
Dominant-Negative Hypoxia-Inducible Factor-1�
Reduces Tumorigenicity of Pancreatic Cancer Cells
through the Suppression of Glucose Metabolism

Jian Chen,*† Songji Zhao,‡ Kunihiro Nakada,‡

Yuji Kuge,§ Nagara Tamaki,‡ Futoshi Okada,*
Jingxin Wang,* Masanobu Shindo,¶

Fumihiro Higashino,¶ Kohji Takeda,�

Masahiro Asaka,� Hiroyuki Katoh,†

Toshio Sugiyama,� Masuo Hosokawa,* and
Masanobu Kobayashi*
From the Division of Cancer Pathobiology, * Institute for Genetic

Medicine, Hokkaido University, Sapporo; the Departments of

Gastroenterology and Hematology,� Surgical Oncology,† Nuclear

Medicine,‡ and Tracer Kinetics,§ Hokkaido University Graduate

School of Medicine, Sapporo; and the Department of Oral

Pathobiological Science,¶ Hokkaido University Graduate Dental

School, Sapporo, Japan

In the tumor cells exposed to hypoxia, hypoxia-in-
ducible factor-1 (HIF-1)-mediated adaptation re-
sponses such as angiogenesis and anaerobic metabo-
lism are induced for their survival. We have recently
reported that the constitutive expression of HIF-1�
renders pancreatic cancer cells resistant to apoptosis
induced by hypoxia and glucose deprivation. We then
established dominant-negative HIF-1� (dnHIF-1�)
transfectants and examined their susceptibility to ap-
optosis and growth inhibition induced by hypoxia
and glucose deprivation in vitro and their tumorige-
nicity in SCID mice. We further examined the expres-
sions of aldolase A and Glut-1 in vitro and Glut-1
expression and glucose uptake in the tumor tissues
and microvessel counts in the tumor tissues. As a
result, dnHIF-1� rendered the pancreatic cancer cells
sensitive to apoptosis and growth inhibition induced
by hypoxia and glucose deprivation. Also it abrogated
the enhanced expression of Glut-1 and aldolase A
mRNAs under hypoxia and reduced the expression of
Glut-1 and the glucose uptake in the tumor tissues and
consequently in vivo tumorigenicity. We found no
significant difference in the microvessel counts
among the tumor tissues. From these results, we sug-
gest that the disruption of the HIF-1 pathway might be
effective in the treatment of pancreatic cancers. (Am
J Pathol 2003, 162:1283–1291)

Aggressive tumors often have insufficient blood supply,
partly because the tumor cells grow faster than endothe-

lial cells, and partly because a newly formed vascular
supply is disorganized.1,2 Under such a microenviron-
ment, tumor cells are exposed to both hypoxia and nu-
trient deprivation.3,4 In the tumor cells exposed to hyp-
oxia, hypoxia-inducible factor-1 (HIF-1), which is a
transcription factor composed of HIF-1� and HIF-1� sub-
units,5–8 is activated to promote the transcription of sev-
eral genes such as glucose transporters, glycolytic en-
zymes, and angiogenic factors. Thus HIF-1� plays an
important role in the protection of solid tumor cells
against hypoxia and nutrient deprivation in vivo by pro-
moting angiogenesis and glycolysis.9–11 We have re-
cently reported that constitutive expression of HIF-1�
rendered pancreatic cancer cells resistant to apoptosis
and growth inhibition induced by hypoxia and glucose
deprivation in vitro, and enhanced the tumorigenicity of
pancreatic cancer cells without affecting angiogenesis.12

Because tumor cells preferentially metabolize glucose by
either aerobic or anaerobic glycolysis rather than by ox-
idative phosphorylation,13 these findings led us to hy-
pothesize that disruption of HIF-1-mediated adaptation
responses might reduce their tumorigenicity through the
suppression of glycolysis.

Although most of recent reports demonstrated that
HIF-1� acted as a positive regulator of tumor growth, it is
controversial what role the HIF-1-mediated hypoxic re-
sponse might play in tumor growth.9,10,14–16 Studies us-
ing HIF-1��/� knockout embryonic stem cells indicate
conflictingly that HIF-1� acts as a positive regulator of
tumor growth on one hand, most likely through its activa-
tion of vascular endothelial growth factor (VEGF),9,10,15

and acts as a negative regulator on the other hand,
possibly through the stabilization of p53 in hypoxic
cells.14,17 Therefore it should be determined how it would
affect the disruption of the HIF-1-mediated adaptation
responses in the cells harboring mutated p53. Further-
more, it is yet to be determined how the disruption of the
HIF-1 pathway inhibits the tumor growth. Most of recent
reports demonstrated that the disruption of the HIF-1
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pathway suppressed the tumor growth most likely
through the suppression of angiogenesis.14,16,17 In con-
trast to these reports, a recent report demonstrated that
the disruption of the HIF-1 pathway inhibited the tumor
formation without any change of angiogenesis.15 As both
angiogenesis and glycolysis are considered to be impor-
tant adaptation responses of cancer cells against hypox-
ia,7 it seems reasonable to hypothesize that the disrup-
tion of the HIF-1 pathway may inhibit glycolysis as well as
angiogenesis, resulting in the inhibition of tumor growth in
vivo. To date, there has been no report demonstrating
whether or not the disruption of the HIF-1 pathway affects
the glucose metabolism in tumor tissues in vivo.

In this study, we established dominant-negative
HIF-1� (dnHIF-1�) transfectants from a pancreatic can-
cer cell line and examined their growth under hypoxia
and low glucose, and their susceptibility to apoptosis and
growth inhibition induced by hypoxia and glucose depri-
vation in vitro. We then examined their tumorigenicity in
SCID mice and found that the tumorigenicity of the
dnHIF-1� transfectants decreased compared with the
vector transfectant. To explore the mechanisms of de-
creased tumorigenicity of the dnHIF-1� transfectants, we
examined the in vitro expression of Glut-1, aldolase A,
and VEGF in the transfectants under normoxia and hyp-
oxia as a representative glucose transporter, a glycolytic
enzyme, and an angiogenic factor, respectively. Expres-
sion of glucose transporters and glycolytic enzymes are
essential for glucose metabolism. Glut-1 is the most prim-
itive type of glucose transporter expressed in most types
of tissues and cell lines.18 It is expressed in a dominant
form in most of the human fetal pancreatic tissues.19

Aldolase A is one of the key regulatory glycolytic en-
zymes; it has been reported to increase in the sera of
patients with several cancers including pancreatic can-
cers.20 VEGF is a representative angiogenic factor in-
duced by hypoxia. We further examined the glucose
uptake in the tumor tissues by a 2-fluorodeoxyglucose
(FDG) uptake analysis, the expression of Glut-1 and the
microvessel counts in the tumor tissues to explore the
roles of HIF-1� in the glucose metabolism and angiogen-
esis required for the tumor formation in vivo.

Materials and Methods

Cell Line and Culture Conditions

A pancreatic ductal adenocarcinoma cell line (PCI-43
cells) was maintained in Dulbecco’s modified Eagle’s
medium/F12 medium supplemented with 10% fetal calf
serum. As reported previously,12 PCI-43 cells have
mutated p53. As tumor hypoxia was defined as median
pO2 � 10 mmHg (�1.25%),21 incubation under hypoxic
condition (1% O2) was done in a hypoxic chamber
gassed with 95% N2 and 5% CO2 (Wakenyaku Co. Ltd.,
Tokyo, Japan). Incubation in low-glucose medium was
done in a glucose-free Dulbecco’s modified Eagle’s me-
dium (Life Technologies, Inc., Gaithersburg, MD) supple-

mentedwith 10% fetal calf serum (concentration of glu-
cose in this medium at 16 mg/dl).

Growth of the Cells

Growth of the cells was estimated by a colorimetric MTS
assay using a tetrazolium compound (3-(4,5-dimethylthia-
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt; MTS) (Promega, Madison, WI) accord-
ing to the manufacturer’s instruction. Briefly, 1 � 104 cells
were plated in 100 ml of Dulbecco’s modified Eagle’s
medium containing 1000 mg/L of glucose supplemented
with 10% fetal calf serum or glucose-free Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
calf serum in 96-well flat-bottomed microplates and incu-
bated under hypoxic (1% O2) or nonhypoxic conditions.
The cultures were incubated for the first 24, 48, 72, and 96
hours and then incubated with MTS for the final 1 to 4 hours.
Absorbance at 490 nm was read on an MTP-100 microplate
reader (Corona Electric, Tokyo, Japan).

Fluorescence-Activated Cell Sorting Analysis

Fluorescence-activated cell sorting analysis was done
according to the previously described method.12 Briefly,
after staining with propidium iodide and fluorescein iso-
thiocyanate-conjugated anti-annexin V with the use of the
Annexin-V-FLUOS kit (Japan Roche Diagnostic Co. Ltd.,
Tokyo, Japan) according to the manufacturer’s instruc-
tion, the cells were analyzed with a FACScaliber (Becton
Dickinson, Mountain View, CA).

Western Blot Analysis

The samples were electrophoresed under reducing con-
ditions on 7.5% or 12% polyacrylamide gels in Tris-gly-
cine buffer and transferred to 0.45-mm nitrocellulose
membranes. The membrane was then blocked for 30
minutes in blocking buffer (5% skim milk in 1% Tween-
phosphate-buffered saline) and probed with first anti-
body for 1 hour. After being washed, the membrane was
incubated with a peroxidase-conjugated goat anti-mouse
IgG and developed with the use of an ECL detection kit
(Amersham, Tokyo, Japan).

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

RT-PCR was done according to the previously described
method.22 Briefly each RNA sample (5 mg) was sub-
jected to cDNA synthesis in 50 �l of reaction mixture
containing 75 mmol/L KCl, 50 mmol/L Tris-HCl (pH 8.3), 3
mmol/L MgCl2, 10 mmol/L dithiothreitol, 0.5 mmol/L each
dNTP, 2 �mol/L random primer, and 1000 U AMLV re-
verse transcriptase (Life Technologies, Inc.) by incuba-
tion at 37°C for 1 hour. PCR amplification of cDNA was
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performed in 50 �l of reaction mixture containing 50
mmol/L KCl, 10 mmol/L Tris-HCl (pH 9.0), 2.5 mmol/L
MgCl2, 0.1% Triton X-100, 200 �mol/L each dNTP, 10
�mol/L each specific primers, and 1 U Taq polymerase
(Life Technologies, Inc.). PCR was performed in a DNA
thermal cycler (Barnstead/Thermolyne, Dubuque, IA) for
35 cycles (94°C for 1 minute, 60°C for 1 minute, and 72°C
for 2 minutes). The PCR product (9 �l) was subjected to
electrophoresis on 1% agarose gels and stained with
ethidium bromide. PCR primers for amplification of VEGF
were as follows: forward, gcagctactgccatccaatc; re-
verse, caaggcccacagggattt.

Northern Blot Analysis

Northern blot analysis was performed by the method
described previously.23 Total RNA (25 mg) was sepa-
rated by electrophoresis in 1% denaturing formaldehyde-
agarose gels. The RNA was transferred to nylon mem-
brane (Hybond N�, Amersham) by capillary elution
overnight and UV cross-linked. After prehybridization of
blots for 1 to 2 hours at 42°C in prehybridization buffer
(5� sodium chloride/sodium phosphate ethylenediami-
netetraacetic acid, 5� Denhardt’s solution, 1% sodium
dodecyl sulfate, 50% formamide, and 0.1 mg/ml of de-
natured salmon sperm DNA), the membrane was hybrid-
ized overnight at 42°C with the cDNA probe labeled with
32P by the use of a random primer DNA labeling kit
(Takara Biomedicals, Tokyo, Japan) for Glut-1 and aldo-
lase A. The probed membrane was then washed and
exposed to Bas-III Imaging Plate and the images were
scanned by the use of Bas-2000 Image Scanning System
(Fuji Film Co. Ltd., Tokyo, Japan). Probes for Glut-1 and
aldolase A were obtained by PCR amplification with the
use of PCR primers as follows: Glut-1 forward, atgaag-
gaagagagtvggca; reverse, tgaagagttcagccacgatg; aldo-
lase A forward, cactgggatcaccttcctgt; reverse, aagacac-
cacacaccactgt.

Gel Shift Assay

Gel shift assay was performed according to the previ-
ously described method.24 Briefly, nuclear extracts were
obtained from nuclei incubated in buffer C (50 mmol/L
Hepes, pH 7.8, 420 mmol/L KCl, 0.1 mmol/L ethylenedia-
minetetraacetic acid, 5 mmol/L MgCl2, 10% glycerol, 1
mmol/L dithiothreitol, 2 mg/ml aprotinin, and 0.5 mmol/L
phenylmethyl sulfonyl fluoride) after removing cyto-
plasmic proteins by incubating the cells in buffer A (10
mmol/L Hepes, pH 7.8, 10 mmol/L KCl, 0.1 mmol/L eth-
ylenediaminetetraacetic acid, 1 mmol/L dithiothreitol, 2
mg/ml aprotinin, 0.5 mmol/L phenylmethyl sulfonyl
fluoride, and 0.5% Triton X-100) and the centrifugation.
Double-stranded HIF-1-specific oligonucleotide probe
containing two tandemly positioned HIF-1-binding sites
(5�-gccctacgtgctgtctcacacagcctgtctga-3� and 5�-gtca-
gacaggctgtggagacagcacgtaggg-3�) were end-labeled
with [32P] dCTP by Klenow fragment. Nuclear extract (3
mg) was incubated with a 300-fmol probe in a total of 30

ml of binding buffer (10 mmol/L Hepes, pH 7.8, 50
mmol/L KCl, 1 mmol/L ethylenediaminetetraacetic acid, 5
mmol/L MgCl2, 10% glycerol, and 2 mg of poly-dI-dC) for
20 minutes at room temperature. For the competition
assay, a 50-fold molar excess of unlabeled oligonucleo-
tide probe was added to nuclear extracts for 15 minutes
before the addition of a labeled probe.

Establishment of Dominant-Negative HIF-1�

Transfectants

A cDNA for dominant-negative HIF-1� (dnHIF-1�), which
lacks a DNA-binding domain, transactivation domains,
and an oxygen-dependent degradation domain of HIF-1�
(Figure 1A), was amplified from RT products of mRNAs
purified from the colon cancer cell line KM-12 and then
cloned into PCR4-TOPO (Invitrogen, Carlsbad, CA). PCR
primers for dominant-negative HIF-1� were selected as
previously described25 (forward, ccgctcgagaccatgc-
gaaggaaagaatctg; reverse, ggggtacctcatttgtcaaagag-
gctact). Plasmids were recovered, purified, and se-
quenced with a DyeDeoxy Terminator kit (Perkin-Elmer,
Urayasu, Japan) on an ABI 377 automated sequencer
(Applied Biosystems, Urayasu, Japan) under the condi-
tions according to the manufacturer’s protocol. Cloned
fragments were recovered from vectors and ligated into
PcDNA3.1� (Invitrogen). PCI-43 cells were transfected
with an expression vector with the use of lipofectamine
(Life Technologies, Tokyo, Japan). Transfectants were
selected with G-418 at 800 mg/ml and cloned by a limit-
ing dilution method. They were maintained in the pres-
ence of 400 mg/ml of G-418.

In Vivo Tumorigenicity

Cells (5 � 106) were inoculated subcutaneously into the
right flanks of SCID mice. Tumor formation was observed
every 3 days and the mice were sacrificed 3 weeks after
inoculation. Tumor volumes were measured by the for-
mula as follows: tumor volume � 0.5 � ab2 (a, major axis;
b, minor axis).

Determination of FDG Uptake

FDG uptake was determined according to the previously
described method.26 Briefly, 1 week after the inoculation
of the transfectants, the mice were deprived of food
overnight. Then they were anesthetized with pentobarbi-
tal (50 mg/kg), and 5 to 6 MBq of FDG synthesized as
previously described was injected into the tail vein.27

Sixty minutes after the FDG injection, the animals were
sacrificed and the tumors, liver, and leg muscles were
excised. The tissues were weighed and radioactivity was
determined with a gamma counter. After decay correc-
tion, the percentage of injected FDG per gram of tissue
was obtained and adjusted to the animal’s weight (% ID/g
tissue/kg body weight). Blood samples for glucose mea-
surement were obtained twice, immediately before the
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FDG injection and immediately before sacrifice. The
plasma glucose level was determined twice, at the time of
FDG injection and sacrifice.

Immunohistochemical Staining

CD31, p53, and Glut-1 were analyzed by immunohisto-
chemical staining using the streptavidin-biotin technique
(Histofine SAB-PO kit; Nichirei, Tokyo, Japan) according
to the previously described method.26 Snap-frozen tissue
specimens were used for the analysis of CD31 and par-
affin-embedded tissue specimens were used for the
analysis of p53 and Glut-1. The tissue sections were
preincubated for 30 minutes with phosphate-buffered sa-
line (PBS) containing 1% bovine serum albumin and en-
dogenous peroxidase was inactivated with 3% H2O2 in
methanol for 15 minutes. The sections were then incu-
bated overnight at 4°C with anti-mouse CD31 antibody
(BD Pharmingen, San Diego, CA), anti-human p53 anti-
body (DO-7; Lab Vision Corp., Fremont, CA) and anti-
Glut-1 antibody (Chemicon Intl. Inc., Temecula, CA) at
concentrations of 5 �g/ml in PBS. After washing with PBS,
the sections were incubated for 1 hour at room temper-
ature with the biotin-conjugated anti-rat second antibody
(DAKO, Tokyo, Japan), which was followed by the avidin-
biotin-peroxidase reaction. Diaminobenzidine was used

as a chromogen to visualize the reaction products. Fi-
nally, the sections for CD31, p53, and Glut-1 were coun-
terstained with hematoxylin and methylgreen, respec-
tively.

Results

HIF-1� Protein Expression, HIF-1 Activity, and
Expression of Hypoxia-Inducible Genes under
Hypoxia in the Transfectants

Figure 1A shows the structures of HIF-1� and dominant-
negative HIF-1� (dnHIF-1�) cDNAs. A deletion mutant of
HIF-1� (amino acids 30 to 389) lacking a DNA-binding
domain, transactivation domains, and an oxygen-depen-
dent degradation domain was reported to act in a dom-
inant-negative manner through the inhibition of functional
HIF-1 formation.25 Figure 1B shows the expression of
dnHIF-1� mRNA. DnHIF-1� mRNA was expressed in the
dnHIF-1� transfectants but not in the vector transfec-
tants. Figure 1C shows the expressions of HIF-1� protein
in the transfectants and the binding of HIF-1 to HIF-1-
binding sites under normoxia and hypoxia. All of the
transfectants expressed low levels of HIF-1� protein un-
der normoxia as reported previously12 and expressed

Figure 1. Expression of dominant-negative HIF-1� and hypoxia-inducible mRNAs. A: Structures of HIF-1� and dominant-negative HIF-1� are shown. A deletion
mutant of HIF-1� (amino acids 30 to 389) lacking a DNA-binding domain, transactivation domains, and an oxygen-dependent degradation domain was generated
from full-length HIF-1� (amino acids 1 to 826). This deletion mutant was reported to function in a dominant-negative manner through the inhibition of functional
HIF-1 formation. B: Dominant-negative HIF-1� mRNA expressions in a vector transfectant and three dominant-negative HIF-1� transfectants are shown. C: Binding
of HIF-1 to HIF-1-binding sites examined by gel shift assay and HIF-1� protein expression examined by Western blot are shown. D: Glut-1 and aldolase A mRNA
expressions examined by Northern blot and mRNA expression of VEGF amplified by RT-PCR in the transfectants under hypoxic (H) and nonhypoxic (N)
conditions are shown. Representative results of three different experiments are shown.
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high levels of HIF-1� protein under hypoxia. These results
indicated that the transfection of dnHIF-1� did not alter
the expression of HIF-1� protein. In the vector transfec-
tants, the binding activity of HIF-1 to HIF-1-binding sites
was enhanced under hypoxia; however, the binding ac-
tivity of HIF-1 in the dnHIF-1 transfectants was not en-
hanced under hypoxia. The binding activity of HIF-1 in
the dnH3 cells was rather suppressed under hypoxia.
These results suggested that the introduced dnHIF-1
could function in a dominant-negative manner. Figure 1D
shows the expression of Glut-1, aldolase A, and VEGF
mRNAs under normoxia and hypoxia. Those expressions
were enhanced by the exposure to hypoxia in the vector
transfectants but not in the dnHIF-1� transfectants, con-
firming that the introduced dnHIF-1� did function in a

dominant-negative manner. These results suggested that
the introduction of dnHIF-1� could reduce glucose uptake
and glycolysis in pancreatic cancer cells as well as angio-
genesis.

Growth of the Transfectants under Hypoxia and
Low-Glucose Level

Because the disruption of the HIF-1 pathway reduced the
expression of glucose metabolism-associated genes,
Glut-1 and aldolase A, under hypoxia, we hypothesized
that the disruption of the HIF-1 pathway might inhibit the
growth of the pancreatic cancer cells under hypoxia and
low-glucose level. As shown in Figure 2, A and B, growth
of the dnHIF-1� transfectants was suppressed by hyp-
oxia and glucose deprivation. Growth of dnH3 was rela-
tively slow in normoxia and normal media compared with
the other dnHIF-1� transfectants, although it was never
suppressed. In contrast, the vector transfectants prolifer-
ated both in hypoxia and low-glucose medium and in
normoxia and normal medium. These results suggested
that the transfection of dnHIF-1� rendered the cells sus-
ceptible to growth inhibition induced by hypoxia and
glucose deprivation.

Figure 2. Proliferation of the transfectants in hypoxia and low glucose. A:
After incubation in normoxia and normal glucose medium for indicated
times, viable cell numbers were estimated by a colorimetric MTS assay. The
data are presented as mean � SD of three different experiments. B: After
incubation in hypoxia and low glucose for indicated times, viable cell
numbers were estimated by a colorimetric MTS assay. The data are presented
as mean � SD of three different experiments.

Figure 3. Apoptosis induced by hypoxia and low glucose in the transfec-
tants. A: After incubation under normoxia, hypoxia, and hypoxia plus low
glucose for 48 hours, apoptotic cell death was analyzed by the use of a
FACScaliber. A representative result of three different experiments is shown.
B: Mean � SD of three different experiments is shown.
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Susceptibility of the Transfectants to Apoptosis
Induced by Hypoxia and Glucose Deprivation

Next we examined the susceptibility to apoptosis induced
by hypoxia and glucose deprivation. Hypoxia alone did not
induce apoptosis in the pancreatic cancer cells with the
constitutive expression of HIF-1� protein. Even glucose de-
privation in combination with hypoxia induced apoptosis in
less than 10% of the vector transfectants, as we previously
reported that most of pancreatic cancer cell lines were
resistant to apoptosis induced by hypoxia and glucose
deprivation.12 However, glucose deprivation in combination
with hypoxia induced twofold to threefold higher levels of
apoptosis in the dnHIF-1� transfectants (Figure 3, A and B).
These results suggested that the transfection of dnHIF-1�
rendered the cells susceptible to apoptosis induced by
hypoxia and glucose deprivation.

In Vivo Tumorigenicity of the Transfectants

Because our in vitro experiments suggested that the dis-
ruption of the HIF-1 pathway abrogated the adaptation
responses against hypoxia and glucose deprivation in
the pancreatic cancer cells, we next examined the tumor-
igenicity of the transfectants. As shown in Figure 4, the
parental PCI-43 cells and the vector transfectant formed
tumors in SCID mice, whereas the two dnHIF-1 transfec-
tants PCI-43/dnH3 and PCI-43/dnH7 did not. Tumor for-
mation was observed in PCI-43/dnH10, which was sup-
pressed compared with that in the vector transfectant.
The inability of in vivo tumor formation seemed to be
closely correlated with the expression levels of dnHIF-1�
mRNA in the dnHIF-1� transfectants. These results indi-
cated that the introduction of dnHIF-1� did reduce the
tumorigenicity of the pancreatic cancer cells.

Immunohistochemical Analysis of Tumor
Tissues in SCID Mice

To explore the mechanisms by which dnHIF-1� inhibited
the in vivo tumor growth, we first examined the microves-
sel density and the expression of Glut-1 in the tumor

tissues. Immunohistochemical staining for an endothelial
cell marker (CD31/PECAM) revealed similar numbers of
CD31-positive cells in the tumor tissues of the dnHIF-1�
transfectants and the vector transfectants (Figure 5A). As
shown in Figure 5B, there was no significant difference of
capillary density estimated according to the previously
described method22 between the tumor tissues of the
dnHIF-1� transfectant and the vector transfectant. Immu-
nohistochemical staining for Glut-1 demonstrated that the
tumor cells and the host-derived interstitial cells were
positive for Glut-1 in the tumor tissues of the vector trans-
fectant, and that only the host-derived interstitial cells
were positive for Glut-1 in the tumor tissues of the
dnHIF-1� transfectant (Figure 6). These results indicated
that the introduction of dnHIF-1� resulted in the inhibition
of Glut-1 expression without affecting angiogenesis in the
tumor cells in vivo.

Glucose Uptake in the Tumor Tissues

Next we examined the glucose uptake in the tumor tis-
sues by the FDG uptake analysis to explore whether the
disruption of the HIF-1 pathway would suppress glucose
uptake in the tumor tissues in vivo. As shown in Figure 7A,
mean blood glucose levels, which have been reported to
affect the glucose uptake,28,29 were not significantly dif-
ferent among the mice at the time of FDG injection and
sacrifice. The glucose uptake in the tumor tissues of the
dnHIF-1� transfectants was lower than that in the tumor
tissues of the vector transfectant (Figure 7B). There was

Figure 4. Growth of the tumors in SCID mice. Five mice in each group were
inoculated with 5 � 106 cells on day 0. Tumor size was measured every 3
days after inoculation.

Figure 5. Immunohistochemical staining of the tumor tissues for CD31/
PECAM. A: A representative result of immunohistochemical staining of the
tumor tissues of V3 and dnH3 for endothelial cell marker (CD31/PECAM). a:
V3; b: dnH3. B: Mean � SD of microvessel counts in three different tumor
tissues in each group is shown. Original magnifications, �200.
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no significant difference of glucose uptake in the liver,
muscle, or blood among the mice (Figure 7B). When we
examined the expression of Glut-1 in the tumor tissues,
we noticed that there were fewer tumor cells in the tumor
tissues of the dnHIF-1� transfectants compared with
those of the vector transfectant. Therefore, we examined
the ratio of tumor cells in the tumor tissues by staining
with anti-human p53 antibody. As shown in Figure 7C,
there were fewer tumor cells (strongly stained p53-posi-
tive cells) in the tumor tissues of the dnHIF-1� transfec-
tants than in those of the vector transfectant. In combi-
nation with the evidence that the host-derived interstitial
cells were positive for Glut-1 in the tumor tissues, this
finding suggested that the FDG uptake in the tumor tis-
sues of the dnHIF-1� transfectants might be mainly
through its uptake into the host-derived interstitial cells.

Discussion

Here we demonstrated that the introduction of dnHIF-1�
rendered the pancreatic cancer cells sensitive to apopto-
sis induced by hypoxia and glucose deprivation and
reduced the in vivo tumorigenicity of the pancreatic can-
cer cells. These findings confirmed the previous reports
that the HIF-1 pathway was essential for the growth of
tumor cells in vivo15,16 and suggested that dnHIF-1�
would be a useful tool for the treatment of pancreatic
cancers. HIF-1 is a transcription factor composed of
HIF-1� and HIF-1� subunits9–11 that is stabilized and
activated to promote the transcription of several genes
through the binding to hypoxia-responsive elements lo-
cated in the promoter region, when the cells are exposed
to hypoxia. A deletion mutant of HIF-1� (amino acids 30
to 389) that lacks a DNA-binding domain, transactivation
domains, and an oxygen-dependent degradation do-
main, functions in a dominant-negative manner through
the inhibition of functional HIF-1 formation,25 as the re-

cently reported inhibitory PAS domain (IPAS) functions
likewise, which also lacks a transactivation domain of
HIF-1�.30

HIF-1� induces adaptation responses to hypoxia in-
cluding anaerobic metabolism and angiogenesis through
the transcription of several angiogenic factors and anaer-
obic metabolism-associated genes, such as VEGF, aldo-
lase A, and Glut-1.9–11 Our present results demonstrated
that the disruption of the HIF-1 pathway reduced the
expression of genes involved in both anaerobic metabo-
lism and angiogenesis in vitro, and that it also reduced
glucose uptake necessary for anaerobic metabolism but
not angiogenesis in vivo. Most of the previous studies

Figure 6. Immunohistochemical staining for Glut-1 in the tumor tissues. A
representative result of immunohistochemical staining of the tumor tissues of
V3 and dnH3 for Glut-1. a: H&E staining of the tumor of V3; b: HE staining
of the tumor of dnH3; c: immunohistochemical staining of the tumor of V3;
d: immunohistochemical staining of the tumor of dnH3. Original magnifica-
tions, �200.

Figure 7. FDG uptake in the tumor tissues. A: Blood glucose levels in the
mice. No significant difference was observed among the mice. B: FDG
uptake in blood, tumor tissue, liver, and muscle is shown. Mean � SD of FDG
uptake in five mice is shown. C: Immunohistochemical staining of tumor
tissues with anti-human p53 antibody is shown. As the antibody is specific to
human p53 protein, p53-positive cells are judged as human pancreatic tumor
cells. Strong staining indicated p53-positive cells in the tumor tissues. a: V3;
b: dnH3; c: dnH7; d: dnH10. Original magnification, �40.
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examining the role of HIF-1� in tumor formation demon-
strated that the disruption of the HIF-1� pathway reduced
angiogenesis and then tumor growth.9,10,14,16 Only one
recent report demonstrated that the disruption of the
HIF-1 pathway reduced the expression of VEGF and
tumor growth but not in vivo angiogenesis.15 We now
speculate that host-derived cells in the tumor tissues may
produce an enough amount of angiogenic factors, espe-
cially VEGF, in accordance with the previous report.31

The recent report that the deletion of VEGF gene in tumor
cells did not completely block tumor VEGF production or
angiogenesis may also support the contribution of host-
derived VEGF in angiogenesis.32 To verify our specula-
tion, we are now examining the expression of murine and
human VEGF proteins in the tumor tissues. Alternatively,
pancreatic cancer cells may produce other angiogenic
factors under hypoxic conditions in a HIF-1-independent
manner that compensate for the decreased production of
VEGF. We are now examining some candidate angio-
genic factors found in our DNA microarray study in which
mRNA expressions in a pancreatic cancer cell line under
hypoxic and nonhypoxic conditions were compared
(manuscript in preparation). In the previous study dem-
onstrating that the disruption of the HIF-1 pathway inhib-
ited angiogenesis,14 there was no difference in the num-
bers of small blood vessels, suggesting that small and
large blood vessels are regulated by different angiogenic
factors. In our study, the blood vessels we observed in
the tumor tissues were mainly small blood vessels, pos-
sibly because the tumors we excised 7 days after inoc-
ulation was small. This may explain why the angiogenesis
was not inhibited in the tumor tissues of the dnHIF-1�
transfectants. In any case, our findings demonstrated
that the disruption of HIF-1 pathway would not suppress
the angiogenesis at least in some pancreatic cancers.
Even though the angiogenesis is not suppressed, the
disruption of the HIF-1 pathway could be effective in the
treatment of pancreatic cancers as it suppresses glucose
uptake necessary for anaerobic metabolism.

The most striking feature of cancer cells is the produc-
tion of large amounts of lactic acid, which is because of
the glycolytic conversion of glucose to lactic acid even in
the presence of oxygen (a phenomenon known as the
Warburg effect);13 namely cancer cells rely on glycolysis
for energy unlike normal mammalian cells which use
oxygen to generate energy. Increased glycolysis is usu-
ally accompanied by an increased glucose uptake. From
these, we propose that the abrogation of increased glu-
cose uptake and glycolysis by dominant-negative HIF-1�
reduces the generation of energy in the pancreatic can-
cer cells under hypoxia and low glucose and then might
render them sensitive to apoptosis induced by hypoxia
and low glucose. Studies by magnetic-resonance spec-
troscopy and positron-emission tomography have con-
sistently demonstrated that various clinical tumors show
far more glucose uptake in vivo than do normal tis-
sues.33–35 Another report also shows increased glucose
uptake in pancreatic cancers.36 Because Glut-1, which
plays important roles in glucose uptake, is regulated by
HIF-1 under hypoxic conditions,37 it seems likely that the
disruption of the HIF-1 pathway inhibits glucose uptake in

vivo. We for the first time demonstrated that the disruption
of the HIF-1 pathway inhibited glucose uptake into the
tumor tissues in vivo. The present findings, in combination
with the recent report demonstrating the important roles
of HIF-1 in the ATP production and the cell growth,38

clearly demonstrated the important roles of glucose up-
take and glycolysis in the growth and apoptosis of cancer
cells.

Recent reports demonstrated that glucose metabolism
is essential for the survival and growth of tumor cells
stimulated by growth factors and that glycolysis is re-
quired for the preservation of mitochondrial integri-
ty.39–41 These reports in combination with the present
results suggest that the pancreatic cancer cells exposed
to hypoxia may protect themselves from apoptosis
through the enhanced glucose uptake, enhanced anaer-
obic metabolism, and consequently the stabilization of
mitochondrial transmembrane potential. To verify this hy-
pothesis, we are now examining the sensitivity of the
transfectants to the apoptosis induced by various stimuli
other than hypoxia and low glucose.
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