
Abstract. The expression of hypoxia inducible factor-1α
(HIF-1α) and glucose transporter-1 (GLUT-1) was immuno-
histochemically analyzed in ovarian adenocarcinomas with the
aim of elucidating whether hypoxic status is associated with
histological type or structural character. The following
ovarian adenocarcinomas were used: serous adenocarcinoma
(SEA), 21 cases; mucinous adenocarcinoma (MUA), 19 cases;
endometrioid adenocarcinoma (ENA), 16 cases; clear cell
adenocarcinoma (CLA), 19 cases. High-level expression (3+)
of HIF-1α was observed in 100% of SEAs, 58% of MUAs,
100% of ENAs and 89% of CLAs, and high-level expression
of GLUT-1 in 76% of SEAs, 26% of MUAs, 50% of ENAs
and 67% of CLAs. Heterogeneous or localized staining was
relatively evident for GLUT-1. Immunohistochemical profiles
were in accord with the immunoblotting and mRNA levels of
both markers. ELISA for the detection of active HIF-1
demonstrated that HIF-1 is strongly activated in SEAs, ENAs
and CLAs as compared to MUAs. Our results show that
GLUT-1 overexpression is to some extent regulated by HIF-1α
and is also strongly associated with histological features, i.e.,
papillary or stratified structure accompanied by little or no
vascular stroma. In conclusion, hypoxic status differs
according to the histological type of ovarian adenocarcinoma
and the micro-environmental conditions of each type.

Introduction

Malignant tumors are considered to be in a more or less
hypoxic state, with highly malignant tumors being especially
hypoxia-resistant (1). Hypoxia inducible factor-1 (HIF-1),

which is a heterodimer made up of an α and ß subunit, is one
of the interesting recently discovered factors involved in
tumor development and histogenesis (1). The heterodimer of
HIF-1 in the nucleus is biologically functional when it is
bound to hypoxia response elements (HREs). It is known that
pathophysiological phenomena, including glucose transport,
glycolysis, angiogenesis, erythropoiesis and the inhibition of
apoptosis, are usually regulated by transcription factors such
as HIF-1α (2). In this regulation, the expression level of the
HIF-1α subunit is a determinant of HIF-1 transcription activity
(2) and the loss of the von Hippel-Lindau tumor suppressor
gene results in constitutive high-level expression of HIF-1α
(3). In general, when compared to non-malignant tumor cells
or normal tissue cells the glucose utilization rate is increased
in malignant tumor cells (4). One or more members of the
glucose transporter (GLUT) gene family are expressed in all
mammalian cells. GLUTs are integral membrane glyco-
proteins that play a key role in facilitating glucose transport
(5). GLUT-1 is a representative member of the family and is
widely distributed in normal tissues such as erythrocytes and
endothelial cells at the blood-brain barrier (6-8). Various
studies have shown a close relationship between GLUT-1
expression and carcinogenesis, tumor development or the
unfavorable prognosis of various malignancies (9-12).

We have observed a progressive increase in HIF-1α and
GLUT-1 expression in the following order: ovarian serous
and mucinous tumors from adenomas, borderline tumors, and
finally adenocarcinomas (data not shown). These findings are
basically the same as those of previous reports, differing only
in part (13). In this study, we focused on the expression of
HIF-1α and GLUT-1 in ovarian adenocarcinomas and
analyzed the relationship between hypoxic status and
histological type or structure.

Materials and methods

Diseases (Table I). The 74 surgically treated ovarian
carcinomas used comprised 21 cases of serous adenocarcinoma
(SEA), 19 cases of mucinous adenocarcinoma (MUA), 16
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cases of endometrioid adenocarcinoma (ENA) and 18 cases
of clear cell adenocarcinoma (CLA).

Immunohistochemistry. Formalin-fixed and paraffin-embedded
tissue blocks were cut into 4 μm-thick sections for immuno-
histochemistry as well as for hematoxylin and eosin staining.
The indirect peroxidase method was performed using heat
antigen retrieval at 95˚C and citrate buffer, pH 6.0. The
primary antibodies were as follows: HIF-1α, monoclonal,
mouse, clone H1α67, diluted 1:100 (Novus Biologicals,
Littleton, CO) and GLUT-1, polyclonal, rabbit, diluted 1:50
(Dako, Carpinteria, CA). After incubation, sections were
counterstained with hematoxylin. The extent of HIF-1α and
GLUT-1 expression was semi-quantitatively assessed
according to the following scoring scheme: negative (0%);
weak, 1+ (<10%); intermediate, 2+ (10-50%); marked, 3+
(>50%). Preparations of cultured HeLa cells were used as
positive controls for HIF-1α, and erythrocytes in each section
were used as positive controls for GLUT-1. Nuclear and/or
cytoplasmic expression of HIF-1α staining was regarded as
being positive. For GLUT-1, membrane-predominant staining
was regarded as being positive. As negative controls, adjacent
sections were incubated using non-immune mouse or rabbit
serum instead of primary antibodies. Statistical analysis was
performed using the χ2 test to determine whether there was a
significant difference in the extent of immunohistochemical
expression.

Immunoblotting. Using fresh materials from the representative
cases of each histological type, total proteins were separated
by electrophoresis on a 10% SDS-polyacrylamide gel and
transferred to an immunobilon-P membrane (Millipore,
Bedford, MA). The membrane was then blocked with 5%
non-fat milk in phosphate-buffered saline containing 0.5%
Tween-20 (PBS-T) at room temperature for 1 h, incubated
overnight at 4˚C with anti-HIF-1α and anti-GLUT-1
antibodies and diluted 1:250 in 5% non-fat milk in PBS-T.
Horseradish peroxidase-conjugated anti-mouse complex for
HIF-1α and anti-rabbit complex for GLUT-1 were visualized
using an ECL Plus Kit (Amersham Bioscience Corp.,
Piscataway, NJ). As positive controls, cultured HeLa cells and
human red blood cells were used for HIF-1α and GLUT-1,
respectively.

Real-time RT-PCR. For a representative case of each
histological type, mRNA expression levels of HIF-1α and
GLUT-1 were quantitatively assessed by real-time RT-PCR
methods with the ABI PRISM 7700 System (TaqMan PCR,
Applied Biosystems, Foster City, CA) using Assay-on-
Demand primers and probe sets Hs00153153ml for HIF-1α and
Hs00197884ml for GLUT-1. Thermal cycling conditions
consisted of 95˚C for 10 min followed by 50 cycles of
amplification at 95˚C for 15 sec and 60˚C for 1 min. Human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
was measured as a control using Hs99999905ml. The relative
expression of each mRNA was calculated by the ΔCt method.

ELISA. To investigate the activity of HIF-1, which is made
up of HIF-1α and HIF-1ß in the nucleus, a TransAM HIF-1
Kit was utilized according to the manufacturer's instructions
(Active Motif, Carlsbad, CA). First, nuclear extracts produced
from the fresh materials were put in the wells of a 96-well
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Table I. Ovarian adenocarcinomas examined.
–––––––––––––––––––––––––––––––––––––––––––––––––
Total patients 74

Age (years)
Range 30-81
Mean 53.2

Histology
Serous adenocarcinoma 21
Mucinous adenocarcinoma 19
Endometrioid adenocarcinoma 16
Clear cell adenocarcinoma 18

Stage (FIGO) Ia-IIIc
––––––––––––––––––––––––––––––––––––––––––––––––– 

Figure 1. Comparison of immunohistochemical expression scores of HIF-1α

and GLUT-1. HIF-1α and GLUT-1 expression in MUAs tended to be
relatively weak compared to other types. The difference in GLUT-1 expression
was statistically demonstrated by the χ2 test (HIF-1α, indeterminate).
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plate with immobilized double-stranded DNA sequences
containing the HIF-1 binding HREs. HIF-1 binding was
detected using a primary mouse anti-HIF-1 antibody and a
secondary horseradish peroxidase-labeled anti-mouse antibody.
Absorbance was then measured spectrophotometrically at
450 nm. The Kruskal-Wallis test was used to evaluate the
differences in HIF-1 activity among the ovarian adeno-
carcinomas.

Results

Immunohistochemistry (Figs. 1 and 2)
HIF-1α. A positive reaction was most frequently observed in
both the cytoplasm and nuclei of tumor cells. In general, the
staining score (extent) paralleled staining intensity and
nuclear labeling. A strong staining score (3+) was observed in
100% (21/21) of SEAs, 58% (11/19) of MUAs, 100% (16/16)
of ENAs and 89% (16/18) of CLAs. In contrast, weak (1+) or

negative staining was observed in 26% (5/19) of MUAs. No
apparent positive reaction was observed in the stromal
components.

GLUT-1. All of the examined adenocarcinomas showed
various degrees of positive staining. The positive reaction was
detected in both the cytoplasm and cell membrane. As the
staining score increased, cell membrane staining tended to be
more accentuated. Marked staining (3+) was observed in 76%
(16/21) of SEAs, 26% (5/19) of MUAs, 50% (8/16) of ENAs
and 67% (12/18) of CLAs. The stromal components were
basically negative.

Comparison of HIF-1α and GLUT-1 expression. In most of the
examined cases, HIF-1α was more extensively and uniformly
expressed than GLUT-1. However, GLUT-1 expression tended
to be localized and to show a gradual enhancement with
increasing distance from the vascular stroma. Statistically,
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Figure 2. Immunohistochemical expression of HIF-1α (A, C, E, G) and GLUT-1 (B, D, F, H). (A) SEA, invasive papillary and solid nests. (B) SEA, papillary
and bridging tubular structure. (C) MUA, invasive distorted tubules. (D) MUA, separate tubular structure. (E) ENA, well-formed tubular nests. (F) ENA,
fused tubular nests. (G) CLA, papillary protrusion with stroma. (H) CLA, piled-up carcinoma cells. Positive staining of HIF-1α was observed diffusely and
variably in both the nucleus and cytoplasm of carcinoma cells (A, C, G) or predominantly in the cytoplasm (E). The cell membrane was highlighted by
GLUT-1 staining in a localized manner (B, D, F, H), and the positive reaction was also found to be strengthened around the top away from the stroma (B, H).
SEA, serous adenocarcinoma; MUA, mucinous adenocarcinoma; ENA, endometrioid adenocarcinoma; CLA, clear cell adenocarcinoma.
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significant difference in the staining score was demonstrated to
exist between MUAs and SEAs (p<0.001), ENAs (p=0.002)
and CLAs (p<0.001).

Immunoblotting (Fig. 3). The results of immunoblotting
analysis of isolated protein were in accord with the HIF-1α
and GLUT-1 expression levels determined by immunohisto-
chemical staining.

Real-time RT-PCR (Fig. 4). Quantitative analysis of HIF-1α
and GLUT-1 mRNA levels demonstrated that mRNA levels
were in accord with the immunohistochemical expression
profiles.

ELISA (Fig. 5). Activation status reflected the immuno-
histochemical expression profiles. There were significant
differences among the ovarian adenocarcinomas in HIF-1
activity, demonstrated by the Kruskal-Wallis test (p=0.046).

Discussion

HIF-1α is known to play an essential role in adapting the
cellular environment to a hypoxic status by inducing the
expression of various hypoxia response molecules, including
GLUT-1 (1-3). Semenza reported that increased HIF-1α is
overexpressed as a result of intratumoral hypoxia, leading to
treatment failure and a poor prognosis for the malignancies
(2,14-19). Increased GLUT-1 expression has also been
demonstrated in various malignant tumors (9-12,21-24). In
colorectal cancer (23) and thyroid cancer (24), it has been
reported that GLUT-1 overexpression is related to a higher
frequency of lymph node metastasis and extra-organ growth.
The present study focuses on the analysis of the hypoxic
status in ovarian adenocarcinomas by looking at differences
in histological type and structural characteristics.

The results suggest that GLUT-1 expression is considerably
controlled by HIF-1α expression, as most of the GLUT-1-
positive areas were contained within HIF-1α-positive areas.
However, HIF-1α expression was characterized by uniform
staining while GLUT-1 overexpression was found to be
heterogeneous and localized; adenocarcinoma cells far from
stroma containing vascular vessels were clearly labeled (Figs. 1
and 2). GLUT-1 expression in ovarian adenocarcinomas may
not be fully regulated by the key transcriptional regulator of
HIF-1α. Heterogeneous GLUT-1 expression cannot be
satisfactorily explained solely through regulation by HIF-1α.
It is possible that GLUT-1 overexpression is more strongly
affected by micro-environmental conditions than HIF-1α
expression. Interestingly, the discrepancy between HIF-1α
expression and GLUT-1 expression was most evident in
ENAs. In many ENAs, the GLUT-1-positive area was
considerably more narrow than the HIF-1α-positive area.

We recently reported that papillary carcinomas of the
thyroid gland show marked GLUT-1 expression in comparison
with follicular carcinomas (24). The difference in GLUT-1
expression between papillary carcinomas and follicular
carcinomas is thought to depend on the manner of blood
supply. We can therefore speculate that papillary proliferation
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Figure 5. ELISA for the detection of HIF-1 activity in nuclei. It was found
that the activity differences among ovarian adenocarcinomas corresponded
to the differences in the immunohistochemical expression profiles,
statistically demonstrated by the Kruskal-Wallis test.

Figure 3. Immunoblotting analysis of HIF-1α and GLUT-1. The positive
reaction in each adenocarcinoma corresponded to immunohistochemical
expression levels. M, marker; Lane 1, serous adenocarcinoma; Lane 2,
mucinous adenocarcinoma; Lane 3, endometrioid adenocarcinoma; Lane 4,
clear cell adenocarcinoma; Lane 5, positive control.

Figure 4. Relative mRNA levels of HIF-1α and GLUT-1 by real-time RT-
PCR. Expression levels of mRNA differed considerably among ovarian
adenocarcinomas, reflecting the immunohistochemical staining profiles.
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would lead to the stimulation of GLUT-1 expression. For
ovarian adenocarcinomas, papillary proliferation or the
stratified structure of carcinoma cells accompanied by fewer
vascular vessels could be responsible for the overexpression
of GLUT-1 as well as HIF-1α in SEAs and CLAs. GLUT-1
overexpression in carcinoma cells enclosing necrotic areas
and in those farther away from vascular stroma is considered
to reflect strong hypoxic status in SEAs and CLAs. The
relatively weak expression of HIF-1α and GLUT-1 in MUAs
may be due to the following phenomena: many MUAs have a
comparatively large amount of accompanying stroma
intervening between the nests, and carcinoma cells are less
stratified. Compared to large-sized nests, small-sized
infiltrative nests with high proliferative potential of MUAs are
more frequently positive for HIF-1α and GLUT-1. As observed
in follicular carcinomas of the thyroid gland, blood supply for
carcinoma cells may to some extent be maintained in MUAs.

Cantuaria et al (11) concluded that GLUT-1 status is an
independent prognostic factor of the response to chemotherapy
in advanced ovarian carcinomas. It is reported that patients
overexpressing GLUT-1 have a significantly lower disease-
free survival rate. In the multivariate analysis, only residual
tumor and marked GLUT-1 expression maintained an
independent prognostic value in regards to the response to
chemotherapy (11). However, Birner et al reported that HIF-1α
overexpression alone has no impact on the prognosis of ovarian
cancer (16). We are now working to analyze the association
between the prognosis and the overexpression of both markers
using a large-scale group of ovarian adenocarcinomas. In the
present study at least, high expression of both HIF-1α and
GLUT-1 seemed to be closely related to the aggressive clinical
outcome which leads, irrespective of chemotherapy, to short
post-operative survival times.

To confirm the accuracy and significance of the immuno-
staining profiles, we performed immunoblotting analysis
(Fig. 3), a fixed-quantity analysis of mRNA (Fig. 4) and
ELISA for the detection of active HIF-1α (Fig. 5). Isolated
proteins detected in the immunoblotting analysis were
observed to correspond to HIF-1α and GLUT-1, respectively.
The difference in immunostaining profiles was considered to
be related to the mRNA levels of HIF-1α and GLUT-1, which
were higher in SEAs and CLAs but lower in MUAs. The
results suggest that the mRNA levels of both markers closely
control immunohistochemical expression patterns. It was also
found that the immunostaining profiles closely reflected the
HIF-1 activity detected by ELISA. We therefore believe that
immunostaining in the nucleus is a reliable hallmark
indicating whether HIF-1 is functionally activated.

The suppression of GLUT-1 mRNA is expected to inhibit
tumor growth, as shown experimentally by the transfection of
antisense mRNA into tumor cells (25). A unique strategy,
which involves the administration of certain cytotoxic agents
conjugated to glucose, has been proposed to treat ovarian
malignancies with accentuated glucose uptake (26). HIF-1α
suppression has also been achieved through the administration
of a certain agent in vitro (27). Our experimental study, using
cultured ovarian clear cell carcinoma, suggests that HIF-1α
could be suppressed by rapamycin (data not shown).

In conclusion, HIF-1α and GLUT-1 expression tend to be
associated, but with significant differences between them.

GLUT-1 expression was strongest in ovarian adenocarcinoma
cells with papillary-structural components characterized by
SEAs and CLAs. Our study raises the possibility that, in
ovarian adenocarcinomas with marked expression of HIF-1α
and GLUT-1, both markers could be therapeutic targets in
addition to conventional chemotherapies.
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