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Abstract: Neoplastic tissue exhibits high glucose utilization and over-expression of 

glucose transporters (GLUTs) and hexokinases (HKs), which can be imaged by  
18F-Fluorodeoxyglucose-positron emission tomography (FDG-PET). The aim of the 

present study was to investigate the expression of glycolysis-associated genes and to 

compare this with FDG-PET imaging as well as with the cellular proliferation index in two 

cancer entities with different malignant potential. Using real-time PCR, gene expression of 

GLUT1, HK1 and HK2 were studied in 34 neuroendocrine tumors (NETs) in comparison 

with 14 colorectal adenocarcinomas (CRAs). The Ki67 proliferation index and, when 
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available, FDG-PET imaging was compared with gene expression. Overexpression of 

GLUT1 gene expression was less frequent in NETs (38%) compared to CRAs (86%),  

P = 0.004. HK1 was overexpressed in 41% and 71% of NETs and CRAs, respectively  

(P = 0.111) and HK2 was overexpressed in 50% and 64% of NETs and CRAs, respectively 

(P = 0.53). There was a significant correlation between the Ki67 proliferation index and 

GLUT1 gene expression for the NETs (R = 0.34, P = 0.047), but no correlation with the 

hexokinases. FDG-PET identified foci in significantly fewer NETs (36%) than CRAs  

(86%), (P = 0.04). The gene expression results, with less frequent GLUT1 and HK1 

upregulation in NETs, confirmed the lower metabolic activity of NETs compared to the 

more aggressive CRAs. In accordance with this, fewer NETs were FDG-PET positive 

compared to CRA tumors and FDG uptake correlated with GLUT1 gene expression. 

Keywords: neuroendocrine tumors; glucose; gene expression; imaging; FDG-PET; 

proliferation index 

 

1. Introduction 

Neoplastic tissue exhibits high glucose utilization. F-18-Fluorodeoxyglucose-positron emission 

tomography (FDG-PET) is widely used for imaging of this increased metabolic activity characteristic 

of malignant cells [1]. In comparison with other neoplasms, the majority of neuroendocrine tumors 

(NETs) are slow growing with low proliferation index and accordingly a good prognosis.  

The aggressiveness and thereof treatment of the NETs is mainly determined by immune-histochemical 

(IHC) staining for the proliferation factor, Ki67 [2]. Approximately 85% of NETs are low-malignant 

belonging to WHO class I and II according to the WHO 2010 classification of NETs with Ki67 

proliferation index below 20% [3]. Therefore, FDG-PET seems to have a lower diagnostic sensitivity 

for these gastrointestinal tumors compared to e.g., the more aggressive colorectal adenocarcinomas [4].  

The uptake of the glucose analogue, FDG, through the cell membrane is mediated by facilitative 

glucose transporters (GLUTs). Hexokinases mediates the subsequent intracellular phosphorylation [5]. 

In contrast to D-glucose, intracellular dephosphorylation of FDG by glucose-6-phosphatase is very 

limited, and FDG gets trapped and accumulates within the cell. This trapping mechanism is crucial for 

imaging with FDG-PET. Of the many subtypes of glucose transporters and hexokinases, the GLUT1 

subtype is considered to be the glucose transporter mainly upregulated in cancer cells [6,7] and HK1 

and HK2 are the hexokinase subtypes most frequently found overexpressed in cancer cells [8].  

In agreement with the high diagnostic sensitivity of FDG-PET for colorectal adenocarcinomas 

(CRAs) [9,10], there is strong evidence for a high expression level of glycolysis associated genes in 

CRA [5,11]. Studies in NETs of the lung have shown a correlation between the expression level of 

GLUT1 and FDG uptake [12]. Knowledge regarding the expression level of glycolytic genes in 

gastroenteropancreatic NETs is however sparse. Whether the suitability of FDG-PET imaging can be 

explained by difference in aggressiveness and differences in gene expression levels of the  

glycolysis-associated genes GLUT1, HK1 or HK2 has yet to be determined. 
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The aim of the present study was to investigate whether the expression pattern of the glycolysis 

associated genes was different in NETs compared to the generally more aggressive CRAs, and whether 

the gene expression reflected the generally low-malignant characteristic of NETs. In addition, gene 

expression was correlated with proliferation index and FDG-PET imaging when available. 

2. Experimental Section  

2.1. Ethics Statement 

The study was conducted in accordance with the declaration of Helsinki and approved by the 

regional scientific ethical committee of Copenhagen and Frederiksberg. Written informed consent was 

obtained from participants. 

2.2. Patients/Subjects 

Thirty-four patients (16 men and 18 women, mean age 54 (range 18–73 years)), diagnosed with 

NETs were enrolled in the study. Patients were enrolled in the study consecutively, when they were 

admitted to surgery for tumor resection. The histopathological diagnoses of the 34 patients were  

11 ileal carcinoids, 9 pancreatico-duedenal NETs, 9 pheochromocytomas, 4 colonic NE carcinomas 

and 1 gastric NET, type 3. Patient characteristics are shown in Table 1. For comparison, 14 patients  

(7 men and 7 women, mean age 64 (range 33–77 years)) with liver metastases from colorectal 

adenocarcinomas (CRA) were enrolled, and the tissues examined from the CRA patients were in all 

cases from the liver metastases.  

For visualization of pathological foci, the accumulation of tracer in the tumors needs to exceed the 

tracer uptake in the surroundings. Accordingly, non-cancerous tissue collected from the resected 

specimens was used as calibrator of gene expression in both groups.  

The study was approved by the regional scientific ethical committee of Copenhagen and 

Frederiksberg and written informed consent was obtained from participants. 

2.3. 18F-FDG-PET Imaging 

Eleven patients in the NET group and 7 patients in the CRA group underwent 18F-FDG-PET/CT 

imaging prior to tumor resection according to our routine procedure [13]. PET/CT images were 

acquired 1 hour post-injection of 369–420 MBq 18F-FDG. All patients were instructed to fast for at 

least 6 h prior to the F-18-FDG injection. Blood glucose was measured prior to the FDG injection, and 

for all patients, the level was below 8 mmol/L. 

The PET/CT scans were performed either by a GE Discovery LS PET/CT scanner or a Siemens 

Biograph 16 PET/CT scanner. Emission scan time was 3 min per bed position. The CT scans were 

performed as low-dose CT scans with 10 mA for minimization of the radiation burden. The CT data 

were used for attenuation correction of the PET data. The PET and low-dose CT images were 

reconstructed in all three axes and fused and analyzed on the GE eNTEGRA PET workstation and 

Siemens Leonardo workstation, respectively. The low-dose CT images were used as anatomical guides 

for localization of the pathological foci.  
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Table 1. Patient descriptions (neuroendocrine tumor (NET) group).  

Tumor  
type 

Site of  
sample collection a 

Metastatic 
disease  

Ki67 
index, % 

Ileal carcinoid Retro-peritoneal LN (m) Yes <2 

Ileal carcinoid Ileum (p) Yes <2 

Ileal carcinoid Ileum (p) Yes <2 

Ileal carcinoid Ileum (p) Yes <2 

Ileal carcinoid Ovary (m) Yes 40 

Ileal carcinoid Retro-peritoneal LN (m) Yes 5 

Ileal carcinoid Ileum (p) No <2 

Ileal carcinoid Muscle (m) Yes <2 

Ileal carcinoid Ileum (p) Yes <2 

Ileal carcinoid Ileum (p) No <2 

Ileal carcinoid Ileum (p) Yes <2 

N-F pancreatic NET Pancreas (p) No <2 

N-F pancreatic NET Pancreas (p) No 5 

Functioning pancreatico-duodenal 
NETs 

   

Gastrinoma Retro-peritoneal LN (m) Yes 5 

Glucagonoma Retro-peritoneal LN (m) Yes <2 

Glucagonoma pancreas (p) Yes 5 

Glucagonoma Pancreas (p) Yes 50 

Glucagonoma/Somatostatinoma Pancreas (p) No <2 

Somatostatinoma Pancreas (p) Yes <2 

Somatostatinoma Papilla Vatery (p) No <2 

Pheochromocytoma Adrenal medulla (p) No <2 

Pheochromocytoma Adrenal medulla (p)  <2 

Pheochromocytoma Adrenal medulla (m) Yes <2 

Pheochromocytoma Adrenal medulla (p) No 10 

Pheochromocytoma Adrenal medulla (p)  <2 

Pheochromocytoma Adrenal medulla (p) Yes 5 

Pheochromocytoma Adrenal medulla (p) No <2 

Pheochromocytoma Adrenal medulla (p) No 25 

Paraganglioma Retroperitoneum (p) No <2 

NE colon carcinoma Colon (p) Yes 50 

NE colon carcinoma Colon (p) Yes 85 

NE colon carcinoma Colon (p) Yes <2 

NE colon carcinoma Liver (m) Yes 5 

Gastric NET, type 3 Corpus (p) No 5 
a Primary tumor (p) or metastasis (m) is indicated in parenthesis. 
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2.4. RNA Extraction and Reverse Transcription 

Samples were weighted and Total RNA from 20–30 mg tissue of each preparation was extracted 

using the guanidinium thiocyanate-phenol-chloroform extraction method with TRI REAGENT® 

(Molecular Research Center, Cincinnati, OH, USA).  

RNA integrity was examined by use of the Agilent 2100 Bioanalyzer™ (Agilent Technologies, 

Santa Clara, CA, USA) and RNA quantified by spectrophotometry by use of the Eppendorf 

Biophotometer™ (Eppendorf, Hamburg, Germany) or the Nanodrop™ ND-1000 spectrophotometer 

(Thermo Scientific, Wilmington, DE, USA). 

Total RNA (0.5 µg) from each sample was reversed transcribed using Stratagenes AffinityScript™ 

QPCR cDNA Synthesis Kit (Stratagene, La Jolla, CA, USA) according to the protocol of the 

manufacturer. A mixture of random primers and Oligo(dT) primers (ratio 1:3) were used. The thermal 

protocol applied to all samples was 25 °C for 5 min, 42 °C for 15 min and 95 °C for 5 min. 

2.5. Quantitative Real-Time PCR 

Primers, probes as well as duplex (HK1 and β-actin) and triplex (GLUT1, HK2 and β-actin) assays were 

designed using Stratagene Laboratory Tools software (http://www.stratagene.com/qpcr/links.asp) [14], 

which was based on Primer 3 (http://primer3.sourceforge.net/) [15]. Probes were labeled with a 

fluorescent dye (FAM, HEX or CY5) and a quencher dye (Black-Hole-quencher 1 for FAM and HEX, and  

Black-Hole-quencher 2 for CY5). Primers (forward, FP and reverse, RP) as well as probes (Taq) were 

purchased from MWG (Ebersberg, Germany).  

Primer sequences were GLUT1-FP: 5’-CATCATCTTCATCCCGGC-3’, GLUT1-RP: 5’-CTCCTC 

GTTGCGGTTGAT-3’, HK1-FP: 5’-GGTGAAATCGTCCGCAAC-3’, HK1-RP: 5’-CCCGGGTCTT 

CATCGTC-3’, HK2-FP: 5’-CGGCCGTGCTACAATAGG-3’, HK2-RP: 5’-CTCGGGATCATGTG 

AGGG-3’, β-actin-FP: 5’-TGACAGCAGTCGGTTGGA-3’, β-actin-RP: 5’-CAAAGTCCTCGGCC 

ACAT-3’. The probe sequences were GLUT1-Taq: 5’-AGTGCATCGTGCTGCCCTTCTG-3’,  

HK1-Taq: 5’-TCGACTTCACCAAGAAGGGATTCC-3’, HK2-Taq: 5’-TGCTTTAGACGTGTGACT 

GGGCAG-3’, β-actin-Taq: 5’-CGAGCATCCCCCAAAGTTCACA-3’. 

Gene expression was quantified on the Mx3000p™ real-time PCR system (Stratagene, La Jolla, CA, 

USA) using core kit reagents (Stratagene) with a 50% increase (duplex assays) or a 100% increase 

(triplex assays) in dNTP and Taq polymerase concentration compared to the recommended 

concentration for simplex assays. 

Aliquots of 25 µL in triplicate were made for all samples. One µL of cDNA was applied to each 

well. Standard curves with freshly made 5-fold dilutions were always included in the experiments for 

efficiency corrections. The thermal protocol applied to all assays was 10 min at 95 °C followed by 45 

cycles with 30 s at 95 °C and 1 min at 60 °C. The ΔΔCt method was used for calculation of the relative 

gene expression level as previously described [16].  
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2.6. Immunohistochemical Evaluation of Ki67 

Formalin-fixed paraffin-embedded tissue samples were cut at 4 µm thick sections and mounted on 

coated slides. Antigens were retrieved with DAKO Target Retrieval Solution, High pH for 20 min at 

97 °C (Code K8002) using the DAKO pre-treatment (PT) link. After blocking of endogenous 

peroxidase activity with Dako EnVision Flex+ (DAKO K8002) for 5 min, tissue sections were 

incubated with Monoclonal Mouse Anti-human Ki67 Antigen, DAKO Code M7240 at a dilution of 

1:200 for 20 min at room temperature. 

The reaction was visualized by using DAKO EnVision Flex+ mouselink for 15 min followed by 

DAKO EnVision Flex+/HRP for 20 min and finally DAKO EnVision Flex+ diaminobenzidine (DAB) 

for 10 min. The sections were counterstained with hematoxylin for 1 min. A section of the human 

tonsil was used as a positive control. Reading of slides was performed by counting positive tumor 

nuclei per 100 tumor cells. 

2.7. Statistical Analysis 

Comparison of categorical variables was performed using χ2 test. Comparison between continuous 

variables between the two groups was performed using a two-sided, unpaired t-test. Log transformation 

was performed on gene expression prior to testing to ensure normal distribution. Linear regression 

analysis was used for analysis of association between variables. P < 0.05 was considered significant. 

3. Results  

3.1. Gene Expression of GLUT, HK1 and HK2 

Gene expression analysis was performed on all samples using quantitative real-time PCR and 

efficiency of the assays were in all cases between 91% and 106%. All three genes investigated, 

GLUT1, HK1, and HK2 as well as the normalizing gene β-actin were detected in all tumor and normal 

samples. Analysis of the assay reproducibility (by testing the same tissue sample 10 times)  

revealed that a 0.15-fold change in gene expression could be considered significant. Accordingly,  

a tumor:normal ratio of >1.15 was considered as upregulated.  

FDG-PET identified malignant foci in significantly fewer NETs (4 of 11; 36%) than CRAs (6 of 7; 

86%), χ2 test, P = 0.04 and significantly fewer NETs displayed upregulation of GLUT1 (13 of 34; 

38%) compared to the CRA group (12 of 14; 86%) (χ2 test, P = 0.004). For HK1 there was no 

significant difference between the two groups, with HK1 being upregulated in 14 of 34 NETs (41%) 

compared to 10 of 14 CRAs (71%) (χ2 test, P = 0.111). Upregulation of HK2 gene expression did not 

differ significantly between the two groups (17 of 34 NETs; 50%, and 9 of 14 CRAs; 64%).  

When comparing the average gene expression level of the 3 genes between the NETs and the CRAs,  

the GLUT1 and HK1 gene expression levels were significantly lower in the NETs than the CRAs 

(GLUT1: P = 0.011, HK1: P = 0.049) whereas there was no significant difference in the HK2 gene 

expression level between the two groups (Figure 1).  
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Figure 1. Gene expression level of glucose transporter 1 (GLUT1), and hexokinases (HK) 

HK1 and HK2 in the NET group (black bars) and the colorectal adenocarcinoma (CRA) 

group (grey bars). Error bars are expressed as S.E.M., (*) significant difference (P < 0.05) 

between NET and CRA group for the respective genes of interest.  

 

For the NETs there was a significant correlation between the gene expression level of GLUT1 and 

HK1 (R = 0.6, P = 0.001) whereas there was no significant correlation between GLUT1 and HK2.  

For the CRAs there was no significant correlation between GLUT1 and HK1 or between GLUT1  

and HK2. 

3.2. Ki67 and Correlation with Gene Expression of GLUT1, HK1 and HK2 

The proliferation index (Ki67) was determined by immunohistochemistry (IHC) in the NETs.  

As shown in Figure 2 there was a significant correlation between the Ki67 proliferation index of the 

NETs and the GLUT1 gene expression (R = 0.34, P = 0.047) (Figure 2), whereas no significant 

correlation between Ki67 index and HK1 or HK2 gene expression was found. By multivariate analysis 

with GLUT1, HK1 and HK2 in the model the results were similar, with only GLUT1 remaining in the 

model as independent predictor of proliferative rate as determined by Ki67 index. 

Figure 2. Correlation between GLUT1 gene expression and proliferation index in the NET 

group determined by qPCR and immunohistochemistry (IHC), respectively. 
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3.3. FDG-PET and Gene Expression of GLUT1, HK1 and HK2 

FDG-PET scans were performed in 11 of the patients in the NET group and 7 in the CRA group 

prior to resection. The FDG-PET scan was positive in 4 of the 11 NETs (36%) with a maximal 

standard uptake value (SUVmax) between 6.2 and 15.4. GLUT1 was upregulated in 3 of the 4 NETs 

with a positive FDG-PET (1.2–9-fold upregulation), HK1 in 2 of 4 (both 4-fold upregulation) and HK2 

in all 4 (1.5–5-fold upregulation), see Table 2. In the CRA tumor group, 6 of the 7 FDG-PET scans 

were positive. The SUVmax of the tumors on the 6 positive scans were 3.8–34.8. All 6 patients with 

positive scans displayed upregulation of GLUT1 (1.7–33-fold upregulation), whereas the gene 

expression of HK1 and HK2 was upregulated in 4 of the 6 patients with positive FDG-PET scans  

(1.6–7 and 5–15-fold upregulation, respectively).  

For the CRAs (n = 7) upregulation of GLUT1 was significantly associated with a positive  

FDG-PET scan (χ2 test, P = 0.008). Neither HK1 nor HK2 were associated with a positive FDG-PET 

scan. For the NETs (n = 11), the only factor associated with a positive FDG result was a Ki67 

proliferation index above 15 % (χ2 test, P = 0.04). The average SUVmax value for the FDG-PET 

positive cases was 9.4 for NET group (n = 4) and 11.9 for the CRA group (n = 6).  

Table 2. 18F-Fluorodeoxyglucose-positron emission tomography (FDG-PET) results, gene 

expression and proliferation index in the NET group. The gene expression level is 

expressed as the level in the tumor relative to the level in the non-cancerous tissue.  

 
FDG-PET 

result 

GLUT1 gene 

expression 

HK1 gene 

expression 

HK2 gene 

expression 

Ki67 

index 

Ileal carcinoid Neg 5 1.1 1.1 5 

Ileal carcinoid Neg 4 3 1.8 <2 

Ileal carcinoid Neg 1.3 0.4 1.5 <2 

Ileal carcinoid Neg 1.1 0.8 1.6 <2 

Pancreatico-duedenal NET 

(Somatostatinoma) 
Neg 0.4 1.5 4 <2 

Pancreatico-duedenal NET 

(glucagonoma) 
Pos 0.9 0.1 1.5 2–5 

Pancreatico-duedenal NET 

(non-functioning) 
Pos 1.2 0.5 1.5 <2 

NE colon carcinoma Pos 4 4 3 50 

NE colon carcinoma Pos 9 4 5 85 

NE colon carcinoma Neg 0.6 1.6 1.7 2–5 

NE colon carcinoma Neg 0.3 1.7 4 <2 

4. Discussion 

Patients with NETs generally have a good prognosis compared to other cancer entities, with a 

reported overall 5-year survival rate of approximately 90% for gastrointestinal NETs compared to an 

overall survival rate of 25%–65% for gastrointestinal adenocarcinomas [17,18]. The same differences 

exist between pancreatic NETs and adenocarcinomas, with reported overall survival rates of  

65%–70% [19,20] and 5%–20% [18,21,22], respectively. Since an energy shift towards increased 
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glycolysis is seen in cancer cells reflecting the malignancy of the cells, we hypothesized that NETs 

have a lower glycolytic activity than the generally more malignant adenocarcinomas reflected in a 

lower expression level of glycolysis associated genes. Based on this, we investigated the gene 

expression of the glycolysis-associated genes GLUT1, HK1 and HK2 in NETs in comparison with a 

group of liver metastases from CRAs. We found that the gene expression level of GLUT1 and HK1 

was significantly lower in the NET group than the CRA group, confirming our hypothesis.  

When available, we also compared the gene expression results with imaging results of FDG-PET 

scans as well as the proliferation rate of the tumor for a more thorough understanding of the gene 

expression results obtained. FDG-PET imaging, which visualizes glycolytic activity, is the most 

widely used nuclear medicine imaging modality applied in cancer diagnostics, staging of disease, and 

recurrence evaluation [23–26]. We have recently shown that despite the lower aggressiveness of NETs, 

reflected in a low proliferation index, FDG-PET has a high diagnostic sensitivity for WHO class III 

NETs [4], and can predict survival of NETs regardless of WHO grade [27]. 

In the present study, we found that the over-expression of the three glycolysis associated genes, 

GLUT1, HK1, and HK2, was not consistently seen in the NETs, which confirms the lower glucose 

utilization of NETs compared to several other cancer entities. Thus, only in 38% of the NETs 

investigated, GLUT1 gene expression was increased, which was significantly less than the CRAs 

where 86% of the tumors had increased GLUT1 gene expression. However, in the 38% of NETs where 

upregulation of GLUT1 was found, the gene expression level corresponded to the level in the CRA 

tumor group, and FDG-PET imaging may still be relevant for these patients. Also confirmed by the 

average SUVmax values of the two tumor groups, which did not differ significantly, some of the NETs 

are indeed aggressive neoplasms. For the CRAs, the GLUT1 gene expression and FDG-PET seemed to 

correlate well, with GLUT1 being upregulated in 86% (12 of 14) and FDG-PET also being positive in 

86% of the patients undergoing FDG-PET imaging (6 of 7 patients).  

A variable gene expression of the hexokinases was observed for the NETs as well as the CRAs. For 

the NETs, a relatively strong correlation between the HK1 and GLUT1 gene expression was found, 

which could not be found between the HK2 and GLUT1 gene expression. For the CRAs, the GLUT1 

gene expression did not correlate with either of the two HKs, confirming what has been found by 

others, that the HK gene expression is variable in several cancer entities [28–31].  

We have previously shown that the diagnostic sensitivity of FDG-PET was higher with increasing 

proliferation index from 41% in grade I NETs to 92% in WHO grade III NETs [4]. Another recent 

study also found a strong correlation between proliferation index and FDG-PET result confirming the 

higher sensitivity for the more aggressive tumors [32]. Since determination of the proliferation index 

of the tumor is crucial for grading of NETs [2,33] and thereof choice of treatment, FDG-PET could 

perhaps be used as a non-invasive supplement to the pathological examination for grading of NETs.  

In the present study, we also found that a Ki67 index above 20% was associated with a positive  

FDG-PET scan. In addition, we found a significant but modest correlation between Ki67 index and 

GLUT1 gene expression in the NETs, indicating that the aggressiveness of the tumor is to some degree 

reflected in the GLUT1 expression. 

It is important to bear in mind that FDG accumulation is a rather unspecific mechanism occurring in 

all tissue with increased glucose consumption. Therefore, it is not surprising that proliferative state and 

the glycolysis associated genes GLUT1, HK1 and HK2 cannot alone explain the FDG uptake in the 
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tumor tissue. Several other factors, such as the hypoxic state of the tumor are also of relevance. 

Despite the modest correlation of the glycolysis associated genes with the proliferation index and the 

FDG-PET result, the present study show that the overall lower malignancy and accordingly better 

prognosis of NETs is reflected in a lower level of expression of glycolysis associated genes compared 

to the more aggressive CRAs.  

Several recent reports have elucidated that proliferation index alone cannot explain the aggressiveness 

of the tumor. Especially the discrimination between WHO grade I and II is troublesome. Assessment 

of several biomarkers of aggressiveness instead of just one could perhaps be of benefit for a more 

accurate grading and ultimately perhaps treatment selection. From our preliminary results GLUT1 

gene expression could potentially be one such marker with added information regarding the aggressive 

potential of the tumors.  

5. Conclusions 

GLUT1 gene expression was less frequently upregulated in NETs, compared to CRAs. A positive 

but modest correlation was found between GLUT1 and the Ki67 index, whereas HK1 and HK2 did not 

correlate with Ki67. FDG reflected GLUT1 gene expression in CRA and most CRA were FDG 

positive whereas less than half of the NETs were positive.  

Acknowledgments 

Financial support was kindly provided by the National Advances Technology Foundation, the 

Danish Medical Research Council, Copenhagen University Hospital Research Foundation, the AP 

Møller Foundation, the Novo Nordisk Foundation, the Lundbeck Foundation, the John and Birthe 

Meyer Foundation, the Danish Cancer Society, The Svend Andersen Foundation, the Research Council 

of Rigshospitalet and the Capital Region of Denmark. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Brown, R.S.; Leung, J.Y.; Kison, P.V.; Zasadny, K.R.; Flint, A.; Wahl, R.L. Glucose transporters 

and FDG uptake in untreated primary human non-small cell lung cancer. J. Nucl. Med. 1999, 40, 

556–565. 

2. Kloppel, G.; Couvelard, A.; Perren, A.; Komminoth, P.; McNicol, A.M.; Nilsson, O.; Scarpa, A.; 

Scoazec, J.Y.; Wiedenmann, B.; Papotti, M.; Rindi, G.; Plockinger U.; Mallorca Consensus 

Conference participants; European Neuroendocrine Tumor Society. ENETS Guidelines for the 

Standards of Care in Patients with Neuroendocrine Tumors: Towards a Standardized Approach to 

the Diagnosis of Gastroenteropancreatic Neuroendocrine Tumors and Their Prognostic 

Stratification. Neuroendocrinology 2008, 90, 162–166. 

  



Diagnostics 2013, 3 382 

 

 

3. Rindi, G.; Arnold, R.; Bosman, F.T.; Capella, C.; Klimstra, D.S.; Kloppel, G.; Komminoth, P.; 

Solcia, E. Nomenclature and Classification of Neuroendocrine Neoplasms of the Digestive System. 

In WHO Classification of Tumours of the Digestive System; IARC Press: Lyon, France, 2010. 

4. Binderup, T.; Knigge, U.; Loft, A.; Mortensen, J.; Pfeifer, A.; Federspiel, B.; Hansen, C.P.; 

Højgaard, L.; Kjaer, A. Functional imaging of neuroendocrine tumors: A head-to-head comparison 

of somatostatin receptor scintigraphy, 123I-MIBG scintigraphy, and 18F-FDG PET. J. Nucl. Med. 

2010, 51, 704–712. 

5. Ong, L.C.; Jin, Y.; Song, I.C.; Yu, S.; Zhang, K.; Chow, P.K. 2-[18F]-2-deoxy-D-glucose (FDG) 

uptake in human tumor cells is related to the expression of GLUT1 and hexokinase II. Acta Radiol. 

2008, 49, 1145–1153.  

6. Aloj, L.; Caracó, C.; Jagoda, E.; Eckelman, W.C.; Neumann, R.D. GLUT1 and hexokinase 

expression: Relationship with 2-fluoro-2-deoxy-D-glucose uptake in A431 and T47D cells in 

culture. Cancer Res. 1999, 59, 4709–4714. 

7. Higashi, K.; Ueda, Y.; Sakurai, A.; Wang, X.M.; Xu, L.; Murakami, M.; Seki, H.; Oguchi, M.; 

Taki, S.; Nambu, Y.; et al. Correlation of GLUT1 glucose transporter expression with [18F]FDG 

uptake in non-small cell lung cancer. Eur. J. Nucl. Med. 2000, 27, 1778–1785. 

8. Mathupala, S.P.; Ko, Y.H.; Pedersen, P.L. Hexokinase II: Cancer’s double-edged sword acting as 

both facilitator and gatekeeper of malignancy when bound to mitochondria. Oncogene 2006, 25, 

4777–4786. 

9. Watson, A.J.; Lolohea, S.; Robertson, G.M.; Frizelle, F.A. The role of positron emission 

tomography in the management of recurrent colorectal cancer: A review. Dis. Colon Rectum 2007, 

50, 102–114. 

10. de Geus-Oei, L.F.; Ruers, T.J.M.; Punt, C.J.A.; Leer, J.W.; Corstens, F.H.M.; Oyen, W.J.G.  

FDG-PET in colorectal cancer. Cancer Imaging 2006, 6, S71–S81. 

11. Gu, J.; Yamamoto, H.; Fukunaga, H.; Danno, K.; Takemasa, I.; Ikeda, M.; Tatsumi, M.;  

Sekimoto, M.; Hatazawa, J.; Nishimura, T.; Monden, M. Correlation of GLUT1 overexpression, 

tumor size, and depth of invasion with 18F-2-fluoro-2-deoxy-D: Glucose uptake by positron 

emission tomography in colorectal cancer. Digest Dis. Sci. 2006, 51, 2198–2205. 

12. Song, Y.S.; Lee, W.W.; Chung, J.H.; Park, S.Y.; Kim, Y.K.; Kim, S.E. Correlation between FDG 

uptake and glucose transporter type 1 expression in neuroendocrine tumors of the lung.  

Lung Cancer 2008, 61, 54–60. 

13. Hutchings, M.; Loft, A.; Hansen, M.; Ralfkiaer, E.; Spechit, L. Different histopathological 

subtypes of Hodgkin lymphoma show significantly different levels of FDG uptake. Hematol. 

Oncol. 2006, 24, 146–150. 

14. Stratagene Laboratory Tools software. Available online: http://www.stratagene.com/qpcr/links.asp 

(accessed on 1 June 2005).  

15. Primer 3. Available online: http://primer3.sourceforge.net/ (accessed on 16 October 2013). 

16. Binderup, T.; Knigge, U.; Mellon, M.A.; Palnaes, H.C.; Kjaer, A. Quantitative gene expression of 

somatostatin receptors and noradrenaline transporter underlying scintigraphic results in patients 

with neuroendocrine tumors. Neuroendocrinology 2008, 87, 223–232. 



Diagnostics 2013, 3 383 

 

 

17. Shebani, K.O.; Souba, W.W.; Finkelstein, D.M.; Stark, P.C.; Elgadi, K.M.; Tanabe, K.K.; Ott, M.J. 

Prognosis and survival in patients with gastrointestinal tract carcinoid tumors. Ann. Surg. 1999, 229, 

815–821. 

18. Jemal, A.; Siegel, R.; Ward, E.; Murray,T.; Xu, J.; Thun, M.J. Cancer statistics, 2007.  

Ca—A Cancer J. Clin. 2007, 57, 43–66. 

19. Panzuto, F.; Nasoni, S.; Falconi, M.; Corleto, M.M.; Capurso, G.; Cassetta, S.; di Fonzo, M.; 

Tornatore, V.; Milione, M.; Angeletti, S.; et al. Prognostic factors and survival in endocrine tumor 

patients: Comparison between gastrointestinal and pancreatic localization. Endocr. Relat. Cancer 

2005, 12, 1083–1092. 

20. Pape, U.F.; Berndt, U.; Müller-Nordhorn, J.; Bohmig, M.; Roll, S.; Koch, M.; Willich, S.N.; 

Wiedenmann, B. Prognostic factors of long-term outcome in gastroenteropancreatic neuroendocrine 

tumours. Endocr. Relat. Cancer 2008, 15, 1083–1097. 

21. Oettle, H.; Post, S.; Neuhaus, P.; Gellert, K.; Langrehr, J.; Ridwelski, K.; Schramm, H.; Fahike, J.; 

Zuelke, C.; Burkart, C.; et al. Adjuvant chemotherapy with gemcitabine vs. observation in patients 

undergoing curative-intent resection of pancreatic cancer: A randomized controlled trial. JAMA 

2007, 297, 267–277. 

22. Neoptolemos, J.P.; Stocken, D.D.; Friess, H.; Bassi, C.; Dunn, J.A; Hickey, H.; Beger, H.; 

Fernandez-Cruz, L.; Dervenis, C.; Lacaine, F.; et al. A randomized trial of chemoradiotherapy and 

chemotherapy after resection of pancreatic cancer. N. Engl. J. Med. 2004, 350, 1200–1210. 

23. Fischer, B.; Lassen, U.; Mortensen, J.; Larsen, S.; Loft, A.; Bertelsen, A.; Ravn, J.; Clementsen, P.; 

Høgholm, A.; Larsen, K.; et al. Preoperative staging of lung cancer with combined PET-CT.  

N. Engl. J. Med. 2009, 361, 32–39. 

24. Hutchings, M.; Loft, A.; Hansen, M.; Pedersen, L.M.; Berthelsen, A.K.; Keiding, S.; D’Amore, F.; 

Boesen, A.M.; Roemer, L.; Specht, L. Position emission tomography with or without computed 

tomography in the primary staging of Hodgkin’s lymphoma. Haematologica 2006, 91, 482–489. 

25. Torizuka, T.; Tanizaki, Y.; Kanno, T.; Futatsubashi, M.; Naitou, K.; Ueda, Y.; Ouchi, Y. 

Prognostic value of 18F-FDG PET in patients with head and neck squamous cell cancer. AJR Am. 

J. Roentgenol. 2009, 192, W156-60. 

26. Whiteford, M.H.; Whiteford, H.M.; Yee, L.F.; Ogunbiyi, O.A.; Dehdashti, F.; Siegel, B.A.; 

Birnbaum, E.H.; Fleshman, J.W.; Kodner, I.J.; Read, T.E. Usefulness of FDG-PET scan in the 

assessment of suspected metastatic or recurrent adenocarcinoma of the colon and rectum.  

Dis. Colon Rectum 2000, 43, 759–767. 

27. Binderup, T.; Knigge, U.; Loft, A.; Federspiel, B.; Kjaer, A. 18F-fluorodeoxyglucose positron 

emission tomography predicts survival of patients with neuroendocrine tumors. Clin. Cancer Res. 

2010, 16, 978–985. 

28. Yen, T.C.; See, L.C.; Lai, C.H.; Yah-Huei, C.W.; Ng, K.K.; Ma, S.Y.; Lin, W.J.; Chen, J.T.;  

Chen, W.J.; Lai, C.R.; Hsueh, S. 18F-FDG uptake in squamous cell carcinoma of the cervix is 

correlated with glucose transporter 1 expression. J. Nucl. Med. 2004, 45, 22–29. 

29. Tohma, T.; Okazumi, S.; Makino, H.; Cho, A.; Mochiduki, R.; Shuto, K.; Kudo, H.; Matsubara, K.; 

Gunji, H.; Ochiai, T. Relationship between glucose transporter, hexokinase and FDG-PET in 

esophageal cancer. Hepatogastroenterology 2005, 52, 486–490. 



Diagnostics 2013, 3 384 

 

 

30. Zhao, S.; Kuge, Y.; Mochizuki, T.; Takahashi, T.; Nakada, K.; Sato, M.; Takei, T.; Tamaki, N. 

Biologic correlates of intratumoral heterogeneity in 18F-FDG distribution with regional expression 

of glucose transporters and hexokinase-II in experimental tumor. J. Nucl. Med. 2005, 46,  

675–682. 

31. Lee, J.D.; Yang, W.I.; Park, Y.N.; Kim, K.S.; Choi, J.S.; Yun, M.; Ko, D.; Kim, T.S.; Cho, A.E.; 

Kim, H.M.; et al. Different glucose uptake and glycolytic mechanisms between hepatocellular 

carcinoma and intrahepatic mass-forming cholangiocarcinoma with increased 18F-FDG uptake.  

J. Nucl. Med. 2005, 46, 1753–1759. 

32. Kayani, I.; Bomanji, J.B.; Groves, A.; Conway, G.; Gacinovic, S.; Win, T.; Dickson, J.; Caplin, M.; 

Ell, P.J. Functional imaging of neuroendocrine tumors with combined PET/CT using  
68Ga-DOTATATE (DOTA-DPhe1,Tyr3-octreotate) and 18F-FDG. Cancer 2008, 112, 2447–2455. 

33. Oberg, K.; Astrup, L.; Eriksson, B.; Falkmer, S.E.; Falkmer, U.G.; Gustafsen, J.; Haglund, C.; 

Knigge, U.; Vatn, M.H.; Välimäki, M. et al. Guidelines for the management of gastroenteropancreatic 

neuroendocrine tumours (including bronchopulmonary and thymic neoplasms). Part I—General 

overview. Acta Oncol. 2004, 43, 617–625. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


