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Accelerated glycolysis is one of the biochemical char-
acteristics of cancer cells. The glucose transporter
isoform 1 (GLUT1) gene encodes a key rate-limiting
factor in glucose transport into cancer cells. How-
ever, its expression level and functional significance
in hepatocellular cancer (HCC) are still disputed.
Therefore, we aimed to analyze the expression and
function of the GLUT1 gene in cases of HCC. We found
significantly higher GLUT1 mRNA expression levels
in HCC tissues and cell lines compared with primary
human hepatocytes and matched nontumor tissue.
Immunohistochemical analysis of a tissue microarray
of 152 HCC cases revealed a significant correlation
between Glut1 protein expression levels and a higher
Ki-67 labeling index, advanced tumor stages, and poor
differentiation. Accordingly, suppression of GLUT1 ex-
pression by siRNA significantly impaired both the
growth and migratory potential of HCC cells. Further-
more, inhibition of GLUT1 expression reduced both
glucose uptake and lactate secretion. Hypoxic con-
ditions further increased GLUT1 expression levels
in HCC cells , and this induction was dependent on
the activation of the transcription factor hypoxia-
inducible factor-1�. In summary, our findings sug-
gest that increased GLUT1 expression levels in HCC
cells functionally affect tumorigenicity , and thus,
we propose GLUT1 as an innovative therapeutic

target for this highly aggressive tumor. (Am J Pathol

2009, 174:1544–1552; DOI: 10.2353/ajpath.2009.080596)

Hepatocellular carcinoma (HCC) is the most common
primary malignant tumor of the liver and one of the most
common tumors worldwide.1 Liver cirrhosis is the main
predisposing condition, but the molecular pathogenesis
of HCC is still not well understood. Morbidity and mortality
correlate directly with surgical resectability of the primary
tumor. However, outcome is mostly poor, because the
majority of patients are diagnosed at an advanced
stage, and only 10 to 20% of HCCs can be resected
completely.2,3

In the 1920s Otto Warburg made the observation that
tumor cells use glycolysis instead of mitochondrial oxida-
tive phosphorylation for energy production even under
oxygen-rich conditions. Recently, the Warburg effect has
experienced a revival because it has been shown that
aerobic glycolysis governs tumor cell biology.4,5 Previous
studies found differences in glycolytic capacity between
HCC cells and hepatocytes,6 and positron emission to-
mography (PET) revealed the fluorine-18-fluorodeoxyglu-
cose uptake value as an independent prognostic factor
for HCC.7 Further, higher PET activity was shown to cor-
relate with advanced tumor stages.8

The glucose transporter isoform 1 (GLUT1, also known
as SLC2A1; MIM no. 138140) is a key rate-limiting factor
in the transport and metabolism of glucose in cancer
cells. GLUT1 expression is primarily undetectable in nor-
mal epithelial tissues and benign epithelial tumors. How-
ever, GLUT1 is overexpressed in a significant proportion
of human carcinomas.9,10 The apparent expression of a
certain type of glucose transporter suggests an important
role for this transporter in tumor biology. Therefore, it has
been hypothesized that elevated GLUT1 expression by
human carcinomas indicates an increased metabolic
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state, enhanced utilization of energy, and an associated
increase in aggressive, metastatic behavior. Actually,
Glut1 protein expression confers poor prognosis in a
wide range of solid tumors.11,12

Studies regarding GLUT1 expression in HCC have re-
vealed inconclusive results, and the biological signifi-
cance of GLUT1 expression in HCC remains un-
known.13–19 Here, we show that GLUT1 expression is
increased in a significant number of HCC cell lines and
tissues, and high GLUT1 expression correlates with HCC
proliferation and invasiveness. Furthermore, we found
that siRNA-mediated abrogation of GLUT1 in HCC cell
lines inhibits their proliferative and migratory potential.
This suggests that increased GLUT1 expression in HCC
does not only indicate an increased utilization of energy,
which may correlate with an aggressive behavior, but
directly causes tumorigenesis. Consequently, GLUT1
may serve as both a prognostic marker and a therapeutic
target in HCC.

Materials and Methods

Cells and Cell Culture

The HCC cell lines HepG2 �American Type Culture Col-
lection (Rockville, MD) HB-8065�, PLC (American Type
Culture Collection CRL-8024), and Hep3B (American
Type Culture Collection HB-8064) were cultured as de-
scribed.20 Primary human hepatocytes (PHHs) were iso-

lated and cultured as previously described.21 Human liver
tissue for cell isolation was obtained according to the guide-
lines of the charitable state-controlled foundation Human
Tissue and Cell Research with the patient’s informed con-
sent. Hypoxia was induced by incubation with 2,2�-dipyridyl
(DP) (100 �mol/L; Sigma Aldrich, Deisenhofen, Germany)
or exposure to 1% O2 for the indicated periods of time. For
pharmaceutical inhibition of hypoxia-inducible factor
(HIF)-1 activity cells were incubated with 100 �mol/L of
3-(5�-hydroxymethyl-2�-furyl)-1-benzylindazole (YC-1; Cal-
biochem, Darmstadt, Germany)22,23 or 10 nmol/L of echi-
nomycin (Alexis Biochemicals, Lörrach, Germany).24

Human Tissues and HCC Tissue Microarray (TMA)

HCC tissues and corresponding nonneoplastic liver tis-
sues were obtained from HCC patients (child A/B cirrho-
sis) undergoing surgical resection at the university hos-
pitals Regensburg (n � 85) and Erlangen (n � 67). TMAs
were constructed as described.20 Further, tissue sam-
ples of 31 patients were immediately snap-frozen, stored
at �80°C, and subsequently used for RNA isolation and
analysis of mRNA expression. Clinicopathological patient
characteristics are summarized in Table 1.

Expression Analysis

Isolation of total cellular RNA from cultured cells and
tissues and reverse transcription were performed as de-

Table 1. Glut1 Immunoreactivity (IR) in HCC Tissue of 152 Patients in Relation to Clinicopathological Characteristics and
Proliferation Rate

Variable Categorization n % Glut1 IR-negative Glut1 IR-positive P*

Clinicopathological characteristics
Age at diagnosis

�60 years 57 37.5 51 6 0.621
�60 years 95 62.5 81 14

Sex
Female 22 14.5 19 3 1.000
Male 130 85.5 113 17

Tumor stage
pT1 52 34.2 45 7 0.023
pT2 44 29.0 40 4
pT3 48 31.6 42 6
pT4 4 2.6 1 3
nd 4 2.6 4 0

Histological grade
G1 57 37.5 55 2 �0.0001
G2 76 50.0 68 8
G3 19 12.5 10 9

Tumor size
�5 cm 77 50.7 66 11 0.588
�5 cm 53 34.9 48 5
nd 22 14.5 18 4

Cirrhosis
No 36 23.7 34 2 0.348
Yes 95 62.5 83 12
nd 21 13.8 15 6

Proliferation rate (MIB1 index)
�5% 64 42.1 61 3 0.006
�5% 81 53.3 64 17

7 4.6 7 0

*Fisher’s exact test (two-sided); bold face represents P values �0.05.
nd, no data available; IR, immunoreactivity.
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scribed previously.25 Quantitative real-time polymerase
chain reaction (PCR) was performed with primers spe-
cific for GLUT1 (forward: 5�-AACTCTTCAGCCAGGGTC-
CAC; reverse: 5�-CACAGTGAAGATGATGAAGAC) using
LightCycler technology (Roche, Mannheim, Germany).26

Expression of MAZ was analyzed applying the Quanti-
Tect primer assay according to the manufacturer’s in-
structions (Qiagen, Hilden, Germany).

Protein Analysis

Protein extraction and Western blotting were performed
as described elsewhere,27 applying the following primary
antibodies: anti-Glut1 (1:600; Lab Vision, Wedel, Ger-
many), anti-HIF-1 � (1:500; Novus Biologicals, Littleton,
CO), and anti-�-actin (1:20,000, Sigma). Immunohisto-
chemical staining of 5-�m sections of the TMA blocks
was performed using polyclonal anti-Glut1 antibody (1:
50) and an indirect immunoperoxidase protocol accord-
ing to the LSAB2-kit (DAKO, Hamburg, Germany).20 A
surgical pathologist (A.H.) performed a blinded evalua-
tion of the stained slides. For negative control, the pri-
mary antibody was omitted and IgG isotype control anti-
bodies did not reveal any detectable staining. For
analysis of the TMA, positivity for Glut1 was defined as
any detectable membranous staining. Glut1 expression
in carcinomas, when present, was variable as reported
before in other studies,16 ranging from at least 25 to
almost 100% of the cells. In contrast, cases designated
as Glut1-negative did not reveal any immunohistochem-
ical staining for Glut1. MIB1 was analyzed applying anti-
Ki-67 antibody (rabbit monoclonal, clone MIB1, 1:10, final
concentration of 5 �g/ml; DAKO). Antibody binding was
visualized using AEC-solution (LSAB2-Kit, DAKO). Fi-
nally, the tissues were counterstained by hemalaun.

Transfection of HCC Cell Lines

Applying the Lipofectamine plus method (Invitrogen,
Carlsbad, CA) small interfering RNA (siRNA; GLUT1 Hs-
SLC2A1-5 and GLUT1 Hs-SLC2A1-6; MAZ Hs_MAZ_6
and MAZ Hs_MAZ_8; all from Qiagen) was transiently
transfected into HCC cells to deplete GLUT1 or MAZ
expression. Transfection efficiency was determined by
fluorescence-activated cell sorting analysis applying Al-
exa Fluor 488-labeled control siRNA (AllStars negative
control siRNA; Qiagen).

For luciferase reporter assays, cells were transfected
with 0.5 �g of a reporter construct harboring six copies of
the hypoxia-responsive element of the human phospho-
glycerate kinase (PGK) gene (6�HRE) upstream of a
HSV thymidine kinase promoter. To normalize transfec-
tion efficiency, 0.2 �g of a pRL-TK plasmid (Promega,
Mannheim, Germany) was co-transfected and renilla lu-
ciferase activity measured by a luminometric assay (Pro-
mega). All transfections were performed in triplicate.

Proliferation and Migration Assays

Cell proliferation was measured using the XTT assay
(Roche).25 Further, cell number was determined by micro-

scopic counting after trypsination of cells seeded in six-well
plates (six per condition) at different time points. Migration
assays were performed as previously described.20

PET

PET using 2-�18F�fluorodeoxyglucose (FDG-PET/CT) was
performed by means of a Biograph16 PET/CT scanner
(Siemens, Erlangen, Germany). After fasting for 4 to 6
hours to achieve blood glucose values �120 mg/dl, the
patients received an intravenous dose of FDG (5 to 10
mCi, 185 to 379 MBq). Whole-body image acquisition
from the skull base to the proximal thigh started 	60
minutes later (axial field 90 cm; seven bed positions for 3
minutes each, one head/neck position). The total time
required was 	20 minutes (40 seconds CT scanning and
subsequent CT attenuation-corrected PET scanning, low-
dose CT).

Statistical Analysis

Statistical analyses were performed using SPSS version
10.0 (SPSS, Chicago, IL) and GraphPad Prism Software
(GraphPad Software, Inc., San Diego, CA). Results are
expressed as mean 
 SE (range) or percent. P values
�0.05 were considered statistically significant. Compar-
isons between groups were made using the Mann-
Whitney test. Contingency table analysis and the two-
sided Fisher’s exact test were used to study the
statistical association between clinicopathological and
immunohistochemical variables.

Results

GLUT1 Expression in HCC

Initially, we analyzed GLUT1 mRNA expression in three
different HCC cell lines (HepG2, PLC, and Hep3B) and
PHHs by quantitative real-time PCR. In all three HCC cell
lines a significantly increased GLUT1 mRNA expression
was observed compared with PHHs (Figure 1A). This
result was confirmed by Western blotting (Figure 1B).

Next, we analyzed a panel of 22 paired specimens
obtained from patients with HCC. From each HCC pa-
tient, RNA was isolated from cancerous tissue and adja-
cent nontumorous liver tissue, and GLUT1 mRNA expres-
sion was measured by quantitative real-time PCR (Figure
1C). In 15 HCC specimens, GLUT1 mRNA expression
was increased compared with matched nontumorous tis-
sue. In six patients (nos. 2, 9, 13, and 18 to 20) GLUT1
mRNA expression was not significantly different from
control tissue. Only two HCC specimens (nos. 4 and 10)
revealed decreased GLUT1 mRNA expression levels
compared with nontumorous tissue.

To assess GLUT1 expression in HCC in situ, we per-
formed immunohistochemical staining for Glut1 protein. A
representative immunohistochemical staining of a Glut1-
positive tumor is presented in Figure 1D. Immunohisto-
chemistry revealed a strong membranous signal in HCC
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cells (Figure 1DII). In contrast, no Glut1 staining was
detectable in nontumorous hepatic tissue.

Next, we analyzed Glut1 expression in a series of 152
HCCs and corresponding nontumorous tissue of the
same patients (n � 146) using TMA technology. Investi-
gation of Glut1 protein expression was informative in all
HCC and nontumorous tissue samples. In 13.2% (20 of
152) of the HCC, a Glut1 immunosignal was detectable.
In contrast, Glut1 expression was found in none of the
noncancerous tissue samples (P � 0.0001).

Matched data of mRNA expression and semiquantita-
tive protein expression analyzed on the TMA were avail-
able from 31 HCC patients. GLUT1 mRNA expression
was significantly higher in HCC cases with positive Glut1
immunosignal (n � 7) compared with cases in which no

GLUT1 was detectable (n � 24; 3.4 
 1.1-fold; P � 0.0015).
This finding indicates that highly increased Glut1 expres-
sion is accurately detected by immunohistochemistry (IHC).
However, lower expression may be below the detection limit
of IHC. Herewith, differences between HCC and nontumor-
ous liver may be missed, and probably, Glut1 protein is
increased in even more cases than now shown by IHC.

For descriptive data analysis, clinicopathological char-
acteristics were compared with GLUT1 mRNA and pro-
tein expression. GLUT1 mRNA expression correlated sig-
nificantly with tumor stage (r � 0.37, P � 0.039), grading
(r � 0.48, P � 0.007), and proliferation rate (MiB-1 index;
r � 0.62, P � 0.0002). Immunohistochemistry confirmed
these data on the protein level (Table 1). Glut1 expres-
sion was significantly associated with higher tumor stage
(P � 0.023) and tumor grading (P � 0.0001). Furthermore,
Glut1-positive HCCs had a significantly higher proliferation
rate (MiB-1 index) compared with Glut1-negative HCCs
(P � 0.006, Figure 1E). No correlation was found between
Glut1 expression and age, gender, tumor size, and the
existence of liver cirrhosis. The etiology of the underlying
liver disease was known in only approximately half of the
patients (73 of 152). In most cases, HCC had developed in
alcohol-related cirrhosis (52 of 73, 71%), and this percent-
age was similar in the groups of Glut1-negative (45 of 64,
70%) and -positive (7 of 9, 78%) HCCs.

Molecular Mechanisms of GLUT1 Expression
in HCC

The transcription factor HIF-1� is an important mediator
of hypoxic adaptation of tumor cells and controls several
genes that have been implicated in tumor growth includ-
ing GLUT1. Therefore, we analyzed HIF-1� protein ex-
pression in three different HCC cell lines (HepG2, PLC,
and Hep3B) grown under aerobic conditions in vitro. In-
terestingly, no HIF-1� expression could be detected in
HCC cells by Western blotting (Figure 2A). In contrast,
after pharmacological HIF induction by DP, strong HIF-1�
protein expression was detected in all three HCC cell
lines by Western blotting (Figure 2A).

In line with this finding, transfection of Hep3B cells with
a luciferase reporter plasmid containing six copies of a
functional hypoxia-responsive element (HRE) revealed
only baseline activity under aerobic conditions (Figure
2B). In contrast, strong HRE reporter gene activity was
observed in Hep3B cells under DP-induced hypoxia, and
this activity was completely abrogated by pharmaceuti-
cal inhibition of HIF-1� activity with YC-122,23 or echino-
mycin.24 Similar results were obtained with HepG2 and
PLC cells (data not shown). Interestingly, GLUT1 expres-
sion was further increased in HCC cells under DP-in-
duced hypoxia, and this induction was strongly re-
pressed by inhibition of HIF-1� activity with YC-1 or
echinomycin (Figure 2C). Similarly as DP-induced hyp-
oxia, also culture of HCC cells under hypoxic conditions
led to a significant increase of GLUT1 mRNA expression
in all three HCC cell lines (Figure 2D).

Previous studies in glia cells have shown that hypoxia
alters GLUT1 expression post–transcriptionally by en-

Figure 1. GLUT1 expression in HCC. GLUT1 mRNA (A) and protein (B)
expression in PHHs and three different HCC cell lines (HepG2, PLC, and
Hep3B) analyzed by quantitative real-time PCR (A) and Western blotting (B).
Data are given as mean 
 SEM (*P � 0.05). C: GLUT1 mRNA expression in
22 human HCC samples in relation to matching nontumorous liver tissue
samples. D: Glut1 immunohistochemical staining of human HCC tissue and
adjacent nontumorous liver tissue (nt) and higher magnification of the same
HCC tissue sample. E: Proliferation rate (analyzed by immunohistochemical
staining applying anti-Ki-67 antibodies) in HCC-tissues with positive or neg-
ative immunoreactivity to Glut1 applying TMA technology. Original magni-
fications: �40 (left); �400 (right).
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hancing GLUT1 mRNA stability.28 Therefore, we analyzed
GLUT1 mRNA expression in HCC cells at different time
point after exposure to DP-induced hypoxia with or with-
out pretreatment with actinomycin D (ActD), an inhibitor
of transcription. ActD treatment resulted in a decline of
GLUT1 mRNA levels with time indicating a GLUT1 mRNA
half-live larger than 12 hours, similarly as previously re-
ported in neurons (Figure 2E).28 No significant difference
was found between HCC cells grown under normoxic and
hypoxic conditions, indicating that hypoxia does not affect
mRNA stability in HCC cells. Together, these data indicate
that basal GLUT1 expression in HCC is further increased
under hypoxic conditions, and this induction is regulated on
the transcriptional level by HIF-1� activation.

In search for the molecular mechanisms that cause the
increased expression of GLUT1 in HCC cells under nor-

moxic conditions we performed in silico promotor studies
using the Genomatix software. Alignment of the promotor
sequence of the murine, rat, and human GLUT1 gene
revealed that a binding site for the transcription factor
MAZ (Myc-associated zinc finger protein, located 310 bp
upstream of the transcriptional start site of the human
GLUT1 gene) was highly conserved in all three species.
Similarly as previously described29 we found increased
MAZ expression in HCC cells compared with PHHs (data
not shown), and noteworthy, transient transfection with
two different MAZ siRNAs significantly inhibited GLUT1
mRNA expression in Hep3B cells (Figure 2F) as well as in
HepG2 and PLC cells (data not shown). In summary,
these data indicate that constitutively high GLUT1 mRNA
expression in HCC cells under normoxic conditions is at
least in part dependent on the transcription factor MAZ,
and that GLUT1 mRNA expression is further increased
under hypoxic conditions by HIF-1� activation.

Inhibition of GLUT1 Expression in HCC Cells

To gain insight into the functional role of increased
GLUT1 in HCC, we inhibited GLUT1 expression in HCC
cells by transient transfection with two different GLUT1
siRNAs. Quantitative real-time PCR analysis revealed a
strong down-regulation of GLUT1 mRNA in Hep3B cells
transfected with GLUT1 siRNA (siRNA1 and siRNA2) as
compared with Hep3B cells transfected with control
siRNA and nontransfected cells, respectively (Figure 3A).
Down-regulation of GLUT1 expression in Hep3B cells
transfected with GLUT1 siRNA was also confirmed at the
protein level (Figure 3B).

FACS analysis of Alexa Fluor 488-labeled control siRNA
revealed a transfection efficiency of 	90.6 
 0.8% (data not
shown). Furthermore, we studied the duration of the inhibi-
tory effect of GLUT1 siRNA on GLUT1 mRNA expression in
HCC cells and found that GLUT1 mRNA remained reduced
for at least 4 days after transfection (data not shown). Com-
parable results regarding efficiency of transfection and
GLUT1 expression with GLUT1 siRNA were obtained in PLC
and HepG2 cells (data not shown).

Effect of GLUT1 Inhibition on Migration and
Proliferation of HCC Cells

To further characterize the role of GLUT1 in HCC cells, we
performed functional in vitro assays with HCC cells by
suppressing GLUT1 expression (GLUT1 siRNA1 and
GLUT1 siRNA2) in comparison with HCC cells trans-
fected with control siRNA and nontransfected HCC cells.
Inhibition of GLUT1 expression caused significantly im-
paired migration as analyzed in Boyden chamber assays
(Figure 3C). Next, we analyzed whether GLUT1 expres-
sion affected the proliferation of HCC cells in vitro. HCC
cells with suppressed GLUT1 expression grew signifi-
cantly slower compared with controls cultured in mono-
layers (Figure 3D). In addition, we compared the growth
of HCC cells with suppressed GLUT1 expression and
control cells in a three-dimensional cell culture model.
Transfection with GLUT1 siRNA resulted in the formation

Figure 2. Regulation of GLUT1 expression in HCC under aerobic and anaer-
obic conditions. A: HIF-1� expression in three different HCC cell lines
(HepG2, PLC, and Hep3B) with or without pharmacological induction of
hypoxia by DP (100 �mol/L) analyzed by Western blotting. B: Luciferase
activity in Hep3B cells transiently transfected with a reporter gene driven by
six hypoxia-responsive elements (HREs) in relation to cells transfected with
control plasmid (pcDNA3). DP (2,2�-dipyridy, 100 �mol/L), YC-1 (100 �mol/
L); ECH (echinomycin, 10 nmol/L). * and #, P � 0.05 compared with control
and DMSO without DP or with DP, respectively. C: GLUT1 mRNA expression
in Hep3B cells with or without pharmacological induction of hypoxia or HIF-1�
inhibition analyzed by quantitative real-time PCR. * and #, P � 0.05 compared
with control and DMSO without DP or with DP, respectively. D: Analysis of
GLUT1 mRNA expression in HCC cells cultured under normoxic conditions or
1% oxygen for 16 hours. *P � 0.05 compared with control. E: Hep3B cells were
exposed to normoxic or hypoxic conditions, actinomycin D (Act.D, 7.5 �g/ml)
was added, and incubation was continued for 3, 6, and 12 hours. GLUT1 mRNA
was analyzed by qPCR. F: Analysis of GLUT1 mRNA expression in Hep3B cell
transiently transfected with two different MAZ siRNAs (siRNA1 and siRNA2), and
cells transfected with control siRNA and nontransfected HCC cells (ctrl.). *P �
0.05 compared with control. All experiments have been performed at least three
times. Data are given as mean 
 SEM.
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of significantly smaller spheroids compared with sphe-
roids of control cells (Figure 3E).

Effect of GLUT1 on Glucose Uptake and
Glycolytic Rate in HCC

HCC cells secreted significantly more lactate into the
supernatant than PHHs (Figure 4A). In Hep3B cells trans-

fected with GLUT1 siRNA lactate secretion was signifi-
cantly reduced as compared with control cells (Figure
4B). Further, suppression of GLUT1 expression reduced
glucose uptake into Hep3B cells significantly (Figure 4C).
Similar results for glucose uptake and lactate secretion
were obtained for HepG2 and PLC cells after GLUT1
suppression (data not shown). Together, these data indi-
cate that GLUT1 is a rate-limiting factor for the glucose
transport and glycolysis in HCC cells in vitro.

Discussion

The aim of this study was to analyze the expression and
function of GLUT1 in HCC. Previous studies on the ex-
pression of GLUT1 in human and murine HCC tissue and
cells had revealed discrepant results. In some studies a
strong and increased expression of GLUT1 mRNA had
been found in HCC as compared with adjacent noncan-
cerous tissue13–15 in �80% of cases. Other studies, in
contrast, failed to detect Glut1 protein expression by
immunohistochemical staining in HCC tissue in most, if
not all cases.16–19 However, these previous studies had
been performed in only a small number of cases and

Figure 3. Effect of GLUT1 inhibition on migration and proliferation of HCC cells.
Analysis of GLUT1 (A) mRNA and (B) protein expression in Hep3B cells tran-
siently transfected with two different GLUT1 siRNAs (siRNA1 and siRNA2), and
cells transfected with control siRNA and nontransfected HCC cells (ctrl.). C: The
migratory potential of these cells was assessed by Boyden chamber assays. D:
For analysis of proliferation, cells were trypsinized and counted at different time
points. Cell number at day 4 is set at 1. E: Growth in a three-dimensional cell
culture system was assessed by analysis of the spheroid volume at day 14. All
experiments have been performed at least three times. Data are given as mean 

SEM (*P � 0.05 compared with controls).

Figure 4. Effect of GLUT1 on rates of glucose uptake and glycolysis in HCC.
Analysis of lactate secretion into the supernatant of PHHs and three different
HCC cell lines (HepG2, PLC, and Hep3B) (A) and Hep3B cells transiently
transfected with two different GLUT1 siRNAs (siRNA1 and siRNA2) (B), cells
transfected with control siRNA and nontransfected HCC cells (ctrl.). C: Glu-
cose uptake is reported as glucose utilization per cell within 24 hours. To that
end, glucose concentration was measured in the supernatant and cells were
counted 24 hours after seedings. All experiments have been performed at
least three times. Data are given as mean 
 SEM (*P � 0.05 compared with
controls).
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GLUT1 expression had been measured only at the mRNA
or the protein level.

In the present study, we investigated GLUT1 mRNA
and protein expression in 152 HCC cases by quantitative
real-time PCR and immunohistochemical analysis, re-
spectively. We found an increased expression of GLUT1
mRNA and protein in all HCC cell lines compared with
PHHs. Furthermore, 68.2% of human HCC tissues re-
vealed higher GLUT1 mRNA levels than adjacent non-
cancerous liver tissue. By immunohistochemical analysis
Glut1 was detectable in only 13.2% of the HCC tissues,
but in none of the noncancerous liver tissues analyzed.
An explanation for the discrepant GLUT1 mRNA and
protein expression data may be, that the antibodies
and/or the immunodetection methods used here and in
the previous studies lacked sufficient sensitivity to detect
Glut1 in HCC, in which it was expressed at low level.
Supportive for this hypothesis, we found a close correla-
tion between GLUT1 mRNA and protein expression, and
only HCCs with the highest GLUT1 mRNA levels revealed
a visible Glut1 immunosignal, suggesting that there is a
threshold that allows the detection of Glut1 protein by
immunohistochemistry. In addition, in all three HCC cell
lines analyzed treatment with GLUT1 siRNA significantly
suppressed both GLUT1 mRNA and protein expression,
further suggesting that GLUT1 expression in HCC is at
least in part regulated at the transcriptional level.

Biological Significance of GLUT1 Expression in
HCC

The expression of GLUT1 in a significant number of HCCs
and its lower or undetectable expression in correspond-
ing normal and benign hepatic tissue indicate that this
transporter probably plays an important role in the uptake
of glucose by HCC cells. Glucose is a major source of
energy, and increased GLUT1 expression may indicate
an increased utilization of energy, which in turn may
correlate with aggressive behavior of cancer cells. In-
deed, GLUT1 overexpression was associated with pa-
rameters conferring more aggressive behavior in several
solid tumor types.11,12 Actually, we found that GLUT1
expression was a rate-limiting factor for the uptake of
glucose and glycolysis in HCC cells. We also showed for
the first time, that GLUT1 expression was significantly
associated with tumor growth and invasiveness in HCC.

It is well known that proliferation of transformed cells is
accompanied by an accelerated uptake and metabolism
of glucose.4,5 GLUT1 was shown to be up-regulated dur-
ing development/embryogenesis, and is more abundant
in fetal hepatocytes than in adult hepatocytes.30,31

Hence, one may speculate that the GLUT1 overexpres-
sion observed in cancerous tissue fosters rapid tumor
growth. Indeed, we have found that inhibition of GLUT1
expression in HCC cells reduced proliferation rate. In
addition, it also reduced migratory potential, thus sug-
gesting a direct role of GLUT1 in the tumorigenicity of
HCC.

Interestingly, two previous studies have found higher
PET activity in advanced HCC stages,7,8 and in a prelim-

inary study we found a positive FDG-PET signal only in
two HCC patients with positive Glut1 immunohistochem-
ical staining of the primary tumor but none of the four
patients with undetectable Glut1 immunosignal (data not
shown). Certainly, this finding has to be confirmed in a
larger cohort of patients but puts forward the hypothesis
that high GLUT1 expression leads to increased glu-
cose metabolism (as indicated by a positive FDG-PET
signal), and herewith, promotes tumorigenicity of HCC
also in vivo.

Regulation of GLUT1 in HCC

It has been described that GLUT1 expression is regu-
lated by the transcription factor HIF-1�. HIF-1� is in-
duced in response to stress and hypoxia. In cancerous
tissue, it may also be up-regulated under aerobic condi-
tions. Of note, HIF-1� was not detectable in HCC cells in
vitro and GLUT1 expression in these cells was not depen-
dent on HIF-1� under aerobic conditions. Interestingly,
we newly identified MAZ as regulator of GLUT1 expres-
sion. MAZ is a six-Cys2-His2 zinc finger transcription fac-
tor, and by performing in silico analysis we found a po-
tential MAZ binding site conserved in the GLUT1
promotor of three different species. In accordance with a
previous study we found increased expression of MAZ in
HCC,29 and suppression of MAZ in HCC cells inhibited
GLUT1 expression under normoxic conditions. Further
studies have to be performed to demonstrate whether
MAZ regulates GLUT1 directly by promotor binding, how-
ever, our data indicate that increased MAZ expression
accounts at least in part for the up-regulation of GLUT1 in
HCC under normoxic conditions. Induction of hypoxia
further induced GLUT1 expression in HCC cells in vitro,
and this induction was dependent on HIF-1�. Interest-
ingly, hypoxia-independent overexpression of HIF1�
through enhanced PI3 kinase/Akt signaling has been
reported as an early event during hepatocancerogen-
esis.32 Further, HIF-1� expression has been shown to
correlate with HCC survival, and to play a role in tumor
progression after induction of hypoxia in HCC.33,34

Altogether, these findings suggest that in vivo in addi-
tion to GLUT1 overexpression secondary to the tumori-
genic transformation of the tumor cells, chronically hy-
poxic tumor cells will further enhance glucose transport
via a HIF-dependent increase of GLUT1 synthesis. It has
been shown that hypoxia promotes HCC cell growth and
resistance to therapy,34,35 and it is sometimes observed
that surviving cells in HCC nodules pretreated with
transarterial chemoembolization (TACE) grow faster than
those in neighboring nodules, and become resistant to
subsequent TACE. The molecular basis of this phenom-
enon was in part explained by hypoxia-induced hexoki-
nase II (HK II) expression in human HCC cells in a
HIF-1�-dependent manner, and this enhanced HK II
expression accelerates HCC cell proliferation.35 Based
on the results of the present study it can be speculated
that hypoxia-induced Glut1 expression increases HCC
cell growth and motility and accelerates the progression
of HCC.
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GLUT1 as a Therapeutic Target

Pharmacological inhibition of glucose metabolism has
been shown to exhibit promising anticancer activity in
vitro and in vivo, alone or in combination with other ther-
apeutic modalities.36 Inhibition of expression or function-
ality of GLUT1, rather than inhibiting glucose metabolism
in its entirety may more specifically target those cells
within the tumor that depend on a high rate of glucose
uptake and glycolysis. There has been significant
progress in the theoretical and experimental character-
ization of the crystal structure of Glut1, which may
prove useful for the rational design of Glut1-inhibiting
agents.37,38 Furthermore, lessons learned from the treat-
ment of patients with Glut1 deficiency may open a way for
overcoming potential adverse effects of such agents.38

Studies investigating the use of glucose analogues or
glucose conjugates that are likely to be taken up into
target cells through Glut1 offer compelling evidence that
the difference of Glut1 expression between the brain and
tumors is large enough to allow targeting of Glut1. For
instance, the PET tracer FDG has recently been investi-
gated in mouse models of breast cancer as a radiomo-
lecular therapy, and doses up to 5 mCi proved to be
nonradiotoxic to normal organs.38

In summary, this study revealed increased GLUT1 ex-
pression in a subset of HCC and suggests that this in-
creased GLUT1 expression functionally affected prolifer-
ation and invasiveness of HCC cells. Herewith, GLUT1
expression in HCC appears as a potential innovative
therapeutic target for this highly malignant tumor.
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