
Abstract. Renal cell carcinomas (RCC) can be subclassified
for general purposes into clear cell, papillary cell, chromo-
phobe cell carcinomas and oncocytomas. Other tumours such
as collecting duct, medullary, mucinous tubular and spindle
cell and associated with Xp 11.2 translocations/TFE 3 gene
fusion, are much less common. There is also a residual group
of unclassified cases. Previous studies have shown that RCC
has high glycolytic rates, and expresses GLUT transporters,
but no distinction has been made among the different sub-
types of renal cell tumours and their grades of malignancy. In
clear renal cell carcinoma (cRCC) glycogen levels increase,
glycolysis is activated and gluconeogenesis is reduced. The
clear cell subtype of RCC is characterized histologically by
a distinctive pale, glassy cytoplasm and this appearance of
cRCC is due to abnormalities in carbohydrate and lipid
metabolism, and this abnormality results in glycogen and sterol
storage. Several isoforms of glucose carriers (GLUTs) have
been identified. We show here in a panel of 80 cRCC samples
a significant correlation between isoform 5 (GLUT5) and many
pathological parameters such as grade of differentiation,
pelvis invasion and breaking capsule. GLUT5 expression
also appears to associate more strongly with the clear cell
RCC subtype. These data suggest a role for the GLUT5
isoform in fructose uptake that takes place in cRCC cells and
which subsequently leads to the malignant RCC progression.

Introduction

Glucose is a major source of metabolic energy and virtually
all animal cells possess a transporter system for glucose of
the facilitative diffusion type.

Glucose influx across the membrane cells is mediated by
glucose transporters (GLUTs) which have at least 12 isoforms
(1). The facilitative GLUTs use existing gradients in glucose
(and other hexoses/polyols) concentration between the external
and internal faces of a membrane to facilitate their trans-
location, thus ensuring a continuous supply of glucose to most
tissues. These transporters are the products of distinct genes
and exhibit considerable homology in their primary sequences
but display a marked tissue-specific pattern of expression: the
GLUT isoforms have different tissue distribution, function
and developmental regulation. So far, different complementary
DNAs (cDNAs) encoding these different species have been
isolated (2-12), which have been named GLUT1 (expressed
in all tissues and specially abundant in erythrocytes and brain),
GLUT2 (present in liver, pancreatic islet ß cell, kidney and at
the basolateral surface of the absorptive cells of the small
intestine), GLUT3 (abundant in brain), GLUT4 (restricted to
adipose, heart and skeletal tissues) and GLUT5 (expressed in
small intestine, sperm cells and kidney) (Table I) (Fig. 1)

Laboratory in vitro and in vivo expression systems have
demonstrated that these transporters not only function as
glucose transporters but are also capable of transporting other
sugars.

Among the GLUTs family members able to transport
fructose, GLUT5 is the sole transporter specific for fructose
with no ability to transport glucose or galactose (13).

The second major fructose transporter is GLUT2, a low-
affinity transporter that is also capable of recognizing glucose
and galactose. GLUT2 in a bidirectional manner is involved
mainly in fructose uptake across the basolateral membrane of
the intestinal and renal epithelial cells (14) after apical trans-
port mediated by GLUT5, fructose is transported across the
basolateral membrane by GLUT2 (Fig. 2). Kidney GLUT5 is
therefore remarkably responsive to its substrate fructose. The
response of GLUT5 is quite specific; GLUT2 expression is
similar among fructose, glucose and non-metabolizable glucose
analogs. Tissue-specific coordinated expression of glucose
transporters could play an important role in the regulation of
glucose uptake and metabolism under various nutritional and
hormonal conditions. It has long been recognized that cancer
cells have increased rates of glucose metabolism compared
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with healthy cells (15-17). A variety of mechanisms have been
proposed for the accelerated glucose use seen in growing
tumours and in transformed and malignant cells: increased
concentrations of hexokinase (18,19), decreased rates of
glucose-6-phosphatase mediated dephosphorylation (20) and
enhanced rates of glucose uptake have been noted. Moreover,
tumour cells can apparently express glucose transporters that
are not substantially expressed in the non-malignant tissue.

Renal cell carcinomas can be subclassified into clear cell
carcinomas, papillary type I and II cell carcinomas, chromo-
phobe cell carcinomas and oncocytomas.

The clear cell form of renal cell carcinoma is the most
common type of renal tumours, and the cells are characterized
histologicaly by a distinctive pale, glassy cytoplasm (21). It has
been previously suggested (21) that the clear appearance of
tumour cells results from some abnormality in the metabolism
of carbohydrate and lipids and this abnormality results in
glycogen and sterol storage.

It has been demonstrated that a series of characteristic
changes occur in the carbohydrate metabolism of renal clear
cell carcinomas: increase in glycogen synthesis, activation of
glycolysis and gluconeogenesis reduction.

The above alterations of the carbohydrate metabolism
within clear cell carcinomas are clearly distinct from those
observed in papillary cell carcinoma, chromophobe cell
carcinomas and oncocytomas (22).

The clear cell type of RCC has a typical golden colour
due to the rich lipid content of its cells: cholesterol, neutral
lipids and phospholipids are abundant (Fig. 3) (23). These
accumulate as droplets in the cytoplasm of tumour cells due
to deficient glycogenolysis and lipolysis associated with
unresponsiveness of the tumour cell adenylate cyclase to
glucagon. The lipid content is markedly similar to that of
proximal convoluted tubules.

Microscopically, the cells of cRCC type are filed with
lipids and cholesterol which are dissolved in usual histo-

logical preparations, creating a clear cytoplasm surrounded
by a distinct cell membrane. These neutral lipids can be
identified in unfixed material using Oil Red 0 and Sudan III
and IV reaction. The phospholipids may be identified with
the same stains. Glycogen can be identified using periodic
acid-Schiff (PAS) or Best stain.

Previous studies demonstrated high glycolytic rates in
renal clear cell carcinoma samples showing a series of
characteristic changes occurring in the carbohydrate
metabolism, however, the GLUT5 protein has not been
implicated in this setting. The utility of fructose and function
of GLUT5 in cRCC was shown to be uncertain. The GLUT5
is expressed in only a limited number of tissues seemingly
capable of preferentially metabolizing fructose, and exist in
two major categories of transcriptional and/or post-
transcriptional regulation of GLUT5. In the apical membrane
of polarized cells (e.g., kidney cells) GLUT5 is acutely and
specifically regulated by its own substrate, whereas in the
other tissues fructose seems to have no acute effect.

Because the GLUT5 transporter is commonly found in
tissues that metabolize fructose, we hypothesized that cRCC
may be capable of utilizing fructose as an energy substrate,
and GLUT5 to collaborate in glycogen and cholesterol storage.

Material and methods

Patients and tumour samples. The clinical and pathological
data of patients who were diagnosed with RCC and underwent
surgery at the Department of Urology of Modelo Hospital, A
Coruña, Spain, from 1996 to 2007 were reviewed. The study
group consisted of 80 patients whose original pathological
specimens were available for evaluation. The average age of
the study population was 62 years being 66% male and 34%
female. The histological study included 57 clear renal cell
carcinomas, 6 papillary renal cell carcinomas, 15 chromophobe
renal cell carcinomas and 2 samples with unknown histological
type.
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Table I. Major sites of expression of the family glucose transporters (GLUT1-5).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Name Tissue distribution Role and important features Refs.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
GLUT1 Placenta, brain, blood-tissue barrier, Basal glucose uptake in many cells (80-84)

muscle and adipose tissue, kidney kinetically asymmetric

GLUT2 Kidney (proximal tubule) High capacity, low affinity transporter (4,80)
liver, pancreatic ß-cell, important for glucose sensing in ß-cell
small intestine (basolateral membranes) transepithelial glucose and fructose transport

GLUT3 Brain, nerve cells, Neural transporter (80,85-87)
small intestine, kidney role in small intestine unclear

GLUT4 Muscle and adipose tissue Expressed only in tissue that exhibit acute (88-100)
insulin-stimulated glucose transport

Heart translocates to plasma membrane in
response to insulin

GLUT5 Jejunum (apical membranes), kidney, Physiological role in fructose adsorption (26-31,101)
muscle and adipose tissue at low levels

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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The Institutional Review Board of Modelo Hospital (A
Coruña, Spain) approved the retrospective review of the
medical records and the use of archived tumour specimens.

Tissue microarray generation. All archival tissue samples
were routinely fixed in formalin and embedded in paraffin.
Representative tissue areas were marked on standard haemato-
xylin and eosin sections, punched out of the paraffin block
using 2.0-mm punch, and inserted in a recipient paraffin block,
to produce a 6x8 array of 48 cases. In addition, one normal
cerebellum tissue was inserted as a negative control. When it
was possible triplicate cores per specimen were arrayed on
a recipient paraffin block in order to decrease the error
introduced by sampling and to minimize the impact of tissue
during processing. Sections (4 μm) were cut from the com-
pleted array blocks and transferred to silanized glass slides.

Immunohistochemistry. The working dilution was determined
using positive controls, as indicated in the literature. For

GLUT1, oesophagus was used; for GLUT2, liver was used;
for GLUT3, placenta was used, for GLUT4, heart was used
and for GLUT5, small intestine was used. Additional sections,
running in parallel but with omission of the primary antibody
served as negative controls.

The tissue sections were deparaffinized by incubation in
xylene and rehydrated in a graded series of ethanol and water
solutions. The antigen was retrieved with 0.01 M citrate
buffer (pH 6.0) by heating the samples in a microwave vacuum
histoprocessor (2100 Retriever™, PickCell Laboratories) at
a controlled final temperature of 121˚C for 15 min. The
primary antibodies were diluted in Dako antibody diluent
(DakoCytomation) with background-reducing components
and were used at the followings dilutions: GLUT1-2 (1:50,
Abcam), GLUT3 (1:25, Abcam), GLUT4-5 (1:250, Abcam).
The primary antibodies were incubated at room temperature
for 30 min and detected using the Dako EnVision system
and diaminobenzidine according to the manufacturer's
instructions.
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Figure 1. Many glucose transporters (GLUT1-5) are expressed in different
human organs.

Figure 2. Among the GLUT family members able to transport fructose,
GLUT5 is the sole transporter specific for fructose with no ability to trans-
port glucose or galactose. The second major fructose transporter is GLUT2,
a low-affinity transporter that is also capable of recognizing glucose and
galactose.

Figure 3. (A) The clear cell type of RCC is typically golden due to the rich
glycogen and lipid content of its cells: cholesterol, neutral lipids and
phospholipids. (B) Renal cell carcinoma stained with PAS, a dense granular
deposition in the cytoplasm of cells (short arrow) and larger cells (long
arrow) due to glycogen are visible (PAS x400). (C) Stained for cytoplasmic
fatty deposits are seen as globules of different diameters. (Oil Red x400).
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Semi-quantification of antibody staining. The immuno-
reactivity score (IRS) was evaluated, following other groups,
by multiplying the percentage of positive cells (PP %) and
the staining intensity (SI). First, the PP % was scored as 0 for
<1%, 1 for 1-24%, 2 for 25-49%, 3 for 50-74% and 4 for
≥75%. Second, the SI was scored as 1 for weak, 2 for medium
and 3 for intense staining. Each slide was carefully examined
in the area of the tumour that contained the greatest fraction
of positively stained cancer cells.

Statistical analysis. Data are expressed as the mean ±
standard deviation (SD). The statistical significance of
differences found was evaluated at the 95% confidence level
by non-parametric statistics, Mann-Whitney U and Kruskal-
Wallis tests, p-values <0.05 were considered the cut-off point
for significance. The statistical analyses were performed

using commercially available software (SPSS 17.0 for
Windows).

Results

Tumour tissue samples from 80 RCC patients were analysed
by immunohistochemistry for expression of different GLUT
isoform (Figs. 4-6). Pathological characteristic of RCC patients
are detailed on Table II.

GLUT1 showed membranous staining in red blood cells
in the controls (Fig. 4A). Positive but weaker staining was
also observed in 38 of 80 (47.5%) RCC samples where
GLUT1 staining was observed in the plasmatic membrane
and cytoplasm. Tubular epithelium, glomerulus and interstice
were negative for GLUT1 staining. There was no correlation
between GLUT1 staining and the pathological parameters
considered for review as grade of differentiation, pelvis
invasion and breaking capsule (Table II).

GLUT2 was detected as strong reaction in cell membrane
in 58 of 80 (72.5%) RCC samples (Fig. 4B). Cytoplasm
reaction could be observed with moderate intensity in 27.5%
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Figure 4. (A) GLUT1 immunostaining in RCC. The tubular epithelium,
glomerulus and interstices are negative (x40). Intravascular erythrocytes are
positive. (B) GLUT2 immunostaining in RCC. Moderate cytoplasmic
positivity in 40% of tumour cells (x50).

Figure 5. GLUT4 immunostaining in RCC. Light cytoplasmic positivity in
10% of tumour cells (x50).

Figure 6. GLUT5 immunostaining. (A) Normal kidney with intense positivity
in the apical pole of the tubular epithelium. The glomerulus, the interstices
and the vascular endothelium are negative (x40). (B) Intense membrane
positivity in most tumour cells (x50). (C) Intense cytoplasmic positivity in
most tumour cells (x50).
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of RCC samples. No significant correlation between the
histological parameters studied and the expression of GLUT2
was seen (Table II).

GLUT3 was detected in 30 of 80 (37.6%) RCC samples
showing weak cell membrane reaction and granular cyto-
plasmic staining. No significant correlation between the
histological parameters studied and the expression of GLUT3
was seen (Table II).

GLUT4 was detected in a weak cytoplasmic pattern in
45 of 80 (56.3%) RCC samples (Fig. 5). Patients who were

classified as T4 showed statistical significance of p=0.029,
and higher GLUT4 expression than the others (Table II).

In normal kidney, we also observed GLUT4 stain on the
apical pole of tubular epithelium. Vascular endothelium,
glomerulus and interstice were negative. GLUT5 showed
high intensity in the membrane and cytoplasm of tumoural
cells in 46 of 80 (57.6%) RCC samples (Fig. 6B and C). A
significant positive (p=0.024) correlation was found between
moderately differentiate RCC tumour tissues and GLUT5.
Patients who had pelvis invasion also showed significant
(p=0.039) higher GLUT5 expression than the others. A
significant positive (p=0.019). correlation was observed
between GLUT5 expression and patients who had breaking
capsule. Related to histological type we found that GLUT5
expression was significant higher in clear RCC (p=0.001)
(Table II).

Discussion

In the kidney, GLUT5 mRNA was shown abundant in the
cytosol, and protein is present in the apical plasma mem-
brane of S3 proximal tubule cells (24), where GLUT5 may
potentially recapture fructose lost from glomerular filtration.
Its expression is also inducible by the fructose diet (25) after
the small intestine; the kidney expresses the most GLUT5 in
human, rat and rabbit (26-31). Regulation of GLUT5 was first
discovered in the intestine and testis, but also in the kidney,
skeletal muscle, fat tissue and brain. Modest to significant
levels of GLUT5 mRNA and/or protein have now been demon-
strated in kidney, fat, skeletal muscle and brain (32-38).
GLUT5 expression levels and fructose uptake rates are also
significantly affected by diabetes, hypertension, obesity and
inflammation (metabolic syndrome), and seem to be induced
during carcinogenesis, particularly in the mammary glands
(39).

The primary metabolic characteristic of malignant cells is
an increased uptake of glucose and its anaerobic metabolism,
and available evidence indicates that the mechanism by which
cancer cells increase their ability to take up glucose involves
the selective overexpression of glucose-transporters (40).
It is currently accepted that the increase in glucose uptake
by malignant cells is associated with the overexpression of
GLUTs.

Overexpression of the facilitative glucose-transporter has
been observed for a wide range of human cancers (41-58)
with the degree of overexpression generally being inversely
correlated with prognosis. The mechanisms by which GLUTs
promote malignant cellular behaviour have focused on factors
inducing its expression, such as local hypoxia (37), oncogenes
such as Ras, Scr (15) or Myc (38).

In human renal cell carcinoma immunohistochemical
staining GLUT1 was found in 73.3% of tumour specimens
analyzed, and in the 84.6% of clear cell subtype (58), hetero-
geneous expression of GLUT1 was observed in tumour cell
mass: some tumour cells were positive for GLUT1, while
other cells were not (43). GLUT4 staining was not recognized
in either tumour or normal tissues (58). Using RT-PCR in
kidney tumours, it has been showed that histopathological
types are characterized by specific patterns of GLUT
expression (59).
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Table II. Relationship between GLUT5 expression and patho-
logical significance of RCC.
–––––––––––––––––––––––––––––––––––––––––––––––––
Pathological Patients no. GLUT5 range/
parameter n=80 p-value
–––––––––––––––––––––––––––––––––––––––––––––––––
Differentiation degree
(Fuhrman grade)

Well 15 44.81/0.024
Moderate 45
Poor 16
Undifferentiated 4

Pelvis invasion
Yes 9 54.56/0.039
No 66
Undetermined 5

Breaking capsule
Yes 12 54.75/0.019
No 64
Undetermined 4

Tumour depth
1 63 56.63/0.437
2 4
3 12
4 1

Histology type
Clear cell 57 46.98/0.001
Papillary 6
Chromophobe 15
Undetermined 2

Tumour localization
Right 40 40.13/0.959
Left 39
Undetermined 1

Veins invasion
Yes 9 63.00/0.312
No 67
Undetermined 4

–––––––––––––––––––––––––––––––––––––––––––––––––
Ranges are median.
–––––––––––––––––––––––––––––––––––––––––––––––––
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Fructose is now such an important component of human
diets that increasing attention is being focused on the fructose
transporter GLUT5. Fructose is transported passively across
membranes by a member of the facilitative glucose trans-
porter (GLUT) family, named GLUT5 (60-64) and it is the
sole transporter specific for fructose with no ability to transport
glucose or galactose. The low intracellular fructose concen-
tration is possible because fructose is metabolized and signi-

ficantly contributes to glycogenolysis in muscle or lipogenesis
in adipocytes (63,65).

The products of fructose metabolism are glycogen and
de novo lipogenesis of fatty acids and eventual synthesis of
endogenous triglyceride can be divided into two main phases:
the first phase is the synthesis of the trioses, DHAP and GA;
the second phase is the subsequent metabolism of these
trioses in either in the gluconeogenic pathway for glycogen
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Figure 7. Steps in fructose metabolism.

Figure 8. Surrounding a capillary (black arrow) there are tumour cells with
abundant fat vacuoles (white stars). Other cells, probably in apoptosis (white
arrow) contain lysosomes and grains of glycogen (x2800).

Figure 9. One tumour cell observed at higher magnification with electron
microscopy showing clearly the grains of glycogen (x3500).
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replenishment and/or the complete metabolism in the fructo-
lytic pathway to pyruvate, which enters the Krebs cycles, is
converted to citrate and subsequently directed toward de novo
synthesis of the free fatty acid palmitate (66).

The first step in the metabolism of fructose is the phospho-
rylation of fructose by fructokinase and aldolase to yield
fructose and respectively dihydroxyacetone (DHAP) glycer-
aldehyde (GA) and glyceraldehyde-3phosphate (GA-3-P)
(Fig. 7).

The resultant GA then undergoes phosphorylation to
GA-3-P. Increased concentrations of DHAP and GA-3-P
drive the gluconeogenic pathway toward glucose-6-phospate
(G-6-P), glucose-1-phosphate (G-1-P) and glycogen (Fig. 7).
It appears that fructose is a better substrate for glycogen
synthesis than glucose and that glycogen replenishment takes
precedence over triglyceride synthesis.

Once organ glycogen is replenished, the intermediates of
fructose metabolism are primarily directed toward triglyceride
synthesis (Fig. 7-9).

In human adipocytes, a study demonstrated, hypoxia
increases GLUT5 expression (9-fold) (64). Because hypoxia
becomes more common during renal cell carcinoma (RCC)
progression, it can be one of the factors leading to increases
in GLUT5 expression in clear renal cell carcinoma (cRCC).

Along with GLUT5, the mRNA expression of key gluco-
neogenic enzymes, glucose-6-phosphatase (G-6-Pase) and
fructose-1, 6-bisphosphatase (FBPase), increased significantly
in clear renal cell carcinoma, suggesting a link between
gluconeogenesis on the one hand and fructose transport as
well as intracellular fructose on the other. FBPase activity is
indirectly regulated by cAMP, which increases in vivo in the
kidney epithelia exposed to fructose compared with those
exposed to glucose. It has been demonstrated in vivo that
cAMP modulates fructose transport induced by fructose
without affecting GLUT5 mRNA abundance (65), whereas
in vitro, cAMP affects GLUT5 mRNA expression levels and
is involved in GLUT5 regulation in kidney epithelia (67-70).

GLUT5 mRNA and protein expression are affected by the
development of tumours in certain organ systems. In general,
oncogene-transformed cell that portray cancerous character-
istics will also exhibit an increase in glucose transport by
overexpression specifically sugar transporters like GLUT1 in
breast cancer (71), colorectal (57) and like GLUT3 in lung
cancer (72,73). Although GLUT5 is poorly expressed in
normal kidney epithelial cells, the renal cell carcinoma tissue
posses high amount of GLUT5 mRNA and protein and
exhibit high rates of fructose transporter. This finding was
confirmed a number of times in later studies. Screening of
the GLUT5 in malignant vs. normal human tissues and cells
showed that GLUT5 was highly overexpressed in 27% of
cancerous tissues tested, including many type of human
tumours (74).

We have also shown here, in a panel of 80 samples from
RCC patients, significant higher expression of GLUT5 isoform
was also found in RCC cells vs. normal kidney. In addition,
GLUT5 staining appeared stronger in clear cell subtype than
in others RCC histology types. These data suggest a main
role for GLUT5 in glucose/fructose uptake in RCC tumour
cells. In addition GLUT5 expression was correlated with
clinicopathological features of advanced RCC.

In conclusion, by means of immunohistochemistry we
have confirmed GLUT5 expression in clear renal cell carci-
noma (cRCC), significantly in high Fuhrman degree, whereas
GLUT1-4 expression was modest. The extensive expression
of the glucose transporters, and the fact that in most of the
cRCC overexpressing GLUT5 the rate of fructose uptake is
exacerbated, indicate that fructose may be a preferred sub-
strate providing energy required for the growth and prolifer-
ations of renal cell carcinoma of clear cell type. This increase
of GLUT5 could indicate preferential utilization of fructose
by renal cancer cells. The link between fructose and clear cell
type of RCC was obvious. Interestingly, it was observed that
cancer cells maintain a high rate of glycolysis even in presence
of oxygen, a phenomenon called the Warburg effect (75,76).

One of the major regulatory steps in glycolysis involves
conversion of fructose 6-phosphate to fructose-1, 6-bisphos-
phate by phosphofructokinase-1 (PFK-1). The activity of
PFK-1 is allosterically controlled by fructose-2, 6-bisphosphate
and the product of the enzymatic activity of a dual kinase/
phosphatase family of enzymes (PFKFB1-4) that is also
increased in a significant number of tumour types (77).
Fructose is known to stimulate the intestinal expression of
PFKFB1 (78), but it is not known whether fructose leads to
increased levels of fructose 2, 6-bisphosphate. However, it is
clear hat the rate of glycolysis can be stimulated by fructose
because its entrance into glycolysis skips the two main
regulatory enzymes (glucokinase and PFK-1) (79). Either the
presence of high levels of GLUT5 protein leads to a greater
use of fructose in neoplastic cells, in clear renal cell
carcinoma or increased usage of fructose leads to a higher
abundance of GLUT5 expression. The role of fructose in
cRCC is clearly observed.

Acknowledgements

Research in our Hospital is supported by Fundación Del
Complejo Hospitalario Universitario A Coruña (CHUAC),
Spain.

References

1. Kayano T, Fukumoto H, Eddy RL, et al: Evidence for a family
of human glucose trasnporter-like proteins. Sequence and gene
localization of a protein expressed in fetal skeletal muscle and
other tissues. J Biol Chem 263: 15245-15248, 1988.

2. Mueckler M, Caruso C, Baldwin SA, et al: Sequence and
structure of a human glucose transporter. Science 229: 941-945,
1985.

3. Birnbaum MJ, Hasspel HC and Rosen OM: Cloning and
characterization of a cDNA encoding the rat brain glucose-
transporter protein. Proc Natl Acad Sci USA 83: 5784-5788,
1986.

4. Thorens B, Sarkar HK, Kaback HR, et al: Cloning and
functional expression in bacteria of a novel glucose transporter
present in liver, intestine, kidney and ß-pancreatic islet cells.
Cell 55: 281-290, 1988.

5. Fukumoto H, Seino S and Imura H: Sequence, tissue distri-
bution, and chromosomal localization of mRNA encoding a
human glucose transporter-like protein. Proc Natl Acad Sci USA
85: 5434-5438, 1988.

6. James DE, Strube M and Mueckler M: Molecular cloning and
characterization of an insulin-regulatable glucose transporter.
Nature 338: 83-87, 1989.

7. Charron MJ, Brosius FC 3rd and Alper SL: A glucose trans-
porter protein expressed predominantly in insulin-responsive
tissue. Proc Natl Acad Sci USA 86: 2535-2539, 1989.

ONCOLOGY REPORTS  25:  315-323,  2011 321

315-323.qxd  20/12/2010  08:56 Ì  ™ÂÏ›‰·321



8. Birnbaum MJ: Identification of a novel gene encoding and
insulin-responsive glucose transporter protein. Cell 57: 305-315,
1989.

9. Fukumoto H, Kayano T, Buse JB, et al: Cloning and charac-
terization of the major insulin-responsive transporter expressed
in human skeletal muscle and other insulin-responsive tissues. J
Biol Chem 264: 7776-7779, 1989.

10. Kaestner KH, Christy RJ, McLenithan JC, et al: Sequence,
tissue distribution, and differential expression of mRNA for a
putative insulin-responsive glucose transporter in mouse 3T3-L1
adipocytes. Proc Natl Acad Sci USA 86: 3150-3154, 1989.

11. Kayano T, Burant CF, Fukumoto H, et al: Human facilitative
glucose transporters. Isolation, functional characterization, and
gene localization of cDNAs encoding an isoform (GLUT5)
expressed in small intestine, kidney, muscle and adipose tissue
and an unusual glucose transporter pseudogene-like sequence
(GLUT6). J Biol Chem 265: 13276-13282, 1990.

12. Waddell ID, Zomerschoe AG, Voice MW, et al: Cloning and
expression of a hepatic microsomal glucose transport protein.
Comparison with liver plasma-membrane glucose-transport
protein GLUT 2. Biochem J 286: 173-177, 1992.

13. Antón Aparicio LM, Medina Villaamil V, Blanco Calvo M, et al:
Glucose transporter expression and the potential role of fructose
in renal cell carcinoma: a correlation with pathological para-
meters. Mol Med Rep 3: 575-580, 2010.

14. Leturque A, Brot-Laroche E, Le Gall M, et al: The role of
GLUT2 in dietary sugar handling. J Physiol Biochem 61: 529-537,
2005.

15. Warburg O: On the origin of cancer cells. Science 123: 309-314,
1956.

16. Weber G: Biochemical strategy of cancer cells and the design of
chemotherapy: G.H.A. Clowes Memorial Lecture. Cancer Res
43: 3466-3492, 1983.

17. Flier JS, Mueckler MM, Usher P, et al: Elevated levels of glucose
transport and transporter messenger RNA are induced by ras or
src oncogenes. Science 235: 1492-1495, 1987.

18. Parry DM and Pedersen PL: Intracellular localization and
properties of particulate hexokinase in the Novikoff ascites
tumor. Evidence for an outer mitochondrial membrane location.
J Biol Chem 258: 10904-10912, 1983.

19. Paul R, Johansson R, Kellokumpu-Lehtien PL, et al: Tumor
localization with 18F-2-fluoro-2deoxy-D-glucose: comparative
autoradiography, glucose 6-phosphatase histochemistry, and
histology of renally implanted sarcoma of the rat. Res Exp Med
185: 87-95, 1985.

20. Graham MM, Spence AM, Muzi M, et al: Deoxyglucose kinetics
in a rat brain tumor. J Cereb Blood Flow Metab 9: 315-322, 1989.

21. Ericson JLE, Seljelid R and Orrenius S: Comparative light and
electron microscopic observations of the cytoplasmic matrix in
renal carcinomas. Virchows Arch A Pathol Anat 341: 204-223,
1966.

22. Steinberg P, Störkel S, Oesch F, et al: Carbohydrate metabolism in
human renal clear cell carcinomas. Lab Invest 67: 506-511, 1992.

23. Gebhard RL, Clayman RV, Prigge WF, et al: Abnormal
cholesterol metabolism in renal clear cell carcinoma. J Lipid
Res 28: 1177-1184, 1987.

24. Sugawara-Yokoo M, Suzuki T, Matsuzaki T, et al: Presence of
fructose transporter GLUT5 in the S3 proximal tubules in the rat
kidney. Kidney Int 56: 1022-1028, 1989.

25. Burant CF and Saxena M: Rapid reversible substrate regulation
of fructose transporter expression in rat small intestine and
kidney. Am J Physiol 267: 71-79, 1994.

26. Asada T, Ogawa T, Iwai M, et al: Recombinant insulin-like
growth factor I normalizes expression of renal glucose trans-
porters in diabetic rats. Am J Physiol 273: 27-37, 1997.

27. Burant CF, Takeda J and Brot-Laroche E: Fructose transporter
in human spermatozoa and small intestine and kidney. Am J
Physiol Gastrointest Liver Physiol 267: 71-79, 1994.

28. Chin E, Zamah AM, Landau D, et al: Changes in facilitative
glucose transporter messenger ribonucleic acid levels in the
diabetic rat kidney. Endocrinology 138: 1267-1275, 1997.

29. Rarakhshan F, Hajduch E and Kristiansen S: Biochemical and
functional characterization of the GLUT5 fructose transporter in
rat skeletal muscle. Biochem J 336: 361-366, 1998.

30. Miyamoto K, Tatsumi S, Morimoto A, et al: Characterization of
the rabbit intestinal fructose transporter (GLUT5). Biochem J
303: 877-883, 1998.

31. Rand EB, Depaoli AM, Davidson NO, et al: Sequence, tissue
distribution, and functional characterization of the rat fructose
transporter GLUT5. Am J Physiol 264: 1169-1176, 1993.

32. Cooper R, Sarioglu S, Sokmen S, et al: Glucose transporter-1
(GLUT-1): a potential marker of prognosis in rectal carcinoma?
Br J Cancer 89: 870-876, 2003.

33. Zhou S, Wang S, Wu Q, et al: Expression of glucose
transporter-1 and -3 in the head and neck carcinoma - the
correlation of the expression with the biological behaviors. ORL
J Otorhinolaryngol Relat Spec 70: 189-194, 2008.

34. Mellanen P, Minn H, Grenman R, et al: Expression of glucose
transporters in head-and-neck tumors. Int J Cancer 56: 622-629,
1994.

35. Chung J-K, Lee YJ and Kim SK: Comparison of (18F) fluoro-
deoxyglucose uptake with glucose transporter-1 expression and
proliferation rate in human glioma and non-small-cell lung
carcinoma. Nucl Med Commun 25: 11-17, 2004.

36. Endo M, Tateishi U, Seki K, et al: Prognostic implications of
glucose transporter protein-1 (Glut-1) overexpression in bone
and soft-tissue sarcomas. J Clin Oncol 37: 955-960, 2004.

37. Behrooz A and Ismail-Beigi F: Dual control of glut1 glucose
transporter gene expression by hypoxia and by inhibition of
oxidative phosphorylation. J Biol Chem 272: 5555-5556, 1997.

38. Osthus RC, Shim H, Kim S, et al: Deregulation of glucose
transporter 1 and glycolytic gene expression by c-Myc. J Biol
Chem 275: 21797-21800, 2000.

39. Zamora-León SP, Golde DW, Concha II, et al: Expression of
the fructose transporter GLUT5 in human breast cancer. Proc
Natl Acad Sci USA 93: 1847-1852, 1996.

40. Isselbacher KJ: Sugar and amino acid transport by cells in
culture-differences between normal and malignant cells. N Engl
J Med 286: 929-933, 1972.

41. Chandler JD, Williams ED, Slavin JL, et al: Expression and
localization of GLUT1 and GLUT12 in prostate carcinoma.
Cancer 97: 2035-2042, 2003.

42. Grover-McKay M, Walsh SA, Seftor EA, et al: Role of glucose
transporter 1 protein in human breast cancer. Pathol Oncol Res
4: 115-120, 1998.

43. Brown RS and Wahl RL: Overexpression of Glut-1 glucose
transporter in human breast cancer. An immunohistochemical
study. Cancer 72: 2979-2985, 1993.

44. Younes M, Brown RW, Mody DR, et al: GLUT1 expression in
human breast carcinoma: correlation with known prognostic
markers. Anticancer Res 15: 2895-2898, 1995.

45. Boden G, Murer E and Mozzoli M: Glucose transporter proteins
in human insulinoma. Ann Intern Med 121: 109-112, 1994.

46. Su TS, Tsai TF and Chi CW: Elevation of facilitated glucose-
transporter messenger RNA in human hepatocellular carcinoma.
Hepatology 11: 118-122, 1990.

47. Yamamoto T, Seino Y, Fukumoto H, et al: Over-expression of
facilitative glucosa transporter genes in human cancer. Biochem
Biophys Res Commun 170: 223-230, 1990.

48. Kawamura T, Kusakabe T and Sugino T: Expression of glucose
transporter-1 in human gastric carcinoma. Cancer 92: 634-641,
2001.

49. Rhoads DB, Takano M, Gattoni-Celli S, et al: Evidence for
expression of the facilitated glucose transporter in rat hepatocytes.
Proc Natl Acad Sci USA 85: 9042-9046, 1998.

50. Williams TF, Exton JH, Park CR, et al: Stereospecific transport
of glucose in the perfused rat liver. Am J Physiol 215: 1200-1209,
1968.

51. Craik JD and Elliot KR: Kinetics of 3-O-methyl-D-glucose trans-
port in isolated rat hepatocytes. Biochem J 182: 503-508, 1979.

52. Kawai S and Hanafusa H: The effects of reciprocal changes in
temperature on the transformed state of cells infected with a
Rous sarcoma virus mutant. Virology 46: 470-479, 1971.

53. Kleztien RF and Perdue JF: Sugar transport in chick embryo
fibroblasts. J Biol Chem 249: 3375-3382, 1974.

54. Hossmann HA, Mies G, Paschen W, et al: Regional metabolism
in experimental brain tumors. Acta Neuropathol (Berl) 69:
139-147, 1964.

55. Nishioka T, Oda Y, Seino Y, et al: Distribution of the glucose
transporters in human brain tumors. Cancer Res 52: 3972-3979,
1992.

56. Ito H, Duxbury M, Zinner MJ, et al: Glucose transporter-1 gene
expression is associated with pancreatic cancer invasiveness and
MMP-2 activity. Surgery 136: 548-556, 2004.

57. Haber RS, Rathan A, Weiser KR, et al: GLUT1 glucose trans-
porter expression in colorectal carcinoma: a marker for poor
prognosis. Cancer 83: 34-40, 1988.

58. Nagase Y, Takata K, Moriyama N, et al: Immunohistochemical
localization of glucose transporters in human renal cell carcinoma.
J Urol 153: 798-801, 1995.

MEDINA VILLAAMIL et al:  GLUT5 EXPRESSION IN CLEAR RENAL CELL CARCINOMA322

315-323.qxd  20/12/2010  08:56 Ì  ™ÂÏ›‰·322



59. Suganuma N, Segade F, Matsuzu K, et al: Differential expression
of facilitative glucose transporters in normal and tumour kidney
tissues. BJU Int 99: 1143-1149, 2007.

60. Inukai K, Asano T, Katagiri H, et al: Cloning and increased
expression with fructose feeding of rat jejunal GLUT5.
Endocrinology 133: 2009-2014, 1993.

61. Manolescu A, Salas-Burgos AM, Fischbarg J, et al: Identifi-
cation of a hydrophobic residue as a key determinant of fructose
transport by the facilitative hexose transporter SLC2A7
(GLUT7). J Biol Chem 280: 42978-42983, 2005.

62. Shepherd EJ, Gibbs EM, Wesslau C, et al: Human small intestine
facilitative fructose/glucose transporter (GLUT5) is also present
in insulin-responsive tissues and brain. Investigation of
biochemical characteristics and translocation. Diabetes 41:
1360-1365, 1992.

63. Havel PJ: Dietary fructose: implications for dysregulation of
energy homeostasis and lipid/carbohydrate metabolism. Nutr
Rev 63: 133-157, 2005.

64. Wood IS, Wang B, Lorente-Cebrián S, et al: Hypoxia increases
expression of selective facilitative glucose transporters (GLUT)
and 2-deoxy-D-glucose uptake in human adipocytes. Biochem
Biophys Res Commun 361: 468-473, 2007.

65. Cui XL, Ananian C, Perez E, et al: Cyclic AMP stimulates
fructose transport in neonatal rat small intestine. J Nutr 134:
1697-1703, 2004.

66. McGrane MM: Carbohydrate Metabolism: Synthesis and
Oxidation. Elsevier (ed). Saunders, Missouri, pp258-277, 2006.

67. Zierath JR, Nolte LA, Wahlström E, et al: Carrier-mediated
fructose uptake significantly contributes to carbohydrate
metabolism in human skeletal muscle. Biochem J 311: 517-521,
1995.

68. Siddiqui N, Mangus DA, Chang TC, et al: Poly A) nuclease
interacts with the C-terminal domain of polyadenylate-binding
protein domain from poly (A)-binding protein. J Biol Chem
282: 25067-25075, 2007.

69. Mahraoui L, Takeda J, Mesonero J, et al: Regulation of expres-
sion of the human fructose transporter (GLUT5) by cyclic
AMP. Biochem J 301: 169-175, 1994.

70. Park SH, Lee YJ, Lim MJ, et al: High glucose inhibits fructose
uptake in renal proximal tubule cells: involvement of cAMP,
PLC/PKC, p44/42 MAPK, and cPLA2. J Cell Physiol 200:
407-416, 2004.

71. Rogers S, Macheda ML, Docherty SE, et al: Identification of a
novel glucose transporter-like protein GLUT-12. Am L Physiol
Endocrinol Metab 282: 733-738, 2002.

72. Ogawa J, Inoue H and Koide S: Glucose-transporter-type-I-
gene amplification correlates with sialyl-Lewis-X synthesis and
proliferation in lung cancer. Int J Cancer 74: 189-192, 1997.

73. Younes M, Lechago LV, Somoano JR, et al: Immunohisto-
chemical detection of Glut3 in human tumors and normal
tissues. Anticancer Res 17: 2747-2750, 1997.

74. Godoy A, Ulloa V, Rodríguez F, et al: Differential subcellular
distribution of glucose transporters GLUT1-6 and GLUT9 in
human cancer: ultrastructural localization of GLUT1 and GLUT5
in breast tumor tissues. J Cell Physiol 207: 614-627, 2006.

75. Bartrons R and Caro J: Hypoxia, glucose metabolism and the
Warburg's effect. J Bioenerg Biomembr 39: 223-229, 2007.

76. Pelicano H, Martin DS, Xu RH, et al: Glycolysis inhibition for
anticancer treatment. Oncogene 25: 4633-4646, 2006.

77. Bando H, Atsumi T, Nishio T, et al: Phosphorylation of the
6-phosphofructo-2-kinase/fructose 2, 6-bisphosphatase/
PFKFB3 family of glycolytic regulators in human cancer. Clin
Cancer Res 11: 5784-5792, 2005.

78. Cui XL, Soteropoulos P, Tolias P, et al: Fructose-responsive
genes in the small intestine of neonatal rats. Physiol Genomics
18: 206-217, 2004.

79. Hallfrisch J: Metabolic effects of dietary fructose. FASEB J 4:
2652-2660, 1990.

80. Burant CF, Sivit WI and Fukumoto H: Mammalian glucose
transporters. Structure and molecular regulation. Recent Prog
Horm Res 47: 349-388, 1991.

81. Mueckler M: Family of glucose-transporter genes. Implications
for glucose homeostasis and diabetes. Diabetes 39: 6-11, 1990.

82. Threadgolg LC and Kuhn NJ: Monosaccharide transport in
the mammary gland of the intact lactating rat. Biochem J 218:
213-219, 1984.

83. Burnol AF, Leturque A, Loizeau M, et al: Glucose transporter
expression in rat mammary gland. Biochem J 270: 277-279,
1990.

84. Takata K, Kasahara T, Kasahara M, et al: Localization of Na
(+)-dependent active type and erythrocyte/HepG2-type glucose
transporters in rat kidney: immunofluorescence and immuno-
gold study. J Histochem Cytochem 39: 287-298, 1991.

85. Shepherd PR, Gould GW, Colville CA, et al: Distribution of
GLUT3 glucose transporter protein in human tissues. Biochem
Biophys Res Commun 188: 149-154, 1992.

86. Maher F, Vannucci S and Takeda J: Expression of mouse
GLUT3 and human GLUT3 glucose transporter proteins in
brain. Biochem Biophys Res Commun 182: 703-711, 1992.

87. Nagamatsu S, Sawa H, Inoue N, et al: Gene expression of
GLUT3 glucose transporter regulated by glucose in vivo in
mouse brain and in vitro in neuronal cell cultures from rat
embryos. Biochem J 300: 125-131, 1994.

88. Takata K, Ezaki O and Hirano H: Immunocytochemical locali-
zation of fat/muscle-type glucose transporter (GLUT4) in the
rat skeletal muscle: effect of insulin treatment. Act Histochem
Cytochem 25: 689-696, 1992.

89. James DE, Brown R, Navarro J, et al: Insulin-regulatable tissues
express a unique insulin-sensitive glucose transport protein.
Nature 12: 183-185, 1988.

90. Zorzano A, Wilkinson W, Kotliar N, et al: Insulin-regulated
glucose uptake in rat adipocytes is mediated by two transporter
isoforms present in at least two vesicle populations. J Biol
Chem 264: 12358-12363, 1989.

91. Gould GW and Lienhard GE: Facilitative glucose transporters:
and expanding family. Trends Biochem Sci 15: 18-23, 1990.

92. Khan BB: Alterations in glucose transporter expression and
function in diabetes: mechanisms for insulin resistance. J Cell
Biochem 48: 122-128, 1992.

93. Studelska DR, Campbell C, Pang S, et al: Developmental
expression of insulin-regulatable glucose transporter GLUT-4.
Am J Physiol 263: 102-106, 1992.

94. Berger JC, Biswas PP, Vicario HV, et al: Decreased expression
of the insulin-responsive glucose transporter in diabetes and
fasting. Nature 340: 70-72, 1989.

95. Douen AG, Ramlal T and Rastogi S: Exercise induces recruit-
ment of the ‘insulin-responsive glucose transporter’. Evidence
for distinct intracellular insulin- and exercise-recruitable trans-
porter pools in skeletal muscle. J Biol Chem 265: 13427-13430,
1990.

96. Klip A, Ramial T, Bilan PJ, et al: Recruitment of GLUT-4
glucose transporters by insulin in diabetic rat skeletal muscle.
Biochem Biophys Res Commun 172: 728-736, 1990.

97. Hirshman MF, Goodyear LJ, Wardzala LJ, et al: Identification
of an intracellular pool of glucose transporters from basal
and insulin-stimulated rat skeletal muscle. J Biol Chem 265:
987-991, 1990.

98. Mitsumoto Y, Burdett E, Grant A, et al: Differential expression
of the GLUT1 and GLUT4 glucose transporters during differen-
tiation of L6 muscle cells. Biochem Biophys Res Commun
175: 652-659, 1991.

99. Tordlman KM, Leingang KA and Mueckler M: Differential
regulation of the HepG2 and adipocyte/muscle glucose trans-
porters in 3T3L1 adipocytes. Effect of chronic glucose depri-
vation. Biochem J 271: 201-207, 1990.

100. Haspel HC, Birnbaum MJ, Wilk EW, et al: Biosynthetic
precursors and in vitro translation products of the glucose
transporter of human hepatocarcinoma cells, human fibroblasts,
and murine preadipocytes. J Biol Chem 260: 7219-7225, 1985.

101. Burant CF, Takeda J, Brot-Laroche E, et al: Fructose transporter
in human spermatozoa and small intestine is GLUT 5. J Biol
Chem 267: 14523-14526, 1992.

ONCOLOGY REPORTS  25:  315-323,  2011 323

315-323.qxd  20/12/2010  08:56 Ì  ™ÂÏ›‰·323


