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Glut-1 as a therapeutic target: increased chemoresistance
and HIF-1-independent link with cell turnover is revealed
through COMPARE analysis and metabolomic studies
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Abstract The facilitative glucose transporter Glut-1 is
overexpressed and confers poor prognosis in a wide range
of solid tumours. The peri-necrotic pattern of expression
often seen in human tumour samples is linked with its
transcriptional control in hypoxic conditions by hypoxia-
inducible factor HIF-1 or through a reduced rate of oxida-
tive phosphorylation. Hypoxia-regulated genes offer
promise as novel therapeutic targets as a means of pre-
venting the proliferation and eventual metastatic spread of
tissue originating from residual chemically and radio
resistant hypoxic cells that have survived treatment.
Inhibiting the expression or functionality of Glut-1 may be a
way of specifically targeting hypoxic cells within the
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tumour that depend upon a high rate of glucose uptake for
anaerobic glycolysis. We used an array of formalin-fixed,
paraffin-embedded samples of the NCI-60 panel of cell
lines to carry out immunohistochemical detection of Glut-1
and to select possible candidate lead compounds by
COMPARE analysis with agents from the NCI diversity
screen, which may work via inhibition of Glut-1 or
Glut-1-dependent processes. ‘‘Positive’> COMPARE hits
were mostly conjugated Pseudomonas toxins binding the
epidermal growth factor receptor (EGFR). However, cor-
relations with standard anticancer agents were virtually all
negative, indicating a link between Glut-1 and chemore-
sistance. MTT proliferation assays carried out using stable,
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Glut-1 overexpressing cell lines generated from the bladder
EJ138, human fibrosarcoma HT 1080 and the hepatoma
wild type Hepa and HIF-1B-deficient c4 tumour cell lines
revealed a cell line-dependent increase in chemoresistance
to dacarbazine, vincristine and the bioreductive agent EO9
in Glut-1 overexpressing EJ138 relative to WT and empty
vector controls. Metabolomic analysis (*'P-MRS and
'"H MRS) carried out using cell lysates and xenografts
generated from Glut-1 overexpressing Hepa and c4 cell
lines showed higher glucose levels in Glut-1 overxpressing
c4 relative to parental tumour extracts occurred in the ab-
sence of an increase in lactate levels, which were in turn
significantly higher in the Glut-1 overexpressing Hepa xe-
nografts. This implies that Glut-1 over-expression without a
co-ordinate increase in HIF-1-regulated glycolytic enzymes
increases glucose uptake but not the rate of glycolysis. Glut-
1 overexpressing xenografts also showed higher levels of
phosphodiester (PDE), which relates to the metabolite
turnover of phospholipids and is involved in membrane
lipid degradation, indicating a mechanism by which Glut-1
may increase cell turnover.

Keywords Glut-1 - HIF-1 - NCI60 -
COMPARE analysis - Metabolomics

Introduction

The interest in hypoxia-regulated genes as therapeutic tar-
gets in cancer stems from prolific evidence that tumour
hypoxia leads to radio and chemoresistance, and that the
adaptations afforded by these genes that enable survival in
this hostile microenvironment lead to increased malignancy
and likelihood of metastatic spread [8, 9, 36]. Tumour hy-
poxia presents a therapeutic problem; however, the degree
of selectivity presented by such microenvironmental dif-
ferences has provided a number of avenues for exploitation,
such as the bioreductive hypoxia-selective cytotoxins. Such
agents include tirapazamine, a benzotriazine di-N-oxide
currently in phase III clinical trials in non small cell lung
and ovarian cancers, which shows particular promise if used
in conjunction with radiation therapy or platinum com-
pounds [19]. Another class of bioreductive drugs are the
indolequinones, such as E09, which are derivatives of
mitomycin C, and are activated by the tumour specific en-
zyme NQO1 or hypoxia. EQ9 is currently in Phase I clinical
trial for the treatment of bladder cancer [39, 40]. The
facilitative glucose transporter Glut-1 is an example of a
hypoxia-regulated gene that is overexpressed and confers
poor prognosis in a wide range of solid tumours [15, 37].
Glut-1 expression responds to a variety of stimuli. Differ-
ences in constitutive Glut-1 expression between tumours
and tumour cell lines are likely to be dependent upon factors

@ Springer

such as the expression of transforming oncogenes,
e.g. H-Ras and c-myc [4, 32]. However, the behaviour of
Glut-1 in hypoxic conditions is triphasic, where in acute
hypoxia, pre-existing membrane bound protein is demasked
or activated, prior to translocation of Glut-1 bound by
intracellular vesicles to the plasma membrane. In chroni-
cally hypoxic conditions, de novo synthesis occurs, where
Glut-1 is dually controlled via the transcription factor HIF-1
and reduced oxidative phosphorylation [54].

The correlation of Glut-1 expression with direct oxygen
measurements by Eppendorf histography [1] and via biore-
ductive marker pimonidazole (Hypoxyprobe®) binding [2]
in advanced carcinoma of the cervix suggests that this pro-
tein may be used to evaluate the level and extent of hypoxia
and hence the suitability of individual patients for hypoxia-
dependent therapies such as radiation therapy, as well as for
inclusion into clinical trials for hypoxia-selective anticancer
agents. The increased uptake and metabolism of glucose in
tumours relative to non-malignant tissue was first described
by Warburg in 1930, and this effect is most easily explained
by the need to support rapidly proliferating tumour tissue,
and in hypoxic conditions, a switch to anaerobic glycolysis
[55]. These observations have been applied effectively in
diagnostic techniques such as FDG-PET [17, 46], as well as
therapeutically, where glucose analogues such as 2-deoxy-
glucose and 5-thioglucose have been used as radiosensitizers
or cytotoxic agents which inhibit glucose metabolism [49].
More recent work has evaluated glucose conjugates, where
selective uptake of conventional cytotoxic drugs is achieved
by conjugation with a glucose moiety. This approach has
had a variable degree of success. The agent 2-GluSNAP
[11], a glucose-conjugated nitric oxide donor, has shown
promise in ovarian carcinoma, whilst the mustard-glucose
conjugate gluphosphamide [7], was in phase II clinical trials
but showed little clinical advantage and has now been dis-
continued. The characterisation of Glut-1 and other glucose
transporters, together with the rapidly increasing knowledge
of the transcriptional pathways involved in oxygen sensing
and control of hypoxia-regulated genes is providing the
opportunity to investigate the suitability of Glut-1 as a
therapeutic target. Whereas previous approaches exploiting
glucose metabolism as a target using 2-DG and 5TG were
more toxic to hypoxic cells in vitro, this approach was
compromised by normal tissue toxicity in mice, presumably
due to non-specific inhibition of glycolysis [49]. The
importance of Glut-1 in the development of tumours has
been explored in vitro and in vivo, where the overexpression
of Glut-1 antisense successfully inhibited the proliferation of
HL60 leukaemia cells and MKN45-derived xenografts
respectively [12, 35]. We have also recently demonstrated
that Glut-1 expression may confer resistance to alkylating
agents such as dacarbazine, an effect that may be hypoxia
independent [3]. Therefore, inhibition of expression or
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functionality of Glut-1, rather than inhibiting glucose
metabolism in its entirety may more specifically target those
cells within the tumour that depend upon a high rate of
glucose uptake for anaerobic glycolysis, such as those
existing in hypoxic conditions.

The National Cancer Institute Developmental Thera-
peutics Programme administers a repository of around
140,000 novel, structurally diverse compounds, and has
collated toxicity data for an inventory of more than 600,000
standard and novel agents. Toxicity data is derived using
sensitivities to the NCI panel of 60 tumour cell lines. The
NCI-60 panel of cell lines is now available in the form of an
array of formalin-fixed, paraffin-embedded samples of cell
lines, enabling rapid and relatively inexpensive detection
and racking of molecular target expression by immunohis-
tochemistry and subsequent semi-quantitative grading. In
this study, we used this technique to select possible candi-
date lead compounds by COMPARE analysis using agents
from the NCI diversity screen that may work via inhibition
of Glut-1 or Glut-1-dependent processes.

Fig. 1 Scoring was semi-
quantitative according to
staining distribution and
intensity. Examples of Glut- 1
staining intensity scores,
including BT549 = 0;

MCF7 =1, OVCAR = 2;
IGROVI1 = 4; SNBI19 =5,
arrow show stained cells.
Magnification x400

Methods
Glut-1 immunohistochemistry

Immunostaining for Glut-1 expression was carried out as
described previously [12], according to protocol using
Envision kits containing rabbit secondary antibody
(DAKO). Primary antibody step for Glut-1 involved incu-
bation for 1 hour at 37°C with a 10 pg/ml concentration of
affinity purified anti-rabbit Glut-1 (Alpha Diagnostic
International, TX, USA).

Scoring

Glut-1 expression was graded 0-5 according to intensity
and spread of staining (0 = no staining, 5 = most intense
and widespread Glut-1 staining). Examples of cell lines
expressing different grades of Glut-1 expression are shown

(Fig. 1).
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COMPARE analysis

A COMPARE analysis was carried out as per Fitzimmons
et al. [18] to relate Glut-1 expression in the NCI-60 cell
line panel to their sensitivity to standard and novel agents
in the NCI drug screen. Using ranked Glut-1 expression as
a seed, analysis was carried out as described by the
Developmental Therapeutics Programme see website
http://www.dtp.nci.nih.gov/docs/compare/compare.html.

Cell culture

Human fibrosarcoma cell lines (HT1080) were obtained
from the American Type Culture Collection (Rockville,
MD. USA), bladder tumor cell lines kindly donated by
Roger Phillips (Bradford, UK) and human hepatoma Hepa
wild type and HIF-1-deficient (c4) cell lines were kindly
donated by lan Stratford, Manchester, UK. Cells were
maintained at 37°C, 5% CO, and 95% humidity in RPMI-
1640 medium (Sigma, UK), supplemented with foetal
bovine serum (10% v/v) (Invitrogen Ltd., UK).

Preparation of stable cell lines that over-express Glut-1
or Glut-1-GFP fusion protein

Stable cell lines that constitutively overexpress Glut-1
(designated GLAR) were generated as follows. A construct
consisting of GLUT-1 ¢cDNA (1,675 bp) (kindly donated
by Anthony Carruthers, MA, USA), cloned into the mul-
tiple cloning site of pEFIRES-puro plasmid expression
vector under the control of a human polypeptide chain
elongation factor 1o promoter, was kindly provided by Dr.
Kaye Williams (School of Pharmacy and Pharmaceutical
Sciences, University of Manchester, UK). Stable transfec-
tants containing either the Glut-1 expression plasmid or
empty vector controls were generated using FuGene-6
transfection reagent (Roche Diagnostics Ltd.) according to
manufactures instructions, and stable clones selected by
culture in medium containing 4 pg/ml puromycin. Glut-1
over-expression from each stable clone was evaluated
using immunohistochemistry. The clones showing the
highest level of Glut-1 immunostaining plus an empty
vector control from each cell line were selected and
maintained for a further 4 weeks in medium without
selection. Puromycin was then re-introduced for 2 weeks to
confirm clone stability. To generate cell lines expressing
Glut-1-GFP fusion protein, a GLUT-1 cDNA was inserted
into the multiple cloning site of the pEGFP-N3-neo plas-
mid expression vector (BD Biosciences Clontech, UK) (a
gift from Anthony Carruthers, USA). Stable clones
expressing the fusion protein were generated from HT1080
cells as per Glut-1 expressing cell lines, using 400 pg/ml
G418 (Invitrogen Ltd.) for selection.
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Preparation of cells for immunohistochemistry

Exponentially growing cells were harvested into 10 ml ice
cold PBS by followed by overnight fixation of pellets with
10% neutral buffered formalin at 4°C. The pellets were
carefully submerged in 1% agarose solution, and when set
excess agarose was removed before processing through to
wax blocks, from which (5 pm) sections were cut and
transferred to polylysine coated slides.

Visualisation of expressed Glut-1/EGFP fusion protein

Cells were harvested with trypsin and fixed in neutral
buffered formalin (10% (w/v)). The nuclei of the cells were
stained with fluorescent Hoechst 33342 (Sigma). The cells
were visualised using a BX51 fluorescence microscope
(Olympus Optical Co., Japan) at magnification 100X under
oil immersion. The Hoechst 33342 stained nuclei of the
cells appear blue at a maximum excitation of 340 nm and
emission of 488 nm. The EGFP/Glut-1 fusion protein or
EGFP appear green at a maximum excitation of 488 nm
and emission of 576 nm. Images of the same field of cells
were captured separately, at the appropriate wavelengths
for Hoechst 33342 or EGFP, using a C4742-95 digital CCD
camera (Hamamatsu Phototonics, Japan). These images
were merged together using Open Lab™™ scientific imaging
software (Improvision®, UK).

Western blotting

Over the years we and other groups have experienced many
problems with western analysis of Glut-1. Therefore we
provide a comprehensive description of the method that
worked best for our group, which is based on the immu-
nohistochemistry protocol we have used successfully on
many occasions. Cell lysates were prepared by resu-
spending pellets of freshly harvested (using a cell scraper)
exponentially growing cells in ice cold lysis buffer (10 mm
Tris—HCI (pH 8), 400 mm NaCl, 100 mM PMSF, 3 mm
MgCl,, 1% triton X-100 (v/v), 0.01% (v/v) protease
inhibitor cocktail) followed by 30 min incubation on ice to
assist lysis. The protein concentration of each sample was
determined using the BioRad DC assay. Samples were
subjected to deglycosylation using N-glycoidase-F (Sigma)
for 24 h at 37°C. After addition of an equal volume of 2x
gel loading buffer (500 mM Tris—HCI (pH 6.8), 4.4% (w/
v) SDS, 20% (v/v) glycerol, 2% (v/v) f-mercaptoethanol,
and 0.04% (w/v) bromophenol blue) to samples containing
20 pg protein, these were boiled for 5 min. Samples were
run on 9% SDS-polyacrylamide gels and subsequently
transferred to 0.45 pm PVDF membranes. Endogenous
peroxidase activity was blocked using buffer containing
H,0, (3% for 5 min) and non-specific antibody binding
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was inhibited using 1% (v/v) casein solution (Vector Labs)
overnight at 4°C. Membranes were then incubated with
2pg/ml affinity purified anti-rabbit Glut-1 antibody (Alpha
Diagnostic International, USA) in TBS containing 0.05%
(v/v) Tween-20 for 2 h at 37°C. The Envision Kit con-
taining rabbit secondary antibody and DAB liquid substrate
(DAKO, UK) was used for chromogenic detection of Glut-
1 according to the manufacturer’s instructions. Dot blots
were generated from 1 pg/pl protein contained in aliquots
of 1 pl PBS applied to 0.45pm PVDF membrane and al-
lowed to dry. Subsequent aliquots were cumulatively added
as necessary, followed by antibody steps as described
above.

Toxicity assays

Cells were seeded at a density of 5 x 10* cells/well in 24-
well tissue culture plates and exposed 24 h later to com-
plete medium (control) or increasing doses of drug in
complete medium for 24, 48 or 72 h, and MTT prolifera-
tion assays carried out as described by Mosmann [34].

Hepa-1 tumour xenograft models

MF-1 nude mice were injected subcutaneously in the flank
with a suspension of Hepa-1 cells (10°) that had been
growing as a monolayer in cell culture as described by
Griffiths et al. 2002 [21]. Tumour size was calculated by
measuring the length, width, and depth of each tumour
using callipers and by using the following formula:
Iwd(m/6). A tumour size (approximate volume of 500 mm3)
was used for in vivo MRS experiments.

In vivo *'P-MRS of Hepa-1 tumour xenografts

Tumour-bearing mice were anaesthetized with an intra-
peritoneal injection of a Hypnovel-Hypnorm-water mixture
(1:1:2), positioned in the center of a 12 mm two-turn
'"H/?'P surface coil and then placed in the bore of a Varian
4.7 Tesla (T) nuclear magnetic resonance (NMR) spec-
trometer. Image-selected in vivo spectroscopy (ISIS)-
localized *'P-MR spectra of the tumours were obtained at
37°C. Briefly, a gradient strength of up to 7.5 x 107~ T/cm
was applied with adiabatic pulses of 500 ps, a 90° sincos
excitation pulse, and a 2,000 ps sech 180 inversion pulse,
with a total repetition time of 3 s and 600 averages.
J'P-MR spectra were quantified using the VARiable
PROjection program (VARPRO) to determine precise
chemical shifts and peak integrals as previously described
[48]. The animals were sacrificed by cervical dislocation
and the tumours were removed, freeze-clamped and stored
at —80°C for in vitro "H and *'P-MRS analysis of tumour
extracts.

The surface coils used to obtain the *'P-MRS signal
from subcutaneous tumours in vivo were of non-uniform
spatial sensitivity, so it is not possible to use an internal
standard. As a result, the signal intensities observed in the
in vivo *'P-MR spectra were expressed as ratios of
metabolites.

'H and 3'P MRS in vitro

The freeze-clamped tumours were extracted in 6%
perchloric acid, as previously described [20]. Neutralized
extracts were freeze-dried and reconstituted in 1 ml D,O,
and the extracts (0.5 ml) were placed in 5 mm NMR tubes.
"H MR spectra were obtained using a Bruker 600 MHz
spectrometer (pulse angle 45°; repetition time, 3.5 s). The
water resonance was suppressed by gated irradiation
centred on the water frequency. 25 pl 10 mm Sodium
3-trimethylsilyl-2,2,3,3-tetradeuterpropionate (TSP) was
added to the samples for chemical shift calibration and
quantification. The pH was re-adjusted to pH 7 prior to
'H MRS.

For 3'P MRS, which was carried out after the '"H MRS
study, 50 pl 60 mM EDTA was added to each sample for
chelation of metals ions, and 25 pul 10 mm methylene di-
phosphonic acid was added to each sample for chemical
shift calibration and quantification. The pH was re-adjusted
to pH 7 prior to *'P MRS.

Results

Immunohistochemistry and immunofluorescence
studies

Glut-1 staining was frequently cytoplasmic, but in the cell
lines showing more intense staining (scores 4 and 5),
staining was membranous (Fig. 1).The microarrays al-
lowed reproducible detection and scoring of Glut-1
expression that showed sufficient variation between the
NCI60 cell lines to allow ranking in order of staining
intensity (Fig. 2). Immunohistochemistry was also used to
evaluate the level of Glut-1 expression, which was assigned
a (+) value representative of the variation in staining across
the range of parental and genetically manipulated cell lines
used. There was also a varying differential of staining
between normoxic and anoxia-exposed cell lines (Table 1).
Glut-1 over expressing cell lines showed increased Glut-1
expression relative to wild type, although the extent of
Glut-1 expression also varied amongst the wild type tumor
cell lines. Immunofluorescence studies using clones gen-
erated to overexpress a Glut-1-GFP fusion protein con-
firmed the subcellular location of Glut-1, where it was
observed in the largest quantities on the plasma membrane,
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Fig. 2 Glut-1 expression in NCI60 cell lines was scored 0-5 to
enable ranking and correlation with toxicity data. The diagram above
shows Glut-1 score relative to mean

but also in smaller quantities in the cytoplasm that may
have coincided either with intracellular vesicles allowing
storage of Glut-1 or with Glut-1 packaging taking place in
the golgi apparatus (Fig. 3). The level of Glut-1 protein
was also confirmed with immunoblots (Fig. 4). The largest
differential of Glut-1 expression was seen between the
HIF-1p-deficient mouse hepatoma Hepa-derived c4 cell
line and its GLAR clone, as in previous work [53].
Therefore, c4 and their parental Hepa cell lines alongside
their respective GLAR clones were used to investigate

@ Springer

Table 1 Glut-1 overexpressing clones, designated GLAR', were
generated from wild type cell lines transfected with the pEFIRES-
puro expression vector containing Glut-1 cDNA or pEFIRES-puro
empty vector (controls) using FuGene-6 transfection reagent

Designation Derivation Glut-1 xpression3
Normoxia  Anoxia
HT1080 WT Human fibrosarcoma + +++
HT1080 GLAR' R NI
HT1080 EV? + .
HT29 WT Human colon carcinoma  +++ +++++
HT29 GLAR +++++ -+
HT29 EV +++ +++++
EJ138 WT Human bladder +++ +++++
EJ138 GLAR carcinoma bbbt ND
EJ138 EV 44+ ND
Hepa-1 WT Mouse hepatoma + +++
Hepa GLAR +++ +H+++
Hepa EV + ND
C4 WT Mouse hepatoma - -
C4 GLAR HIF1 f-deficient A S
C4 EV — _

2 EV = empty vector control *Glut-1 levels were measured semi-
quantitatively using immunohistochemistry in formalin-fixed, paraf-
fin-embedded pellets and dot blots ND = not done. The level of Glut-
1 expression was scored using (+) values representative of the vari-
ation in staining across the range of parental and genetically manip-
ulated cell lines used. There was also a varying differential of staining
between normoxia and anoxia-exposed cell lines

growth kinetics in vivo. The largest differential of Glut-1
expression was between normoxic and anoxic bladder
EJ138 wild type cell lines (+++ to ++++++). For this rea-
son, studies of the effect of potential bioreductive agents
were focused on this cell line and its respective GLAR
clone.

COMPARE analysis

The purpose of this analysis was to determine correlations
of Glut-1 protein target data with the mean graph pattern of
drug response at the GI50 (50% growth inhibition) level of
effect. This included correlations with the (a) standard
agents; (b) the BEC-selected agents; (c) molecular target
analysis. Statistical significance of Pearson correlations
was judged in the context of 30,000 simultaneous com-
parisons (one for each agent in the database). For this
volume of comparisons, a 2-sided P value of 0.05 will lead
to on average 30,000/20 = 1,500 false positive conclusions
for the case where the target has a true correlation of 0 with
all of the agents. In other words, it was expected that all of
the top 100 correlates would look extremely significant by
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Fig. 3 HT1080 cells were
stably transfected to express the
fusion protein Glut-1GFP,
showing that Glut-1 was mostly
targeted to the membrane (b and
c) compared to cells transfected
to express GFP alone (a) Stable
transfectants were also
generated to constitutively
overexpress Glut-1, panel shows
immunohistochemical staining
of formalin-fixed, paraffin-
embedded cell blocks prepared
from (d) wild type fibrosarcoma
HT1080; e increased expression
of Glut-1 in HT1080-GLAR
transfectant

S / J - ! ] |

WT EJ38-GLAR WwWT HT1080-GLAR

Fig. 4 Dot blot (left) and western blot (right) showing expression of
Glut-1 in stable clones designated GLAR, which were generated to
constitutively overexpress Glut-1 relative to wild type (WT)

chance alone. To protect against this, the Bonferroni
adjustment was used where only P values less than 0.05/
30,000 = 0.000002 (or less than 0.1/30,000 = 0.000003,
allowing an experiment-wise false positive rate of 0.1)
were treated as statistically significant. This is equivalent to
multiplying low P values by 30,000 to assess their true
meaning. A positive correlation indicated that a greater
abundance of Glut-1 may be associated with sensitivity to
the drug, while a negative correlation was indicative of
higher levels of Glut-1 conferring cellular resistance to a
given drug. Pearson correlation coefficients and two tail P
values are shown to help in assigning possible significance
to these data. A mechanism of action is assigned to some
compounds by a 2 digit code as shown in Fig. 5.

Standard agents
The first 100 rank order correlations were provided, where

Pearson correlation coefficients represent the correlation
between Glut-1 expression ranked across the NCI-60 cell

line panel and the 50% growth inhibitory pattern of re-
sponse in the NCI-60 cell lines. Details of the drug com-
pounds found in the standard agent database, along with
chemical formuli and full details of chemical and biolog-
ical data are found at http://www.dtp.nci.nih.gov/docs/
cancer/searches/standard_agent_table.html. The standard
agent database is made up of 170 compounds catalogued
by NSC number (the numerical identifier assigned by the
NCI developmental therapeutics program), including clin-
ical drugs and agents that failed clinical trial and those in
clinical use where a mechanism of action has been defined.
Correlations were virtually all inverse, suggesting that
Glut-1 was conferring chemoresistance (Fig. 5). Although
none of the correlations were statistically significant at the
=0.000002 level, it was noteworthy that the alkylating
agents dacarbazine (DTIC) and lomustine (CCNU) were
ranked at 11th (r = —0.254, P = 0.05) and 18th (»r = 0.216,
P = 0.103) respectively. The only example of a putative
bioreductive agent was mitomycin C, which was ranked
96th and showed no correlation with Glut-1 expression
(r =0.07458, P =0.57,794). Positive correlations were
few and all non-significant, but included vincristine, which
was ranked at 26th (r = 0.19816, P = 0.13594).

The BEC-selected database

The first 98 rank ordered correlates are shown against a
database of approximately 3,000 open compounds which
were selected for evaluation by the Biological Evaluation
Committee of Developmental Therapeutics Program. This
database has recently been added to the correlative analy-
ses as it contains an enriched group of active compounds
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Obs NSC CHEMNAME MOA Pearson
Corr. Coef P (2- tail)

11 45388 DTIC -0.25425 0.05412
12 143095 PYRAZOFURIN RO 0.24857 0.05990
13 526417 ECHINOMYCIN -0.24561 0.06311
14 167780 ASALEY A7 -0.23928 0.07045
15 349156 PANCRATIASTATIN -0.23453 0.07639
16 133100 RIFAMYCIN SV -0.23321 0.07810
17 312887 FLUDARABINE PHOSPHATE -0.21980 0.09735
18 79037 CCNU AC -0.21606 0.10332
19 192965 SPIROGERMANIUM -0.21109 0.11170
20 363812 TETRAPLATIN A7 -0.20867 0.11597
21 102816 5-AZACYTIDINE RO -0.20518 0.12234
22 153858 MAYTANSINE TU -0.20114  0.13002
23 336628 MERBARONE -0.20083 0.13062
24 71261 B-TGDR DI -0.19966 0.13294
25 21548 THYMIDINE -0.19835 0.13555
26 67574 VINCRISTINE SULFATE TU 0.19816  0.13594
96 26980 MITOMYCINC A2 0.07458  0.57794

Fig. 5 Pearson correlation coefficients were calculated to link Glut-1
expression in the NCI60 cell lines with toxicity to drug compounds in
the NCI standard agents database. Observed correlations (Obs) are
presented in descending order of statistical significance, i.e. according
to the numerical (positive or negative) correlation coefficient and P
value, along with the NSC number (the identifier used by the NCI and
the known or proposed mode of action (MOA). For example,
observation 11 was the 11th ‘‘strongest’’ numerical correlation, but
was negative, showing that DTIC (dacarbazine) toxicity across the
NCI60 cell line panel correlated to low Glut-1 expression in these cell
lines. Although this correlation was weak, and according to the
statistical standards as cited by the NCI, it was ‘‘stronger’’ than that
of the related alkylating agent CCNU, which also correlated
negatively with Glut-1 expression but was placed at position 18.

which helps overcome previous concerns that the overall
open database often selects compounds with activity lim-
ited to only a few cell lines. A data search for these
compounds may be carried out by NSC number at http://
www.dtp.nci.nih.gov/dtpstandard/dwindex/index.jsp. ~ All
the compounds in the BEC-database have been tested at
least twice, and occasional single tests reflect instances
where concentration range changes have been made as a
result of potency. Again, virtually all correlations were
negative. However, there was a short list of positive cor-
relates indicating that Glut-1 expression reflected or con-
ferred chemosensitivity. These consisted mostly of
immunotoxins composed of Pseudomonas exotoxin A
conjugated to cytokines, e.g. TP-38, which targets the
epidermal growth factor receptor (Fig. 6), and is currently
in phase I and II clinical trials for brain tumours [45].

Virtually all correlations were inverse, suggesting that high Glut-1
expression induces poor chemoresponse to most agents. The
relatively high positions of the alkylating agents dacarbazine (DTIC)
and lomustine (CCNU) were redolent of the results of our previous
study involving human-tumor-derived xenografts [3]. Modes of action
are assigned a two letter code by the DTP as follows: alkylating
agents: A2, alkylating at N2 position of guanine; AC, alkyl
transferase -dependent cross-linkers; A7, alkylating at N7 position
of guanine; anti-DNA agents: DI, incorporated; nucleotide synthesis
inhibitors: RO, anti precursors other than folate; TU, tubulin-active
antimitotic agents. A list of drug compounds included in the NCI
standard agents database, together with their chemical structure and
full details of biochemical and chemical data is found at http:/
www.dtp.nci.nih.gov/docs/cancer/searches/standard_agent_table.html

Molecular target analysis

Molecular target analyses, where included, may indicate
possible relationships with other molecular targets in the
public domain, or targets where individual contributors
have agreed that both parties can be informed of a possible
association. Listed associations are those where P < 0.05
and (1) pairs of targets with at least one non-binary pattern
have been tested for correlation using both Spearman and
Pearson test statistics; (2) pairs of binary data targets have
been evaluated for associations using the Fishers exact test.
In both cases P-values were calculated from two-tailed ¢
distributions and adjusted using a Bonferroni correction for
multiple comparisons as described above (low P values
multiplied by the number of simultaneous comparisons, to
assess their true meaning). Correlations between Glut-1

Pearson P (2-tail)
Obs NSC Corr. Coef
15 676498 TP4EK-K6 0.458 3.4E-04
25 671526 Toxin-.delta.53L MW=43000 0.443 5.6E-04
40 623436 TGF alpha-PE40 0.468 1.1E-03
72 676495 TP38-001 0.406 1.7E-03
75 676497 TP4EK 0.404 1.8E-03

Fig. 6 Positive COMPARE hits showed a numerically positive Pearson correlation coefficient. In the BEC database these were mostly
conjugated immunotoxins consisting of Pseudomonas exotoxin A conjugated to antibodies to transforming growth factor (TGF)
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resistance to alkylating agents, toxicity to dacarbazine in
GLAR clones was determined relative to WT. The ef-
fects proved to be cell line dependent, where there was
little change in toxicity in Hepa-1/c4 (Fig. 7a) or the
HT1080 (Fig. 7b) cell lines. However, when the EJ138
cell lines were treated, the EJ138-GLAR cells were
noticeably more resistant (Fig. 7c). The effect of Glut-1
overexpression on this bladder carcinoma cell line was
not restricted to dacarbazine, as treatment with the
intercalating agent vincristine also revealed a similar
Glut-1-mediated chemoresistance (Fig. 8), an effect that
held after 72 h drug exposure. MTT assays were also
carried out using EJ138 empty vector controls, and their
sensitivity to dacarbazine was similar to that of wild type
cells (data not shown).

Positive COMPARE ‘‘Hits”’

To more accurately determine if Glut-1 conferred sensi-
tivity to the immunotoxins, TP-38 was kindly donated by
the Pastan laboratory (Laboratory of Molecular Biology,
Center for Cancer Research, National Cancer Institute,
National Institute of Health). Data from MTT assays car-
ried out using HT1080-GLAR versus WT (Fig. 9a) show
no observable difference in chemosensitivity. Early work

Dose (mM)

Fig. 7 MTT proliferation assays were carried out to assess chemo-
sensitivity to dacarbazine (presented as percentage absorbance of
untreated controls), showing that overexpression of Glut-1 had little
effect on dacarbazine toxicity in the Hepa-1 and HIF-1B-deficient c4
(a) or the human fibrosarcoma HT1080 cell lines after 48 h drug
exposures in normoxic conditions (b). However, Glut-1 overexpres-
sion apparently effected a decrease in dacarbazine toxicity (48 h
exposures) in the bladder carcinoma cell line EJ138 (c), showing that
Glut-1-mediated chemoresistance may be cell line-dependent

100 ry
80 { Ny
3 - —&— GLAR 48hr
E .. - ®- WTa4shr
5 60 m. . X~ GLAR 72hr
o |\ Tl WT 72hr
'.5 X I - .
g 40 4% Tl
< XX x
B L
20 { &= " X
0 ‘ ‘ ‘ ‘
0 50 100 150 200 250

Dose (ng/ml)
Fig. 8 MTT assays revealed that EJ138-GLAR cells were less

sensitive to vincristine relative to wild type, after 48 and 72 h drug
exposures
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Fig. 9 HT1080-GLAR versus wild type was exposed to the EGF-
binding Pseudomonas toxin TP-38 for 72 h. Overexpression of Glut-1
caused no observable difference in sensitivity to TP-38 relative to
wild type cells (a). To rule out the possibility that sensitivity to the
conjugated immunotoxins was due to the effects of the Pseudomonas
exotoxin alone, HT1080-GLAR (b) and HEPA-1/C4-GLAR (c¢) and
respective wild type cell lines were treated with unconjugated
Pseudomonas exotoxin A. Apart from a slight increase in sensitivity
in the Hepa-GLAR cell lines, overexpression of Glut-1 appeared to
have no clear effect, despite very early reports that the mechanism of
exotoxin-mediated toxicity is through increased glucose uptake

showed that Pseudomonas exotoxin toxicity to mammalian
cells is modified in the presence of 2-deoxyglucose, sug-
gesting that the toxicity of bacterial exotoxins is glucose-
dependent, possibly by a mechanism that relates to the
internalization of the toxin Deem et al. [16]. To rule out the
possibility that the COMPARE data may be due to the
effect of the Pseudomonas exotoxin rather than the TGFux
antibody conjugate, toxicity assay were carried out using
Pseudomonas exotoxin (Sigma) alone in HT1080-GLAR
(Fig. 9b) and Hepa-1/c4-GLAR (Fig. 9c) relative to wild
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type cells. Apart from a slight increase in sensitivity in the
Hepa-GLAR cell lines, overexpression of Glut-1 appeared
to have no clear effect.

Influence of Glut-1 on chemoresistance to bioreductive
agents

Glut-1 has been used as a surrogate marker of hypoxia by
virtue of its regulation by HIF-1 and its link with an in-
creased rate of anaerobic and aerobic glycolysis in malig-
nant tissue. Bioreductive agents may to differing degrees
be preferentially activated in hypoxic conditions, as long as
there are sufficient tumor associated enzymes to catalyse
this reaction. One such bioreductive agent, EO9, is an in-
doloquinone anticancer drug (3-hydroxy-5-aziridinyl-1-2-
(1H-indole-4,7-dione)prop-f-ena-ol), which is related to
the bioreductive alkylating agent mitomycin C but is less
myelosuppressive [23]. Activation of this drug is in the
form of a 2-electron reduction catalysed by the tumour-
associated reductase NQOI. The influence of hypoxia on
the cytotoxicity of this drug is contentious, as in pre-clin-
ical studies, cell lines with high levels of DTD show little,
if any increase in sensitivity under hypoxic conditions,
whereas cell lines with low levels of DTD show a marked
increase in sensitivity [41]. Under aerobic conditions, cells
containing the highest levels of DTD tended to show the
greatest sensitivity to EO9 [42]. By virtue of promising
preclinical data in bladder carcinoma cell lines, EQ9 is
currently in phase II trials for the treatment of transitional
cell bladder carcinomas [51]. It is possible that Glut-1
expression may correlate with EO9 cytotoxicity either
independently or as a reflection of its ability to predict
hypoxia. Therefore MTT assays were carried out to com-
pare sensitivity of Glut-1 overexpressing bladder EJ138
cells to wild type in normoxic or anoxic conditions. There
appears to be a clear hypoxic differential in this cell line,
where both GLAR and wild type cells were more sensitive
to E09 in anoxic conditions. However, Glut-1 overex-
pression still appears to confer increased chemoresistance
in both normoxic and anoxic conditions (Fig. 10).

Growth characteristics of Glut-1 overexpressing
xenografts

Immunohistochemistry carried out on xenograft material
showed that the relative level of Glut-1 protein expressed
in tumours derived from genetically manipulated cell lines
was similar to that occurring in vitro (Fig. 11). Growth
characteristics of Hepa-1-derived tumor xenograft models
were similar to previously published data from Williams
et al. [53], where there was an initial growth delay in the
HIF-1B-deficient c4-derived xenografts compared with
growth of HEPA-1 WT tumors. Generation of Glut-1
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Fig. 10 To determine whether Glut-1 expression might influence
sensitivity to bioreductive agents, MTT assays were carried out after
exposure to E09. Overexpression of Glut-1 decreased sensitivity of
bladder EJ138 cells to EQ9 in normoxia and anoxia. There appears to
be a clear hypoxic differential in this cell line, where both GLAR and
wild type cells were more sensitive to E09 in anoxic conditions.
However, these experiments suggest that Glut-1 overexpression still
appears to confer increased chemoresistance independently of
hypoxia

overexpressing Hepa-1 and c4-derived xenografts enabled
us to reintroduce Glut-1 back into HIF-1-deficient tumors
and so observe the influence of Glut-1 on tumor growth
independently of other HIF-1-regulated genes. Accord-
ingly, there was a non-significant trend of faster growth in
the c4-GLAR relative to the parental c4-derived xeno-
grafts, to a growth rate approaching that of the Hepa-WT
xenografts. Here, final tumor volumes at day 23 were
499 + 51 mg for the c4 compared to 595 + 85 mg for the
c4-GLAR-derived xenografts. However, when it came to
xenografts showing a complete HIF-1 response, Hepa-
GLAR-derived xenografts seemed to have a slower rate of
growth than those of the wild type Hepa-1, reaching final
tumor volumes before sacrifice of 466 + 118 mg and
697 + mg respectively (Fig. 12).

Metabolomics of Hepa-1-derived xenografts

Metabolomic profiling was carried out to confirm the
functionality of the GLAR clones with regard to the
downstream effects of increased glucose transport on tumor
metabolism, where data is shown in Table 3.

In vivo 3'P-MRS

No differences were found comparing the Hepa-1 WT
with Hepa-GLAR tumours. The phosphodiester (PDE)
peak was larger in the c4-GLAR tumours compared
with those generated from Hepa-GLAR cells. PDE/TP
and PDE/SNTP ratios were significantly higher in the
c4-GLAR relative to Hepa-GLAR tumours, whereas
PME/PDE ratio was significantly lower in the c4-GLAR
tumours.

In vitro 'H-MRS

The c4-GLAR tumour extracts showed higher (P < 0.006)
glucose compared to c4-parental but no statistically sig-
nificant difference in lactate. The c4-GLAR tumour ex-
tracts also had a statistically significantly higher
(P < 0.005) phosphocholine (PC) content, which is in-
volved in membrane lipid synthesis. Comparing the Hepa-
GLAR with the c4-GLAR tumours, glucose levels were
higher in the c4-GLAR tumor extracts; although lactate
levels were higher in the Hepa-GLAR tumour extracts. As
reported previously [20], glycine, betaine and PC were
lower in the c4-parental relative to the Hepa-1 WT—
derived tumor extracts. We also found that the c4-derived
tumours had lower glucose and lactate levels relative to
Hepa-1 WT

In vitro 3 P-MRS

No difference was seen between the Hepa-GLAR and
Hepa-1 WT tumours, although PC was higher in c4-GLAR
compared with c4 parental tumours. This is in agreement
with the "H-MRS result. Lower PC levels were found in
tumours derived from Hepa-1 WT parental relative to c4
cells, where these results are in agreement with previously
published data by Griffiths et al. [21].

Discussion

The interest in Glut-1 as a therapeutic target stems from
both the proliferation of studies in human tumour samples
that show its adverse effect on prognosis, and from its role
as a hypoxia-regulated gene under the control of HIF-1.
The use of HIF-1-regulated genes as targets for novel anti-
cancer strategies still has momentum, but this is mostly
confined to the development of therapies targeted against
HIF-1 via their action on upstream or downstream targets
in the HIF pathway. For example, the agent YC-1, via its
action on soluble guanyl cyclase, and the thioredoxin-1
(Trx-1) inhibitors PX-1 and PX-478 both reduce HIF-1
transactivation activity in vitro and in xenografts. In vivo
studies suggest that the timing, but not the extent, of HIF-1
activity during the development and growth of a tumor is
critical. A study carried out in HIF-lo null xenografts
showed that HIF-1, by virtue of its ability to confer an
adaptive response in the developing tumour, has a positive
effect on tumour growth [43]. Xenografts generated from
HIF-1-deficient mouse hepatoma cells, however, showed a
rate of growth similar to wild type tumours, although a lag
phase after implantation was observed [29]. The effect of
HIF-1 activity upon growth of xenografts also appears to
have little relationship with the percentage of HIF-1
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Fig. 11 Glut-1
immunohistochemistry of
xenograft material. Glut-1
expression was maintained
when xenografts were generated
from GLAR clones, and was
homogeneously expressed in
both HIF-1B-deficient c4-
GLAR (b) and Hepa-GLAR (f)-
derived tumors. This was in
contrast to xenografts derived
from wild type Hepa cell lines,
where the classical peri-necrotic
pattern of staining was observed
(e), and negligible amounts of
Glut-1 was detected in c4-
dereived xenografts (a). Hand E
staining showed morphology
and architecture of the tumors
were not compromised. ¢ c4;

d c4-GLAR; g Hepa WT;

h Hepa-GLAR. x 20

expressing cells, where cell mixing experiments have re-
vealed that a few cells with a complete HIF-1 response is
adequate to sustain the growth of a whole tumor Hopfl
et al. [24]. This has important implications for the use of
HIF-1 as a target, as a complete eradication of HIF-1
expressing cells may need to be carried out to obtain a
chemoresponse. Nevertheless, the drive to develop HIF-1-
targeted therapies is often diverted to the inhibition of
angiogenesis, and is based upon blockade of growth factors
such as vascular endothelial growth factor (VEGF), EGF
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and their respective tyrosine kinase type receptors VEGFR
and EGFR (reviewed by Harris [22]). A study involving the
generation of dominant negative HIF-1 expressing xeno-
grafts suggests that the tumorigenic effects of HIF-1 are via
an effect upon glucose metabolism [13], but does not
examine the effect of downregulated HIF-1-regulated
genes such as carbonic anhydrase IX [20] or monocarb-
oxylate transporter MCT4 [50], which may influence the
handling of lactate. The value of this present study is
therefore to help determine the merit of Glut-1 as a
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Fig. 12 Growth characteristics of Hepa-1-derived tumor xenograft
models. The initial lag phase seen in HIF-1B-deficient xenografts
shown previously was maintained even in Glut-1 overexpressing cell
lines. However, growth rate of c4-GLAR xenografts was increased
relative the c4 parental line, where Glut-1 overexpression may be
compensating for the effects of an absent HIF-1 response

therapeutic target, not only as a major survival signal
downstream of HIF-1, but as a target separate and distinct
from the other HIF-1 regulated genes.

The COMPARE analysis has provided strong evidence
that Glut-1 is an indicator of chemoresistance, where the
role of Glut-1 was successfully validated in toxicity studies
using Glut-1 overexpressing cell lines. Disappointingly, the
COMPARE analysis and the subsequent toxicity assays
yielded no statistically significant data that could be used to
identify lead drug compounds. However, the positive cor-
relation between Glut-1 expression and the EGFR-binding
immunotoxins is interesting, and in the absence of data
confirming the Glut-1-dependent cytotoxicity, this corre-
lation may be a reflection of a biological association be-
tween Glut-1, EGFR and HIF-1, where both EGFR and
Glut-1 are targets of HIF-1, and EGF may stimulate Glut-1
expression [6, 25].

It is arguably more difficult to design drugs that inhibit a
channel protein than it is for an enzyme or a membrane
bound receptor. The effort to design drugs targeting p-
glycoprotein, a transmembrane carrier protein that shares
some of the structural characteristics of Glut-1, creates a
precedent, however, for example the results of phase I trials
of the p-glycoprotein inhibitor Ontogen were recently
published [14]. There has been significant progress in the
theoretical and experimental characterisation of Glut-1
crystal structure, which may prove useful as start points
for the rational design of Glut-1 inhibiting agents. In par-
ticular, homology modelling studies carried out by the
Fischbarg laboratory have enabled construction of a three-
dimensional model of Glut-1 [44] that exhibits the topo-
logical and biochemical features compiled in part through
extensive work carried out alongside the Carruthers and

Golde groups. Cumulatively, this work identifies possible
sites of inhibition for a putative Glut-1 targeting agent.
Glut-1 is a nucleotide-binding protein, presenting two
ATP-binding cassettes which are critical for the confor-
mation and therefore transporter affinity. When ATP is in
position within its domains, glucose is occluded within a
post-translocation vestibule formed by Glutl cytosolic
domains [29, 30]. The mechanism is pH dependent, and
one can also speculate that this is the mechanism by which
reduced ATP levels and the consequent ‘‘opening’’ of
Glut-1 to glucose leads to the demasking or activation of
Glut-1 in acutely hypoxic conditions [5]. Thus, it is pos-
sible that a pharmacological strategy to effect Glut-1
blockade would be via the ATP-binding site- in fact it has
been shown that isoflavone ATP-binding tyrosine kinase
inhibitors such as genestein and quercetin are able to bind
and inhibit Glut-1 by this mechanism [52]. In view of these
findings, we are currently investigating the role of Glut-1 in
the action of the clinically used ATP-binding tyrosine
kinase imatinib and gefitinib in Glut-1 overexpressing
xenografts.

The high level of Glut-1 expression in the blood-brain
barrier helps maintain basal glucose levels in the brain,
which would be a major therapeutic problem to overcome
if Glut-1 were to be targeted. The effect of Glut-1 blockade
may be predicted by considering patients with Glut-1-
deficiency syndrome, an autosomal dominant trait that
varies in severity with genotype and age. Two classes of
mutation have been described as the molecular basis for the
functional defect of glucose transport: hemizygosity of
GLUTI1 and nonsense mutations resulting in truncation of
the GLUT-1 protein [47]. Glut-1 deficiency syndrome, or
De Vivo syndrome, is characterised by infantile seizures,
developmental delay, acquired microcephaly, spasticity,
ataxia, and hypoglycorrhachia. Clinical signs show lower
than normal levels of glucose and consequently lactate in
the cerebrospinal fluid, but glucose uptake by erythrocytes,
which also express large quantities of Glut-1, may or may
not be affected [28]. Interestingly, despite the obvious risk
of morbidity, the patients have responded well to a keto-
genic diet, where protein is used as an alternative energy
source to the brain [27]. Therefore, a major adverse effect
that may be associated with non-specific blood-brain bar-
rier Glut-1 blockade arising from the targeting of tumour
Glut-1 is seizures at the time or following treatment, al-
though lessons learnt from the treatment of patients with
Glut-1 deficiency may offer a way of overcoming such
adverse effects if tumour response to such agents warrants
it. The development of Glut-1 inhibiting agents would also
need to include monitoring of cerebrospinal fluid glucose
and lactate levels as pre-clinical studies. Studies investi-
gating the use of glucose analogues or glucose conjugates
that are likely to be taken up into target cells through
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Table 3 Metabolomic analysis was carried out in vivo (31P MRS), where signal intensities were expressed as ratios of metabolites

Metabolites Hepa-GLAR c4-GLAR Hepa-1 WT c4

3p MRS (in vivo)

NTP/TP 0.62 = 0.03 0.54 £ 0.01 0.56 = 0.03 0.62 +0.01°
PDE/TP 0.05 £ 0.01 0.11 = 0.01* 0.06 = 0.02 0.07 £ 0.01
PDE/SNTP 0.26 = 0.01 0.64 + 0.06" 0.36 = 0.11 0.37 = 0.06
PME/PDE 3.75 £ 0.59 1.65 = 0.21° 4.58 +2.10 2.61 = 0.64

"H MRS (tissue extracts)

Lactate 8.62 + 1.50 3.33 £ 0.67* 5.62 £ 0.65 3.62+033°
Alanine 2.84 +0.32 1.00 £ 0.09 * 1.85+032° 1.60 = 0.39 ¢
Choline 0.31 = 0.09 0.24 + 0.06 0.25 £ 0.02 0.33 £0.02°
PC 1.56 = 0.35 1.91 = 0.09 1.49 = 0.19 0.98 + 0.13>¢
GPC 0.61 = 0.19 1.28 +0.24 0.70 = 0.07 1.49 £ 0.16°
Betaine 0.50 = 0.14 0.14 = 0.09 0.64 = 0.34 0.18 £ 0.04°
Glycine 1.79 £ 0.32 1.02 + 0.09 1.63 +£0.12 113 £0.15°
Glucose 0.22 + 0.06 125+024 % 0.36 = 0.05 0.21 +0.05 > ¢
3P MRS (tissue extracts)

PC 0.92 + 0.31 1.13 = 0.06 0.89 £ 0.10 0.48 £0.04 > ¢
GPE 0.14 = 0.05 0.38 £ 0.05 0.16 = 0.04 0.35 £0.05°
GPC 047 = 0.17 0.81 = 0.12°* 0.25 £ 0.03 0.73 £ 0.06 °

Data is expressed as Mean + SEM. using a two-tailed ¢ test for significance. Statistical significance values are P < 0.05

* Significant difference comparing Hepa-GLAR with c4-GLAR
" Significant difference comparing c4-GLAR with c4 parental

Metabolites were measured in vitro by 1H MRS of the tissue extracts. Data is expressed as pmol/g wet weight. Mean + SEM. A two-tailed 7 test

with P < 0.05 for significance levels was used

 Significant difference comparing Hepa-GLAR with c¢4-GLAR
" Significant difference comparing Hepa-1 WT with c4

¢ Significant difference comparing Hepa-GLAR with Hepa-1

4 Significant difference comparing c4-GLAR with c4-derived xenograft extracts

Metabolite levels were also measured in tissue s by 31P MRS. Data expressed as pmol/g wet weight. Mean + SEM. A two-tailed ¢ test with

P < 0.05 for significance levels was used

* Significant difference comparing Hepa-GLAR with c4-GLAR
b Significant difference comparing Hepa-1 WT with c4

¢ Comparing c4-GLAR with c4-derived xenograft extracts

Glut-1, offer compelling evidence that the differential of
Glut-1 expression between the brain and tumors is large
enough to allow targeting of Glut-1. For instance, the PET
tracer FDG has recently been investigated in mouse models
of breast cancer as a radiomolecular therapy, and doses up
to 5 mCi proved to be non-radiotoxic to normal organs [33].

The metabolomic characterisation of the Glut-1 over-
expressing xenografts contributes to the understanding of
the role of HIF-1 in tumours. It is clear from the growth
rate of c4-GLAR-derived xenografts that Glut-1 is an
important part of the positive effect of HIF-1 on tumour
growth. However, the higher glucose levels in c4-GLAR
relative to c4-parental tumour extracts occurs without an
increase in lactate levels, which are significantly higher
in the HEPA-GLAR xenografts. This implies that
Glut-1 over-expression without a co-ordinate increase in

@ Springer

HIF-1-regulated glycolytic enzymes increases glucose
uptake but not the rate of glycolysis. Increased Glut-1
expression may have an effect on mechanisms of cellular
proliferation that are independent of HIF-1. To support
this hypothesis, further experiments are required to
examine if this apparent effect holds after recovery of the
complete HIF-1 response. For this purpose, we are cur-
rently carrying out experiments using Hepa-derived cell
lines that have undergone an identical mutagenic response
to the c4 cells, but that have been allowed to revert back to
a state where they show normal HIF-1f expression [53].
To fully evaluate the interaction between Glut-1-associ-
ated chemorestance and the intact HIF-1 response, there
are now in existence a range of cell lines showing absence
of either HIF-1a or f5. For instance, xenografts generated
using the HIF-1o-deficient Chinese hamster ovary cell line
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show similar growth kinetics relative to wild type as the
Hepa-c4-derived xenografts [53]. Cells that overexpress a
dominant negative version of HIF-1a have also been used
to determine the influence of HIF-1 in malignant pro-
gression, hypoxia marker expression, glucose metabolism
and chemoresistance [10, 13, 26] and introduction of Glut-
1 into these cell lines as a means of addressing the need
for intact HIF-1 to induce Glut-1-mediated chemoresis-
tance may also be possible. A further strategy currently in
progress is to generate and evaluate chemoresistance in
tumour cell lines that have downregulated, via RNA
interference, Glut-1 expression. Interestingly, cardiomyo-
cytes undergoing such treatment showed reduced HIF-1a
expression [31]. Therefore, reintroduction of HIF-1« into a
similarly treated Glut-1-downregulated tumour cell line
could also help to distinguish Glut-1 and HIF-1-mediated
effects on proliferation and chemoresistance. In the pres-
ent work, Glut-1 was not measured at the mRNA level.
Analysis of protein is arguably more straightforward and
less expensive than RNA-based techniques when using
formalin-fixed biopsy material to evaluate potential
markers of treatment sensitivity in a clinical setting.
However, analysis of Glut-1 at the mRNA level in future
work may provide more data on the molecular signalling
pathways occurring, particularly in hypoxic conditions,
which determine the relative influence of Glut-1 and HIF-
1 on chemoresponse. Another interesting outcome of the
study is the finding that Glut-1 overexpressing xenografts
have higher levels of PDE. This relates to the metabolite
turnover of phospholipids and is involved in membrane
lipid degradation, so reveals a mechanism by which Glut-1
may increase cell turnover. In generating Glut-1 overex-
pressing cell lines and xenografts that have proven to be
metabolically functional, we now have a model with
which to test putative Glut-1 inhibitors. Applying this
model to the use of hypoxia-targeted therapy, although
there appeared to be endogenous Glut-1 staining in the
parental c4-derived xenografts, it is unlikely that this was
related to hypoxic induction as it bore little resemblance to
the membranous, peri-necrotic pattern of Glut-1 staining
typically observed in tumor hypoxia [1, 2, 15]. This
endogenous Glut-1 expression may be explained by fluc-
tuation of microenvironmental glucose levels, or through
signalling by oncogenes known to induce Glut-1 expres-
sion [38]. Therefore, the existence of endogenous Glut-1
staining is unlikely to be of consequence in the use of
Glut-1 overexpressing xenografts. The study offers further
evidence that Glut-1 confers chemoresistance in both
standard and bioreductive agents. For bioreductive agents,
meanwhile, the hypoxia may cause opposing effects on
chemoresponse, both inducing the expression of Glut-1,
and causing chemical activation of the prodrug. In view of
this, prospective studies, where Glut-1 is used to select

patients to receive bioreductive agents or more aggressive
chemotherapy will be useful.
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