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Background: Severe hypoxia is prevalent in 
solid tumours and necessitates compensatory 
changes to nutrient metabolism.  
Results: Under severe hypoxia tumour 
models ensured sufficient ATP production and 
cell viability. 
Conclusion: Maintaining ATP production 
diverted glucose and its metabolites from 
biosynthesis. 
Significance: Greater understanding of tumour 
cells under severe hypoxia may provide novel 
therapeutic targets in this recalcitrant population. 
 
ABSTRACT 

Solid tumours contend with, and adapt to, a 
hostile micro-environment that includes limited 
availability of nutrient fuels and oxygen. The 
presence of hypoxia (O2 < 5%) stabilises the 
transcription factor Hif1 and results in numerous 
cellular adaptations including increased flux of 
glucose through glycolysis. Increasingly more 
sophisticated analysis of tumour oxygenation has 
revealed large gradients of oxygen tension and 

significant regions under severe hypoxia (O2 < 
1%). The present investigation has demonstrated 
a significant increase in the glycolytic flux rate 
when tumour spheroids were exposed to 0.1% 
O2. The severe hypoxia was associated with 
uniform pimonidazole adduct formation and 
elevated levels of Hif1α and c-Myc. This 
resulted in elevated expression of GLUT and 
MCT transporters, in addition to increased 
activity of PFK1 in comparison to that observed 
in normoxia. However, the protein expression 
and enzymatic capacity of HK2, G6PDH, PK 
and LDH were all reduced by severe hypoxia. 
Clearly the effects of exposure to severe hypoxia 
lead to a significantly abridged Hif1 response, 
yet one still able to elevate glycolytic flux and 
prevent loss of intermediates to anabolism. 

Cancer cells adopt a distinct metabolic profile 
from healthy tissues; in particular they display a 
heavy reliance on the contribution of glycolysis 
to meet energy demands (1). Even in the 
presence of sufficient oxygen and fully 
functional mitochondria, cancer cells 
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preferentially utilise the “aerobic glycolysis” 
route. This switch from oxidative 
phosphorylation (36 ATP per glucose) to 
glycolysis (2 ATP per glucose) appears at odds 
with the demands of highly proliferative tissue. 
Flux through oxidative phosphorylation is not 
negligible (2), but the balance compared to 
glycolysis is reduced. Glucose uptake into 
cancer cells is sufficiently high to ensure a high 
flux through glycolysis; however, the passage of 
pyruvate towards the TCA cycle via acetyl-CoA 
is depressed (3,4). This situation will enable 
diversion of intermediates to anabolic pathways 
to generate glycerol for complex lipid synthesis, 
NADPH for biosynthetic reductions and ribose 
sugars for nucleotides in DNA and RNA. 
Clearly, cancer cells have adapted their 
metabolic strategy to maintain a balance 
between energy provision and biomass 
production. 

The molecular basis for the switch in metabolic 
profile of cancer cells involves the input of 
several transcription factors and tumour 
suppressor genes. For example, expression of the 
transcription factor c-Myc is increased in 
approximately 70% of human cancers (5) and it 
regulates 15% of human genes, many of which 
are associated with metabolism (6). Expression 
of glucose transporters and the LDH enzyme are 
key targets for c-Myc to ensure elevated 
glycolytic flux (7-9). In addition, most of the 
enzymes involved in glycolysis display a c-Myc 
binding site within their gene sequence (5,10). 
The tumour suppressor, p53, normally represses 
transcriptional activity for several GLUT 
isoforms (11). However, it is highly mutated in 
most cancers and the repression of glucose 
transporter expression is removed.  

Pyruvate kinase (PK) catalyses the final reaction 
of glycolysis and the M1 isoform dominates in 
healthy tissues forming an active tetrameric 
assembly. In tumour cells the M2 isoform is 
over-expressed (12) and may form an active 
tetrameric, or a less-active dimeric assembly 
(13). The presence of dimeric PK-M2 reduces 
the rate of pyruvate formation and results in 
elevated levels of glycolytic intermediates. As a 
consequence, a proportion of the intermediates 
will enter anabolic pathways to produce lipid, 
nucleotides and amino-acids.  

It is clear that cancer cell metabolism has 
adapted to its specific requirements through the 

actions of multiple regulatory factors. In 
particular, transcription factors, allosteric 
intermediates and tumour suppressor genes 
combine to increase flux of glucose into 
glycolysis and stimulate the activities of 
glycolytic enzymes. 

The uncontrolled growth of tumours requires 
sufficient supply of metabolic nutrients and the 
disorganised architecture of solid tumours 
prevents uniform and abundant nutrient supply 
to all cells. Consequently, gradients of nutrients 
and oxygen occur and it was estimated in 1919 
that oxygenation of cells in a tumour would only 
occur to a maximal distance of 150µm from a 
capillary (14) and experimental studies have 
suggested a diffusion limit of 235µm (15). More 
recent experimental evidence has demonstrated 
steep gradients of oxygen partial pressure that 
fall to near zero levels at cells distant from 
vessels (16,17). The crisis in oxygen availability 
engenders numerous adaptive responses in 
tumours and of primary importance is 
angiogenesis to alleviate the supply issues. 
However, the angiogenic vessels are frequently 
poorly formed, leaky and do not evenly 
distribute through the tumour mass. The high 
interstitial and hydrostatic pressures also prevent 
homogeneous distribution of nutrients and 
oxygen (18,19). In addition, the clearance of 
metabolic waste products from deeper regions of 
tumours is also severely limited. Therefore, a 
large cohort of cells in solid tumours is poorly 
oxygenated, has limited supply of metabolic 
nutrients and this may lead to regions of 
necrosis. 

The cellular response to hypoxia combats some 
of these issues and ensures adequate provision of 
energy and biosynthetic precursors. Hypoxia-
inducible factor (Hif) is a major transcription 
factor that co-ordinates the cellular response to 
low oxygen (10,20). In hypoxia, Hif1α escapes 
proteosomal degradation (21), the heterodimer 
with Hif1β is stabilised, and results in 
transcriptional activation of target genes (10). 
Hif1 targets genes involved in numerous cellular 
functions (e.g. apoptosis, DNA repair, lipid 
metabolism) and a number are specifically 
related to glucose metabolism.  

Hif1 induces expression of pyruvate 
dehydrogenase kinase 1 (PDK1) which 
phosphorylates, and thereby inactivates, the 
PDH enzyme. PDH catalyses the conversion of 
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pyruvate to acetyl-CoA and a reduction in its 
activity will lower entry of carbon fuel derived 
from glucose into the TCA cycle. Hif1 has also 
been demonstrated to increase expression of 
PKM2 (22), LDH-A and several GLUT 
isoforms. The combined effect of these 
alterations to protein expression or activity is to 
elevate flux into the glycolytic pathway and 
direct the product pyruvate to lactate; thereby 
avoiding entry to the TCA cycle for complete 
oxidation. The activation of Hif1 has also been 
reported to increase expression of HK2, enolase, 
GAPDH, PFK-L and TPI in cancer cell lines and 
clinical samples (20,23,24). Overall, Hif1 
mediates the activation of most steps in the 
glycolytic pathway. 

Is there a correlation between the extent of 
hypoxia and the degree to which glycolytic flux 
is stimulated? Hypoxia can be broadly defined as 
conditions where the partial pressure of oxygen 
drops below 10mm Hg (~1.4%) (25). The O2 
partial pressure is in air is 150mm Hg (~20%) 
and 100mm Hg in arterial blood. Healthy tissues 
display considerable variability, with partial 
pressures of oxygen in liver and kidney at 20 and 
70mm Hg respectively. Considerable effort has 
been placed into documenting the degree of 
oxygenation in most types of cancer. Pancreatic 
cancer has a median oxygen partial pressure of 
2mm Hg, compared to 52mm Hg in non-
cancerous tissue (26). Moreover, the fraction of 
pancreatic cancer tissue mass with an oxygen 
partial pressure of <2.5mm Hg was 20%. Head 
and neck cancers have been reported to display 
median oxygen partial pressures of 3-9mm Hg 
with a range of 0-59mm Hg reported (27,28). 
Head and neck cancers have also been shown to 
contain 22% of their mass at O2 partial pressure 
<2.5mm Hg. Prostate cancer has a mean oxygen 
partial pressure of 9.5mm Hg with a median of 
6.1mm Hg and 70% of the tumour is found in an 
environment with <10mm Hg (29). Hypoxia is 
omnipresent in solid tumours and the degree of 
hypoxia correlates inversely with patient 
prognosis. Moreover, it is the fraction of hypoxic 
cells in a tumour that correlate with outcome or 
prognosis. 

A great deal of research has focussed on hypoxia 
in the range 5-10mm Hg and the effects on 
glycolysis and nutrient utilisation are well-
documented. Comparatively, little information is 
available under conditions of severe hypoxia. 
Given the small sample of statistics presented 

above, the focus on 5-10mm Hg level hypoxia 
may not represent the extent of cellular 
alterations of a significant proportion of tissue. 
In the present investigation the effects of severe 
hypoxia (1.4mmHg) on glycolytic flux were 
investigated in a solid tumour model. Expression 
and the activities of key enzymes or transporters 
associated with glucose and glutamine utilisation 
were measured in solid tumour models. The data 
demonstrate that cellular adaptation to a severe 
hypoxic environment is distinct from that 
observed at lower degrees of hypoxia. 

MATERIALS AND METHODS 
 
Materials 
RPMI-1640 medium, foetal bovine serum and 
trypsin with EDTA were purchased from 
Invitrogen (Paisley, UK). The penicillin and 
streptomycin was from Lonza (Wokingham, 
UK). AnaeroGen sachets and Anaerobic 
indicator were from Fisher Scientific (UK). 
Protease inhibitors and glutamate pyruvate 
transaminase were from Roche (Mannheim, 
Germany). The DC detergent compatible protein 
assay and Kaleidoscope Precision Plus protein 
standards were from Bio Rad Laboratories 
(Hercules, USA). The reduced and oxidised 
forms of β-Nicotinamide-adenine dinucleotide 
(NADP+) and β-Nicotinamide-Adenine 
Dinucleotide Phosphate (NAD+), Glucose-6-
phosphate Dehydrogenase, Hexokinase, and 
NAD Lithium Salt were from Calbiochem – 
Merck Ltd (Nottingham, UK). EZ-
Chemiluminescence Detection kit for HRP was 
from Geneflow Ltd. Primary antibodies to 
GLUT1, GLUT3, MCT1, MCT4, p27 and c-
Myc antibody HRP (all raised in rabbit) were 
purchased from Santa Cruz biotechnology Inc 
(USA). Primary antibodies to Glucose 6 
phosphate dehydrogenase, glutamate 
dehydrogenase, pyruvate kinase (HRP) and 
lactate dehydrogenase (HRP) as well as 
secondary anti rabbit and anti-goat antibodies 
conjugated to HRP were from Abcam UK.  The 
primary antibody to HIF-1α (Clone 54) was 
from Becton Dickinson UK Ltd. Primary 
antibodies to PFKP, hexokinase II and ASCT2 
were from New England Biolabs (Herts, UK). 
Primary antibodies to PFKL and PFKM were 
from Sigma-Aldrich. (Dorset, UK). The primary 
antibody to the Ki-67 antigen (MIB-1) and the 
polyclonal goat anti mouse HRP secondary 
antibody were from Dako UK (Ely, UK). The 
primary antibody to pimonidazole was included 
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in a kit from Chemicon International Inc (USA). 
Normal horse serum and universal anti-mouse 
anti-rabbit secondary antibody for IHC was from 
Vector Laboratories Inc (California, USA). The 
Novolink polymer detection system was from 
Leica biosystems. D-[5-3H(N)]-glucose was 
from PerkinElmer. 
 
Production of tumour spheroids from DLD1 
cells 
DLD1 human colon adenocarcinoma cells were 
primarily grown as monolayers in RPMI-1640 
medium as previously described (30). Tumour 
spheroids (TS) were grown as suspension 
cultures from a seeding density of 2.5 x 105 cells 
ml-1 in 20 ml and stirred at 55 rpm (Techne 
MCS-104S) (37°C, 5% CO2), allowing spheroids 
to form, as described (31). TS diameter was used 
as a measure of growth and diameters of at least 
20 TS in a 1 ml fraction were measured using a 
graduated calibrated microscope eyepiece 
graticule. TS between 200-400μm in diameter 
were used for metabolic analyses. This was 
typically at day 2 of TS growth where TS had an 
average diameter of 232±7μm (n=200 TS). 

To prepare homogenates, the TS were collected 
by gravity sedimentation, the growth medium 
discarded, and the TS were re-suspended in 
homogenisation buffer (0.05M Tris-HCl (pH 
8.0)) containing protease inhibitors. The TS 
were homogenized extensively using a glass 
homogenizer and aliquots (50μl) stored at -80°C. 
Protein concentration of TS homogenates was 
determined using the DC Brad (BioRad) protein 
assay according to the manufacture’s protocol. 
 
Growth of tumour spheroids in severe hypoxia 
DLD1 TS with a 200-400μm diameter were 
transferred in 100μl medium to a 96 well plate, 
containing a base coat of 0.75% (w/v) agarose in 
serum-free medium. The plate was placed in a 
3.5L anaerobic chamber, which was incubated 
for 16 hours at 37°C. An AnaeroGen sachet, 
containing ascorbic acid and activated carbon to 
absorb the oxygen in the chamber and produce 
carbon dioxide, was placed inside the chamber 
(32). Hypoxic conditions were confirmed with 
an anaerobic indicator strip, a cotton strip 
containing the redox indicator resazurin that 
undergoes a colour change from white to red on 
exposure to oxygen. 

The viability of TSH compared to TSN was 
assayed by measuring the amount of cellular 

outgrowth from the spheroid following hypoxic 
exposure. After hypoxic incubation tumour 
spheroids were transferred to an uncoated 96-
well tissue culture plate and incubated for 72h to 
allow cellular outgrowth from the tissue (30). 
Following outgrowth, the medium was aspirated 
and replaced with 5g L-1 methylene blue in 50% 
(v/v) methanol to fix and stain the cells. The 
wells were washed three times in PBS and the 
radial outgrowth measured using a graduated 
microscope eye-piece graticule. The radius of 
the tumour spheroids was subtracted from the 
measurements and the degree of outgrowth was 
expressed as a fraction of spheroid size. 
 
Immunohistochemistry of tumour spheroids 
TS were fixed, embedded and cut into 5µm 
sections as previously described (Mellor BP 
2005). To enable detection of specific proteins, 
antigen retrieval was done by incubating slides 
in 50mM Tris/200mM EDTA buffer, (pH 9) in a 
Decloaking chamber (Biocare Medical) (25p.s.i 
for 2 minutes). Slides were blocked with normal 
2.5%(v/v) horse serum prior to incubation with 
primary monoclonal antibody to Ki67 (1:100) or 
p27Kip1 (1:150), for 1 hour at room temperature. 
Bound Ki67 antibody was detected using an 
anti-mouse secondary whilst p27Kip1 bound 
antibody was detected using a Novolink polymer 
kit. To determine their oxygenation status, TS 
were cultured with 100μM pimonidazole in the 
medium for the final 16 hours of growth. Slides 
were also blocked with normal horse serum prior 
to incubation with the primary monoclonal 
mouse anti-human antibody (1:100) for 1 hour at 
room temperature. Bound antibody was detected 
using a universal anti-mouse secondary 
antibody. Detection for all three targets was 
achieved using DAB substrate chromogen and 
hematoxylin counterstain. 
 
Metabolic enzyme activity in tumour spheroids 
The activities of enzymes catalysing the key 
reactions in energy generating pathways were 
measured in the TS homogenates using 
spectrophotometric assays (Hitachi Model U-
2010 spectrometer). Full details of the assays1 
and their optimisation to tumour spheroids have 
been previously described (33,34). Reactions 
were monitored by continuous recording of the 
change in absorbance at λ=340nm due to the 
reduction or oxidation of NAD(P)H or NAD(P)+ 
either within a single reaction or a coupled 
                                                           
1 Details in Supplementary Table S1 
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reaction system. Enzyme specific activity was 
then calculated from the initial rate of change of 
absorbance using the Beer Lambert law.  
 
Expression levels of enzymes in tumour 
spheroids 
TS homogenates were mixed with reducing 
Laemmli sample buffer and heated at 95oC for 
10 minutes. Total protein was separated by SDS 
PAGE electrophoresis and then transferred to a 
nitrocellulose membrane. The membrane was 
blocked overnight at 4oC or at room temperature 
for 1-2 hours with 5% skim-milk or BSA (w/v) 
in PBS-T. The enzymes of interest were detected 
according to the antibody conditions2 provided 
by the manufacturers, in most cases the 
secondary antibody was conjugated to HRP. 
Nitrocellulose membranes were washed twice 
for 10 mins in PBS supplemented with 0.1% 
(v/v) Tween20 (PBS-T) and immuno-reactivity 
measured with the EZ-Chemiluminescence 
Detection kit. 
 
Measurement of glycolytic flux 
Glycolytic flux in TS of 200-400μm diameter 
was determined by measuring the rate of tritium 
removal from D-[5-3H(N)]-glucose (35). TS 
were washed twice and re-suspended in 5ml 
sterile PBS, the solution was mixed well before 
transferring 0.5ml to each of 6 wells in an 
uncoated 24 well plate. Each well was 
supplemented with 0.5ml growth medium 
containing 10mM glucose. After a 30-minute 
incubation, 0.5 ml of medium supplemented 
with 0.04miCi/mM [D-[5-3H(N)]-glucose was 
added and the TS were incubated for 16 hours 
under normoxic or hypoxic conditions. 
Following the incubation, medium was removed 
and snap frozen at -20°C. The 3H2O produced 
was separated from labelled D-[5-3H(N)]-
glucose in the samples by column 
chromatography using a DOWEX-borate 
column. Carbohydrates in the sample bind to 
borate in the stationary phase of the column and 
the 3H2O in the sample was eluted with 2ml of 
water. The radioactivity in the water eluate was 
measured by scintillation counting. All values 
were normalised to protein content measured 
from control wells. 
 
Gene expression profiling 
RNA was extracted from tumour spheroids using 
TRIZOL. For each sample, 100ng of total RNA 
                                                           
2 See also Supplementary Table S2 

was amplified and labelled with the 3’ IVT 
Express Kit following the manufacturer’s 
protocol (Affymetrix, Santa Clara USA). Biotin-
labelled fragmented cRNA (10µg) was 
hybridised to GeneChip Human Genome U133 
Plus2.0 Arrays (Affymetrix), which covers more 
than 47,000 transcripts representing 39,000 
human genes. Hybridisation occurred at 45oC for 
16 hr in a Hybridisation Oven (Affymetrix). 
Chips were then washed and stained in a 
Fluidics Station 450 (Affymetrix) and scanned 
with a GeneChip Scanner (Affymetrix). Data 
was analysed using GeneSpring 7.3.1 software 
(Agilent) as previously described (36). 
 
Data analysis 

Enzyme assays were analysed using linear 
regression analysis of the raw 
spectrophotometric data to give reaction rates. 
Enzyme activity was then calculated according 
to the Beer Lambert law, and corrected for total 
protein concentration. 

Western blots were analysed by densitometry 
using Image J. The raw data was normalised to 
give expression levels relative to the mean 
densitometry observed in TSN on each western 
blot. Initial investigations showed that β-actin 
levels were not consistent between the three 
micro-environmental conditions utilized in this 
study. This is consistent with studies by Farmer 
et al who determined that changes in cell growth 
conditions may alter actin synthesis (37). 
Therefore in this study sample loading was 
controlled by using specific amounts of total 
protein. 

Enzymatic and expression data were compared 
using one-way ANOVA with the Bonferroni’s 
multiple comparison post-hoc test. All 
regression analysis and statistical comparisons 
were done using GraphPad Prism 4. 

RESULTS 

The 3-D solid tumour model for severe hypoxia 
The 3-D tumour spheroid (TS) model has been 
widely used to investigate cancer biology and 
the efficacy of treatment regimes. TS from the 
DLD1 cell line were grown to a diameter of 200-
400µm for the present investigation, although 
they can grow to diameters in excess of 1000µm. 
However, those above 500µm display 
considerable heterogeneity of cell populations 
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and nutrient/O2 gradients (33,38). Figure 1a 
provides a cross-section of TS grown under 
standard normoxic conditions (TSN) and Figure 
1c shows TS stained for the marker of 
proliferating cells, Ki67. The presence of cells 
expressing Ki67 was observed throughout the 
tissue mass. Figure 1e shows the protein 
expression pattern for the marker of quiescence 
p27. The degree of staining was less intense than 
observed for Ki67 and did not display any 
specific localisation in TSN. 

It has also been estimated that the diffusion limit 
for O2 in solid tumours is approximately 200µm, 
thereby providing further justification for using 
TS with φ≤400µm. This investigation provides 
comparison between TS grown under conditions 
of normoxia and severe hypoxia. Therefore, the 
absence of measurable hypoxia in the control 
(i.e. TSN) tissue was essential. Tumour spheroids 
were grown under hypoxic conditions (TSH) 
using an anaerobic jar containing sachets with 
activated carbon and ascorbic acid to generate an 
atmosphere of <1% O2. O2 levels had been 
demonstrated to drop from 20% to 0.1% within 
45 minutes and remained stable for at least 24 
hours (31). 

The TS were grown under these conditions for 
16 hours and the degree of hypoxia determined 
by measuring the presence of pimonidazole. 
Figure 1 (a-b) provides a comparison of the 
presence of pimonidazole adducts between TS 
grown under normoxic and hypoxic conditions. 
The TSH demonstrated extensive pimonidazole 
staining, which was observed throughout the 
tissue. In contrast, the TSN displayed negligible 
levels of pimonidazole adduct staining in the 
tissue. The effects of hypoxic incubation were 
also examined on the proliferative capacity of 
the TS in order to provide a measure of tissue 
viability. The growth under severe hypoxic 
conditions for 16 hours did not alter the protein 
expression levels or pattern for the markers of 
proliferation (Ki67 – Figure 1c-d) or quiescence 
(p27 – Figure 1e-f). The retention of 
proliferative capacity suggests that the treatment 
did not alter the cell viability within the tissue. 

Further validation of the integrity, or viability, of 
the TSH was assessed using the cellular 
outgrowth assay. Following the hypoxic 
incubation, TS were placed in cell culture plates 
for a 72 hour recovery period. Once the TS 
adhered to the plate, the viable outer rim cells 

proliferate and grow in a radial manner from the 
spheroid, as shown in Figure 2a. The degree of 
radial outgrowth from the dark central TS mass 
(Rtot – RTS) is a measure of proliferative capacity 
and therefore of the cell viability. As shown in 
Figure 2b, there was no statistically significant 
difference in the radial outgrowth between the 
two growth conditions, thereby indicating that 
following hypoxic incubation, the TSH contained 
viable cells. 

Cancer cells undergo considerable adaptation to 
ensure survival under conditions of hypoxia and 
the response involves the major transcription 
factor Hif-1. Stabilisation of the Hif-1 
transcription factor affects genes involved in 
angiogenesis, survival, pH regulation and 
metabolism to name a few. In particular, 
expression of the Hif1α protein subunit is 
stabilised under conditions of oxygen 
deprivation. Figure 3 shows a representative 
western blot for the expression of Hif1α protein 
(132kDa) in TS grown under conditions of 
normoxia and severe hypoxia for 16 hours. The 
histogram summarises multiple observations and 
reveals a statistically significant (P<0.001), 3.3 
fold increase in the level of Hif1α protein in TSH 
compared to the normoxic control. 

The transcription factor c-Myc is a driver for 
proliferation, growth and metabolism in cancer 
cells, often with constitutive expression. 
Increased levels of c-Myc have been shown to 
modulate the expression of several transporters 
and enzymes associated with glucose catabolism 
and glutamine utilisation. Moreover, there are 
several reports of a relationship between c-Myc 
and Hif1α in cancer cells, presumably involving 
the response to hypoxia (39). The representative 
western blot in Figure 3 demonstrates that c-Myc 
expression was also increased in TS grown 
under severe hypoxia. In fact, data from multiple 
observations revealed that 16hr incubation at 
0.1% O2 resulted in a statistically significant 
two-fold increase in c-Myc expression. 

The use of TS with diameters of 200-400µm 
generates a homogeneous cellular distribution in 
TS. Moreover, the growth of TS at O2 tension of 
0.1% generates TS with clear evidence of 
hypoxia, yet retention of cell viability. The latter 
was assessed by two measures of proliferative 
capacity, which is a stringent measure of overall 
cell function. Finally, expression the 
transcription factors c-Myc and Hif1α, which 
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regulate numerous metabolic pathways, are 
significantly increased by severe hypoxia. 

Metabolic alterations due to severe hypoxia in a 
3-D tumour model 
The TS model was subsequently used to 
investigate the effects of severe hypoxia on the 
utilisation of glucose and glutamine. In 
particular, overall glycolytic flux was assessed 
and the contributions of key metabolic enzymes 
and transporters were described. The use of TS 
with φ≤400µm ensured adequate availability of 
nutrients and oxygen, thereby reducing supply 
issues as a factor in metabolic assessment. 
Homogenates of TS were used to determine the 
activities and expression levels of enzymes. 
Relative protein expression was estimated using 
western blot analysis3 and the data quantitated 
using densitometry, which is summarised in the 
tables below. 

Glycolytic flux was measured to provide an 
indication of catabolism in TS grown under 
normoxia and severe hypoxia. The glycolytic 
flux rate was measured by the release of 3H2O 
following the inclusion of 5-[3H]-glucose in the 
growth medium. The 3H2O is released in the 
penultimate reaction of glycolysis (2-phospho-
glycerate → phospho-enol-pyruvate), which is 
catalysed by enolase. Under conditions replete 
with glucose (11mM) and normoxia (20% O2), 
the glycolytic flux rate was 19.3±1.7 nmol min-1 
mg-1 (Table 1). Under severe hypoxia (0.1% O2) 
the rate of glycolysis was increased by 2-fold to 
37.8±3.2 nmol min-1 mg-1 (P<0.001) over a 16-
hour period. 

The elevated flux rate for glucose through the 
glycolytic pathway is commensurate with the 
increased expression of Hif1α and c-Myc 
proteins. The effects of increased levels of these 
transcription factors under hypoxia (1-5% O2) 
typically results in elevated expression of 
selected, key glycolytic enzymes and nutrient 
transporters. Protein expression of the glucose 
transporter GLUT1 was marginally increased 
under severe hypoxia and levels of the GLUT3 
isoform were raised by almost two-fold (Table 
2). Both transporters have high affinity for 
glucose (KM~1mM) and hypoxia response 
elements in their gene promotor regions. The 
high glucose concentration of RPMI-1640 
medium (11mM) ensured that the transporters 

                                                           
3 Representative blots in Supplementary Figure S1 

were saturated and the uptake of glucose was 
proportional to their expression. 

The activities of several metabolic enzymes 
were measured (Table 3) under conditions that 
ensured that the enzyme operated at maximal 
activity (VMAX). This reported activity is a 
reflection of the maximal capacity for the 
enzyme at the protein expression levels found in 
the homogenate. The maximal activity of PFK1 
in normoxic conditions was 29±10 nmol min-1 
mg-1, which was not significantly different to the 
overall glycolytic flux rate (Table 1). This 
indicates that this enzyme reflects the capacity 
for glycolysis in these cells and has been thought 
to dictate the pace of glycolysis.  

When TS were grown under severe hypoxia, 
protein expression of the PFK1-P isoform was 
unchanged, whereas expression of the PFK1-M 
and PFK1-L isoforms was significantly reduced 
(Table 3). The overall capacity of the reaction 
catalysed by PFK1 was unaffected by severe 
hypoxia. Moreover, the capacity (32±7 nmol 
min-1 mg-1) was also not significantly different to 
the rate of glycolytic flux (Table 1) under 
identical growth conditions. This suggests that 
the glycolytic pathway was operating at the 
maximal possible rate in severe hypoxia and 
there was no further capability to respond to 
conditions of increased ATP demand. 

Hexokinase is a near ubiquitously expressed 
enzyme that phosphorylates glucose in the 
cytoplasm to facilitate the maintenance of a 
concentration gradient into cells. The isoforms I-
III have high affinity for glucose (i.e. 
KM<1mM), thereby ensuring saturation of 
activity in the conditions used for TS growth in 
this investigation. In TS grown under severe 
hypoxia the hexokinase activity in the 
homogenates was reduced from 6.3±1.0 nmol 
min-1 mg-1 in normoxia by almost five-fold to a 
rate of 1.3±0.3 nmol min-1 mg-1 (P<0.01) (Table 
3). The drop in activity was associated with a 
similar 5.9-fold reduction in the protein 
expression level for the Hexokinase II isoform 
known to be expressed in cancer cells (Table 3).  

The final reaction in glycolysis involves the 
transfer of a phosphate-group from phospho-
enol-pyruvate to ADP. The reaction is catalysed 
by pyruvate kinase and the reaction leads to the 
formation of ATP and pyruvate. Overall protein 
expression of pyruvate kinase was reduced four-
fold (P<0.01) in TS grown under severe hypoxia 
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(Table 3). There was a concomitant reduction in 
the pyruvate kinase activity of homogenates 
grown under severe hypoxia to 25% of the 
activity (P<0.05) observed in normoxic 
conditions (Table 3). This complements previous 
observations that a switch to the PK-M2 isoform 
correlates with growth rates in tumours, allowing 
the funnelling of glycolytic intermediates into 
biosynthetic pathways (40). The TS of the 
present investigation appear to divert resources 
from growth promoting pathways, yet maintain 
sufficient ATP production from glycolysis. 

In tumour cells the immediate fate of pyruvate is 
primarily the conversion to lactate in 
conjunction with the oxidation of NADH to 
NAD+. The liberation of the latter enables 
continued glycolysis, particularly where flux 
through oxidative phosphorylation is impaired 
(e.g. hypoxia). In cancer cells, expression of the 
LDH-A isoform is under the control of both 
Hif1α and c-Myc. Despite this, protein 
expression levels for LDH-A were reduced to 
29% of the amount observed in TS grown under 
normoxic conditions (Table 3). Once again, this 
reduced protein expression was mirrored by the 
reduction of the maximal capacity of LDH 
activity in TSH homogenates to 384±154 nmol 
min-1 mg-1, which is 29% of the activity in TSN 
(P<0.05). 

Expression of the monocarboxylate transporter 
MCT4 protein isoform was subjected to a 
modest 1.5-fold increase (P<0.01) in TSH (Table 
2). The MCT4 isoform can mediate the efflux of 
lactate from the cytoplasm and its expression is 
crucial to maintain pH-homeostasis in cancer 
cells due to the high glycolytic flux. The 
elevated expression under severe hypoxia is 
commensurate with the increased flux rate 
through glycolysis (Table 1). The related MCT1 
isoform is also capable of transporting lactate, 
pyruvate, ketone bodies and oxo-acids from 
branch-chain amino-acids. The directionality of 
lactate flux is dependent on the cellular 
conditions, but efflux or influx is possible. 
Expression of MCT1 protein was also increased 
by approximately 50% (P<0.01) when TS were 
grown under hypoxic conditions (Table 2). 

It is possible that TS under severe hypoxia are 
utilising alternative fuels such as glutamine, 
which is found at 2mM concentration in RPMI-
1640 medium. Table 2 demonstrates that 
expression of the glutamine (and neutral amino-

acid) transporter protein ASCT2 was not 
significantly altered by severe hypoxia, which is 
distinct from the elevated glucose uptake 
observed. Glutamate dehydrogenase (GLDH) is 
a key enzyme in the process of glutaminolysis, 
which serves to provide energy and anabolic 
intermediates from the utilisation of glutamine. 
The enzyme is highly regulated and catalyses the 
oxidative deamination of glutamate to produce 
α-keto-glutarate, NADPH and the liberation of 
NH4

+. Severe hypoxia did not produce a 
statistically significant change in the protein 
expression levels of GLDH in TS (Table 3). 
However, the activity of GLDH was reduced by 
five-fold (P<0.05) in TS grown under severe 
hypoxia (Table 3), which is similar to the effects 
seen for several key glycolytic enzymes. 

Another fate for glucose in tumour cells is the 
pentose phosphate pathway, which provides 
ribose sugars for nucleotide synthesis and the 
reduced co-factor NADPH. The latter is used in 
anabolic pathways and for regeneration of the 
cellular anti-oxidant GSH. The pathway has a 
major role in highly proliferative tissue for 
biomass production. As shown in Table 3, the 
exposure of TS to a severely hypoxic 
environment was associated with a dramatic 10-
fold reduction in the expression of glucose-6-
phosphate dehydrogenase (G6PDH) protein. 
G6PDH catalyses the oxidation of glucose-6-
phosphate to 6-phosphono-glucono-lactone, with 
the production of NADPH and it constitutes the 
entry reaction to the PPP. Similarly, the activity 
of G6PDH was reduced from 23±2 nmol min-1 
mg-1 to 4±3 nmol min-1 mg-1, which is a 
statistically significant (P<0.05) 5.2-fold 
reduction.  

In summary, the nature of metabolic changes 
associated with glycolysis under conditions of 
severe hypoxia is somewhat incongruous. Severe 
hypoxia was associated with higher glycolytic 
flux and this was supported by (i) increased 
expression of glucose transporter proteins to 
ensure substrate supply, (ii) high metabolic 
capacity of the key enzyme PFK1, and, (iii) 
increased expression of transport proteins to 
clear lactate from the cytoplasm. However, the 
protein expression levels and maximal capacity 
of three key enzymes associated with glycolysis 
were severely depressed. In addition, protein 
expression levels were frequently at odds with 
the elevated mRNA levels (Tables 2-3). Elevated 
mRNA for glycolytic enzymes is a fundamental 
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outcome of the Hif1α/c-Myc signal. This 
indicates that the hypoxic response remains 
intact; namely to cause ↑glycolytic flux. 
However, it did not ultimately achieve this 
through a generic increase in expression of 
enzymes and transporters 

DISCUSSION 

The hostile intra-tumour microenvironment 
requires considerable adaptation to sustain 
tumour viability and a key driving force for 
adaptive changes is the presence of hypoxia. The 
extent of hypoxia varies markedly for tumours 
and the presence of near total anoxia have been 
observed in vivo and in clinical samples (26-29). 
The present investigation focussed on the effects 
of severe hypoxia on the catabolism of glucose. 
A TS model system was adopted over simple 
monolayer systems to more accurately reflect the 
gradients of nutrients, pH, oxygen and metabolic 
waste products observed in vivo (41). However, 
TS sizes were limited to a φ<400µm to 
maximise the diffusion of oxygen through the 
tissue. It has been reported that the 
experimentally derived oxygen diffusion limit is 
approximately 230µm (15) and that TS 
φ>400µm exhibit heterogeneous cell populations 
(33,38). This ensures that the normoxic TS used 
in this investigation were free of regions 
containing hypoxic or non-proliferating cells.  

TS grown under conditions of severe hypoxia 
(0.1% O2 or 1.4mm Hg) displayed extensive and 
homogeneous pimonidazole adduct formation. 
Moreover, the TSH reflected the hallmark 
characteristics of stabilised Hif1α and elevated 
c-Myc transcription factor expression. These 
features combined to produce the anticipated 
increase in flux of glucose through the catabolic 
glycolytic pathway that has been widely 
observed in hypoxia (5,10,20). Typically, the 
elevated glycolytic flux occurs due to the 
increased expression of several enzymes and 
transporters associated with the pathway. Under 
severe hypoxia, mRNA levels were increased for 
several glycolytic enzymes in response to 
stabilisation of the transcription factor Hif1α. 
However, there was an apparent disconnect 
between the elevated mRNA and the protein 
expression levels in the TSH. Clearly, the cellular 
alterations to enzymes associated with glycolysis 
under conditions of severe hypoxia differ from 
those adopted at “standard experimental 

hypoxia” (10-15mm Hg), although the increase 
in flux was maintained. 

As discussed earlier, the stabilisation of Hif1α 
has been shown to cause a generic increase in 
transcript and protein levels for glycolytic 
enzymes to ensure sufficient flux through the 
pathway. In fact, it has been demonstrated that 
the majority of glycolytic enzymes are 
inherently over-expressed in 70% of human 
cancers, irrespective of oxygenation (42). Is this 
cellular overkill and is the elevation of 
expression for all enzymes in the pathway 
necessary? Proponents of classical metabolic 
biochemistry would argue that increased 
expression of “rate-limiting” enzymes would 
suffice, or at least be instigated. Ensuring 
sufficient supply of glucose, or a phosphorylated 
derivative, would also feature prominently in 
any strategy to elevate flux through glycolysis. 
Moreover, tumours display alterations in the 
isoenzyme expression profile, which may 
provide isoforms with kinetic properties that can 
exploit the local environment (1,43,44). The 
predominant glucose transporter isoforms 
expressed under hypoxic conditions are GLUT1 
and GLUT3; both of which have high affinity 
for glucose (45). Under standard incubation 
conditions (i.e. [glucose] ≥ 5mM), transporter 
activity would be saturated, to ensure efficient 
influx. Consequently, increasing glucose uptake 
in hypoxia would require elevated transporter 
expression, a finding that was observed in the 
present manuscript. 

Contemporary biochemical interpretation of 
pathways uses Metabolic Control Analysis 
(MCA), which provide a mathematical 
framework to describe substrate flux (46,47). 
This analysis suggests that control of flux 
through any pathway involves the activities of 
multiple enzymes. In addition, the model applies 
elasticity coefficients, which demonstrate the 
extent to which variation in reactant 
concentration of any intermediate can change the 
rate of flux through the pathway. In AS-30D 
hepatoma cells, the primary control of glycolysis 
was exerted in the initial stages of the pathway 
by the glucose transporter and HK activity 
(48,49). Although PFK1 did exert some control, 
its influence was considerably lower than GLUT 
and HK. In the present manuscript, the absolute 
capacity of PFK1 activity was similar in 
homogenates from both TSN and TSH, 
presumably due to allosteric control by fructose-
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2,6-bisphosphate and AMP. Consequently, an 
increase in the concentration of fructose-6-
phosphate is unlikely to confer a significant 
change in the activity of PFK1. However, the 
similarity in PFK1 activity and overall glycolytic 
flux implicate the enzyme as a key control point 
for this pathway. 

MCA based investigations have also suggested 
prominent roles for GLUT1 and GLUT3 in 
dictating glycolytic flux, with considerably 
lower influence by HK under conditions of 
normal glucose concentration (49). In addition, 
the transporters retained their influence in cells 
exposed to hypoxic conditions; although the 
contribution of PFK1 to glycolytic flux was 
greater than under normoxia. Figure 4 provides a 
summary model of the metabolic changes 
observed in TS exposed to severe hypoxia for a 
16 hour period. The TSH displayed elevated 
expression of glucose transporters (GLUT1/3) 
and a corresponding increase in the expression 
of lactate transporter proteins (MCT1/4). The 
elevated GLUT proteins will ensure increased 
glucose uptake from the medium for catabolism 
via glycolysis. The over-expression of MCT1/4 
will promote the clearance of lactate from the 
cells. This ensures maintenance of a stable 
intracellular pH and will provide an equilibrium 
favouring the continued conversion of pyruvate 
to lactate. In addition, overall activity of PFK1 
was maintained in TSH under severe hypoxia and 
this was predominantly due to the lack of effect 
on expression of the PFK-P isoform. 
Investigations with breast cancer cell lines have 
demonstrated that PFK1 expression undergoes a 
gradual conversion to the P-isoform (44,50) and 
the specific disruption of its expression in 
glioblastoma provided a survival advantage in a 
mouse xenograft model (51). 

Over-expression of the transporters and retention 
of PFK1-P expression are therefore likely to 
promote the enhanced glycolytic flux observed 
under severe hypoxia. This increased flux occurs 
under the backdrop of reduced protein 
expression and/or metabolic capacity for the 
glycolytic enzymes HK2, PK and LDH. The 
reduced expression for these enzymes is not 
correlated with the elevated mRNA levels 
generated by a strong up-regulation of Hif1α in 
the TSH. It therefore represents an abridged 
Hif1α response by the cells to adapt to the 
severe hypoxia. The metabolic capacities for the 
enzymes remain in excess of the glycolytic flux, 

thereby ensuring its progression. It is also 
pertinent to recall that these three enzymes are 
also branch points for possible intermediate 
diversion to biosynthetic pathways. Reduction in 
their activity/expression may impact on entry to 
biosynthesis. 

The expression of G6PDH protein, the entry 
point for glucose-6-phosphate to the PPP, was 
also markedly reduced in severe hypoxia. In 
addition, the observed reduction in metabolic 
capacity of this branch-point enzyme ensured 
that intermediates of glucose catabolism were 
retained within the glycolytic pathway. Two 
major roles for the PPP are the provision of 
NADPH for biosynthetic pathways and ribose 
sugars that are essential for nucleotide synthesis 
(52). Therefore, this metabolic shunt has a 
significant role in cellular anabolic processes. 
This is in addition to the reduced expression of 
G6PDH, which is the entry point to the pentose-
phosphate pathway and ensures that glycolytic 
intermediates are not siphoned off to anabolic 
pathways. As discussed by Hochachka et al (53), 
the suppression of biosynthetic pathways, and its 
concomitant reduction in ATP demand, ensures 
cellular tolerance for hypoxia.  

Glutamine has an important role in hypoxic 
cancer cells as a carbon source for the synthesis 
of citrate; a major biosynthetic precursor in the 
synthesis of fatty acids essential for cellular 
growth and proliferation (54,55). Wise and 
colleagues employed isotopic tracers in SF188 
glioblastoma cells to show that under hypoxic 
(0.5% O2) conditions sufficient for HIF-1α 
stabilization, glutamine became the major source 
of citrate, via a reverse order of TCA cycle 
reactions where α ketoglutarate from 
glutaminolysis was reductively carboxylated 
(55). In addition, HIF-1 activation (0.5% O2) 
was shown to reduce the activity of the α 
ketoglutarate dehydrogenase complex, via 
promotion of the ubiquitination and proteolysis 
of the E1 subunit of the complex, hence 
inhibiting glutamine oxidation via the TCA 
cycle (54). In the present manuscript, expression 
of the ASCT2 transporter protein mediating 
glutamine uptake was unaffected by severe 
hypoxia, whereas expression of GLDH was 
marginally increased despite a reduction in its 
metabolic capacity. Taken together, the data 
suggests a possible small reduction in overall 
flux through the glutaminolysis pathway. Once 
again, this appears to reveal a dampening of 
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biosynthetic pathways in response to severe 
hypoxia in TS. 

A key explanation for the disconnect between 
mRNA levels and expression of enzymes or 
transporters is the significant drop in protein 
synthesis that has been observed in hypoxia. The 
extent to which protein synthesis is suppressed 
in cancer cells is time dependent and correlated 
with oxygen tension (56). In fact, protein 
synthesis is the second most ATP utilising 
cellular process, with only the Na+/K+-ATPase 
consuming more (53,57). Consequently, 
suppression of protein synthesis will reduce ATP 
degradation and thereby “spare” essential 
cellular survival pathways. Under conditions of 
severe hypoxia, ATP usage by protein synthesis 
may drop to 7% of levels observed in normoxia 
(53). The reduction in protein synthesis in 
hypoxic cancer cells is attributed to reduced 
translation. In particular, the reduction in O2 
tension results in phosphorylation of the 
eukaryotic initiation factor (eIF2) and disruption 
of the eIF4F complex; the combined effects lead 
to suppression of protein synthesis (58,59). 

During the development of hypoxia, cancer cells 
initiate a series of events to up-regulate 
glycolytic flux in order to preserve sufficient 
ATP and biomass for cellular function. The 
response is co-ordinated primarily by the 
transcription factor Hif1α and results in elevated 
mRNA levels for numerous glycolytic enzymes 
and transporters mediating glucose and lactate 
translocation. However, under severe hypoxia 
the increased mRNA levels are not associated 
with corresponding elevations in protein levels 
of glycolytic enzymes. This disparity is likely 
due to a significant reduction in protein 
synthesis. However, the expression of PFK1-P is 
maintained and the levels of GLUT1/3 and 
MCT1/4 are increased. These effects are 
sufficient to confer an increased glycolytic flux 
and further reveal the complex balance required 
in cancer cells to adapt to micro-environmental 
stresses. In particular, the reduced HK2/PK 
activities and the unchanged PFK1 capacity 
would suggest that cellular metabolic strategy in 
severe hypoxia diverts glucose from biosynthetic 
pathways to enable sufficient ATP production by 
glycolysis. 
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Hif – hypoxia inducible factor 
TS – tumour spheroid 
GLUT – glucose transporter 
MCT – monocarboxylate transporter 
ASCT2 – glutamine/amino-acid transporter 
HK – hexokinase 
PFK – phosphofructokinase 
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PK – pyruvate kinase 
LDH – lactate dehydrogenase 
G6PDH – glucose-6-phosphate dehydrogenase 
GLDH – glutamate dehydrogenase 
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FIGURE LEGENDS 

Figure 1 Effects of severe hypoxia on the tumour spheroid expression of markers for 
proliferation, quiescence and hypoxia 

Markers of proliferation (Ki67), quiescence (p27Kip1) and hypoxia (pimonidazole) were measured 
using immunohistochemistry. Tumour spheroids were fixed in formalin and embedded in wax 
moulds. Sections (5µm) were cut and markers identified as described in materials and methods. 
Sections were counterstained with haematoxylin and mounted to slides with AquaMount. The scale 
bar corresponds to 200 µm. Panels (a-b) were stained for pimonidazole, (c-d) stained for Ki67 and (e-
f) for p27Kip1. Panels (a,c,e) were obtained from spheroids grown in normoxic conditions and (b,d,f) 
from hypoxic conditions. 

 

Figure 2 Cellular outgrowth from tumour spheroids following growth in conditions of 
severe hypoxia 

Tumour spheroids were grown at 37oC under normoxic conditions (pO2~20%, pCO2~5%) or subjected 
to severe hypoxia (pO2~0.1%) for 16 hours. Following incubation, the spheroids were transferred to 
uncoated 96-well plates and incubated for a further 72 hours under standard, normoxic conditions. 
Panel (a) shows a photomicrograph of a representative spheroid and the cellular outgrowth. Cells were 
stained with methylene blue. The radii of the spheroid and the cellular outgrowth were measured 
using a graduated eyepiece graticule. Panel (b) shows the mean±sem (n=20) of the radius of 
outgrowth from spheroids that had been grown under normoxic (empty bar) or hypoxic (filled bar) 
conditions. The radius of the normoxic spheroids was assigned a value of 1.0. 

 

Figure 3 Expression of the transcription factors Hif1α and c-Myc in tumour spheroids 
following growth in conditions of severe hypoxia 

Expression of the transcription factors (a) Hif1α and (b) c-Myc were determined for tumour spheroids 
grown under conditions of normoxia (TSN) or severe hypoxia (TSH). The inset to each panel shows a 
representative western immunoblot of spheroid lysate detected as described in the materials and 
methods. Equivalent loading between samples was achieved by using 10µg total protein per lane. 
Densitometric analysis was used to quantify the expression with the level in TSN assigned a value of 
1.0. Values represent mean±sem from at least four independent preparations. * indicates a statistically 
significant (p<0.001) difference to the TSN level. 

 

Figure 4 Metabolic alterations in response to severe hypoxia in tumour spheroids 

The figure provides a schematic representation of the effects of severe hypoxia on the fate and flux of 
glucose. Arrows represent transport processes or metabolic reactions. The solid arrows highlight those 
processes similar, or increased from that observed in normoxia. The dashed lines indicate that flux 
through the specific reaction/transfer has been reduced. The blue boxes refer to transporters and 
enzymes investigated in this study. Solid boxes indicate that expression has been elevated compared 
to normoxia and the dashed boxes indicate reduced expression. 

 

  



Effects of anoxia on glycolysis in cancer 

17 
 

TABLES 

 

 

 

 

 
TSN FLUX TSH FLUX 

Glycolytic flux 
(µmol mg-1 minh-1) 19.3±1.7 37.8±3.2 

(n) (4) (4) 

P  <0.001 
 

 

Table 1 The effects of severe hypoxia on the glycolytic flux rate in tumour spheroids 
The glycolytic flux was determined from the rate of tritium removal from D-[5-3H(N)]-glucose added 
to spheroids grown under normoxic conditions (pO2~20%, pCO2~5%) or subjected to severe hypoxia 
(pO2~0.1%) for 16 hours. The radiolabelled glucose was added to intact spheroids and the rate 
corresponds to µmoles [3H] removed from D-[5-3H(N)]-glucose per mg total spheroid protein per 
min. Values correspond to mean±sem from the number of independent preparations indicated in 
parentheses. 

 

 

  



Effects of anoxia on glycolysis in cancer 

18 
 

 

TRANSPORTER ISOFORM 

EXPRESSION RATIO 
(TSH/TSN) 

mRNA Protein 

Glucose transporter 1 (GLUT1) SLC2A1 2.7 1.53±0.19 
(4) 

Glucose transporter 3 (GLUT3) SLC2A3 8.2 1.96±0.17* 
(7) 

Monocarboxylate transporter 1 
(MCT1) SLC16A1 0.66 1.51±0.16* 

(5) 

Monocarboxylate transporter 4 
(MCT4) SLC16A3 1.1 1.51±0.09* 

(7) 

Glutamine transporter (ASCT2) SLC1A5 0.79 1.18±0.28 
(9) 

 

 

Table 2 The effects of severe hypoxia on the expression profiles of transporters associated 
with cellular metabolism 

Tumour spheroids were subjected to severe hypoxia (þO2~0.1%) for 16 hours at 37oC. Following 
hypoxic incubation, the spheroids were prepared for analysis of transporter expression. mRNA data 
for the expression of metabolism associated transporters were determined using gene expression 
profiling. Protein expression levels were determined by Western Blot analysis of total protein 
homogenates (10µg). Densitometric analysis was used to quantify the relative levels of protein from 
spheroids grown under normoxic or hypoxic conditions. Expression of protein and mRNA was 
normalised to the level found in normoxic spheroids, which were assigned a value of 1.0. The mRNA 
levels were obtained from a pooled sample from three spheroid preparations. The protein levels 
represent the mean±sem obtained from the number of independent samples indicated by the value in 
parentheses.* signifies a statistically significant difference to the normoxic condition (p<0.01). 
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ENZYME ISOFORM 

EXPRESSION RATIO 
(TSH/TSN) 

MAXIMAL ACTIVITY 
(nmoles min-1 mg-1) 

mRNA Protein Normoxic Hypoxic 

Hexokinase HK2 2.37 0.17±0.07 
(11) 

6.26±1.02 
(11) 

1.33±0.29 
(4) 

Phosphofructokinase1 

PFK1-P - 0.89±0.49 
(3) 

29.6±9.9 
(4) 

31.9±6.9 
(4) PFK1-M 0.80 0.30±0.11 

(16) 

PFK1-L 1.42 0.16±0.11 
(7) 

Pyruvate kinase PK 1.53 0.25±0.09 
(8) 

2155±258 
(5) 

545±311 
(4) 

Lactate dehydrogenase LDH 1.71 0.29±0.09 
(10) 

1305±231 
(5) 

384±154 
(4) 

Glucose-6-phosphate dehydrogenase G6P-DH 1.03 0.09±004 
(6) 

184±17 
(5) 

32±12 
(4) 

Glutamate dehydrogenase GLDH - 1.61±0.27 
(8) 

22.9±2.3 
(4) 

4.4±3.0 
(4) 
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Table 3 The effects of severe hypoxia on the expression profiles of cytosolic enzymes associated with cellular metabolism 
Tumour spheroids were grown at 37oC under normoxic conditions (pO2~20%, pCO2~5%) or subjected to severe hypoxia (pO2~0.1%) for 16 hours. mRNA 
data for the expression of metabolism associated enzymes were determined using gene expression profiling. Protein expression levels were determined by 
Western Blot analysis of total protein homogenates (10µg). Expression of protein and mRNA was normalised to the level found in normoxic spheroids, which 
were assigned a value of 1.0. Activities of were measured from spheroid homogenates under conditions of high substrate concentration to provide the 
maximal enzyme activity. All activities represent mean±sem from the number of independent preparations indicated in parentheses and in units of nmoles 
substrate consumed per mg total protein per minute. 
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