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Abstract

Purpose Metabolic dependence on glucose utilisation has
been described for different tumours characterised by
activation of Akt, upregulation of GLUTI1, M2PK and
TKTLI1. To date, however, little is known about glucose
metabolism in breast cancer tissue.

Methods We analysed 55 breast cancer specimens, 26
adjacent ductal carcinomas in situ (DCIS) and 23 adjacent
normal breast tissues for expression of glycolytic markers
by immunohistochemistry.

Results  We found expression of pAkt in 49%, GLUT1 in
25%, M2PK in 68% and TKTL1 in 31% of the tumours
investigated. Expression of pAkt and Her2neu are posi-
tively correlated with borderline significance (P = 0.055).
Expression of pAkt, GLUT1 and TKTL1 were higher in
breast cancer and DCIS than in normal tissue. Surprisingly,
M2PK expression was highest in normal breast tissue.
Conclusions We found a glycolytic phenotype in a high
percentage of breast cancer samples. Inhibition of glycol-
ysis might evolve as a future option for breast cancer
therapy.
Keywords Breast cancer - Akt - GLUT1 - M2PK -
TKTL1
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Introduction

Breast cancer is the most common cancer amongst women
in Western Europe and North America and the leading
cause of cancer deaths. According to the Cancer Statistics
2005 of the American Cancer Society, the chance of
developing invasive breast cancer during a woman’s life-
time is approximately 1 in 7 (about 14%). The prognostic
factors currently accepted for clinical use are age, nodal
status, tumour size, histological grade and steroid receptor
status (Singletary and Connolly 2006). Overexpression of
Her2neu (ErbB2, epidermal growth factor receptor) has
also been shown to predict poor clinical outcome (Slamon
et al. 1987), and thus immunohistochemical analysis of
Her2neu expression has become a clinical routine. Breast
cancer is a very well-studied tumour entity, but, up to now,
little is known about glucose metabolism in breast cancer.
Herein, we investigate whether specific markers are
expressed in breast cancer which indicates a metabolic
situation characterised by dependence on aerobic glycoly-
sis and whether such characteristics might be indicative for
more aggressive tumour growth.

Already in 1924, Otto Warburg showed that cancer cells
display high rates of aerobic glycolysis (Warburg 1924),
but it is only recently, that an interest in Warburg’s theory
has reawakened. Whereas Otto Warburg proposed that the
cause for cancer was linked to defects in oxidative phos-
phorylation, more recent models suggest several molecular
changes as responsible factors for aerobic glycolysis in
carcinoma cells.

Glucose uptake seems to be critical in triggering cellular
transformation. Cells which are able to take up glucose
continuously and independently of environmental signals
do not have to utilise glucose efficiently by oxidative
phosphorylation. However, they are capable of increasing
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the glycolytic rate, in order to gain energy and metabolites,
in a less efficient but faster manner. This phenomenon
serves as a possible explanation why '®FDG-PET (fluoro-
deoxyglucose positron emission tomography) detects
malignant tumours by using a radiolabeled glucose ana-
logue. Glucose uptake in cancer cells is increased by
activation of the oncogene Akt (protein kinase B) (Sun
et al. 2001). Activation of Akt increases transcription and
plasma membrane localisation of glucose transporter
GLUT!1 (glucose transporter 1), the glucose transporter
expressed in most cell types (Barnes et al. 2005; Rathmell
et al. 2003). Akt activation also leads to translocation of
hexokinase I and II to the mitochondrial outer membrane,
thereby increasing enzymatic phosphorylation of glucose
(Buzzai et al. 2005). Enzymatic phosphorylation of glucose
yields glucose-6-phosphate, which can either be metabo-
lised via fructose-6-phosphate to phosphoenolpyruvate or
enter the pentose phosphate cycle. Normal cells can
maintain the required cellular energy level via the utilisa-
tion of fatty acids. Since Akt can block fatty acid oxidation,
tumour cells with constitutively active Akt are highly
dependent on glucose as energy source. Accordingly, they
have been shown to die upon glucose withdrawal (Sun
et al. 2001; Cross et al. 1995). Kinase activity of Akt is
often increased in breast and ovarian cancers and appears
to be associated with poor prognosis (Barnes et al. 2005).

The tetrameric form of the glycolytic M2PK (M2 pyru-
vate kinase isoenzyme) catalyses the phosphoryl group
transfer from phosphoenolpyruvate to ADP, yielding pyru-
vate and ATP. In contrast the dimeric form of M2PK leads to
an accumulation of glycolytic metabolites upstream of
phosphoenolpyruvate, thereby providing substrates of syn-
thetic processes such as amino acid production or nucleic
acid synthesis via the pentosephosphate cycle. In tumour
cells, the dimeric form is dominant (Mazurek et al. 2005).
Tumour cells also have the ability to synthesise fatty acids
(Lee et al. 1998), which are necessary for the assembly of
new cell membranes. This process requires CoA and
NADPH. The oxidative pentose phosphate cycle is an
alternative NADPH producing pathway. Transketolase
enzyme reactions enable oxygen-independent glucose deg-
radation and play a crucial role in nucleic ribose synthesis
utilising glucose carbons in tumour cells. Activation of
transketolase by thiamine stimulates tumour growth
(Comin-Anduix et al. 2001), whereas transketolase inhibi-
tors such as oxithiamine inhibit tumour cell proliferation
(Langbein et al. 2006). So far, three human transketolase
genes have been described. Upon them, TKTL1 (transke-
tolase like enzyme 1) has been shown to be overexpressed in
different tumours, e.g. in colon and urothelial cancer (Coy
et al. 2005), epithelial ovarian cancer (Krockenberger et al.
2007), as well as in granulosa cell tumours of the ovary
(Schmidt et al. 2008). Overexpression of TKTL1 may result
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in glucose degradation via the alternative pentose phosphate
pathway, yielding acetyl-CoA as well as energy and fatty
acids for cell membrane assembly.

Constitutive activation of Akt, upregulation of GLUTI,
dimerisation of M2PK and overexpression of TKTLI1
characterise a phenotype of carcinoma cells that is highly
dependent on glucose utilisation for the production of
energy and synthetic processes. Herein, we evaluate breast
cancer tissue, adjacent ductal carcinoma in situ and normal
breast tissue for expression of pAkt, GLUT1, M2PK and
TKTLI. The findings are compared with established breast
cancer specific properties to reveal correlations or prog-
nostic significance of glycolytic markers in breast cancer.

Materials and methods

Formalin-fixed and paraffin-embedded samples of 55 breast
cancer specimens, 26 DCIS and 23 normal breast tissues
were cut at 2 um, placed on slides (Superfrost, Langenbr-
inck, Emmendingen, Germany), and deparaffinised with
xylene. Rinsing of the slides in decreasing concentrations of
ethanol was followed by antigen unmasking in 10 mM
sodium citrate buffer (pH = 6.0) in a microwave oven at
600 W for 5 min. After rinsing sections in distilled H,O,
endogenous peroxidase was inhibited by incubation for
10 min in 3% H»O, in methanol. Slides were washed with
PBS and incubated with 1% goat serum in PBS for 15 min.
Subsequently, slides were incubated with different anti-
bodies. The antibodies and dilutions used were: pAkt
(Abcam ab28821, rabbit polyclonal, 1:100), M2PK (DF4,
ScheBo Biotech AG, 1:250) and GLUT1 (rabbit-anti human
polyclonal, 1:100, US Biologicals, Biomol, Hamburg,
Germany). For detection of TKTL1, we used a mouse
monoclonal antibody (clone JFC12T10, Linaris, Wertheim,
Germany) previously described by Langbein et al. (2006),
diluted in antibody diluent (DAKO, Hamburg, Germany) at
1:200-1:400. The antibody we used to stain for M2PK
recognises only the dimeric form of M2PK, which has been
described as the characteristic form present in tumour tissue
(Schneider et al. 2003). The proliferation marker Ki-67
nuclear protein was stained using a mouse monoclonal
antibody (clone MIB1, DAKO, dilution 1:100).

After 45-60 min of incubation at room temperature with
the primary antibody in a humidified chamber, slides were
washed with PBS and incubated with an appropriate bio-
tinylated secondary antibody, washed and incubated with
streptavidin-peroxidase according to the manufacturer’s
protocol (LSAB-kit, DAKO, Hamburg, Germany). Staining
was developed by adding 3,3’-diaminobenzidine (DAB,
DAKO) with subsequent counterstaining using haematox-
ylin. Sections were dehydrated in graded ethanol and
embedded in Vitro Clud (Langenbrinck).
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Statistical analysis and clinical correlation

Expression levels of pAKT, GLUT1, M2PK and TKTLI1
were evaluated by two independent observers experienced
in histopathology and immunohistochemistry. For semi-
quantitative evaluation of staining distribution, a scoring
scale from 1 to 4 was defined: score 1 indicating less than
10%, score 2 indicating 10—49%, score 3 indicating
50-79% and score 4 indicating staining of 80% or more of
tumour cells. Staining intensities were scored as well.
Score 0 indicates no staining, whereas score 1 indicates
weak, score 2 moderate and score 3 strong staining.
By multiplying the scores for percentage of positive
tumour cells with the score for staining intensity, we
obtained an Immunoreactive Score (IRS) as established for
hormone receptor determination in breast cancer (Remmele
and Stegner 1987). For statistical analysis IRS < 4 was
rated negative and IRS > 4 was rated positive for marker
expression. Adjacent areas of normal breast and ductal
carcinoma in situ were evaluated for marker expression as
well. For clinical correlation file records of the patients
were investigated, and Her2neu status was extracted
from the clinical records. Her2neu overexpression was
determined by the Department of Pathology by immuno-
histochemical staining with HercepTestTM (DAKO) and
evaluated as recommended (Hatanaka et al. 2001). The
statistical analysis was performed by a professional statis-
tician applying SPSS for Windows, version 15.0 (SPSS
Inc., USA). The study was performed according to the
regulations of the local ethical committee.

Results

We evaluated 104 breast specimens of 55 patients via
immunohistochemistry. We stained 55 breast cancer tissues
and 26 available adjacent ductal carcinomas in situ as well
as 23 normal breast tissues from the same patients for
expression of pAkt, GLUT1, M2PK and TKTLI1. No sig-
nificant differences between the IRS scores determined by
each of the two observers were evident. The mean age of
the patients was 53 ranging from 27 to 96 (53 + 13 years).
The clinico-pathological and immunohistochemical char-
acteristics are summarised in Table 1. Applying Spearmans
Rho test, we confirmed that the expression of the markers
of interest were not age dependent (result not shown).
The Kolmogorov Smirnov Test confirmed that our patient
sample does not follow Gaussian distribution and is sto-
chastically independent (results not shown).

In Fig. 1 examples for expression patterns of pAkt
(Fig. 1a, e, 1), GLUT1 (Fig. 1b, f, j), M2PK (Fig. lc, g, k)
and TKTL1 (Fig. 1d, h, 1) in breast cancer tissue (Fig. 1a—d),
in DCIS (Fig. le-h), and in normal breast tissue (Fig. li-1)

Table 1 Clinico-pathological and immunohistochemical character-
istics of 55 patients with breast cancer

Number Percentage
Grading
Gl 4 7.3
G2 22 40.0
G3 29 52.7
Lymph node status
NO 28 50.9
N1 15 27.3
N2 7 12.7
N3 5 9.1
Oestrogen receptor status
Negative 18 32.7
Positive 37 67.3
Progesteron receptor status
Negative 27 49.1
Positive 28 50.9
Overexpression of Her2neu
Negative 43 78.2
Positive 12 21.8
Expression of pAkt
Negative 28 50.9
Positive 27 49.1
Expression of GLUT1
Negative 41 74.5
Positive 14 25.5
Expression of M2PK
Negative 17 31.5
Positive 37 68.5
Expression of TKTL1
Negative 37 68.5
Positive 17 31.5

are shown. GLUT1 showed a characteristic membranous
staining, whereas pAkt, M2PK and TKTLI stained cyto-
plasmatically. M2PK and TKTL1 staining of DCIS showed
intense staining of the myoepithelial cell layer in some but
not all sections (Fig. 1g, h).

Expression (IRS > 4) of pAkt was found in 49%,
GLUT1 in 25%, M2PK in 68% and TKTL1 in 31% of the
breast cancer samples we investigated (Table 1). We com-
pared the IRS scores for pAkt with histopathological
prognostic factors and found that patients with ErbB
(Her2neu) overexpressing tumours frequently expressed
high levels of pAkt (Fig. 2; Fishers exact test, P = 0.055).
Only staining results for Her2neu evaluated as +-+4 were
rated positive. Three breast cancer samples were assessed
to be Her2neu++. They were rated negative for Her2neu
expression. Looking at these borderline samples in detail,
one of them was negative for Akt expression and two of
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Fig. 1 Immunohistochemical staining for pAkt, GLUT1, M2PK and
TKTLI1 in breast cancer, DCIS and normal breast tissue. Represen-
tative staining patterns for pAkt (a, e, i), GLUT1 (b, f, j), M2PK (c, g,
k) and TKTL1 (d, h, 1) in breast cancer (a—d), DCIS (e-h) and normal
breast tissue (i-1) are demonstrated. IRS scores were higher in breast
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Fig. 2 Breast cancer overexpressing ErbB frequently expresses high
levels of pAkt. Immunohistochemical staining of breast cancer tissue
for pAkt was compared with the ErbB status extracted from the
medical records using Fishers exact test

them were positive. We also found a correlation between
expression of GLUT1 and the proliferation marker Ki-67
(Mann—Whitney U test, P = 0.02; Fig. 3). Comparing the
immunohistochemical staining results for pAkt, M2PK,
TKTL1 and GLUTI1 with clinico-pathological data we
found no further correlation. The statistical tests we per-
formed and the significance levels are listed in Table 2.
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cancer and DCIS for pAkt (a, e), GLUTI (b, f) and TKTLI1 (d, h)
than in normal breast tissue (i, j, 1). In contrast, IRS scores for M2PK
were higher in normal breast tissue (k) than in breast cancer (c¢) and
DCIS (g)
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Fig. 3 Expression of GLUT1 correlates with high proliferation
measured by Ki-67 staining. Immunohistochemical staining of breast
cancer tissue for GLUT1 (IRS score) was compared with immuno-
histochemical staining for Ki-67 (percentage) using Mann—Whitney U
test

In addition, we compared the immunohistochemical
staining results for pAkt, M2PK, TKTL1 and GLUTI in
breast cancer, adjacent DCIS and normal breast tissue. We
found that pAkt expression was higher in carcinoma and
DCIS than in normal breast tissue, yet the difference was
not significant (Fig. 4; Kruskal-Wallis test, P = 0.081).
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Table 2 Comparison of immunohistochemical staining results with clinico-pathological data

Her2neu
Fisher’s exact

ER-receptor

Statistical test Fisher’s exact

PR-receptor
Fisher’s exact

Ki 67
Mann—Whitney U

Grading
Kruskal-Wallis

Lymph node status
Mann—Whitney U

pAkt Borderline significance P = 0.055 n.s. n.s. n.s. n.s. n.s.
M2PK n.s. n.s. n.s. n.s. n.s. n.s.
TKTL1 n.s. n.s. n.s. n.s. n.s. n.s.
GLUT1 n.s. n.s. n.s. n.s. n.s. P =0.02
n.s. not significant, P significance level
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Fig. 4 Expression level of pAkt is higher in breast cancer and DCIS
than in normal breast tissue. Immunohistochemical staining for pAkt
in breast cancer, normal breast tissue and DCIS was evaluated
applying the IRS score. IRS scores were compared using Kruskal—
Wallis test

The mean expression of GLUT1 was about twice as high
in carcinoma and DCIS than in normal breast tissue.
However, this was not statistically significant (Fig. 5;
Kruskal-Wallis test, P = 0.36), probably due to the rela-
tively small sample size.

M2PK expression was significantly higher in normal
breast tissue than in carcinoma (Mann—Whitney U test,
P =0.013) and higher—though not quite significantly
higher—than in DCIS (Fig. 6; Mann—Whitney U test,
P = 0.056).

TKTL1 expression was higher in carcinoma than in
normal breast tissue (Mann—Whitney U test, P = 0.58) and
expression was significantly higher in DCIS than in normal
breast tissue (Fig. 7; Mann—Whitney U test, P = 0.026).

Discussion

Several molecular markers such as tyrosine kinase recep-
tors are known to play a role in breast cancer progression
and serve as targets for new therapeutic approaches. Up to
now, little attention has been drawn towards glycolytic
markers as indicators for altered glucose metabolism

tissue

Fig. 5 Expression level of GLUT1 is higher in breast cancer and
DCIS than in normal breast tissue. Immunohistochemical staining for
GLUTI1 in breast cancer, normal breast tissue and DCIS was
evaluated applying the IRS score. IRS scores were compared using
Kruskal-Wallis test

10

M2PK expression (IRS)

]

T T
breast cancer normal breast
tissue

T
DCIs

Fig. 6 Expression level of M2PK is higher in normal breast tissue
than in breast cancer and DCIS. Immunohistochemical staining for
M2PK in breast cancer, normal breast tissue and DCIS was evaluated
applying the IRS score. IRS scores were compared using Mann—
Whitney U test

characteristic for tumour cells. We investigated the
expression of a panel of glycolytic markers, pAkt, GLUTI,
M2PK and TKTLI in breast cancer tissue, adjacent DCIS
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Fig. 7 Expression level of TKTLI1 is higher in breast cancer and
DCIS than in normal breast tissue. Immunohistochemical staining for
TKTLI in breast cancer, normal breast tissue and DCIS was evaluated
applying the IRS score. IRS scores were compared using Mann—
Whitney U test

and normal breast tissue. M2PK and TKTL1 seemed to
show intense staining in the myoepithelial cell layer. The
contribution of myoepithelial cells to breast cancer devel-
opment has only recently been recognised. Myoepithelial
cells have been discussed to be paracrine inhibitors of
tumour progression (Sternlicht et al. 1997). Strong
expression of M2PK and TKTL1 in the myoepithelial layer
of DCIS might indicate that these cells are highly meta-
bolic and therefore strongly dependent on glucose utilisa-
tion. Whether there is a different staining pattern of luminal
and myoepithelial cells has to be analysed in future
experiments.

We found high expression of pAkt in tumours over-
expressing ErbB2. This is consistent with previous reports
describing pAkt expression as indicative for poor outcome
(Sun et al. 2001). Expression of GLUT1 correlated with
expression of the proliferation marker Ki-67, indicating
that fast growing tumours are dependent on high amounts
of glucose as energy source. In breast cancer and DCIS,
pAkt expression was found to be higher than in normal
breast tissue. Similarly, expression of GLUT1 and TKTL1
was higher in carcinoma and DCIS than in normal tissue.
Even though the number of tissue samples analysed was
rather small, some of our observations proved to be sta-
tistically significant, other results show a clear tendency.
The finding of higher expression levels of pAkt, GLUT1
and TKTLI1 in tumour cells and DCIS as compared to
normal breast tissue supports our hypothesis that glycolysis
is characteristic for tumour cells and that the switch from
aerobic fermentation to tumour glycolysis is an early step
in transformation of tumour cells. To our surprise, M2PK
shows a contrasting distribution pattern. Expression of
M2PK is high in normal breast tissue and lower in DCIS
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and tumour cells. The antibody we used for M2PK staining
is specific for the dimeric form of M2PK leading to an
accumulation of glycolytic metabolites upstream of phos-
phoenolpyruvate and thereby providing substrates for
synthetic processes. The dimeric form of M2PK is known
to be dominant in tumour cells (Mazurek et al. 2005).
We found higher expression of M2PK in adjacent normal
breast tissue than in DCIS or carcinoma cells itself.
A possible explanation could be that the predominance of
the dimeric form represents a very early step in transfor-
mation and is therefore mainly found in benign tissue
surrounding DCIS and carcinoma cells. An alternative
explanation might be that primary breast cancer is mostly
associated with relatively slow tumour growth as compared
to colon carcinoma, ovarian carcinoma or granulosa cell
tumours of the ovary, which were shown to overexpress
M2PK (Schmidt et al. 2008). Therefore, energy supply
might be a more decisive factor than the assembly of new
cells. This might explain the presence of glycolytic mark-
ers even though the supply with metabolites for synthetic
processes does not need to be triggered. The distribution
patterns for dimeric M2PK found by us in breast cancer
and surrounding tissue suggests that the role of M2PK in
breast cancer might have to be re-evaluated.

Herein, we describe a metabolic phenotype in breast
cancer characterised by activation of Akt, up-regulation of
GLUTI1, TKTLI1, and, surprisingly, down-regulation of
M2PK. Consideration of these glycolytic markers in breast
cancer diagnosis might open up new prognostic and ther-
apeutic approaches. Several inhibitors of glycolysis are
currently under clinical investigation (reviewed in Pelicano
et al. 2006), e.g. glucose analogues such as 2-deoxyglu-
cose, a glucose analogue inhibiting phosphorylation of
glucose by hexokinase or lonidamine suppressing glycol-
ysis in cancer cells by inhibition of hexokinase bound to
mitochondria. Alone or in combination with chemothera-
peutics, these and other inhibitors of glycolysis might
evolve to be effective in breast cancer therapy.
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