor group and only 3.5% of tumors falling in
the normal group (Figure 1B). The tumor group was split into
three clusters according to the degree of dissimilarity in the
expression level of the markers when compared with normal
biopsies (Figure 1B). Overall, these results (Figure 1B and C)
indicate that carcinogenesis in the breast is almost invariably
associated with an alteration of the mitochondrial proteome as
revealed by the marked decrease in the b-F1/Hsp60 ratio
(Figure 1B and C). It is likely that such alteration in
the mitochondrial proteome would affect the overall energy

transduction capability of the organelle. Consistent with a
compromised oxidative phosphorylation in breast tumors, we
observed a concurrent increase in the expression of the three
cellular glycolytic markers (Figure 1B and C), therefore pro-
moting a decrease in the BEC indices derived from each of
them (Figure 1B and C). These results suggest the existence of
a coordinate inverse relationship between mitochondrial
bioenergetic function and glycolysis in breast carcinomas in
agreement with similar findings in colorectal cancer (21),
during development of the mammalian liver (27) and the
differentiation of human myoblasts (28). In fact, significant
inverse correlations were observed between the bioenergetic
competence of the organelle (b-F1/Hsp60 ratio) and the glyco-
lytic potential of the cell as assessed by the expression of
GAPDH (R ¼ �0.370, P 5 0.001; data not shown), LDH
(R ¼ �0.286; P 5 0.003; data not shown) and the sum of the
expression level of the three glycolytic markers determined
in the tumor samples (R ¼ �0.371, P 5 0.001; data not
shown). Likewise, significant linear correlations were
observed between the expression level of GAPDH and LDH

Fig. 1. Expression of mitochondrial and glycolytic markers in normal and breast cancer biopsies. (A) Representative western blot analysis of the expression
levels of b-F1-ATPase, Hsp60, GAPDH, PK and LDH in SDS-PAGE fractionated proteins from normal (samples 8–13) and tumor (samples 70–77) breast
biopsies. The expression level of the same markers in the Hs578T breast cancer cell line is also shown in the same gel. (B) Graphical unsupervised hierarchical
clustering analysis of the overall mitochondrial and glycolytic phenotype in 114 breast biopsies (normal plus tumor) as measured by western blot. Rows,
samples; columns, proteins and derived ratios. Protein expression scores are shown normalized to normal samples according to a color scale: red, high; black,
normal and green, low. The dendogram (to the right of matrix) represents overall similarities in expression profiles providing four main different clusters, one
for normal samples and three for tumors. The black dots, close to the sample identification number, identify the tumors with worse prognosis by the
expression level of b-F1-ATPase (see Figure 4 for details). (C) The bioenergetic signature of breast cancer. Continuous color-coded lines connect the
normalized expression level of the markers of the metabolic phenotype for each sample. Blue, normal; orange, tumors. The black line set
at 0 level is the mean value of normal samples to which all the data have been normalized.
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(R ¼ 0.242, P 5 0.014; data not shown), PK and LDH (R ¼
0.639; P 5 0.001; data not shown) and any of the glycolytic
proteins (GAPDH, PK, LDH) with the sum of the expression
level of the three glycolytic markers assayed in tumor biopsies
(R¼ 0.679, R¼ 0.741 and R¼ 0.797, respectively; in all cases
P 5 0.001, not shown), indicating the concerted adaptation of
the cancer cell to a glycolytic phenotype.
The Fisher linear discriminant analysis was applied using as

predictor variables of the analysis the bioenergetic competence
of mitochondria (b-F1/Hsp60 ratio) and its overall cellular
competence (BEC–GAPDH index). Using cross-validation it
was observed that the overall correct classification of the
114 biopsies studied was 95.6%, with a specificity of 85%
and a sensitivity of 97%. In other words, the alteration of the
mitochondrial proteome and concurrent induction of glyco-
lytic markers is a definitive metabolic feature of the cancer
cell phenotype that affects 97% of the breast tumors analysed.

Proteomic classification of breast carcinomas by the
bioenergetic signature

As illustrated previously (Figure 1B), the combined protein
expression patterns of the biopsies defined three major tumor
clusters as revealed by the deviation of their bioenergetic
signature from normal samples. As expected, hierarchical
clustering of the 101 tumor samples by their overall expression
patterns provided essentially the same findings; the tumors
being classified into three clusters that were designated Low
(L, n ¼ 30), Medium (M, n ¼ 29) and Highly (H, n ¼ 42)
divergent when compared with normal samples by their bioen-
ergetic signature (Figure 3A). The three clusters revealed sig-
nificant differences in the mean expression level of
mitochondrial and glycolytic markers (see Figure 3B for a
summary of some of them) suggesting a progressive alteration
of the mitochondrial proteome and concurrent increase in the
glycolytic potential of the tumors as divergence from normal

augmented. The only relevant correlation between tumor clus-
ters and biopathologic data observed was that tumors in cluster
H grouped �2–4-fold higher number of the patients with
poorly differentiated (Grade 3) tumors (P ¼ 0.009, x2 test)
when compared with tumors in clusters M and L, respectively.
Kaplan–Meier survival analysis revealed that several of the
variables used to define the bioenergetic signature of the
tumors are significant predictors of both OS and DFS
(Figure 3C). These observations independently suggest that
the potential for cancer metastasis and recurrence in breast
cancer is linked to the alteration of the mitochondrial proteome
and the induction of the glycolytic potential of cancer cells.

The expression level of b-F1-ATPase in breast tumors
discriminates patients with worse prognosis

The apparent lack of association between the expression of
b-F1-ATPase in breast tumors and patients’ survival contras-
ted with our previous findings in colon (21) and lung (23)
cancer patients. We therefore proceeded to analyse the 101
tumor samples by unsupervised hierarchical clustering based
on the expression level of b-F1-ATPase alone. We found that
the expression level of b-F1-ATPase allowed the discrimina-
tion of two main groups of breast tumors: cluster C1, which
contained 81% of the tumors, and cluster C2, which contained
17% of them (Figure 4A). Surprisingly, tumors in cluster C2
had a much higher expression level of b-F1-ATPase than
normal breast biopsies and cluster C1 tumors (Figure 4A).
Other independent proteomic variables were not significantly
different between C1 and C2 tumors (Table II) being essen-
tially the same as those reported for all tumors (Table I).
Remarkably, it was found that the majority (�90%) of the
tumors in cluster C2 corresponded to tumors classified in the
Low and Medium divergent clusters by their overall bioener-
getic signature (see Figure 1B for details, and Figure 3A).
Review of the clinicopathological differences in C1 and C2

Fig. 2. Immunohistochemical analysis of b-F1-ATPase (A and B), Hsp60 (C) and GAPDH (D) expression in breast cancer. Representative photomicrographs
provide examples of the immunostaining for each marker at �20 (A, C and D) and �40 (B) in the carcinoma (closed arrow) and in the proximal
normal ductal epithelial cells (open arrow) of the same breast biopsy.

The bioenergetic signature of breast cancer

2099

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/26/12/2095/2390764 by guest on 16 August 2022



clusters revealed that patients’ age, clinical stage, histological
type and grade, nodal and hormonal receptor status, tumor size
and adjuvant therapies were not different (Table II). In con-
trast, 42-fold differences were observed in the percentage of
the patients that had recurrence of the disease between the C1
and C2 clusters (Table II). Therefore, it was found that patients
that belong to the C1 cluster had a significant advantage in
both OS (Figure 4B) and DFS (Figure 4C) when compared with
patients in cluster C2 by Kaplan–Meier analysis. In other
words, of the 48 patients in this study who had 45-year
metastasis-free survival only 8% corresponded to the poor-
prognosis group whereas 92% of them belonged to the good-
prognosis group. Univariate Cox regression analysis further

confirmed the significant association of the cluster analysis by
the expression level of b-F1-ATPase with OS and DFS among
the patients with breast cancer revealing a 3-fold higher relat-
ive risk for the patients in the C2 cluster (Table III). A similar
approach with the other proteomic variables of the study pro-
vided no significant findings.

Association of clinical and proteomic variables with
disease-free and overall patient survival

Two clinical-pathological variables, nodal affectation and
tumor size, had a significant and marginal relationship with
OS (Table III). Of the proteomic variables, the expression of
Hsp60 and b-F1-ATPase clustering significantly correlated

Fig. 3. Classification of 101 breast cancers by the bioenergetic signature and survival analysis by markers of the metabolic phenotype. (A) Unsupervised
hierarchical clustering analysis of the overall mitochondrial and glycolytic phenotypes in 101 breast cancer biopsies provided three tumor clusters that were
designated Low (L, n¼ 29), Medium (M, n¼ 30) and Highly (H, n¼ 42) divergent when compared with normal samples by their bioenergetic signature (for other
details see Figure 1). (B) The histograms summarize the mean expression level of each marker (bars, SE) as well as the calculated b-F1-ATPase/Hsp60 and
BEC–GAPDH ratios in cluster-L (open bars), cluster-M (gray bars) and cluster-H (closed bars) tumors. �P 5 0.05 and ��P 5 0.001 when compared with
cluster-H by Student’s t-test. (C) The Kaplan–Meier survival analysis shows the association of the expression level of the indicated markers in breast carcinomas
with overall survival (OS) and disease-free survival (DFS). Patients (numbers on top of each trace) were stratified in high (red) and low (green) expression
levels by the mean value of the corresponding marker in cluster-H tumors. Log-rank significance is indicated in each plot.
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with OS, whereas GAPDH expression had a marginal signi-
ficance (Table III). On multivariate Cox regression models it
was found that only b-F1-ATPase clustering provided addi-
tional significant and independent information to the degree of
nodal affectation and tumor size in the prognosis of the
patients OS (Table III). Likewise, univariate Cox regression
analysis revealed that two clinical-pathological variables,
nodal affectation and clinical stage, significantly correlated
with DFS (Table III). Of the proteomic variables, while the
expression of GAPDH marginally correlated with DFS it was
found that b-F1-ATPase clustering significantly correlated
with DFS (Table III). On multivariate Cox regression models
it was found that b-F1-ATPase clustering provided additional
independent information to the clinical stage for the prognosis
of disease recurrence in the patients (Table III). Patient’s age,
histological type and tumor grade, tumor hormonal receptor
status, adjuvant chemotherapy, radiotherapy and hormonother-
apy, b-F1/Hsp60, PK, LDH and BEC indices were not signi-
ficantly correlated with survival by Cox regression analysis.
We should note that the survival analysis performed at 70 and
100 months of the follow-up period (data not shown) provided
essentially the same findings as those summarized under
Figures 3 and 4, and Table III.

Discussion

Until recently, the ‘aerobic glycolytic’ metabolism of cancer
cells (29) had received little attention in molecular oncology
despite being one of the first observations made in the cancer
field (30), because it was considered an epiphenomenon of cell
transformation (6). Nowadays, mounting functional and
molecular evidence indicates that such interpretation cannot
be sustained any longer because of the molecular and func-
tional relationships that exist between energetic metabolism
and apoptosis (31–35). Our results in breast cancer illustrate
that the majority of carcinomas revealed a profound shift
towards a glycolytic phenotype by the concerted increased
expression of three molecular markers of the glycolytic path-
way. The molecular mechanisms that promote the expression

of an aberrant aerobic metabolic phenotype in tumors and
cancer cells are nowadays a subject of renewed debate. In
this regard, it is a widely accepted view that induction of the
glycolytic phenotype in the tumor could represent a reactive
response to the hypoxic environment where the tumor devel-
ops (36) and indeed, a significant fraction of breast tumors do
reveal overexpression of HIF1a (37). In this regard, it is
tempting to suggest that the decreased expression of b-F1-
ATPase observed in the inner core of some carcinomas
(Figure 2B) might result from a partial hypoxic environment
in such tumors since the expression of this protein is strin-
gently controlled by the cellular redox and adenylate energy
state (38) at the level of mRNA translation (20,39). On the
other hand, other authors support the view that the phenotypic
shift to glycolysis results from oncogenic mutations on ele-
ments of the signal transduction pathways that control cellular
glucose uptake (40) or on transcription factors that control the
expression of glycolytic genes (41). Moreover, and in line with
the original formulation of the Warburg hypothesis, several
authors have described the linkage of mutations on mitochon-
drial and nuclear genes that participate on energy transduction
in a large variety of carcinomas (11–13). Interestingly, some of
the described mutations on mtDNA have been recently con-
firmed to contribute to the promotion of cancer (17,18,35).
Moreover, mutations on nuclear genes that impact on the
activity of succinate dehydrogenase (14–16), a component of
the Krebs cycle and of the respiratory chain, and therefore
participate in mitochondrial energy transduction have been
recently associated with the accumulation of a metabolic inter-
mediate (succinate) that inhibits HIF-1a prolyl-hydroxylase
(42), contributing in this way to the abnormal glycolytic
phenotype of cancer cells. The results in this work do support
that the glycolytic shift of breast cancers also results from an
impaired mitochondrial function because, as revealed by
Fisher’s and cluster analysis, it is invariably associated with
a profound alteration of the mitochondrial proteome of the
breast cancer cell in agreement with previous findings in
other human cancers (21–26). The alteration of the mitochon-
drial proteome in cancer strongly suggests that progression of
human neoplasias implicate alterations on the mechanisms that

Fig. 4. Classification of breast carcinomas by the expression of b-F1-ATPase and survival analysis. Hierarchical clustering analysis of 101 breast
cancer biopsies by the expression level of b-F1-ATPase provided two major tumor clusters that were designated C1(n ¼ 81) and C2 (n ¼ 17).
(A) The histograms summarize the mean expression level of b-F1-ATPase (bars, SE) in normal biopsies (N) and in clusters C1 and C2. ��P 5 0.001
when compared with N by Student’s t-test. (B) The Kaplan–Meier survival analysis shows the association of the b-F1 clustering with
OS and DFS in breast cancer patients. Log-rank significance is indicated in each plot.
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regulate the cell-type specific programs that control the differ-
entiation and/or proliferation of mitochondria in that particular
tissue (21,22,27). In any case, and irrespective of the underly-
ing molecular mechanism(s) that could promote the abrupt
change in the bioenergetic signature of breast cancer, what is
clear from this study and previous findings in other carcinomas
(21,23) is that the metabolic phenotype is providing a set of
molecular markers with potential utility in the prognosis and
future development of new treatment strategies of cancer
patients.
Breast cancer is a heterogeneous disease in which molecular

alterations could impact on any of the hallmark features of the
cancer cell (43). Despite this heterogeneity, the phenotypic
presentation of breast cancer is invariably associated with an
alteration of the bioenergetic signature of the tumor cell allow-
ing the discrimination of normal and tumor biopsies with
sensitivity 497%. This figure is higher than that obtained
for most ‘promising’ prognostic biological factors in breast

cancer, such as those implicated in self-sufficiency in growth
signals (c-myc, HER/erbB), insensitivity to anti-growth sig-
nals (cyclins, p53), evasion of apoptosis (bcl-2), sustained
angiogenesis (VEGF, HIF-1a, CD31/PECAM-1) and tissue
invasion, and metastasis (uPA/PAI-1) (for review see ref. (5)).
This finding strongly suggests the potential utility of some of
the biomarkers involved in the bioenergetic signature as prom-
ising general prognostic indicators of breast cancer and
perhaps, as potential predictive markers of therapeutic inter-
vention. In this regard, it appears that some of the markers of
the metabolic phenotype such as Hsp60, GAPDH, b-F1/Hsp60
ratio and BEC–GAPDH index, provided significant markers of
OS and DFS of the patients (Figure 3). However, we suggest
that the expression level of these markers reveals, at the pro-
teome level, disease-related patient’s characteristics. In fact,
an increased expression of Hsp60 is noted in tumors of
advanced clinical stage when compared with earlier stage
carcinomas (Table I). This finding is further supported and
confirmed by the analysis of the overall expression of the
metabolic markers (Figure 3) which identified tumors in
advanced stages of the disease by their large divergence from
the normal metabolic signature. Furthermore, in multivariate
analysis these markers failed to provide additional information
to the variables included in the TNM system (Table III). How-
ever, they do offer a quantitative estimate to assess the exten-
sion of the disease. In any case, these results do suggest that
progressive alteration of the mitochondrial proteome and con-
current increase in the glycolytic potential of breast tumors is
also a required metabolic condition for cancer progression.
In contrast to the above findings that indicated a progressive

alteration of the mitochondrial/glycolytic proteome in breast
cancer with disease progression, we observed that the expres-
sion level of b-F1-ATPase alone identified a subgroup of
breast cancer patients with significant worse prognosis both
in terms of OS and recurrence of the disease (Figure 4). The
surprising finding was that these patients had a higher expres-
sion level of the mitochondrial marker of energy transduction
than that observed in normal samples. Multivariate models
suggested that clustering by the expression level of b-
F1-ATPase is a significant prognostic marker independent
from clinical variables. In agreement with this observation,
most of the breast tumors identified (�90%) by this marker
in the worse prognosis group fall within the group of tumors
that revealed less divergence in their overall bioenergetic sig-
nature from normal samples (Figure 1). These results strongly
support the potential utility of b-F1-ATPase expression as an
independent proteomic marker for the identification of breast
cancer patients with worse prognosis, especially among the
group of early-stage patients that have a lesser alteration of
the bioenergetic signature of the tumor. However, they raise
the intriguing possibility of the potential dual implication of
mitochondrial bioenergetics in breast cancer progression.
It appears that mitochondrial oxidative phosphorylation is

required for efficient execution of apoptosis. In fact, cells
devoid of mtDNA (r�), which are unable to carry on oxidative
phosphorylation, have a resistant apoptotic phenotype
(35,44–46). Likewise, oligomycin, a specific inhibitor of the
mitochondrial Hþ-ATP synthase, halts the efficient execution
of apoptosis (47). In addition, the activity of oxidative phos-
phorylation has been shown to be required for Bax induced
toxicity in yeast cells (48) and genetic screens in yeast, aimed
at the identification of genes that could confer a Bax-resistance
phenotype, allowed the identification of a subunit of the

Table II. Clinicopathological characteristics and expression level of meta-
bolic markers in C1 and C2 b-F1-ATPase breast tumor clusters

b-F1-ATPase cluster x2 P-value

Characteristics C1 C2

n Value n Value

Categorical
Grade 0.328 0.849
1 7 10.3 1 6.3
2 22 32.4 6 37.5
3 39 57.4 9 56.3

No. nodes 0.961 0.618
0 40 49.4 8 47.1
1–3 25 30.9 7 41.2
43 16 19.8 2 11.8

Age 1.941 0.164
550 24 29.6 8 47.1
450 57 70.4 9 52.9

Size 0.253 0.615
520 mm 29 35.8 5 29.4
420 mm 52 64.2 12 70.6

Stage 3.460 0.177
I 19 23.5 2 11.8
II 42 51.9 13 76.5
III 20 24.7 2 11.8

Histology 2.362 0.124
DI 66 86.8 16 100
LI 10 13.2 0 0

Hormonal receptor 0.226 0.635
Negative 15 18.5 4 23.5
Positive 66 81.5 13 76.5

Relapse 7.032 0.008

No 60 74.1 7 41.2
Yes 21 25.9 10 58.8

Numerical
b-F1-ATPase 81 3.6 � 0.1 17 8.3 � 0.2 0.001

Hsp60 81 0.8 � 0.1 17 0.9 � 0.2 0.955
GAPDH 81 0.7 � 0.0 17 0.9 � 0.1 0.201
PK 73 0.6 � 0.0 17 0.7 � 0.1 0.424
LDH 73 0.5 � 0.0 17 0.6 � 0.1 0.367
S Glycolytic 73 2.0 � 0.1 17 2.2 � 0.1 0.096
b-F1/Hsp60 81 7.8 � 0.9 17 21.6 � 4.9 0.012

BEC–GAPDH 81 18.7 � 3.9 17 42.1 � 17.8 0.216

Values in the categorical variables are expressed as percentage of the
tumors in that cluster. Categorical variables were compared by x2. The
expression level of the metabolic markers are expressed in arbitrary
units as mean � SE. Bold type text indicates a significance of
P 5 0.050 when compared with cluster C1.
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mitochondrial Hþ-ATP synthase critical for Bax-mediating
killing of Saccharomyces cerevisiae (47). Moreover, Bax-
mediated killing of the budding yeast has been shown to be
strictly dependent upon select mitochondrial components such
as the nuclear encoded b-F1-ATPase (49). Therefore, it seems
reasonable to suggest that the progressive alteration of the
bioenergetic signature observed in breast carcinomas (this
study) as well as in other human cancers (21–23) and in rat
hepatocarcinomas (20) might contribute to tumor progression
by diminishing the apoptotic potential of the cancer cell. Based
on these grounds, the question now is why a higher-than-
normal expression level of b-F1-ATPase predicts an unfavor-
able patient outcome in breast cancers. A possibility could
arise from differences in the bioenergetic phenotype of normal
breast cells as dictated by differences in the human genetic,
metabolic and/or environmental background. In fact, it is well
established that the incidence of breast cancer is different
depending upon ethnic groups and/or nutritional and social
habits (1). An alternative possibility is that the genetic altera-
tions acquired in this group of patients directly impact on
components of cellular energy transduction, blurring in this
way the beneficial contribution that mitochondrial oxidative
phosphorylation could provide to the overall apoptotic poten-
tial of the cell. In any case, we suggest that further retrospect-
ive and prospective studies are required to explore the
molecular causes that defined the worse prognostic group of
breast cancer patients by the expression level of b-F1-ATPase.
Finally, recent promising findings in animal models (50,51)
and cells in culture (35) indicate that targeting the energetic
metabolism of the tumors might provide a new approach to
cancer treatment. In this regard, we would like to stress that the
bioenergetic signature of the tumor may provide a convenient
tool in the clinical setting to establish future chemotherapeutic
strategies aimed at targeting the energy provision pathway in
breast cancer patients.
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20.López de Heredia,M., Izquierdo,J.M., and Cuezva,J.M. (2000) A
conserved mechanism for controlling the translation of b-F1-ATPase
mRNA between the fetal liver and cancer cells. J. Biol. Chem., 275,
7430–7437.

21.Cuezva,J.M., Krajewska,M., López de Heredia,M., Krajewski,S.,
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