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Abstract In tumour cells, the tetramer/dimer ratio of the
pyruvate kinase isoenzyme type M2 (M2-PK) determines
whether glucose carbons are degraded to lactate with
production of energy (tetrameric form) or are channelled
into synthetic processes (dimeric form). The influence of
different tumour microenvironment conditions on the
tetramer/dimer ratio of M2-PK and cell doublings were
investigated in a non-metastatic and metastatic pancreatic
cancer cell line. The metastatic Colo357 cells contained
about fourfold more M2-PK protein and about 3.5-fold
more dimeric M2-PK than the non-metastatic Panc-1 cells.
In Colo357 cells hypoxia, glucose starvation as well as
acidification induced an increase of the dimeric form of
M2-PK, whereas in Panc-1 cells no effect on M2-PK was
observed. Under hypoxia in Colo357 cells, the dimerization

and inactivation of M2-PK results in an inhibition of cell
proliferation, whereas under glucose starvation and acidifi-
cation the dimerization of M2-PK allowed further cell
doublings. M2-PK expression and the quaternary structure
of M2-PK are influenced by the tumour metastatic
potential. The quaternary structure of M2-PK may be
differently affected by hypoxia, glucose starvation and
acidification with severe consequences on cell doublings.
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Introduction

Tumour development is associated with major metabolic
changes. Otto Warburg noted in 1920 that tumour cells
have high glucose consumption and lactate production even
in the presence of oxygen (aerobic glycolysis) [1]. Since
then, intensive work has been invested to explain the
phenomenon of aerobic glycolysis in tumour cells. Al-
though metabolic characteristics of tumour cells have been
identified, the reason why tumour cells have high aerobic
glycolysis has not been fully established [2]. It has been
proposed that the glycolytic phenotype may initially arise
as an adaptation response to local hypoxia but that
persistent or cyclical hypoxia subsequently exerts selection
pressures that lead to constitutive upregulation of glycolysis,
even in the presence of oxygen [2].

A consistent metabolic alteration during tumour forma-
tion is an increase in glycolytic enzyme activities as well as
changes in the glycolytic isoenzymes [3, 4]. One of the
glycolytic enzymes which is consistently altered during
tumourogenesis is pyruvate kinase (E.C. 2.7.1.40), the last
enzyme within the glycolytic chain responsible for glyco-
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lytic energy production. Dependent upon the metabolic
characteristics of the tissues, different isoenzymes of
pyruvate kinase are expressed which differ widely in their
kinetic characteristics and metabolic regulation mechanisms
[4]. All normal proliferating cells, express the pyruvate
kinase isoenzyme type M2 (M2-PK) including embryonic
cells and adult stem cells but it is particularly expressed in
tumour cells. During tumour formation, the tissue-specific
isoenzymes of pyruvate kinase disappear and M2-PK is
expressed [4]. Knockdown of M2-PK expression with short
hairpin RNAi and replacement of M2-PK with M1-PK,
which is the characteristic isoenzyme of muscle and brain,
reduced the ability of human tumour cell lines to form
tumours in nude mouse xenografts [5]. M2-PK plays a bi-
functional role in tumour metabolism. In contrast to the
three other pyruvate kinase isoenzymes which always
consist of four subunits, M2-PK may occur in a tetrameric
form with high affinity to its substrate phosphoenolepyr-
uvate (PEP) and in a dimeric form with a low PEP affinity.
The tetrameric form is highly active under physiological
conditions and favours the energy regenerating conversion
of PEP to pyruvate [4]. The dimeric form of M2-PK is
nearly inactive under physiological conditions resulting in
an accumulation of the glycolytic intermediates above PK
and increased channelling of glucose carbons into synthetic
processes, i.e., nucleic acid, amino acid and phospholipid
synthesis. In tumour cells, M2-PK is mainly dimeric due to
direct interaction with different oncogenes [4]. The dimeric
form of M2-PK (Tumour M2-PK) is released from tumours
into the blood and stool and may be used for diagnostic
purposes [6-11].

The tetramer/dimer ratio of M2-PK is not a stationary
value and varies depending upon the concentrations of key
metabolites. High fructose 1,6-P2 levels, for example,
induces a re-association of the dimeric form of M2-PK to
the tetrameric form. Conversely, when the fructose 1,6-P2
levels decrease below a certain value, the tetrameric form
dissociates to the dimeric form again. The metabolite-
regulated oscillation of M2-PK between the highly active
tetrameric and nearly inactive dimeric form imparts the
possibility of a sensitive adaption of tumour metabolism to
different metabolic conditions [4, 5, 12].

Alteration in the tumour microenvironment in the form
of inadequate oxygen and nutrient supply and lactate
release results in tumour tissue hypoxia, nutrient depriva-
tion and acidification which may lead to cell cycle arrest,
apoptosis and necrosis [13, 14]. However, hypoxic and
acidic tumours are more resistant to treatment and have
high malignant potential [14]. Hypoxia induces cancer
progression through proteomic and genomic changes
activating angiogenesis, anaerobic metabolism and other
processes that enable tumour cells to survive in an oxygen-
and nutrient-deficient environment [14]. A key regulator for

the adaption of metabolism to hypoxic conditions is the
cytoplasmic hypoxia-inducible factor alpha [15]. Glucose
starvation was found to induce the dissociation of the
tetrameric form of M2-PK due to a rapid lowering of
fructose 1,6-P2 levels [12].

Pancreatic cancers are highly aggressive and carry a
poor prognosis. They are characterised by being hypo-
vascular [16]. Clinical studies have demonstrated that
pancreatic tumours release Tumour M2-PK (dimeric form
of M2-PK) which can be detected in the plasma with the
levels correlating with tumour stage [6-9, 11]. The
influence of the tumour microenvironment on levels of
tumour M2PK has not been adequately investigated. In the
present study, we compared the effect of hypoxia, glucose
deprivation and acidification on the growth of a non-
metastatic and a metastatic pancreatic cancer cell line and
compared this with M2-PK expression and levels of
Tumour M2-PK.

Material and methods

Cell culture

The human pancreatic cancer cell-line Panc-1, the normal
proliferating cell-line human microvascular endothelial
cells (HMEC-1) and the human breast cancer cell-line
MCF-7 were obtained from the European Collection of Cell
Culture. The human pancreatic cancer cell-line Colo357 was
gifted by Prof N R Lemoine, Centre for Molecular Oncology
and Imaging, The Royal London School of Medicine and
Dentistry, London, UK. Under control conditions HMEC-1,
Panc-1, and Colo357 cell lines were cultured in Dulbeco’s
modified eagle’s medium (DMEM; Gibco, UK) which
contained 4,500 mg/l glucose. MCF-7 cells were cultivated
in Earl’s minimum essential medium (EMEM; Gibco, UK)
which contained 1,000 mg/l glucose. Both media were
supplemented with penicillin/streptomycin solution (1%)
and 10% foetal bovine serum (FBS). Furthermore, DMEM
was supplemented with 2 mM glutamine. EMEM already
contained glutamine in a concentration of 2 mM.

Acidic medium was prepared by addition of 1 mM of
2-N-Morpholinoethanesulfonic acid and 25 mM of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (Sigma-
Aldrich, UK) to DMEM which contained no bicarbonate
buffer [17]. The final pH value of the medium was adjusted
to 6.5 using 1 mM NaOH or HCl. For glucose-deprived
cultivation DMEM (GIBCO, U.K) without glucose and
with 10% FBS supplementation was used. Glucose-
deprived condition was defined as <50 mg/dl glucose
concentration in the culture media as described before [18].

For hypoxic conditions, cells were placed in a hypoxia
chamber (Innova CO-48, New Brunswick Scientific, New
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Jersey, USA) with 1% O2, 5% CO2 and 94% Nitrogen.
Under control conditions, the cell lines were cultivated at
21% O2 and 5% CO2.

Cell viability and proliferation rate assessment

Two million cells were plated on a 75 cm2 flask with 15 ml
culture medium and cultured for 24, 48, 72 and 96 h,
respectively, without changing the culture medium. For
the experiments involving altered culture conditions, cells
were initially grown in normal conditions for 2 days.
Thereafter, the medium was changed and the cells were
grown within the new culture conditions without further
changes to the medium. For cell counting non-adherent
cells floating in the culture medium were sedimented by
low centrifugation. Adherent cells were removed from
the flask using 0.25% Trypsin ethylenediaminetetraacetic
acid (Gibco, UK) and were added to the non-adherent
cells. Cell viability was assessed at the different time
points by trypan blue exclusion and the viable cells were
counted under an inverted phase contrast microscope
(Nikon TMS-F, Japan) in a haemocytometer (Bright
Line™ Haemocytometer Z359629, Sigma, UK). The prolif-
eration rate was estimated as number of cell-doublings
within 96 cultivation hours according to the following
equation:

Number of cell�doublings ¼ lg F � lg Ið Þ
0:301

;

whereby, F = cell density after 96 h, I initial cell number/dish

Sample preparation

After counting, cells were washed three times with cold
phosphate buffered saline and pelleted by centrifuging at
800 rpm. Cell pellets were stored at−80 ˚C. The frozen cell
pellets were each resuspended in 1 ml of ice cold
homogenisation buffer (10 mM Tris, 1 mM NaF and
1 mM Mercaptoethanol, pH 7.4) and homogenised using
a Dounce tissue grinder (Wheaton Science products, USA).
The homogenised cells were then centrifuged at 40,000×g
(Optima™ TLX Ultracentrifuge, Beckman Coutler™,
USA) for 20 min and the supernatants of the cell
homogenates were used for western blotting and Tumour
M2-PK measurements.

M2-PK western blot

The protein content in the cell homogenate supernatant was
measured by Bradford assay. For immunoblotting, 20 µg of
cell homogenate supernatant protein was separated on 10%
sodium dodecyl sulfate polyacrylamide gel (Invitrogen,

Paisley, UK). After electrophoresis, the proteins were
transferred to polyvinylidene fluoride membranes (Biorad,
Hemel Hempstead, UK) by wet electroblotting and incu-
bated overnight with anti-M2-PK monoclonal mouse
antibody (DF-4, ScheBo Biotech AG, Giessen, Germany).
The secondary antibody used was peroxidase-conjugated
anti-mouse goat polyclonal antibody (Pierce Biotechnology,
Perbio Science, Cramlington, UK). Immunoreactive pro-
teins were detected using an enhanced chemiluminescence
system (SuperSignal West Dura Extended Duration Sub-
strate, Pierce Biotechnology, Perbio Science, Cramlington,
UK) on an X-ray film (Fuji Super Rx, Fuji Photo Film
(UK) Ltd). Density of each band was measured by
densitometry. Actin was used as loading control and
detected using anti-actin polyclonal sheep antibody (Sig-
ma-Aldrich, Dorset, UK) as primary and anti-sheep rabbit
polyclonal antibody (Pierce Biotechnology, Perbio Science,
Cramlington, UK) as secondary antibody.

Tumour M2-PK assay

Tumour M2-PK was measured using an enzyme-linked
immunosorbent assay (ELISA) kit (ScheBo® Tumour M2-
PK™). The assay is a sandwich-type ELISA based on two
monoclonal antibodies specific for the dimeric form of
M2-PK with no cross-reactivity with the tetrameric or
other isoforms of pyruvate kinase. Tumour M2-PK
concentration in the cell homogenate supernatants was
expressed in milli-units/milligram protein whereby the
protein content of the samples was measured using the
Bradford method.

Statistical analysis

For comparison of the Tumour M2-PK levels between
the different cell lines in different cultivation condi-
tions, a one-way analysis of covariance was performed
using the statistical program package BMDP1V [19].
Tumour M2-PK values were adjusted to cell density to
describe the adjusted means. Since the statistical distribu-
tion of the Tumour M2-PK values was skewed to the
right, a logarithmic transformation of the data was
performed and the results were presented as geometric
mean and dispersion factor (xg � DF�1). This is the
delogarithmic form of the arithmetic mean and standard
deviation of the previously logarithmically transformed
data. A non-linear regression was calculated to analyse
the correlation between Tumour M2-PK levels and cell
density using SPSS version 13 (SPSS Inc., Chicago, IL,
USA).

The mean value and standard error of the mean of the
total M2-PK by western blot in each condition was
compared using one-way analysis of variance.
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Results

M2-PK expression in HMEC-1, MCF-7, Panc-1
and Colo357 cells

In order to compare M2-PK expression in the different cell
lines western blot analysis was performed using a mono-
clonal anti-M2-PK antibody. Due to the denaturating
conditions, western blots do not discriminate between the
tetrameric and dimeric form of M2-PK and represents total
M2-PK protein. As shown in Fig. 1, all four cell lines
expressed the pyruvate kinase isoenzyme type M2. M2-PK
expression was highest in the metastatic Colo357 cell line,
whereby the amount of M2-PK calculated by densitometry
was about fourfold higher than in Panc-1 (p<0.01), fivefold
higher than in MCF-7 (p<0.01) and ninefold higher than in
HMEC-1 (p<0.01). The lowest amount of M2-PK protein
was detected in the normal proliferating cell line HMEC-1.

Tumour M2-PK contents in HMEC-1, MCF-7, Panc-1
and Colo357

In different cell lines, Tumour M2-PK levels, the
concentration of the dimeric form of M2-PK, were
measured using a sandwich ELISA which specifically
quantifies the dimeric form but does not detect the
tetrameric form of M2-PK. The mean inter assay
coefficient of variance (CV) was 20.8% (11.9-30.15%)
and the mean intra assay CV was 4.3% (0.18-16.6%). As

shown in Fig. 2, tumour M2-PK decreased with increasing
cell density.

In order to consider further possible dependency of
Tumour M2-PK on cell density a one-way analysis of
covariance with cell density as covariable was performed.
The mean values represent adjusted mean values that have
been adjusted to negate the influence of cell density. Tumour
M2-PK levels were lowest in HMEC-1 and highest in
Colo357 cells (Table 1). When the Tumour M2-PK values
were normalised with total M2-PK protein as determined by
western blotting (relative Tumour M2-PK) the normal
proliferating cell line HMEC-1 still contained the lowest
relative amount of Tumour M2-PK. In the metastatic
Colo357 cells, relative Tumour M2-PK was equal to that of
MCF-7 cells and about 3.5-fold higher than that in Panc-1
cells, which derive from a primary pancreatic tumour.

Alteration to the tumour micro-environment and M2-PK
expression

M2PK levels were measured under condition of (a)
hypoxia, (b) glucose deprivation and (c) acidic pH.

(a) Effect of hypoxia on cell proliferation, M2-PK
expression and Tumour M2-PK content in Panc-1
and Colo357 cells

Hypoxia had significant impact on the cell proliferation
of Colo357 and led to a decrease in cell doublings to 1/5 of
that of control cells within 96 h (p<0.001). In contrast,
hypoxia did not significantly affect the growth of Panc-1
cells (Table 2). Hypoxia did not change the M2-PK
expression in either cell line (Fig. 3). However, in Colo357
cells Tumour M2-PK levels significantly increased about
fourfold when cultivated at low oxygen supply (p<0.001)
(Table 3). Since the total M2-PK protein contents remained
unchanged, the increase in Tumour M2-PK levels indicates
a dimerization of M2-PK in hypoxic Colo357 cells. In
Panc-1 cells, Tumour M2-PK levels increased slightly but
this was not significant.

(b) Effect of glucose deprivation on cell proliferation, M2-
PK expression and Tumour M2-PK content in Panc-1
and Colo357 cells

In Colo-357 cells at low glucose supply, the number of
cell doublings within 96 h significantly decreased versus
controls (p<0.05) while in Panc-1 cell doublings were not
significantly affected (Table 2). In both cell lines, glucose
deprivation did not affect M2-PK expression (Fig. 3).
However, a significant three- to fourfold increase in tumour
M2-PK levels was measured in Colo357 cells (p<0.001).
Since total M2-PK protein was not affected at low glucose
supply the increase in Tumour M2-PK levels point to a
dimerization of M2-PK in glucose deprived Colo357 cells.

Fig. 1 Western blot analysis of M2-PK expression in HMEC-1,
MCF-7, Panc-1 and Colo357 cells. About 2 million cells were seeded
per dish for each cell line. After three cultivation days when cell
density was about 10 million cells/dish for each cell line a cell
homogenate supernatant equivalent to 20 µg protein (BioRad method)
was loaded into each slot. Actin was used as a loading control. The
bars represent mean ± SEM of three different experiments; **p<0.01
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Fig. 2 Dependency of Tumour M2-PK values from cell density in
HMEC-1, MCF-7, Colo357 and Panc-1 cells. Non-linear regres-
sion was used to establish correlation between Tumour M2-PK
and cell density and the best fitting curve was drawn using the
equation: Y=a+b*e−c*x, whereby Y-tumour M2-PK (m Units/mg

protein), X-cell density (millions) and a, b and c are the best fit
values from the non-linear regression analysis. HMEC-1 (r2: 0.47,
p<0.05), MCF-7 (r2: 0.514, p<0.001), Panc-1 (r2: 0.25, p<0.05)
and Colo 357 (r2: 0.44, p<0.01)

Table 1 Relative dimeric M2-PK levels in HMEC-1, MCF-7, Panc-1 and Colo-357

Cell lines Tumour M2-PK xg � DF�1 [mU/mg protein] M2-PK protein x ± SEM (M2-PK: Actin) Relative Tumour M2-PK

HMEC-1 2.7×1.8 (10) 0.49±0.06 (3) 5.4

MCF-7 37×1.5 (25) 0.95±0.53 (3) 37

Panc-1 14×1.5 (25) 1.23±0.18 (3) 11

Colo-357 180×1.5 (25) 4.50±0.68 (3) 38

Values in bracket represent the number of observations. M2-PK protein was normalised versus actin. For the calculation of relative amounts of the
dimeric form of M2-PK, Tumour M2-PK values were normalised with total M2-PK protein from western blot results (xg Tumour M2-PK : x total
M2-PK protein). x total M2-PK protein = mean values from western blot analysis
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In Panc-1 cells, a slight increase was measured. However,
this increase was not significant (Table 3).

(c) Effect of acidic pH on cell proliferation, M2-PK
expression and Tumour M2-PK content in Panc-1
and Colo357 cells

The pH value in acidic condition was stable over a 96
cultivation hours for Colo357 (6.70±0.2; n=40) and Panc-1
cells (6.45±0.5; n=40). The pH value of the control medium
was also unchanged throughout 96 h of cultivation (7.4±0.5;
n=40). Whereas in Colo357 cells, acidification had no effect
on the cell doubling rates, in Panc-1 cells cell proliferation
was nearly totally suppressed (p<0.05; Table 2).

On exposure to acidic pH (6.5), neither in Colo357 nor in
Panc-1 cells M2-PK expression was significantly affected
(Fig. 3). However, in Colo-357 cells cultivated at pH 6.5
Tumour M2-PK levels were about sixfold higher than their
counterparts at normal pH (Table 3). Since the amount of
total M2-PK protein was not affected by low pH, the
sixfold increase in Tumour M2-PK value indicate a strong
dimerization of M2-PK in Colo357 cells at acidic pH. In
Panc-1 cells, Tumour M2-PK values were not significantly
affected by the acidification of the medium (Table 3).

Discussion

This study has compared M2-PK expression and tumour
M2-PK levels in a non-metastatic and a metastatic human
pancreatic cancer cell line with control cell lines and
evaluated the effect of changes in the pancreatic tumour
microenvironment on M2PK levels. Panc-1 is an epithelioid
cell line derived from a primary human pancreatic
carcinoma of ductal cell origin [20] whereas, Colo357
originated from a lymph node metastasis of a pancreatic
adenocarcinoma [21]. Previous immunohistological studies
have demonstrated that M2-PK expression in primary
tumours is usually heterogeneous whereas metastases have
a homogeneous expression [4]. In accordance with the

immunohistological results, in the current study, the
metastatic Colo357 cells contained about fourfold more
M2-PK protein and about 3.5-fold more dimeric M2-PK
than the Panc-1 cells which derived from a primary tumour.
Elevated levels and activities of M2-PK have also been
found in other cancer cell lines with high metastatic
potential such as MHCC97 (human hepatocellular carcino-
ma) and H.Ep.2 (human laryngeal carcinoma) [3, 22]. The
amount of M2-PK protein in Panc-1 cells was similar to
that in MCF-7 cells, a cell line derived from a human breast
cancer [23]. However, in MCF-7 cells Tumour M2-PK
levels normalised against M2-PK protein were about
threefold higher than that in Panc-1 cells which indicates
that in MCF-7 cells the tetramer/dimer ratio of M2-PK was
more shifted towards the dimeric form than in Panc-1 cells.
In comparison to the tumour cell lines Colo357, MCF-7
and Panc-1, non-tumour cell line HMEC-1 contained the
lowest amount of total M2-PK protein as well as the lowest
amount of dimeric M2-PK, which is in accordance with the
finding that normal proliferating cells are characterised by a
higher amount of the tetrameric form whereas in tumour
cells the tetramer/dimer ratio is shifted towards the dimeric
[4]. The dimerization of M2-PK in tumour cells is caused
by interaction with different oncoproteins, i.e., pp60v-src,
HPV-16 E7, A-Raf [4].

In all four cell lines, Tumour M2-PK levels decreased
with increasing cell density. Dependencies upon cell
density have also been found for other enzymes and cell
lines and also for intracellular metabolites and metabolic
flux rates [24]. In contrast to tumour M2-PK the total M2-
PK expression did not show any dependency upon cell
density. The microenvironment of solid tumours is charac-
terised by varying oxygen and glucose supply and low pH
values due to the release of acidic metabolic products such
as lactate [13, 14]. In the present study, we simulated
different nutrient supply conditions in solid tumours by
culturing the two pancreatic cancer cells lines (Colo357 and
Panc-1) under hypoxia, glucose deprivation and low pH
value, respectively. As shown by western blot analysis, the
different cultivation conditions had no effect on the overall
content of M2-PK protein. However, different effects were
found on the Tumour M2-PK levels and cell doublings. In
Colo357 cells, a fourfold increase of Tumour M2-PK under
hypoxia, a threefold increase under glucose deprivation and
about 6.5-fold increase at low pH value were found. Since
total M2-PK values were not changed under the different
cultivations conditions, the increase of Tumour M2-PK
values points to a dimerization of M2-PK under all three
cultivation conditions. In contrast to Colo357 cells, mean
levels of Tumour M2-PK in Panc-1 cells were slightly but
not significantly increased under hypoxia and glucose
deprivation and slightly but not significantly decreased at
low pH. Acidification of tumour cell environment is a

Table 2 Effect of different cultivation conditions on cell doublings of
Colo357 and Panc-1 cells

Cultivation conditions Colo357 Panc-1
x±SEM x±SEM

Control 2.1±0.3 1.9±0.1

Hypoxia 0.4±0.1*** 0.9±0.4a

Glucose deprivation 1.2±0.3* 1.0±0.2a

pH 6.5 1.6±0.3a 0.4±0.6*

The values represent mean values of cell doublings within 96
cultivation hours from six independent experiments

***p<0.001, *p<0.05 in comparison to control
a not significant
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consequence of upregulated aerobic glycolysis with in-
creased lactate, H+ and CO2 production. The intracellular
pH value in tumour cells is usually in the range between 7.0
and 7.2 [25]. Intracellular H+ ions and lactic acid are
transported out of the cells by membrane bound Na+/H+

exchangers (NHE-1) and H+/lactic acid co-transporters
while CO2 diffuses rapidly across the plasma membrane
and is converted to carbonic acid by membrane-bound
ectoenzyme carbonic anhydrase [26]. The uptake of the
weak base HCO3

− via a member of the Na+-dependent and
Na+-independent Cl−/HCO3

− exchangers contributes to an
intracellular alkalinisation [26]. The resulting extracellular
pH in most solid tumours is usually acidic (5.8-7.2) [27].
The pH value used for acidic condition in our study was
within this range. An extracellular acidic environment helps
in tumour invasion by killing of normal cells and allowing
clonal selection of tumour cells by caspase mediated
activation of p53 dependent apoptosis [28, 29].

Table 3 Effect of different cultivation conditions on Tumour M2-PK
levels in Colo357 and Panc-1 cells

Cultivation conditions Colo357 xg � DF�1

[mU/mg protein]
Panc-1 xg � DF�1

[mU/mg protein]

Control 417×1.3 (20) 125×1.4 (20)

Hypoxia 1660×1.3 (20)*** 192×1.3 (20)a

Glucose deprivation 1413×1.2 (20)*** 214×1.3 (19)a

pH 6.5 2692×1.2 (20)*** 96×1.3 (20)a

At the beginning of the experiments, about 2 million cells/dish
were seeded. After 24, 48, 72 and 96 h cells were homogenised for
Tumour M2-PK measurements. Figures in brackets denote number
of experiments.

***p<.0001
a not significant

Fig. 3 Total content of M2-PK protein of Colo357 and Panc-1 cells
cultivated under different conditions. Cells were cultivated for 2 days
under control conditions until cell density was about 3-4 million cells/
dish. Thereafter, the cultivation medium was changed as indicated and
the cells were cultivated for 24, 48, 72, and 96 h, respectively, without
further changes of the culture medium. For each cell line and each

cultivation time point cell homogenate supernatants equivalent to
20 µg protein (BioRad method) were loaded into each slot. Actin was
used as a loading control. The bars in a denote the summarised mean
Optical Density (ODu) of M2-PK bands at 24, 48, 72 and 96 h from
three different experiments. b Denotes a representative M2-PK
western blot plate from one of the three experiments
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The dimerization of M2-PK observed in Colo357 cells at
low pH value may reduce the amount of lactate released
from tumour cells into their environment thereby prevent-
ing further acidification. This may explain why Colo357
cell doubling was not affected by low pH whereas in Panc-
1 cells which were unable to increase the dimeric form of
M2-PK suppression of cell proliferation took place. The
dimerization of M2-PK observed in glucose-deprived
Colo357 cells is presumably caused by a decrease of the
key M2-PK regulator fructose 1,6-P2 as previously de-
scribed by Ashizawa et al [12]. Under glucose deprivation,
a high amount of the dimeric M2-PK favours the
channelling of the reduced glucose carbons available into
synthetic processes. When glutaminolysis provides an
alternative source for energy generation, the dimerization
of M2-PK may enable tumour cells to proliferate even
under low glucose supply. In our glucose-deprived experi-
ments, oxygen was not limited. Therefore, oxygen-
dependent glutaminolysis was available as alternative
source for energy generation [4, 30]. Thus, in glucose
deprived Colo357 cells proliferation was slightly reduced
but not completely suppressed.

Under hypoxia, mitochondrial respiration and glutami-
nolysis fail as energy sources since both pathways depend
on oxygen supply. In both cell lines under hypoxia, the total
content of M2-PK protein was not changed which may
indicate that although the M-gene which encodes for the
pyruvate kinase isoenzyme type M2 has hypoxia responsive
site [31], hypoxia may not necessarily upregulate M2-PK
levels.

In Colo357 cells, the fourfold increase of the dimeric
form of M2-PK under hypoxic conditions suggests that the
Colo357 cells may be unable to shift to glycolytic energy
regeneration at low oxygen supply. The dimerization of
M2-PK together with the inhibition of the oxygen-
dependent energy regeneration by mitochondrial respiration
and glutaminolysis may explain the strong inhibition of cell
proliferation in Colo357 cells. In Panc-1 cells, which did
not show a significant effect of hypoxia on Tumour M2-
PK, cell population doubling was not significantly affected.

In conclusion, we have demonstrated that neither in the
non-metastatic Panc-1 cell line nor in the metastatic
Colo357 cell line the level of M2PK enzyme was affected
by hypoxia, glucose deprivation or acidic pH. However, the
changes to the tumour environment had a major effect on
tumour cell proliferation and the level of the tumour
associated dimeric M2-PK. The dimerization of M2-PK
under adverse tumour conditions may have a role in clonal
selection and tumour progression, which requires further
investigation.
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