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Abstract

Objectives—GLUT-1 has been found to have an important role in the upregulation of various
cellular pathways and implicated in neoplastic transformation correlating with biological behavior
in malignancies. However, literature regarding the significance of GLUT-1 expression in
pancreatic neoplasia has been limited and controversial.

Methods—Immunohistochemical expression of GLUT-1 was tested in a variety of pancreatic
neoplasia including ductal adenocarcinomas (DAS), pancreatic intraepithelial neoplasms (PaniINs),
intraductal papillary mucinous neoplasms (IPMNSs), and serous cystadenomas.

Results—There was a progressive increase in the expression of GLUT-1 from low- to higher-
grade dysplastic lesions: All higher-grade PanINs/IPMNs (the ones with moderate/high-grade
dysplasia) revealed noticeable GLUT-1 expression. Among the 94 DAs analyzed, there were
minimal/moderate expression in 46 and significant expression in 24 DAs. However, all 4 clear-cell
variants of DASs revealed significant GLUT-1 immunolabeling, as did areas of clear-cell change
seen in other DAs. Moreover, all 12 serous cystadenomas expressed significant GLUT-1.

GLUT-1 expression was also directly correlated with DA histological grade (P = 0.016) and tumor
size (P = 0.03).

Conclusions—GLUT-1 may give rise to the distinctive clear-cell appearance of these tumors by
inducing the accumulation of glycogen in the cytoplasm. Additionally, because GLUT-1
expression was related to histological grade and tumor size of DA, further studies are warranted to
investigate the association of GLUT-1 with prognosis and tumor progression.
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A family of glucose transporter isoforms (GLUT), which is currently composed of 13
members, facilitates the entry of glucose into cells.! These are passive carriers and function
as an energy-independent system that transports glucose down a concentration gradient.?

GLUT-1, a member of this family, is a basic high-affinity glucose transporter normally
expressed in erythrocytes, endothelial cells, the perineurium of peripheral nerves, germinal
centers of reactive lymph nodes, renal tubules, and placenta.23 It is also considered to be the
predominantly upregulated glucose transporter in malignant epithelial tissues as well as in
malignant mesothelium? and has been found to correlate with biological behavior in various
malignancies.>10 An increased GLUT-1 expression has also proved to be associated with
pancreatic cancer invasiveness.1! Thus, it may be a good target for therapeutics in pancreatic
cancer.l

The aim of this study was to determine the expression pattern of GLUT-1 in pancreatic
neoplasia and whether it is correlated with known prognostic parameters of pancreatic ductal
adenocarcinomas (DAs) including histological grade, tumor size, lymph node status, and
margin status or with survival.

MATERIALS AND METHODS

Cases

Staging

Immunohistochemical expression of GLUT-1 was tested in 94 cases of ordinary DA
(pancreatobiliary-type adenocarcinoma) of the pancreas, which were identified from the files
of Wayne State University and Karmanos Cancer Institute. One representative tissue block
from each case was used for constructing tissue microarray blocks. Each case was sampled
in triplicate.

The expression was also tested in normal pancreas, which was examined in resected tissue
adjacent to the DAs, as well as in 44 pancreatic intraepithelial neoplasms (PanINs; 10 PanIN
1As, 14 PanIN 1Bs, 12 PanIN 2s, and 8 PanIN 3s; all of which were sampled specifically
away from the tumor in the pancreas), 13 intraductal papillary mucinous neoplasms (IPMNs;
6 gastric type [all with low-grade dysplasia], 4 pancreatobiliary type [all with high-grade
dysplasia], 2 intestinal type [both with moderate dysplasia], and 1 mixed gastric/
pancreatobiliary type [with moderate dysplasia]), and 12 microcystic serous adenomas from
the same files. Demographic data were obtained from the pathology reports, patient’s charts,
and clinical databases.

According to the American Joint Committee on Cancer guidelines (2010),12 stage 1V tumors
are unresectable, and stages | and Il tumors are resectable (stage 11 tumors are potentially
resectable [resectable only in some centers]). The main clinical parameters, which have been
shown to have prognostic relevance in the substratification of the resectable category, are
tumor size (<2 vs >2 cm) and lymph node status. Therefore, these 2 parameters, along with
the adequacy of the resection (margin status), were incorporated into the multivariate
analysis to determine the prognostic value of GLUT-1.

Histological Grading

The DAs were graded according to the recently proposed scheme.13 Briefly, well-formed
tubular units with complete, easily discernible borders were regarded as grade 1. Those with
incomplete, ill-defined borders, fusion of glands, or irregular multilumina formation
(cribriform architecture) were classified as grade 2. Nonglandular patterns including
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cordlike areas, individual cell infiltration, and nested or solid (sheet-like) growth patterns
were categorized as grade 3.

GLUT-1 Immunolabeling

Tissue sections were deparaffinized in xylene and rehydrated in graded ethanol. The sections
then were washed with phosphate-buffered saline (PBS), blocked with 5% goat serum in
PBS for 30 minutes, and incubated for 2 hours at 25°C with the primary antiserum at 1:500
dilution in PBS/1% bovine serum albumin/0.05% sodium azide. After washing in PBS,
slides were incubated with biotinylated goat anti—rabbit immunoglobulin G (1:200 at 25°C
for 30 minutes), after which endogenous peroxidase was blocked with 0.3% hydrogen
peroxide in PBS (15 minutes). Bound antibody was detected by routine avidin-biotin-
peroxidase immunohistochemistry using the supplier’s protocol (LSAB kit; DAKO,
Carpinteria, Calif ). Primary polyclonal rabbit anti-human GLUT-1 (DAKO) was applied to
the slides at a dilution of 1:200 and then incubated in a moist chamber for 2 hours at room
temperature. The excess of antibody was washed out, and the localization of antibody was
visualized by incubating the sections with 3,3’-diaminobenzidine tetrahydrochloride
(Research Genetics, Huntsville, Ala). Specificity of GLUT-1 staining was confirmed
routinely in all cases by staining of parallel tissue sections with GLUT-1 antiserum that had
been preincubated with the immunizing peptide (25 mg/mL for 1 hour at 25°C). GLUT-1
immunostaining was blocked by this peptide competition in all cases. Positive control for
GLUT-1 was red blood cells present in each section.

Immunohistochemical Scoring

An established scoring system that evaluates both the extent and intensity was utilized.
Briefly, the extent was scored as the percentage of the cells that showed cytoplasmic and/or
membranous staining: 0 = less than 1%, 1+ = 1% to 10 %, 2+ = 11% to 50%, 3+ = 51% to
80%, and 4+ = more than 80%. The intensity was arbitrarily scored as 1 = weak, 2 =
moderate, and 3 = strong. Scoring was performed by consensus of 2 observers without prior
knowledge of the clinical follow-up data for each case. The overall score is then calculated
as (1 + intensity/3) x extent, and for comparative analysis, the data were arbitrarily divided
into 4 groups: 0 = none, 1 = minimal, 2 = moderate, and 3 = significant.

Statistical Analysis

All statistical tests were performed using the MedCalc data analysis program. Data were
analyzed using a 2 test and Fisher exact test to compare the expression of GLUT-1 protein
with histological grade, tumor size, lymph node status, and margin status. Overall survival
data were analyzed by using the Kaplan-Meier method and were assessed by log-rank test to
compare differences in survival between the patients whose tumors expressed GLUT-1
staining and those whose tumors did not express GLUT-1. By using the Cox proportional
hazards regression, multivariate analysis was performed on GLUT-1 protein expression,
histological grade, tumor size, lymph node status, and margin status in patients with DA. P <
0.05 was regarded as statistically significant.

RESULTS

GLUT-1 in Normal Pancreas and Noninvasive Ductal Lesions

GLUT-1 was expressed in the islets in addition to the perineurial cells, endothelial cells, and
red blood cells but not in the acini or ducts in normal pancreas.

There was a progressive increase in the expression of GLUT-1 from low-grade to higher-
grade dysplastic lesions:
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1. AIlI 10/10 PanIN 1As were virtually negative, and 14/14 PanIN 1Bs expressed only
very limited subnuclear GLUT-1 immunolabeling; however, all higher-grade
PanIN lesions (12/12 PanIN 2s and 8/8 PanIN 3s) revealed noticeable cytoplasmic
and membranous GLUT-1 expression, which was significant in 5/8 PanIN 3s (Figs.
1A and B).

2. Similarly, whereas low-grade dysplastic examples of IPMNs were generally
negative or expressed only very limited sub-nuclear GLUT-1 immunolabeling (6/6
gastric type IPMNs, and 1/2 intestinal-type IPMNS), those with moderate- or high-
grade dysplasia revealed higher expression levels: the immunolabeling was
moderate in 1 of 2 intestinal-type IPMNs and significant in 4 of 4 pancreatobiliary-
type IPMNs (Fig. 2) The only mixed case was negative.

GLUT-1in DA

GLUT-1 expression was detected in 70 DA cases (74%). Of these, 31 (33%) showed
minimal, 15 (16%) moderate, and 24 (25.5%) significant cytoplasmic and membranous
immunolabeling (Fig. 3). Also, all 4 cases (100%) of clear-cell variant of DA revealed
significant cytoplasmic and membranous expression, as did areas of clear-cell change seen
in other DAs (Fig. 4).

GLUT-1 and Histological Grade

There was a progressive increase in GLUT-1 expression by grade. Significant expression of
GLUT-1 was detected in 5 (15%) of 33 grade 1 tumors, in 6 (19%) of 32 grade 2, and in 13
(45%) of 29 grade 3 tumors. The difference between 3 groups was statistically significant (P
=0.016).

GLUT-1 and Staging Parameters

Size of the tumor information was available in 90 cases (Table 1). Average size of the
tumors was 3.56 cm (range, 0.8-10 cm). There was a progressive increase in GLUT-1
expression by tumor size: 18 patients had lesions that measured 2.0 cm or less. Of these,
only 3 (17%) had significant (score 3) GLUT-1 expression. Seventy-two patients had lesions
that measured greater than 2.0 cm. Of these, 20 (28%) had significant (score 3) GLUT-1
expression. The difference between 2 groups was statistically significant (P = 0.03).

Lymph node status information was available in 91 cases. Twenty-five cases had negative
lymph nodes, and GLUT-1 expression was significant (score 3) in 7 (28%). Sixty-six
patients had positive lymph node(s), and GLUT-1 expression was significant (score 3) in 17
(26%). There was no statistical difference between the groups (P = 0.35). Also, of the 24
cases that did not express GLUT-1, 15 (62.5%) had positive lymph node(s) and of the 70
cases that expressed GLUT-1; 51 (73%) had positive lymph node(s). The difference between
the groups was still not statistically significant (P = 0.20).

Stage information was available in 92 cases. GLUT-1 expression was significant (score 3) in
6 (33%) of 18 stage | tumors (4 stage IA and 14 stage 1B), 14 (31%) of 45 stage Il tumors (3
stage 1A and 42 stage 11B), and 4 (15%) of 27 stage 111 tumors. None of the stage IV tumors
(autopsy cases, 0/2) expressed significant (score 3) GLUT-1. The difference between the
groups was not statistically significant (P = 0.79).

Margin status information was available in 91 cases. Fifty-six patients had negative margins,
and 14 (25%) of these had significant (score 3) GLUT-1 expression. Thirty-five patients had
positive margin(s), and 10 (28.5%) of these showed significant (score 3) GLUT-1
expression. There was no statistical difference between the groups (P = 0.69). Also, of the
24 cases that did not express GLUT-1, 11 (46%) had positive margin(s), and of the 70 cases
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that expressed GLUT-1, 24 (34%) had positive margin(s). The difference between the
groups was still not statistically significant (P = 0.38).

GLUT-1 and Survival

The overall survival rate for patients with DA was in accordance with what is reported in the
literature for resectable cases, with a median of 11 months (Table 2). Although the median
survival of the cases that did not express GLUT-1 (12 months) was higher than that of the
cases that expressed GLUT-1 (10.5 months), when Kaplan-Meier survival curves were
analyzed, there was no statistical difference between patients who did not express GLUT-1
and those who expressed GLUT-1 (P = 0.35) (Fig. 5). Similarly there was no statistical
difference between the median survival of the patients that expressed minimal, moderate, or
significant GLUT-1 (7, 16, and 11 months, respectively). In a Cox proportional hazards
regression model incorporating GLUT-1, histological grade, tumor size, lymph node status,
and margin status; although tumor size (P = 0.0007) and lymph node status (P = 0.02) were
independent prognostic markers, GLUT-1 expression was not statistically significant (P =
0.83).

GLUT-1 and K-ras Mutations

K-ras mutation analysis, performed by polymerase chain reaction method, was available for
20 DA patients. Of the 16 patients with K-ras mutations, 4 (25%) showed significant (score
3) GLUT-1 positivity, whereas none of the patients without K-ras mutations showed
GLUT-1 positivity. However, the numbers were not sufficient for statistical analysis.

The correlation between GLUT-1 expression and prognostic parameters and survival of DA
is summarized in Tables 1 and 2.

GLUT-1 in Serous Cystadenoma

All serous cystadenomas (SCAs), also named glycogen-rich adenoma because of the
abundance of intracytoplasmic glycogen in the tumor cells, revealed notable cytoplasmic
and membranous GLUT-1 expression, which was significant in 9 of 12, and moderate in 3
of 12 (Fig. 6).

DISCUSSION

Various studies have shown a close relationship between GLUT-1 (and/or GLUT-3)
expression and tumor aggressiveness and poor prognosis in squamous cell carcinoma of the
head and neck and in carcinomas of the lung, stomach, gallbladder, colorectum, kidney,
bladder, breast, ovary, and cervix.%:10.14-18 There is also emerging evidence that GLUT-1
may be a marker of malignant transformation in certain cell types, for example, mesothelial
cells, because it expressed in most malignant mesotheliomas but not in benign reactive
mesothelial lesions.*

An increased GLUT-1 expression has also proved to be associated with pancreatic cancer
invasiveness both in vitro and in vivo.11 Moreover, a higher fluorine 18 fluorodeoxyglucose
(18F-FDG) uptake rate, quantified by positron emission tomography (PET) and determined
as standardized uptake value, has been found to correlate with a greater
immunohistochemical expression of GLUT-1 in tumor cells than in normal pancreatic
tissue.19-22 18F_.FDG-PET has also been found be useful in discriminating between benign
and malignant IPMNs,23 and recently, a direct relationship between 18F-FDG-PET
positivity and GLUT-1 expression in malignant pancreatic IPMNSs has been reported.24
Thus, increased expression of GLUT-1 molecules in human pancreatic tumors has been
suggested to contribute to the higher rate of 18F-FDG uptake into tumor cells compared with
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normal pancreatic tissue.20 Also, standardized uptake value has been found to be a predictor
of survival in patients with pancreatic DA.25-27 Therefore, in addition to being of diagnostic
value imaging-wise, GLUT-1 may also be a potential therapeutic target to limit glucose
uptake and metabolism, thereby limiting the proliferative potential of malignant cells.

However, literature regarding the biologic significance of GLUT-1 expression in pancreatic
neoplasia has been limited and controversial. Most of the published studies have focused on
invasive DAs, and some reported correlation with poor clinical outcome,28:29 whereas others
have failed to identify any prognostic significance.30 In our study involving 94 DAs, the
median survival of the cases that did not express GLUT-1 was higher (12 months) than that
of the cases that expressed GLUT-1 (10.5 months); however, the difference did not reach
statistical significance. Also, GLUT-1 expression did correlate with established markers of
tumor aggressiveness including tumor size and histological grade, which indicates a higher
glucose uptake in poorly differentiated pancreatic cancer cells.

In this study, we also analyzed GLUT-1 expression in preinvasive lesions and have found
that it correlated with the pancreatic carcinogenesis progression model. GLUT-1
immunolabeling was negative or, at best, was confined to subnuclear region of the cells in
low-grade dysplastic processes (24/24 PanIN-1 lesions, 6/6 low-grade IPMNSs), whereas the
expression increased significantly in moderate- to high-grade lesions (5/7 IPMNSs). This
suggests that GLUT-1 is one of the genes induced in the development of DA and represents
a potential therapeutic target for strategies designed to inhibit the progression of pancreatic
cancer. Not surprisingly, apigenin, a flavonoid with significant antiproliferative properties
that inhibit pancreatic cancer cell proliferation,31:32 has been shown to inhibit glucose
uptake as 3v(\)/ell as both GLUT-1 mRNA and protein expression in human pancreatic cancer
cell lines.

This increased expression of GLUT-1 by carcinogenetic progression should not be
surprising because it has been demonstrated previously in animal models that transformation
of rodent fibroblasts by Fujiyama sarcoma virus or the ras or src oncogenes results in a
marked increase in glucose uptake, which is accompanied by an increase in GLUT-1 mRNA
and protein expression.33:34 K-ras mutations are present in 70% of DA.3°:36 Data for K-ras
mutation analysis were available for 20 patients in our study. Twenty-five percent of the
patients with K-ras mutations had strong GLUT-1 expression compared with none of the 4
patients with no mutations. Although these numbers are not sufficient for a definite
conclusion; it would be interesting to see if the ras pathway is involved in the up-regulation
of GLUT-1 in these neoplasms.

Another interesting finding of our study was that there was significant (score 3) GLUT-1
expression in all clear-cell DAs, in areas of clear-cell change seen in other DAs as well as in
SCAs, also characterized by clear cells.3” Recently, our group reported that GLUT-1 and
hypoxia-inducible factor 1o (HIF-1c) were consistently expressed in SCAs.38 Clear-cell
tumors of the other organs, such as renal cell carcinoma, have been reported to be positive
for these markers as well.14 It has been known that the von Hippel-Lindau (vHL) tumor
suppressor gene product is required for the degradation of HIF-1a protein by the ubiquitin/
proteosome pathway.3%40 |n the absence of functional pvHL, which often is the case in
these tumors, HIF-1a wrongly starts the angiogenic response to hypoxia by transcribing
several oxygen-regulated factors including GLUT-1.4142 All of these suggest that GLUT-1
also might be one of the major pathways involved in the pathogenesis of these clear-cell
lesions,1143:44 and targeting this pathway for development of therapeutic modalities is thus
a viable option.
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In conclusion, GLUT-1 seems to be playing a role in pancreatic tumorigenesis as well as in
clear-cell pathogenesis. As such, it seems to be a good diagnostic and perhaps even a
prognostic marker. It may also serve as a potential target in the management of pancreatic
neoplasia, which warrants further investigation.
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FIGURE 1.

Low-grade PanINs (PanIN 1A and 1B) showed only limited subnuclear GLUT-1
immunolabeling (A); however, higher-grade PanINs (PanIN 2 and PanIN 3) revealed mostly
significant (score 3) cytoplasmic and membranous GLUT-1 expression (B).

Pancreas. Author manuscript; available in PMC 2011 September 1.



Basturk et al. Page 11

FIGURE 2.
All pancreatobiliary type IPMNs (4/4) revealed significant (score 3) cytoplasmic and
membranous GLUT-1 expression.
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FIGURE 3.
One quarter of DA cases showed significant (score 3) cytoplasmic and membranous
GLUT-1 immunolabeling.
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FIGURE 4.
Diffuse and strong expression of GLUT1 was seen in all 4 cases of clear-cell variant of DA.
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FIGURE 5.
All SCAs (12/12) expressed significant (score 3) cytoplasmic and membranous GLUT 1
immunolabeling.
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FIGURE 6.

Kaplan-Meier survival analysis showed no statistical difference between patients with
GLUT-1 expression and those without GLUT-1 expression (P = 0.35).
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TABLE 1

GLUT-1 Expression and Prognostic Parameters of DA

No. All Cases

No. (%) GLUT-1 (+) Cases

P

Histological grade
1
2
3

Tumor size,* cm
<2.0
>2.0

Node status '
Negative
Positive

Stage
1A
1B
1A
11B
11
v

Margin status
Negative
Positive

K-ras mutations
Present

Absent

33
32
29

18
72

25

66

14

42
27

56
35

16
4

5 (15)
6 (19)
13 (45)

3(17)
20 (28)

7(28)
17 (26)

2 (50)
11 (79)
2 (67)
31 (74)
19 (70)
1(50)

14 (25)

10 (28.5)

4 (25)
0 (0)

0.016

0.03

0.35

0.79

0.69

N/A

*
Tumor size information had not been properly documented in 4 cases.

TLymph node and margin status information had not been properly documented in 3 cases.
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